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Preface

Multidisciplinary teams of medical scientists and biomedical engineers,
using recent advances in molecular biology, new imaging tools for cell
and tissue observations, and modern computational methods and techniques,
have made many discoveries and proposed new avenues of exploration in
physiology and pathology of mammalian vascular systems. Although these
results are routinely presented in the various journals of specific fields, they
are seldom systematically introduced to the general audience in the medical
and biomedical engineering community. The purpose of this collection is to
introduce the recent progress in molecular, cellular, and tissue engineering in
the vascular system.

The vascular system is composed of the vessels that carry blood and
lymph throughout the body. Arteries, veins, and capillaries circulate blood
throughout the body, delivering oxygen and nutrients to the body tissues
and removing metabolic waste. This transport function of the vascular
system is governed and regulated by the molecular, subcellular, and cellular
components forming the vascular wall and the surrounding tissue. Due to its
unique location at the interface of the circulating blood and the vascular wall,
endothelial surface glycocalyx (ESG) plays important roles as a mechano-
sensor and transducer for the blood flow, as a modulator of trans-vascular
exchange, and as a barrier to the circulating cells (such as leukocytes) and
endothelium adhesion. These roles of ESG are reviewed sequentially in
Chaps. 1, 2, and 3. Information received at the vascular surface must be
transduced into endothelial cell nucleus for further processing and subsequent
use in regulating cellular functions. Chapters 4 and 5 examine the roles of
nuclear envelope proteins and nuclear lamina in this process under blood
flow-induced shear stress and cyclic stretch. The smooth muscle cells and
elastic lamina in the wall of large arteries regulate the blood perfusion rate.
Chapter 6 summarizes the regional heterogeneity of these components in the
regulation of vasoconstriction in arteries. Following discussion of this basic
research, Chaps. 7 and 8 discuss the formation and mechanisms of fibrous
cap rupture and vulnerable plaque, and abdominal aortic aneurysm. Chapter
9 presents nonsurgical vascular interventions for coronary artery diseases.
After presenting progress in large vessel research, Chap. 10 elucidates the
driving force for the movement of red blood cells in narrow capillaries.
Chapters 11 and 12 review the experimental studies and mathematical models
for tumor metastasis in the microvascular system. Then, Chaps. 13 and 14
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vi Preface

discuss transport across a special microvascular wall, the blood-brain barrier,
and its role in the clearance of amyloid-β; accumulation of amyloid-β in
the brain is one of the factors responsible for Alzheimer’s disease. In
addition to regulating material transport, our vascular system assists the body
temperature control, and the cells of the vascular system also react actively
to the temperature change. Chapter 15 reviews the mathematical models of
cell response following heating, while Chap. 16 demonstrates applications
of hypothermia in enhancing the treatment efficiency in brain and spinal
cord injuries. Finally, the biomechanical changes of eardrums to blast waves
are described in Chap. 17. Although the eardrum, a multilayer soft tissue
membrane, is not in the vascular system, the mechanism for its damage due
to the sudden sound pressure may be applicable to the damage of heart valves
due to sudden blood pressure changes in the heart.

Last but not least, we sincerely thank our authors for their great contribu-
tions to this book. We would also like to thank Dr. Jie Fan, at Rensselaer
Polytechnic Institute, and Dr. Yuliya Vengrenyuk, at the Icahn School of
Medicine at Mount Sinai, for their help in reviewing some of the chapters
in this book. Finally, we would like to thank Ms. Merry Stuber, Editor of
Biomedical Engineering at Springer Nature, for her invitation and strong
support, and Mr. Sindhuraj Thulasingam, Project Coordinator at Springer
Nature, for his tireless assistance. We hope that this book, although covering
only limited aspects of the current advances in the vascular system, will bring
more collaboration among different disciplines and stimulate more innovative
ideas for dealing with the health issues in the vascular system, which include
many of the top killers worldwide.

New York, NY, USA Bingmei M. Fu
East Lansing, MI, USA Neil T. Wright
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The Role of Endothelial Surface
Glycocalyx in Mechanosensing
and Transduction

Ye Zeng, X. Frank Zhang, Bingmei M. Fu, and John M. Tarbell

Abstract

The endothelial cells (ECs) forming the in-
ner wall of every blood vessel are constantly
exposed to the mechanical forces generated
by blood flow. The EC responses to these
hemodynamic forces play a critical role in
the homeostasis of the circulatory system.
A variety of mechanosensors and transduc-
ers, locating on the EC surface, intra- and
trans-EC membrane, and within the EC cy-
toskeleton, have thus been identified to ensure
proper functions of ECs. Among them, the
most recent candidate is the endothelial sur-
face glycocalyx (ESG), which is a matrix-like
thin layer covering the luminal surface of the
EC. It consists of various proteoglycans, gly-
cosaminoglycans, and plasma proteins and is
close to other prominent EC mechanosensors
and transducers. This chapter summarizes the
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ESG composition, thickness, and structure ob-
served by different labeling and visualization
techniques and in different types of vessels. It
also presents the literature in determining the
ESG mechanical properties by atomic force
microscopy and optical tweezers. The molec-
ular mechanisms by which the ESG plays the
role in EC mechanosensing and transduction
are described as well as the ESG remodeling
by shear stress, the actin cytoskeleton, the
membrane rafts, the angiogenic factors, and
the sphingosine-1-phosphate.

1 Introduction

The inner wall of every blood vessel in our
body is formed by endothelial cells (ECs).
Besides biochemical stimuli, blood flow-induced
(hemodynamic) mechanical stimuli modulate
EC morphology and function by activating
mechanosensors, signaling pathways, and gene
and protein expressions (Mammoto et al.
2012). EC responses to the hemodynamic
forces (mechanosensing and transduction) are
critical to maintaining normal vascular functions
(Davies et al. 1984; Chien 2007). Failure in
mechanosensing and transduction contributes to

© Springer International Publishing AG, part of Springer Nature 2018
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serious vascular diseases including hypertension,
atherosclerosis, aneurysms, stroke, thrombosis,
and cancer, to name a few (Ingber 2003; Cai et al.
2012; Fu and Tarbell 2013; Tarbell and Cancel
2016).

The hemodynamic forces that ECs experi-
ence include pressure, shear, and circumferential
stretch. The force (per unit surface area) perpen-
dicular to the EC (the vessel wall) is the pres-
sure due to the hydrodynamic force generated
by the heart. The human circulatory system is
∼100,000 miles long, and the magnitude of blood
pressure is not uniform in all the blood vessels in
the human body. The blood pressure ranges from
almost zero to ∼120 mmHg for a healthy adult
human under resting conditions (Fung 1997). An-
other type of force (per unit surface area) which
is tangential to the EC surface is called shear
or shear stress. The shear is due to the friction
between the circulating blood and the vessel
wall and ranges 10–40 dyn/cm2 for arterial ECs
and 1–6 dyn/cm2 for venous ECs (Yamamoto
and Ando 2011). The third force that acts along
the circumference of the vessel wall is named
circumferential stretch (or wall tension), also due
to the blood pressure. Like the pressure and
shear, the stretch varies in different types of ves-
sels and under resting and exercising conditions.
These hemodynamic forces vary spatially in dif-
ferent organs (10−1–1 m length scale) and tissues
(10−2–10−1 m) due to vascular sizes and patterns
(e.g., branches and turns), and temporally due to
the pulsatile and oscillatory nature of the blood
flow in large vessels. Even at the cellular level
(10−3 m), there is a spatial distribution of these
forces (Muller et al. 2004). To sense and transmit
the constantly varying hemodynamic forces from
the EC surface to its cytoplasm and further into
the nucleus, a variety of mechanosensors and
transducers (with size in the range from 10−9 to
10−4 m) are required. So far, at least ten can-
didates have been identified as mechanosensors
and transducers, including cell adhesion proteins
(e.g., VE-cadherin, PECAM-1) (Schwartz and
DeSimone 2008; Stevens et al. 2008), ion chan-
nels (Gojova and Barakat 2005; Gautam et al.

2006), tyrosine kinase receptors (e.g., vascular
endothelial growth factor receptor 2) (Schwartz
and DeSimone 2008), G-protein-coupled recep-
tors and G-proteins (Yamamoto and Ando 2011),
caveolae (Tabouillot et al. 2011), primary cilia
(Egorova et al. 2012), actin filaments (Matsui
et al. 2011), nesprins (Morgan et al. 2011), inte-
grins (Wang et al. 2009), and endothelial surface
glycocalyx (ESG) (Tarbell and Pahakis 2006;
Weinbaum et al. 2007; Tarbell and Ebong 2008;
Fu and Tarbell 2013).

Endothelial cells are covered by a matrix-
like layer called the endothelial surface glyco-
calyx (ESG) in the present chapter. More gen-
erally it may be referred to as the endothelial
surface layer (ESL) to emphasize the complex-
ity of the layer and its many components as
in F. E. Curry’s Chap. 2. Or, for simplicity, it
is perhaps most often called the “glycocalyx”
to emphasize that proteoglycans, glycoproteins,
and glycosaminoglycans are the central compo-
nents of the surface layer. Due to its unique
location, composition, and structure, in addi-
tion to serving as a selective permeability, anti-
inflammatory, and anti-adhesive barrier at the
luminal side of the endothelium, the ESG plays
a critical role in EC mechanosensing and trans-
duction to regulate circulation functions (Fig. 1)
(Reitsma et al. 2007; Tarbell and Ebong 2008;
Curry and Adamson 2012). Because of its pro-
teoglycan and glycosaminoglycan composition,
the ESG may cover the entire surface of the EC
as shown in Fig. 1 and thus can interact with
other EC sensors and transducers to play a role
in sensing and transmitting hemodynamic forces.

This chapter only summarizes the literature
for the role of ESG as a mechanosensor and
transducer. Other roles are presented in Chaps.
2 and 3. The composition, structure, and orga-
nization of the ESG are first introduced in the
chapter, followed by its mechanical properties.
Then the mechanism by which the ESG plays
its role in mechanosensing/transduction is eluci-
dated. Finally, the remodeling of ESG by shear
stress, the actin cytoskeleton, the membrane rafts,
the angiogenic factors, and the S1P is described.

http://dx.doi.org/10.1007/978-3-319-96445-4_2
http://dx.doi.org/10.1007/978-3-319-96445-4_2
http://dx.doi.org/10.1007/978-3-319-96445-4_3
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Fig. 1 Roles of endothelial surface glycocalyx (ESG) in
regulating circulation functions. The ESG plays at least
three roles in maintaining the normal functions of the
vascular system, being a mechanosensor and transducer,

a molecular sieve, and a barrier between circulating cells
such as leukocytes and tumor cells and endothelial cells
forming the inner wall of blood vessels

2 Composition, Organization,
and Structure of ESG

2.1 Molecular Composition

The roles of mechanosensing and transduction of
ESG are based on its molecular composition
and organization, which are cartooned in
Fig. 2 (Tarbell and Pahakis 2006; Zeng
2017). The components of the ESG have
been investigated in depth (Zeng et al. 2012;
Tarbell and Cancel 2016). The ESG is mainly
composed of glycoproteins bearing short acidic
oligosaccharides and terminal sialic acids (SA)
and proteoglycans (PG) like heparan sulfate PGs
(HSPG) including syndecan and glypican core
proteins with long glycosaminoglycan (GAG)
side chains. The negatively charged GAGs bind
proteins, growth factors, cations, and other
plasma components. The predominant GAGs in
ECs are heparan sulfate (HS), chondroitin sulfate
(CS), and hyaluronic acid (HA). Of the three, the
most abundant is HS, accounting for 50–90% of
the total GAGs, the rest being comprised of CS
and HA (Sarrazin et al. 2011). HS and CS are
covalently bound to PGs, whereas HA does not
bind to a PG core protein. HA is a non-sulfated
GAG, which binds with its surface receptors
CD44 and receptor for HA-mediated motility
(RHAMM).

The HSPG syndecan family has
four members: syndecan-1, syndecan-2,
syndecan-3, and syndecan-4. Syndecan-1

contains five potential GAG attachment sites,
three near its NH2-terminal ectodomain and two
adjacent to the transmembrane domain near
its COOH terminus. CS is only found near
the COOH terminus of syndecan-1 (Tarbell
and Pahakis 2006). Syndecan-3 contains eight
potential GAG attachment sites, five near its
NH2-terminal ectodomain and three adjacent
to the transmembrane domain near its COOH
terminus. Both syndecan-2 and syndecan-4
contain three potential GAG attachment sites
near their NH2-terminal ectodomain (Bernfield
et al. 1999; Lopes et al. 2006). Syndecan-
4 can also contain CS and is often located
on the basal side of the cell (Deepa et al.
2004). In the HSPG glypican family, only
glypican-1 is expressed in ECs. Glypican-1
is a membrane glycosylphosphatidylinositol
(GPI)-anchored protein, which only binds
with HS. GPI-anchored protein is localized
in both lipid rafts and caveolae (Lisanti et al.
1994; Schnitzer et al. 1995a). The formation
and function of caveolae is dependent on
phosphorylation of caveolin-1 which is induced
in a HA-dependent manner (Long et al. 2012).
Some fractions of HA bound to CD44 are
internalized into caveolae (McGuire et al. 1987;
Tarbell and Pahakis 2006). The internalized
caveolae might fuse with caveosomes, thus
playing an important role in transcytosis of
its contents such as albumin (Schubert et al.
2001; Nichols 2003). Sphingosine-1-phosphate
(S1P) protects glycocalyx that is required for
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Fig. 2 Structural components of the endothelial glyco-
calyx. The ESG is mainly located at the luminal side of
vascular ECs although syndecan-4 is dominantly basal.
The apical GAGs and associated proteins and ions are
directly in contact with the bloodstream, and they trans-
fer flow forces to the core proteins that transmit them
to the cell. In addition to bound plasma components,
the ESG is mainly composed of glycoproteins bearing
acidic oligosaccharides and terminal sialic acids (SA);
proteoglycans (PG), such as heparan sulfate proteogly-
cans (HSPGs, syndecan family and glypican-1); and GAG
side chains. The predominant GAGs in ECs are heparan
sulfate (HS), chondroitin sulfate (CS), and hyaluronic
acid (hyaluronan, HA). HS and CS are attached to PGs.
HA binds with receptor CD44. Syndecans (including
syndecan-1, syndecan-2, syndecan-3, and syndecan-4) are
single transmembrane domain proteins. Glypican-1 is a
membrane glycosylphosphatidylinositol (GPI)-anchored
protein, which is localized in lipid rafts, as well as cave-
olae. Lipid rafts are characterized by high translational

mobility. Integrity of the actin cytoskeleton is essential
for the immobility of caveolae. Syndecan-1 and CD44
interact with the cytoskeleton. Annexins and flotillins
might be involved in the formation and function of cave-
olae. Some fraction of HA bound to CD44 are inter-
nalized into caveolae. The phosphorylation of caveolin-
1, a protein responsible for maintaining the shape of
caveolae, is induced in a HA-dependent manner, which
might be involved in CD44-caveolae-mediated endocyto-
sis. It has been assumed that internalized caveolae fuse
with caveosomes. Caveosomes play an important role
in transcytosis of its contents such as albumin to other
subcellular (non-lysosomal) compartments including the
endoplasmic reticulum in ECs. Sphingosine-1-phosphate
(S1P) protects the shedding of glycocalyx and induces
the synthesis of glycocalyx that is required for mechan-
otransduction and cytokine response (i.e., IL-8/CXCR1/2-
induced EC migration) (Revised from Tarbell and Pahakis
(2006); Zeng (2017))

mechanotransduction and cytokine response (i.e.,
IL-8/CXCR1-/CXCR2-induced EC migration
(Tarbell and Pahakis 2006; Weinbaum et al.
2007; Tarbell and Ebong 2008; Fu and Tarbell
2013; Zeng et al. 2013; Zeng et al. 2014; Zeng
and Tarbell 2014; Zeng et al. 2015; Yan et al.
2016).

In resting conditions, syndecans and glypican-
1 mRNAs in human umbilical vein endothe-
lial cells (HUVECs) are expressed in the or-
der: syndecan-1 > syndecan-4 > syndecan-3 >
syndecan-2 > glypican-1 (Liu et al. 2016). The
ESG is modified under several conditions in-
cluding disturbed flow exposure in large ves-
sels (Brands et al. 2007), protease degradation
(Huxley and Williams 2000; Brands et al. 2007;

Lipowsky 2012), and removal of plasma compo-
nents, particularly albumin (Michel et al. 1985).

2.2 Organization

It is widely believed that the negatively charged
GAGs in the ESG capture circulating plasma pro-
teins and cations and form an interconnected gel-
like structure in an aqueous environment (Ohlson
et al. 2001; Sorensson et al. 2001; Weinbaum
et al. 2007) and that the ESG would collapse
if a GAG component was significantly reduced.
However, a recent study by Zeng et al. (2012)
observed that specific enzymatic removal of HS
or HA did not result in cleavage or collapse of
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any of the remaining components. Simultaneous
removal of CS and HA by chondroitinase did not
affect HS. Their results suggest that all GAGs and
adsorbed proteins are well intermixed within the
structure of the ESG but the GAG components do
not interact with one another.

2.3 Thickness and Structure

In addition to its biochemical composition,
the thickness and ultrastructure of the ESG
determine its function as a mechanosensor
and transducer. The first visualization of the
ESG by electron microscopy (EM) used the
cationic dye ruthenium red that binds to acidic
mucopolysaccharides and generates electron
density in the presence of osmium tetroxide
(Luft 1966). Subsequent studies (Baldwin and
Winlove 1984; Sims and Horne 1993) used
gold colloids and immunoperoxidase labeling.
Adamson and Clough (1992) then demonstrated
using a large charged marker protein (unable to
penetrate the ESG), cationized ferritin (molecular
weight ∼450 kDa), that in the absence of
plasma proteins, the ESG would collapse,
presumably due to elimination of intramolecular
interactions with plasma proteins, and that its
undisturbed thickness was several times greater
than the 20 nm observed with ruthenium red
(Luft 1966). All of these methods may suffer
from dehydration artifacts associated with
aqueous fixatives that likely dissolve all but
the protein cores of proteoglycans and collapse
the inherently hydrated structures. A method
developed to preserve water-soluble structures
using fluorocarbons as nonaqueous carriers of
osmium tetroxide was applied to microvessels
to obviate some of these limitations by Sims
and Horne (1993). Further elaborations of the
fluorocarbon-glutaraldehyde fixation methods
by Rostgaard and Qvortrup (1997) revealed
a filamentous brush-like surface coating on
capillary walls, but a layer thickness of less
than 50 nm, suggesting a cleavage of more
superficial matrix structures. All of the foregoing
EM studies revealed an ESG with a thickness less
than 100 nm. Recently, van den Berg et al. (2003)

used a new approach to stabilize the anionic
carbohydrate structure on the ESG by Alcian
Blue 8GX (Fig. 3). They found that the ESG
thickness was 0.2–0.5 μm on rat left ventricular
myocardial capillaries.

To overcome the artifact by EM, the amount
of ESG was estimated based on the biophysical
principles from in vivo observations (Klitzman
and Duling 1979). A direct in vivo measurement
of the ESG thickness with the dye-exclusion
technique was developed by Vink and Duling
(1996). Using a 70 kD FITC-dextran plasma
tracer, which they showed was sterically ex-
cluded by the ESG, they were able to provide the
first estimate of the in vivo thickness of the ESG
in capillaries of hamster cremaster muscle to be
∼0.4–0.5 μm. Most recently, the ESG thickness
was also estimated as ∼0.5 μm in rat mesenteric
postcapillary venules by FITC-dextran labeling
with intravital microscopy (Long et al. 2004).
This estimate of the in vivo thickness of the ESG
is four to five times greater than previous esti-
mates derived from EM studies. This discrepancy
was a catalyst for much of the work that has
followed on the estimation of ESG thickness and
its function as a barrier in cellular interactions
as well as a mechanosensor and transducer of
ECs. Using high-resolution, near-wall, intravi-
tal fluorescent microparticle image velocimetry
(μ-PIV) to examine the velocity profile near the
vessel wall in postcapillary venules of the mouse
cremaster muscle, Long et al. (2004) and Smith
et al. (2003) produced estimates of glycocalyx
thickness of order 0.5 μm.

The poor spatial resolution of an intravital op-
tical microscope limits the accurate measurement
of the ESG thickness (Pries et al. 2000). New
imaging methods have thus been developed by
employing laser scanning confocal microscopy
and multi-photon microscopy, and fluorescently
tagged antibodies to HS or HA binding protein,
or wheat germ agglutinin to label major compo-
nents of the ESG. Application of these new meth-
ods has revealed a much thicker ESG in large
blood vessels: 4.3–4.5 μm in the mouse common
carotid artery (van den Berg et al. 2009), 2.2 μm
in the mouse internal carotid artery (Reitsma
et al. 2011), and 2.5 μm in the external carotid



6 Y. Zeng et al.

Fig. 3 The ESG at the microvessel wall observed by dif-
ferent visualization techniques. Left, electron microscopic
view of an Alcian Blue 8GX-stained ESG on rat left
ventricular myocardial capillary (a) after enzyme treat-
ment to remove the ESsG (b). Scale bar is 1 μm. From

Van den Berg et al. (2003). Right, confocal microscopic
view of anti-HS labeled ESG on rat mesenteric capillaries.
Midplane view (c) and 3D view (d). From Yen et al.
(2012)

artery (Megens et al. 2007). Ebong et al. (2011)
presented the first cryo-EM images of in vitro
ESG that avoided the dehydration artifacts of
conventional EM and observed structures greater
than 5 μm in thickness (up to ∼11 μm). Most re-
cently, using high-sensitivity and high-resolution
confocal microscopy and in situ/in vivo single
microvessel and ex vivo aorta immunostaining,
Yen et al. (2012) revealed that the thickness of
the ESG on rat mesenteric and mouse cremas-
ter capillaries and postcapillary venules is 1–
1.5 μm. Surprisingly, there was no detectable
ESG in arterioles by using fluorescence labeled
anti-HS. The ESG thickness is 2–2.5 μm on rat
and mouse aorta. They also observed that the
ESG is continuously and evenly distributed on
the aorta wall but not on the microvessel wall if
looking at a vessel segment of length ∼100 μm.
By comparing the distance between the plasma
membrane labeling and the labeling of ESG (SA
residues) by wheat germ agglutinin (WGA) in
a single microvessel in vivo, Betteridge et al.
(2017) found that the ESG thickness is 0.17–
3.02 μm in the same type of microvessels as

in Yen et al., (2012), depending on the labeling
and analyzing methods. However, the thickness
of ESG at the same portion of the vessel is only
∼0.08 μm observed by the EM through Alcian
Blue labeling.

The ultrastructural organization of the ESG
and its relation to the cytoskeleton components
(e.g., F-actin) of ECs was first investigated by
Squire (2001). Using computed autocorrelation
functions and Fourier transforms of EM images
of frog mesenteric microvessels, they identified
a quasi-periodic substructure in the ESG, which
is a 3D fibrous meshwork with characteristic
spacing ∼20 nm. The fiber diameter was ob-
served as 10–12 nm. They also showed that the
fibrous elements may occur in clusters with a
common intercluster spacing of ∼100 nm and
may be linked to the underlying actin cortical
cytoskeleton. The recent study by Arkill et al.
(2011) observed similar ESG structures in mam-
malian microvessels of choroid, renal tubules,
glomerulus, and psoas muscle and was confirmed
by a 3D reconstruction using electron tomogra-
phy by employing a tannic acid staining method
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and a novel staining technique of lanthanum dys-
prosium glycosaminoglycan adhesion (the LaDy
GAGa method) (Arkill et al. 2012). The thickness
of the ESG observed by their EM method is
∼100 nm, similar to what was previously found
on frog mesenteric microvessels (Adamson and
Clough 1992). The approximately 100 nm thick
structure may form an inner core of the ESG
which determines the filtration and molecular
sieve function of the microvessel wall to water
and solutes while a micron scale outer structure
may generate a buffer region for the lubrication
of RBC movement and a barrier for WBC adhe-
sion to the ECs forming the vessel wall. But how
this structure plays a role in mechanosensing and
transduction remains to be elucidated. The two-
layer model is discussed further in reference to
permeability properties in the chapter by Curry.

The recent development of ultra-resolution
stochastic optical reconstruction microscopy
(STORM) has made it possible to visualize
the ESG structure at high resolution (Zullo
et al. 2016; Song et al. 2017). STORM employs
organic dyes and fluorescent proteins as photo-
switchable emitters to trade temporal resolution
for a super spatial resolution (20 nm lateral
and 50 nm axial at present due to the size of
antibodies used to identify the ESG components),
which is an order of magnitude greater than
conventional confocal microscopy (Rust et al.
2006). Future studies by using STORM along
with much smaller peptides instead of antibodies
to identify the ESG components should elucidate
the ultrastructure and molecular composition of
ESG in fresh cell and tissue samples. Another
method of combining lanthanum dysprosium
glycosaminoglycan adhesion staining and
electron tomography (Arkill et al. 2012) can
also reveal the ultrastructure at high resolution.

3 Mechanical Properties
of Glycocalyx

To sense and transmit the blood flow-induced
forces from the ESG surface to the EC cell body
and nucleus, it is necessary for the ESG fibers
(core proteins and attached GAGs) to have a

structural integrity, which is characterized by the
flexural rigidity, EI. Applying a linear elasto-
hydrodynamic model, Weinbaum et al. (2003)
predicted that EI of the ESG fibers is 700 pN
nm2 by matching the time-dependent restoration
of the ESG after being crushed by the passage
of a WBC in a tightly fitting capillary (Vink and
Duling 1996). Later, Han et al. (2016) developed
a more sophisticated nonlinear elastohydrody-
namic model that uses large deformation theory
for elastica and a modified Brinkman equation to
describe the local relative motion of the fibers and
the fluid. Their prediction for the EI of the ESG
fibers is 490 pN nm2, comparable to the result
predicted by the earlier linear model (Weinbaum
et al. 2003). Nijenhuis et al. (2009) used optically
trapped submicron probe particles to measure the
viscoelastic properties of an in vitro ESG model,
which consists of a 2.5 mg/mL bulk solution of
hyaluronan (HA) and other components of the
ESG, including CS, HS, aggrecan, albumin, and
plasma. They found that CS and aggrecan, which
directly interact with HA, modify the viscoelastic
properties of the HA solution, while HS, plasma,
and albumin have no effects.

Applying atomic force microscopy (AFM)
microindentation method, the elastic modulus
of the ESG on bovine lung microvascular
EC (BLMVEC) monolayer was measured as
∼0.3 kPa after enzyme treatment for HS and HA
(O’Callaghan et al. 2011). By using an AFM
nanoindentation method, a more recent study
by Bai and Wang (2012) determined Young’s
modulus of the ESG on HUVEC monolayer to be
0.39 kPa. Due to its loose structural network and
high water content, the ESG is approximately
one order of magnitude softer than the plasma
membrane. Oberleithner et al. (2011) were
able to quantify the stiffness and thickness of
ESG from AFM force-indentation curves. This
method is shown in Fig. 4. Light microscopy was
used to ensure that the AFM tip was located
neither at the nuclear, nor at the junctional
region of cultured ECs (Fig. 4a). In some
experiments, the cells were stained with wheat
germ agglutinin-FITC to simultaneously monitor
the intactness of ESG (Fig. 4b, insets). During the
indentation scan, the AFM tip travels vertically
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Fig. 4 AFM nanoindentation. (a) A schematic diagram
of the AFM assay. Insert: a picture of the AFM head
used for nanoindentation. The blue layer on cell surface

indicates the ESG. (b) Quantification of thickness and
stiffness of ESG by AFM nanoindentation. Cited from
Song et al. (2017)

toward the HUVEC surface. Upon indentation of
the ESG, the AFM cantilever, serving as a soft
spring, is deflected (boxed region in Fig. 4b upper
panel). The cantilever deflection is measured and
plotted as a function of sample position along
the z-axis. The resulting curve is transformed
into a force-versus-indentation curve using the
cantilever’s spring constant and the light lever
sensitivity. The slope of a force-indentation
curve directly reflects the stiffness (expressed
in pN/nm), which is necessary to indent the ESG
for a certain distance. The first slope indicates
the stiffness (in this trace 0.30 pN/nm) of the
very first layer, which is the ESG. The second
nonlinear region indicates the stiffness of the
plasma membrane. The distance between the
starting point of ESG indentation and the starting
point of the second slope (projected to the x-axis)
corresponds to the thickness of the EG (in this
trace ∼550 nm). In average, ESG on HUVECs
has an averaged thickness of 651 ± 54 nm and
stiffness of 0.25 ± 0.07 pN/nm. Treatment of
HUVECs with heparinases I and III eliminated
the linear spring region of the force-indentation
curve, indicating that the EG was degraded

by enzymatic digestion. Using this method,
Oberleithner et al. (2011) further showed that
sodium overload led to stiffened and thinner
(i.e., collapsed) ESG, whereas treatment of ECs
with thrombin, lipopolysaccharides, or tumor
necrosis factor-α reduced both EG stiffness and
thickness (Fels et al. 2014). Instead of simply
treating the ESG force-indentation curve as a
linear slope, a two-layer Hertzian model has
been used by Marsh and Waugh (2013) to fit the
nanoindentation curves, yielding ESG elastic
modulus of 0.7 ± 0.5 kPa and thickness of
380 ± 50 nm.

4 Mechanotransduction
and ESG

An important function of the ESG is to serve
as a mechanosensor and transducer (Tarbell and
Pahakis 2006; Weinbaum et al. 2007; Tarbell and
Ebong 2008; Fu and Tarbell 2013; Haeren et al.
2016; Tarbell and Cancel 2016). It is well known
that a dysfunctional endothelium is an early man-
ifestation of atherosclerosis (AS) (Yurdagul Jr.
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et al. 2016). Vascular endothelial injury in AS-
susceptible locations is a prerequisite for AS
formation (McAlpine and Swirski 2016; Sorci-
Thomas and Thomas 2016; Taleb 2016).

In AS-susceptible locations such as branches,
bifurcation, and curvatures (e.g., the aortic arch)
of the arterial tree, the blood stream undergoes
tremendous interference, and the flow departs
from pulsatile, unidirectional shear stress to cre-
ate flow separation zones that include flow rever-
sal, oscillatory and multi-directional shear stress,
and sometimes turbulence (chaotic flow) (Davies
2009; Zhou et al. 2014; Dabagh et al. 2017). In
contrast, flow in adjacent undisturbed flow re-
gions of the arteries is pulsatile and has unidirec-
tional flow direction with minimal reversal. It has
been speculated that low shear stress induces the
initial lesion, and high shear stress promotes the
formation of calcified vulnerable plaques (Wang
et al. 2016; Eshtehardi et al. 2017).

The ESG plays an important role in EC
mechanotransduction of shear stress. Weinbaum
et al. (2003) pointed out that the existence of
the ESG could reduce the fluid shear stress on
the vascular EC surface to a negligible level by
theoretical analysis, while Secomb et al. (2001)
described the transfer of fluid mechanical shear
stress at the interface between the fluid and the
outer regions of the ESG to solid mechanical
stress within the matrix. Thi et al. (2004) further
showed that the ESG is required for the EC
cytoskeleton to respond to shear stress.

Florian et al. (2003) showed that enzymatic
removal of HS from the surface of BAECs in
vitro completely blocked shear-induced NO pro-
duction in both steady flow (15 dyn/cm2) and re-
versing oscillatory flow (10 ± 15 dyn/cm2) out to
3 h exposure including both the early phase (sec-
onds to minutes after a step increase in shear) that
is calcium and G-protein dependent as well as the
later phase (minutes to hours) that is independent
of calcium and G-protein (Kuchan et al. 1994).
Yen et al. (2015) demonstrated that degradation
of HS in the rat mesentery greatly inhibited NO
production in response to an increase in flow. Pa-
hakis et al. (2007) showed that shear-induced NO
production was blocked by enzymes removing
HS and HA, but not CS and that these treatments

had no effect on the shear-induced production of
the important vasodilator and antiplatelet agent,
prostacyclin (PGI2). Because the proteoglycan
core protein glypican-1 only binds HS and not
CS and the dominant apical syndecan (syndecan-
1) binds both HS and CS, it was hypothesized
that glypican-1 is the core protein that transmits
the fluid shear force sensed by the GAG (HS) to
the cell surface where it is ultimately transduced
via the phosphorylation of eNOS into NO. This
hypothesis was tested by Ebong et al. (2014)
who showed that knockdown of glypican-1 us-
ing shRNA completely blocked shear-induced
phosphorylation of eNOS, whereas knockdown
of syndecan-1 had no effect. Because knockdown
of genes by shRNA can have off-target effects,
the hypothesis was further tested using atomic
force microscopy (AFM) with cantilevers coated
with specific antibodies to HS, glypican-1, and
syndecan-1 (Bartosch et al. 2017). Force applied
to HS or glypican-1 resulted in NO production,
whereas force applied to syndecan-1 did not.
These experiments were carried out at 10 and
30 min and did not specifically interrogate the
early G-protein-dependent phase of activation.

Zeng and Liu (2016) found that shear stress
has a dual role in eNOS activation: 4 dyn/cm2

shear stress inhibited the activation of eNOS,
and 15 dyn/cm2 shear stress induced it. Removal
of glypican-1 by phosphatidylinositol phospho-
lipase C (PI-PLC) significantly suppressed the
15 dyn/cm2 shear stress-induced eNOS activ-
ity and further reduced the 4 dyn/cm2-inhibited
eNOS activity (Zeng and Liu 2016). Therefore,
eNOS activation depends on shear stress magni-
tudes and is mediated by glypican-1.

To follow-up on the observation that GAG
removal by enzymes did not block shear-
induced PGI2 production (Pahakis et al. 2007),
Russell-Puleri et al. (2017) investigated primary
cilia, syndecan-4, and platelet endothelial cell
adhesion molecule 1 (PECAM-1), as potential
mechanosensors for PGI2 production. Primary
cilia are localized to the apical surface of EC and
syndecan-4 to the basal surface and in confluent
ECs PECAM-1 localizes at intercellular
junctions where it regulates homophilic binding
between cells. Separate knockdown of the
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three putative mechanosensors in cultured cells
revealed that only PECAM-1 deletion blocked
shear-induced PGI2 production and upregulation
of the enzyme cyclooxygenase 2 (COX-2) by a
mechanism involving inside-out activation α5β1

integrin. The role of PECAM-1 in shear-induced
PGI2 was further confirmed in a PECAM-1
knockout mouse model (Russell-Puleri et al.
2017). Conway et al. (2013) using a fluorescence
resonance energy transfer (FRET) tension sensor,
showed that shear stress increased tension across
PECAM-1 at intercellular junctions. Weber
et al. (2017) applied tension to the extracellular
domain of PECAM-1 using AFM and observed
upregulation of COX-2, the precursor to PGI2

production.
In related studies, it has been shown that

PECAM-1 is also an upstream mediator of shear
stress-induced NO production. Fleming et al.
(2005) and Wang et al. (2015) observed that
shear stress-induced tyrosine phosphorylation of
PECAM-1 as well as the serine phosphorylation
of Akt and eNOS was abolished by pretreatment
of cells with a tyrosine kinase inhibitor. A
comparable attenuation of Akt and eNOS
phosphorylation and NO production was also
observed in endothelial cells generated from
PECAM-1-deficient mice. Xu et al. (2016) found
that flow-mediated eNOS phosphorylation in
vivo induced by voluntary wheel running was
reduced in PECAM-1 knockout mice. However,
when the extracellular domain of PECAM-1 was
put under tension by AFM with the same specific
antibody that led to COX-2 upregulation, there
was no effect on NO production (Bartosch et al.
2017).

How can we reconcile the observations that
the proteoglycan core protein glypican-1 medi-
ates shear-induced eNOS phosphorylation and
NO production (Ebong et al. 2014; Bartosch et al.
2017) with similar findings for PECAM-1 (Flem-
ing et al. 2005; Xu et al. 2016)? Our working
hypothesis is that the upstream shear stress sensor
is glypican-1 that activates intracellular signaling
pathways leading to tyrosine phosphorylation of
PECAM-1 and downstream serine phosphoryla-
tion of eNOS and NO production. This most
likely corresponds to the later phase of NO pro-

duction since all of the supporting experiments
were conducted in a time frame of minutes to
hours.

The glycocalyx might also play an important
role in early-phase mechanotransduction in re-
sponse to a step change in shear stress through
the interaction between the G-protein Gαq/11
and PECAM-1 (dela Paz et al. 2014). It has
been shown that PECAM-1 and Gαq/11 form a
mechanosensitive complex that contains an en-
dogenous HSPG with HS chains that is critical
for junctional complex assembly and regulation
of the flow response. In experiments that used
heparinase to cleave HS, such as Florian et al.
(2003), Pahakis et al. (2007), and others, the
PECAM-1/Gαq/11 complex bound by HS would
have been disrupted thus altering the early-phase
induction of NO production. This would be con-
sistent with the observation by Florian et al.
(2003) that heparinase treatment blocked both the
early and later phase response of NO production
to a step change in shear stress.

Synthesizing the above discussion of
mechanisms for shear-PECAM-1-COX-2-PGI2,
the early phase shear- Gαq/11/PECAM-1-
NO, and the sustained phase shear-Glypican-
1-PECAM-1-NO, we arrive at the overall
hypothesis summarized in Fig. 5. It should
be noted that the cartoons of Figs. 5, 6, and
8 emphasize the central components of the
mechanisms. They do not, for example, include
the detailed components of the surface layer that
may be involved in transmitting fluid shear stress
to the proteoglycan core proteins glypican-1 and
syndecan-1. These were shown in greater detail
in Fig. 2 and discussed earlier in this section.

5 Remodeling of ESG

5.1 Shear Stress and ESG

Several studies have detected a substantial glyco-
calyx on cultured rat fat pad EC (RFPECs) (Thi
et al. 2004; Ebong et al. 2011; Zeng et al. 2012).
In a recent study using fluorescence confocal
microscopy (Zeng et al. 2012), it was shown that
the coverages of HS and CS on RFPECs under
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Fig. 5 Proposed mechanism of shear stress-induced NO
and PGI2. (a) Gαq/11/PECAM-1 bound by HS is the
early phase mechanosensor for NO. (b) Glypican-1 is
the sustained-phase shear stress sensor that leads to in-

tracellular activation of PECAM-1 and downstream NO
production. (c) Shear stress-induced tension on PECAM-1
induces PGI2 production through a PI3K-Integrin-COX-2
signaling pathway
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Fig. 6 Early responses of glycocalyx: fluid shear stress
induces the clustering of HS via mobility of glypican-1
in lipid rafts. Under static conditions, syndecan-1 is local-
ized outside of caveolae, while GPI-anchored glypican-
1 is localized in membrane rafts including both lipid
rafts and caveolae. Glypican-1 exclusively carries HS,
and syndecan-1 contains CS and HS. After the initial

30 min of exposure to shear stress, lipid rafts with their
anchored glypican-1 and associated HS move toward the
cell junction. In contrast, the transmembrane syndecan-1
with attached HS and CS, and albumin, seem to be fixed
in position, as well as the glypican-1 in caveolae. Cited
from Zeng et al. (2013)

static condition are similar, but they cannot infer
from this that the relative abundances (masses)
are the same or similar. It must be noted that
the fluorescent antibody technique can be used to
map the location of target antigens, but it cannot
be used to compare masses of different molecules
because the specific antibody-antigen affinities
may differ greatly (Thomas J. Kindt et al. 2007).

Recall that glypican-1 carries HS exclusively,
and syndecan-1 carries both CS and HS. Using
fluorescence confocal microscopy, it was shown

that, in response to 30 min shear stress, glypican-
1 was reduced in coverage and appeared to
cluster near the cell boundary without expression
reduction, but syndecan-1 did not appear to move
(Zeng et al. 2013). In addition, by examining
MFI data, there was no evidence that HS and
CS or glypican-1 and syndecan-1 increased
or decreased under shear stress for 30 min.
These observations based on fluorescent antibody
technique further confirmed that glypican-1, but
not syndecan-1, redistributes in response to shear
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(Zeng et al. 2013). These results combined with
the observation of clustering of HS, but not CS,
strongly suggest that glypican-1 carried the HS
that moved and aggregated in the cell junction.
Notably, glypican-1 is bound directly to the
plasma membrane through a GPI anchor and
localized to membrane rafts (MRs) (Tarbell and
Pahakis 2006).

The MRs consist of dynamic assemblies of
cholesterol and sphingolipids, in the exoplasmic
leaflet of the bilayer (Lindner and Naim 2009).
MRs are classified into two types: protein-based
membrane domains (i.e., caveolae) and lipid-
based domains (i.e., lipid rafts) (Lindner and
Naim 2009; Zeng et al. 2013). Caveolae and
lipid rafts exist separately on the cell surface
(Schnitzer et al. 1995b); both are greatly enriched
in cholesterol and exoplasmic sphingolipids.
GPI-anchored proteins are localized in both
caveolae and lipid rafts—with nearly half of GPI-
anchored proteins localized outside of caveolae
on ECs (Lisanti et al. 1994; Schnitzer et al.
1995a). The cholera toxin B subunit (CTx-
B), which binds specifically to a component
of the plasma membrane—glycosphingolipid,
ganglioside GM1—has been used as a MR
marker in many studies (Parton 1994; De Haan
and Hirst 2004). GM1 is present over the
entire cell surface and enriched in caveolae
(Parton 1994). Caveolin-1, which anchors
caveolae to the actin cytoskeleton (Navarro
et al. 2004), attaches to the cytosolic face of
plasma membrane via a hydrophobic hairpin loop
and provides a scaffold for caveolae formation
(Razani et al. 2002). Caveolin-1 has emerged
as a vital plasma membrane mechanosensor
(Parton and del Pozo 2013). Meanwhile integrity
of the actin cytoskeleton is essential for the
immobility of caveolae (Thomsen et al. 2002). In
contrast, lipid rafts are held together by specific
lipid-lipid interactions (Lingwood and Simons
2010), organized in a liquid-order phase, and
characterized by limited acyl chain order but
high translational mobility (Lindner and Naim
2009; Simons and Sampaio 2011).

A recent study has demonstrated the changes
in distribution of MRs (caveolin-1 and GM1) af-
ter exposing statically cultured RFPECs to shear

stress, focusing on the first 30 min after initiation
of shear (Zeng et al. 2013). Under shear stress
for 30 min, the expression and distribution of
caveolin-1 did not change, indicating that caveo-
lae are stabilized sufficiently to resist shear stress
during the first 30 min of exposure. In a previous
study (Rizzo et al. 2003), it was shown that
the caveolae density at the plasma membrane
increased sixfold after 10 dyn/cm2 of shear stress
exposure for 6 h—a much longer shear exposure
than the 30 min. Although almost all caveolin-1
is localized in caveolae, nearly half of the GPI-
anchored proteins reside outside caveolae on ECs
(Lisanti et al. 1994; Schnitzer et al. 1995a). A
large fraction of glypican-1 was likely associated
with caveolae and thus was not mobilized dur-
ing the 30 min of shear exposure (Zeng et al.
2013), which resulted in the smaller changes
in the distribution of glypican-1 compared to
HS. Thus, Zeng et al. (2013) concluded that the
mobile HS is bound to glypican-1 that is outside
the caveolar fraction of membrane rafts. This
leads to the conclusion that lipid rafts carry the
mobile glypican-1 and HS. The observation of
movement of a membrane raft marker—GM1—
has further reinforced this conclusion (Zeng et al.
2013). This mechanism is summarized in Fig. 6.

The dramatic change in HS distribution was
confirmed on often studied BAECs (Fig. 7) (Zeng
and Tarbell 2014). After 24 h of exposure,
BAECs were remodeled into an elongated
(fusiform) shape whereas RFPECs retained their
cobblestone morphology at 24 h (Zeng and
Tarbell 2014). Other EC types as well do not
elongate in response to sustained shear stress.
For example, during exposure to 40 dyn/cm2 for
24 h, pig aortic ECs did not align along the flow
direction (Arisaka et al. 1995). The BAECs did
maintain cobblestone morphology after 30 min
of shear exposure. (Zeng and Tarbell 2014).

Similar phenomena occurred on RFPECs and
BAECs showing consistent changes in the syn-
thesis and reorganization of HS. The distribu-
tions of HS and glypican-1 became nonuniform
after 30 min of shear exposure (clustering at
the cell boundary) and then returned to a nearly
uniform distribution between 30 min and 24 h
(Zeng and Tarbell 2014). The distributions of CS
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Fig. 7 Validation of the clustering and subsequent
restoration of HS under shear stress using bovine aortic
endothelial cells. Top: phase contrast micrographs of con-
fluent BAEC monolayer reveal a typical dynamic change
in cell morphology from cobblestone (static control) to the

elongated (fusiform) and oriented in the direction of flow.
Bottom: representative immunofluorescent images of HS
under static and shear stress conditions. Figure adapted
with permission from (Zeng and Tarbell 2014)

and syndecan-1 were not altered throughout the
duration of shear exposure. The in vivo state was
examined in Yen et al. (2012) where it was shown
that the fully adapted state in the aorta of rats
and mice shows a highly uniform coverage of HS
that is similar to the 24 h state (Zeng and Tarbell
2014) (Fig. 7). Other glycocalyx components
have not yet been examined in vivo.

The adaptation of the glycocalyx to fluid shear
stress involves a balance between the synthesis
of glycocalyx components including both GAGs
and core proteins and their degradation that
is modulated by enzymes such as heparanase
and metalloproteases (Lipowsky 2011; Curry
and Adamson 2012). Zeng and Tarbell (2014)
concluded that glycocalyx components were
synthesized in RFPECs and BAECs during shear
exposure for 24 h, which is consistent with other
studies in pig aortic EC (Arisaka et al. 1995)
and human EC-RF24 cells (Gouverneur et al.
2006) showing that shear stress induces new

synthesis of HS and CS. Recently, Koo et al.
(2013) examined the effect of pulsatile flow on
glycocalyx formation in cultured HUVECs. They
reported that their atheroprotective waveform
(high mean shear, no reversal) induced increases
in HS and syndecan-1, a decrease in glypican-
1, and no alteration of CS after 7 days of
exposure. Another study showed that glypican-
1 did not change on HUVECs exposed to the
atheroprotective waveform for 3 days (Koo et al.
2011).

Notably, the mechanisms underlying the shear
stress-induced increase in GAG synthesis are
still not known. GAG synthesis induced by
shear stress was concomitant with a decrease
in DNA synthesis and an increase in protein
synthesis (Arisaka et al. 1995). The mRNA
expressions of exostosin glycosyltransferase-1
and glycosyltransferase-2 (EXT1 and EXT2),
two genes encoding glycosyltransferases
involved in the chain elongation step of HS
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biosynthesis, did not change under shear stress
(Koo et al. 2013). The disruption of actin
cytoskeleton by cytochalasin D (CD) abolished
the additional synthesis of HS on ECs exposed
to shear stress for 24 h, indicating that the actin
cytoskeleton plays a role in shear-induced HS
biosynthesis.

In a recent study, Liu et al. (2016) detected that
transcriptional expression of HSPGs (syndecan
family and glypican-1) in HUVECs responded
to the distinct magnitudes of shear stress. During
the initial 0.5 h of exposure, syndecan-1 mRNA
was the most upregulated, by 4 dyn/cm2 of shear
stress, and syndecan-4 mRNA was significantly
upregulated, by 10 and 15 dyn/cm2. After 24 h
of exposure, the greatest increase in mRNA was
syndecan-4 under 4 dyn/cm2, and syndecan-3
under 15 dyn/cm2. All the three magnitudes of
shear stress (4, 10, and 15 dyn/cm2) resulted in
a significant increase in glypican-1 mRNA after
24 h exposure. Compared with static control,
there was a 1.7-, 3.4-, and 4.1-fold increase in
glypican-1 mRNA at 24 h under 4, 10, and
15 dyn/cm2, respectively, but was not signifi-
cantly changed at 0.5 h (Liu et al. 2016). These
molecular changes that may be responsible for
dynamic remodeling of the glycocalyx and as-
sociated with vascular homeostasis and endothe-
lial dysfunction revealed the potential candidate
components of the glycocalyx in response to
cardiovascular diseases.

Moreover, increases in sulfated GAGs in the
circulation media were detected after 24 h of
shear exposure in an earlier study (Arisaka et al.
1995). Although researchers did not observe en-
hanced sulfated GAGs in the circulation media
after 30 min of shear exposure (Zeng et al. 2013),
they have not examined this issue at 24 h due to
loss of cells from the edges of the cover slide
artificially elevating the media concentration of
sulfated GAG (Zeng and Tarbell 2014).

5.2 Cytoskeleton and ESG

Many studies of mechanotransduction in
endothelial cells are based on the initial exposure
of statically cultured cells to a step change in

shear stress (Haidekker et al. 2000; Rizzo et al.
2003; Chien 2007; Pahakis et al. 2007; Yao
et al. 2007). Shear stress induces EC responses
via cytoskeleton-dependent and cytoskeleton -
independent pathways (Silver and Siperko 2003;
Wang et al. 2008) including the glycocalyx which
is an important mechanosensing element on the
plasma membrane surface (Tarbell and Pahakis
2006; Wang et al. 2008).

Longer-term adaptation of the endothelium to
fluid shear stress is dominated by transforma-
tion in the actin cytoskeleton resulting in re-
arrangement of filamentous actin (F-actin) into
bundles of stress fibers aligned in the direction
of flow and into a diffuse network of short mi-
crofilaments including lamellipodia and filopodia
(Gotlieb 1990; Malek and Izumo 1996; Li et al.
2005).The stress fiber bundles are composed of
actin filaments in parallel alignment that func-
tion as cellular cytoskeletal-contractile elements
(Sanger and Sanger 1980; Gotlieb 1990).

In static conditions (no shear stress), promi-
nent microfilament bundles, the dense peripheral
bands, are present at the cell periphery of con-
fluent EC monolayers (Sanger and Sanger 1980;
Satcher et al. 1997). Shear-induced increases
in caveolin-1/caveolae and actin are predomi-
nantly distributed in the apical regions of the
cell where a sustained clustering of lipid rafts
occurs (Zeng and Tarbell 2014). Stress fibers
are believed to support caveolae in the apical
membrane by their association with caveolin-
1 (Thomsen et al. 2002; Navarro et al. 2004).
Thus, it appears that the distribution of F-actin
over the cell surface, including that which has
been newly synthesized, provides a supporting
scaffold for new caveolae and their associated
glypican/HS. It has been demonstrated that cave-
olae and caveolin-1 are crucial for both short- and
long-term mechanotransduction in blood vessels
of mice (Yu et al. 2006). Newly synthesized syn-
decan supported by actin provides a platform for
additional HS and CS that have been synthesized
as well. This is summarized in Fig. 8.

The associations of syndecan-1 with stress
fiber and lamellipodia protrusion have been in-
dicated in several studies (Carey et al. 1996;
Chakravarti et al. 2005; Couchman 2010). In ad-
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Fig. 8 Adaptive remodeling of glycocalyx with mem-
brane rafts and actin cytoskeleton. Under static condi-
tions, glypican-1 carrying only HS is localized on the
dispersed lipid rafts and caveolae on the membrane.
The actin cytoskeleton interacts with the transmembrane

protein syndecan-1 and the caveolar structural protein
caveolin-1 for stabilization. After 30 min of shear expo-
sure, lipid rafts have carried glypican-1 with anchored
HS to the cell boundary (clustering), while syndecan-
1 carrying HS and CS and caveolae with localized
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dition, HS plays a central role in mediating fluid
shear stress-induced cell motility and prolifera-
tive response (Yao et al. 2007) and change of the
actin cytoskeleton (Thi et al. 2004; Moon et al.
2005). To test whether actin cytoskeleton respon-
sible the dynamic remodeling of the glycocalyx,
actin cytoskeleton was disrupted by CD (Zeng
and Tarbell 2014; Li and Wang 2017). At static
conditions (without flow), the glycocalyx was not
disrupted after CD treatment. Interestingly, the
administration of CD (40 nM) did not prevent the
clustering of HS on RFPECs in response to shear
stress at 30 min, but abolished the recoverage
of HS at 24 h (Zeng and Tarbell 2014). The
phenomena at 24 h were also shown on HUVCEs
and human aortic endothelial cells (HAECs) by
Li and Wang (2017). These results suggested
that the shear stress-induced clustering of HS
at 30 min is actin cytoskeleton-independent and
that the actin cytoskeleton plays an important
role in the reorganization of the glycocalyx at
24 h. The dynamic modeling of the glycocalyx
might contribute in both cytoskeleton-dependent
and cytoskeleton -independent pathways.

5.3 S1P and ESG

S1P is emerging as a potent modulator of en-
dothelial function in response to injury (Sanchez
2016). S1P exerts a variety of biological actions
through binding with the specific G-protein-
coupled receptors (S1P1–5) on the cell surface
to activate signaling cascades or serve as a
second messenger (Meyer zu Heringdorf and
Jakobs 2007). Receptors S1P1–3 are expressed
in many tissues in the cardiovascular system
(Kimura et al. 2000; Kono et al. 2004) and have
been widely investigated. S1P and its receptor,

S1P1, were required for embryonic angiogenesis
and vascular stabilization (Kono et al. 2004).
S1P can promote the formation of an actin
ring around vascular ECs and strengthen cell-
cell and cell-matrix interactions through S1P1,
maintaining the low permeability of the vascular
wall (Curry and Adamson 2013). The specific
agonist of S1P1 (KRP-203) significantly inhibits
the formation and development of AS but does
not influence the S1P level in plasma (Poti et al.
2013). When mice were fed a high-fat diet, the
development of an abnormal vascular phenotype
and development of plaque were obvious in the
descending aorta in the Apoe−/− and EC-specific
S1P1 null mice (S1P1

f/f VE-cadherin-Cre-ERT2),
but were not evident in the Apoe−/− and S1P1

wild-type mice (Jung et al. 2012), showing that
S1P could maintain the vascular homeostasis and
prevent the development of AS through S1P1.

How might the above observations be related
to the glycocalyx? The EC glycocalyx was
modified/degraded after removal of plasma
components, particularly albumin, from the
bathing media (Michel et al. 1985). In a recent
study, it was demonstrated that S1P carried
by albumin inhibits shedding of the syndecan-
1 ectodomain on EC via activation of S1P1

receptor (Zeng and Tarbell 2014), and thus
maintains the normal vascular permeability
in intact microvessels (Sha et al. 2016). The
depletion of plasma protein induces syndecan-
1 shedding through MMP-mediated proteolytic
cleavage close to the plasma membrane on the
external face (Zeng and Tarbell 2014). The
shedding of the syndecan-1 ectodomain also
takes away the attached HS and CS (Zeng
and Tarbell 2014). After complete shedding of
glycocalyx components (including syndecan-
1 with attached HS and CS) by depletion of

�

Fig. 8 (continued) glypican-1 and anchored HS do not
move. Actin microfilaments increase in both apical and
basal aspects of the cell. After 24 h of exposure, new
caveolae are assembled on the apical surface, which may
associate with newly synthesized glypican-1. Syndecan-1
(HS/CS) and glypican-1(HS) that are bound to anchored
caveolae and mobile lipid rafts are synthesized and result

in nearly uniform distributions of HS and CS. Numerous
long stress fibers form and most distribute in the apical
part of the cell, where they stabilize new caveolae and
syndecan-1. In the basal part of the cell, actin micro-
filaments increase, scatter, and arrange in a disorderly
fashion. Our findings portray a dynamic reorganization of
the EC glycocalyx (Cited from Zeng and Tarbell (2014))
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plasma protein, the addition of S1P induced the
recovery of endothelial glycocalyx via a PI3K
pathway (Zeng et al. 2015). It was suggested
that the stability of glycocalyx conferred by
S1P is at least partially due to the synthesis of
glycocalyx components. It can be concluded
that S1P maintains the stability of glycocalyx
through inhibiting the shedding and promoting
the synthesis of glycocalyx components
thereby contributing to the maintenance of
normal vascular permeability (Sha et al. 2016)
and controlling cardiovascular and immune
functions (Curry and Adamson 2013). The
intracellular signaling pathway involved in
the S1P preserved/induced glycocalyx is still
not completely understood. The activation of
MMPs by inhibition of S1P1 phosphorylation
might be mediated by a pathway involving
phosphatidylinositide 3-kinase (PI3K)/Akt and
Rac1. It was demonstrated that Akt-mediated
phosphorylation of S1P1 (T236) is indispensable
for S1P-induced Rac activation, endothelial
migration, and morphogenesis (Lee et al.
2001). In addition, activation of S1P1 promotes
endothelial barrier integrity, migration, and
survival through PI3k/Akt, eNOS, and Rac
(Dudek et al. 2004; Adyshev et al. 2011).
However, the activation of endothelial S1P3 and
S1P2 could counteract the anti-inflammatory
actions mediated by the S1P1-PI3K/Akt-eNOS
pathway.

Furthermore, vascular endothelial S1P1 can
respond to hemodynamic force and transduce
the signals into a response that promotes the
stabilization of newly formed vascular networks
(Jung et al. 2012). Knockout of S1P1 gene in
mouse manifests as injured vessel maturation and
embryonic mortality. In areas of laminar flow
with high shear stress, S1P1 is present on the
membrane, whereas it is internalized in areas
of disturbed flow with low shear stress. S1P1

regulates the directional migration of lymphatic
endothelial cells in response to fluid shear stress,
which requires plasma or S1P (Surya et al. 2016).
The change in S1P1 might be associated with
remodeling of the glycocalyx, and this could in
turn alter mechanotransduction by the glycocalyx
as discussed earlier in this section.

Cantalupo et al. (2017) identified S1P-S1P1-
NO signaling as a new regulatory pathway
in vivo of vascular relaxation to flow and
blood pressure homeostasis, providing a
novel therapeutic target for the treatment of
hypertension. Further investigations into the
mechanoglycobiological mechanisms underlying
the remodeling of the glycocalyx could
bridge the effects of shear stress and S1P on
atherosclerosis.

6 Angiogenesis and ESG

The term “angiogenesis” is commonly used to
reference the process of vessel growth but in
the strictest sense denotes vessels sprouting
from pre-existing ones (Potente et al. 2011).
Inadequate angiogenesis causes ischemia in
myocardial infarction, stroke, and neurodegen-
erative or obesity-associated disorders, whereas
excessive angiogenesis promotes many ailments
including cancer, inflammatory disorders such
as atherosclerosis, and eye diseases (Folkman
2007; Potente et al. 2011). The angiogenetic
process is rather complex involving localized
breakdown of the basement membrane and
ECM of a pre-existing vessel, proliferation and
migration of capillary EC into surrounding tissue,
and new vessel formation. Stimulated by the
proangiogenic signals including cytokines and
associated receptors, ECs become motile and
invasive.

Glycocalyx plays important roles in angiogen-
esis through its involvement in EC migration,
proliferation, and differentiation (Alexopoulou
et al. 2007; Tarbell and Cancel 2016). Through
HS chains, HSPGs interact with growth fac-
tors such as vascular endothelial growth factor
(VEGF) and fibroblast growth factors (FGFs)
involved in vascular development and repair, ex-
tracellular matrix (ECM) components such as
fibronectin and vitronectin, and many collagens.
It is generally believed that HSPGs act as co-
receptors working in concert with other cell sur-
face receptors leading to high affinity binding.
Examples are FGF receptors (FGFRs) interacting
with FGFs and α5β1 integrin interacting with fi-
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bronectin (Steinfeld et al. 1996). Specific HSPGs
carry out the functions of co-receptors in angio-
genesis as well (Qiao et al. 2003).

VEGFs are mitogens for endothelial cells.
There are seven VEGF isoforms which are
generated via an alternative splicing mechanism
from a unique gene (Achen and Stacker 1998;
Neufeld et al. 1999). Among them, VEGF165

is a major angiogenic factor that is inactivated
by oxidizing agents and free radicals to inhibit
angiogenesis (Gitay-Goren et al. 1996). KDR
(kinase insert domain-containing receptor)/Flk-
1 receptor (VEGFR2) and Flt-1 (VEGFR1) are
type III tyrosine kinase receptors that bind to
VEGF165. Flt-1 with a tenfold higher affinity to
VEGF than Flk-1. Flk-1 plays important roles
in proliferation, migration, and permeability
(Waltenberger et al. 1994; Bernatchez et al.
1999), whereas Flt-1 is responsible for the
stabilization of new vascular channel (Fong et al.
1995; Chappell et al. 2016). EC also express
VEGF165-specific receptors (VEGF165Rs,
neuropilin-1 and neuropilin-2) via their exon
7 (amino acids 116–159 of VEGF165)-encoded
domains (Soker et al. 1997). HS is required to
bind VEGF165 to Flk-1 resulting in retention of
VEGF165 on the cell surface or in the ECM and
for the mitogenic activity of VEGF165 (Gitay-
Goren et al. 1992; Ono et al. 1999; Stringer
2006; Teran and Nugent 2015). Glypican-1
on EC can interact with VEGF165 mediated
by the HS chains of glypican-1 and could
recuperate the biological activity of VEGF165

that was damaged by oxidation (Gengrinovitch
et al. 1999). This may be important under
conditions including wound repair, hypoxia-
induced angiogenesis, or inflammation in which
oxidants or free radicals are produced and
may damage VEGFs (Gengrinovitch et al.
1999). In recent years, it was shown heparanase
derived from myeloma cells activates Flk-
1 through shedding of syndecan-1 in human
microvascular EC (HMEC-1) thus promoting
angiogenesis (Haddad et al. 2015; Jung et al.
2016). Heparanase also regulates syndecan-
4 expression (Haddad et al. 2015). However,
syndecan-1 coupled insulin-like growth factor-
1 receptor (IGF1R) and αVβ3 integrin are

required for Flk-1 and αVβ3-integrin activation
during angiogenesis (Rapraeger et al. 2013). The
increase in syndecan-1 and decrease in syndecan-
4 in HUVECs were involved in low molecular
weight fucoidan-induced angiogenesis (Haddad
et al. 2015). Syndecan-1 is required in the local
tissue environment for angiogenesis (Andersen
et al. 2015; Tang and Weitz 2015). Moreover, in
glomerular ECs, downregulation of syndecan-
1 increased cell permeability, decreased cell
viability, and inhibited tube formation through
inhibiting VEGF-Flk-1 signaling by recruiting
Flk-1 to the caveolin-dependent endocytosis
route (Jing et al. 2016). How both shedding
of syndecan-1 and upregulation of syndecan-
1 could induce angiogenesis has not been
completely clarified.

Syndecan-2 and syndecan-3 might also
regulate angiogenesis in pathological conditions.
Shedding of syndecans occurs in response to
stimuli such as inflammatory mediators and
growth factors. Shed syndecan-2 regulates
angiogenesis by inhibiting EC migration via
CD148 (PTPRJ) signaling (De Rossi et al. 2014).
Shed syndecan-3 also inhibits angiogenesis by
reducing the migratory abilities of ECs (De Rossi
and Whiteford 2013).

Basic FGFs (bFGFs) are also potent
endothelial growth factors that are capable
of inducing angiogenesis (Joseph-Silverstein
and Rifkin 1987). Glypican-1 stimulates the
biological activity of bFGFs when released by
PI-PLC from the surface of endothelial cells
(Bashkin et al. 1992). In bovine capillary ECs,
bFGF-bound GAGs were degraded by heparinase
but not by chondroitinase ABC, suggesting HS
bound with bGFG (Saksela and Rifkin 1990).
The inclusion of bFGF (10 ng/mL for 16 h) in
the culture medium increased release of HSPGs
from bovine capillary ECs through increasing
plasminogen activity. Pretreatment of cells with
TGF-β (4 ng/mL for 6 h) before addition of
bFGF inhibited the release of HSPG (Saksela
and Rifkin 1990). Overexpression of glypican-1
in normal brain EC enhanced cell growth and
sensitized cells to FGF2-induced mitogenesis,
while overexpression of syndecan-1 had no effect
(Qiao et al. 2003).
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In cell recruitment, it is believed that both
chemokine oligomerization and binding to
GAGs are required. Chemokine interactions with
GAGs facilitate the formation of chemokine
gradients which provide directional cues for
migrating cells (Dyer et al. 2016). A recent
study demonstrated that HS is essential for
interleukin (IL)-8-induced cell migration (Yan
et al. 2016). After enzymatic removal of HS,
they observed significant suppression of the IL-
8-upregulated Rho GTPases including Cdc42,
Rac1, and RhoA (Yan et al. 2016). IL-8-
increased Rac1/Rho activity, as well as IL-8-
induced polymerization and polarization of actin
cytoskeleton and an increase in stress fibers were
also suppressed. However, the interplay between
the IL-8 receptors and syndecan co-receptors is
still not well understood.

In addition, both HS-ligand binding and in-
teractions of PG core proteins with cytoskeletal
and/or signaling molecules are required for cell
adhesion and migration. Depletion of syndecan-
1 (Ebong et al. 2014) and syndecan-4 (Baeyens
et al. 2014) have been shown to cause a failure
to sense flow direction and inhibition of flow-
induced alignment in vitro.

7 Conclusions

In the course of this review, many unanswered
questions were raised, and future directions for
research were suggested. In this final section,
we will highlight several critical areas for future
research.

Section 2 discussed composition, organiza-
tion, and structure of the ESG. It is clear from
this section that different methods of observation
have produced a model of the ESG consisting
of a more rigid inner region on the order of
500 nm in thickness that is detected by biophys-
ical methods including red cell and large tracer
molecule exclusion as well as direct physical
probing with AFM and a more extended outer
region of micron scale that is detected by various
forms of light microscopy and cryo-SEM. The
inner layer is thought to contain the proteoglycan
core proteins and GAGs, while the outer layer

is diffuse containing absorbed proteins, charged
ions, and additional GAGs. This model requires
direct validation by advanced imaging techniques
such as STORM and SEM with immuno-labeled
nanoparticles.

Section 3 focused on mechanical properties
of the ESG. There appears to be consistency
in measurements and calculations of the elas-
tic modulus of the inner region of the ESG in
the range E = 0.3–0.7 kPa that is an order
of magnitude lower than the underlying plasma
membrane. These measurements should be ex-
tended to additional cell types, and the struc-
tural components (proteoglycans and GAGs) of
the ESG that control this mechanical property
should be determined in order to provide a more
direct understanding of how mechanical forces
are transmitted to cells. It seems unlikely that
AFM measurements will be capable of dissecting
out the contributions of individual components
directly since AFM only has resolution to treat
the ESG as a homogeneous layer. Rather, knock-
down of individual components followed AFM
measurements may be informative. Because the
ESG remodels dramatically after exposure to
shear stress (Sect. 5), it will be important to
extend ESG mechanical property measurements
to fully flow adapted cells (after 24 h of shear).

Section 4 considered mechanotransduction
and the ESG. In a variety of studies including
enzyme treatments, gene knockdown, and
direct force application (AFM), glypican-1
has emerged as the proteoglycan core protein
that delivers shear force to the cell body for
transduction into NO in the sustained phase of
production. This is a somewhat controversial
conclusion that should be validated in an animal
model such as the glypican-1 knockout mouse.
The detailed interface between the inner and
outer layers of the two-layer model of the
ESG that allows fluid shear forces in the outer
layer to be transmitted to the proteoglycan
core proteins in the inner layer remain to be
determined. The intracellular signaling pathway
by which mechanical activation of glypican-1
leads to the phosphorylation of PECAM-1 has
not been elucidated, and the role of HSPG in the
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early phase of NO production requires further
investigation.

Section 5 described remodeling of the ESG.
Transient remodeling after initial exposure to
shear stress involves dramatic movement of
glypican-1 toward cell boundaries in lipid rafts
before the onset of new synthesis or cytoskeletal
remodeling. This early remodeling may be
involved in the association of HSPG with
Gαq/11-PECAM-1 which mediates early phase
mechanotransduction to produce NO, but this
has not been determined. Long-term remodeling
(24 h) establishes a more uniform distribution of
ESG components resembling the in vivo state as
a result of new HSPG synthesis and cytoskeletal
remodeling. Glypican-1 is distributed in caveolae
and at cell junctions in lipid rafts. It is tempting
to conclude that mechanotransduction to produce
NO is initiated in the lipid rafts, but currently
this is not known. In addition, the intracellular
signaling mechanisms that mediate new synthesis
of ESG components are not established.

Section 6 reviewed angiogenesis and the ESG.
The ESG is involved in many mechanisms that
contribute to angiogenesis, most notably bind-
ing of growth factors on the EC surface and
in the ECM which contribute to EC migration,
proliferation, and differentiation. The ESG also
senses interstitial flow that is known to enhance
angiogenesis. However, a coherent picture of
ESG involvement in angiogenesis remains to be
elucidated.

Finally, we note that recent advances in our
understanding of the many roles that the ESG
plays in normal physiology and pathophysiology
suggest that the structural integrity of ESG that is
regulated by physical forces is absolutely central
for mechanotransduction, cell proliferation, cell
adhesion, and cell migration. Future research in
mechanoglycobiology should focus on determin-
ing the mechanisms by which physical forces
regulate the structure and composition of the
ESG with particular emphasis on synthesis and
regeneration in the face of pathological changes
in structure and function. Such understanding
of mechanoglycobiology may facilitate the treat-
ment of many diseases including atherosclerosis,

stroke, sepsis, diabetes, hypertension, pulmonary
edema, fibrosis, and cancer.
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TheMolecular Structure
of the Endothelial Glycocalyx Layer
(EGL) and Surface Layers (ESL)
Modulation of Transvascular
Exchange
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Abstract

There has been rapid progress over the
past decade to extend the concept that a
quasiperiodic inner endothelial glycocalyx
layer (EGL, <300 nm thick, with key
components associated with the endothelial
cell membrane) forms the primary molecular
filter between circulating blood and the
body tissues. The EGL is common to both
continuous and fenestrated microvessels.
The revised Starling Principle describing
steady-state fluid exchange across the
EGL describes new ways to understand
transvascular exchange of water and plasma
proteins in microvessels in both normal
and disturbed states such as hemorrhage
and fluid replacement during surgery. At
the same time, direct optical observations
describe endothelial surface layers (ESLs)
with porous outer layers that extend 1–2 μm
beyond the EGL. Preliminary analyses of
water and plasma protein transport through
barriers formed by a thick ESL in series
with the EGL indicate that such two-layer
structures can have permeability properties
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that are not consistent with measured water
and plasma exchange in microvessels. Such
multilayer models provide a basis for future
detailed evaluations of both transports across
endothelial surface layers and the methods to
image components of both the EGL and the
ESL. Furthermore changes in the thickness
and distribution of thick ESLs in vessels with
diameters larger than 50 μm may not reflect
functional changes in the inner glycocalyx
layer.

1 Introduction

Our knowledge about the structure on the luminal
surface layer of endothelial cells has evolved
from its recognition as a thin layer observed after
specialized staining in electron micrographs to
the current view as a complex three-dimensional
layered structure which regulates a wide range
of vascular functions. These include forming a
lubricating layer for red cell passage through
blood vessels, sensing the magnitude and direc-
tion of plasma flows, protecting the endothe-
lial surface from the attachment of circulating
inflammatory and metastatic cancer cells, and
modulating the movement of plasma proteins and
water across the endothelial barrier. Several of
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these topics are covered in the accompanying
chapters. Here the focus is on the growing un-
derstanding of the endothelial cell membrane-
associated glycoprotein/proteoglycan layers as
the primary molecular filter at the blood-tissue
interface (Curry and Adamson 2012; Curry et
al. 2016; Levick and Michel 2010; Michel et
al. 2016; Van Teeffelen et al. 2007; Weinbaum
et al. 2007).

Although our knowledge of the composition
and structure of the endothelial surface layer is
far from complete, new methods to stain, visual-
ize, and analyze the inner layer (the true glyco-
calyx, also designated the endothelial glycocalyx
layer, EGL) have strengthened the idea that they
form a quasiperiodic array that has common
features in many microvascular beds (Arkill et
al. 2011, 2012). The structure is stabilized by
linkage to the cell cytoskeleton and by binding
of plasma proteins and other plasma constituents
(Michel 1988; Michel et al. 1985; Adamson et al.
2014) and by mechanisms that inhibit the action
of degrading enzymes such as matrix metallopro-
teinases (Zeng et al. 2014; Zhang et al. 2016).
Further there have been steps to understanding
the importance of the glycocalyx-junction model
of transvascular fluid exchange as it applies to
fluid replacement therapy (Michel et al. 2016;
Woodcock and Woodcock 2012). The guiding
principle is the revised Starling Principle that
takes into account the colloid osmotic pressure
difference across the glycocalyx, not the colloid
osmotic pressure difference between plasma and
the bulk interstitial fluid (Levick and Michel
2010; Michel et al. 2016). Further, some of the
most important areas for future research are high-
lighted when current ideas about the structure and
composition the glycocalyx forming the molec-
ular filter are compared with the structure and
function of the endothelial cell surface layer
(ESL) formed when additional plasma and cell-
derived components bind to the true glycocalyx
to form a more extended layer that is generally
assumed to be the primary modulator of both
red cell and inflammatory cell micromechanics
near the vessel wall and to form part of the
mechanosensing mechanisms at the vascular wall
(Lipowsky and Lescanic 2017; Reitsma et al.

2007; Tarbell et al. 2014a; b). There is growing
awareness that the ESL is heterogeneous as sug-
gested by variation in thickness and distribution
across the endothelial surface in different vessels
and in disease and evidence that the outer layers
are more porous than the inner glycocalyx layers
(Bai and Wang 2012, 2014; Gao and Lipowsky
2010; Zeng et al. 2012).

The functional consequences of known and
some less well-understood structures of the EGL
and ESL are examined in this review which is
divided into two main sections: The first (and
major section, parts 2–6) evaluates both the inner
glycocalyx structure and conditions where the
ESL extends beyond the inner glycocalyx by not
more than 200–300 nm (total combined thickness
<500 nm) and functions as both a molecular sieve
and a lubricating or protective layer. The second
section (parts 7–9) examines recent observations
that optical measurements of the thickness of
ESL layer vary by as much as an order of magni-
tude and evaluates ways in which the function as
a molecular filter of such a thick ESL would be
compromised. Overall these issues point to the
need to further understand the molecular struc-
ture and composition of the EGL and ESL and the
methods used to visualize the glycocalyx layers;
the factors that control synthesis, degradation,
and distribution of glycocalyx components; and
the way the structure of the layers modulate the
exchange functions of the endothelial barrier in
both microvessels and vessels larger than 50 μm
diameter.

2 Asymmetry in the
Effectiveness of Plasma
and Tissue Oncotic Pressures

The classical Starling Principle for transvascu-
lar fluid exchange was based on the demon-
stration that lymph was formed by ultrafiltra-
tion of plasma and not as active secretions from
vascular cells as suggested by Heidenhain in
the 1880s (Michel 1997; Michel et al. 2016).
Specifically, plasma proteins are restricted at the
endothelial barrier relative to water and small
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water-soluble nutrients and metabolites so that
the differences in plasma protein concentration
across the selective barrier results in an oncotic
pressure difference sufficient to oppose the hy-
drostatic pressure drop across the microvessel
wall. Much of the new understanding of transvas-
cular fluid exchange during the past century fo-
cused on quantification of transvascular fluid
exchange using this classical Starling Principle
(Michel 1984; Renkin 1986). This required mea-
surement of the driving forces for exchange (the
hydrostatic (Pc and Pi) and oncotic (�c and
�i) pressures in plasma (p) and bulk interstitial
(i) fluids acting across an endothelial barrier)
as well as the hydraulic conductivity (Lp) and
protein osmotic reflection coefficients (σ ) of the
barrier to macromolecules. The common form of
the relation describing the transvascular ultrafil-
trate flow rate per unit total area of vasculature
(Jv/A) is

Jv/A = Lp
[
(Pc − Pi) − σ (�p − �i)

]
(1)

When models of fluid distribution in tissue
and the whole body were constructed to describe
short-term and long-term fluid exchange using
this classical Starling Principle, a key assumption
in the use of Eq. (1) was always that protein
oncotic forces in plasma and bulk interstitial
fluid were equally effective to modulate transvas-
cular flows. In the classical experiments that
demonstrated the linear relation between Jv and
capillary pressure described by Eq. (1) (Landis
1927; Pappenheimer and Soto-Rivera 1948), this
assumption was not specifically tested because
interstitial plasma protein concentrations were
deliberately maintained low. However starting in
the 1980s, several key reviews and experiments
led to a fundamental rethinking of the deter-
minants of the effective colloid osmotic pres-
sure opposing filtration (Michel 1984; Michel
and Levick 2010; Michel et al. 2016). The full
consequences of these revisions are still being
investigated today, and an important goal should
be to incorporate these concepts into new models
of whole-body fluid and protein exchange. These
future efforts must build on the development of
the so-called revised Starling Principle and the
growing understanding of how properties of both

EGL and ESL constrain the application of the
revised Starling Principle in different microvas-
cular beds.

Michel (1984) noted that, in the steady
state, the difference in protein concentrations
between plasma and the ultrafiltrate leaving
the vascular wall determines the oncotic
pressure difference in Eq. (1), not the difference
between plasma and the bulk interstitial fluid
composition (�i). Because the bulk interstitial
composition reflected the coupling of all the
protein fluxes with transvascular water flows
into the interstitial, the difference in plasma
protein osmotic pressure between plasma and
the ultrafiltrate could be significantly larger
than (�p − �i) in Eq. (1). To quantify
the consequences of this observation, Michel
derived a revised form of Eq. (1) in which the
plasma protein concentration of the ultrafiltrate
varied with Jv/A. This resulted in a nonlinear
relation between Jv/A and capillary pressure
which showed that in the steady state, there
was never reabsorption. This was because, as
capillary pressure was reduced, the ultrafiltrate
composition approached plasma composition,
and a new balance that always resulted in slow
filtration was established. As discussed in more
detail in Sect. 3, these theoretical ideas were first
confirmed in experiments by Michel and Phillips
(1987) in individually perfused capillaries of
frog mesentery where steady-state filtration was
established at a series of microvessel pressures
under condition where the primary determinants
of the oncotic pressure difference could be
assumed to be the water and solute fluxes across
the main water pathway.

The experiments of Michel and Philips also
highlighted the need to understand the relation
between the composition of fluid crossing the wa-
ter pathway and the bulk interstitial composition.
This difference should be small if the ultrafil-
trate flows directly into a well-mixed interstitial
space. This was not the case. The review by
Levick (1991) demonstrated that the colloid os-
motic pressure difference estimated from plasma
protein concentrations and bulk interstitial fluid
samples (measured with wicks or fine needles)
was never sufficient to oppose filtration at the
venous end of capillary bed of most mammalian
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organs (fenestrated and continuous). The only
exceptions were the microvessels in intestine
and peritubular capillaries of the kidney (where
the addition of protein free fluid from a nearby
reabsorbing epithelial transport process dilutes
the whole interstitial space, see below). Further
the predicted filtration rates based on measured
oncotic pressure differences between plasma and
bulk interstitial fluid were far too high to be
consistent with known rates of lymph flow and
fluid accumulation in these organs and normal
humans.

An understanding of the mechanisms that
maintained the colloid osmotic pressure differ-
ence across the primary ultrafiltration pathway
different from (�p − �i) required quantification
of the water and solute fluxes across the water
pathway and in the interstitial space. Levick
and McDonald (1994) demonstrated that, in the
fenestrated capillaries of the synovium, changes
in bulk interstitial �i (produced by injection
of albumin solutions into the synovial fluid)
had approximately one-third as much effect on
transvascular fluid exchange as intra-arterial
infusions of albumin. Figure 1, adapted from
numerical results in a model of fluid and protein
exchange across fenestrae and the interstitial
space in the synovial microvessels (Levick
(1994)), demonstrates that in the special case
where there are high rates of localized filtration
across fenestrae, plasma protein concentration in
the interstitial fluid just beneath the fenestrae
is significantly lower than the bulk protein
concentration. This was the result of ultrafiltrate
with low protein concentration emerging beneath
the fenestrae (which occupy only 1–2% of the
vascular surface) and diluting the local interstitial
fluid. Plasma protein diffusion and solvent drag
within the interstitial space were not sufficient
to overwhelm this dilution effect so that, during
filtration, the stable oncotic pressure difference
across the fenestrae was always larger than the
difference between a plasma and bulk tissue
fluids.

Based on the idea that the glycocalyx was
the primary molecular filter in the main water
pathway for both fenestrated and continuous cap-
illaries, Michel (1997) and Weinbaum (1998)
independently suggested that the plasma protein

Fig. 1 Profiles of albumin concentration across a fen-
estrated site in a capillary where the plasma albumin
concentration is 53 mg/mL (g/L) and the concentration
of albumin in the bulk fluid surrounding the capillary
is 44 mg/mL. There is steady filtration from the lumen
into the interstitial space through the fenestrae. The pro-
files are constructed from the table of results (Fig. 5 of
Levick 1994) from numerical solutions of the equations
describing coupled water and albumin fluxes from the
capillary lumen into the interstitial space. The profiles
demonstrate substantial dilution of the albumin interstitial
concentration under the fenestrae (to 37 mg/mL) so that
this plasma protein concentration does not equal intersti-
tial concentration and the difference in colloid osmotic
pressure across the fenestrae is greater than the difference
in colloid osmotic pressure between plasma and the bulk
interstitial fluid. Scale bar is 0.5 μm

concentration in the space beneath the glycocalyx
in both fenestrated and continuous endothelium
was determined by the coupling of water and
protein flows across the glycocalyx. As indicated
above, this was in contrast to the plasma protein
concentration in the bulk interstitial space being
determined by all the fluxes of plasma protein
across the vascular wall (across the glycocalyx
pathway and other parallel pathways including
less selective large pores and specialized tran-
scellular pathways dependent on vesicle uptake.
Then even when tissue protein concentration lev-
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els approached that in the circulating plasma,
plasma protein concentration of the fluid beneath
the glycocalyx could be significantly lower from
that in the bulk interstitial fluid. Figure 1 illus-
trated this idea for the special case where the
protein concentration of the interstitial space is
raised experimentally close to plasma concentra-
tion level (44 mg/mL in tissue vs. 53 mg/mL in
plasma) and there is a localized site with diffu-
sive and convective transport of protein into the
interstitial space. The extension of this concept
in continuous capillaries is described below as
a step toward further integration of the revised
Starling Principle into the complex whole-body
models of fluid exchange.

3 The Glycocalyx
and the Revised Starling
Principle of Fluid Exchange

Figure 2a is a schematic describing the revised
Starling Principle (Levick and Michel 2010) and
Fig. 2b a specific case where the geometry of
the glycocalyx and detailed investigations of the
endothelial junction in rat venular microvessels
are used for quantitative evaluation of the new
principle based on directly measured ultrastruc-
ture and permeability data (Adamson et al. 2004).
An important insight into the molecular organiza-
tion of the EGL was the description of bush-like
structures within the glycocalyx of fenestrated
microvessels fixed using a perfluorocarbon-based
perfusate (Rostgaard and Qvortrup 1997). Data
from this study, as well as additional samples

Fig. 2 The glycocalyx-cleft model of the endothelial
barrier. (a) The EGL (pink layer overlying the endothelial
cells) is identified as the primary barrier (molecular filter)
to plasma proteins such as albumin. The colloid osmotic
pressure that opposes filtration is between plasma and the
fluid on the underside of the glycocalyx, i.e., inside the in-
tercellular cleft and close to the glycocalyx. After crossing
the glycocalyx, the plasma ultrafiltrate is funneled through
infrequent breaks in the junctional strands (green band).
During steady-state filtration, the difference in colloid os-
motic pressure across the glycocalyx is always larger than
the difference between plasma and the bulk interstitial
fluid. The composition of the bulk interstitial fluid reflects
the contributions from other pathways for plasma protein

exchange across the endothelial barrier (vesicles, large
pores, etc.) (Modified from Levick and Michel 2010).
(b) The diagram illustrates a specific example of the
glycocalyx-junction model in (a). It shows a view of the
cleft segment reconstructed from serial sections of rat
mesentery microvessels to enable the position of junction
strands in the endothelial cleft and distance between gaps
in the junction strands to be measured. The exploded view
is an idealized diagram representing the mathematical
model used to evaluate fluxes of water and albumin across
the glycocalyx-junction segments using values of junction
geometry, junction gap frequency, and glycocalyx thick-
ness characteristic of rat mesenteric microvessels. From
Adamson et al. (2004) with permission
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supplied by Qvortrup and rapidly frozen frog
mesentery microvessels, were analyzed using au-
tocorrelation methods to reveal the quasiperiodic
structure (Squire et al. 2001). Subsequent re-
finements in both fixative compositions, glyco-
calyx staining in microvessels of rat mesentery
and the measurements of glycocalyx structure
in microvessels of known permeability to water
and plasma proteins, have enabled a detailed
quantitative evaluation of the role of these bush-
like structures as the primary molecular filter
(Arkill et al. 2011, 2012; Curry et al. 2016) in
both frog and rat mesenteric microvessels. Three
key concepts have been extensively examined:
(1) the molecular structure of the primary molec-
ular filter, (2) the nonlinear shape of the steady-
state curve describing filtration rate as a function
of capillary pressure using the revised Starling
Principle, and (3) the modeling of transport in
the space beneath the glycocalyx in both the
intercellular junction of the endothelial barrier
and pathways in the interstitial space between
the endothelial cells and surrounding pericytes.
Some of the current questions related to each of
these ideas are discussed below in Sects. 3.1–3.4.

3.1 The Structure of the Inner
Glycocalyx (EGL) as
a Molecular Filter

There is no current method that is generally
agreed to preserve the integrity of the glycocalyx,
and it is likely that all EM methods fail to
preserve components of the ESL attached to the
glycocalyx. Likewise all methods that attempt to
label components of the ESL and glycocalyx in
situ and observe their thickness and distribution
using optical techniques have serious limitations
with respect to chemical specificity, optical res-
olution, and the extent to which labeling con-
ditions preserve structure (see second section
of review below). Further development of high-
resolution imaging and image analyses will be re-
quired to advance this area. What is agreed is that
the membrane attached glycocalyx preserved by
a range of fixation techniques (perfluorocarbon
perfusates, specialized staining, and controlled

cryo-fixation) extends no more than about 100–
150 nm from the endothelium cell membrane.
This structure includes proteoglycans from the
syndecan and glypican families that reside close
to endothelial membrane surface and whose core
proteins are associated with the endothelial cell
membrane (Betteridge et al. 2017; Hegermann
et al. 2016; Tarbell et al. 2014a, b). The core
proteins carry attachment sites for heparan sul-
fate and chondroitin sulfate and binding sites for
other glycosaminoglycans including hyaluronic
acid. The heparan sulfate and chondroitin sulfate
appear to form part of the structures observed
as bush-like arrays. Autocorrelation analyses of
images and 3D image reconstruction techniques
revealed the quasiperiodic structure of the inner
glycocalyx on both continuous and fenestrated
microvessels. Much remains to be understood
about the relation between the images as bushes
attached to the endothelial membrane viewed
after specialized fixation or fast-freeze methods
and the structure of the glycoproteins and pro-
teoglycans in their native (i.e., aqueous) envi-
ronment. The working hypothesis is that these
structure form part of the primary molecular
filter.

Further analyses indicate that these bush-like
structures are themselves arranged in quasiperi-
odic arrays on the endothelial cell surface (as-
sumed hexagonal in the model in Fig. 2b, but
other configurations are suggested in recent ob-
servation on the glomerulus Arkill et al. 2014).
On the basis of these assumptions, the model de-
scribes the exclusion of plasma proteins from the
spaces between the core proteins as the primary
mechanism lowering the chemical potential of
water within the glycocalyx. Thus a difference
in the concentration of plasma proteins across
the EGL results in a difference in chemical po-
tential of water on the two sides of the inner
glycocalyx that is expressed as a difference in
oncotic pressure. It should also be noted that
electron micrographs examined for these analy-
ses are sampled randomly from the endothelial
cell surface and are assumed to represent the
glycocalyx at the principal sites for water path-
ways that occupy less that 1–2% of the surface
(in fenestrated vessels) and significantly smaller
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fractions of the surface in continuous capillaries
where the main water pathways are formed by
the intercellular junction. While the structure of
the glycocalyx has been observed directly at fen-
estrae, sampling the glycocalyx at specific sites
on the endothelial surface of continuous endothe-
lium (near junctions, caveolae) requires further
investigation.

The description above also ignores other prop-
erties of the inner glycocalyx including its de-
formability, the osmotic effects of side chains
attached to the core proteins, and both elec-
trochemical and mechanical forces (Bhalla and
Deen 2009; Damiano and Stace 2002; Secomb et
al. 2001; Weinbaum et al. 2003). It is known that
the passage of leukocytes deforms the EGL, but
the effect of such deformation on the transport
has not been described. It is assumed that, when
leukocytes are not activated (when they do not re-
lease agents to degrade glycocalyx components),
such transient deformations may be insignificant
in terms of steady filtration in normal vessels.
The role of other forces within the ESL is less
well understood, but analyses of transport prop-
erties in terms of observed glycocalyx struc-
ture as developed below are made assuming that
swelling due the osmotic effects of side chains,
electroosmotic forces, and applied shear forces
is in separate equilibrium states and independent
of transvascular hydrostatic and oncotic pressure
differences.

3.2 The Structure of ESL Layers
Beyond theMembrane-Bound
Glycocalyx up to About
500 Nm

It should be noted that the full effectiveness of
circulating plasma proteins as oncotic agents
requires they directly contact the interface
forming primary molecular filter. At present only
the innermost layers that are anchored to the
endothelial cell are known to have an organized
structure. Any ESL layer that extends beyond
the inner layer must maintain a structure that
significantly excludes albumin if it is to be part
of the primary molecular barrier responsible

for oncotic pressure differences. If this is not
the case, the function of the surface layer as
the primary oncotic barrier is compromised.
Yet it is known that ESL layers can extend
many hundreds of nanometers beyond the inner
glycocalyx. An understanding of the structure of
these ESLs must be a primary focus for future
research.

The simplest way for an extended ESL to
form part of the primary molecular filter for
plasma proteins is for the quasiperiodic struc-
ture of the EGL to be retained for several hun-
dred additional nanometers. One possible mech-
anism is the action of albumin itself to bind
to the glycocalyx and form cross-linked struc-
tures with heparan sulfate, chondroitin sulfate,
hyaluronic acid, and other adsorbed plasma com-
ponents. It is well known that albumin is required
to maintain the normal permeability and selec-
tivity of the vessels wall. Furthermore, shield-
ing of the positive charges from arginine or ly-
sine on albumin blocks this protective effect
(Michel et al. 1985). Thus as suggested by Fig.
3a, an ordered structure with interfiber dimen-
sions established by the distance between the
positively charged arginine groups in albumin
may effectively “self-assemble” on top of the
membrane-associated glycoproteins and proteo-
glycans to extend the molecular filter. Super-
resolution microscopy may enable investigations
of such assemblages. In addition, albumin is
one of the two circulating plasma proteins that
carry sphingosine-1-phosphate (S1P) to receptors
on the endothelial surface (the other is HDL).
S1P released from red cells and endothelial cells
protects the membrane-bound glycocalyx by sta-
bilizing the peripheral actin band beneath the
endothelial membrane and blocking the release
of matrix metalloproteinases (MMP 9 and 13)
that cleave syndecan core protein (Curry et al.
2012; Adamson et al. 2014; Zeng et al. 2014).
These structures are illustrated in Fig. 3b.

The above picture is reasonably consistent
with the series of observation by Duling and
his colleagues describing red cell flows and ESL
penetration by macromolecules in small (5 μm
diameter) microvessels of the hamster cremaster
muscle (Vink and Duling 2000). In these mi-
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Fig. 3 The two parts illustrate mechanisms that organize
and stabilize the membrane attached glycocalyx and may
extend the ordered structure of the inner glycocalyx.
Part (a) shows glycoproteins and proteoglycans associated
with the endothelial cell membrane that form a quasiperi-
odic array by attachments to the cell cytoskeleton. The
outer layer shows albumin molecules electrostatically
bound to the glycoprotein side chains. Shielding of the
positive arginine and lysine on albumin results in loss of
the effectiveness of the glycocalyx as a molecular filter
suggesting that albumin contributes to ordering structures

close to the membrane-associated glycocalyx. Part (b)
describes the role of sphingosine-1-phosphate which is
bound to albumin and HDL to protect the glycocalyx. S1P
(secreted from vascular cells, including red cells) activates
receptors leading to the stabilization of peripheral actin
band and endothelial cell cytoskeleton and inhibition of
the activity of matrix metalloproteinases (MMP9 and
13) that induce the shedding of syndecan-1 from the
glycocalyx by cleaving its ectodomain (Modified from
Zeng et al. 2010)
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crovessels both high-molecular-weight dextran
(D70) and red cells were excluded from a region
400–500 nm from the endothelial cell membrane.
This exclusion of both red cells and Dextran 70
was lost after exposure to free radicals after light
irradiation (free radical generation) to degrade
the surface layers. Dextran exclusion was also re-
duced by exposure to enzymes including hepari-
nase and hyaluronidase. A mixture of hyaluronic
acid and chondroitin sulfate restored the exclu-
sion effect. Additional experiments demonstrated
that macromolecules smaller than D70 including
albumin slowly penetrated the ESL layer (Henry
and Duling 1999; Desjardins and Duling 1990).

In addition, by at least one criterion, a layer
with the permeability properties described above
would also support red cell flows. Feng and
Weinbaum (2000) demonstrated that a stable lu-
bricating layer for red cell movement was estab-
lished when l/Kw 0.5 > 100 where l is the ESL
thickness and Kw is the hydraulic conductance of
the layer. This criterion is met for layers as thin
as 0.3 μm when the Kw is as small as 10−13 to
10−14 cm2. This is within the range characteristic
of organized structures suggested in Figs. 2b
and 3. Thus at least for microvessels, ESL struc-
tures that extend up to 200 nm beyond the EGL
account for both observed permeability and hy-
drodynamic properties. The structure of the EGL
layer in larger vessels has not been established.
This is an important area for further research
because, as explained in Sect. 8 below, models
of possible structures of glycocalyx-endothelial
surface layers that extend more than 500 nm from
the endothelial surface have too high resistance
to water flows if they maintain the selective and
hydrodynamic properties of the inner glycocalyx.
Furthermore, ESL structure extending up to 1 μm
from the endothelial surface fails to account for
measured colloid osmotic pressure differences if
they have more porous structures with reduced
resistance to plasma protein and water flows.
These observations suggest that the assumption
that thick ESLs that exclude plasma proteins
are common throughout the vasculature must be
critically reexamined. This is a key message of
the current review.

3.3 Nonlinear Steady-State
Pressure-Flow Relations
Across the Endothelial Barrier

The form of the Starling relation that describes
fluid exchange across the glycocalyx differs from
that in Eq. (1) because of the substitution of
the hydrostatic pressure (Pg) and colloid osmotic
pressure of the plasma proteins (�g) beneath the
glycocalyx for the bulk interstitial fluid values
and the hydraulic conductivity of the glycocalyx
(Lpgcx):

Jv/A = Lpgcx

[
(Pc − Pg) − σ (�p − �g)

]
(2)

For the revised Starling Principle, this rela-
tion is linear only when �g is constant. �g is
constant at capillary pressures well above the
colloid osmotic pressure of the plasma proteins
when filtration rates are high (see Eq. (7) below).
It is approximately constant for a brief period
following a rapid decrease in capillary pressure
from such high capillary pressures and before the
composition of the fluid beneath the glycocalyx
changes significantly. Thereafter a new steady-
state value of �g is established as described
below.

The plasma protein concentration in the space
below the glycocalyx (Cg) when water and solute
are coupled is determined by the steady-state
relation:

Cg = Js/Jv (3)

Here Jv is given by Eq. (2), and the protein
flux through the glycocalyx (Js) is given by the
convective-diffusion flux equation (Curry 1984):

Js/Agcx = (Jv/A) (1 − σ) Cp + Ps (Cp − Cg) ∗
[
Pe/ ((exp −Pe) − 1)

]
(4)

Here Ps is the permeability coefficient
to albumin, and Pe is the Peclet number
[(Jv/A)(1 − σ )/Ps].
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Combining Eqs. (3) and (4) gives the relation
for the concentration difference across the glyco-
calyx:

Cp − Cg = Cp ∗
(1 − exp (−Pe) / (1 − σ exp (−Pe)) (5)

and the new steady-state filtration rate is (Michel
1984):

Jv/A = Lp
[
(Pc − Pg) − σ 2�p ∗

{(1 − exp −Pe) / (1 − σ exp −Pe)}](6)

At microvessel pressures well above the
plasma oncotic pressure in microvessels with
low permeability coefficient to plasma proteins,
Pe >>1 and plasma protein concentration in the
ultrafiltrate exiting the glycocalyx is Cp(1 − σ ).
Then Cp − Cg equals σCp, and Eq. (6)
reduces to:

Jv/A = Lpgcx

[
(Pc − Pg) − σ 2�p

]
(7)

In summary, Eq. (6) describes the nonlin-
ear relation between filtration rate and capillary
pressure. At capillary pressures well above the
osmotic pressure of the plasma proteins, the rela-
tion approaches the linear form in Eq. (7) because
Cp − Cg approaches the high Peclet Number
limit of σCp. The relation has a slope equal to the
hydraulic conductivity of the glycocalyx and an
intercept on the pressure axis of σ 2 �p. In con-
trast, for pressures below the osmotic pressure
exerted by the plasma protein, a fall in capillary
pressure will result in transient reabsorption, but
this cannot be sustained because plasma proteins
accumulate beneath the glycocalyx. Reabsorp-
tion reverts to slow filtration over a short period
with the filtration pressure (Pc − Pg) closely
balanced by the osmotic pressure difference de-
termined by Cp − Cg and Eq. (5). As a result,
the slope of the relation between Jv/A and Pc is
significantly less than expected from the value of
Lp and becomes close to zero at low pressure
(Fig. 4a). As shown in Fig. 4a, the shape of the

nonlinear pressure-flow relation has been com-
pared to that of a hockey stick.

Although Eq. (6) has not been tested under
conditions where Cp − Cg is directly measured,
experimental observations in individually per-
fused microvessels (Fig. 4b, from Michel and
Phillips 1987) demonstrate that the characteristic
hockey-stick shape in Fig. 4a is preserved even
when there is additional resistance to albumin
and water flows in the junction pathways beneath
the glycocalyx (so that Lp represents of the total
barrier to water flow) and Pg is small compared to
Pc. Fig. 4c shows a family of hockey-stick curves
characterized by successively smaller albumin
permeability coefficients constructed using the
values of Lp and σ measured from the slope
and intercept of the linear portion of steady-state
experimental results. The result that Eq. (6) can
be used to describe experimental measurements
in intact microvessels conforms to the hypothesis
that the glycocalyx barrier is the primary deter-
minant of the steady-state filtration rates in these
microvessels. It is noted that Fig. 4d also illus-
trates this point in mammalian vessels as will be
discussed in Sect. 3.4. Equation (6) also describes
steady-state measurements of flows from lumen
to abluminal sides of a cultured monolayer of
bovine aortic endothelial cells (Pang and Tarbell
2003).

A further extension of the model is to take
into account resistance to water flows in spaces
between the cells surrounding the microvessels
(pericytes) and in the interstitial space surround-
ing the tissue cells (muscle, skin) and the action
of the lymphatic system. This is important to
understand the kinetics of the approach toward
a new steady state after a change in pressure.
Weinbaum and colleagues demonstrated that the
resistance to water and solute flows between per-
icyte layers surrounding rat venular microvessels
accounted for the observation that a new steady
state takes up to 2 min to be established after a
change of pressure in rat mesentery microvessels
(Zhang et al. 2008). For microvessels with con-
tinuous endothelium, an obvious extension of this
approach would be to take into account further
resistances to water and protein flows in the inter-
stitium using approaches described for (Fig. 1).
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Fig. 4 The hockey-stick shape for the steady-state
relation between fluid filtration rates and hydrostatic
pressure difference is shown in four examples. (a)
The curve described by text Eq. (6) shows that at low
pressures, steady filtration increases only slightly as
pressure increases. However as pressure approaches the
effective colloid osmotic pressure of the plasma proteins,
filtration increases significantly and then increases
linearly with pressure. Part (b) shows an experiment on
an individually perfused mesenteric microvessel. The
vessel was initially perfused at high capillary pressure
(40 cm H2O) and filtration rate measured at this pressure.
When the pressure was reduced rapidly from this level
and initial transvascular fluid flow measured, the linear
relation between Jv/S and pressure was observed with
an intercept on the pressure axis of σ�p. These are
the results expected when transient changes in filtration

rate are measured and the colloid osmotic pressure
difference is approximately constant and close to σ�p for
measurements at all pressures. In contrast, when steady-
state filtration was established at a series of lower capillary
pressures by perfusing the vessel at each pressure for
5–10 min, the relation between Jv/S and pressure was
the hockey-shaped curve. Part (c) shows that reasonable
values of the albumin permeability coefficient can be
used in Eq. (6) to describe the whole-hockey-stick-shaped
curve observed experimentally. Albumin permeability
coefficient is the only unknown variable used to construct
the curves as the value of Lp is obtained from the slope
of the linear region of the relation, and σ albumin is
obtained from the intercept of the linear relation with
the pressure axis. Part (d) shows a similar experiment to
that in part (b) but with the interstitial fluid surrounding
rat mesenteric microvessels loaded with albumin at
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This would form the basis for the detailed analy-
ses of whole-body fluid and protein distributions,
updating the earlier models by Taylor, Guyton,
and Bert and colleagues (Bert et al. 1988; Chen et
al. 1976; Guyton et al. 1976). Another extension
of the model would be a description of flows
through the glycocalyx on glomerular capillaries
(now recognized as the primary molecular filter)
and the underlying mesangial cells and foot pro-
cesses (Fridén et al. 2011; Arkill et al. 2014).

3.4 Reduced Back Diffusion
of Tissue Proteins
and the Funneling of Water
Flows through Infrequent
Breaks in the Junctional
Strands

An additional mechanism must be taken into
account when plasma protein is present in the
tissue (typically close to 40% of plasma concen-
tration). As described above, high tissue protein
concentrations are established by plasma protein
transport into the interstitial space via other path-
ways (large pore, vesicles, others). Because these
interstitial concentrations of plasma proteins in
the interstitial fluid can be higher than the con-
centrations in the protected region beneath the
glycocalyx, the average composition of the fluid
in this protected space below the glycocalyx is
determined by a race between protein diffusion
back into junctions from the bulk interstitial fluid
and the flow of ultrafiltrate exiting the glycocalyx
which is opposing such diffusion. A key mech-
anism that ensures the maintenance of a larger
oncotic pressure difference cross the glycocalyx
is the funneling of the ultrafiltrate through dis-

continuities in the junction strands forming the
adhesion sites between adjacent endothelial cells
(see Fig. 2b). Most of the junction strands have
high resistance to water and all solutes larger
than about 500 Daltons; thus water flow occurs
through these infrequent breaks in the zipper-
like seals formed by the claudin/VE-cadherin
complex between adjacent endothelial cells. The
result is water velocity at the discontinuities more
than ten times that across the glycocalyx and
a significant convective component of protein
transport that opposes back diffusion so that
the concentration of plasma proteins below the
glycocalyx is expected to be lower than tissue
concentration and (�c − �g) > (�c − �i) even
at low capillary pressures.

In a manner that parallels the experiment of
McDonald and Levick in Fig. 1, Adamson et
al. (2014) tested the effectiveness of this funnel-
ing in experiments in which the interstitial fluid
surrounding a cannulated venular microvessel
in rat mesentery was equilibrated with plasma
proteins to make the interstitial plasma protein
concentration the same concentration as that in
the perfusate. According to the classical Starling
Principle, there should be no oncotic pressure
difference across the microvessel wall, and the
filtration rates should only reflect the pressure-
driven flows (straight black line in Fig. 4d). This
was not the case. After establishing filtration at
capillary pressures well above the colloid os-
motic pressure of the perfusate, plasma proteins
in the perfusate were found to exert close to 70%
of their full osmotic pressure even in the presence
of this large tissue protein concentration. The
results showed that the high filtration limit de-
scribed by Eq. (7) would account for the colloid
osmotic pressure difference across the glycoca-

�

Fig. 4 (continued) the same concentration as in the lu-
men (50 mg/mL). The solid black line shows the predicted
filtration rates expected when �p and �i were set equal
so that there was no colloid osmotic pressure difference
between the lumen and the tissue to oppose filtration.
The measured filtration rates fall significantly below this
line, indicating that a colloid osmotic pressure difference
was established across the glycocalyx. The red line shows
the expected curve when albumin is loaded into the peri-

capillary fluid. The line indicated only slightly increased
filtration rates in the low pressure range relative to the blue
line which describes filtration across the glycocalyx alone
in the absence of tissue albumin loading. Directly mea-
sured filtration rates in the presence of albumin loading
are given as mean ± sem. (parts (a) and (b) from Michel
et al. (2016) with permission, part (c) from Michel and
Phillips (1987) with permission, and part (d) modified
from Adamson et al. (2004)
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lyx even when there was a larger plasma protein
concentration in the bulk interstitial fluid. The ex-
periment was then extended to evaluate filtration
rates at a series of lower microvascular pressures
where the effects of back diffusion of plasma
protein from the bulk interstitial space might
be more apparent. The blue curve in Fig. 4d
shows the relation between steady-state filtration
rates and microvessel pressure from numerical
solutions for the coupled water and protein fluxes
in the model in Fig. 2b with no added interstitial
proteins, and the red curve shows the predicted
relation when the interstitial fluid composition is
fixed at the level of the perfusate. The blue curve
is close to the curve described by Eq. (6). The
red curve is slightly displaced upward reflecting
a small amount of additional back diffusion when
the interstitial protein concentrations are as high
as normal plasma concentrations.

4 Reabsorption in Intestine
and Kidney

A particularly interesting case of interactions of
water and protein fluxes in the interstitial space
close to microvessels is the role of protein free
fluid that enters this space as the result of water
transport across an adjacent epithelial membrane
(Michel et al. 2016). At low microvessel pres-
sures, the buildup of plasma protein concentra-
tion beneath the glycocalyx described by Eq.
(5) that would stop reabsorption in the steady
state is prevented by the dilution of the inter-
stitial fluid adjacent to the microvessel by the
protein free fluid transported across the epithelial
barrier. In contrast to the case in Fig. 2a, the
constant additional supply of protein free fluid
dilutes all interstitial protein concentrations and
maintains (�c − �g) close to (�c − �i) dur-
ing reabsorption. It is the energy from epithelial
transport of electrolytes and resultant additional
osmotic water flows established by electrolyte
concentrations into the bulk interstitial fluid that
maintains such an oncotic pressure differences
across the fenestrated endothelium of intestine
and peritubular capillaries of the kidney. In the
absence of this extra energy, ion gradients would

collapse, and the passive coupling between water
and plasma protein transport described by Eq.
(6) would abolish sustained reabsorption. Al-
though these basic concepts are now well un-
derstood, further investigations of the coupling
between transepithelial and transvascular trans-
port mechanisms to maintain tissue to plasma
reabsorption in the kidney and intestinal fluid in
the GI systems are areas for further quantitative
evaluation.

5 Clinical Observations

It is well known that crystalloid solutions that
do not contain colloids are lost relatively quickly
from the plasma space when infused into normal
individuals. This observation can be understood
in terms of both the classical Starling Principle
and the revised Starling Principle. For example,
in normal individuals (lying flat with average
capillary pressures close to 22 mmHg), infusion
of a crystalloid solution will dilute plasma pro-
teins. An example is shown Fig. 5a where the
shift from the blue curve to the red curve repre-
sents a reduction in plasma colloid osmotic pres-
sure from 25 to 15 mmHg (Michel et al. 2016).
The hockey-stick curve in this pressure range
indicates that there is a significantly increased
filtration (points A–B) that would continue until
much of the infused fluid was distributed into
the interstitial space. The result would the same
for the linear relation describing filtration using
the classical Starling Principle. However if the
same crystalloid solution is infused into an in-
dividual where there is a significant reduction in
microvessel pressure (e.g., due to strong vasocon-
striction after blood loss), the increase in the rate
of filtration due to dilution of the plasma proteins
(moving from the normal blue curve to the red
curve is small (C to D). This is because the close
balance between microvasculature pressure and
the plasma protein oncotic pressure difference
maintained across the glycocalyx as described by
the revised Starling Principle causes the slope of
the relation between filtration rates and pressure
to be quite flat when microvessel pressures are
low. As shown in Fig. 5b, the result is a greater



42 F.-R. E. Curry

Fig. 5 (a) Results of modeling the effects of the infusion
of a crystalloid solution in the plasma space of a normal
human subject with a normal average capillary pressure
of 22 mmHg (lying down) and a human with significantly
reduced capillary pressure (severe vasoconstriction of
skin and muscle vasculature). Part (a) shows the steady-
state hockey-stick curves when plasma osmotic pressure
is in the normal range (blue curve) and after dilution
of the plasma proteins by crystalloid infusions to reduce
colloid osmotic pressure by 10 mmHg (red curve). Point
A represents the position in a healthy subject at rest with
average mean microvascular pressure of 22 mmHg, and
point B shows the filtration rate at the same microvascular

pressure when the plasma proteins have been diluted
by crystalloids. Point C represents steady-state filtration
rate in a tissue such as the muscle and skin when the
microvascular pressure has been reduced by intense vaso-
constriction (e.g., following blood loss). Whereas dilution
of the plasma proteins by crystalloid infusion leads to
a substantial increase in fluid filtration at normal Pc,
when �c in reduced (point C), dilution of the plasma
proteins raises filtration rate only marginally to point D.
(b) Predictions of the fraction of a crystalloid infusion that
is retained in the circulation in a tissue such as muscle at
normal and reduced Pc (From Michel et al. (2016) with
permission)

retention of the crystalloid in the plasma space
(and ignoring other compensatory mechanisms
such as reduced renal water loss). This may
account for the observation that in the early
period following fluid loss, crystalloid solutions
are more effective to maintain plasma volume
than expected from the results in normal subjects
(see Jabaley and Dudaryk 2014 for review.) The
importance of these observations in clinical fluid
management is an area of active investigations
(Michel et al. 2016; Woodcock and Woodcock
2012)

6 Summary of Part 1

There has been rapid progress over the past
decade to extend the concept of the inner glyco-
calyx layer as the primary molecular filter in both
continuous and fenestrated microvessels and to
apply the revised Starling Principle to understand

disturbance in transvascular fluid exchange in
both normal and disturbed states such as hemor-
rhage and fluid replacement during surgery. At
the same time, there is a pressing need to under-
stand the molecular composition of the inner gly-
cocalyx and the distribution of these components
on the endothelial surface (particularly at sites
of exchange such as the intercellular junction).
Equally important will be insight into the ways
changes in the composition and distribution of
the EGL layer modulate the permeability and
selectivity of the microvessel wall.

7 Imaging Thick Endothelial
Surface Layers: Limitations
to Current Methods

One of the most poorly understood issues is the
relation between the glycocalyx-ESL functions
described above and the ESL layers that are
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labeled using fluorescent molecules that bind to
ESL components (binding sites for wheat germ
agglutinin (WGA) and antibodies to HS or CS).
The resulting fluorescent images suggest struc-
tures extending 1 μm or more into the vessel
lumen. Labeling methods are not the only ap-
proach that yields estimates of ESL layers having
dimension of 1 μm or more, but here the focus
is intravital confocal microscopy observations.
Detailed evaluations of the other techniques that
suggest thicker ESL layers (e.g., those based on
the difference between the distribution volume of
red cells and the distribution volume of tracers
that are assumed to equilibrate into the ESL)
have been evaluated recently (Curry et al. 2016;
Michel and Curry 2009). The overall conclusion
is that many of the assumptions on which the
methods are based are not correct. This applies
for method based on whole-body distribution vol-
umes and observations in sublingual microves-
sels visualized by specialized optical methods
(Curry et al. 2016).

With respect to fluorescent labeling methods,
two recent papers provide key insights into the
problems that complicate investigations of the
relation between labeled ESL thickness and
changes in vascular permeability. Betteridge et al.
(2017) evaluate the binding to the ESL of WGA
labeled with either FITC or TRITC in venular
microvessels in which permeability coefficients
(albumin permeability coefficient and albumin
reflection coefficient and Lp) are also measured.
Results are given before and after enzyme
treatment of the same rat mesenteric venular
microvessels used to develop the model in Fig.
2b. In the control state, images of the labeled
ESL collected by confocal microscopy showed
a Gaussian-type distribution of fluorescence
intensity around a peak that was displaced
from the image of a separate fluorescent
marker of the endothelial cell membrane. The
authors quantified the distance between the peak
intensities of the ESL layer and the membrane
label (P − P distance) as well as the distance
between sites in the fluorescent intensity profile
of the labeled ESL that are half the maximum
fluorescent intensity (the so-called full-width-
half-maximum estimate, FWHM). The striking

result is that ESL thickness measured by different
methods using different labels varied by an
order of magnitude. The discrepancies were
largest for FITC-WGA. The FWHM estimate
was 1500 ± 140 nm compared with the P − P
estimates of 243 ± 22.4 nm. The P − P TRITC-
WGA estimate was 662 ± 67 nm compared
with FWHM close to 1265 ± 150 nm for
controls. All values were much larger than
the inner glycocalyx labeled with Alcian Blue
and imaged by EM (80 nm). The fractional
coverage of endothelial surface by label (percent
of surface with label intensity greater than
zero) was between 75 and 80% in control
perfusates.

After treated with neuraminidase to remove
sialic acid groups, the P-P estimate was reduced
for both FITC-WGA (290 ± 29 vs. 185 ± 33 nm)
and TRITC (663 ± 67 to 386 ± 11). Under
the same conditions, albumin permeability coef-
ficient increased 6.9-fold. A particularly striking
result was that the fractional coverage estimated
using FITC-WGA was not significantly reduced
by neuraminidase treatment. The fractional cov-
erage with TRITC-WGA was reduced (from 0.79
to 0.57). Neuraminidase treatment reduced EM
labeling from 80 to 40 nm. It is likely that
the variability reflects the heterogeneity of label
within the ESL both as a function of penetration
into the ESL and distribution of binding across
the surface. In addition, factors such as the com-
position of the perfusate (the presence of S1P
and the temperature at which labeling occurs as
documented by Fu and colleagues Zhang et al.
2016) in these vessels are important variables.
These observations by Betteridge and colleagues
indicate that measures of the ESL thickness using
fluorescence methods present unsolved technical
difficulties. They do not rule out the presence of
thicker layers, but they reduce confidence in ob-
servations published using these methods, espe-
cially for FITC-labeled tracers. There is no clear
explanation why neither FITC-labeled WGA nor
TRITC-labeled WGA showed significant reduc-
tion for FWHM values after enzyme treatment.
Further the striking failure of FITC-WGA to
show differences in the extent of surface covered
after enzyme treatment suggest that non-specific
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labeling effects can be a major problem with
these tracers.

The second paper by Zhang et al. (2016) also
measured both solute permeability coefficients
(to albumin and sodium fluorescein (MW 376))
and the distribution and fluorescent intensity of
an FITC-conjugated antibody to heparan sul-
fate, a major component of the glycocalyx/ESL.
Measurements were made first when the gly-
cocalyx/ESL was stabilized by the presence of
sphingosine-1-phosphate and albumin in the per-
fusate, and then when S1P was not present, lipid-
free albumin remained. The images presented
in the paper were not analyzed with sophisti-
cation of the methods used by Betteridge et al.
(2017), but under control condition, they show
ESL-antibody layers more than 1 μm in overall
dimensions on the walls of a venular microvessel
in the rat mesentery. In the absence of S1P, label-
ing of the ESL is significantly reduced. This is
quantified as a reduction in fluorescent intensity
of the ESL label to 10% of control values. The
increase in the permeability of albumin after S1P
removal was 6.5-fold, while the permeability to
small solute sodium fluorescein increased 2.5-
fold. While these results demonstrate a correla-
tion between reduced ESL layer and increased
permeability, the more important result was the
interpretation of these observations using a form
of the model in Fig. 2. Specifically, the only
combination of model parameters that accounted
for the observed changes in albumin permeability
(6.5-fold), sodium fluorescein permeability (2.5-
fold), and previous observation of a twofold in-
crease in Lp was for the inner glycocalyx thick-
ness to be reduced from a mean value of 250 nm
to 10% of this value in the absence of S1P.
While the measured fractional reduction in ESL
fluorescence intensity was also 10% of its initial
value, the striking discrepancy is between the
initial measured thickness of the ESL measured
using the fluorescent method in these vessels
(1–3 μm) and the initial thickness of the inner
glycocalyx which formed the principal barrier in
the model (250 nm or 0.25 μm).

Taken together the results from these two
recent papers indicate that much more refined
methods are needed to enable reliable interpreta-

tion of changes in the thickness and distribution
of various labels currently in use to probe the
ESL and changes in the microvascular permeabil-
ity properties.

8 Transport in Thick ESL Layers

As a step toward the development of approaches
that may improve our understanding of the prop-
erties of ESL layers that extent more than 0.5 or
1 μm from the endothelial surface, the following
section uses available theory and experimental
data describing the permeability properties of
fiber matrices (such as hyaluronic acid) to distin-
guish between the role of thick ESL to modulate
red cell fluxes and their function as a regulator of
trans-endothelial exchange of water and plasma
proteins. This is important as efforts in clinical
medicine to measure changes in the thickness
of ESL layers as indicators of early changes
in microvascular function are being developed
(reviewed in Curry et al. 2016). It would be
useful to know where such measurement can
provide information about the function of the
glycocalyx as a permeability barrier as well as
change in its modulation of red cell flux and
leukocyte/endothelial interactions.

8.1 Resistance toWater Flow
in a Thick Matrix

The hydraulic conductance (Kw) of a matrix that
significantly excludes albumin (albumin reflec-
tion coefficient of 0.9 or greater) falls in the
range of 10−13–10−14 cm2. For example, the
value of Kw calculated for the model in Fig. 2b
is 9.2 × 10−14 cm2 (Zhang et al. 2008). If a 1 μm
thick ESL having Kw values in this range was in
series with breaks in the junction strand (such as
those in Fig. 2b that occupy less than 0.1% of the
cell surface), the resistance to water movement
through the combined ESL/junctional pathway
would be equivalent to a series resistor with a hy-
draulic conductivity of 0.02–0.2 × 10−7 cm/s cm
H2O. These values are from 5 to 50 times lower
than the Lp of the rat mesenteric microvessel
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in which this junction geometry is directly mea-
sured. Thus ESLs extending more than 1 μm
from the endothelial surface and excluding al-
bumin by steric effects have too large a resis-
tance to water flows to be consistent with mea-
sured Lps in intact microvessels. This simple
series model conclusion is confirmed by the more
sophisticated 3D modeling result described in
Fig. 9 of Adamson et al. (2004). Extrapolation
of results for a combined glycocalyx-junction
pathway (with appropriate resistance from some
crossbridges in the junction) shows estimated Lp
values approaching zero when surface layers are
more than 600 nm thick.

8.2 AMore Porous ESL
but a CompromisedMolecular
Filter

ESL layers 0.5–1 μm thick meet the criterion
for red cell flow on a lubricating layer (L/Kw0.5

>100, Feng and Weinbaum 2000) with values of
water conductivity (Kw) of 0.25–1 × 10−12 cm2.
These values are at least an order of magnitude
larger than the values of Kw used to account for
water resistance in the inner glycocalyx (Fig. 4)
and as discussed in Sect. 8.1. They are consistent
with the idea that outer layers are more porous
than the inner glycocalyx layer and that ESL
composition differs from the inner layers. One
likely component of the outer layer is hyaluronic
acid (HA) which forms a gel-like layer whose
porosity depends on the concentration on HA.
Figure 6 is a cartoon depicting a HA layer up to
ten times the thickness on the inner glycocalyx
(Curry 2017).

The concentrations of HA that corresponds
to the above Kw values fall in the range of 3–
10 mg/mL (Preston et al. 1965) or 10–20 mg/mL
(based on measurement reported by Adamson
and Curry (1982). For the purpose of the fol-
lowing analysis, it is convenient to note that
the midrange HA concentration used by Ogston
et al. (1973) to investigate partitioning of macro-
molecules in HA solution was 14.5 mg/mL. This
concentration is used below to evaluate macro-
molecule transport in a gel layer such as that

Fig. 6 A cartoon of a two-layered glycocalyx structure
formed by an inner endothelial glycocalyx layer (EGL)
and an outer endothelial surface layer (ESL). The figure
shows dense bush-like inner layer (blue bushes) formed
by proteoglycans associated with the endothelial cell
membrane which forms the primary molecular barrier to
plasma proteins (plasma protein exclusion represented by
curved arrow) and an outer gel-like layer, which is more
porous. The outer layer (1 μm or more in thickness)
contains glycosaminoglycans such as hyaluronic acid and
is up to ten times thicker than the inner layer (contrast
with Fig. 2). Red cell and endothelial cell dimensions
are not to scale. The figure suggests that structures and
functions of the ESL can differ significantly from those of
the inner layer (true glycocalyx) (from Curry (2017) with
permission)

in Fig. 6. Specifically, albumin concentration in
the HA gel is close to 50% plasma concen-
tration (partition coefficient φ = 0.5), and the
gel concentration of a molecule with a Stokes
radius corresponding to the diffusion coefficient
of Dextran 70 would be close to 10% of its
plasma concentration (Ogston et al. 1973) (the
actual concentration of Dextran 70 is expected
to be even lower when the elongated nature
of large dextrans is taken into account). These
observations are consistent with in vivo observa-
tions that fluorescent molecules as large as D70
are excluded from the extended ESL layers and
that albumin can penetrate into the ESL. These
preliminary calculations do not take into account
many factors that may modify these preliminary
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conclusions such as the contribution of other
plasma-derived components within the outer lay-
ers of the ESL and electrostatic and chemical
interaction that likely exist. Nevertheless they do
highlight an important problem: While a porous
outer ESL may form a layer that determines
red cell movement and likely restricts access of
nanoparticles, large dextrans, and inflammatory
cells to the surface, the relatively high partition
coefficients for albumin may compromise its role
as a determinant of the oncotic pressure differ-
ence across the inner glycocalyx layer. Some
preliminary calculations that illustrate this issue
are described below.

Whereas the albumin osmotic reflection co-
efficient of the inner glycocalyx is estimated
to be greater than 0.9, the reflection coefficient
of albumin in the HA layer of the ESL with
φ = 0.5 is estimated to be close to 0.25 [assumes
σ = (1 − φ)2]. If albumin transport across
the combined ESL/glycocalyx layer was mainly
diffusive, the relative contributions of the ESL
and inner glycocalyx layer to overall osmotic
reflection coefficient are weighted in proportion
to their permeability coefficients (see Appendix).
Thus the theory for barriers in series predicts that
the combined effect of a diffusion gradient for
albumin within the ESL and its lower albumin
reflection coefficient would reduce the effective
osmotic pressure difference exerted by albumin
across the whole layer by 20–25% (series barrier
reflection coefficients close to 0.75). This is far
less than the experimentally measured values
of the albumin osmotic reflection coefficients
measured in intact microvascular beds including
the muscle, skin, lung, and individually perfused
microvessels (σ albumin greater than 0.9; Michel
1984). According to the series barrier relation
in the Appendix, the refection coefficient of the
combined ESL-EGL series barrier (which con-
tains an ESL with an albumin partition coefficient
of 0.5) would approach the measured experimen-
tal values greater than 0.9 only when the EGL
layer was even more restrictive than in Fig. 2 (re-
flection coefficients close to 0.98 instead of 0.94
and albumin permeability coefficient of the EGL
less than 10% of the ESL even though the later
was up to ten times the thickness of the EGL.

The observation suggests several possibilities for
further investigation: (1) factors in addition to
steric exclusion by the bush-like structures in Fig.
2 modulate albumin exclusion from the EGL,
(2) that thicker and more porous ESL layers
are either not present (or very thin) in exchange
microvessels, (3) that the properties of HA so-
lutions are not representative of the permeability
properties of thick ESL layers (e.g., in arterioles
and larger vessels) and new models are needed,
and (4) when unstirred layer effects compromise
the balance of hydrostatic and colloid osmotic
forces, endothelial barriers can be protected from
excess transvascular fluid exchange when the
endothelial junctions and perivascular cells have
a very high resistance to water flows. These are
all areas for further research.

Another issue is the possibility that during
filtration solvent drag through a more porous
ESL would lead to albumin accumulates at an
ESL/EGL boundary (concentration polarization),
offsetting at least some steric exclusion with
the ESL. Such concentration polarization effects
would be expected to be most prominent at high
capillary pressures and corresponding high fil-
tration rates. This is because the accumulation
of protein at the interface between the ESL and
EGL would increase the concentration difference
of albumin across the EGL. It would also increase
resistance to water flow through the accumulated
protein at the interface. Both mechanisms would
tend to reduce the slope of the relation between
Jv/A and pressure as pressure increased. The lin-
earity of the relation between Jv/A and pressure
at capillary pressures above the plasma osmotic
pressure in single microvessels and whole-organ
studies is evidence against significant concen-
tration polarization. Particular examples include
those in Fig. 4 and others described in detail in
Michel et al. (1974) and the review by Landis and
Pappenheimer (1963).

9 Summary of Part 2

On the basis of the arguments presented above, it
seems reasonable to conclude that extended ESLs
with porous outer layers would compromise
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normal water and plasma protein functions
of the primary exchange vessels on the
microvasculature. Thus in vessels where thicker
ESL is present, exchange of water and plasma
proteins is likely limited. The primary function
of such thick ESLs is likely modulation of
red cell flux and the access of leukocytes to
the endothelial surface. These observations
also suggest that attempts to understand
functions of the inner glycocalyx in microvessels
by observing changes in the thickness and
distribution of the ESLs in vessel with larger
diameters are likely to be compromised because
changes in the outer layers may not reflect
changes in the inner glycocalyx layer. It remains
to be seen whether alternate markers of ESL and
glycocalyx change such as increased plasma
levels of their components (heparin sulfate,
chondroitin sulfate, and HA or the enzymes
that digest these components) are more useful
biomarkers of glycocalyx function (Schmidt
et al. 2014). A similar conclusion applies
for other approaches of such measurement of
the so-called glycocalyx volumes based on
estimates of the difference between circulation
red cell distribution volume and the distribution
volume of markers of ESL penetration by tracer
molecules. For more detailed critiques of such
methods, see Michel and Curry (2009) and Curry
et al. (2016).

A.1 Appendix: Estimates
of Reflection Coefficient
of Series Barrier

The reflection coefficient for a series barrier
(σ total) formed by an ESL layer with a
reflection coefficient of 0.25 (σ ESL) and an
inner glycocalyx layer (σ EGL) with a reflection
coefficient of 0.94 is given by the relation:

σtotal = σEGL
∗PESL/ (PESL+PEGL)

+σESL
∗ [( PEGL/ (PESL+PEGL)]

where PESL and PEGL are the permeability
coefficients of the ESL and EGL, respectively.
The relation reduces to σ total = σ EGL when
PESL >> PEGL . The relation can also be
written as:

σ total = σ EGL*(Ptotal/(PEGL) + σ ESL

*(Ptotal/(PESL) where 1/Ptotal = 1/PEGL + 1/PESL

(Kedem and Katchalsky 1963).

The relative permeability coefficients are de-
termine by the values of (D φ)/L for each layer
where D is the diffusion coefficient, φ is the
partition coefficient, and L is the thickness for
each layer. Ogston et al. (1973) measured the
fractional reduction in the free diffusion coeffi-
cient for albumin in HA solution of 14.5 mg/mL
to be 0.75, close to two times larger the estimate
for D in the inner matrix in the model in Fig. 2b
(Adamson et al. 2004). The partition coefficient
for album in the same HA is 0.5, while that
in the inner matrix is close to 0.03 (reflection
coefficient of 0.94). Thus if the ESL is ten times
the thickness of the inner glycocalyx as in Fig.
6, the inner glycocalyx matrix accounts for close
to 75% of the total diffusive resistance, and the
effective reflection coefficient of the series barrier
would be 0.78 which is 20% less than the value
of the inner glycocalyx barrier 0.94.

References

Adamson RH, Curry FE (1982) Water flow through a fiber
matrix of hyaluronic acid. Microvasc Res 23:239

Adamson RH, Lenz JF, Zhang X, Adamson GN, Wein-
baum S, Curry FE (2004) Oncotic pressures opposing
fi ltration across non-fenestrated rat microvessels. J
Physiol 557:889–907

Adamson RH, Clark JF, Radeva M, Kheirolomoom A,
Ferrara KW, Curry FE (2014) Albumin modulates S1P
delivery from red blood cells in perfused microvessels:
mechanism of the protein effect. Am J Physiol Heart
Circ Physiol 306:H1011–H1017

Arkill KP, Knupp C, Michel CC, Neal CR, Qvortrup K,
Rostgaard J et al (2011) Similar endothelial glycocalyx
structures in microvessels from a range of mammalian
tissues: evidence for a common filtering mechanism?
Biophys J 101:1046–1056

Arkill KP, Neal CR, Mantell JM, Michel CC, Qvortrup
K, Rostgaard J et al (2012) 3D reconstruction of the
glycocalyx structure in mammalian capillaries using
electron tomography. Microcirculation 19:343–351



48 F.-R. E. Curry

Bai K, Wang W (2012) Spatio-temporal development of
the endothelial glycocalyx layer and its mechanical
property in vitro. J R Soc Interface 9:2290–2288

Bai K, Wang W (2014) Shear stress-induced redistribution
of the glycocalyx on endothelial cells in vitro. Biomech
Model Mechanobiol 13:303–311

Bert JL, Bowen BD, Reed RK (1988) Microvascular
exchange and interstitial volume regulation in the rat:
model validation. Am J Phys 254:H384–H399

Betteridge KB, Arkill KP, Neal CR, Harper SJ, Foster
RR, Satchell SC, Bates DO, Salmon AHJ (2017) Sialic
acids regulate microvessel permeability, revealed by
novel in vivo studies of endothelial glycocalyx struc-
ture and function. J Physiol (London) 595:5015–5035

Bhalla G, Deen WM (2009) Effects of charge on osmotic
reflection coefficients of macromolecules in fibrous
membranes. Biophys J 97:1595–1605

Chen HI, Granger HG, Taylor AE (1976) Interaction of
capillary, interstitial and lymphatic forces in the canine
hind paw. Circ Res 39:245–254

Curry FE (1984) Mechanics and thermodynamics of tran-
scapillary exchange. In: Renkin EM, Michel CC (eds)
Handbook of physiology: microcirculation. American
Physiological Society., Section 2, Vol. IV, Part 1, pp
309–374

Curry FE (2017) Layer upon layer: the functional conse-
quences of disrupting the glycocalyx-endothelial bar-
rier in vivo and in vitro. Cardiovasc Res 113:559–561

Curry FE, Adamson RH (2012) Endothelial glycocalyx:
permeability barrier and mechanosensor. Ann Biomed
Eng 40:828–839

Curry FE, Clark JF, Adamson RH (2012) Erythrocyte-
derived sphingosine-1-phosphate stabilizes basal hy-
draulic conductivity and solute permeability in rat
microvessels. Am J Physiol Heart Circ Physiol
303:H825–H834

Curry FE, Arkill KP, Michel CC (2016) The functions
of endothelial glycocalyx and their effects on patient’s
outcomes during the perioperative period. A review of
current methods to evaluate structure-function relations
in the glycocalyx in both basic research and clinical
settings. In: Farag E, Kunz A (eds) Perioperative fluid
management, Chapter 3. Springer, Cham, pp 75–116

Damiano ER, Stace TM (2002) A mechano-
electrochemical model of radial deformation of
the capillary glycocalyx. Biophys J 82:1153–1175

Desjardins C, Duling BR (1990) Heparinase treatment
suggests a role for the endothelial cell glycocalyx
in regulation of capillary hematocrit. Am J Phys
258:H647–H654

Feng J, Weinbaum S (2000) Lubrication theory in highly
compressible porous media: the mechanics of skiing,
from red cells to humans. J Fluid Mech 422:281–317

Fridén V, Oveland E, Tenstad O, Ebefors K, Nyström J,
Nilsson UA, Haraldsson B (2011) The glomerular en-
dothelial cell coat is essential for glomerular filtration.
Kidney Int 79:1322–1330

Gao L, Lipowsky HH (2010) Composition of the endothe-
lial glycocalyx and its relation to its thickness and
diffusion of small solutes. Microvasc Res 80:394–401

Guyton AC, Taylor AE, Brace RA (1976) A synthesis of
interstitial fluid regulation and lymph formation. Fed
Proc (8):1881–1885

Hegermann J, Lunsdorf H, Ochs M, Haller H (2016) Vi-
sualization of the glomerular endothelial glycocalyx by
electron microscopy using cationic colloidal thorium
dioxide. Histochem Cell Biol 145:41–51

Jabaley C, Dudaryk R (2014) Fluid resuscitation for
trauma patients: crystalloids versus colloids. Curr
Anesthesiol Rep 4:216–224

Kedem O, Katchalsky A (1963) Permeability of composite
membranes. Trans Faraday Soc 59:1931–1953

Landis EM (1927) Microinjection studies of capillary per-
meability. II. The relation between capillary pressure
and the rate of which fluid passes through the walls of
single capillaries. Am J Phys 82:217–238

Landis EM, Pappenheimer JR (1963) Exchange of sub-
stances through the capillary walls, Chap. 29. In:
Hamilton WF, Dow P (eds) Handbook of physiology,
sect. 2, vol. 2. Circulation. Washington, DC: American
Physiological Society, pp 961–1034

Levick JR (1991) Capillary filtration-absorption balance
reconsidered in light of dynamic extravascular factors.
Exp Physiol 76:825–857

Levick JR (1994) An analysis of the interaction between
interstitial plasma protein, interstitial flow, and fen-
estral filtration and its application to synovium. Mi-
crovasc Res 47:90–125

Levick JR, McDonald JN (1994) Viscous and osmotically
mediated changes in fluid movement across synovium
in response to intraarticular albumin. Microvasc Res
47:68–89

Levick JR, Michel CC (2010) Microvascular fluid ex-
change and the revised starling principle. Cardiovasc
Res 87:198–210

Lipowsky HH, Lescanic A (2017) Inhibition of inflam-
mation induced shedding of the endothelial glycocalyx
with low molecular weight heparin. Microvasc Res
112:72–78

Michel CC (1984) Fluid movements through capillary
walls. In: Renkin EM, Michel CC (eds) Handbook of
physiology. The cardiovascular system, vol. 4, micro-
circulation, part 1. Bethesda: American Physiological
Society, pp 375–409

Michel CC (1988) Capillary permeability and how it may
change. J Physiol 404:1–29

Michel CC (1997) Starling: the formulation of his hy-
pothesis of microvascular fluid exchange and its sig-
nificance after 100 years. Exp Physiol 82(1):1–30

Michel CC, Curry FR (2009) Glycocalyx volume: a crit-
ical review of tracer dilution methods for its measure-
ment. Microcirculation 16:213–219

Michel CC, Phillips ME (1987) Steady-state fluid filtra-
tion at different capillary pressures in perfused frog
mesenteric capillaries. J Physiol 388:421–435

Michel CC, Mason JC, Curry FE, Tooke JE, Hunter PJ
(1974) A development of the Landis technique for mea-
suring the filtration coefficient of individual capillaries
in the frog mesentery. Q J Exp Physiol Cogn Med Sci
59:283–309



The Molecular Structure of the Endothelial Glycocalyx Layer (EGL) 49

Michel CC, Phillips ME, Turner MR (1985) The effects
of native and modified bovine serum albumin on the
permeability of frog mesenteric capillaries. J Physiol
360:333–346

Michel CC, Arkill KP, Curry FE (2016) The revised
Starling principle and its relevance to peri-operative
fluid management. In: Farag E, Kunz A (eds) Perioper-
ative fluid management springer (Cham, Switzerland)
Chapter 2, pp 31–74

Ogston AG, Preston BN, Wells JD (1973) On the trans-
port of compact particles through solutions of chain-
polymers. Proc R, Soc London Ser A 333:297–316

Pang Z, Tarbell JM (2003) In vitro study of Starling’s
hypothesis in a cultured monolayer of bovine aortic
endothelial cells. J Vasc Res 40:351–358

Pappenheimer JR, Soto-Rivera A (1948) Effective os-
motic pressure of the plasma proteins and other quanti-
ties associated with the capillary circulation in the hind
limbs of cats and dogs. Am J Physiol 152:471–491

Preston BN, Davies M, Ogston AG (1965) The compo-
sition and physicochemical properties of hyaluronic
acids prepared from ox synovial fluid and from a case
of mesothelioma. Biochem J 96:449–474

Reitsma S, Slaaf DW, Vink H, van Zandvoort MA, Oude
Egbrink MG (2007) The endothelial glycocalyx: com-
position, functions, and visualization. Pflugers Arch
454:345–359

Renkin EM (1986) Some consequences of capillary per-
meability to macromolecules; Starling’s hypothesis re-
considered. Am J Phys 250:H706–H710

Rostgaard J, Qvortrup K (1997) Electron microscopic
demonstrations of filamentous molecular sieve plugs in
capillary fenestrae. Microvasc Res 53:1–13

Schmidt EP, Li G, Li L, Fu L, Yang Y, Overdier KH et al
(2014) The circulating glycosaminoglycan signature of
respiratory failure in critically ill adults. J Biol Chem
289:8194–8202

Secomb TW, Hsu R, Pries AR (2001) Motion of red blood
cells in a capillary with an endothelial surface layer:
effect of flow velocity. Am J Physiol Heart Circ Physiol
281:H629–H636

Squire JM, Chew M, Nneji G, Neal C, Barry J, Michel
C (2001) Quasi-periodic substructure in themicroves-
sel endothelial glycocalyx: a possible explanation for
molecular filtering? J Struct Biol 136:239–355

Tarbell JM, Shi ZD, Dunn J, Jo H (2014a) Fluid mechan-
ics, arterial disease, and gene expression. Annu Rev
Fluid Mech 46:591–614

Tarbell JM, Simon SI, Curry FR (2014b) Mechanosens-
ing at the vascular interface. Annu Rev Biomed Eng
16:505–532

Van Teeffelen JW, Brands J, Stroes ES, Vink H (2007)
Endothelial glycocalyx: sweet shield of bloodvessels.
Trends Cardiovasc Med 17:101–105

Vink H, Duling BR (2000) Capillary endothelial surface
layer selectively reduces plasma solute distribution
volume. Am J Physiol Heart Circ Physiol 278:H285–
289

Weinbaum S (1998) Distinguished Lecture Models to
solve the mysteries of biomechanics at cellular level.
A new view of fiber-matrix layers. Ann Biomed Eng
26:627–643

Weinbaum S, Zhang X, Han Y, Vink H, Cowin SC (2003)
Mechanotransduction and flow across the endothelial
glycocalyx. Proc Natl Acad Sci U S A 100:7988–7995

Weinbaum S, Tarbell JM, Damiano ER (2007) The struc-
ture and function of the endothelial glycocalyx layer.
Annu Rev Biomed Eng 9:121–167

Woodcock TE, Woodcock TM (2012) Revised Starling
equation and the glycocalyx model of transvascu-
lar fluid exchange: an improved paradigm for pre-
scribing intravenous fluid therapy. Br J Anaesth 108:
384–394

Zeng Y, Ebong EE, Fu BM, Tarbell JM (2012) The
structural stability of the endothelial glycocalyx after
enzymatic removal of glycosaminoglycans. PLoS One
7(8):e43168

Zeng Y, Adamson RH, Curry FE (2014) And Tarbell JM
Sphingosine-1- phosphate protects endothelial glyco-
calyx by inhibiting syndecan-1 shedding. Am J Physiol
Heart Circ Physiol 306:H363–H372

Zhang X, Adamson RH, Curry FE, Weinbaum S (2008)
Transient regulation of transport by pericytes in venu-
lar microvessels via trapped microdomains. Proc Natl
Acad Sci U S A 105:1374–1379

Zhang L, Zeng M, Fan J, Tarbell JM, Curry FE, Fu
BM (2016) Sphingosine-1-phosphate maintains normal
vascular permeability by preserving endothelial surface
Glycocalyx in intact microvessels. Microcirculation
23:301–310



Role of the Glycocalyx as a Barrier
to Leukocyte-Endothelium Adhesion

Herbert H. Lipowsky

Abstract

Leukocyte (WBC) to endothelial cell (EC)
adhesion is a receptor-mediated process gov-
erned by the avidity and affinity of selectins,
which modulate adhesive forces during WBC
rolling, and integrins, which determine the
strength of firm adhesion. Adhesion receptors
on the EC surface lie below an endothelial
surface layer (ESL) comprised of the EC gly-
cocalyx and adsorbed proteins which, in vivo,
have a thickness on the order 500 nm. The
glycocalyx consists of a matrix of the gly-
cosaminoglycans heparan sulfate and chon-
droitin sulfate, bound to proteoglycans and en-
cased in hyaluronan. Together, these carbohy-
drates form a layer that varies in glycan con-
tent along the length of post-capillary venules
where WBC-EC adhesion occurs. Thickness
and porosity of the glycocalyx can vary dra-
matically during the inflammatory response
as observed by increased infiltration and dif-
fusion of macromolecules within the layer
following activation of the EC by cytokines
and chemoattractants. In models of inflam-
mation in the living animal, the shedding of
glycans and diminished thickness of the gly-
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cocalyx rapidly occur to facilitate penetra-
tion by the WBCs and adhesion to the EC.
The primary effectors of glycan shedding ap-
pear to be metalloproteases and heparanase
released by the EC. Retardation of glycan
shedding and WBC-EC adhesion has been
demonstrated in vivo using MMP inhibitors
and low-molecular-weight heparin (LMWH),
where the latter competitively binds to hep-
aranase liberated by the EC. Together, these
agents may serve to stabilize the ESL and
provide a useful strategy for treatment of in-
flammatory disorders.

1 Introduction

The inflammatory process revolves around a
sequence of events that leads to emigration of
leukocytes (WBCs) through the microvascular
wall into the tissue space. Convective transport
of WBCs to the microvasculature leads to
their radial migration to the microvessel wall
(margination), rolling along the endothelium and
firm adhesion to the endothelium (EC) prior
to diapedesis (Atherton and Born 1972, 1973;
Grant 1973), as depicted in Fig. 1. As blood
traverses the arteriolar network, hemodynamic
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Fig. 1 Leukocyte-endothelium adhesion in post-
capillary venules is an essential step in the inflammatory
process. As WBCs exit the capillaries, hemodynamic
forces and interactions with red cells cause the radial
migration of WBCs to the EC surface (margination)
with subsequent rolling along and firm adhesion to the
EC. WBC rolling is facilitated by the selectin family of
adhesion molecules that maintains WBC contact with

the EC surface. Arrest and firm adhesion follow due to
the strong adhesion mediated by integrins on the WBC
and their receptors on the EC. The selectins and integrin
receptors are buried within the endothelial surface layer
(ESL) that consists of the EC glycocalyx and adsorbed
proteins. The ESL is typically about 500 nm thick and
shields selectins and integrin receptors that protrude from
20 to 40 nm above the EC membrane

and topographical features promote WBC-EC
interaction (Bagge and Karlsson 1980; Braide
et al. 1984; Goldsmith and Spain 1984; Schmid-
Schonbein et al. 1980). As blood exits from
capillaries to post-capillary venules, WBC radial
migration to the EC occurs due to hemodynamic
forces and red blood cell (RBC) interactions
(Schmid-Schonbein et al. 1980). Rolling of
WBCs on the EC is then promoted by adhesive
interactions with the molecular surface layer
on the EC and receptor-mediated adhesion with
the selectin family of carbohydrates (Springer
and Lasky 1991). Subsequent firm adhesion of
WBCs ensues due to receptor-mediated adhesion
of integrins on the WBC surface to counter
receptors on the EC (Zarbock and Ley 2009;
Springer 1990). Successful completion of the
adhesion process hinges on the availability of
ligands in the EC surface layer (ESL) formed by
the EC glycocalyx and adsorbed proteins (Pries
et al. 2000; Reitsma et al. 2007; Weinbaum et al.
2007).

The interface between blood and endothe-
lium has been of interest for decades in light of
its role in inflammation, permeability to macro-
molecules, and thrombosis. Early studies on the

structural makeup of the capillary wall drew
attention to the surface of the endothelium as
an essential part of the “hematoparenchymal bar-
rier” (Zweifach 1955). The observations of mi-
crovascular function recognized that endothelial
cells continuously secrete substances that form
an “intercellular cement” and the basement mem-
brane. With advances in intravital microscopy,
direct visualization of the dynamics of blood-
endothelial cell (EC) interactions in the micro-
circulation led to hypotheses to explain the basis
for blood cell to EC adhesion, the clotting of
blood, and the transvascular exchange of fluid
and macromolecules. It is now recognized that
the surface of the endothelium is coated with
a layer of polysaccharides and transmembrane
proteins, as described in Chap. 1, that was sub-
sequently visualized by electron microscopy by
Bennett and others (Bennett et al. 1959; Luft
1966). In view of its predominant polysaccharide
constituents, Bennett (Bennett et al. 1959) termed
it the “glycocalyx,” as derived from the Latin for
“sweet husk.” Initially viewed as an extension of
the endothelial cell basement membrane onto the
luminal surface of the EC, the fine structure of
the glycocalyx has been described as a network

http://dx.doi.org/10.1007/978-3-319-96445-4_1
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Fig. 2 Visualization of the endothelial glycocalyx. (a)
Bright-field view of post-capillary venules in mesentery
of the rat. (b) Fluorescence microscopy of the glycocalyx
labeled with the fluorescently labeled lectin BS-1. (c) The
average radial profile of fluorescence along the measure-
ment line R shows a peak value at each wall with intensity

proportional to the concentration of lectins bound to the
EC surface. Reductions in peak fluorescence were taken
as a measure of the shedding of glycans from the EC
surface. (d) Variation of fluorescence intensity with length
L along a wall varies ±50% as shown for the wall next to
the dashed line

of glycoproteins on the order of 50–100 nm
thick, with a characteristic spacing of 20 nm
that accounts for the resistance to filtration of
small molecules (Squire et al. 2001). Recognition
that the EC surface contains an abundance of
negatively charged carbohydrates (Simionescu et
al. 1982) led to the use of lectins to visualize the
endothelial surface layer (Schnitzer et al. 1990a).
Visualization of the glycocalyx with lectin stain-
ing is illustrated in Fig. 2, where the surface of
post-capillary venules is stained with the fluo-
rescently labeled lectin BS-1 (Bandeiraea sim-

plicifolia) (Mulivor and Lipowsky 2004). Lectins
are carbohydrate-binding proteins that may be
used to loosely identify specific glycoproteins in
the EC surface layer (Schnitzer et al. 1990b).
As shown in Fig. 2a, staining of the glycocalyx
reaches a maximum at the vessel walls. The
average radial profile of fluorescence along the
length of a microvessel reveals a peak intensity
that is proportional to concentration of lectin-
binding sites on the EC surface. Peak staining
along the length of one wall (Fig. 2d) illustrates
the variability of glycans on the surface, which
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may vary ±50% about the mean. As shown in
the following, peak intensity of glycan staining
may be used to quantify the shedding of glycans
during the inflammatory process and changes in
glycan concentration with hemodynamic (shear)
conditions.

2 Microvascular
Hemodynamics

Historically, the role of the glycocalyx in affect-
ing microvascular hemodynamics arose from the
seminal studies of Klitzman and Duling (1979)
and Desjardin and Duling (1990) in their studies
of the basis for the anomalous levels of capillary
hematocrit observed in most tissues by intravital
microscopy. At that time, studies subsequent to
the pioneering observations of reduced small ves-
sel hematocrit by Poiseuille (1835) and Fahraeus
(1929) noted reductions in capillary hematocrit
that were well below 50% of systemic values
(Pries et al. 1990; House and Lipowsky 1987a).
Average values of capillary hematocrit on the
order of 10–20% of systemic hematocrit far ex-
ceeded the hypothetical maximum reduction of
50%, based upon red cell velocity profiles in
small tubes (Sutera et al. 1970) where, for a
parabolic velocity profile, peak velocity along the
vessel center line may reach a maximum of twice
the mean velocity. Klitzman and Duling (1979)
hypothesized that the low capillary hematocrits
arose from retardation of fluid on the endothelial
cell surface. To validate this hypothesis and ex-
plore the role of the glycocalyx in contributing
to the anomalous low capillary hematocrits, Des-
jardin and Duling (1990) inserted finely drawn
micropipettes into feeding vessels and perfused
individual capillaries with heparinase to strip off
the glycocalyx. Their results showed a twofold
rise in capillary hematocrit, presumably due to
the resultant increase in the effective capillary di-
ameter with degradation of the glycocalyx. Sub-
sequent studies have shown increases in capillary
hematocrit in response to its removal by perfu-
sion with hyaluronidase (Cabrales et al. 2007) or
degradation due to the presence of reactive oxy-

gen species derived from oxidized LDL (Con-
stantinescu et al. 2001).

To delineate the hemodynamic significance of
the glycocalyx insofar as it affects the resistance
to blood flow, studies have explored the effects
of its enzymatic removal by direct intravital mi-
croscopy. Measurements by Pries et al. of re-
gional pressure drops and flows in the mesenteric
microvasculature following enzymatic removal
of the glycocalyx, by perfusion with heparinase,
suggested a 14–20% decrease in the resistance to
flow (Pries et al. 1997). Their analysis of this di-
minished resistance suggested that removal of the
glycocalyx theoretically increased microvessel
diameter throughout the network by about 1 μm.
Consistent with these findings, a hydrodynami-
cally significant glycocalyx has been explicitly
shown by analysis of the velocity profiles of
small fluorescent microspheres in the in vivo mi-
crocirculation using techniques of particle image
velocimetry (PIV) (Potter and Damiano 2008;
Smith et al. 2003). Within small venules in the
exteriorized cremaster muscle, these studies re-
vealed a glycocalyx thickness on the order of
about 0.3–0.4 μm which displaces blood flow
from the surface of the endothelium. In contrast,
similar applications of PIV to analysis of particle
flow over cultured human umbilical vein and
bovine aortic endothelial cells revealed hydro-
dynamically significant thicknesses of only 0.03
and 0.02 μm, respectively (Smith et al. 2003).
Thus, in vitro models clearly fail to replicate the
in vivo structure of the glycocalyx.

3 Structure of the Glycocalyx

As discussed in Chap. 1, several studies to date
have reviewed the structure of the endothelial
glycocalyx (Pries et al. 2000; Reitsma et al. 2007;
Weinbaum et al. 2007; Chappell et al. 2009a;
Gotte 2003). Salient features relevant to WBC
adhesion may be summarized as follows. The
most prominent components of the glycocalyx
are the glycosaminoglycans (GAGs) heparan sul-
fate (HS), chondroitin sulfate (CS), and hyaluro-
nan (HA). The GAGs HS and CS are covalently
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linked to membrane-bound proteoglycans (PGs).
Sulfate groups on HS and CS confer a negative
charge to these GAGs. The density of GAGs on
PGs and glycoproteins varies considerably (Re-
itsma et al. 2007), and each PG may carry multi-
ple chains of HS and CS, with a ratio of HS/CS
of about 4:1 (Rapraeger 1989), and their sulfation
level may change depending on the physiological
microenvironment (Rapraeger 1989; Vogl-Willis
and Edwards 2004). HA does not possess sulfate
groups and is not covalently linked to a proteo-
glycan core protein but is held in place by spe-
cific hyaluronan-binding proteins (Laurent and
Fraser 1992). In addition to GAG-carrying pro-
teoglycans, adsorbed blood-borne soluble pro-
teins comprise substantial components of the
glycocalyx and may be decreased by removing
plasma proteins (Adamson and Clough 1992;
Huxley and Curry 1991). Under normal physio-
logical conditions, the structure of the glycocalyx
layer is stable, and its molecular composition
represents a dynamic balance between continued
biosynthesis of new glycans and shear-dependent
alterations.

Studies of the dimensions and structure of the
endothelial glycocalyx have been confounded by
the methods of fixation and source of the cells
studied (Pries et al. 2000; Reitsma et al. 2007).
In vivo observations by direct microscopy have
revealed an apparent thickness of the glycoca-
lyx, estimated by the exclusion of erythrocytes
and macromolecules (Vink and Duling 1996), on
the order of 400–500 nm, which significantly
exceeds the dimensions obtained in either fixed
specimens or cultured cells. In vitro models with
cultured ECs fail to express a glycocalyx of thick-
ness comparable to that found ex vivo (Chap-
pell et al. 2009a). As shown therein, electron
microscopy studies of fixed umbilical vein EC
revealed a glycocalyx with an average thickness
of 878 nm, whereas cultured HUVECs revealed
a glycocalyx thickness ranging from only 29 to
118 nm.

Direct measurement of glycocalyx thickness
in post-capillary venules by intravital microscopy
is technically challenging. In the case of capillar-
ies with single-file motion of RBCs, the width of
the red cell column can be easily distinguished

from the anatomical capillary diameter (Vink and
Duling 1996) to reveal a distance to the EC
surface of about 500 μm. As shown therein,
infusion of fluorescently labeled 70 kDa dextran
(Dx70) revealed a lesser gap between the edge of
the fluorescent column and the EC on the order
of 400 nm. With cessation of flow, RBCs could
be observed to infiltrate the dextran exclusion
space completely with zero gap. Mathematical
modeling of fluid flow in the glycocalyx suggests
that fluid dynamical pressures generated within
the glycocalyx can lead to variations of red cell
shape and gap width with flow velocity (Feng
and Weinbaum 2000; Secomb et al. 2001) that
are consistent with in vivo observations (Vink
and Duling 1996). Studies of the width of the
molecular exclusion zone in capillaries (Vink and
Duling 2000) revealed that the edge of the dye
column is both charge and molecule size depen-
dent. However, anionic and neutral Dx70 main-
tained a discrete distance from the EC surface.
Application of such techniques has been applied
to measure the thickness of the glycocalyx in
venules, where WBC-EC adhesion occurs (Gao
and Lipowsky 2010). As shown in Fig. 3a for a
35 μm venule, the RBC column is surrounded
by a plasma layer that extends to the outer edge
of a dark refractive band on the EC surface. Fol-
lowing the infusion of fluorescently labeled Dx70
(Fig. 3b), the edge of the dye column becomes
diffuse due to the relatively large diameter and
path length along the optical axis. To objectively
demarcate the dye exclusion zone, a sigmoidal
fit of the radial intensity distribution was made
(Fig. 3c) and the edge of the glycocalyx taken as
the location of its inflection point. The thickness
of the glycocalyx was calculated as the distance
between the inflection point and the outer edge of
the dark refractive band.

Shown in Fig. 3d are measurements of the
thickness of this barrier to infiltration of Dx70
under controlled conditions and following infu-
sion of enzymes to remove specific GAGs from
the EC surface. Individually, all three major en-
zymes significantly reduced the layer thickness
below its normal 500 μm level, with hepari-
nase having the greatest effect. A mixture of
all three enzymes reduced the layer thickness
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Fig. 3 Measurement of the thickness of the glycocalyx
in a 35 μm diameter venule. (a) Bright-field view reveals
the plasma layer that surrounds the red cell (RBC) core. A
dark refractive band can be seen near the EC surface. The
outer edge of this band is at the EC surface. (b) Circulating
fluorescently labeled 70 kDa dextran is shown under
fluorescence microscopy and infiltrates the gap between
the RBC core and EC surface. (c) Radial distribution
of dextran fluorescence intensity exhibits a sigmoidal
distribution between the RBC column and EC surface
(outer edge of the dark refractive band) due to the varying

path length along the optical axis. An objective measure of
the thickness of the glycocalyx was taken as the distance
between the intensity inflection point (IP) and outer edge
of the refractive band. (d) Thickness was observed to be
significantly (*p < 0.05) reduced following infusion (by
micropipette) with either heparanase, chondroitinase, or
hyaluronidase and reduced by 90% with a mixture of
all three enzymes. Activation of the endothelium with
fMLP significantly reduced thickness due to shedding
of glycans. Reproduced from Gao and Lipowsky (2010),
with permission

by almost 90%. Accounting for cross-reactivity
of the enzymes resulted in (by solving the si-
multaneous algebraic equations for each GAG)
contributions to the thicknesses of the barrier of
43.3, 34.1, and 12.3%, for HS, CS, and HA,
respectively. Thus, heparan sulfate appears to
represent the major component of the glycocalyx.
To simulate changes in the structure of the glyco-
calyx anticipated in the inflammatory response,
the chemoattractant fMLP was topically applied
(Fig. 3d) and revealed a significant 28% reduc-

tion in glycocalyx thickness that was not signifi-
cantly different from the losses due to enzymatic
cleavage.

Reductions in intensity of lectin staining of
the glycocalyx due to fMLP have been cor-
related with the shedding of glycans (Mulivor
and Lipowsky 2004). Loss of glycans has been
correlated with increased infiltration of macro-
molecules in the surface layer in response to
the cytokine TNF-α (Henry and Duling 1999,
2000). Quantitative estimates of changes in the
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porosity of the ESL have been made by calcula-
tion of the diffusion coefficients (D) of the small
fluorescent molecule fluorescein isothiocyanate
(FITC, 350 Da) by applying a 1-D diffusion
model to measurements of radial concentration
gradients in the ESL (Gao and Lipowsky 2010).
By comparison of measured transients in radial
intensity of a bolus of FITC with that of a
computational model, a diffusion coefficient D
was obtained. Values of D were obtained cor-
responding to the thickness of the layer demar-
cated by Dx70 (DDx70), and a smaller sublayer
173 nm above the EC surface (D173), prior to and
following enzyme infusion and superfusion with
fMLP. The magnitude of DDx70 was twice that
of D173 suggesting that the glycocalyx is more
compact near the EC surface. Chondroitinase and
hyaluronidase significantly increased both DDx70

and D173. However, heparinase decreased DDx70

and did not induce any significant change for
the D173. These observations suggest that the
three GAGs are not evenly distributed throughout
the glycocalyx and that they each contribute to
permeability of the glycocalyx to a differing
extent.

4 Shedding of the Glycocalyx

Functional changes in the barrier formed by the
ESL have been observed in response to a broad
spectrum of agents. Topical stimulation of the
endothelium for prolonged periods (20–120 min)
with the cytokine TNF-α results in an increased
porosity of the glycocalyx in the absence of
WBC-EC adhesion (Henry and Duling 2000).
Significant shedding of components of the gly-
cocalyx in coronary vessels has been observed
following perfusion of isolated hearts for 20 min
with TNF-α, which was lessened by the serine
protease inhibitor antithrombin III (Chappell et
al. 2009b). Acute activation of the endothelium in
post-capillary venules with the chemoattractant
fMLP induced a rapid (<5 min) shedding of
glycans from the EC surface as evidenced by a
loss of lectin-laden microspheres bound to the
EC surface (Mulivor and Lipowsky 2004). Shed-

ding of proteoglycans and GAGs from cultured
endothelial cells, or their analogs, occurs in re-
sponse to a broad spectrum of agonists (Park et al.
2000; Colburn et al. 1994; Fux et al. 2009; Ihrcke
et al. 1993; Platt et al. 1990, 1991; Fitzgerald et
al. 2000). Shedding of heparan sulfate proteo-
glycans (namely, the ectodomain of syndecans
1–4) occurs in response to endotoxin (Colburn
et al. 1994), serine and/or cysteine proteinases
(Ihrcke and Platt 1996), complement activation
(Platt et al. 1991), thrombin and growth factors
(Subramanian et al. 1997), and activation of pro-
tein tyrosine kinase by phorbol ester (Fitzgerald
et al. 2000). Using hydroxamic acid inhibitors of
matrix metalloproteinases, it has been shown that
proteolytic cleavage of the syndecan ectodomain
results from the convergence of multiple intracel-
lular pathways that activate a cell surface metal-
loproteinase (Fitzgerald et al. 2000).

In vivo, shedding of the endothelial glycoca-
lyx has been found in response to inflammation
(Mulivor and Lipowsky 2004; Henry and Dul-
ing 2000), hyperglycemia (Zuurbier et al. 2005),
endotoxemia and septic shock (Hofmann-Kiefer
et al. 2009), presence of oxidized LDL (Con-
stantinescu et al. 2001), TNFα (Chappell et al.
2009b), atrial natriuretic peptide (Bruegger et al.
2005), abnormal blood shear stress (Gouverneur
et al. 2006; Haldenby et al. 1994), ischemia-
reperfusion injury (Mulivor and Lipowsky 2004),
light-induced production of free radicals (Vink
and Duling 1996), and bypass surgery (Rehm
et al. 2007; Svennevig et al. 2008). These ob-
servations have led to an underlying connection
between integrity of the glycocalyx and vascular
homeostasis (Mulivor and Lipowsky 2004; Zuur-
bier et al. 2005).

Shedding of the glycocalyx in response to cy-
tokines and chemoattractants occurs in all three
principal divisions of the microvasculature: ar-
terioles (Henry and Duling 2000), capillaries
(Constantinescu et al. 2001; Henry and Duling
2000), and venules (Mulivor and Lipowsky 2004;
Henry and Duling 2000). To illustrate, shown
in Fig. 4 is the intensity of glycans in the ESL
stained with a fluorescently labeled lectin (BS-1)
in the three principal divisions of the mesenteric
microvasculature (rat) (Lipowsky et al. 2011).
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Fig. 4 Shedding of glycans on the EC surface of post-
capillary venules in mesentery (rat) in response to top-
ical application of the chemoattractant fMLP (10−7 M)
compared to control values obtained with superfusion of
the tissue with Ringer’s solution. Glycan concentration
was assumed proportional to the intensity of fluorescently
labeled lectin (BS-1) on the EC surface and normalized

to initial values. Shown are mean values ± SE for ar-
terioles, capillaries, and venules. Intensity of the lectin
stain falls rapidly within the first 5 min of onset of the
fMLP and steadily decreases during the entire observation
period. After 30 min exposure to fMLP, thickness of the
glycocalyx decreased significantly (*p < 0.05). Data are
mean ± SE. From Lipowsky et al. (2011), with permission

The normalized intensity is shown under resting
conditions and following topical application of
the chemoattractant fMLP (10−7 M). About 30%
of all lectin-stained glycans were shed from the
EC during a 30 min exposure to fMLP. This
shedding appears to be accompanied by a sig-
nificant reduction in thickness in each division
(Fig. 4d). Although it has been postulated that
such reductions in thickness are insufficient to
expose WBC adhesion receptors (Marki et al.
2015), concomitant increases in porosity (Henry
and Duling 1999, 2000) and deformability (Pad-
berg et al. 2014; Wiesinger et al. 2013) of the
ESL may promote WBC infiltration and adhesion
during inflammation.

5 Enzymatic Cleavage
of the Glycocalyx

With the majority of WBC adhesion receptors
situated in post-capillary venules, as, for exam-
ple, in the case of ICAM-1 (Iigo et al. 1997),
shedding of the venular glycocalyx may play
an important role in the inflammatory process.
The cellular signaling cascades resulting from
pathological conditions and initiating shedding
of the glycocalyx are not fully understood. How-
ever, direct in situ observations of shedding in
post-capillary venules suggest that several key
enzymes may be responsible for shedding of the
glycocalyx components (Mulivor and Lipowsky
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2009). Matrix metalloproteases (MMPs) on the
surface of the venular endothelium are rapidly
activated by superfusion of the mesenteric tissue
with fMLP and may be inhibited by superfusion
with subantimicrobial doses (0.5 μM) of the
antibiotic doxycycline (Mulivor and Lipowsky
2009). The inhibitory activity of doxycycline on
shedding results from its direct effect on MMP
activation and not by its ability to chelate divalent
cations (Lipowsky et al. 2011), as evidenced
by inhibition of MMP activation by the zinc-
chelating hydroxamic acid inhibitor GM6001,
and lack of inhibition by chelation of cations
with EDTA. The possible role of doxycycline as
a scavenger of reactive oxygen species (ROS) has
been raised (Golub et al. 1998). However, direct
evidence that ROS cause shedding in response
to chemoattractants or cytokines remains to be
obtained. In addition, MMP inhibition has been
shown to have no effect on ROS-induced shed-
ding (Lipowsky and Lescanic 2013).

Fluid shear stresses acting on the EC surface
may affect the structure of the glycocalyx by ei-
ther disrupting molecular constituents, affecting
biosynthesis of new components, or activating
proteases and lyases synthesized by the endothe-
lium (Mulivor and Lipowsky 2004; Arisaka et al.
1995). Increased synthesis of GAGs by cultured
monolayers of ECs occurs with prolonged expo-
sure to high shear stresses of 15 or 40 dyn/cm2

(Arisaka et al. 1995). These results were in con-
trast to prior studies that revealed a decrease in
proteoglycan synthesis when ECs were cultured
under low levels of shear stress (Grimm et al.
1988). In vivo studies of the accumulation of
glycans on the surface of post-capillary venules
during a 1 h period of ischemia demonstrated
a 15–40% increase in glycan content on the
surface of the EC (Mulivor and Lipowsky 2004).
Upon reperfusion of these venules, this excess of
surface glycans was washed out, and glycan lev-
els (indicated by accumulation of lectins on the
EC surface) momentarily fell below pre-ischemic
(control) conditions before returning to normal
levels. This postischemic fall below pre-ischemic
levels was inhibited by superfusion of the tissue
with pertussis toxin, thus suggesting a G-protein-

mediated activation of enzymatic cleavage of
GAGs and/or proteoglycans on the EC surface.

The hypothesis that matrix metallopro-
teinases (MMPs) may alter the endothelial
glycocalyx and thus facilitate shedding under
pathological conditions is well supported. Matrix
metalloproteinases represent a family of over
two dozen zinc-dependent proteases that play
a role in normal tissue remodeling during
bone growth, wound healing, reproduction,
cancer, inflammation, and cardiovascular disease
(Spinale 2007). MMPs (−1 and − 9) serve to
cleave the endothelial insulin receptor and CD18
on leukocytes in the spontaneously hypertensive
rat (DeLano and Schmid-Schonbein 2008).
Oxidative stress in the diabetic heart may activate
MMP-2 and lead to the development of diabetic
cardiomyopathy (Yaras et al. 2008). Modification
of the extracellular matrix by MMPs has been
shown to be a critical step in angiogenesis (Haas
et al. 2000) and atherosclerosis (Li et al. 1996).
MMP-2, MMP-7, and MMP-9 were shown to be
capable of directly cleaving chondroitin sulfate
(Gronski et al. 1997). In addition, MMP-1 was
shown to cleave the heparan sulfate proteoglycan
syndecan-1 (Endo et al. 2003). MMPs can be
stored within and released by the endothelium.
It has been shown (Taraboletti et al. 2002) that
both the active and proactive forms of MMP-2
and MMP-9 are stored in vesicles within the EC
and both forms of MMP-7 have a high affinity
for and bind to heparan sulfate (Yu and Woessner
Jr 2000). Therefore, mechanisms exist by which
MMP’s may be rapidly released by endothelial
cells. Innate inhibition of MMPs is derived
from tissue inhibitors of metalloproteinases
(TIMPs), a family of four different molecules
made unique by their expression, localization,
and inhibitory activity. Much like the MMPs,
TIMPs are capable of binding heparan sulfate
and chondroitin sulfate in the glycocalyx (Yu and
Woessner Jr 2000).

The putative role of MMPs in cleaving
glycans from the EC surface is supported by
studies of in situ microzymography to quantify
MMP activation on the surface of post-capillary
venules (Mulivor and Lipowsky 2009). Hence,
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it is likely that cleavage of GAG-bearing
proteoglycans by either membrane-bound or
cytosolic MMPs in the endothelial cell may
be responsible for shedding of the glycocalyx.
This hypothesis is also supported by studies of
syndecan-1 shedding from human embryonic
kidney cells caused by membrane type matrix
metalloproteinase-1 (MT1-MMP) (Endo et al.
2003), shedding of syndecan-1 and syndecan-
4 from HeLa tumor cells by MMP-9 (Brule
et al. 2006), shedding of syndecan-1 from
pancreatic carcinoma cells by MMP-7 (Ding
et al. 2005), and shedding of syndecan-1 by
MMP-7 during transmigration of neutrophils
from the interstitium to alveoli in the lung (Li et
al. 2002).

The effects of MMP inhibition on glycan
shedding and WBC-EC adhesion in response
to topical application of fMLP is illustrated in
Fig. 5. Without MMP inhibition, fMLP induces
a rapid (<10 min) shedding of glycans and
an eightfold increase in the number of WBCs
adhered to the walls of post-capillary venules
(Mulivor and Lipowsky 2009). Superfusing the
tissue with 0.5 μM. doxycycline results in a
significant attenuation of glycan shedding and
WBC-EC adhesion.

Whereas MMP activity presumably cleaves
the protein core of GAG-bearing proteoglycans,
cleavage of GAG chains by EC secretion of
heparanase may also contribute to shedding
(Chappell et al. 2008; Becker et al. 2015).
Heparin has long been recognized as an
inhibitor of heparanase activity (Bar-Ner et
al. 1987), and considerable experimental and
clinical evidence supports its anti-inflammatory
activity (Page 2013). The anti-inflammatory
properties of unfractionated and low-molecular-
weight heparins (LMWH) have been studied
extensively, although precise mechanisms have
not been established (Oduah et al. 2016). Several
studies have aimed to delineate the role of
heparin in WBC-EC rolling and adhesion, and
transmigration trough the microvessel wall.
Treatment with LMWH dramatically diminished
sepsis-induced neutrophil sequestration in the
lung (Ning et al. 2015) and attenuated shedding
of the glycocalyx in septic shock (Yini et al.

2015). Heparin has been reported to diminish
or protect against reperfusion injury in various
animal models (Young 2008). Intradermal
administration of heparin attenuated eosinophil
accumulation in response to inflammatory
stimuli in a dose-dependent manner (Teixeira
and Hellewell 1993). Binding of heparins to
selectins (Koenig et al. 1998), WBCs (Page
2013; Diamond et al. 1995; Lever et al. 2000),
and HSPGs and other constituents of the EC
glycocalyx (Nordling et al. 2015; VanTeeffelen
et al. 2007) has been shown to inhibit the
inflammatory process. Use of low-molecular-
weight heparin fractions has shown potential
for protecting the endothelial glycocalyx from
degradation in nephrosis (Gaddi et al. 2010),
diabetes (Eskens et al. 2013), thrombosis
(Daniels et al. 2006), retinal neovascularization
(Jo et al. 2014), and inflammation (Becker et al.
2015; Kolarova et al. 2014). These studies found
that the agent sulodexide, a mixture of low-
molecular-weight heparin and dermatan sulfates,
afforded significant protection of the glycocalyx
from degradation.

The effects of graded concentrations of
LMWH (Lovenox

®
, relative molecular mass,

Mr. = 4500) on shedding of glycans and WBC-
EC adhesion (Lipowsky and Lescanic 2017)
are illustrated in Fig. 5b, d. With increasing
doses of LMWH up to 0.22 mg/kg, competitive
binding of LMWH to heparanase may attenuate
the initial shedding of glycans due to fMLP. With
greater doses (>0.6 mg/kg), glycan concentration
appears to rise due to a compaction of the
glycocalyx as HS chains are cleaved and the
layer collapses. Eventually, the inhibition of
shedding by LMWH is overwhelmed by activity
of either MMPs, heparanase, or other sheddases.
The WBC-EC adhesion response to fMLP (Fig.
5d) was significantly attenuated during the initial
10 min at the highest dose of LMWH but
eventually rose with prolonged exposure to the
chemoattractant. In these studies, WBC adhesion
correlated with intensity of the lectin stain for all
measurements and revealed a significant 40%
reduction in adhesion as intensity increased
50%. This relationship was attributed to LMWH
inhibition of heparanase and/or binding to
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Fig. 5 Enzymatic shedding of the glycocalyx and WBC-
EC adhesion in mesenteric venules. Glycan concentration
was taken in proportion to the intensity of fluorescently
labeled lectin (BS-1), normalized to initial values as
a function of time following topical application of
fMLP. (a) Glycan concentration in the glycocalyx fell
dramatically following onset of fMLP stimulation. This
fall was completely abolished by superfusion of the tissue
with the MMP inhibitor doxycycline at a concentration
of 0.5 μM. (b) Glycan concentration due to fMLP
following IV administration of low-molecular-weight
heparin (LMWH) of the indicated doses. Low doses

(0.22 mg/kg) inhibited the initial fall during the first
10 min. High doses (>0.60 mg/kg) resulted in a rise
in glycan concentration presumably due to ligation of
HS chains and subsequent collapse of the glycocalyx.
(c). The WBC-EC adhesion response to fMLP, with
and without superfusion with doxycycline. (d) WBC-
EC adhesion with infusion of LMWH. The high dose of
LMWH initially delayed the rise in WBC-EC adhesion.
Data are means ± SE. (a) and (c) redrawn from
Mulivor et al. (Atherton and Born 1972); (b) and (d)
redrawn from Lipowsky et al. (Atherton and Born 1973)
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components of the glycocalyx with a resultant
mitigation of glycan shedding, compaction of the
lectin stain, and stabilization of the glycocalyx.

6 Leukocyte Rolling
and Adhesion

Based upon the rolling and adhesion of WBCs on
either artificial surfaces coated with receptors for
specific ligands (Alon et al. 1995; Lawrence and
Springer 1991, 1993) or monolayers of cultured
endothelial cells (Arisaka et al. 1995; Hoover
et al. 1980; Lawrence et al. 1987), it has long
been held that adhesiveness is governed by reg-
ulation of the affinity and avidity of the integrin
molecules on the WBC and EC (Zarbock and
Ley 2009; Kinashi and Katagiri 2004; Laudanna
et al. 2002; Luo et al. 2007). In vivo studies of
post-capillary venules (Arfors et al. 1987; House
and Lipowsky 1987b; Ley et al. 1995) have sup-
ported this concept. In addition, the mechanical
properties of the glycocalyx may play a role
in the adhesion process in light of the ability
of microvilli on the surface of rolling WBCs
to penetrate the surface layer to reach adhesion
receptors (Zhao et al. 2001). WBC microvilli
may range in length from 0.3 to 0.7 μm (Wein-
baum et al. 2007). The ability to penetrate the
glycocalyx may depend on changes in porosity
and stiffness attendant to physiological stimuli
(Weinbaum et al. 2007; Platts et al. 2003; Platts
and Duling 2004). Under normal conditions, the
apparent thickness of the glycocalyx significantly
exceeds the lengths of endothelial cell (EC) re-
ceptors involved in leukocyte (WBC) rolling on
the EC (selectins) and firm adhesion to the EC
(integrins). The lengths of these receptors range
from 20 nm for the β2 integrin ligands to 30–
40 nm for E- and P-selectins (Springer 1990).
Thus, reduction in thickness of the glycocalyx
by either chemoattractants (e.g., fMLP) (Gao
and Lipowsky 2010) or cytokines (e.g., TNF-α)
(Henry and Duling 2000) accompanied by in-
creased porosity may enhance access to adhesion
receptors on the EC surface. It has been shown
that perfusion of post-capillary venules with hep-
arinase or superfusion of the tissue with fMLP

served to increase binding of circulating anti-
bodies to ICAM-1 on the EC surface (Mulivor
and Lipowsky 2002). Although in this study,
firm adhesion of WBCs was not stimulated by
perfusion of venules with heparinase, most likely
because substrates for leukocyte rolling were also
removed, subsequent studies using heparitinase
(which may cleave less sulfated heparan sulfate
chains) produced an increase in firm WBC adhe-
sion (Constantinescu et al. 2003). Alternatively,
it has been demonstrated that heparinase reduces
stimulated rolling and adhesion of WBCs in post-
capillary venules by inhibiting externalization of
P-selectin and/or compromising the structural in-
teractions between heparan sulfate proteoglycans
and selectins (Hayward et al. 1998).

Changes in the glycocalyx attendant to EC
activation also affect WBC rolling adhesive in-
teractions with the EC. Taking the rolling ve-
locity of WBCs (normalized with respect to es-
timated wall shear rates, S.R.) as a measure of
the adhesiveness of the EC surface (the lower
the ratio of VWBC/SR, the greater the adhesive-
ness), it was found that superfusion of the tissue
with inhibitors of MMP activity, such as doxy-
cycline or the zinc chelator GM6001, decreased
the rolling velocity, thus promoting adhesiveness
of the EC surface during WBC rolling. These
results suggest that there is a basal level of
sheddase activity on the EC surface that may be
suppressed by MMP inhibition, which leads to
an excessive accumulation of adhesion receptors
on the EC surface that retard the rolling mo-
tion of WBCs. The presence of a basal level of
MMP activity on the EC surface of post-capillary
venules has been demonstrated by measuring the
fluorescence activity of fluorescence substrates
circulating in the plasma, which is reduced with
MMP inhibition (Mulivor and Lipowsky 2009).
Interestingly, superfusion of the tissue with fMLP
alone causes a similar reduction in rolling ve-
locity, presumably due to a combination of con-
formational changes in adhesion receptors on
the EC surface and enhanced externalization of
adhesion receptors (e.g., P-selectin) and shedding
of the glycocalyx. While inhibition of MMP
activation and activation with fMLP both resulted
in diminished rolling velocity, the strength of the
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adhesive bond during firm adhesion was found to
be less with MMP suppression compared to that
with fMLP, presumably due to conformational
changes of WBC integrin receptors induced by
fMLP (Lipowsky et al. 2015).

Similar adhesive interactions have also been
observed, in part, by experiments in other tissues
and cells. Inhibition of L-selectin shedding from
WBCs by the metalloprotease inhibitor KD-IX-
73-4 was found to reduce WBC rolling velocity
in post-capillary venules of hamster cremaster
muscle (Hafezi-Moghadam et al. 2001), which
was attributed to inhibition of L-selectin shed-
ding on the leukocyte alone. Although KD-IX-
73-4 had no apparent effect on the endothelial
glycocalyx, these studies bring to light the poten-
tial for metalloprotease inhibition to affect leuko-
cyte rolling and adhesion. Further, comparison
of the inhibitory activity of KD-IX-73-4 on the
shedding of the endothelial protein C receptor
(EPCR) from EA.hy926 endothelial cells, with
inhibition of the MMP inhibitor GM6001, re-
vealed that the latter was ineffective in inhibiting
the release of EPCR (Xu et al. 2000). Thus, if
this endothelial selectivity of the MMP inhibitors
GM6001 and doxycycline applies to the reduc-
tions of WBC rolling velocity in venules, then the
role of MMP inhibition on affecting the adhesive
properties of the endothelial glycocalyx is further
supported. It has also been shown that reduced
rolling velocity of WBCs occurs following ex-
posure of cremaster venules to TNF-α (Jung
et al. 1998). Although these results were at-
tributed to conformational changes of adhesion
receptors in response to TNF-α, this trend may
reflect the shedding of glycans from the EC
surface, as noted previously (Henry and Duling
2000), and the enhanced access to adhesion lig-
ands (e.g., ICAM-1).

7 Conclusions

In summary, the endothelial surface layer, which
consists of the EC glycocalyx and a layer of
adsorbed proteins, has been implicated as a bar-
rier to WBC-EC adhesion. The primary glyco-
proteins are decorated with the principal gly-

cosaminoglycans (GAGS) heparan sulfate (HS)
and chondroitin sulfate (CS) that are encased in
a meshwork of hyaluronic acid (HA). Together,
these glycans form a layer that can be observed
in vivo on the surface of the EC that is on
the order of 500 μm thick. Measurement of the
precise thickness of the ESL is fraught with many
difficulties and is most easily implemented by ex-
clusion of macromolecules from the EC surface.
In vitro, the ESL is much smaller, on the order of
1/10th the in vivo thickness. Staining of glycans
with carbohydrate-binding proteins (lectins) per-
mits visualization of the ESL and reveals that the
composition of the glycocalyx readily changes
during the inflammatory process, as evidenced
by the shedding of glycans with activation of the
endothelium by chemoattractants and cytokines.
Reductions in thickness and increases in porosity
of the ESL due to an inflammatory stimulus facil-
itate greater access to WBC adhesion receptors
on the EC surface and thus promote WBC-EC
adhesion.

The effectors of ESL shedding are most likely
members of the family of metalloproteinases,
which cleave the core proteoglycans, and endo-
glycosidases (namely, heparanase), which cleave
GAGs attached to the core proteins. Direct in-
travital microscopic studies of shedding of the
glycocalyx have suggested that glycan shedding
may be inhibited by MMP inhibitors and com-
petitive binding to EC-derived heparanase. The
relative proportions of MMP and heparanase-
induced shedding remain to be fully delineated,
as well as the extent to which MMPs and hep-
aranase affect their mutual release and activation.
Identification of the specific proteases responsi-
ble for shedding is further complicated by the
ability of specific MMPs to activate other mem-
bers of the MMP family and for other proteases
to activate MMPs. There is also an indirect asso-
ciation between heparanase and MMP expression
(Purushothaman et al. 2008, 2011, 2010; Zcharia
et al. 2009). For example, blocking activation of
MMP-9 inhibited heparanase-induced syndecan-
1 shedding in myeloma cells (Purushothaman
et al. 2010), and overexpression of heparanase
in cultured human mammary carcinoma cells
resulted in diminished expression of MMP-2,
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MMP-9, and MMP-14 (Zcharia et al. 2009). It
is clear, however, that stabilization of the gly-
cocalyx during inflammation may indeed miti-
gate WBC-EC adhesion. Thus, the development
of new strategies to directly target shedding of
the glycocalyx may have significant therapeutic
value.
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Mechanobiology and Vascular
Remodeling: FromMembrane
to Nucleus

Ying-Xin Qi, Yue Han, and Zong-Lai Jiang

Abstract

Vascular endothelial cells (ECs) and smooth
muscle cells (VSMCs) are constantly exposed
to hemodynamic forces in vivo, including
flow shear stress and cyclic stretch caused
by the blood flow. Numerous researches
revealed that during various cardiovascular
diseases such as atherosclerosis, hypertension,
and vein graft, abnormal (pathological)
mechanical forces play crucial roles in the
dysfunction of ECs and VSMCs, which is
the fundamental process during both vascular
homeostasis and remodeling. Hemodynamic
forces trigger several membrane molecules
and structures, such as integrin, ion channel,
primary cilia, etc., and induce the cascade
reaction processes through complicated
cellular signaling networks. Recent researches
suggest that nuclear envelope proteins act as
the functional homology of molecules on the
membrane, are important mechanosensitive
molecules which modulate chromatin location
and gene transcription, and subsequently
regulate cellular functions. However, the
studies on the roles of nucleus in the
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mechanotransduction process are still at
the beginning. Here, based on the recent
researches, we focused on the nuclear
envelope proteins and discussed the roles of
pathological hemodynamic forces in vascular
remodeling. It may provide new insight into
understanding the molecular mechanism
of vascular physiological homeostasis and
pathophysiological remodeling and may help
to develop hemodynamic-based strategies for
the prevention and management of vascular
diseases.

1 Introduction

Biomechanics studies the deformation and move-
ment of living entities based on the organic com-
bination of biological and mechanical principles
and tries to recognize the laws of life processes
and to solve the scientific issues in the field of
life and health. The classical theory of biome-
chanics is the stress-growth law proposed by Y.C.
Fung in his monograph, Biomechanics: Motion,
Flow, Stress, and Growth, which mentioned that
the remodeling of blood vessel involving growth
or resorption of cell and extracellular materi-
als is linked to the mechanical stresses (Fung
1990). The stress-growth law is an important
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and fundamental theory that expounds the in-
trinsic relationship between mechanical motion
and life motion and guides the transformation
of biomechanics from mechanics applied to bi-
ology to the mechanism in mechanical regulation
of life processes. With the accelerated develop-
ment in molecular biology and cellular biology,
mechanobiology becomes a new frontier field of
biomechanics, which focuses on how mechanical
factors interacting with chemical signals regu-
late cellular/tissue functions and their molecu-
lar mechanisms. Although almost all types of
cells in vivo are exposed to mechanical stimuli,
much of the researches on mechanobiology have
focused on the cardiovascular system, in which
mechanical forces play critical roles (Wang et al.
2008). Vascular mechanobiology elucidates the
mechanism in which physiologically mechanical
factors result in vascular homeostasis or patho-
physiologically mechanical factors induce vascu-
lar remodeling. Vascular remodeling is character-
ized as abnormal variations of vascular cell phe-
notype, morphological structure, and functions
such as migration, hypertrophy, proliferation, and
apoptosis. Vascular remodeling is the essential
pathogenic process of various cardiovascular dis-
orders, including hypertension, atherosclerosis,
stroke, and restenosis after vein graft (Chien
2007; Chiu and Chien 2011). The understanding
of mechanobiological mechanism in vascular re-
modeling will play a unique role in solving the
key scientific problems of human physiology and
disease and will generate important theoretical
and clinical significance.

Circulating system, centered on the heart that
functions as a mechanical pump, contains amount
of mechanical effects, which involves hemody-
namic forces caused by the blood flow, deforma-
tion of blood cells and blood vessels, and inter-
action between blood and vessels (Fung 1990).
Clinical researches revealed that despite the ex-
posure to the same systemic risk factors such as
smoking, hyperlipidemia, hyperglycemia, hyper-
tension, obesity, and diabetes, the earliest lesions
of atherosclerosis always occur at some specific
area of arteries. These atherosclerosis-prone ar-
eas are the bifurcations, branch points and cur-
vatures of arteries and valve sinuses, and post-

stenotic regions (Fig. 1) (Chiu and Chien 2011).
Further observations revealed that hemodynamic
forces in these parts are characterized as nonuni-
form and irregular, including recirculation eddies
and changes in direction with space (flow sepa-
ration and reattachment) and time (reciprocating
flow). In contrast, the straight part of the artery,
which is generally spared form atherosclerotic
lesions, is exposed to sustained laminar blood
flow and high shear stress (with a definite direc-
tion) (Chien 2007; Chiu and Chien 2011). These
relationships between the regional susceptibility
of atherosclerosis and the local hemodynamic

Fig. 1 Schematic drawing shows the atherosclerosis-
prone areas (light blue) in the artery system which are the
bifurcations and branch points and curvatures of arteries.
1. Aortic sinus; 2. ascending aorta; 3. inner (lesser) cur-
vature of aortic arch; 4. outer (greater) curvature of aortic
arch; 5. innominate artery; 6. right common carotid artery;
7. left common carotid artery; 8. left subclavian artery; 9.
thoracic aorta; 10. renal artery; 11. abdominal aorta; 12.
iliac artery [cited from (Chiu and Chien 2011)]
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forces strongly suggested the significant roles of
mechanical stimuli in vascular physiology and
pathophysiology.

During recent decades, increasing evidences,
both in vivo and in vitro, revealed that
hemodynamic forces, including fluid shear stress
and cyclic stretch, modulate expressions of
relevant molecules and subsequently influence
the morphology, structure, and function of
vascular endothelial cells (ECs) and smooth
muscle cells (VSMCs). For example, the
experiments using primate thoracic aorta in
vivo or the step flow channel in vitro both
suggest that disturbed flow induces the polygonal
shape of ECs and enhances the endothelial
permeability via modulating the distribution
of cytoskeleton F-actin filaments and the
organization of intercellular junctional protein
(Chiu et al. 1998; Davies 1995; Miao et al.
2005). It has been shown that there are various
mechanosensors in vascular cell membrane,
including integrins (Shyy and Chien 1997;
Moiseeva 2001), ion channels (Hoger et al. 2002;
Wan et al. 2015), junctional proteins (Tzima et al.
2005; Ye et al. 2014), as well as primary cilia
(Egorova et al. 2011; Mohieldin et al. 2016).
Recent evidences suggest that the nucleus, as
the largest and stiffest organelle in the cell, can
also directly sense and respond to mechanical
signals and then regulate cell functions. The
nucleus interacts with the cytoskeleton via linker
of the nucleoskeleton and cytoskeleton (LINC)
complexes (Rothballer and Kutay 2013), and this
physical linkage allows the direct transmission of
mechanical forces exerted on the cell surface to
the hallmark of protein complexes in the nucleus
of eukaryotic cells. Unlike the widely established
mechanotransduction role of molecules in
cell membrane and cytoplasm, the roles of
nuclear molecules and structures are still in
their infant.

Understanding of the effects of hemodynamic
forces on signaling transduction, gene expres-
sion, and cellular structures and functions will
help to identify the molecular and mechanical
bases of the roles of complex hemodynamic pat-
terns in the development of vascular pathologies
such as atherosclerosis, hypertension, thrombo-

Fig. 2 Schematic drawing shows the relevant hemo-
dynamic forces acting on arteries [modified from
(Humphrey et al. 2015)]

sis, in-stent restenosis, and bypass graft occlu-
sion, as well as their clinical complications. Fur-
thermore, such information may lead to the dis-
covery and identification of new disease-related
genes and the development of novel therapeutic
strategies.

2 Hemodynamic Forces,
Vascular Homeostasis,
and Remodeling

Because of the blood flow, arterial wall is ex-
posed to complicated hemodynamic forces in
vivo: wall shear stress (τw) caused by frictional
interactions between the endothelium and flow-
ing blood; circumferential stress (σθ ), caused
by the blood pressure changing the circumfer-
ence cyclically; and the radial stress (σr), due
directly to blood pressure and perivascular con-
straints (Humphrey et al. 2015) (Fig. 2). Of these
main three hemodynamic stresses, circumferen-
tial stress is the largest in the aorta, which is about
150 kPa under normal conditions, while wall
shear stress in the straight part of the arterial tree
is 1–7 kPa (10–70 dyn/cm2, much smaller than
circumferential stress). Regardless of magnitude,
all components of hemodynamic forces affect the
mechanobiology, with ECs sensitive to changes
in shear stress while VSMCs sensitive to cyclic
stretch following circumferential stress (Chiu and
Chien 2011; Humphrey et al. 2015).



72 Y.-X. Qi et al.

It had been proved that physiological hemo-
dynamic forces are protective factors which play
crucial roles in maintaining vascular homeosta-
sis. Whereas, pathological hemodynamic forces
induce vascular remodeling. For instance, during
hypertension, chronically elevated cyclic stretch
stimulates abnormal proliferation and migration
of VSMCs, which subsequently cause vascular
remodeling (Qi et al. 2016). Whereas, reciprocat-
ing shear stress induces the high permeability of
vascular endothelium (Miao et al. 2005).

2.1 Shear Stress and EC
Mechanobiology

ECs serve as a semipermeable barrier whose
homeostasis plays critical roles in the mainte-
nance of vascular physiological functions (Chien
2007, 2008). As the interface between the blood
flow and the vessel wall, vascular ECs are con-
stantly exposed to fluid shear stress created by
flowing blood. The blood that circulates through
the vessels exerts an oscillatory shear stress on
the straight part of the arterial wall of around 1–
7 Pa (in humans) which varies with the exact lo-
cation in the arterial tree. The shear stress at arte-
rial branch points and curvature and poststenotic
regions is a low net forward flow without a clear
direction, and shear stress is less than 0.4 Pa
(Giddens et al. 1993; Chiu and Chien 2011).
Although typical shear stress acted on ECs is five
orders of magnitude lower than circumferential
stress, its importance on cell behavior should not
be underestimated.

The magnitudes of shear stress are signifi-
cantly diverse between different species, with
a general trend of increased mean shear stress
following decreased body size (Suo et al. 2007;
Greve et al. 2006). Interestingly, although the
volume of shear stress between different species
is different, the prone distribution of atheroscle-
rotic lesions is similar. For example, the vol-
ume of shear stress in the aorta of mouse is
almost twice as that in human, and the similar
site specificity of atherogenesis at aortic sinus
and lesser curvature of aortic arch were both
reported (Suo et al. 2007; Cheng et al. 2006).

Furthermore, despite the large differences in wall
shear stress between different species, the mor-
phologic changes of ECs (Davies 1995) and spa-
tial distributions of atherogenic molecules such
as vascular cell adhesion molecule 1 (VCAM-1)
(Suo et al. 2007; Chiu and Chien 2011) are sim-
ilar at atherosclerotic plaque localization. These
results suggest that the relative differences in
flow patterns (laminar vs disturbed) and in shear
stress gradient of the magnitude, but not the
absolute level of the magnitude, may contribute
to the flow-mediated vascular homeostasis and
remodeling. It is well established that shear stress
is attributed to the site selectivity of atheroscle-
rotic lesions and influence phenotype diversity
of ECs which is characterized as a series of
related changes, including the morphology, ori-
entation, turnover rate (proliferation and apopto-
sis), migration, and expressions of inflammatory
molecules (Chiu and Chien 2011).

Researches on shear-induced morphology and
orientation in the past decades have shed much
light on the mechanobiology of ECs. During
homeostasis in the relative straight portion of
an artery, ECs are exposed to laminar flow with
a physiological level of shear stress. In both
in vivo researches based on the athero-prone
and atheroprotective area of arteries and in vitro
experiments using flow chamber, physiological
shear stress leads to the aligned and elongated
direction, with the well organized and parallel
actin stress fibers in the central region (Zhou
et al. 2014). The turnover rate of these ECs under
homeostasis is relatively low, and the expression
and distributions of intercellular junctional pro-
teins, such as vascular endothelial cadherin (VE-
cadherin), are continuous and in the periphery of
cell (Chen et al. 1995; Miao et al. 2005).

In contrast, during vascular remodeling in
areas exposed to disturbed flow including the
arterial branch points and curvatures, the ECs are
more polygonal in appearance without a clear ori-
entation; their actin filaments are short, randomly
oriented, and localized mainly at the cell periph-
ery (Kim et al. 1989); the turnover rate of ECs
is enhanced. The accelerated cell turnover rate at
regions of disturbed flow probably plays a sig-
nificant role in the disruption of junctional pro-
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teins and the consequent increase of permeabil-
ity to macromolecules such as the low-density
lipoproteins which is a crucial pathogenesis pro-
cess during atherosclerosis (Chen et al. 1995).
Miao et al. also revealed that both in vivo (in
the aortic arch and the poststenotic dilatation
site beyond an experimental constriction) and in
vitro (flow chambers), the intercellular junctional
proteins—VE-cadherin has discontinuous distri-
bution around the cell borders, which suggests
the high permeability of endothelium at the pref-
erential localization of atherosclerosis in regions
exposed to complex flow patterns and fluctuating
shear stress (Miao et al. 2005).

It has been reported that numerous mechanosen-
sors on vascular cell membrane are involved in
shear-induced vascular homeostasis or remod-
eling. There are five kinds of mechanosensors
on membrane of ECs: (1) lipids (Chien 2003);
(2) glycocalyx (Florian et al. 2003); (3) proteins,
including integrins (Shyy and Chien 1997), ion
channels (Hoger et al. 2002), junctional proteins
(Haga et al. 2007), growth factor receptors
(Tzima et al. 2005), receptor tyrosine kinases
(RTKs) (Yang et al. 2016), G protein-coupled
receptor (GPCRs) (Scimia et al. 2012), and
platelet/endothelial cell adhesion molecule-1
(PECAM-1) (Conway and Schwartz 2015); (4)
caveolae (Gilbert et al. 2016); and (5) primary
cilia (Egorova et al. 2011). More detailed
information about membrane mechanosensors on
EC responses to (patho)physiological mechanical
situation is referred to the excellent reviews (Chiu
et al. 2009; Chiu and Chien 2011; Mohieldin
et al. 2016).

Except the mechanosensors that consist in
vascular cell membrane that is mentioned above,
the cytoskeletal filaments are interconnected and
also linked to membrane proteins throughout
the cell. Cytoskeletons made of actin filaments,
microtubules, and intermediate filaments provide
elastic stiffness and maintain the shape and
structure of the cell, enabling specific cellular
functions (Huber et al. 2015). Interpenetration
and interactions among different cytoskeletal
networks combined with specific cross-linking
are likely to influence cellular overall mechanical
responses. Cytoskeletal dynamic assembly has

been observed to response to different flow
patterns. A lot of studies indicate that shear
stress applied to the cell surface is transmitted to
cytoplasmic sites via cytoskeletal deformations
such as intermediate filament displacement or
actin filament deformation (Macek Jilkova et al.
2014; Vartanian et al. 2010). Direct observation
of intermediate filament displacement in cells
expressing green fluorescent protein suggested
that fluid shear stress altered the cytoskeletal
mechanics rapidly (Helmke et al. 2001). More
than its structural roles, cytoskeleton may
also regulate gene transcription through the
nucleocytoplasmic shuttling of mechanosen-
sitive transcriptional activators (Speight?
et al. 2016).

2.2 Cyclic Stretch and VSMC
Mechanobiology

Since the cardiovascular system is pressure-
driven, the vascular wall is continuously
subjected to cyclic circumferential stress of
around 100–150 kPa, which is generated by
the pulsatile blood pressure. Following the
pulsatile blood pressure, the arterial wall
rhythmically distends and relaxes which cause
the mechanical stretch on the intramural
cells with the magnitude of 5–10% under
physiological situation (Anwar et al. 2012).
The excessive and pathological mechanical
stretch, such as high magnitude stretches of
20% and above that occur during hypertension,
has been shown to be harmful as it perturbs
the vascular tone and causes inappropriate
cellular response of vascular wall that can lead to
cardiovascular abnormalities (Anwar et al. 2012;
Haga et al. 2007).

VSMCs in vascular media are mainly exposed
to mechanical stretch in vivo. In mature vessels,
VSMCs are highly differentiated cells whose
principal functions are contraction and regulating
vessel diameter which is vital to blood vessel
tone. Contractile proteins that participate in
maintaining the contractility of VSMCs, such
as α-actin, SM22α, calponin, and myosin heavy
chain, have been shown to be the specific
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differentiation markers of VSMCs (Owens
et al. 2004). There is a strong evidence that the
dedifferentiation (phenotypic transformation) of
VSMCs, defined by the decreased expressions
of contractile proteins, accompanied with
increased proliferation, migration, and synthetic
capacity, contributes to pathogenesis of vascular
remodeling (Parizek et al. 2011).

Another important mechanobiological process
that involved cyclic stretch is venous bypass
graft, which is the most commonly employed
clinical solution for a heart attack caused by
atherosclerosis. The exposure of the grafting
autologous veins to the new hemodynamic
environment of the arterial circulation is
thought to be an important stimulus for the
venous remodeling, which induces neointima
hyperplasia and causes late graft failure in
the patient (Cheng and Du 2007; Cohen et al.
2014). The insertion of a grafting vein into the
arterial system exposes the thin- walled and
compliant vein to the arterial mechanical system
that is much higher than what the venous wall is
previously accommodated. Arterial cyclic stretch
changes the functions of VSMCs in grafted veins,
including excessive proliferation and migration,
which mediates neointima formation during
grafted vein remodeling (Cheng and Du 2007;
Huang et al. 2017).

The mechanisms of mechanosensing of
VSMCs in response to stretch is less well
understood than that in ECs subjected to
flowing shear stress. However, just as the
cases in shear stress sensing, several membrane
structures and proteins, such as primary cilium,
connection proteins, and ion channel, have
been shown to be mechanosensitive to cyclic
stretch.

Primary cilium, which is an integral
component of apical organelles on membrane, is
widely accepted as a mechanosensor in ECs that
is regulated by different flow patterns (Egorova
et al. 2011; Nauli et al. 2008). Recent studies
have successfully demonstrated the presence
of primary cilia throughout the cardiovascular
system, including arterial VSMCs. Primary cilia
localize to VSMCs with their long axis aligned
at 58.3 degrees angle in relation to the cross-

sectional plane of the artery, projecting into the
extracellular matrix (ECM). This preferentially
oriented pattern may help primary cilia to
detect a sudden increase in blood pressure,
which in turn leads to a subsequent influx of
calcium ions and increase in intracellular calcium
concentration (Lu et al. 2008; Mohieldin et al.
2016). As a result, primary cilia enable cells
to translate the extracellular mechanics into
a variation of intracellular second messenger
which triggers complex signaling cascades.
Although in ECs, the primary cilia-triggered
calcium induces the activation of endothelial
nitric oxide synthase (eNOS), which modulates
the synthesis of nitric oxide gas and vascular
tone (AbouAlaiwi et al. 2009; Mohieldin et al.
2016), their roles in VSMCs has not been clearly
defined.

Integrin proteins are transmembrane het-
erodimeric receptors comprising α- and β-
subunits, which directly couple the ECM
to actin filaments within the cell and allow
the transmission of mechanical forces from
outside microenvironment to inside biochemical
reactions of the cells. To date, 24 kinds
of integrin members have been described,
and among them, 13 are found in VSMCs
(Moiseeva 2001; Ye et al. 2014). The stretch
induces integrin-dependent mechanotransduction
through both large conductance calcium and
voltage-activated potassium (BK) ion channel
(Wu et al. 2008) and Src-dependent pathways
(Min et al. 2012).

Besides cell-ECM connections, VSMCs on
the cell membrane contain a variety of cadherin
junctions which directly connect adjacent cells
together and transfer mechanical signals from
one cell to the next (Ye et al. 2014). The
cadherins bind adjacent VSMCs and link them
intracellularly to actin filaments via catenins,
which is associated with various cellular func-
tions, i.e., migration, proliferation, and survival.
Among multiple subtypes of cadherins expressed
on VSMC membrane, N-cadherin is highly
expressed in both venous and arterial VSMCs
and may play a significant role in mechanosens-
ing and regulation of arteriolar contraction
(Ye et al. 2014).
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In addition, BK channels are predominantly
expressed in VSMC membrane and play impor-
tant roles in modulating cellular contraction to
change blood vessel diameter, which then regu-
late vascular tone and mechanical flow (Pang and
Rusch 2009; Sausbier et al. 2005). BK channel
is composed of the α-subunit that forms the
pore structure and the accessory β-subunit. Re-
cent study revealed that hypertensive mechani-
cal stretch decreased the expression of the BK
channel α-subunit but increased its activity via
endoplasmic reticulum (ER) stress-induced alter-
native splicing, which subsequently modulated
BK activation and VSMC dedifferentiation. The
alternative splicing of the stress axis-regulated
exons of BK channel induced by elevated me-
chanical stretch may be an important determinant
of BK channel activity under different hemody-
namic conditions (Wan et al. 2015).

Vascular homeostasis or remodeling requires
ECs and VSMCs to sense their local mechanical
environments and switch the extracellular me-
chanical stimuli to the intracellular biochemical
reactions. It had been established that via the
activation or deformation of the membrane
molecules and structures mentioned above,
various intracellular signaling pathways are
triggered, which is excellent reviewed by Haga
et al. (2007) and Jufri et al. (2015). Recent
researches demonstrated that noncoding RNA,
including microRNA, long noncoding RNA
(lncRNA), and circular RNA (cirRNA), may also
participate in the mechanobiological regulation
of vascular homeostasis and remodeling via
posttranscriptional epigenetic regulations.
Noncoding RNA-based therapies represent one
of new frontier in the clinical development of
targets and biomarkers of human cardiovascular
diseases (Zhou et al. 2014). However, there are
still many unknown areas in the research of
noncoding RNAs under mechanotransduction.
Multiple transcriptional factors, coactivators, or
co-suppressors are involved in the regulation of
noncoding RNA expression under mechanical
regulation which needs to be elucidated. The
unknown area is not only a challenge but also
an opportunity scientists and clinicians need to
work together to overcome the difficulties.

3 Role of Nuclear Envelope
in Vascular
Mechanotransduction

Nucleus is the largest and stiffest organelle in
most cells, which plays an important role in hous-
ing and protecting the genetic information and
serving as the site of DNA and RNA synthesis,
transcription, and processing, as well as coordi-
nating the intricate cellular architecture (Caille
et al. 2002). As mentioned above, there are vari-
ous mechanosensors in the membrane of vascular
cells which transduce the mechanical stresses
from the environment, including ECM and blood
flow, to intracellular biochemical signals and sub-
sequently transmit the related information into
the nucleus. Cells under mechanical stimuli show
altered cell signaling and cytoskeletal reorgani-
zation leading to changes in cellular phenotype
ultimately. During recent years, the direct roles
of nucleus especially the role of nuclear envelope
(NE) in mechanosensing and mechanotransduc-
tion have gained more and more attention. Nu-
cleus is also the force-responsive element, and
the mechanical environment not only affects the
position of nucleus in the cell but also affects the
subnuclear structures and changes in subnuclear
movement (Booth-Gauthier et al. 2013).

NE is the physical barrier between the cy-
toplasm and the genome and is composed of
two lipid bilayers, i.e., inner nuclear membrane
(INM) and outer nuclear membrane (ONM), nu-
clear membrane proteins, nuclear pore complexes
(NPCs), as well as the nuclear lamina (Shah et al.
2017) (Fig. 3a). The INM and ONM, extensions
of the rough ER, fuse at the NPCs and delin-
eate a periplasmic space, which is continuous
with the ER lumen. NPCs mediate the selective
transport of macromolecules and the diffusion of
small substances between the nucleoplasm and
cytoplasm, like gatekeepers of the nucleus (Shah
et al. 2017; Ungricht and Kutay 2017). In contrast
to the understanding of the exchange of different
sizes of molecules via NE, the role of NE in
mechanotransduction and gene regulation is far
from clear. LINC complexes, the nuclear mem-
brane proteins which across the nuclear mem-
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Fig. 3 Schematic diagram of the roles of NE in vas-
cular mechanotransduction. (a) The schematic diagram
of the components of NE that may be involved in the
mechanotransduction in response to mechanical forces.
(b). Low shear stress (0.5 Pa) represses the expressions
of Nesprin2 and Lamin A, which impact the activations
of transcription factors AP-2, TFIID, and Stat1, 3, 5, and
6, respectively; then regulate the mRNA levels of their
downstream target genes; and induce the proliferation

and apoptosis of ECs eventually. (c) Pathological cyclic
stretch depresses the expression of Emerin and Lamin
A/C, which bind to specific motifs in the DNA segments,
respectively; decrease the binding of Emerin to promoter
regions of E2F1, IRF1, KLF4, and SP1 and the binding of
Lamin A/C to the promoter regions of E2F1, IRF1, KLF4,
KLF5, SP1, and STAT1; and eventually induce VSMC
proliferation [modified from (Han et al. 2017)]

brane and physically connected with both cy-
toskeleton and the nuclear lamina which form
the scaffold beneath the INM. Recent researches
suggested that LINC and nuclear lamina are two
crucial parts of NE that may participate in the
direct force transmission from the environment
to the nucleus.

3.1 LINC Complexes in
Mechanotransduction

Cytoskeleton is the major determinant of the
physical and mechanical properties of a cell
and mediates its responses to respective cues
from the surrounding. All cytoskeletal polymers,
including actin filaments, microtubules, and
intermediate filaments, can connect to the NE
via LINC complexes (Spichal and Fabre 2017).
These physical connections of LINC complexes
allow the direct transfer of mechanical signals
along the cytoskeletal into the nucleus, and the
components of LINC complexes may participate
in maintaining nuclear and cellular organization
as well as signal transduction (Tapley and Starr
2013).

LINC complexes, conserved from yeast to hu-
man being, are composed of the ONM- and INM-
associated proteins including NE spectrin-repeat

proteins (Nesprins) and Sad1/UNC-84 (SUN)
proteins (Rothballer and Kutay 2013; Tapley and
Starr 2013). Nesprins reside at the ONM and
associate with all three kinds of cytoskeleton,
i.e., actin filaments, microtubules, and interme-
diate filaments. The transmembrane structure of
Nesprins provides a physical link which con-
nects with cytoskeletal filaments on the cyto-
plasm side and with SUN proteins on the nu-
cleoplasm side via Klarsicht, Anc-1, and Syne
homology (KASH) domain, which is a 30-amino
acid typically ending with the conserved motif,
PPPX or PPPT (Hieda 2017).

The acronym KASH is derived from the
conservation of the same domain in Klarsicht
from D. melanogaster, ANC-1 from C. elegans,
and Syne homology from mammals. Human
genome contains six genes encoding proteins
consisting KASH domain, and four of them are
Nesprins (Nesprin1–4) (Rajgor and Shanahan
2013). Compared with Nesprin 4, Nesprin 1–
3 are widely expressed in most cells. Nesprins
have been shown to regulate cellular responses
to mechanical forces. For example, Nesprin1
knockdown increases the number of focal
adhesions and substrate traction while decreases
the speed of EC migration induced by cyclic
strain, accompanied by abnormal adhesion,
migration, and cyclic strain-induced reorientation
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(Chancellor et al. 2010). Recent study reported
that Nesprin2 is sensitive to the fluid shear
stress and closely related to EC functions. Low
shear stress application represses expression of
Nesprin2 which subsequently modulates the
activation of some key transcription factors,
then regulates the expressions of their target
genes, and eventually increases both the
proliferation and apoptosis of ECs (Fig. 3b)
(Han et al. 2015). The physical link among
the cytoskeleton-Nesprins-SUN is crucial for
correct mechanotransduction, and the disruption
of Nesprin-SUN complexes significantly reduces
the force transmission from the cytoskeleton to
nucleus, which perturbs the mechanical control
of cell differentiation and abrogates the stretch-
induced proliferation (Lombardi et al. 2011).

SUN proteins are firstly defined as a domain of
shared homology between Sad1 in Schizosaccha-
romyces pombe and UNC-84 in Caenorhabditis
elegans and are conserved across eukaryotes.
Most SUN proteins contain a short coiled-coil
domain that aids in dimerization or multimeriza-
tion; meanwhile, the nucleoplasmic domain of
SUN proteins interacts with nuclear lamina and
chromatin-binding proteins (Bone et al. 2014).
SUN proteins are at least one transmembrane
protein specifically localized to the INM. Both
human and mouse genomes encode at least six
SUN proteins, in which SUN1 and SUN2 are
widely expressed, whereas the other SUN pro-
teins, SUN3 and SPAG4, appear to be expressed
in a limited amount of tissues (Tapley and Starr
2013). The direct interactions between SUN pro-
teins and KASH domain across the NE pro-
vide the core of linkers of the nucleoskeleton
to the cytoskeleton and physically connect the
nucleus interior to cytoskeletal networks. Re-
moving of SUN1 weakens the nucleoskeleton,
which reduces the mechanical forces transferred
to nuclear (Starr 2012). Brosig et al. had proved
that dominant negative Nesprin and SUN pro-
tein constructs enhanced transcriptional activity
of NFκB, suggesting the degradation of nuclear
LINC complexes contributes to conformational
changes in chromatin structure and organization
and then modulates transcription factor binding
or transcriptional processes (Brosig et al. 2010).

Except the direct mechanical transmit
effect of LINC complexes, the components
of the complexes also play crucial roles in
maintaining the structural integrity of nucleus.
The transmission electron microscope (TEM)
analysis revealed that either Nesprin2 or A-type
lamin knockdown results in the degradation
of NE phospholipid bilayer, suggesting that
Nesprin2 and A-type lamins have essential roles
in maintaining NE stability and normal structure
(Han et al. 2015).

3.2 Lamina in
Mechanotransduction

The nuclear lamina forms a mesh-like network
of intermediate filaments localized mainly be-
neath the INM and plays a major role in main-
taining the mechanical stability and shape of
the nucleus (Goldman et al. 2002; Swift et al.
2013). There are four isoforms of lamins in mam-
malian cells: A-type lamins including LaminA
and LaminC which are splice variants encoded
by the LMNA gene and B-type lamins including
LaminB1 and LaminB2 encoded by LMNB1
and LMNB2 genes, respectively (Goldman et al.
2002; Holaska 2008). Lamins are absent from
unicellular organisms and plants, but all meta-
zoan cells express at least one kind of B-type
lamins. B-type lamins are essential proteins that
are expressed in all cells throughout develop-
ment, whereas A-type lamins are expressed only
in differentiated cells (Dechat et al. 2008). The
differential expression patterns of lamins suggest
that A-type lamins may be important for inducing
or maintaining the differentiated state. Recently,
the differential expression of A-type lamins has
been detected in cells subjected to different kinds
of mechanical stimuli and shown to be involved
in differential cellular functions, including DNA
replication and repair, higher-order chromatin
organization, signal transduction, and gene tran-
scription (Dechat et al. 2008; Tzima et al. 2005).
In human mesenchymal stem cells and two can-
cer cell lines, the differentially expressed A-
type lamins can modulate cell migration and
survival (Harada et al. 2014). Swift et al. found
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that LaminA, but not LaminB, is changed by
matrices with different stiffness and participates
in the differentiation of mesenchymal stem cells
induced by the stiffness of culture matrix (Swift
et al. 2013).

Evidence is accumulating that A-type lamins
and associated NE proteins are key regulators
of mechanotransduction. It is supported by
the finding that deficiency of A-type lamins
(LMNA−/−) increases nuclear deformation and
attenuates NFκB-regulated transcription under
mechanical strain, which suggests that deficiency
of A-type lamins is thus associated with both
defective nuclear mechanics and impaired
mechanotransductions (Lammerding et al. 2004).
Furthermore, downregulation of A-type lamins
in ECs facilitates T cell migration through EC
layers, suggesting that regulation of EC nuclear
stiffness by both Lamin A and LaminC may
modulate subendothelial migration of blood-
borne immune cells, which is a key process in
the developing of atherosclerosis (Song et al.
2016). Under pathological cyclic stretch, the
expression of A-type lamins is depressed, which
regulates a sequence-specific binding of A-type
lamins to motifs of specific transcription factors
and ultimately increases proliferation of VSMCs
(Qi et al. 2016). In addition, LaminA is also
involved in force sensing generated from cells
within a tissue in differentiation. Matrix stiffness
directly influenced LaminA protein levels, and
LaminA transcription was regulated by the
vitamin A/retinoic acid pathway with broad roles
in development (Swift et al. 2013).

Emerin is another ubiquitous integral
membrane protein that localizes to the INM and
associates with Nesprin1, Nesprin2, SUN1/2,
and A-type lamins. Emerin has a LEM domain
and therefore binds barrier-to-autointegration
factor (BAF), a conserved chromatin protein
essential for cell division. BAF recruits Emerin to
chromatin and regulates higher-order chromatin
structure during nuclear assembly (Holaska
2008). The mutations in EMD (encoded Emerin)
and LMNA are related to similar diseases,
which are characterized by progressive skeletal
muscle weakening, abnormal fat deposition,
premature aging, and complex cardiac syndrome,

including dilated cardiomyopathy and life-
threatening irregular heart rhythms (Muchir and
Worman 2007). Embryo fibroblasts cultured
from LaminA-deficient mice (LMNA−/−)
(Lammerding et al. 2004) and Emerin-deficient
mice (EMD−/y for males or EMD−/− for females,
EMD located on the chromosome X in human
and mouse) (Lammerding et al. 2005) are both
associated with defective nuclear mechanics and
impaired transcription of mechanically activated
genes. In aorta media, the single nucleotide
mutation of LMNA at G608G decreases the
expressions of mechanotransduction proteins
such as vinculin, transgelin, and vimentin in
VSMCs under high, but not normal, shear stress
(Song et al. 2014). The results of the current
study on the hypertensive animal model and
cultured VSMCs suggest that Emerin and A-
type lamins have protective effects, and the
repressed expressions of Emerin and A-type
lamins by pathologically elevated cyclic stretch
(15% cyclic stretch), which modulates their
binding to the respective sequencing-specific
motifs of transcription factors, induce the VSMC
dysfunctions (Fig. 3c) (Qi et al. 2016). Using
magnetic tweezers, Guilluy et al. introduces
mechanical stretch to the isolated nuclei directly
and revealed that mechanotransduction can occur
within the nucleus that requires intact nuclear
A-type lamins and Emerin (Guilluy et al. 2014).
All these results suggest that both A-type lamins
and Emerin are important mechano-responsive
molecules and modulate the proliferation of
vascular ECs and VSMCs in arterial walls in
response to cyclic strain and shear stress. Other
studies have found that the reduction in A-
type lamins and Emerin reduces the viability
of the nucleus and cytoskeletal microfilaments
and results in a decrease in the activity and
translocation of the transcription factor MRTF-
A which is a kind of cardiomyocyte-related
mechanically sensitive transcription factor that
plays an important role in the development of the
heart (Ho et al. 2013).

All these researches showed that A-type
lamins and Emerin modulate nuclear structure,
which directly affects gene regulation. On the
other hand, NE elements can also interact directly
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with chromosomes or multiple transcriptional
regulators. For example, A-type lamins bind to
pRb, c-Fos, and ERK1/2 (Ho and Lammerding
2012); Emerin interacts with β-catenin, BAF,
and GCL (Wilson and Berk 2010). The results
suggest that the structure of the nucleus, plas-
ticity, and mechanical transmission between the
nucleus and the cytoskeleton compose a complex
intracellular signaling mechanotransduction
network.

4 Summary and Perspectives

Vascular cells sense the extracellular mechanical
stimuli, trigger complex intracellular signaling
networks by mechanotransduction, and then
modulate cell functions. The key point of
mechanotransduction is the mechanosensing
which transfers the outside mechanical stimuli
to the inside biochemical signals. Growing
evidences suggest that except the structures and
molecules on cytomembrane, such as primary
cilium, cell adhesion complex, connection
proteins, as well as ion channels, structures and
molecules associated with nuclear membrane,
especially the LINC complexes and lamina of
NE, also play important roles in sensing the
mechanical environment and regulating multiple
cell functions, including chromatin organization,
DNA replication, and gene transcription.

In recent years, several new processes that are
associated with NE remodeling have been dis-
covered, including NE rupture and repair (Shah
et al. 2017), NE assembly during interphase (Un-
gricht and Kutay 2017), NE autophagy (Dou et al.
2015), and NE mechanotransduction (Aureille
et al. 2017; Osmanagic-Myers et al. 2015). Al-
though in the last decade there are amount of
progresses made in NE mechanotransduction that
different components sense the mechanical force
directly from extracellular environment or via
cytoskeleton, many outstanding questions remain
to be answered. For instance, a recent model
hypothesizes a mirror structure between LINC
complexes in the nucleus and integrin-based ad-
hesions in the cell membrane (Aureille et al.
2017; Osmanagic-Myers et al. 2015); whether

LINC complexes also have an “inside-out” reg-
ulation on the organization and structure of cy-
toskeleton or ECM still needs further demon-
stration. On the nuclear side of NE, researches
revealed that mechanical forces modulate the
binding ability of NE proteins to DNA (Qi et al.
2016); however, the components and structures
involved in the DNA-binding process are still
unclear. Furthermore, the present researches on
mechanotransduction of NE are mainly based on
the 2D culture system and whether the mech-
anisms in 3D system and in vivo situation are
similar or not. So far, many NE proteins still
remain poorly characterized, especially those that
are only expressed in specific tissues.

Deeper researches on mechanotransduction
will shed lights to understand the molecular
mechanisms in both vascular homeostasis and
remodeling; help to reveal the mechanical
basis of cardiovascular diseases on tissue,
cellular, and molecular levels; and might also
provide potentiate novel targets to therapy for
cardiovascular diseases.
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Endothelial Nuclear Lamina
in Mechanotransduction Under Shear
Stress

Julie Y. Ji

Abstract

Endothelial cells that line the lumen of
blood vessels are at the interface between
hemodynamic forces and vascular wall biol-
ogy. Endothelial cells transduce mechanical
and biological signals from blood flow into
intracellular signaling cascades through
a process called mechanotransduction.
Mechanotransduction is an important part of
normal cell functions, as well as endothelial
dysfunction which leads to inflammation
and pathological conditions. For example,
atherosclerosis preferentially develops in
regions of disturbed fluid flow and low
shear stress. The nuclear lamina, which sits
underneath the nuclear envelope, serves to
maintain the nuclear structure while acting
as a scaffold for heterochromatin and many
transcriptional proteins. Defects in lamina
and its associated proteins cause a variety
of human diseases including accelerated
aging diseases such as Hutchinson-Gilford
Progeria syndrome. The role of nuclear
lamina in endothelial mechanotransduction,
specifically how nuclear mechanics impact
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gene regulation under shear stress, is not
fully understood. In one study, lamin A/C
was silenced in bovine aortic endothelial cells
to determine its role in both glucocorticoid
receptor (GR) nuclear translocation and
glucocorticoid response element (GRE)
transcriptional activation in response to its
natural ligand dexamethasone as well as fluid
shear stress. Results suggest that absence of
lamin A/C does not hinder passage of GR into
the nucleus but nuclear lamina is important
to properly regulate GRE transcription.
Ongoing research continues to investigate
how nuclear lamins contribute to endothelial
mechanotransduction and to better understand
the role of Lamin A in vascular aging and in
the progression of cardiovascular diseases.

1 Background

1.1 Introduction to Arterial
Morphology

Cardiovascular biomechanics is focused on un-
derstanding the interaction between mechanical
forces of the vasculature and thephysiology of the
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circulatory system. Human circulation including
the heart and the systemic and pulmonary cir-
culation plays a vital role in ensuring constant
delivery of oxygen and nutrients to all body parts
depending on needs while also removing toxic
waste products from metabolism. The vascular
network is in constant contact with circulating
molecular signals in blood and vital to commu-
nication and transport between different organs
and parts of a body. It is also the first layer
or protection against any blood-borne pathogens.
The organized structure and properties of the
vascular network are optimized to carry out this
vital function. The pumping of the heart drives
blood flow through the network of blood vessels,
and the hemodynamic forces of blood flow are
continuously impacting the vessel walls. On the
other hand, the physiology of the vessel structure
is designed to adapt and react to mechanical stim-
uli from its environment. Therefore, the blood
vessel network must integrate biochemical and
mechanical signals as part of its normal func-
tions. To understand how blood flow impacts the
biomechanics of the vasculature, we need to un-
derstand the basic structures of the arterial wall.

The arterial wall can be considered as a three-
layer structure. The innermost layer that is in di-
rect contact with blood flow is the intima, which
contains a single layer of endothelial cells that
sit on top of a thin layer of basement membrane
consisting of elastin, collagen, and laminin fibers.
This layer of endothelium is extremely important
because it serves as the interface for exchange
of nutrients, sugar, hormones, electrolytes, and
other important molecules between blood and the
tissues beyond. It is also a target for penetration
by blood-borne pathogens and for drug deliv-
ery, all while under the hemodynamic forces of
blood flow. Endothelial cells therefore play many
roles. They act as a medium of transport, with
select permeability, from blood to tissues; they
are susceptible to hormones and other signaling
molecules distributed by blood; and they are con-
stantly exposed to mechanical forces due to pul-
satile blood flow. The middle layer is the media,
which consists mostly of vascular smooth muscle
cells (VSMC) with different elastin and colla-
gen contents. The smooth muscle cells actively

regulate blood vessel width by contracting and
relaxing in response to signaling molecules such
as nitric oxide, thereby modulating the amount
of blood flow entering the subsequent regions.
The outermost layer is the adventitia, containing
mostly fibroblasts and other connective tissues
that help attach a vessel to its immediate envi-
ronment. Embedded throughout these layers are
various amounts of elastin, collagen, and extra-
cellular matrix that help yield different mechani-
cal properties for each layer.

In order to provide blood supply through-
out a body, the arterial vessel network ranges
in size from aorta, which is a few centimeters
in diameter, down to capillaries that are wrap
around a single red blood cells. Wall thickness
and composition of muscle and elastic fibers
vary greatly depending on location. The primary
connective tissue fibers in the arterial wall are
elastin and collagen. The elastic modulus of col-
lagen fiber is typically an order of magnitude
higher under physiological conditions than that
of an elastin fiber (Shadwick 1999). Elastin is
easily stretched, while collagen fibers are stiffer
and form networks throughout the media and
adventitia layers. Together elastin and collagen
fibers in the vascular wall produce a nonlinear
deformation response to transmural pressures. A
combination of tensile and compressive forces
within the vessel wall results in residual stress
native to a living vessel tissue, which is part of the
vessel remodeling process in response to blood
pressure. VSMC themselves are active partici-
pants of vessel wall mechanics. They relax or
contract under physiological signals as a way to
help modulate vessel diameter. Changes in vessel
diameter are directly related to volumetric flow
rate and tissue resistance to flow. Thus, the media
and adventitia layers are primarily responsible
for structural and mechanical support of the ves-
sel wall against continuous hemodynamics forces
of blood flow. The single lumenal endothelial
layer does not contribute to the mechanical prop-
erties of the vessel wall but is instead an active
interface for signaling and transport. Endothelial
to VSMC signals, for example, include as nitric
oxide (NO) a potent vessel dilator. Activated
endothelial cells in response to inflammation help
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recruit neutrophils and other immune cells that
infiltrate into tissues toward sites of inflamma-
tion. Endothelial cells are also first barrier to
transport of drugs delivered to circulation. Thus
the layers of vessel wall have distinct functions
that work together to maintain optimal vascular
condition under homeostasis.

1.2 Atherosclerosis
and the Endothelium

Cardiovascular disease is the leading cause of
death in developed countries. Atherosclerosis is a
chronic inflammatory disease that develops over
time in adults, with common risk factor such
as poor diet, sedentary lifestyle, smoking, and
age. It is initiated with the progressive buildup
of oxidized low-density lipoproteins (LDL) in
the arterial walls (Ross 1999). In the vascular
networks, localized differences in hemodynamic
forces that impact endothelial cells contribute
to plaque formation. Reversing, disturbed flow
patterns with low or alternating shear stress levels
over time tend to promote an inflammatory en-
dothelial expression profile, leading to endothe-
lial cell dysfunction. These cells with activated
inflammatory response cascades enhance further
accumulation of LDL, as well as cholesterol and
fats, underneath the endothelium. These pockets
of reversing or low levels of flow and shear
stress are also where disease-causing agents can
accumulate, leading to increased mass transfer
across the endothelium by diffusion. Any en-
dothelial damage or disruption can also cause
inflammatory response and infiltration of LDL
and cholesterol. LDLs in subendothelial space
become oxidized (ox-LDLs) and trigger the re-
cruitment and infiltration of monocytes, which
turn into macrophages. As these cells continue
to accumulate LDL, they become foam cells.
Eventually, smooth muscle cells (SMC) infiltrate
and form a cover of fibrous tissue over the in-
flammation site as the lesion in the arterial wall
is developed into an atherosclerotic plaque. The
thickness of the SMC layer and its extracellular
matrix changes over time, and rupture of this

fibrous cap would result in an acute thrombotic
event, resulting in heart attack or stroke.

Healthy functioning endothelium ensures
proper circulation to tissues, delivery of oxygen,
nutrients, and drugs, provides first line of
defense against pathogens, and helps fight
infections and inflammations. On the other
hand, endothelial cells of the vessel wall also
play an important role in the initiation and
progression of atherosclerotic lesions (Teichert
et al. 2008). Progression of vascular disease
often begins with endothelial dysfunction. The
endothelium has been an important topic of
research on vascular physiology in part because
of its important role in modulating the effects
of both biological signals and mechanical
stress from hemodynamics. Endothelial cells
respond differently to their local hemodynamic
environment and the corresponding mechanical
stresses due to blood flow. As a result, they play
an important role in help preventing or promoting
the development of atherosclerotic plaques.

1.3 Hemodynamics of Blood Flow
and Shear Stress

The heart works to pump blood throughout the
circulation system. The pressure pulse of each
heartbeat is largest at the aorta or larger arter-
ies and dissipates down to descending arteries
before reaching around zero in the capillaries.
The structure of the arterial wall is designed to
withstand each pressure pulse. Pumping of the
heart is pulsatile in nature. With each heartbeat,
the vessel wall is extended in the radial direction
as forces of blood flow passes in the tangential
direction. The mechanical stress generated by
blood flow, in unit of force per area, is in two
directions: either perpendicular (circumferential
direction) or tangential (axial direction) to the
vessel wall (Fig. 1A). The circumferential stress
is due to blood pressure acting on the perimeter
of the vessel wall, resulting in circumferential
stretch. The axial stress, or shear stress, is the
frictional force from blood flow parallel to the
endothelium. Shear stress acts parallel to the ves-
sel wall and is a result of blood viscosity and the
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Fig. 1 (A) Diagram of hemodynamic forces from blood
flow on the vessel wall. Shear stress is tangential to vessel
wall, while pressure is perpendicular. (B) Cell structure
at the nucleus. Then nuclear lamina sits underneath the
nuclear envelope. (C) Top: schematic drawing of typical
lamin structures, including a highly conserved α-helix rod
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lated (c), which produces mature B-type lamins. Mature
lamin A will be generated after the last 15 amino acids
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velocity gradient at the wall. These stresses are
constantly being experienced by the endothelium
on the lumen side and play an important role
in the morphology, expression, and signaling of
these cells. Exposure to shear stress is an integral
part of basic functions of the endothelium. Imag-
ine blood vessels to be a system of soft flexible
cylindrical tubes. Then the complex geometry
of the vasculature, with all its curvatures and
bifurcations and other irregularities, will create
distinct localized flow dynamics that will results
in shear stress of varying magnitude and direction
(Malek et al. 1999).

In particular, shear stress in straight section of
the vasculature tend to be one-directional, con-
stant, and higher in magnitude, between 10 and
70 dynes/cm2 (Malek et al. 1999). High uniform
shear stress is associated with a protective effect
on endothelial cells, and these areas are more
likely to stay free of pathological blockages. On
the other hand, when blood flows into curved or
branching sections, the hemodynamics changes
significantly. As flow bends and curves, shear
stress experienced by endothelial cells is more
varied in direction and magnitude, as uniform
flow becomes disturbed flow. Low shear stress
(<5 dynes/cm2) that is oscillating or reversing
in direction is observed at curved or bifurcation
sections, and the endothelium at these area has
significantly different responses. The sections of
the vasculature, around branching or bending
points, are preferred sites for disease pathologies
such as plaque formation and atherosclerosis.
The endothelium at these sites under low or
reversing flow tends to have completely different
morphologies from those at straight sections.
Moreover, these endothelial cells tend to pro-
inflammatory and pro-atherosclerotic expression
profiles, resulting in cellular damage under shear
stress and possibly contributing to vascular dis-
eases.

1.4 Shear Stress and Endothelial
Cell Response

In general, endothelial responses to unidirec-
tional steady laminar shear stress are very differ-
ent from low, oscillatory shear stress. There is a

significant body of work with extensive research
on the different ways endothelial cells respond to
mechanical stresses. Because endothelial cells sit
at the interface between blood flow on the lumen
side and the vessel wall tissues underneath, they
are responsible for a variety of effects described
as mechanotransduction. As the name implies,
mechanotransduction is the translation of me-
chanical signals (such as shear stress, pressure, or
environmental mechanical properties) into bio-
chemical or biological responses in endothelial or
other vascular cells.

The effect of shear stress on endothelium is
an integral part of maintaining and modulat-
ing homeostasis in the vasculature. Fluid shear
stress, at varying magnitude and direction, affects
both normal and pathological endothelial func-
tions, for example, in atherosclerosis pathology.
In in vitro studies, shear stress between 10 and
25 dynes/cm2 is commonly used for high shear
stress. On the other hand, low shear stress of
<5 dynes/cm2) is used in oscillating or disturbed
flow conditions (Chien 2007).

Endothelial gene expression profiles in vivo
at regions of undeveloped or disturbed flow or
developed or laminar flow were examined using
gene microarray analysis. Cells were extracted
from adult male pigs, at regions such as inner
curvature of the aortic arch, where disturbed flow
is present, and the descending thoracic aorta,
where more laminar flow exists. Using reverse
transcription polymerase chain reaction (RT-
PCR) to amplify endothelial RNA samples, and a
nearly 2000 gene microarray analysis, Passerini
et al. identified specific gene expression profiles
at these different regions. Low shear or oscilla-
tory flow promotes an atherogenic endothelial
phenotype with increased endothelial cell
turnover and proliferation (Davies et al. 2002;
Volger et al. 2007). Upregulated inflammatory
cytokines were confirmed in the disturbed flow
region. Similarly, there was an enhanced apopto-
sis and antioxidative transcription profile present
in the disturbed flow regions (Passerini et al.
2004). Thus, endothelial mechanotransduction
generally follows the paradigm that oscillating,
reversing, and low shear stress tend to be
associated with regions preferential to developing
atherosclerosis, while laminar, uniform, high
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levels of shear stress tend to be protective against
atherosclerotic plaque formation.

1.5 Shear Stress and Endothelial
Cell Signaling

Fluid shear stress influences endothelial cell phe-
notypes and functions, and mechanotransduction
is carried out via a myriad of signaling path-
ways in endothelial cells. Some key findings are
summarized in Table 1. Endothelial responses
to shear stress can be categorized as immediate

(rapid release of nitric oxide, NO (Kuchan and
Frangos 1994)), short-term (upregulation of tis-
sue plasminogen activator (tPA) gene (Diamond
et al. 1990)), or long term. Sustained exposure to
shear stress leads to endothelial cell realignment
in the direction of flow and changes in struc-
tural organization, mechanical properties, and
nuclear activities (Dewey et al. 1981). Endothe-
lial mechanotransduction involves a variety of
signaling molecules such as heat shock proteins,
transcription factors, mitogen-activated protein
kinases (MAPKs), and phosphoinositide 3 (PI3)
kinase (Tseng et al. 1995). Ongoing research
is mapping out the shear-induced endothelial

Table 1 Cellular response to laminar flow profile vs. disturbed flow profile

Laminar
flow—physiological shear
stress (≥ ∼10 dyne/cm2)

Disturbed flow—low,
oscillatory shear stress
(0–4 dyne/cm2)

Endothelial cell
response Key signaling constituents

Cell response compared to static state conditions (no
fluid flow)

Apoptosis Various activation pathways (Kaiser
et al. 1997; Masuda et al. 1989)

Decreased Increased

Proliferation Cell division and vascular wall
remodeling (Malek and Izumo 1994)

Decreased Increased

Adhesion Vascular cell adhesion molecule 1
(VCAM-1) (Ando et al. 1994;
Hishikawa et al. 1995; Shyy et al.
1995)

Decreased Increased

Vascular constriction Endothelin 1 (ET-1) (Hishikawa et al.
1995; Malek and Izumo 1992)

Decreased Increased

Vascular dilation Endothelial nitric oxide synthase
(eNOS) (Fleming et al. 1997; Palmer
et al. 1988; Ranjan et al. 1995)

Increased Decreased

Anti-oxidative
response

Cyclooxygenase 1 (COX-1) and Mn
superoxide dismutase (Mn SOD)
(Topper et al. 1996)

Increased Decreased

Inflammatory
response

Monocyte chemotactic peptide 1
(MCP-1) (Korenaga et al. 1997)

Decreased Increased

Thrombosis
mediators

Tissue plasminogen activator (TPA)
(Diamond et al. 1989; Malek and
Izumo 1994)

Increased Decreased

Growth mediators Platelet derived growth factor (PDGF)
A or B (Malek and Izumo 1994,
Resnick et al. 1993; Shyy et al. 1995)

Decreased Increased

Growth mediators Growth inhibitor—transforming
growth factor β1 (TGF-β1) (Ohno et
al. 1995)

Increased Decreased

Alignment/shape Cell motility and focal adhesion
kinase (FAK) (Dewey et al. 1981,
Gimbrone et al. 1997, Zebda et al.
2012)

Aligned w/flow
direction—elongated

No
alignment—Random,
polygon
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pathways and their interplay with other cellular
processes such as apoptosis.

In arterial regions susceptible to atheroscle-
rotic lesions, inflammatory, thrombotic, and
proliferative genes are upregulated (Malek et
al. 1999). Low shear stress in these regions
changes endothelial expression and increases cell
turnover. Increased apoptosis disrupts the local
endothelial layer and exposes the underlying
layers to lipid accumulation and inflammation
(Volger et al. 2007; Davies et al. 2002).
Studies have identified various key signaling
molecules that respond to endothelial shear,
although their specific role in apoptosis and
atherosclerosis remains ambiguous (Diamond
et al. 1990; Kaiser et al. 1997; Passerini et al.
2004). One key mechanotransduction element,
MAPK, is also transiently activated in immune
response cascades by inflammatory cytokines
such as those found in regions of low shear
stress (Shyy et al. 1995). Tissue necrosis
factor α (TNFα) and interleukin (IL) 1β are
inflammatory cytokines that regulate endothelial
responses. Cytokine induction of endothelial
cells stimulates MAPKs such as c-Jun N-
terminal kinase (JNK), extracellular signal-
regulated kinase (ERK), and p38 proteins that
play a significant role in mediating inflammatory
responses including apoptosis.

Alternatively, high laminar shear stress was
shown to inhibit cytokine activation of key
MAPK signaling constituents. For example,
shear stress phosphorylates MAPK which results
in the activation of (ERK). Surapisitchat et al.
confirmed that laminar shear stress inhibits
downstream inflammatory signaling in endothe-
lial cells (Surapisitchat et al. 2001). For each
experiment, laminar shear stress (12 dynes/cm2)
was applied for 10 min followed by a 15 min
cytokine, TNFα (10 ng/mL), incubation of
sheared human umbilical vein endothelial cells
(HUVECs). Shear stress alone was shown to
stimulate ERK and p38 activity, while JNK
expression was decreased compared to non-
sheared controls. Furthermore, theexposure

of shear stress decreased JNK expression by
nearly 46%, while ERK and p38 activation
under cytokine induction was not significantly
affected by shear (Surapisitchat et al. 2001).
This study highlights a key role of laminar shear
stress in mitigating downstream inflammatory
response stimulated by cytokine exposure.
Mitogen-activated protein kinase phosphatase 1
(MKP-1) is a negative mediator of inflammatory
signals and dephosphorylates both p38 and JNK.
Laminar shear increased MKP-1 expression and
downregulated vascular cell adhesion molecule
1 (VCAM-1) expression in HUVECs. These
findings suggest that laminar shear stress
induced MKP-1 expression to suppress JNK
and p38 MAPK expression, both of which
were stimulated by inflammatory cytokines.
These studies emphasize the importance of
laminar shear stress in suppressing inflammatory
responses, which also overlaps with endothelial
apoptosis signaling cascades.

At the same time, the endothelium is
susceptible to signaling molecules and hormones
circulating in blood. Endothelial cells possess a
family of nuclear hormone receptors including
the glucocorticoid receptor (GR) (Eickelberg
et al. 1999). The anti-inflammatory effects of
glucocorticoids such as dexamethasone on the
endothelium suggest a protective role against
development of atherosclerosis (Brostjan et al.
1997). Following ligand binding, the GR recep-
tors undergo conformational changes, dimeriza-
tion, and translocation from the cytoplasm to the
nucleus, where they bind to specific DNA se-
quences (e.g., glucocorticoid response elements,
GRE) to regulate genes via transactivation or
transrepression (Zanchi et al. 2010). In fact, shear
stress alone activates nuclear transport of GR and
the GRE transcription pathway, through pro-
cesses that were sensitive to mitogen-activated
protein kinase (MAPK) and phosphatidylinositol
3-kinase (PI 3-kinase) inhibition (Ji et al. 2003).
Arterial hemodynamic force may prove as potent
as Dex in steroid-independent GR activation,
further emphasizing the connections between
shear stress, inflammation, and athero-pathology.
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1.6 Nuclear Lamina

The nucleus is the biggest and most important
organelle inside a cell, and its role in endothe-
lial mechanotransduction can be potentially two
parts: structural and mechanical as well as in
regulating transcription or other signaling path-
ways. The nucleus is separated from the cyto-
plasm by the nuclear envelope (NE), which is
composed of outer nuclear membrane (ONM)
and inner nuclear membrane (INM) connected
by nuclear pore complexes (NPCs) (Burke and
Stewart 2013). Just beneath the nuclear envelope
is the nuclear lamina, a dynamic network of
lamin polymers and lamin-associated proteins
(Gruenbaum et al. 2005). Lamins are type V
intermediate filament (IF) proteins that form a
filamentous network. Besides giving the nucleus
structural support, the nuclear lamina is also
home to a family of nuclear proteins that partici-
pate in chromatin organization, DNA replication,
and repair, as well as gene regulation through
interactions with peripheral heterochromatins or
transcription factors (TFs) (Ho and Lammerding
2012; Gruenbaum et al. 2005). As a result, lamins
also have a significant role in regulating epi-
genetic events. Furthermore, the nuclear lamina
also links the cytoskeleton through nesprin and
SUN proteins in the linker of nucleoskeleton and
cytoskeleton (LINC) complex (Wilson and Berk
2010; Hutchison 2002; Crisp et al. 2006).

There are two types of lamins, A-type lamins
and B-type lamins, according to their isoelectric
values, (Krohne and Benavente 1986) that have
similar protein structures. There is a highly con-
served central rod domain which forms parallel
coiled-coiled homodimers. The N-terminal head
is short and globular, while long C-terminal tails
of dimers join longitudinally to form polymers
in vivo (Ho and Lammerding 2012; Kolb et al.
2011). Final lamin filaments are typically 10 nm
in diameter (Dittmer and Misteli 2011) (Fig.
1B). There are three Lamin genes in mammals:
LMNA, LMNB1, and LMNB2. LMNA encodes
A-type lamins that have at least two major iso-
forms (Lamin A and Lamin C) and two minor
forms (A�10 and Lamin C2) by alternative splic-
ing (Wydner et al. 1996). B-type lamins, B1 and

B2, are encoded by LMNB1 and LMNB2, re-
spectively (Alsheimer et al. 2000; Biamonti et al.
1992; Burke and Stewart 2013). It is thought that
A-type lamin, or lamin A/C, is a greater contrib-
utor to maintaining nuclear shape and stiffness,
since deletion or mutation of lamin A/C resulted
significantly distorted nuclei morphology as well
as phenotypes (Lammerding et al. 2006). Lamin
A is first transcribed as prelamin, the lamin A
precursor, which has a CAAX motif at carboxyl-
terminus, where the cysteine is farnesylated by
farnesyltransferase (FT) after protein synthesis
to facilitate its localization at nuclear envelope.
Next, the -aaX residues are hydrolyzed by a
zinc metallo-endoprotease (Zmpste24 or FACE-
1) on prelamin A. The farnesylated cysteine is
methylated afterward. B-type lamins have per-
manently farnesylated tails. In prelamin A, the
last 15 amino acids (including the farnesylated
cysteine) is removed by Zmpste24, resulting in
mature Lamin A (Burke and Stewart 2013).

1.7 Laminopathies

Mutations of the Lamin protein cause a wide
range of human diseases called laminopathies
(Bonne et al. 1999; Bione et al. 1994; Fatkin
et al. 1999; Cao and Hegele 2000; De Sandre-
Giovannoli et al. 2002; Eriksson et al. 2003).
Laminopathies cover a multitude of overlapping
phenotypes, including loss of skeletal and car-
diac muscle tissues and subcutaneous adipose
tissue, such as Emery-Dreifuss muscular dystro-
phy (EDMD) and Dunnigan-type familial par-
tial lipodystrophy (FPLD), as well as peripheral
nerve dysfunctions, such as Charcot-Marie-tooth
disease (CMT). Cells from patients with Lamin
A/C mutations that cause muscular disorders had
abnormal and disrupted lamina network resulting
dramatically distorted nuclei. Instead of being
circular in shape, these nuclei look distorted, flat-
tened, with blebbings. The distorted nuclei could
contribute to their increased mechano-sensitivity
to stresses, and that might partially explain sig-
nificant damages in skeletal and cardiac muscles
that are often exposed to more stress in vivo
(Muchir et al. 2007).
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One type of laminopathy, Hutchinson-Gilford
progeria syndrome (HGPS), is a disease caused
by a point mutation in lamin A gene, which leads
to premature aging in children (Butin-Israeli et
al. 2012; Gruenbaum et al. 2005; Hutchison and
Worman 2004). In HGPS, a rare point muta-
tion on the lamin A gene LMNA G608G un-
veils a cryptic splice site that eventually yield
a truncated and farnesylated prelamin mutant
form called progerin (�50 lamin A). HGPS cells
were reported to have missense mutations on
exon 11 on LMNA that create a cryptic splice
site responsible for the deletion of 50 amino
acids near C-terminus, resulting in an absence
of the recognition site of Zmpste24 for the final
15 amino acid removal on prelamin A. This
lack of posttranslational modification will lead to
the generation of a truncated prelamin A called
progerin that has permanently farnesylated tail.

Except for the resemblance in appearance be-
tween patients with progeroid syndromes (mainly
HGPS) and elderly people, they also share sim-
ilarities at cellular level that include increased
DNA damage, defects in DNA repair, and short-
ened telomere length, which significantly impair
cell proliferation capacity (Dreesen and Stewart
2011). More importantly, they are both prone
to developing advanced atherosclerotic lesions,
although the extensive loss of smooth muscle
cells (SMCs) in arteries and thickened adven-
titial fibrosis in veins were only observed in
HGPS patients than in elderly people (Olive et
al. 2010). Children with HGPS exhibit prema-
ture signs of aging and typically die in their
teens from myocardial infarction or stroke from
advanced atherosclerosis typical of much older
people (Scaffidi et al. 2005). HGPS patients de-
velop signs of old age early in life, such as hair
loss, hard skin, and lipoatrophy (Scaffidi et al.
2005). On the other hand, they are without other
typical symptoms of aging such as cataracts, can-
cer, osteoporosis, or mental deterioration (Hen-
nekam 2006). High blood pressure and difficulty
to control blood pressure starts early in life,
and their cholesterol levels are at the high adult
levels (Stehbens et al. 1999). Cells with progerin
demonstrate abnormal nuclear shape and mor-
phology. Interestingly, progerin is also found in
healthy older individuals whose cells also exhibit

abnormal nuclear shape like HGPS cells (Scaffidi
and Misteli 2006).

The characteristics of vascular dysfunction in
HGPS are strikingly similar to those developed
with normal aging. Despite their age, lack of
family history, and other risk factors such as
smoking or diet, they develop an aggressive form
of atherosclerosis. In the cardiovascular system,
HGPS is marked by gradual disappearance of
VSMC, increased collagen deposits, and harden-
ing of the arteries (Merideth et al. 2008). Other
similarities between HGPS and aging vessels
include expression of inflammatory markers, ar-
terial calcification, extracellular matrix (ECM)
deposition, media and adventitia thickening, in-
creased senescence, and loss of VSMC (Brassard
et al. 2016). However, in HGPS, intimal lesions
are often fibrotic and acellular, and HGPS pa-
tients had significantly greater VSMC depletion
in media layer where disorganized type I collagen
and fibrous tissue are found instead (Olive et al.
2010), which likely contribute to an increased
vessel stiffness. Interestingly, the endothelium in
HGPS patients or mice is less affected by HGPS
and remains mostly intact (Varga et al. 2006).

Disease mechanisms of laminopathies respon-
sible for tissue-specific phenotypes are not fully
characterized. Two interrelated hypothesis have
been proposed. Lamin mutations either lead to
a more fragile nucleus, resulting in increased
susceptibility to mechanical forces (structural hy-
pothesis) or disrupt gene transcriptional regula-
tion (gene regulation hypothesis). Research on
the disease mechanisms of laminopathies sug-
gests a crucial role for lamins as a load-bearing
structure necessary for withstanding mechanical
stresses to the nucleus and structural integrity
and normal nuclear mechanics (Lammerding et
al. 2004; Dahl et al. 2008). (Lammerding et
al. 2004, 2006). Endothelial cells of patients
with laminopathies show hindered regeneration
after injury, resulting in suboptimal intimal in-
tegrity (Al-Shali and Hegele 2004). While long-
term sustained exposure to shear stress leads to
both endothelial cell realignment with flow and
changes in structural organization, mechanical
properties, and nuclear activities (Dewey et al.
1981), the role of lamins in endothelial mechan-
otransduction is not yet fully understood. Ongo-



92 J. Y. Ji

ing research continues to reveal the correlations
between truncated prelamin A and normal aging
process, which might shed light on discovering
aging mechanisms and treatments for those pa-
tients suffered from accelerated aging diseases.
(Cao et al. 2011; Yang et al. 2006).

2 Using Image Analysis Tools
to Study Endothelial Nuclear
Lamina
in Mechanotransduction

2.1 Introduction

The rest of this chapter will highlight a study on
mechanotransduction in endothelial cells at the
nucleus (Nayebosadri et al. 2012; Nayebosadri
and Ji 2013). This study demonstrates the
ability of mechanical stress to induce ligand-
independent receptor activation, nuclear import,
and subsequent gene activation. Endothelial
cells, as do most cell types, possess nuclear
receptors such as the glucocorticoid receptor
(GR) (Eickelberg et al. 1999) that respond to
steroid hormones under physiological conditions.
GR is part of the superfamily of nuclear receptors
that function as DNA-binding, transcription
regulators. Following passive transport through
the cell membrane, glucocorticoids such as
Dex bind to GR and initiate conformational
change, dimerization, and release of heat shock
proteins. GR has also been shown to become
activated in a ligand-independent manner via
phosphorylation of specific serine residues at
the N-terminus by ERK, MAPK, glycogen
synthase kinase-3, and protein kinases A and
C (Adcock 2001; Adcock and Caramori 2001;
Itoh et al. 2002). Subsequently, GR’s nuclear
localization signal is exposed which allows the
complex to translocate into the nucleus through
the nuclear pore complex and bind to GRE to
regulate target genes (Barnes 1998). Specifically,
it can induce transcription of anti-inflammatory
genes via a process known as transactivation
or suppress inflammatory gene expression by
inhibitory protein-protein interactions, referred
to as transrepression (Beck et al. 2009).

As discussed above, the lamina serves as a
scaffold for nuclear proteins, influences gene
expression, supports chromatin organization and
DNA replication, and links the cytoskeleton
through nesprin and SUN proteins in the LINC
complex (Wilson and Berk 2010; Hutchison
2002; Crisp et al. 2006). Cells with defective lam-
ina demonstrate deformed nuclei, disorganized
heterochromatin, and a defective DNA damage
response pathway (Dahl et al. 2008; Sieprath et
al. 2012). It is hypothesized that signaling cas-
cades are hindered when the lamina is disrupted
and the nucleus becomes fragile and deformed.
Specifically, a defective lamina, cytoskeleton,
and integrin relay may affect the proper trans-
duction of extracellular stress, thus leading to
altered transcriptional regulation or deregulation.

GR has already described as an anti-
inflammatory nuclear receptor that can be
regulated by shear stress (Ji et al. 2003). Using
a unique expectation-maximization algorithm
based on Bayesian statistics, GR subcellular
movement can be quantified based on changes
of fluorescently labeled GR (GFP-GR). An
image analysis process was developed based
on segmentation tools to quantitatively show
the time progression of intracellular GFP-
GR fluorescence. By quantifying minute local
variations in brightness over time as activated
GR moves into the cell nucleus, cytoplasm and
nuclear presence of GFP-GR under chemical
or mechanical stimulation was successfully
tracked over time. Image-based results also
correlated with protein analysis of GR in
the cytoplasm and nuclear fractions. This
method of quantifying intracellular movement
of fluorescently labeled receptors is important
in studies to better understand nuclear receptors
pathways in endothelial mechanotransduction.

2.2 Methods

2.2.1 Cell Culture and Shear Stress
In this study, bovine aortic endothelial cells
(BAEC) were used. Cells at passages 10 or
less were cultured under standard cell culture
conditions and seeded on 38 × 75 mm glass
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slides coated with fibronectin (1 mg/mL),
at density of 5 to 6 × 105 cells per slide.
To prepare cells for experiments, cells were
maintained in in regular growth media with
10% charcoal/dextran-treated fetal bovine serum
(FBS), instead of regular FBS. Charcoal/dextran
treatment ensures removal of hormones and
potential glucocorticoid analogs that would
interfere with background readings. In order
to highlight GR receptors as well as the nuclear
lamina inside cells, cells were transfected with
fluorescently labeled GR and lamin A. In the
GFP-GR plasmid vector, the mouse GR cDNA
N-terminus was fused in frame to the C-terminus
of green fluorescence protein (GFP) (Ji et al.
2003). The pRFP-laminA plasmid contains full-
length human lamin A, placed at the carboxyl-
terminus of the fluorescence tags (Ji et al. 2007).
BAECs on slides were transfected for 4 h with
both pGFP-GR and pRFP-LaminA and allowed
to recover overnight. Alternatively, BAECs were
incubated with blue nuclear chromatin Hoechst
stain (1:1000 dilution) for 15 min for nuclear
fluorescence imaging.

For shear experiments, cells on slides were
placed in parallel plate flow chambers attached
to a sterile, laminar flow system as previously
described (Frangos et al. 1988; Pavalko et al.
2003). Everything is placed in an environmental
chamber kept at 37 ◦C with 5% CO2. The mag-
nitude of shear stress (τ ) on the cell monolayer
is calculated based on the Navier-Stokes equation
for a Newtonian fluid in a parallel plate geometry.
The equation for wall shear stress simplifies to
τ = 6μQ

bh2 , where μ is the viscosity of the media
(0.01 dynes/cm2), Q is the volumetric flow rate
(∼0.5 mL/s), b is the width of the flow chamber
(2.5 cm), and h is the separation distance between
the chamber and the glass slide (0.025 cm).
Using this system, cells were exposed to 10 or
25 dynes/cm2 laminar wall shear stress. Flow
experiments were carried out in regular growth
media (10% charcoal/dextran-treated FBS). For
live cell imaging, the flow chamber is placed
flat on a fluorescence microscope stage enclosed
inside a 37◦C chamber. Phase contrast and fluo-
rescence images were captured through a CCD
camera at 10× or 40× magnification.

2.2.2 Development of Segmentation
Image Analysis Tools

Time-lapse images of live cells under flow or
Dex induction were subjected to quantitative im-
age analysis. The Bayesian-based image analysis
algorithm is a much more efficient, robust, and
consistent way of analyzing fluorescence images
of cells over time compared to current methods
in literature. Statistical Bayesian techniques have
been successfully applied to the segmentation of
medical images with low signal-to-noise ratios
(Marroquin et al. 1987; Chen et al. 2003). Due to
the low signal levels and noise in the fluorescence
imaging, a statistical approach was used to obtain
segmented measurements from the digital image
data. Optimal estimate of both the image segmen-
tation and of the mean and variance of the seg-
mented areas was automatically provided by the
expectation-maximization/maximization of pos-
terior marginal (EM/MPM) algorithm (Chen et
al. 2003).

Briefly, for this application the input images
for the segmentation, denoted here as Y, are
modeled as a signal X, with additive noise:
Y = X + η. This statistical approach treats the
GFP image data as Markov random fields (MRF)
and uses Bayes rule to take advantage of a prior
model. The mathematical formulation begins
with Gaussian iid (independent, identically
distributed) statistics (mean and variances)
for N segmentation classes denoted in a
vector: θ = (μ1, σ 1, μ2, σ 2, . . . , μN , σ N). The
probability mass function for X given the noisy
image Y, pX | Y (x| y, θ ), is iteratively maximized.
The best estimate at each pixel, x̂, of the total
image, X, is developed from Bayes rule.

pX|Y (x|y, θ) = fY |X (y|x, θ) pX(x)

fY (y|θ)

The joint probability density function,
fY | X(y| x, θ ), also called the likelihood function,
is the multiplication of the Gaussians over the
whole set of pixels in the image s ∈ S, where
xs is the segmentation at a particular pixel being
analyzed.

The model for the prior, pX(x), is developed
with two parts. First, a neighborhood is devel-
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oped, denoted as C, containing the four nearest
neighbors to a pixel. Using a counting function,

t (xs, xr) =
{

0∀xr = xs

1∀xr �= xs

}
, the current pixel, xs,

is compared to its neighbors, xr. This t(xs, xr)
function will increase the likelihood that near
neighbors in an image will be the same seg-
mented value. Second, the RFP-LaminA images
are used to assign a probability value: γxs

for
the pixels in the nucleus, taking advantage of the
prior knowledge identifying the cell nucleus.

x̂ = arg max
x

{
∑

s∈S

− log σxs
−

(
ys − μxs

)2

σ 2
xs

−
∑

[r,s]∈C

βt (xs, xr) −
∑

s∈S

γxs

⎫
⎬

⎭

The above equation is used to find the
best estimate of x, by iterating through the
image, using this formula at each pixel with
maximization of posterior marginals (MPM)
(Marroquin et al. 1987). The optimal Gaussian
means and variances for the segmented image,
the vector θ = (μ1, σ 1, μ2, σ 2, . . . , μN , σ N),
are found using the expectation-maximization
(EM) optimization in conjunction with MPM.
The user begins the sequence by providing the
input of the number of segmentation classes in
the image (in this case, corresponding to three
biological structures: background, cell nucleus,
and cytoplasm). Next, a starting point for θ is
established automatically. Once the first few
iterations of the MPM are completed, providing
the current x̂; a new estimate of theta is developed
from statistics of the MPM. This new estimate
of theta is then used in the next iterations of
MPM. These processes alternate until a test for
convergence is met.

2.2.3 Quantitative Image Analysis
Quantitative assessment of GFP-GR transloca-
tion was done using the following process:

1. First, GFP-GR images were converted to 8-bit
black and white (Fig. 1Aa, b).

2. RFP-LaminA or Hoechst stain images were
also converted to 8-bit black/white images and
then thresholded to obtain the nucleus, which
is then used as a prior atlas (Fig. 1Ac, d).

3. For each time point, the new RFP-LaminA
and GFP-GR images were processed to form
the segmentations: Background, cell nucleus,
and cytoplasm (Fig. 1Ae). This produced a
time sequence of segmentations of the GFP-
GR images with each sample treated indepen-
dently.

The pixel data’s brightness, measured by
mean and variance of each segmented class,
was provided as an output and then a plot of time
series data provides the variation of nucleus and
cytoplasm brightness. For each time point, the
nucleus value was divided by the cytoplasm value
to obtain a normalized nucleus brightness and to
account for changes in brightness that may have
occurred due to focus drift. Then value at each
time point was normalized to the brightness at
t = 0. Average and standard error were obtained
for n number of cells analyzed.

2.3 Results

2.3.1 Dexamethasone Induced up
to 60%GR Nuclear
TranslocationWithin 20Min

BAECs transfected with GFP-GR showed local-
ization of the protein throughout the cytoplasm
and nucleus. Upon addition of a synthetic gluco-
corticoid dexamethasone (Dex), GFP-GR began
to show immediate signs of nuclear translocation
as the brightness of the nucleus increased and
that of the cytoplasm decreased. Within 20 min,
GFP-GR had significantly translocated to the nu-
cleus as outlined by the RFP-LaminA. Figure 2B
shows images of a cell with green fluorescence
labeled GR, red fluorescence labeled lamina, and
their merged images, at 0 and 20 min with Dex.
The nuclear lamina, on the other hand, remained
unchanged. Nuclear translocation of GFP-GR
was quantitatively track over time based on seg-
mentation analysis of time-lapse images for the
first 20 min after adding Dex (25 μM) (Fig. 2C).
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A steady increase in green fluorescence at the
nucleus as outlined by RFP labeled lamina was
observed, up to 58.5 ± 0.7% (n = 11) increase in
20 min. A rapid nuclear localization of GFP-GR
with Dex induction was anticipated, as reported
previously (Ji et al. 2003); however the dynamics
of GR nuclear movement has not been quantified
till now. This image analysis result suggests that
within the first 15 min of Dex induction, almost
60% of cytoplasm GFP-GR has translocated into
the nucleus. Western blots of endogenous GR
showed similar trend.

2.3.2 Laminar Shear Stress Induced
GR Nuclear Translocation
in a Dose-Dependent Manner

Physiologically relevant shear stresses of 10
and 25 dynes/cm2 were applied on BAECs
in a parallel plate flow chamber to further
assess ligand-independent GR activation and
intracellular movement. It was previously
reported that GR localizes to the nucleus within
2 h (Ji et al. 2003). In those cases, cells were
sheared for 2 h and then removed from flow
chambered and imaged. This current setup
allows for real-time time-lapse imaging of
cells as they are being sheared. Compared
to Dex induction, GR movement is slower,
and nuclear localization is less pronounced,
occurring within 2 h, compared to about 20 min
with Dex. Figure 2D shows an example of
a cell sheared with 25 dynes/cm2. While the
red nuclear lamina does not change in shape
or brightness within 2 h of shear, GFP-GR
becomes increasingly nuclear concentrated.
Quantitative image analysis algorithm allowed
for more precise, quantitative assessment of
GR nuclear movement (Fig. 2E). When BAECs
were exposed to 25 dynes/cm2, there is a steady
and gradual increase of fluorescence in the
nucleus throughout the 2 h time frame, with the
greatest increase in nuclear brightness occurring
between 30 and 60 min, at an average 0.286%
increase per minute. Expectation-maximization
(EM) algorithm results demonstrate that there
is a 16.1% change in the nucleus within the
first hour and a 22.1 ± 0.02% change after
2 h. With shear stress of 10 dynes/cm2, the

greatest change in nuclear brightness occurred
between 60 and 90 min, at an average 0.264%
increase per minute. The total brightness change
over 2 h was 20.2 ± 0.02% for the nucleus.
Image analysis algorithm provided quantitative
assessment of GR intracellular movement that
would not be otherwise revealed in time-lapse
videos alone. The finding that GFP-GR nuclear
localization occurred faster with higher shear
stress of 25 dynes/cm2 suggests a dose-dependent
effect of shear stress on the rate of GR nuclear
localization, particularly within the first 90 min
of shearing. In fact, at 60 and 70 min of shearing,
the nuclear brightness is significantly higher
in cells exposed to 25 dynes/cm2 compared to
10 dynes/cm2 (P < 0.05).

The finding that arterial shear stress may act
similarly to glucocorticoids to induce GR nu-
clear localization through a steroid-independent
mechanism is significant because it suggests that
mechanical forces alone can trigger intracellular
movement of GR into the nucleus. The nuclear
matrix has been shown to serve as a scaffold
and stabilizer for GR and other transcription
factors upon the formation of protein complexes
(Lloyd et al. 2002). It is not known, however,
how GR nuclear functions would be affected by
the absence of lamina. Understanding the role of
endothelial lamina in shear-induced GR nuclear
localization and transcription regulation would
help elucidate how force transduction and nuclear
mechanics impact gene regulation.

2.3.3 Lamin Silencing Did Not Hinder
GR Nuclear Translocation under
Shear Stress or Dexamethasone

Lamin A/C in BAECs was successfully silenced
using stable transfection with shRNA lentiviral
particles. Western blot of whole cell lysate
revealed an absence of lamin A/C proteins in
cells treated with lentiviral particles containing
the lamin shRNA plasmid (Fig. 3A). Cells treated
with non-targeting plasmid still demonstrated
consistent lamin A/C expression. Fluorescence
labeling of cell nuclei with lamin shRNA using
nuclear Hoechst stain also revealed distorted
nuclear shapes compared to cells with control
shRNA (Fig. 3B) that showed the characteristic
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Fig. 2 (A) Analysis method of GFP-GR translocation in
Dex-treated cells. At each time point, GFP-GR images (a)
were first converted to an 8-bit black and white image (b).
RFP-LaminA images (c) were converted to an 8-bit black
and white image and then thresholded to obtain an outline,

or atlas, of the nucleus (d) to improve segmentation.
Images (b) and (d) were then imported into the algorithm
for each time point, and a merged image (e) was exported
along with brightness data for the cytoplasm, nucleus,
and background. (B) Cells transfected with GFP-GR show
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circular nuclear shape. Deformed nuclear shape
is a marker of defective nuclear lamina (Dahl et
al. 2008). Thus, images of Hoechst-stained nuclei
further demonstrated the absence of nuclear
lamina in lamin shRNA cells.

Cells with either control or lamin A/C shRNA
were then transfected with GFP-GR plasmid and
treated with 25 μM Dex. Both green (GFP-
GR) and blue (Hoechst) fluorescence time-lapse
images were used in the Bayesian image anal-
ysis algorithm to quantify the dynamic nuclear
localization of GFP-GR based on fluorescence
brightness. In both cases, prior to Dex treatment,
GFP-GR was distributed evenly in the cytoplasm
and nucleus. Within 20 min of adding Dex, GFP-
GR was mostly localized inside of the nucleus.
The absence of nuclear lamina did not hinder
GFP-GR nuclear localization under Dex activa-
tion. Both cell types demonstrated similar rates
of nuclear movement of GFP-GR, around 50%
after 20 min (Nayebosadri et al. 2012).

The effect of nuclear lamina on ligand-
independent GR translocation under high shear
stress was also examined at 25 dynes/cm2 for
up to 2 h. Both types of cells demonstrated
more consistent GFP-GR nuclear movement at
25 dynes/cm2. By 90 min, however, GFP-GR
brightness in lamin shRNA cells approached
its maximum value before leveling out at
22.2 ± 1.8%. Control shRNA cells reached a
maximum of 24.1 ± 3.0% increase in nuclear
brightness at 120 min (Fig. 3C). Thus, even
in the absence of lamin A/C, GFP-GR was
still able to translocate into the nucleus under
shear stress within 2 h, independent of agonist
binding. Western blots of endogenous GR protein
agreed with time-lapse image analysis results.
These results indicate that shear-induced GFP-

GR nuclear localization occurred independent
of lamin A/C proteins. The overall trends
and the final GFP-GR nuclear brightness at
120 min correspond well with what was reported
previously for control cells.

2.3.4 Lower Shear Stress Reduced GR
Nuclear Translocation
in Control, but Not in Lamin
shRNA Cells

To determine if GR translocation also occurs
under lower shear stress, BAECs were sheared at
5 dynes/cm2. Fluorescence images again demon-
strated deformed nuclei in lamin shRNA cells, as
well as GFP-GR nuclear localization for either
cell types with shear. Quantitative image analysis
revealed that greater nuclear localization was
observed in lamin shRNA cells than control cells.
Lamin shRNA cells reached a maximum of 20%
increase in nuclear brightness versus 13% for
control cells after 100 min (Fig. 3D). The differ-
ence was significant at t = 40, 100, and 120 min
(*P < 0.05). Compared to higher shear magni-
tudes, control shRNA cells with an intact lamina
demonstrated a lower nuclear brightness change
within the same 2-h time frame, while nuclear
brightness change observed in lamin shRNA cells
was similar to those treated with 25 dynes/cm2

shear stress.

2.3.5 Luciferase Expression Based
on GRE Promoter Is
Upregulated in the Absence
of Lamin A/C

Even as GR nuclear localization was observed
with either Dex or shear stress, does it necessarily
lead to transcriptional changes? To further

�
Fig. 2 (continued) initial localization of the protein in
both the cytoplasm and nucleus. Following addition of
Dex, GFP-GR translocated to the nucleus (as outlined
by RFP-LaminA) within 20 min. Image was taken at
40× magnification. Scale bar = 15 μm. (C) Quanti-
tative analysis of images shows that after 20 min of
Dex treatment, GFP-GR nuclear brightness increases
58.5 ± 0.7% (n = 11). (D) GFP-GR nuclear transloca-
tion under shear stress. GFP-GR is initially distributed
evenly throughout the cytoplasm and nucleus. After 1 h of

25 dynes/cm2 shear, the nucleus becomes distinguished
with increased brightness relative to the cytoplasm. At
2 h, GFP-GR has translocated into the nuclear bound-
ary outlined by RFP-LaminA. Cell was imaged at 40×
magnification. Scale bar = 15 μm. (E) Fold increase in
relative brightness of nuclear GFP-GR under 10 (n = 11)
and 25 (n = 13) dynes/cm2 shear stress. After 2 h,
GFP-GR nuclear brightness increased by approximately
20.2 ± 0.02% and 22 ± 0.02% for 10 and 25 dynes/cm2,
respectively. (*P < 0.05 for 10 vs. 25 dynes/cm2)
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Fig. 3 (A) Confirmation of lamin A/C silencing: Western
blot of whole cell protein extractions from control and
lamin shRNA BAECs confirm the presence and absence
of lamin A/C, respectively. Actin was used as the loading
control. (B) Hoechst staining of live cell nuclei showed
that cells with lamin shRNA have irregularly shaped
nuclei, and cells with non-targeting control shRNA had
the characteristic circular nuclei. Images were taken
at 40× magnification. Scale bar = 15 μm. (C) GFP-
GR nuclear movement is independent of lamin A/C
under shear stress of 25 dynes/cm2. Quantitative image
analysis of GFP-GR subcellular movement shows a
22.2 ± 1.8% and 24.1 ± 3.0% increase in nuclear
brightness for lamin (n = 7) and control(n = 9) shRNA

treated BAECs, respectively, after 120 min. (D) GR
nuclear translocation is reduced in control compared to
lamin shRNA cells under shear stress of 5 dynes/cm2.
Quantitative image analysis of GFP-GR subcellular
movement shows a 19.4 ± 2.2% and 13.3 ± 1.6% increase
in nuclear brightness for lamin and control shRNA
treated BAECs, respectively (n = 11), after 120 min.
*P < 0.05 at t = 40, 100, and 120 min for control vs.
lamin shRNA treated BAEC. (E) Dex and shear-induced
GRE promoter activation is affected by nuclear lamina
and HDAC. In BAEC with control shRNA, Dex (25 μM)
and shear stress (25 dynes/cm2) upregulated luciferase
expression based on GRE reporter plasmid by 7.6-
± 1.3- and 3.4- ± 0.6-fold compared to untreated cells,
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examined if subsequent transcription from
GRE promoters was also increased, a dual-
luciferase reporter plasmid was used. Activated
GR in the nucleus is hypothesized to bind to
GRE promoters and initiates transcription of
the reporter gene. For cells with control, non-
targeting shRNA and intact nuclear lamina,
treatment with Dex (25 μM) resulted in a 7.6-
± 1.3-fold increase in luciferase expression
over untreated cells, while cells sheared at
25 dynes/cm2 showed a 3.4- ± 0.6-fold increase
(Fig. 3E). There was significantly higher
luciferase expression under Dex induction
compared to shear stress, which is consistent
with the levels of nuclear localization observed
in image and Western analyses. Since Dex
induced greater GR nuclear localization, this
data suggested that Dex also yielded stronger
activation of the GRE promoter compared to
shear stress. On the other hand, in lamin A/C-
silenced BAEC, significantly higher increase in
luciferase was observed for cells treated with
either Dex or shear stress, compared to control
shRNA (P < 0.05): 18.9- ± 2.4- and 16.5- ± 1.6-
fold increase, respectively (Fig. 3F). There was
no significant difference in luciferase expression
between Dex and shear stress induction. This
data suggests the expression of the GRE
promoter is enhanced in the absence of nuclear
lamina, regardless of induction.

2.4 Discussion

Using the image analysis algorithm that was
developed based on Bayesian statistics, it is
possible to quantify time-dependent intracellular
movement of fluorescently labeled GR. This
imaging-based study demonstrated that nuclear
lamina is not required for nuclear import of GR
after induction with either Dex or shear tress.
After treatment with Dex or shear stress, cells

with control or lamin A/C gene silencing shRNA
demonstrated a similar extent of GFP-GR nuclear
localization to what was reported for non-shRNA
treated cells (Nayebosadri et al. 2012).

Lamins participate in linking the nucleus to
the cytoskeleton networks through the LINC
complex (Crisp et al. 2006) by attaching to SUN
proteins within the nuclear envelope, which are
further connected to nesprin proteins on the outer
nuclear envelope. Nesprins in turn attach to actin
and microtubules via dynein and intermediate
filaments via plectin (Zwerger et al. 2013).
Disrupting the endothelial actin and microtubule
networks does not prevent nuclear localization
of GFP-GR with Dex or shear stress, suggesting
that GR may utilize alternative methods, such
as diffusion, to translocate (Nayebosadri et al.
2012). It is not surprising then that silencing
lamin proteins also would not interfere with
nuclear localization of GR proteins. Nuclear
import of GR appears to be independent of the
lamin-dependent, nucleus-cytoskeleton link.

Nuclear lamina plays an important role in
maintaining nuclear structure and mechanics (De
Vos et al. 2011; Lammerding et al. 2004). In
cells with intact nuclei, a greater degree of GFP-
GR nuclear localization under higher shear stress
was observed, but this distinction was less ob-
vious in lamin-deficient cells. This could be in
part due to increased nuclear stiffness in cells
with intact lamina and proper signal transduction
cascades. In cells lacking lamin A/C, nuclei are
more deformed and fragile with decreased nu-
clear mechanical stiffness as well as impaired
activation of mechanosensitive genes (Ho and
Lammerding 2012; Dahl et al. 2008). As a re-
sult, they are potentially more susceptible to all
levels of shear stress. This would also suggest
disruption of lamina-dependent signal transduc-
tion cascade, for example, the MAPK signaling
pathway which phosphorylates GR independent

�
Fig. 3 (continued) respectively. For all cases, n = 3.
*P < 0.05 compared to control. In addition, Dex-induced
luciferase expression was significantly higher than that of
shear stress. #P < 0.05 compared to Dex. (F) In BAEC
with lamin shRNA, treatment with Dex (n = 5) and shear

stress (n = 6) significantly increased luciferase expres-
sion: 18.9- ± 2.4- and 16.5- ± 1.6-fold increases, respec-
tively, compared to untreated cells (n = 5). *P < 0.05
compared to control
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of a ligand (Muchir et al. 2007; Galliher-Beckley
et al. 2011).

The data suggest that lower shear stress
(5 dynes/cm2) may have a different effect on
GR nuclear translocation in cells with intact
lamina. Less GFP-GR brightness in the nucleus
and a greater cytoplasmic GR presence was
observed, which suggests that GR translocation
under atherogenic levels of shear stress is
more hindered compared to atheroprotective
levels (10 or 25 dynes/cm2). This would be
consistent with atheroprotective property of
higher shear stress, including upregulation of
anti-inflammatory glucocorticoid-responsive
genes. In the absence of lamina, the level of
GR nuclear localization was similar to those
sheared at higher magnitudes. Again, this may be
due to the nuclei becoming more susceptible to
mechanical stresses as well as disrupted signaling
cascade.

In lamin-deficient cells, Dex and shear stress
both induced significant increases in luciferase
expression compared to untreated or control
shRNA treated cells. This data suggested that in
the absence of lamin A/C, there was increased
transcriptional activity and gene expression from
GRE promoter plasmid. Recently, lamin proteins
have been shown to be mediators of oxidative
stress (Sieprath et al. 2012; Malhas et al. 2009).
In the absence of lamin proteins, there is an
increase in reactive oxygen species, which causes
the 14-3-3 zeta isoform proteins to bind to GR,
and Cidlowski et al. showed that in oxidative
stress induced by H2O2, more 14-3-3 zeta is
recruited to the gene promoter region (Galliher-
Beckley et al. 2011). Thus, there are other
mechanisms, such as in during oxidative stress,
through which lamin deficiency could affect
signal mechanisms, ultimately leading to altered
transcription of target genes. Furthermore, some
studies have represented the nuclear lamina as a
genetically repressive environment (Demmerle et
al. 2012; Shevelyov and Nurminsky 2012). The
absence of the nuclear lamina would therefore
lead to a loss of heterochromatin at the inner
nuclear membrane and certain transcription

factors no longer being sequestered there as
inactive complexes, resulting in unregulated gene
transcription (Ho and Lammerding 2012).

3 Summary

The study described above has led to further un-
derstanding of endothelial mechanotransduction
at the nuclear level. While GR activation under
shear stress may be unique to endothelial cells,
this study also contributes to our understanding
of the disease mechanisms of laminopathies by
linking effects of mechanical stress and chro-
matin regulation at the nuclear lamina. On the
other hand, atherosclerotic lesions develop pref-
erentially at regions of low shear and disturbed
flow, while sustained unidirectional high shear is
associated with protected endothelium. Endothe-
lial cells lose their protective effects of shear
stress with increasing passage, e.g., decreased
upregulation of nitric oxide and suppression of
apoptosis. The accumulation of progerin in en-
dothelial cells due to HGPS or normal aging may
interfere with these processes especially under
hemodynamic conditions.

Considering the mechanosensitive roles that
lamin A plays in vascular cells, it is important
to investigate whether lamin A mediates these
stress-induced responses, which may underlie
one of the mechanisms of how aging contributes
to the initiation of cardiovascular diseases, such
as atherosclerosis. Given the pivotal roles of
lamins in nuclear mechanics and numerous cellu-
lar events, it is of great importance to understand
the mechanisms underlying those regulations.
Recent findings indicate the correlations between
mutated lamins, atherosclerosis, and aging pro-
cess, suggesting a potential therapy for CAD and
advances in understanding normal aging process
(Broers et al. 2006; Ragnauth et al. 2010). Re-
search continues to investigate the impact of fluid
shear stress on transcriptional regulation at the
nucleus and to further elucidate the interactions
between nuclear proteins and mechanotransduc-
tion pathways involved in gene transcription.



Endothelial Nuclear Lamina in Mechanotransduction Under Shear Stress 101

References

Adcock IM (2001) Glucocorticoid-regulated transcription
factors. Pulm Pharmacol Ther 14:211–219

Adcock IM, Caramori G (2001) Cross-talk between pro-
inflammatory transcription factors and glucocorticoids.
Immunol Cell Biol 79:376–384

Al-Shali KZ, Hegele RA (2004) Laminopathies and
atherosclerosis. Arterioscler Thromb Vasc Biol
24:1591–1595

Alsheimer M, Von Glasenapp E, Schnolzer M, Heid H,
Benavente R (2000) Meiotic lamin C2: the unique
amino-terminal hexapeptide GNAEGR is essential for
nuclear envelope association. Proc Natl Acad Sci U S
A 97:13120–13125

Ando J, Tsuboi H, Korenaga R, Takada Y, Toyama-
Sorimachi N, Miyasaka M et al (1994) Shear stress
inhibits adhesion of cultured mouse endothelial cells to
lymphocytes by downregulating VCAM-1 expression.
Am J Physiol 267:C679–C687

Barnes PJ (1998) Anti-inflammatory actions of glucocorti-
coids: molecular mechanisms. Clin Sci (Lond) 94:557–
572

Beck IM, Vanden Berghe W, Vermeulen L, Yamamoto
KR, Haegeman G, De Bosscher K (2009) Crosstalk in
inflammation: the interplay of glucocorticoid receptor-
based mechanisms and kinases and phosphatases. En-
docr Rev 30:830–882

Biamonti G, Giacca M, Perini G, Contreas G, Zentilin
L, Weighardt F, Guerra M, Della Valle G, Saccone S,
Riva S et al (1992) The gene for a novel human Lamin
maps at a highly transcribed locus of chromosome 19
which replicates at the onset of S-phase. Mol Cell Biol
12:3499–3506

Bione S, Maestrini E, Rivella S, Mancini M, Regis S,
Romeo G, Toniolo D (1994) Identification of a novel X-
linked gene responsible for Emery-Dreifuss muscular
dystrophy. Nat Genet 8:323–327

Bonne G, Di Barletta MR, Varnous S, Becane HM, Ham-
mouda EH, Merlini L, Muntoni F, Greenberg CR, Gary
F, Urtizberea JA, Duboc D, Fardeau M, Toniolo D,
Schwartz K (1999) Mutations in the gene encoding
lamin A/C cause autosomal dominant Emery-Dreifuss
muscular dystrophy. Nat Genet 21:285–288

Brassard JA, Fekete N, Garnier A, Hoesli CA (2016)
Hutchinson-Gilford progeria syndrome as a model for
vascular aging. Biogerontology 17:129–145

Broers JLV, Ramaekers FCS, Bonne G, Ben Yaou R,
Hutchison CJ (2006) Nuclear lamins: Laminopathies
and their role in premature ageing. Physiol Rev
86:967–1008

Brostjan C, Anrather J, Csizmadia V, Natarajan G, Win-
kler H (1997) Glucocorticoids inhibit E-selectin ex-
pression by targeting NF-kappaB and not ATF/c-Jun.
J Immunol 158:3836–3844

Burke B, Stewart CL (2013) The nuclear lamins: flexibil-
ity in function. Nat Rev Mol Cell Biol 14:13–24

Butin-Israeli V, Adam SA, Goldman AE, Goldman RD
(2012) Nuclear lamin functions and disease. Trends
Genet 28:464–471

Cao H, Hegele RA (2000) Nuclear lamin A/C R482Q
mutation in Canadian kindreds with Dunnigan-type
familial partial lipodystrophy. Hum Mol Genet 9:109–
112

Cao K, Graziotto JJ, Blair CD, Mazzulli JR, Erdos MR,
Krainc D, Collins FS (2011) Rapamycin reverses cellu-
lar phenotypes and enhances mutant protein clearance
in Hutchinson-Gilford progeria syndrome cells. Sci
Transl Med 3:89ra58

Chen XL, Varner SE, Rao AS, Grey JY, Thomas S, Cook
CK, Wasserman MA, Medford RM, Jaiswal AK, Kun-
sch C (2003) Laminar flow induction of antioxidant
response element-mediated genes in endothelial cells.
A novel anti-inflammatory mechanism. J Biol Chem
278:703–711

Chien S (2007) Mechanotransduction and endothelial cell
homeostasis: the wisdom of the cell. Am J Physiol
Heart Circ Physiol 292:H1209–H1224

Crisp M, Liu Q, Roux K, Rattner JB, Shanahan C, Burke
B, Stahl PD, Hodzic D (2006) Coupling of the nucleus
and cytoplasm: role of the LINC complex. J Cell Biol
172:41–53

Dahl KN, Ribeiro AJ, Lammerding J (2008) Nuclear
shape, mechanics, and mechanotransduction. Circ Res
102:1307–1318

Davies PF, Polacek DC, Shi C, Helmke BP (2002) The
convergence of haemodynamics, genomics, and en-
dothelial structure in studies of the focal origin of
atherosclerosis. Biorheology 39:299–306

De Sandre-Giovannoli A, Chaouch M, Kozlov S, Val-
lat JM, Tazir M, Kassouri N, Szepetowski P, Ham-
madouche T, Vandenberghe A, Stewart CL, Grid D,
Levy N (2002) Homozygous defects in LMNA, encod-
ing lamin A/C nuclear-envelope proteins, cause auto-
somal recessive axonal neuropathy in human (Charcot-
Marie-Tooth disorder type 2) and mouse. Am J Hum
Genet 70:726–736

De Vos WH, Houben F, Kamps M, Malhas A, Verheyen
F, Cox J, Manders EM, Verstraeten VL, Van Steensel
MA, Marcelis CL, Van den Wijngaard A, Vaux DJ,
Ramaekers FC, Broers JL (2011) Repetitive disruptions
of the nuclear envelope invoke temporary loss of cellu-
lar compartmentalization in laminopathies. Hum Mol
Genet 20:4175–4186

Demmerle J, Koch AJ, Holaska JM (2012) The nuclear
envelope protein Emerin binds directly to histone
Deacetylase 3 (HDAC3) and activates HDAC3 activity.
J Biol Chem 287:22080–22088

Dewey CF Jr, Bussolari SR, Gimbrone MA Jr, Davies PF
(1981) The dynamic response of vascular endothelial
cells to fluid shear stress. J Biomech Eng 103:177–185

Diamond SL, Eskin SG, McIntire LV (1989) Fluid flow
stimulates tissue plasminogen activator secretion by
cultured human endothelial cells. Science 243:1483–
1485



102 J. Y. Ji

Diamond S, Sharefkin J, Dieffenbach C, Frasier-Scott K,
Mcintire L, Eskin S (1990) Tissue plasminogen activa-
tor messenger RNA levels increase in cultured human
endothelial cells exposed to laminar shear stress. J Cell
Physiol 143:364–371

Dittmer TA, Misteli T (2011) The Lamin protein family.
Genome Biol 12:222

Dreesen O, Stewart CL (2011) Accelerated aging syn-
dromes, are they relevant to normal human aging?
Aging (Albany NY) 3:889–895

Eickelberg O, Roth M, Lorx R, Bruce V, Rudiger J,
Johnson M, Block LH (1999) Ligand-independent
activation of the glucocorticoid receptor by beta2-
adrenergic receptor agonists in primary human lung
fibroblasts and vascular smooth muscle cells. J Biol
Chem 274:1005–1010

Eriksson M, Brown WT, Gordon LB, Glynn MW, Singer
J, Scott L, Erdos MR, Robbins CM, Moses TY,
Berglund P, Dutra A, Pak E, Durkin S, Csoka AB,
Boehnke M, Glover TW, Collins FS (2003) Recurrent
de novo point mutations in Lamin A cause Hutchinson-
Gilford progeria syndrome. Nature 423:293–298

Fatkin D, Macrae C, Sasaki T, Wolff MR, Porcu M,
Frenneaux M, Atherton J, Vidaillet HJ Jr, Spudich S,
De Girolami U, Seidman JG, Seidman C, Muntoni F,
Muehle G, Johnson W, Mcdonough B (1999) Missense
mutations in the rod domain of the lamin A/C gene
as causes of dilated cardiomyopathy and conduction-
system disease. N Engl J Med 341:1715–1724

Fleming I, Bauersachs J, Busse R (1997) Calcium-
dependent and calcium-independent activation of the
endothelial NO synthase. J Vasc Res 34:165–174

Frangos JA, Mcintire LV, Eskin SG (1988) Shear stress
induced stimulation of mammalian cell metabolism.
Biotechnol Bioeng 32:1053–1060

Galliher-Beckley AJ, Williams JG, Cidlowski JA (2011)
Ligand-independent phosphorylation of the glucocorti-
coid receptor integrates cellular stress pathways with
nuclear receptor signaling. Mol Cell Biol 31:4663–
4675

Gimbrone MA Jr, Resnick N, Nagel T, Khachigian LM,
Collins T, Topper JN (1997) Hemodynamics, endothe-
lial gene expression, and atherogenesis. Ann N Y Acad
Sci 811:1–10; discussion 1

Gruenbaum Y, Margalit A, Goldman RD, Shumaker DK,
Wilson KL (2005) The nuclear lamina comes of age.
Nat Rev Mol Cell Biol 6:21–31

Helmlinger G, Berk BC, Nerem RM (1995) Calcium
responses of endothelial cell monolayers subjected to
pulsatile and steady laminar flow differ. Am J Physiol
269:C367–C375

Hennekam RC (2006) Hutchinson-Gilford progeria syn-
drome: review of the phenotype. Am J Med Genet A
140:2603–2624

Hishikawa K, Nakaki T, Marumo T, Suzuki H, Kato R,
Saruta T (1995) Pressure enhances endothelin-1 release
from cultured human endothelial cells. Hypertension
25:449–452

Ho CY, Lammerding J (2012) Lamins at a glance. J Cell
Sci 125:2087–2093

Hutchison CJ (2002) Lamins: building blocks or regula-
tors of gene expression? Nat Rev Mol Cell Biol 3:848–
858

Hutchison CJ, Worman HJ (2004) A-type lamins:
guardians of the soma? Nat Cell Biol 6:1062–1067

Itoh M, Adachi M, Yasui H, Takekawa M, Tanaka H, Imai
K (2002) Nuclear export of glucocorticoid receptor is
enhanced by c-Jun N-terminal kinase-mediated phos-
phorylation. Mol Endocrinol 16:2382–2392

Ji JY, Jing H, Diamond SL (2003) Shear stress causes
nuclear localization of endothelial glucocorticoid re-
ceptor and expression from the GRE promoter. Circ
Res 92:279–285

Ji JY, Lee RT, Vergnes L, Fong LG, Stewart CL, Reue
K, Young SG, Zhang Q, Shanahan CM, Lammerding
J (2007) Cell nuclei spin in the absence of Lamin B1. J
Biol Chem 282:20015–20026

Kaiser D, Freyberg MA, Friedl P (1997) Lack of hemody-
namic forces triggers apoptosis in vascular endothelial
cells. Biochem Biophys Res Commun 231:586–590

Kolb T, Maass K, Hergt M, AEBI U, Herrmann H (2011)
Lamin A and lamin C form homodimers and coexist
in higher complex forms both in the nucleoplasmic
fraction and in the lamina of cultured human cells.
Nucleus 2:425–433

Korenaga R, Ando J, Kosaki K, Isshiki M, Takada Y,
Kamiya A (1997) Negative transcriptional regulation
of the VCAM-1 gene by fluid shear stress in murine
endothelial cells. Am J Physiol 273:C1506–C1515

Krohne G, Benavente R (1986) The nuclear lamins. A
multigene family of proteins in evolution and differen-
tiation. Exp Cell Res 162:1–10

Kuchan M, Frangos J (1994) Role of calcium and calmod-
ulin in flow-induced nitric oxide production in endothe-
lial cells. Am J Phys 266:C628–C636

Lammerding J, Schulze PC, Takahashi T, Kozlov S, Sul-
livan T, Kamm RD, Stewart CL, Lee RT (2004) Lamin
A/C deficiency causes defective nuclear mechanics and
mechanotransduction. J Clin Invest 113:370–378

Lammerding J, Fong LG, JI JY, reue K, Stewart CL,
Young SG, Lee RT (2006) Lamins a and C but not
Lamin B1 regulate nuclear mechanics. J Biol Chem
281:25768–25780

Lloyd DJ, Trembath RC, Shackleton S (2002) A novel in-
teraction between Lamin A and SREBP1: implications
for partial lipodystrophy and other laminopathies. Hum
Mol Genet 11:769–777

Malek A, Izumo S (1992) Physiological fluid shear
stress causes downregulation of endothelin-1 mRNA in
bovine aortic endothelium. Am J Physiol 263:C389–
C396

Malek AM, Izumo S (1994) Molecular aspects of signal
transduction of shear stress in the endothelial cell. J
Hypertens 12:989–999

Malek AM, Alper SL, Izumo S (1999) Hemodynamic
shear stress and its role in atherosclerosis. JAMA
282:2035–2042

Malhas AN, Lee CF, Vaux DJ (2009) Lamin B1 con-
trols oxidative stress responses via Oct-1. J Cell Biol
184:45–55



Endothelial Nuclear Lamina in Mechanotransduction Under Shear Stress 103

Marroquin J, Mitter S, Poggio T (1987) Probabalistic
solution of ill-posed problems in computational vision.
J Am Stat Assoc 82:76–89

Masuda H, Kawamura K, Tohda K, Shozawa T,
Sageshima M, Kamiya A (1989) Increase in endothelial
cell density before artery enlargement in flow-loaded
canine carotid artery. Arteriosclerosis 9:812–823

Merideth MA, Gordon LB, Clauss S, Sachdev V, Smith
AC, Perry MB, Brewer CC, Zalewski C, Kim HJ,
Solomon B, Brooks BP, Gerber LH, Turner ML,
Domingo DL, Hart TC, Graf J, Reynolds JC, Grop-
man A, Yanovski JA, Gerhard-Herman M, Collins FS,
Nabel EG, Cannon RO 3rd, Gahl WA, Introne WJ
(2008) Phenotype and course of Hutchinson-Gilford
progeria syndrome. N Engl J Med 358:592–604

Muchir A, Pavlidis P, Decostre V, Herron AJ, Arimura
T, Bonne G, Worman HJ (2007) Activation of MAPK
pathways links LMNA mutations to cardiomyopathy
in Emery-Dreifuss muscular dystrophy. J Clin Invest
117:1282–1293

Nayebosadri A, Ji JY (2013) Endothelial nuclear lamina is
not required for glucocorticoid receptor nuclear import
but does affect receptor-mediated transcription activa-
tion. Am J Physiol Cell Physiol 305:C309–C322

Nayebosadri A, Christopher L, Ji JY (2012) Bayesian
image analysis of dexamethasone and shear stress-
induced glucocorticoid receptor intracellular move-
ment. Ann Biomed Eng 40:1508–1519

Ohno M, Cooke JP, Dzau VJ, Gibbons GH (1995) Fluid
shear stress induces endothelial transforming growth
factor beta-1 transcription and production. Modulation
by potassium channel blockade. J Clin Invest 95:1363–
1369

Olive M, Harten I, Mitchell R, Beers JK, Djabali K, Cao
K, Erdos MR, Blair C, Funke B, Smoot L, Gerhard-
Herman M, Machan JT, Kutys R, Virmani R, Collins
FS, Wight TN, Nabel EG, Gordon LB (2010) Car-
diovascular pathology in Hutchinson-Gilford progeria:
correlation with the vascular pathology of aging. Arte-
rioscler Thromb Vasc Biol 30:2301–2309

Palmer RM, Ashton DS, Moncada S (1988) Vascular en-
dothelial cells synthesize nitric oxide from L-arginine.
Nature 333:664–666

Passerini AG, Polacek DC, Shi C, Francesco NM, Man-
duchi E, Grant GR, Pritchard WF, Powell S, CHANG
GY, Stoeckert CJ Jr, Davies PF (2004) Coexisting
proinflammatory and antioxidative endothelial tran-
scription profiles in a disturbed flow region of the adult
porcine aorta. Proc Natl Acad Sci U S A 101:2482–
2487

Pavalko FM, Gerard RL, Ponik SM, Gallagher PJ, Jin Y,
Norvell SM (2003) Fluid shear stress inhibits TNF-
alpha-induced apoptosis in osteoblasts: a role for fluid
shear stress-induced activation of PI3-kinase and inhi-
bition of caspase-3. J Cell Physiol 194:194–205

Ragnauth CD, Warren DT, Liu Y, McNair R, Tajsic T, Figg
N, Shroff R, Skepper J, Shanahan CM (2010) Prelamin
A acts to accelerate smooth muscle cell senescence
and is a novel biomarker of human vascular aging.
Circulation 121:2200–2210

Ranjan V, Xiao Z, Diamond SL (1995) Constitutive NOS
expression in cultured endothelial cells is elevated by
fluid shear stress. Am J Physiol 269:H550–H555

Resnick N, Collins T, Atkinson W, Bonthron DT, Dewey
CF Jr, Gimbrone MA Jr (1993) Platelet-derived growth
factor B chain promoter contains a cis-acting fluid
shear-stress-responsive element. Proc Natl Acad Sci
U S A 90:4591–4595

ROSS R (1999) Atherosclerosis–an inflammatory disease.
N Engl J Med 340:115–126

Scaffidi P, Misteli T (2006) Lamin A-dependent nuclear
defects in human aging. Science 312:1059–1063

Scaffidi P, Gordon L, Misteli T (2005) The cell nucleus
and aging: tantalizing clues and hopeful promises.
PLoS Biol 3:e395

Shadwick RE (1999) Mechanical design in arteries. J Exp
Biol 202:3305–3313

Shevelyov YY, Nurminsky DI (2012) The nuclear lamina
as a gene-silencing hub. Curr Issues Mol Biol 14:27–38

Shyy JY, Li YS, Lin MC, Chen W, Yuan S, Usami S, Chien
S (1995) Multiple cis-elements mediate shear stress-
induced gene expression. J Biomech 28:1451–1457

Sieprath T, Darwiche R, De Vos WH (2012) Lamins as
mediators of oxidative stress. Biochem Biophys Res
Commun 421:635–639

Stehbens WE, Wakefield SJ, Gilbert-Barness E, Olson RE,
Ackerman J (1999) Histological and ultrastructural fea-
tures of atherosclerosis in progeria. Cardiovasc Pathol
8:29–39

Surapisitchat J, Hoefen RJ, Pi X, Yoshizumi M, Yan C,
Berk BC (2001) Fluid shear stress inhibits TNF-alpha
activation of JNK but not ERK1/2 or p38 in human
umbilical vein endothelial cells: inhibitory crosstalk
among MAPK family members. Proc Natl Acad Sci
U S A 98:6476–6481

Teichert AM, Scott JA, Robb GB, Zhou YQ, Zhu SN,
Lem M, Keightley A, Steer BM, Schuh AC, Adamson
SL, Cybulsky MI, Marsden PA (2008) Endothelial
nitric oxide synthase gene expression during murine
embryogenesis: commencement of expression in the
embryo occurs with the establishment of a unidirec-
tional circulatory system. Circ Res 103:24–33

Topper JN, Cai J, Falb D, Gimbrone MA Jr (1996) Identi-
fication of vascular endothelial genes differentially re-
sponsive to fluid mechanical stimuli: cyclooxygenase-
2, manganese superoxide dismutase, and endothelial
cell nitric oxide synthase are selectively up-regulated
by steady laminar shear stress. Proc Natl Acad Sci
U S A 93:10417–10422

Tseng H, Peterson T, Berk B (1995) Fluid shear stress
stimulates mitogen-activated protein kinase in endothe-
lial cells. Circ Res 77:869–878

Varga R, Eriksson M, Erdos MR, Olive M, Harten I,
Kolodgie F, Capell BC, Cheng J, Faddah D, Perkins
S, Avallone H, San H, Qu X, Ganesh S, Gordon LB,
Virmani R, Wight TN, Nabel EG, Collins FS (2006)
Progressive vascular smooth muscle cell defects in
a mouse model of Hutchinson-Gilford progeria syn-
drome. Proc Natl Acad Sci U S A 103:3250–3255



104 J. Y. Ji

Volger OL, Fledderus JO, Kisters N, Fontijn RD, Moer-
land PD, Kuiper J, Van Berkel TJ, Bijnens AP, Daemen
MJ, Pannekoek H, Horrevoets AJG (2007) Distinctive
expression of chemokines and transforming growth
factor-beta signaling in human arterial endothelium
during atherosclerosis. Am J Pathol 171:326–337

Wilson KL, Berk JM (2010) The nuclear envelope at a
glance. J Cell Sci 123:1973–1978

Wydner KL, Mcneil JA, Lin F, Worman HJ, Lawrence
JB (1996) Chromosomal assignment of human nuclear
envelope protein genes LMNA, LMNB1, and LBR by
fluorescence in situ hybridization. Genomics 32:474–
478

Yang SH, Meta M, Qiao X, Frost D, Bauch J, Coffinier C,
Majumdar S, Bergo MO, Young SG, Fong LG (2006)
A farnesyltransferase inhibitor improves disease phe-

notypes in mice with a Hutchinson-Gilford progeria
syndrome mutation. J Clin Invest 116:2115–2121

Zanchi NE, Filho MA, Felitti V, Nicastro H, Lorenzeti
FM, Lancha AH Jr (2010) Glucocorticoids: exten-
sive physiological actions modulated through multi-
ple mechanisms of gene regulation. J Cell Physiol
224:311–315

Zebda N, Dubrovskyi O, Birukov KG (2012) Focal ad-
hesion kinase regulation of mechanotransduction and
its impact on endothelial cell functions. Microvasc Res
83:71–81

Zwerger M, Jaalouk DE, Lombardi ML, Isermann P,
Mauermann M, Dialynas G, Herrmann H, Wallrath
LL, Lammerding J (2013) Myopathic Lamin muta-
tions impair nuclear stability in cells and tissue and
disrupt nucleo-cytoskeletal coupling. Hum Mol Genet
22(12):2335–2349



Regional Heterogeneity in the
Regulation of Vasoconstriction
in Arteries and Its Role in Vascular
Mechanics

Sae-Il Murtada and Jay D. Humphrey

Abstract

Vasoconstriction and vasodilation play impor-
tant roles in the circulatory system and can
be regulated through different pathways that
depend on myriad biomolecules. These differ-
ent pathways reflect the various functions of
smooth muscle cell (SMC) contractility within
the different regions of the arterial tree and
how they contribute to both the mechanics
and the mechanobiology. Here, we review
the primary regulatory pathways involved in
SMC contractility and highlight their regional
differences in elastic, muscular, and resistance
arteries. In this way, one can begin to assess
how these properties affect important biome-
chanical and mechanobiological functions in
the circulatory system in health and disease.

1 Introduction

The vascular system consists of a network of
blood vessels for transporting blood and thus
carries vital nutrients and oxygen to or waste
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products and carbon dioxide from cells, tissues,
and organs throughout the body. Blood flow is
regulated by multiple factors such as heart rate,
cardiac contractility, vascular geometry and stiff-
ness, and smooth muscle cell (SMC) tone. Blood
vessels branch out and divide into increasingly
smaller vessels, which can be categorized de-
pending on their position along the vascular tree.
Vessels in different regions are characterized by
different values of luminal radius, different wall
composition, and SMC phenotype. Nevertheless,
all arteries have three primary structural con-
stituents that contribute to the overall mechanical
integrity: elastic fibers, collagen fibers, and pro-
teoglycans. The fraction of each of these vascular
constituents varies, however, depending on the
type of vessel and region (Fig. 1). Importantly,
these constituents are established, maintained,
and repaired primarily by the SMCs of the middle
(medial) layer and the fibroblasts of the outer
(adventitial) layer. SMCs can also contract and
relax, thereby serving as a fourth key structural
component. The fractions of these four structural
constituents reflect their roles and function in
the circulatory system. Larger systemic arteries
located closer to the heart, also referred to as
elastic or conduit vessels, have a higher elastin-
collagen ratio and store significant elastic en-
ergy during cyclic pressurization that helps to
dampen blood pressure oscillations and augment
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Fig. 1 Regional expression of collagen (solid), elastin
(dashed), maintenance SMC (dotted), and contractile
SMC (dash-dotted) in different elastic, muscular, and
resistance arteries

flow during diastole. This so-called Windkessel
effect helps to provide continuous blood flow to
distally located vessels. Healthy elastic arteries
have a high SMC content, although not of a truly
strong contractile phenotype. In contrast, mid-
sized muscular arteries are primarily responsible
for regulating the distribution of blood flow via
contraction and relaxation of SMCs, which are
of a strong contractile phenotype. The muscular
arteries connect to the microcirculation, which
consists of arterioles, capillaries, and venules.
Arterioles are small resistance vessels with a
lower elastin-collagen ratio and a high fraction
of highly contractile SMCs. Vasoconstriction and
vasodilation of resistance arteries contribute sig-
nificantly to overall (peripheral) vascular resis-
tance, which in turn largely dictates mean sys-
temic arterial pressure. The capillaries are the
delivery sites of important nutrients, oxygen, and
hormones to target cells, tissues, and organs. The
venous tree starts with venules and transitions to
increasingly larger veins, which do not provide
much resistance to flow; instead, veins serve as
capacitance vessels (i.e., a large volume of blood
can be stored in veins, which can cause large
changes in blood flow through small changes in
the inner diameter (Milnor 1990)). Importantly,
structure thus reflects function throughout the
circulatory system.

In addition to regional differences in the con-
tent of vascular constituents, SMCs manifest a
wide spectrum of phenotypes regionally, with the
two ends of the spectrum generally represented
as contractile and synthetic (Rensen et al. 2007).
There are several ways to classify vascular SMC
phenotype, as, for example, via the expression of
contractile protein markers (e.g., smooth muscle
alpha-actin, smooth muscle myosin heavy chain,
SM22 alpha, calponin, caldesmon, smoothelin,
and telokin) (Fisher 2010), by the time course
of the contractile response (e.g., phasic vs. tonic)
(Somlyo and Somlyo 1968), or by the regulation
of contractile activation (e.g., electromechanical
vs. pharmacomechanical) (Somlyo and Somlyo
1994). SMCs are also categorized simply de-
pending on regional position and vessel type.
SMCs in peripheral small resistance arteries pro-
duce a rapid and strong active tone and are
considered to exhibit a strong contractile pheno-
type (Brozovich et al. 2016), whereas those in
large elastic arteries exhibit less tone and instead
primarily regulate the extracellular matrix and
are hence considered to exhibit a mild synthetic
(maintenance) phenotype. SMCs do not exhibit a
terminal differentiation status and are thus able
to de-differentiate into migratory, proliferative,
and highly synthetic phenotypes during injury
and disease. More recent findings suggest that
SMCs can also transdifferentiate to have a more
pro-inflammatory phenotype (Orr et al. 2010).
Hence, depending on the local presentation of
biochemical and biomechanical factors, a ves-
sel can accommodate SMCs having different or
diverse (coexisting) phenotypes. Indeed, a het-
erogeneous expression of contractile and syn-
thetic SMC phenotypes equips an artery with
the ability to constrict and vasoregulate blood
flow or to sense and regulate extracellular matrix
components without the extensive phenotypic
modulation that occurs during injury responses
or disease progression. Moreover, we emphasize
that SMC contractility is vital on a local level in
sensing and regulating the extracellular matrix,
thus promoting wall homeostasis under normal
conditions or growth and remodeling responses
under pathophysiological conditions (Wang et al.
2010; Doyle et al. 2015).
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SMC contractility is driven by the power-
stroke motion generated by myosin motors,
which is activated when myosin regulatory light
chains (MRLCs) are phosphorylated. MRLC
phosphorylation is regulated through different
catalyzing components, acting with different
time courses and through different pathways.
Many of the different signaling pathways
regulating SMC contractility have been analyzed
and reviewed, but few address or emphasize
regional differences in cell properties. That
is, SMCs are often considered as equivalent,
and regional differences in the regulation of
contractility for global (vessel level) or local
(matrix level) function are not separated. Among
the few studies of regional differences in active
properties and regulatory pathways as well as
some passive responses, consider the following.
Cox compared active and passive biomechanical
responses by the internal thoracic artery,
carotid artery, renal artery, mesenteric artery,
iliac artery, and coronary artery to chemical
stimuli and mechanical loading, with stronger
active stress responses found in the muscular,
renal, mesenteric, and iliac arteries and weaker
responses in coronary and internal thoracic
arteries (Cox 1978). Wede and colleagues
reported a significantly higher active stress
response in the mesenteric artery than in the
carotid artery or thoracic aorta but a reverse
trend in the passive stress response (Wede et al.
2002). Deeper investigations of the mechanisms
responsible for regional differences in active
stress response are often not addressed. A notable
example, however, is Kitazawa and colleague
who reported different regulatory pathways in
the thoracic aorta and caudal and mesenteric
arteries (Kitazawa and Kitazawa 2012).

The regionally heterogeneous pathways regu-
lating vasoconstriction and vasodilation are re-
lated to critical functions of SMCs in arteries
and play important roles in the acute mechan-
ics (e.g., regulating luminal radius and vascular
resistance) as well as the chronic mechanobi-
ology (e.g., extracellular matrix maintenance or
vascular remodeling). A broader consistent com-
parison of the degree of contractile capacity and
associated signaling pathways as a function of

vascular region would promote a better under-
standing of the function of SMC phenotype in
the circulatory system. Here, we review the main
regulatory pathways in SMC contractility and
their regional differences in elastic, muscular,
and resistance arteries. We also address how
these properties affect important mechanical and
mechanobiological functions in the circulatory
system.

2 Mechanical
andMechanobiological
Functions

Arterial mechanics is complicated by the non-
linear, anisotropic material properties intrinsic to
the wall and the large cyclic deformations it expe-
riences with each beat of the heart. Notwithstand-
ing the need for sophisticated methods of biome-
chanical analysis (Humphrey 2002), simple me-
chanical analyses provide some insight. In par-
ticular, good estimates of mean pressure-induced
radial wall stress, mean pressure-induced circum-
ferential wall stress, mean axial force-induced
axial stress, and mean flow-induced wall shear
stress are

σr ≈ −P

2
, σθ = Pa

h
,

σz = f

πh (2a + h)
, τw = 4μQ

πa3
(1)

where P is the distending pressure, a the luminal
radius, h the wall thickness, f the axial force, Q
the volumetric flow rate, and μ the viscosity of
the blood. Importantly, order of magnitude values
for these four components of Cauchy stress are
σ r∼ − 6 kPa, σ θ∼σ z∼100 kPa, and τw∼1 Pa.
For this reason, one often neglects mechanical
contributions of the radial component relative to
the in-plane (circumferential and axial) compo-
nents when studying wall mechanics. Similarly,
given the five orders of magnitude differences
between the pressure-induced intramural stresses
and the flow-induced wall shear stress, the lat-
ter is typically neglected in analyses of wall
mechanics.
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Nevertheless, wall shear stress is as important
to mechanobiological responses of ECs as
are circumferential and axial wall stresses
to mechanobiological responses of medial
SMCs and adventitial fibroblasts (Davies 2009;
Haga et al. 2007; Chiquet et al. 2003). This
chapter is motivated by the mechanics and
mechanobiology of SMCs, so let us consider
the circumferential stress in more detail. Clearly,
increasing pressure increases the circumferential
stress via associated distension (increase in
radius) and isochoric thinning (decrease in wall
thickness) of the pseudoelastic wall. Conversely,
increasing smooth muscle contraction decreases
circumferential stress by reducing the luminal
radius and isochorically increasing the wall
thickness. The Laplace equation should thus be
written as

σθ = Pa (P, C)

h (P, C)

where C denotes vessel-level contractility.
Hence, although it is often neglected in studies
of arterial mechanics, SMC contractility is
fundamental to the mechanics, not only to the
regulation of blood flow.

In addition to contributing to the biomechan-
ical functionality at the vessel level, SMCs are
also largely responsible for establishing, main-
taining, and refashioning the extracellular matrix
of the media. To accomplish this important
function, SMCs must actively mechano-sense
and mechano-regulate the matrix (Humphrey
et al. 2014). Both of these mechanobiological
functions are enabled via actin-myosin activity
and interactions between the cells and matrix
that are facilitated by multiple types of integrins
(i.e., transmembrane proteins that connect the
extracellular matrix and intracellular cytoskele-
ton). In this way, both the macromechanics
(vessel-level contractility) and micromechanics
(extracellular matrix function and integrity) are
dictated in large part by the ability of SMCs
to contract and relax, which interestingly also
involve similar intracellular signaling pathways.
Fundamental to understanding and controlling
SMC contributions to arterial health and disease,

therefore, is a detailed understanding of actin-
myosin regulation.

3 Regulation of SMC
Contractility

SMCs produce active force when intracellular
myosin motors interact with neighboring actin
filaments. The myosin motors can be described
using a lever-arm model with a head region
and tail region. The head region consists of an
actin-binding domain, a converter domain, and
a regulatory domain carrying the MRLCs that
activate the myosin motor when phosphorylated.
The tail region acts as an elastic spring and is able
to bind to other myosin motors, thus forming long
thick myosin filaments. These thick filaments are
surrounded by thin actin filaments and can form
load-bearing crossbridges between the myosin
and actin when myosin motors attach to the
actin filaments. The crossbridges cause relative
filament sliding through a power-stroke motion,
which causes the SMC to contract. The magni-
tude of cell contraction depends on many factors,
including activated myosin motors, myosin thick
filament length, actin network organization, and
filament lattice spacing; of course the magnitude
of vessel contraction depends on the number of
SMCs (Murtada et al. 2017).

Phosphorylation of the MRLC is governed
by the phosphorylation of myosin light-chain
kinase (MLCK) and the dephosphorylation
of myosin light-chain phosphatase (MLCP),
which are coordinated through a network
of signaling pathways. Excitation-contraction
coupling in SMCs can be categorized into
electromechanical versus pharmacomechanical
coupling (Somlyo and Somlyo 1994). The
former moderates contraction mainly through
changes in membrane depolarization affecting
intracellular calcium and regulating MLCK
activity; the latter moderates contraction through
G-protein-coupled receptors activating calcium-
sensitizing pathways without significant changes
in membrane potential and MLCK activity.
Endothelial-driven vasodilation acts through
pathways shared with the calcium-sensitizing
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pathways but promotes MLCP activity through
a calcium-desensitizing manner. These calcium-
sensitizing and calcium-desensitizing pathways
are linked to receptors and targets for physiolog-
ical vasoconstrictors (e.g., norepinephrine, an-
giotensin II, and endothelin-1) and vasodilators
(e.g., acetylcholine, nitric oxide, and adenosine)
and can activate both electromechanical and
pharmacomechanical coupling pathways that
independently or through cross talk influence
vascular tone in arteries. In the following section,
we address the calcium-dependent MLCK
pathway as well as the calcium-sensitizing and
calcium-desensitizing MLCP pathways and their
regional differences in arteries.

3.1 Intracellular Calcium:
Electromechanical Coupling

Intracellular calcium is one of the most important
central secondary messengers in most cells and
is crucial for regulating contractility in SMCs.
There are two sources of intracellular calcium
in SMCs: the extracellular matrix and associated
interstitial fluid, with a concentration of calcium
that is higher than that in the intracellular cy-
toplasm, and the sarcoplasmic reticulum (SR),
which acts as an intracellular storage for calcium
ions. The exchange of calcium between intra-
cellular and extracellular spaces occurs mainly
through a spectrum of ion channels, whereas the
sarcoplasmic reticulum is triggered mainly by
receptor activation.

3.1.1 SMCMembrane Ion Channels
The resting membrane potential, that is, the dif-
ference between intracellular and extracellular
potential, is negative in SMCs (from −50 to
−40 mV). When the membrane is depolarized
(i.e., an increased membrane potential and a
higher positive charge inside the cell), an ex-
change of potassium (K+), sodium (Na+), chlo-
ride (Cl−), and most importantly calcium (Ca2+)
ions takes place between the extracellular and
intracellular spaces through different membrane
ion channels, pumps, and exchangers; this re-
sults in an action potential. The calcium con-
centration is ∼10,000-fold higher in the extra-

cellular space than in the intracellular space of
a SMC, and depolarization of the cell mem-
brane by ∼15 mV will elevate intracellular cal-
cium to ∼300–400 nM. Membrane hyperpolar-
ization (i.e., a decreased membrane potential and
higher negative charge inside the cell) of ∼15 mV
will lower the intracellular calcium to ∼100 nM
(Hill-Eubanks et al. 2011). There are several
different types of ion channels and exchangers
that regulate SMC contractility in arteries, such
as voltage-dependent channels, ligand-operated
channels, and mechanosensitive cation channels.

One of the most important groups of
ion channels regulating intracellular calcium
in SMCs is the voltage-dependent calcium
channels (VDCCs). Depolarization causes
VDCCs to open, thus increasing the influx of
calcium ions and promoting vasoconstriction;
hyperpolarization, in contrast, causes VDCC
to close, thus decreasing the influx of calcium
and vasodilation. There are three different types
of VDCCs in SMCs: L-type (CaV1.2), P/Q-
type (CaV2.1), and T-type (CaV3.1, CaV3.2)
(Martinsen et al. 2014). The L-type calcium
channel (LTCC) is the most abundant VDCC in
SMCs and found in both elastic and resistance
arteries. The LTCC is characterized by its high-
voltage and long-lasting activation. The P/Q-
type calcium channels have been reported to
be slower than LTCCs and have a calcium-
independent rate of inactivation, thus providing
a longer time for calcium influx. The P/Q-
type channels also feature hormonal regulation
properties (Andreasen et al. 2006). The T-type
calcium channel (TTCC) is characterized by
its low-voltage and transient activation and is
more sensitive to depolarization; it activates
and inactivates more rapidly than the LTCC.
This unique characteristic makes the TTCC
able to respond to small and fast changes in
stimuli, which is necessary in resistance arteries.
When comparing effects of LTCC blockers
and TTCC blockers in the rat aorta versus
mesenteric arteries, in response to high K+-
induced depolarization, TTCC blockers have a
significantly greater effect in resistance arteries
(Ball et al. 2009). VDCCs can also be classified
into calcium channels sensitive or insensitive
to dihydropyridine, a group of calcium channel



110 S.-I. Murtada and J. D. Humphrey

blockers used to treat hypertension (Hill-Eubanks
et al. 2011). Some of the dihydropyridine-
insensitive calcium channel blockers are more
effective in resistance arteries than in elastic
arteries (Martinsen et al. 2014).

Potassium channels are abundantly expressed
in all SMCs and are considered to play important
roles in regulating the membrane potential.
When these channels open, positively charged
potassium ions diffuse from the intracellular to
the extracellular space, resulting in membrane
hyperpolarization, thereby causing the VDCCs
to close and the vessel to dilate. When
the potassium channels close, the reduced
efflux of potassium ions leads to membrane
depolarization, causing VDCCs to open and
the vessel to constrict. Several subgroups of
potassium channels regulate the transportation
of potassium ions in SMCs. Four important
channels are the calcium-activated potassium
channel (KCaC), voltage-activated potassium
channel (KvC), ATP-sensitive potassium channel
(KATPC), and inwardly rectifying potassium
channel (KIRC). The KATPC is an ATP-sensitive
potassium channel that closes with increased
ATP concentration (Jackson 2000). The KIRC is
unique because of its ability to increase intracel-
lular potassium ion concentrations (inward flow)
for physiological values of membrane potential
(Ko et al. 2008). Here, we will focus on KCaC
and KvC, which have differential activity. The
KCaC is a key player in responding to an increase
in intracellular calcium and is the predominant
potassium channel regulating vascular tone.
These channels have a negative feedback
role causing hyperpolarization and inhibiting
vasoconstriction in response to increased
intracellular calcium. The KCaC can be divided
into three subfamilies: small-, intermediate-,
and large-conductance subfamilies. The small-
and intermediate-conductance KCaC are found
in endothelial cells (ECs), and the large-
conductance (“big”) KCaC (BKCaC) is found
in SMCs. The BKCaC is expressed in elastic and
resistance arteries and regulated by both voltage
and intracellular calcium (Jackson 2000). Thus,
both membrane depolarization and increases in
intracellular calcium above a threshold level are
necessary to activate the BKCaC. The BKCaC

is an important modulator of resting membrane
potential and the myogenic tone particular to
resistance arteries. BKCaC activity increases
in all types of arteries in response to chronic
hypertension as a protective mechanism to
restrict vascular contraction and blood pressure
(Sobey 2001). Voltage-dependent potassium
channels (KvC) serve as delayed rectifiers and
are regulated by the membrane potential; they
function as a buffer against depolarization
and vasoconstriction. There are many alpha-
subunits (Kv1.1–1.6) and beta-subunits (KvB1.1,
KvB1.2) for KvC, with each subunit relating to a
distinct gene. These subunit genes are expressed
differently in elastic versus muscular arteries,
with most KvC genes expressed more in the latter
(Cox et al. 2001). In the same study, expression
levels of Kv1.2 and Kv1.3 were reported to be
significantly elevated in the aorta (elastic) and
mesenteric (muscular) arteries in hypertensive
rats. Yet, in a separate study in hypertensive
rats, a lower activity in both KvC and BKCaC
was reported in interlobar (resistance) arteries
(Martens and Gelband 1996). These regional
differences in potassium channel activity relate
to a higher SMC contractile activity in resistance
arteries and a lower activity in large arteries
during hypertension. An impaired function of the
KvC would increase membrane depolarization
and levels of intracellular calcium, causing a
positive feedback mechanism for hypertension.
Notwithstanding the significant difference
between the systemic and pulmonary circulation,
there are reports of equal expression levels of
BKCaC and KvC in SMCs in larger pulmonary
arteries, whereas KvC is more highly expressed
in smaller pulmonary arteries (Archer et al.
1996).

The chloride ion channel is an outward per-
meable ion channel expressed in different tissues
and types of SMCs. The calcium-activated chlo-
ride channel (ClCaC) is present in SMCs in differ-
ent arteries (Bulley and Jaggar 2014). Increased
intracellular calcium opens the ClCaCs causing
a discharge of negatively charged chloride ions
from the intracellular to the extracellular space,
thus leading to membrane depolarization. The
ClCaCs play important roles in ligand-gated path-
ways where they can depolarize the membrane
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in response to calcium release from intracellular
storages, which increases the activity of VDCCs
and the concentration of intracellular calcium.
Inactivation of chloride channels in both the aorta
and mesenteric arteries reduces the response to
norepinephrine (NE) but not to high KCl-induced
contraction (Criddle et al. 1996, 1997). Activa-
tion of ClCaCs has opposite depolarizing effects
on membrane potential compared with the hy-
perpolarizing effect of BKCaCs, and the ratio of
these two channels has an important effect on
the membrane potential in response to increased
intracellular calcium.

The sodium-calcium exchanger (NaCaX) is a
voltage-dependent ion exchanger that discharges
intracellular calcium ions with an influx of extra-
cellular sodium ions. Overexpression of NaCaX
activity leads to decreased intracellular calcium
and a decreased rate of contraction, thus pro-
moting relaxation. NaCaX activity declines in
response to membrane depolarization, inhibit-
ing a decrease in intracellular calcium and thus
SMC contraction. Despite a reverse-mode activ-
ity, NaCaX is less sensitive to membrane depo-
larization than VDCC (Nelson et al. 1990).

Pressure-induced membrane depolarization is
an important controller of myogenic tone in re-
sistance arteries. In cases of a sudden increase in
pressure, elastic arteries expand and store elastic
energy, while resistance arteries exhibit a unique
ability to do the opposite and constrict. The latter
is known as the Bayliss effect where a sudden
increase in pressure causes arteriolar vasocon-
striction to maintain flow despite fluctuations in
loading. The mechanistic basis behind this effect
includes a group of mechanosensitive (pressure-
sensitive) nonselective cation channels located
on the SMC membrane, also known as stretch-
activated ion channels (SACs) that cause mem-
brane depolarization when stretched. SACs are
interesting due to their mechanosensitive proper-
ties and have been studied in peripheral and coro-
nary artery SMCs as well as in ECs. Recent stud-
ies identified a new group of mechanosensitive
ion channels called Piezo1 channel (PIEZO1),
with high expression in the caudal artery and
low expression in the aorta, again with important
roles in hypertension-driven remodeling (Retail-
leau et al. 2015). In both angiotensin II- and

DOCA salt-induced hypertension models, Piezo1
plays a crucial role in remodeling of the caudal
arterial wall.

Ion channels can be targeted to treat hyper-
tension, but because of their regional differences
in expression and interdependence with other ion
channels, (e.g., through the membrane potential
and intracellular calcium), global inhibition of a
certain ion channel may also cause undesired ef-
fects. If understood better, however, this regional
difference in ion channel expression could be
used as an advantage when targeting certain re-
gions. Figure 2 shows relationships among some
of the many different ion channels.

3.1.2 Sarcoplasmic Reticulum
The sarcoplasmic reticulum (SR) is an important
alternative source of intracellular calcium that
can activate calcium-sensitive ion channels
and calcium-dependent pathways independent
of changes in membrane potential. These
internal stores of calcium exist in most vessel
types (Devine et al. 1972) but tend to be
localized more centrally in SMCs of elastic
arteries and more peripherally in SMCs of
muscular arteries (Nixon et al. 1994). Two
main receptors release intracellular calcium
from the SR: inositol-1,4,5-triphosphate (IP3)
receptors and ryanodine receptors (RyR). IP3
and diacylglycerol (DAG) are by-products of
the hydrolysis of phosphatidylinositol 4,5-
biphosphate (PIP2) by phospholipase C (PLC),
which is an important pathway between
intracellular calcium and pharmacomechanical
coupling activation. RyR are named after the
plant alkaloid ryanodine. Myriad molecules can
bind and activate RyR, such as ions, calmodulin,
kinases, and phosphatases (Zalk et al. 2007).
Exposure to ryanodine will cause calcium
depletion in the SMC SR, which is thereby an
effective method to suspend the effect of sudden
SR calcium release. Similar to the SMC itself,
the SR has a pump to recover its basal level
of intracellular calcium. Calcium is restored
in the SR through an ATP-dependent calcium
pump (SERCA). Activation of this pump causes
a decrease in cytoplasmic calcium and associated
increase in calcium in the SR. The SERCA
pump can be regulated by phospholamban, a
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Fig. 2 Regulation of intracellular calcium through electromechanical coupling

protein targeted by protein kinase A (PKA)
or protein kinase G (PKG), which inactivates
calcium release from the SR causing a reduced
cytoplasmic calcium concentration (Pozzan et al.
1994).

3.1.3 Myosin Light-Chain Kinase
(MLCK)

Intracellular calcium is an important secondary
messenger, which in SMCs has several targets.
A key target in regulating vasoconstriction
is calmodulin (CaM), a calcium-modulated
protein that can activate several important
kinases and phosphatases that regulate vascular
contraction. CaM has four calcium-binding
sites. Binding of calcium ions to CaM forms
a calcium-calmodulin complex (CaCaM) which,
among other functions, activates the myosin-
phosphorylating MLCK. Noted above, MLCK
is a serine/threonine protein kinase enzyme
that phosphorylates the myosin regulatory light
chains (MRLCs) and activates myosin motors,
thus enabling interactions with attachments to
neighboring acting filaments. There are several
isoforms of MLCK, one of which is SMC specific
and encoded in humans by the MYLK1 gene
(Herring et al. 2006). MLCK is a long and
flexible molecule that has both an actin- and a
myosin-binding site, both of which are weakened
when activated by CaCaM. These binding sites
are located on each end of the MLCK and
suggest that MLCK is readily available to the
actomyosin complex and could affect actin
and myosin interactions at low concentration

of CaCaM (Hong et al. 2011). MLCK expression
is higher in the mesenteric artery than in the
aorta (Martinsen et al. 2014), consistent with
the faster phasic contractile response in the
mesenteric. Despite the lower expression in the
aorta, MLCK regulates calcium channel activity
more in the aorta than in mesenteric arteries.
It also appears that MLCK is important in
regulating the homeostatic level of cytoplasmic
calcium and thus the basal tone in the aorta.

3.2 Calcium Sensitization:
Pharmacomechanical
Coupling

Myosin phosphorylation can be increased at the
same level of intracellular calcium and MLCK
activity by inhibiting the dephosphorylating
myosin light-chain phosphatase (MLCP) enzyme
activity. Inhibition of MLCP is also known as
calcium sensitization, which can be initiated
through different pathways. Several components
are involved in the calcium sensitization
signaling network, ranging from activation of G-
protein-coupled receptors (GPCR) by adrenergic
agonists to inhibition of MLCP subunits by the
inhibitory protein CPI-17 and the Rho-associated
protein kinase (ROCK).

3.2.1 Adrenergic Receptors
SMCs, and similarly cardiomyocytes, are con-
trolled in part by the autonomic nervous sys-
tem, which regulate unconscious functions such
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as heart rate and the fight-or-flight response.
The autonomic nervous system can be divided
into sympathetic and parasympathetic. In arter-
ies, the sympathetic nervous system is charac-
terized by postganglionic release of adrenergic
norepinephrine (NE), causing vasoconstriction
through adrenergic receptors located on the SMC
membrane. The parasympathetic nervous sys-
tem is characterized by release of cholinergic
acetylcholine, causing vasodilation through mus-
carinic cholinergic receptors located on the EC
membrane. It should be noted that muscarinic
receptors are located on SMC in certain veins and
coronary arteries where acetylcholine acts as a
vasoconstrictor (Milnor 1990).

Adrenergic receptors are widely expressed in
different tissues (e.g., liver, heart, bladder, and
blood vessels) and are common targets for clin-
ical treatment. In 1948, the pharmacologist Ray-
mond Ahlquist categorized adrenergic receptors
into α and β types, which have since been di-
vided into additional subtypes. In arteries, SMC
tone is controlled primarily by α1-, α2-, and β2-
adrenergic receptors, where primarily α1 reg-
ulates vasoconstriction, α2 regulates presynap-
tic release of NE, and β2 regulates vasodila-
tion (Michelotti et al. 2000). The α1-adrenergic
receptor can be classified into three subtypes:
α1A, α1B, and α1D. Each subtype contributes to
vascular tone, but they differ in regional distri-
bution and pharmacologic response to agonists
and antagonists. In the cardiovascular system,
α1A-adrenergic receptors are predominantly ex-
pressed in the heart and resistance arteries, α1D

in elastic and muscular arteries, and α1B in the
heart and all vessels (Michelotti et al. 2000).

In murine arteries, the α1A receptor was re-
ported to be absent in the ascending and descend-
ing thoracic aorta, carotid artery, and pulmonary
artery, with low expression in the suprarenal
abdominal artery but high expression in the in-
frarenal abdominal aorta and in the celiac, renal,
mesenteric, iliac, and femoral arteries (Rokosh
and Simpson 2002). The α1A-adrenergic selective
agonist A61603 has been reported to be much
more potent than norepinephrine (NE) in rat
vas deferens (Knepper et al. 1995) and equiva-
lent to the nonselective α1A-adrenergic agonist

phenylephrine (PE) in rat mesenteric arteries (Ki-
tazawa and Kitazawa 2012). This trend was also
observed in the rat caudal artery where both
the active response and sensitivity to A61603
were much stronger than in the aorta (Mueed
et al. 2004). This distribution suggests a gradual
trend toward a stronger response to the α1A-
adrenergic selective agonist A61603 in resistance
arteries compared to that in elastic arteries. The
α1A selective antagonist RS100329 has a 100-
fold higher potency to α1A- than to α1B- or
α1D-adrenergic receptors (Williams et al. 1999).
In vitro contractions of rat arterial rings stim-
ulated with PE reveal further that RS100329
has high potency in the mesenteric artery, less
in the caudal artery, and least in the thoracic
aorta, among these three vessels (Kitazawa and
Kitazawa 2012), thus corroborating that α1A is
more pronounced in resistance arteries than in
elastic arteries.

In rat arteries, α1D-adrenergic receptor
expression (protein level) has been found in
the aorta, iliac artery, and femoral artery but
less in the mesenteric artery (Michelotti et al.
2000). No selective α1D-adrenergic agonists
are available, but the α1D selective antagonist
BMY7378 has approximately 100 times higher
potency toward α1D compared to α1A and α1B

receptors. Active responses to NE are higher in
the suprarenal abdominal aorta and mesenteric
artery than in the infrarenal abdominal aorta,
and the α1D-adrenergic selective antagonist
BMY7378 is most efficient in the suprarenal
abdominal aorta and least effective in the
infrarenal abdominal aorta (Yamamoto and
Koike 2001). These observations are interesting
for two reasons. First, NE elicits stronger
responses in proximal regions of the abdominal
aorta and in the mesenteric artery than in the
distal regions of the abdominal aorta. Second,
higher concentrations of BMY7378 are necessary
to inhibit vasoconstriction stimulated by NE in
the distal region of the abdominal aorta than
in the mesenteric artery or in the proximal
region of the abdominal aorta. Hence, there
exists a regional heterogeneity of α1-adrenergic
receptor subtypes not only between muscular
and elastic arteries but also within elastic
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arteries, with the suprarenal abdominal aorta
primarily regulated by α1D receptors, whereas
the infrarenal abdominal aorta is regulated
mainly through α1A receptors. Other reports
have confirmed the dominant influence of α1D

receptors in proximal regions of the aorta. In
vitro contractions of rat arterial rings stimulated
with PE demonstrated that the α1D selective
antagonist had its largest effect in the thoracic
aorta, with an attenuated effect in the caudal
artery and the least effect in the mesenteric artery
(Kitazawa and Kitazawa 2012). Similar trends in
regional distributions of α1A- and α1D-adrenergic
receptor expression have been reported in rats
and humans, with more α1D receptors in the
elastic aorta and more α1A receptors in the
muscular mesenteric arteries (Michelotti et al.
2000; Rudner et al. 1999).

The role of α1B receptors has been more
difficult to isolate due to the lack of α1B se-
lective adrenergic receptor agonists. The antag-
onist 5-methyl urapidil (5-MU) has higher se-
lectivity to α1A- and α1D-adrenergic receptors
(α1A > α1D > α1B) and has been used to favor α1B

stimulation. The antagonist chloroethylclonidine
(CEC) has higher selectivity to α1B receptors
(α1B > α1D > α1A) and can be used to inhibit α1B

stimulation. These two compounds have been
used to demonstrate a potential role of α1B-
adrenergic receptors during SMC development
(Chen et al. 1995). Knockout studies provide
some clues on the function of the α1B recep-
tors but not without controversy. It has been
observed that contractility of the thoracic aorta
is both affected and not affected by NE and PE
in α1B

−/− mice (Cavalli et al. 1997; Hosoda et al.
2005).

Single knockout models of α1A (Rokosh and
Simpson 2002), α1B (Cavalli et al. 1997), and
α1D (Tanoue et al. 2002) all cause hypoten-
sion in mice despite their heterogeneous distribu-
tion along the arterial tree. This finding suggests
that all subtypes may participate cooperatively
in blood pressure regulation, with the controver-
sial α1B -adrenergic receptors possibly contribut-
ing through vasoconstriction of elastic, muscular,
and resistance arteries. Figure 3 summarizes the
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Fig. 3 Regional activity of α1-adrenergic receptor sub-
types A (solid), B (dashed), and D (dotted) in elastic,
muscular, and resistance arteries

regional activity of α1 adrenergic receptors in
elastic, muscular, and resistance arteries.

3.2.2 G-Protein-Coupled Receptors
G-proteins are membrane proteins that act as
common mediators of cellular responses to
hormones and neurotransmitters in SMCs. When
connected to adrenergic receptors, G-proteins
form G-protein-coupled receptors (GPCR) that
activate numerous cellular responses, including
those regulating active tone in arteries. G-
proteins can be divided into four classes: Gq,
G12/13, Gs, and Gi (Simon et al. 1991). The
G-protein family Gq activates phospholipase
C (PLC) and the IP3/DAG pathway, whereas
G12/13 activates RhoA and the Rho-Rho-Kinase
pathway. The β-adrenergic receptors are coupled
to the G-protein family Gs (stimulator), which
activates adenylyl cyclase and produces cAMP
(cyclic adenosine-3′3, 5′ monophosphate) from
ATP (adenosine triphosphate). This process has
different effects in different cells. β-adrenergic
receptors enhance contraction in cardiomyocytes
but cause relaxation in SMCs by reducing
intracellular calcium through activation of a
cAMP-dependent protein kinase (PKA). The
G-protein class Gi (inhibitor) mainly inhibits
adenylyl cyclase and production of cAMP.
Here, we focus on the Gq and G12/13 G-proteins
and their signaling cascades regulating SMC
contractility (see Fig. 4).
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Fig. 4 Calcium-sensitizing pathways regulating vasoconstriction. Pathways more active in resistance arteries are
denoted by (R) and in elastic arteries by (E)

3.2.3 Gq–PLC–PKC/IP3
The G-protein family Gq activates PLC, a
membrane-associated enzyme that catalyzes
the hydrolysis of phosphatidylinositol 4,5-
biphosphate (PIP2) into 1,2-diacylglycerol
(DAG) and 1,4,5-triphosphate (IP3) (Berridge
and Irvine 1984). IP3 binds to IP3 receptors
located in the SR activating release of calcium,
which in turn triggers cytosolic calcium-
dependent activities that include activation of
calcium-dependent ion channels (e.g., ClCaC)
that induce membrane depolarization and open
VDCCs to further elevate intracellular calcium
concentration. DAG binds and activates the
phosphorylating enzyme protein kinase C (PKC),
which exists in several isoforms. αPKC is
expressed in the cytosol of most SMCs whereas
δPKC associates with the SMC cytoskeleton and
membrane (Salamanca and Khalil 2005). The
PKCs consist of a regulatory and a catalytic
domain. The regulatory domain has binding sites
for DAG and calcium; the catalytic domain can
activate substrates involved in important cellular
functions such as exocytosis, gene expression,
proliferation, growth, and regulation of vascular
contraction. Several substitutes can bind to

the regulatory domain instead of DAG and
activate PKC. Examples include PDBu as well
as several PKC inhibitors such as GF109203x
that inhibit the catalytic domain. An important
PKC-dependent pathway that regulates vascular
contractility is phosphorylation and activation
of a 17 kDa PKC-potentiated MLCP inhibitor
(CPI-17), which is predominantly expressed in
vascular SMCs.

PKC expression has been reported to be com-
parable in rat thoracic aorta, caudal artery, and
small mesenteric artery, whereas CPI-17 expres-
sion is higher in the second- and third-generation
mesenteric artery compared with the aorta and
caudal artery (Kitazawa and Kitazawa 2012).
High expression of CPI-17 in resistance arteries
is supported by in vitro contraction studies of
rat arterial rings with PE and relaxation with
the PKC inhibitor GF109203x, with active force
development significantly reduced in the second-
and third-generation mesenteric arteries, less re-
duced in the caudal and superior mesenteric ar-
teries, and least reduced in the thoracic aorta.
Increased vascular contractility in mesenteric ar-
teries and increased blood pressure in transgenic
mouse models with increased expression of CPI-
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17 have also been reported (Su et al. 2013). Other
studies report higher expression of PKC and CPI-
17 and sensitivity to the PKC inhibitor PDBu
in the rat aorta compared with the caudal artery
(Mueed et al. 2004) and a higher expression of
CPI-17 in the rabbit aorta than in the femoral
artery (Woodsome et al. 2001). Further studies
could clarify differences in PKC-mediated con-
traction in different vessel types, in particular be-
tween muscular and elastic arteries. Nonetheless,
it is evident that there is a regional distribution
and activity of PKC/CPI-17, with the highest
expression found in resistance arteries and lower
expression in muscular and elastic arteries.

When inhibiting PKC with GF109203x in
PE-stimulated contractions, the sustained level
of intracellular calcium decreases in the small
mesenteric artery but not in the thoracic aorta
(Kitazawa and Kitazawa 2012) or the femoral
artery (Dimopoulos et al. 2007), suggesting that
PKC could have a role in calcium handling in
resistance arteries but not in elastic or muscu-
lar arteries. Other reports suggest that PKC can
activate the store-operated ion channel (SOC)
(Leung et al. 2008) and inhibit activation of
BKCa (Barman et al. 2004) in pulmonary arteries,
which would increase the intracellular calcium.

3.2.4 G12/13–RhoA–ROCK
The G-protein family G12/13 activates a cascade
of signaling proteins that includes members of
the small Rho family GTPases, which play im-
portant roles in cytoskeletal changes, vesicle traf-
ficking, cell progression, and myosin phosphory-
lation. GTPase activity is regulated by two pro-
teins, guanine nucleotide exchange factor (GEF)
and GTPase-activating protein (GAP); GTPase
is activated when attached to guanosine triphos-
phate (GTP) and deactivated when attached to
guanosine diphosphate (GDP). GEF promotes
activation by exchanging GDP with GTP, while
GAP promotes hydrolysis of GTP to GDP. The
main members in the Rho family are RhoA,
Rac1, and Cdc42, with more than 70 potential
downstream effectors involved in important cel-
lular functions, including Dia1,2 (downstream
of RhoA, Rac1), Wasp (downstream of Rac1),
N-Wasp (downstream of Cdc42), MEKK4/Jnk

(downstream of Cdc42), and ROCK (downstream
of RhoA) (Bustelo et al. 2007). RhoA is an
important activator of Rho-Kinase (ROCK), a ki-
nase involved in cytoskeletal reorganization and
calcium sensitization. ROCK is a member of the
serine/threonine kinase family and has two iso-
forms, ROCK1 and ROCK2. Both isoforms are
expressed in vascular SMCs and are involved in
regulating MLCP activity with cooperative roles,
with ROCK2 reported to be the predominant
isoform to regulate vascular contractility (Wang
et al. 2009).

RhoA has been reported to be expressed more
in elastic (aorta) and muscular (caudal) arteries
than resistance (small mesenteric) arteries. Ex-
pressions of ROCK1 and ROCK2 were neverthe-
less equivalent in the different vessel types. Re-
gional differences in the RhoA-ROCK pathway
were found through in vitro contraction tests in-
duced with PE together with the ROCK inhibitor
Y27632, where the largest effect (inhibition) was
observed in the aorta, a decreased effect in the
caudal artery, and the least effect in the small
mesenteric artery (Kitazawa and Kitazawa 2012).

Inhibiting ROCK with Y27642 reduces the
sustained level of intracellular calcium in the
aorta but not in the small mesenteric artery,
suggesting that ROCK has a role in calcium
handling in elastic arteries. ROCK is required for
non-voltage and non-capacitive-dependent cal-
cium entry in arteries, and inhibition of these
channels has a larger effect on the aorta than
the mesenteric artery (Martinsen et al. 2014).
This could explain the reduction of intracellular
calcium when inhibiting ROCK in the aorta and
not in the mesenteric artery. The sensitivity and
maximal effect of ROCK on intracellular cal-
cium are higher when stimulated by NE in the
aorta than in the mesenteric artery (Ghisdal et al.
2003). It was also found that Y27632-dependent
inhibition of intracellular calcium is not related to
any potassium ion channel, PLC activity, or IP3
receptor. It should be noted that there have been
reports where inhibiting ROCK with Y27632
had very little effect in rat aorta (Mueed et al.
2004). Regional differences in RhoA expression,
with higher expression in elastic arteries than in
resistance arteries, will affect both intracellular
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calcium levels and calcium sensitization through
a ROCK-dependent pathway.

Interestingly, some reports suggest that
ROCK could be involved in phosphorylating and
activating CPI-17 (Kitazawa and Kitazawa 2012;
Koyama et al. 2000). CPI-17 phosphorylation
was reduced in the aorta but not in the small
mesenteric artery when inhibiting ROCK with
Y27632, suggesting that G12/13 G-protein
activation could inhibit MLCP through both
a RhoA-ROCK pathway and a PKC-CPI-17
pathway in elastic arteries, thus rendering it
efficient in regulating contraction in elastic
arteries. It should be noted that electromechanical
activation (exposure to high KCl) was able to
phosphorylate MYPT1 through RhoA activation
(Sakurada et al. 2003) but with no activation
of CPI-17 (Dimopoulos et al. 2007), suggesting
that ROCK phosphorylation of CPI-17 could
be dose-dependent or that other factors are
necessary to phosphorylate CPI-17 through
ROCK.

3.2.5 Myosin Light-Chain
Phosphatase

MLCP consists of three subunits: a large 110–
130 kDa regulatory subunit MYPT1, a 38 kDa
catalytic subunit PP1c, and a small 20 kDa
subunit with a function yet unknown. The
MYPT1 subunit is responsible for activating
the PP1c subunit through a conformational
change that allows PP1c to activate MLCP.
The MLCP can be inhibited through two
main pathways, phosphorylation of MYPT1 (at
Thr696 and Thr853 sites) and direct inhibition
of MLCP (Dimopoulos et al. 2007). MYPT1
(Thr853 site) can be phosphorylated by ROCK
through the G12/13/RhoA/ROCK pathway but
also phosphorylated (Thr696 site) by different
kinases, including integrin-linked kinase (ILK),
zipper-interacting protein kinase (ZIPK),
p21-activated kinase (PAK), and dystrophia
myotonica protein kinase (DMPK) (Somlyo
and Somlyo 2003). The second pathway of
directly inhibiting MLCP is phosphorylation and
activation of the SMC-specific MLCP inhibitor
CPI-17 through the Gq/PLC/DAG/PKC/CPI-
17 (primary) or the G12/13/RhoA/ROCK/CPI-17

(secondary) pathway. Phosphorylation of Thr38
on CPI-17 increases the effect of its inhibition
of MLCP by 1000-fold. The ratio of CPI-17 to
MYPT1 expression varies and depends on SMC
type and regional differences (Dimopoulos et al.
2007).

Vascular contraction is characterized by a
rapid transient increase in intracellular calcium,
which decreases to a steady-state value after
reaching its peak. MLC phosphorylation behaves
similarly with an initial peak but higher
maintained levels. Intracellular calcium can be
directly linked to MLCK activity. The maintained
level of MLC phosphorylation despite loss of
MLCK activity is thought to be related to a
reduced MLCP activity regulated by the two
(CPI-17/ROCK) calcium-sensitizing pathways.
These pathways differ in the time course of
MLCP inhibition, with phosphorylation of CPI-
17 occurring faster than phosphorylation of
MYPT1 (Dimopoulos et al. 2007). The fast
transient increase in MLC phosphorylation
can be eliminated by inhibiting an increase
in intracellular calcium by blocking VDCC
and depleting intracellular calcium from the
SR or by inhibiting PKC. The steady-state
value of MLC phosphorylation reduces when
inhibiting ROCK, which also affects the steady-
state value of CPI-17 phosphorylation, thus
confirming that ROCK can phosphorylate CPI-17
independently of PKC (Kitazawa and Kitazawa
2012). The ROCK pathway regulates the late
sustained phase of contraction, while the early
phase associates with MLCK activity and
phosphorylation of CPI-17 (Dimopoulos et al.
2007), which most likely dictates the regionally
different contractile responses in arteries.
The Gq/PLC/DAG/PKC/CPI-17 pathway, with
highest activity in resistance arteries and lower
activity in muscular and elastic arteries, acts
faster than the G12/13/RhoA/ROCK pathway,
which is most active in elastic arteries (see
Fig. 5). These observations suggest that the time
course of regulating active tone is important in
arteries and that different vessel types utilize a
variety of pathways to generate different acute
responses and chronic regulations of the active
tone.
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Fig. 5 Regional activity of CPI-17 (solid) and ROCK
(dashed) in elastic, muscular, and resistance arteries

Interestingly, inhibiting an increase in intra-
cellular calcium during PE-induced contraction
significantly reduces active tone in the femoral
artery, although without changes in the steady-
state value of MLC phosphorylation when
compared to contraction with normal levels of
calcium (Dimopoulos et al. 2007). Moreover
CPI-17 phosphorylation is significantly reduced,
while phosphorylation of MYPT1 is not affected.
This weak, however existing, calcium transient-
independent contraction was confirmed in
the thoracic aorta but was not observed in
the small mesenteric artery (Kitazawa and
Kitazawa 2012). This suggests that basal levels
of intracellular calcium are enough to trigger
calcium-sensitizing active tone in elastic arteries,
while calcium transients above basal level are
necessary to trigger contraction in resistance
arteries.

3.3 CalciumDesensitization:
EC-Driven Relaxation

Vascular ECs line the innermost layer of the
arterial wall, the intima, and have many important
functions including clearance of specific vasoac-
tive substances from the circulation, synthesis of
prostaglandins, antithrombogenic activity, regu-
lation of mitosis and development of SMC, and
release of endothelium-derived factors such as
nitric oxide (NO) or endothelin-1 (ET-1) (Milnor

1990). NO is an important signaling molecule
with anti-inflammatory, antithrombotic, vasodila-
tory, and matrix-modulating roles. NO synthe-
sis in ECs is mediated by endothelial NO syn-
thase (eNOS), which facilitates conversion of the
amino acid L-arginine to L-citrulline, with NO as
a by-product. As in SMCs, intracellular calcium
in ECs is regulated in part by membrane ion
channels and receptors. ECs also possess a range
of different membrane ion channels, including
receptor-activated cation channels, nonselective
cation channels, potassium channels, chloride
channels, and mechanosensitive ion channels.
Membrane potential is an important driving force
regulating the intracellular calcium in ECs and
is, as in SMCs, regulated through an exchange
of different ions within the extracellular space.
Central ion channels in ECs are the potassium
ion channels, in particular inwardly rectifying
Kir channels, which are important for the rest-
ing potential, chloride channels, and voltage-
dependent sodium and calcium channels. ECs are
also equipped with stretch- and shear-sensitive
nonselective cation channels that regulate intra-
cellular calcium in response to changes in blood
pressure and flow (Nilius and Droogmans 2001).
Calcium entry into ECs can also be activated
though a G-protein-coupled receptor pathway ac-
tivating nonselective cation, store-operated chan-
nels, and membrane receptors. Membrane recep-
tors in ECs are cholinergic receptors of the mus-
carinic type, which also exist in SMCs. Choliner-
gic nerves release acetylcholine, which binds to
muscarinic receptors coupled to the Gq-protein,
thus activating the PLC/IP3 pathway and increas-
ing intracellular calcium. Depending on the ratio
of expression and affinity to muscarinic receptors
in endothelial and SMCs, the total response may
be vasodilation or vasoconstriction. In most arter-
ies, however, activation of muscarinic receptors
causes vasodilation though it causes vasocon-
striction in coronary arteries and veins (Milnor
1990). Intracellular calcium in ECs can also ac-
tivate MLCK-dependent contraction in a fashion
similar to that in SMCs. However, the active tone
produced in vascular ECs is ∼20 times smaller
than in SMCs and does not contribute to the
mechanical function of the arterial wall. Rather,
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active tone in ECs is believed to relate to vessel
permeability for controlling transportation of im-
portant molecules through intracellular junctions
(Sukriti et al. 2014).

When NO produced by ECs diffuses into
the wall and reaches the SMCs, it activates
NO-guanylyl cyclase (NO-GC) which triggers
the synthesis of GTP to cyclic guanosine
monophosphate (cGMP). The concentration
of cGMP is determined by NO-GC and the
enzyme phosphodiesterase (PDE), which breaks
down cGMP. cGMP is an important messenger
in NO-mediated vasodilation and acts mainly
through cGMP-dependent protein kinase (PKG)
regulating intracellular calcium and calcium de-
sensitization in the SMCs. There are two families
of PKG: PKGI and PKGII, which are encoded by
two separate genes, with PKGI more involved in
cGMP-regulated signaling (Francis et al. 2010).
PKG can regulate both electromechanical- and
pharmacomechanical-driven SMC contractility
by changing intracellular calcium regulation
and calcium-desensitizing pathways (Lincoln
et al. 2001). PKG decreases MLCK activity
by reducing intracellular calcium mainly by
enhancing the activity of BKCaC and KATPC,
leading to membrane repolarization and hyper-
polarization (Ko et al. 2008). PKG is also able
to phosphorylate IP3 receptors reducing PLC-
activated calcium release from the SR (Lincoln
et al. 2001). PKG increases MLCP activity
by inhibiting CPI-17- and ROCK-dependent
pathways, leading to calcium desensitization.
PKG phosphorylates Ser695 located on the
MYPT1, which prevents phosphorylation of
Thr696 and deactivation of MLCP. PKG also
dephosphorylates CPI-17, which prevents CPI-
17 from inhibiting MLCP (Lincoln 2007). This
makes PKG a powerful and important component
regulating vasodilation. See Fig. 6 for a summary
of the EC-driven calcium-desensitizing pathways
in VSMCs.

Acetylcholine causes EC-dependent va-
sodilation in the aorta and femoral, hepatic,
mesenteric, and renal arteries to both KCl-
and PE-induced contraction with comparable
sensitivity (Zygmunt et al. 1995). However, when

inhibiting acetylcholine-triggered NO formation
through the L-arginine analog L-NOARG, a
regional inhibitory effect to L-NOARG was
observed for PE-induced contraction with no
relaxation in the femoral and renal arteries. The
L-NOARG-resistant relaxation in the aorta and
hepatic and mesenteric arteries was suggested
to be due to a regional endothelium-derived
hyperpolarizing mechanism (Zygmunt et al.
1995).

The NO content has been reported to be more
than two times higher in the aorta than in the
mesenteric artery (Burgoyne et al. 2012) suggest-
ing that NO-regulated vasodilation could require
a higher level of NO in elastic arteries than in
resistance arteries (sensitivity) or produce higher
levels NO-regulated vasodilation in elastic arter-
ies than in mesenteric arteries (magnitude). The
higher NO content in the aorta is also believed
to have a desensitizing effect to PKG oxidation.
Besides activation through NO-cGMP, PKG can
also be activated through a competing oxidation
mechanism where activation through cGMP at-
tenuates PKG oxidation (Burgoyne et al. 2007).
Hence, a higher level of NO-cGMP, as reported
in the aorta compared to the mesenteric artery,
would better resist PKG to oxidation. This prop-
erty was also reflected by the aorta, which was
much less sensitive than the mesenteric artery to
H2O2-induced relaxation.

3.4 Basal Active Tone in Arteries

Similar to how the kinetics of the phosphorylat-
ing MLCK and dephosphorylating MLCP reg-
ulate total myosin phosphorylation, the kinetics
of the basal SMC activity and basal EC activity
likely regulate basal vascular tone (Fig. 7). Basal
SMC activity is set by the regulatory components
involved in defining SMC contractility, including
basal levels of adrenergic agonist concentration,
SMC intracellular calcium, blood pressure, and
mechanical wall tensile stress. Likewise, basal
EC activity depends on basal levels of EC intra-
cellular calcium, blood flow, and mechanical wall
shear stress.
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Fig. 7 Active tone in arteries regulates vessel diameter and is defined by the combined activity of smooth muscle cells
(SMCs) and endothelial cells (ECs)

Basal SMC activity likely sets the maximal
resting tone and is not trivial to measure ex vivo.
Theoretically, this could be accomplished in vitro
by comparing active tone at basal and zero intra-
cellular calcium with inhibited EC activity. The
endothelium is considered as an important player
in regulating basal vascular tone. Basal NO pro-

duction by ECs at zero flow has been reported to
be higher in the thoracic aorta and carotid artery
compared to mesenteric and femoral arteries.
By inhibiting constitutive NO synthase with N�-
nitro-L-arginine methyl ester (L-NAME) during
PE-stimulated contraction, ring segments from
the thoracic aorta and carotid artery produce
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higher active tension, while tension remains
unchanged in the mesenteric artery and even re-
duced in the femoral artery (Leloup and Fransen
2015). This observation is supported by direct
measurements of NO where a 2.7-fold higher
level was reported in the thoracic aorta than in the
mesenteric artery during basal conditions (Bur-
goyne et al. 2012). Lower basal NO production
(i.e., lower production at zero flow) would give
ECs a higher capability to regulate vascular tone.
One remarkable observation was a decrease in
active tone in the femoral artery in response to L-
NAME. Vascular relaxation was observed when a
denuded femoral artery was subjected to the NO-
donor sodium nitroprusside (SNP) (Kitazawa
et al. 2009), suggesting that the difference could
be in femoral endothelial function and eNOS
activity rather than a reduced signaling to NO in
femoral SMCs. When inhibiting eNOS activity
during electromechanical stimulation (high KCl),
the increased active response was diminished in
the thoracic aorta and reduced in the carotid
artery. This would suggest that basal NO does
significantly affect the thoracic aorta or the
carotid artery when stimulating SMCs through
membrane depolarization. Yet, the basal effect
of EC always depends on the basal level of
SMC contractile capacity unless SMCs could
be regulated through endothelium-dependent
contractility.

Besides EC-dependent relaxation regulated
through eNOS, ECs are also able to produce
endothelium-dependent contraction, regulated by
thromboxane A2 (TxA2) through cyclooxygenase
(COX) in mouse abdominal aorta, femoral,
and carotid arteries (Zhou et al. 2005). When
stimulating these arteries with acetylcholine
while inhibiting eNOS with L-NAME, the
largest endothelium-dependent contraction to
acetylcholine was observed in the carotid
artery, followed by the abdominal aorta, and
then the femoral artery. This contraction was
not seen in endothelium-denuded vessels,
confirming its endothelial dependency and not
due to SMC muscarinic receptors. These results
suggest a regional difference in functional
competition between endothelium-dependent
and endothelium-independent tone in arteries.

3.5 Local Versus Remote Control
Vascular Response

Vascular tone is regulated in vivo by several
different systems, which can be separated by
factors regulated by local versus remote control
systems (Mellander 1970). Local control results
from locally produced factors (e.g., endothelial-
dependent NO secretion or stretch-dependent ac-
tivation), while remote control mechanisms stem
from the parasympathetic and sympathetic ner-
vous system as well as the renal and adrenal
gland-dependent renin-angiotensin system. Re-
mote control can affect a larger domain of the
circulatory system and often acts in synergy with
the local control system. Blood pressure and flow
are thus affected by both local and remote control
systems. Again, however, different types of arter-
ies can respond differently to both control sys-
tems, as, for example, release of norepinephrine
(NE) can cause a weaker response in the in-
frarenal abdominal artery than in the suprarenal
abdominal aorta (Yamamoto and Koike 2001).
Another interesting example is angiotensin II.

Angiotensin II is a key effector molecule of
the renin-angiotensin system. It binds mainly to
two receptors: the AT1 receptor, which affects
growth, remodeling, and vasoconstriction, and
the AT2 receptor, which affects vasodilation and
opposes effects of the AT1 receptor. The AT1
receptor activates Gq, Gi, and G12/13 G-proteins
(Wynne et al. 2009) and, in mice, can be divided
into two subgroups, the AT1a and AT1b recep-
tors. AT1a is thought to play a major role in reg-
ulating transient cardiovascular function as well
as long-term growth and remodeling via extracel-
lular matrix protein turnover in the arterial wall,
while AT1b is linked more to the contractile re-
sponse to agonist stimulation (Zhou et al. 2003).
Regional variations in response to angiotensin
II have been reported in murine arteries due to
differences in AT1b receptor expression, with
the highest response in the infrarenal abdominal
aorta and femoral artery, lower responses in the
carotid artery, and lower yet in the thoracic aorta
(Zhou et al. 2007). These differential responses
reflect a regional gradient in AT1a and AT1b
gene expression in the mouse aorta, with highest
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expression in the infrarenal abdominal aorta and
lowest in the suprarenal abdominal aorta (Poduri
et al. 2012). Therefore, an increase in angiotensin
II in the circulation will cause regional differ-
ences in vasoconstriction with greater active re-
sponses in distal regions of the abdominal aorta
and the femoral artery.

Endothelin-1 is endothelium-derived vasocon-
strictor with similar regional responses as an-
giotensin II due to endothelin receptor distribu-
tions, with greater responses in the abdominal
aorta and less response in the thoracic aorta and
carotid artery (Zhou et al. 2004). Endothelin-
1 binds to two major receptors in SMCs, ETA

and ETB. These receptors are also coupled to G-
protein family members Gq, Gs, and Gi (Wynne
et al. 2009) and trigger the PLC/DAG/PKC/CPI-
17 pathway.

4 SMC Cytoskeleton
Regulation

SMC cytoskeletal filaments, mainly the actin
(thin) but also intermediate filaments (namely,
desmin and vimentin), play fundamental roles
in vascular contractility. The RhoA-ROCK
pathway regulates actin cytoskeletal remodeling
through two separate pathways, by promoting
polymerization or inhibiting depolymerization
to promote active tension development. RhoA
activates mammalian diaphanous-related formins
(mDia) which play an important role in the
polymerization of actin filaments and formation
of actin stress fibers. ROCK triggers LIM
kinase, which inactivates cofilin-driven f-actin
depolymerization, thus stabilizing actin filament
networks (Tang and Anfinogenova 2008). There
are reports of higher actin filament concentration
in resistance arteries (second generation of
mesenteric arteries) than in muscular (mesenteric
artery) or in elastic (aorta) arteries (Wede
et al. 2002). Yet, the dominant ROCK regulation
of active tension in elastic versus resistance
arteries suggests that actin polymerization could
be an important regulatory mechanism in all
arteries. Actin polymerization, which strengthens
the intracellular cytoskeletal network, not only

promotes active tension development, it also
increases the ability of a SMC to sense, through
integrins, mechanical forces acting on the
surrounding extracellular matrix (Humphrey
et al. 2014).

CaCaM activates several important com-
ponents in SMCs, such as caldesmon (CaD),
calponin (CaP), and MLCK. CaD and CaP
are actin filament-associated proteins that are
believed to regulate actin availability for myosin
through extracellular regulated kinase 1/2
(ERK1/2) and PKC, similar to the function of
troponin in the skeletal muscle (Kim et al. 2008).

The intermediate filament vimentin is well
expressed in most vessels, while desmin is more
expressed in more distal arteries. This regional
variation is also reflected by active tone gener-
ation, where active stress is significantly less in
resistance arteries but not significantly affected in
muscular and elastic arteries in desmin-deficient
mice (Wede et al. 2002).

5 Multiscale Vascular
Contractility

The active tone developed by SMC contraction
deforms the vascular wall and thus alters over-
all wall mechanics, including stress and stiff-
ness. SMC force generation at a tissue level is
determined mainly by SMC-SMC connections
and the number of intracellular attached myosin
crossbridges activated by MRLC phosphoryla-
tion. Active myosin crossbridges perform power-
stroke movements, attaching and pulling neigh-
boring actin filaments resulting in filament slid-
ing and SMC deformation. This deformation,
primarily in the circumferential direction, causes
the vascular wall to reduce its inner radius and
increase its wall thickness, both of which tend
to decrease wall stress (including that borne by
the passive extracellular matrix) according to the
aforementioned Laplace equation. This reduction
in inner radius also increases vascular resistance,
which can affect local flow. This is a particularly
important function of the resistance arteries but
muscular arteries as well.

A Hill-type muscle model, which is frequently
used to study muscle contraction, describes mus-
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cular tissue via a Maxwell-like or Kelvin-Voigt
arrangement of the contractile components. In
the Maxwell-like Hill model, the vascular wall
can be modeled using a parallel elastic com-
ponent, a serial elastic component, and a con-
tractile component (Cox 1978). While the se-
rial elastic component represents the elasticity
of the attached crossbridges and the contractile
component represents average filament sliding
causing the cell to contract, the parallel elas-
tic component represents the elasticity of the
extracellular matrix components. More attached
crossbridges and more active SMCs are mod-
eled by a stiffer elastic modulus for the serial
component. Deformation of the contractile com-
ponent will depend on boundary and loading
conditions. The fraction of active SMCs and
passive extracellular matrix components (e.g.,
elastin and collagen) defines which vascular wall
component will be responsible for the main me-
chanical load-bearing component in the vascular
wall. It is well known that elastin area fraction
differs by region, higher in the thoracic aorta,
lower in the abdominal aorta, and less in the
mesenteric and femoral artery (Kleinbongard et
al. 2013; Akata et al. 2003). In both elastic and
muscular mouse arteries, the SMC and elastin
area fractions are often proportional, with the
largest fraction of SMCs (mainly maintenance
phenotype) and elastin in the thoracic region, a
lower fraction in the abdominal region of the
aorta, and lower yet in the carotid artery (Fer-
ruzzi et al. 2015). The active force produced via
electromechanical stimulation is highest in the
thoracic aorta, less in the abdominal aorta, and
least in the carotid artery (Kleinbongard et al.
2013). This trend is maintained when normal-
izing the active force with morphological data
of the respective arterial region (Ferruzzi et al.
2015), but when normalized with the SMC area,
only the active stresses generated by the SMCs
are found to be highest in the carotid artery (SMC
only, 85.6 kPa; entire wall, 13.7 kPa), lower
in the abdominal aorta (SMC only, 71.7 kPa;
entire wall, 14.6 kPa), and lower yet in the
thoracic aorta (SMC only, 62.7 kPa; entire wall,
22.1 kPa). Despite the higher SMC area fraction
in elastic arteries, the active stress produced by

the SMCs is higher in muscular arteries, which
likely derives from different SMC phenotypes in
muscular and elastic arteries. Resistance arteries
have the highest SMC fraction and active stress
production (Wede et al. 2002; Intengan et al.
1999) but a low fraction of elastin; thus, they do
not share the same proportionality of elastin and
SMC content as observed in elastic and muscular
arteries. Interestingly, the fraction of collagen has
an opposite trend to SMC fractions in all regions
of arteries and to elastin in elastic and muscular
arteries but not in resistance arteries (Ferruzzi
et al. 2015; Intengan et al. 1999).

Degradation of elastin, as in aging or disease
progression, is often compensated by increased
collagen deposition in the arterial wall. Hence,
it could be informative to compare collagen to
SMC content in arteries throughout vascular re-
modeling, noting that loss of elastin in elastic
arteries may promote SMC apoptosis. For exam-
ple, to maintain the same level of stress in the
vascular wall for a particular loading condition, a
reduction of SMC active tone (serial component)
would have to be compensated by an increase
in collagen (parallel component). This has been
reported in hypertensive rats where a significant
increase of collagen and loss of SMCs in resis-
tance arteries have been observed (Intengan et al.
1999). Adaptation of vascular wall components
has been observed in both resistance (Tuna et
al. 2013) and elastic (Arner et al. 1984) arteries
where a loss of active stress is compensated
by an increase in passive wall stress. It has
been suggested that an underlying remodeling
process also occurs within SMCs, reflected by
changes in contractile capacity, before any de-
tectable changes are observed in the extracellu-
lar matrix components (Martinez-Lemus et al.
2009). Acute vascular remodeling of active tone
without any changes in passive behavior of the
vascular wall has been reported in the descending
thoracic aorta where activation of GPCR was
necessary (Murtada et al. 2016a).

SMC tone has been suggested to direct the
development and direction of arterial remodeling
(Bakker et al. 2008). This is apparent during
hypertension where regulation of vascular con-
tractility mirrors regional differences in arterial



124 S.-I. Murtada and J. D. Humphrey

remodeling, with reduced activity in KvC and
BKCaC (increased contractility) commonly aris-
ing with inward remodeling in resistance arteries
and elevated expression of KvC (reduced con-
tractility) commonly associating with outward
remodeling in elastic arteries.

There are several reports where dysfunctional
SMC contractility, through mutations in genes
encoding SMC contractile proteins, causes
pathological conditions in the vascular wall
(Humphrey et al. 2015), as well as where dys-
functional extracellular matrix causes reductions
in SMC tone (Murtada et al. 2016b), suggesting
a significant coupling between passive and active
properties in arteries. SMC contractility has
a demonstrated important role in maintaining
geometrical and mechanical properties near
homeostatic levels by reducing wall stresses and
modulating vascular remodeling during elevated
blood pressure (Bersi et al. 2017). Furthermore,
SMC tone has been suggested to have a stress-
shielding role in a vulnerable extracellular matrix
(Ferruzzi et al. 2016). Postnatal disruption of
the transforming growth factor beta receptor II
(Tgfbr2) in SMC compromises both contractile
and structural biomechanical vessel properties.
Treating with rapamycin, an mTOR inhibitor, did
not recover the passive structural biomechanical
properties but restored biaxial SMC contractile
properties and prevented pressure-induced
delaminations.

Calcium channel blockers are used to reduce
blood pressure by reducing SMC contractility. In-
hibition of the LTCC using dihydropyridine (af-
fecting both vascular and cardiac LTCC) or non-
dihydropyridine (affecting mainly cardiac LTCC)
calcium channel blockers has, however, accel-
erated aneurysm growth and rupture in Marfan
syndrome mice despite reducing blood pressure
(Doyle et al. 2015). Although both types of
calcium channel blockers enhance enlargement
of the ascending thoracic aorta, inhibiting LTCC
had a more severe pathological effect. In contrast,
inhibiting PKC (using enzastaurin), which is less
active in elastic arteries and also an upstream reg-
ulator of the mitogen-activated kinase (MAPK)
signaling component ERK1/2, led to a reduction
in aneurysmal growth. Similar reduction in le-

sion growth was observed when relaxing only
the resistance arteries using the antihypertensive
agent hydralazine, thus revealing the importance
of mechanical loads. These studies collectively
demonstrate that SMC components at different
length scales can lead to different consequences
on the extracellular matrix and overall vascular
phenotype in different regions in the arterial tree.

6 Summary

SMC contractility plays many important roles
in the circulatory system and can be regulated
through many different pathways with differ-
ential effects on distinct functions and behav-
ior. A summary of the VSMC regulatory com-
ponents in different types of arteries is given
in Table 1. These pathways, in turn, are reg-
ulated by different proteins and have different
response times. These many differences reflect
the various functions of SMC contractility in
the different regions within the arterial tree. In-
tracellular calcium plays an important role in
the rapid activation of MLCK through activa-
tion of multiple ion channels but also in the
rapid phosphorylation of CPI-17 and inhibition
of MLCP. Calcium-sensitizing pathways play im-
portant complementary roles in regulating active
tone but also in linking endothelial-dependent
regulation of calcium-desensitizing vasodilation
with the regulation of extracellular matrix com-
ponents. Despite the many regional differences
in regulating vascular contractility, the regions
work together in health through synergistic inter-
actions where local changes in vascular tone can
affect the global hemodynamics (Humphrey et al.
2016). To better understand the function and im-
pact of SMC contraction, further attention needs
to be given to regional differences in arteries.

In conclusion, we hope that this brief overview
of regulatory pathways in SMC contractility and
their regional heterogeneity gives better insight
into and understanding of roles of vascular con-
tractility in the different regions of the systemic
circulation. Understanding SMC contractility is
critical for understanding vascular health and
disease, including the ability of the vasculature
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Table 1 Regional activity (+++, high; ++, medium;
+, low) of vascular smooth muscle cell regulatory com-
ponents in elastic, muscular, and resistance arteries. The
(?) indicates the need for further information

Elastic Muscular Resistance

MLCK ++ ++(?) +++
MLC + +++ +++
α1A AR + ++ +++
α1B AR ++(?) ++(?) ++(?)

α1D AR +++ ++ ++(?)

PKC ++ ++ ++
CPI-17 ++(?) ++(?) +++
RhoA +++ +++ +
ROCK ++ ++ ++
MYPT1 ++ +++ +++

to adapt to sustained changes in mechanical load-
ing (cf. Dajnowiec and Langille (2007), Valentin
et al. (2009)). Multiscale, multiphysics models of
the vascular wall promise to increase greatly our
understanding of how genetic mutations, drug
treatments, and mechanical interventions affect
vascular biology and physiology and thus diag-
nosis and treatment.
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Microcalcifications, Their Genesis,
Growth, and Biomechanical Stability
in Fibrous Cap Rupture

Luis Cardoso and Sheldon Weinbaum

Abstract

For many decades, cardiovascular calcifica-
tion has been considered as a passive process,
accompanying atheroma progression, corre-
lated with plaque burden, and apparently with-
out a major role on plaque vulnerability. Clin-
ical and pathological analyses have previously
focused on the total amount of calcification
(calcified area in a whole atheroma cross sec-
tion) and whether more calcification means
higher risk of plaque rupture or not. How-
ever, this paradigm has been changing in the
last decade or so. Recent research has fo-
cused on the presence of microcalcifications
(μCalcs) in the atheroma and more impor-
tantly on whether clusters of μCalcs are lo-
cated in the cap of the atheroma. While the
vast majority of μCalcs are found in the lipid
pool or necrotic core, they are inconsequential
to vulnerable plaque. Nevertheless, it has been
shown that μCalcs located within the fibrous
cap could be numerous and that they behave as
an intensifier of the background circumferen-
tial stress in the cap. It is now known that such
intensifying effect depends on the size and
shape of the μCalc as well as the proximity
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between two or more μCalcs. If μCalcs are
located in caps with very low background
stress, the increase in stress concentration may
not be sufficient to reach the rupture thresh-
old. However, the presence of μCalc(s) in
the cap with a background stress of about
one fifth to one half the rupture threshold
(a stable plaque) will produce a significant
increase in local stress, which may exceed the
cap rupture threshold and thus transform a
non-vulnerable plaque into a vulnerable one.
Also, the classic view that treats cardiovascu-
lar calcification as a passive process has been
challenged, and emerging data suggest that
cardiovascular calcification may encompass
both passive and active processes. The pas-
sive calcification process comprises biochem-
ical factors, specifically circulating nucleating
complexes, which would lead to calcification
of the atheroma. The active mechanism of
atherosclerotic calcification is a cell-mediated
process via cell death of macrophages and
smooth muscle cells (SMCs) and/or the re-
lease of matrix vesicles by SMCs.
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1 Atherosclerotic Plaque
Development

Atherosclerosis is a slow progressive disease of
the intimal layer of blood vessels that gener-
ally takes several years to develop in humans.
Atherosclerosis is highly prevalent worldwide,
particularly in the sixth and seventh decades
of life, resulting in different cardiovascular dis-
ease complications, including myocardial infarc-
tion, unstable and stable angina, sudden coronary
death, stroke, transient ischemic attack, critical
limb ischemia, and claudication. In particular,
coronary thrombosis preceding myocardial in-
farction is generally caused by acute plaque rup-
ture and in some cases due to plaque erosion
or the presence of calcified nodules. The pro-
gression of atherosclerosis is characterized by
several distinct stages, comprising adaptive inti-
mal thickening (AIT), pathological intimal thick-
ening (PIT), fibroatheroma (FA), and thin-cap
fibroatheroma (TCFA) formation (Virmani et al.
2000, 2003). The first stage, AIT, exhibits an
increase in smooth muscle cells (SMCs) and an
enriched proteoglycan-collagen matrix, without
the presence of inflammatory cells. Following
AIT, atherosclerotic plaques become apparent
with the presence of fatty streaks, macrophages,
and SMCs (Stary et al. 1994). PIT is then de-
veloped when acellular lipid pools are formed
within the intima layer of the vessel, close to the
internal elastic lamina, at the boundary with the
media layer. At this stage, lipid pools are rich
in proteoglycans, and SMCs in this region are
scarce (Virmani et al. 2000, 2003; Stary et al.
1994). In the next stage of atheroma develop-
ment, both macrophages and T lymphocytes are
attracted by the lipid content in the atheroma
and migrate from the luminal blood stream into
the lipid pool. Many of those macrophages will
be transformed into foam cells, produce matrix
metalloproteinases (MMPs), die in situ, and thus
transform the lipid pool into a necrotic core
that is a characteristic of a FA (Virmani et al.
2003; Stary et al. 1995). SMCs that would have
migrated to the atheroma cap, the region sepa-
rating the core from the lumen, will transform

the extracellular matrix of this region into fibrotic
tissue. A necrotic core in an advanced FA will
contain extensive acellular debris, free choles-
terol, and lack of extracellular matrix (Virmani
et al. 2000, 2003). Further progression of the
disease and the accumulation of macrophages
(Libby et al. 2002; Libby 2002) secreting MMPs
at the boundary between the core and the cap
will produce the thinning of fibrotic cap tissue. A
TCFA is then formed, comprising a large necrotic
core over a thin cap (<65 μm) heavily infiltrated
by macrophages, but with a small presence of T
lymphocytes and few if any SMCs. The rupture
of the thin fibrous cap overlying the necrotic
core of a vulnerable plaque is widely viewed as
the primary cause of acute coronary syndrome
(Virmani et al. 2003, 2007; Burke et al. 1999).

2 Determinants of Plaque
Rupture

Based on histological analyses of plaque
morphology and tissue composition, vulnerable
plaque has been defined as a positively
remodeled lesion containing a lipid-rich pool
with a fibrous cap that is infiltrated by
macrophages (Virmani et al. 2003, 2007;
Burke et al. 1997, 1999), characterized by the
presence of inflammation (Libby et al. 2002;
Libby 2002; Berliner et al. 1995; Demer 2002),
matrix metalloproteinases (Virmani et al. 2007),
smooth muscle cell apoptosis (Bennett et al.
1995; Isner et al. 1995), neovascularization,
and intraplaque hemorrhage (Kolodgie et al.
2003). In addition to these biological factors,
biomechanical determinants of fibrous cap tissue
rupture have been identified. These include
the mechanical properties of the cap tissue
and the atheroma (Akyildiz et al. 2011; Finet
et al. 2004; Wenk 2011), 3D morphology of
plaque and vessel (Finet et al. 2004; Cheng
et al. 1993; Rambhia et al. 2012; Tang et al.
2005; Vengrenyuk et al. 2008), circumferential
stresses developed in the cap under the action of
blood pressure (Finet et al. 2004; Cheng et al.
1993; Vengrenyuk et al. 2008; Hoshino et al.
2009; Ohayon et al. 2008), fluid-induced shear
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stresses (Rambhia et al. 2012; Bluestein et al.
2008), residual stresses (Ohayon et al. 2007),
and the presence of microcalcifications (μCalcs)
in the cap proper (Vengrenyuk et al. 2006, 2008;
Bluestein et al. 2008; Maldonado et al. 2012,
2013; Kelly-Arnold et al. 2013). Indeed, many
of the biomechanical factors are intrinsically
related to the morphology, tissue composition,
and biochemical and biological environment in
the atheroma.

Plaque rupture occurs when the soft tissue
in the atheroma cap is compromised under
the action of high blood pressure (Burke et al.
1999; Davies and Thomas 1981, 1985). Cap
rupture co-localizes with thrombus formation
in the cap tissue (Davies and Thomas 1981,
1985) where increased mechanical stresses are
observed (Richardson et al. 1989; Born and
Richardson 1989). Plaque rupture is initiated
when the ultimate stress (i.e., maximum stress
at failure) of the fibrous cap tissue is exceeded
(Richardson et al. 1989; Born and Richardson
1989). Importantly, the presence of a lipid pool
leads to a concentration of tissue stress in the
overlying fibrous cap (Richardson et al. 1989),
the size of the lipid pool correlating with the risk
of cap rupture (Davies et al. 1993). Caps are also
mechanically weakened in regions where there is
a locally increased macrophage density (Lendon
et al. 1991). Furthermore, the strength of the
cap depends on its collagen content (Burleigh
et al. 1992). However, 37% of cap ruptures
occurred in the cap center (Richardson et al.
1989), as opposed to the cap shoulders, where
2D finite element analysis (FEA) predicted peak
circumferential stress (PCS) and macrophages
were present in greater concentration. This
critical observation was subsequently confirmed
in a more recent extensive study of 300 rupture
sites where again 37% of cap tears were at the
center (Maehara et al. 2002).

The presence of calcification increases the
stiffness (elastic modulus E) of the cap in the ab-
dominal aorta (Lee et al. 1991). Two-dimensional
FEA demonstrated that larger stenosis decreased
PCS, while decreasing cap thickness greatly in-
creased PCS in coronary arteries (Loree et al.
1992). This analysis was then applied to 24

coronary artery lesions, 12 ruptured and 12 intact
(Cheng et al. 1993). This widely cited study
predicted that the threshold PCS for rupture was
300 kPa and that the average rupture stress was
545 kPa, but surprisingly in only 7 of the 12
ruptured lesions did the site of rupture occur at
the predicted location of PCS. This was attributed
at the time to variation in cap tissue properties.
Subsequently, these investigators demonstrated
using 2D FEA that PCS did not correlate with
the presence of large size calcifications located in
the back of the core and that PCS would decrease
substantially if the lipid pool was replaced by
fibrous tissue (Huang et al. 2001).

2.1 Fibrous Cap Thickness

The prediction that decreasing cap thickness
could significantly increase the risk of cap
rupture (Loree et al. 1992) led to a series of
experimental investigations eventually leading
to the widely cited criterion that caps ≤65 μm
were prone to rupture (Virmani et al. 2003).
This criterion was based on the frequently
quoted results in Burke et al. (1997) where the
mean ± SD cap thickness for rupture is given
as 23 ± 19 μm and that 95% of ruptured caps
were < 65 μm. These measurements were based
on the measured thickness at the tear. However,
if one examines the tears in Fig. 1 of Burke
et al. (1997), they are at an acute angle where
the tissue is severely tapered toward the thin
edge of the tear as opposed to where the tear
had started. More recent results indicate that
caps as thick as 100 μm can rupture (Maehara
et al. 2002), and in the case of exertion, ruptured
caps as thick as 160 μm were observed (Tanaka
et al. 2008). The <65 μm criterion has been
challenged by the detailed 3D FEA in Maldonado
et al. (2012). In the latter study, the PCS has
been quantitatively analyzed in 62 non-ruptured
fibrous caps in all 3 coronary arteries. The
thinnest non-ruptured cap was 66 μm, very close
to the <65 μm criterion, but the PCS in this
cap was only 107 kPa, far less than the 300 kPa
threshold proposed in Cheng et al. (1993), and
the predicted cap thickness for this threshold
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Fig. 1 Images of human atheroma obtained using HR-
μCT and undecalcified plastic-embedded histology. (a)
HR-μCT at 2.1 μm resolution, (b) alizarin red S, (c) von
Kossa, and (d) trichrome staining. Magnified views of
the atheroma core and cap are shown in (e–h) and (i–
l), respectively. Calcified tissue stained red for calcium
with alizarin red S and black for phosphate with von
Kossa. Comparison of HR-μCT images with histology
confirmed that the darker gray color in HR-μCT images
corresponds to lipid, as shown at the center of the core and
the outermost tunica adventitia layer of the vessel. Also,

regions in dark gray color in HR-μCT images appear as
void regions in histology, since lipid is removed by the
histological processing employed. Smooth muscle cells
shown in red color in trichrome staining can be distin-
guished in the media layer and invade the cap shoulders.
The necrotic core (NC) is shown in light blue in color that
corresponds to degraded ECM (*). A magnified view of
the cap displays μCalcs within the cap and multinucleated
cells, possibly macrophages (μϕ), at the boundary of the
cap from the core side of the lesion in l. Reproduced with
permission from Maldonado et al. (2015)

to be achieved was only 30 μm. This 3D FEA
confirmed the earlier 2D predictions in Finet
et al. (2004) that fibrous caps >65 μm thickness
had PCS less than the 300 kPa threshold, and
this result appeared to be insensitive to lipid pool
geometry. These predictions and the observation
that caps >100 μm do rupture strongly suggest
that cap thickness, though important, is not the
only criterion for rupture, as discussed next.

2.2 Other Criteria for Rupture

The inability to explain rupture in thick caps
and the fact that in only 58% of caps did rup-
ture occur at the location of PCS (Cheng et al.
1993) prompted a number of studies where other
biomechanical aspects of cap rupture were ex-
amined. This included lipid core composition
(Finet et al. 2004), necrotic core size (Ohayon
et al. 2008), location and shape of lipid pool
(Akyildiz et al. 2011; Tang et al. 2004), residual

stresses (Ohayon et al. 2007), and the proximity
of calcifications to the lipid pool (Hoshino et al.
2009). Collectively, these studies indicated that
large, thick lipid pools increased risk of rupture
(Ohayon et al. 2008), residual stresses reduced
the PCS in the fibrous cap proper (Ohayon et al.
2007), that the PCS was increased near the edges
of calcifications (Hoshino et al. 2009), and that
the PCS could occur in healthy thin regions of
a vessel wall opposite a lesion or regions of
high lumen curvature (Tang et al. 2005). The
fluid-structure interaction (FSI) analyses in Tang
et al. (2004, 2005) were the first 3D numerical
studies to calculate tissue stresses in actual in
vivo MRI images of human coronary arteries.
Shortly thereafter, Ohayon et al. (2005) provided
the first 3D FEA of human coronary arteries
as seen using IVUS imaging. The latter study
pointed out the major limitations of 2D FEA and
showed that the predictions of the PCS in 2D
cross sections could be off by as much as a factor
of 2. Despite these advances, the basic paradoxes
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as to (1) why so many cap tears occurred in the
center of the cap, (2) why ruptures frequently did
not coincide with location of PCS, and (3) why
caps >65 μm thickness could rupture at tissue
stresses far below the 300 kPa critical threshold
still remained unresolved. The answer to those
paradoxes may reside on an aspect of atheroma
progression that has received less attention, the
calcification of atherosclerotic tissues (Cardoso
and Weinbaum 2014).

3 Calcification
of Atherosclerotic Tissues

Calcification of atherosclerotic tissues is asso-
ciated with the progression of atherosclerosis
itself. Atherosclerotic calcification is generally
an amorphous type of mineralization, observed
in thick-walled elastic arteries in the systemic
circulation, including peripheral arteries, coro-
nary and carotid vessels, mainly at the base of
the intimal lesion, bound by the internal elas-
tic lamina, in proximity to the media layer of
the vessel. In Monckeberg’s disease, however,
where media sclerosis is associated with diabetes,
chronic kidney disease, and aging, calcification
is present along the elastic lamellae in the media
and may extend up to the internal elastic lamina.
While amorphous calcification is most frequent
in atheroma, well-organized, structured, bone-
like tissue calcification is less frequent. Arterial
calcification involves chondrocyte and osteoblast
differentiation, as well as bone-related proteins
such as bone morphometric proteins 2 and 4
(BMP-2, BMP-4), osteocalcin, and osteoprote-
gerin.

The morphology and composition of athero-
matous plaque and calcification have been inves-
tigated both ex vivo using histology and in vivo
by diverse clinical imaging technologies. There
are three main types of noninvasive imaging
technologies used in vivo, including cardiac com-
puted tomography (CT) (Kopp et al. 2001; Choi
et al. 2008; Knollmann et al. 2008; Motoyama
et al. 2007). Cardiac magnetic resonance imag-
ing (MRI) (Yang et al. 2003; Choudhury et al.
2002), and single-positron emission computed

tomography (SPECT) (Tsimikas and Shaw 2002;
Sinusas 2010; Strauss et al. 2004; Russell and
Zaret 2006). Clinical CT has shown potential to
identify soft, intermediate, and calcified plaques,
as well as spotty macrocalcifications. MRI has
the ability to identify different tissue densities
present in the necrotic core, fibrous cap, and
tissue inflammation. These imaging approaches
allow a rapid, noninvasive identification of ad-
vanced lesions. However, their main limitation
is the resolution, ∼250 μm for CT, ∼400 μm
for MRI, and 1000 μm for SPECT, which does
not allow identifying either early plaques or thin
caps prone to rupture. Therefore, invasive vascu-
lar imaging approaches have been developed to
achieve in vivo and ex vivo images with greater
contrast and resolution. Among current invasive
in vivo approaches, we can include intravas-
cular ultrasound (IVUS) (Maehara et al. 2002;
Potkin et al. 1990), IVUS elastography (de Korte
et al. 1998; Schaar et al. 2003), virtual histology
and tissue characterization (Nasu et al. 2006;
Rodriguez-Granillo et al. 2005), optical coher-
ence tomography (Patwari et al. 2000; Yabushita
et al. 2002), near-infrared (NIR) spectroscopy
(Moreno et al. 2002), intracoronal magnetic reso-
nance imaging (MRI) (Larose et al. 2005, 2008),
and molecular imaging (MI) (New and Aikawa
2011). Ultrasound-based approaches can provide
morphology, tissue characterization (i.e., fibrotic,
lipid, calcification, etc.), and mechanical prop-
erties; however, current clinical systems at 40–
45 MHz have an axial resolution of about 80–
100 μm and lateral resolution of 200–250 μm,
which are greatly limited in distinguishing thin
caps. The intravascular ultrasound PROSPECT
study confirmed predictive in vivo determinants
of coronary complications, such as thin-cap fi-
broatheroma, luminal area, plaque burden, and
dense calcium volume. OCT has a much greater
resolution than IVUS, reaching ∼10–15 μm ax-
ial resolution, and provides information on tissue
composition (Lowe et al. 2011; Bezerra et al.
2009). Recent developments have reached 1 μm
axial resolution using micro-OCT (Liu et al.
2011) in a laboratory setup, with the potential
to translate it to the clinic. The drawback of
OCT is its limited depth of penetration and the
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light scattering due to red blood cells. The latter
requires “flushing” the artery with a transparent
saline solution to image the vessel wall.

Prior to the studies by Vengrenyuk et al.
(2006, 2008, 2010) (Maldonado et al. 2012,
2013; Kelly-Arnold et al. 2013), where the focus
of calcification shifted from large calcification
into very small calcifications within the fibrous
cap, there was no apparent need for 3D
imaging of an entire vessel preserving cellular
level microcalcifications (μCalcs) (Cardoso
and Weinbaum 2014). Nearly all studies of
coronary artery calcification were based on
macrocalcifications that could be seen using
available in vivo imaging techniques IVUS, MRI,
and OCT. Except for OCT, the two main in vivo
imaging modalities, IVUS and MRI, detected
primarily mm size calcifications and the rough
boundaries of lipid pools. The gold standard
for visualization was histology, which required
fixation, dehydration, and/or some degree of
decalcification before paraffin embedding to
allow for sectioning. The most important
limitation was that one was restricted to a small
number of 2D sections and was, therefore, unable
to obtain 3D reconstructions of entire intact
lesions. At the electron microscopic level, one
could see 100–300 nm matrix vesicles, a small
fraction of which were calcified (Bobryshev et al.
2008; Aikawa et al. 2007).

Calcification becomes apparent in histologi-
cal sections first as microcalcifications (μCalcs),
small calcified particles 1–100 μm in size, which
are detected using von Kossa staining for phos-
phate or alizarin red for calcium composition.
Electron microscopy has shown that μCalcs can
start as small as 100 nm. Microcalcifications may
either coalesce or grow to larger size to form cal-
cifications >1 mm that can then be detected using
conventional clinical imaging systems (CT, MRI,
SPECT). Large calcifications are generally mea-
sured using the quantitative Agatston’s calcium
scoring method using CT (Agatston et al. 1990),
which quantify the amount of calcification in the
whole atheroma. Recently, metabolic imaging us-
ing PET scanning using 18F-fluorodeoxyglucose
has been shown to be capable of identifying in-
flammation and microcalcifications in vivo (Joshi

et al. 2014; Tawakol et al. 2006). This approach
has demonstrated the ability to identify the culprit
plaque responsible for a recent acute coronary
event, as well as high-risk plaques in stable coro-
nary artery disease, which are also identified by
IVUS (Joshi et al. 2014). The limitation of PET is
its resolution. On the other hand, high-resolution
micro-computed tomography (HR-μCT) can be
used to obtain the 3D morphology of fibroathero-
mas and calcifications ex vivo, allowing us to
quantitatively analyze the number and size of
calcifications in atheroma, spatial changes and
patterns of calcification, and their relation to lipid
and necrotic cores.

High-resolution μCT is highly sensitive to
calcified tissue and has been shown to also dis-
tinguish lipid from necrotic core and soft tissue
in human coronary arteries (Vengrenyuk et al.
2006, 2008, 2010; Maldonado et al. 2012, 2013;
Kelly-Arnold et al. 2013). Vengrenyuk et al.
(2006) provided the first use of μCT to vi-
sualize cellular level μCalcs in human coro-
nary vessels. The imaging and characterization
of hundreds and even thousands of μCalcs using
μCT have been refined in recent studies (Mal-
donado et al. 2012, 2013; Kelly-Arnold et al.
2013) with up to ∼2 μm resolution. This greatly
enhanced resolution has enabled one to quan-
tify the number, location, shape, clustering, and
degree of mineralization of microcalcifications
in unprocessed (non-dehydrated, infiltrated, nor
embedded) whole coronary vessels. HR-μCT im-
ages taken at 2.1 μm resolution (Maldonado
et al. 2015) in Fig. 1a reveal several important
atheroma features: (1) a narrowing of the lumen
cross-sectional area and asymmetric thickening
of the vessel wall and outer boundary of the
vessel wall; (2) atheroma soft tissue displayed as
a light gray color; (3) a semi-annular core region
with a gray color shade darker than the color in
soft tissue; (4) an outer region corresponding to
lipid in the adventitia, with a gray color shade
darker than the color in soft tissue, similar to
the gray color level in the core; and (5) calci-
fied tissue represented by a much brighter shade
of white. Calcified tissue stained red for cal-
cium with alizarin red S and black for phosphate
with von Kossa in histology section is shown
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Fig. 2 Mean number of
calcifications classified by
equivalent spherical
diameter (D) that were
identified using HR-μCT
at 2.1 μm resolution in
whole atheroma (n = 72).
Reproduced with
permission from
Maldonado et al. (2015)

in Fig. 1b, c, respectively. Collagen is shown in
blue and smooth muscle cells in red in trichrome-
stained sections (Fig. 1d). Magnified views of the
core are shown in Fig. 1e–h and magnified views
of the cap in Fig. 1i–l. The core in HR-μCT
images (Fig. 1a, e) is generally darker than the
surrounding soft tissue; however, its color is not
always homogeneous, and the boundary of the
core may not be a well-defined line. Comparison
of HR-μCT images with histology confirmed
that the darker gray color in HR-μCT images
corresponds to lipid, as shown at the center of
core and the outermost tunica adventitia layer of
the coronary in Fig. 1a. Also, regions in dark
gray color in HR-μCT images appear as void
regions in histology, since lipid is removed by
the histological processing employed (Fig. 1e–h).
Cores that show both light and dark gray colors
correspond thus to lipid and necrotic cores, re-
spectively. In addition to the difference in gray
color level, the presence of microcalcifications
often helps to distinguish the boundary of the
core, which is important to identify the cap and to
determine the minimum cap thickness in 3D im-
age reconstructions. The region that corresponds
to lighter hue of gray within the lipid core in HR-
μCT (Fig. 1a, e) is a region containing degraded
extracellular matrix (ECM) where no cells were
highlighted, thus identified as a necrotic core
(NC) in Fig. 1d, h. Microcalcifications can be
observed within and around the core (Fig. 1e–h)
and within the cap (Fig. 1i, l). Smooth muscle
cells shown in red can be distinguished in the

media layer and invade the cap shoulders (Fig.
1h). A magnified view of the cap displays mult-
inucleated cells, possibly macrophages (M�), at
the boundary of the cap from the core side of the
lesion (Fig. 1l) (Maldonado et al. 2015).

Figure 2 describes the mean number of cal-
cifications classified by equivalent spherical di-
ameter (D) that were identified using HR-μCT at
2.1 μm resolution in 72 human atheromas. It can
be clearly observed that the most abundant type
of calcification are microcalcifications <50 μm in
diameter (Maldonado et al. 2015).

3.1 Progression of Calcification
in Atheroma Core

While microcalcifications are by far the most
abundant type of calcification in atheroma
(Fig. 2), it is important to identify the
morphology and spatial distribution of calci-
fications within the atheroma. Based on those
observations, four different calcification patterns
were proposed (Maldonado et al. 2015):

3.1.1 Microcalcifications at the Core
Boundary

In what seems to be the initial stage of calci-
fication development, submicron- and micron-
sized calcified particles (Wenk 2011; Cheng et al.
1993; Rambhia et al. 2012; Tang et al. 2005)
are aligned at the interface between the soft
tissue and the necrotic core, possibly constrained
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Fig. 3 Calcification patterns A to D distinguished in
different human coronary fibroatheromas under HR-μCT
imaging at 2.1 μm resolution. Calcification patterns
are described based on their location, size, and stage
of calcification. Dotted red lines added to delimit the

lipid/necrotic core. (a) Microcalcifications along the core
boundary, (b) microcalcifications within the core, (c)
large calcifications forming the boundary and within the
core, (d) advanced macrocalcifications. Reproduced with
permission from Maldonado et al. (2015)

by the internal elastic lamina. In Fig. 3a, the
atheroma looks like a soft plaque, character-
ized by a mixed lipid/necrotic core, contain-
ing a few isolated μCalcs within the core, and
also 0.5–5 μm size μCalcs were appearing as a
fuzzy/dotted border at the core boundary because
they are too small to be clearly resolved in HR-
μCT at the current 2.1 μm resolution.

3.1.2 MicrocalcificationsWithin
the Core

This calcification pattern comprises small cal-
cified particles <100 μm diameter that are dis-

persed within the necrotic core. As shown in Fig.
3b, μCalcs >5 μm visible at 2.1 μm resolution
cluster to form more abundant and larger μCalcs
within the core.

3.1.3 Large CalcificationsWithin
the Core

These are calcifications >100 μm diameter that
either fuse together or grow through a crystal-
lization process forming a calcification front and
large calcifications in the core (Fig. 3c). Large
calcifications within the core may form large
shells, which may fracture radially.
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3.1.4 Advanced Calcifications
Calcifications can grow until they completely fill
the entire core area forming an advanced calcified
plaque (Fig. 3d), in some cases growing beyond
the core and extending into the tunica media.
Advance calcifications may also undergo fracture
and form calcified nodules with fibrin deposition.
These calcified nodules are sometimes seen pro-
truding into the lumen, where they have been
associated with a thrombogenic response and
cardiovascular events.

The majority of the atheroma (75.4%) exhibits
a combination of two or more of patterns A
to D. As shown in Fig. 4, all four calcifica-
tion patterns are found at contiguous locations
in this single atheroma along its axial length
(Maldonado et al. 2015). These cross-sectional
images are displayed in sequence, each of them
taken ∼250 μm apart, advancing in the axial
direction of the atheroma (Fig. 4a–d). In 69 out
of 72 atheroma analyzed, 1 or more of the 4
calcification morphologies are present. In the
remaining three, no calcification was detected
with HR-μCT at 2.1 μm resolution. This analysis
indicates that pattern A is the most common in
the atheroma, as 75.4% have at least one region
of μCalcs accumulating at a boundary of the
core, followed by pattern C, present in 68.1%
of atheroma, with large calcifications forming
at the boundaries of the core. Patterns B and
D appear in 52.1% and 43.5% of the samples,
respectively.

4 Role of Calcification
on Plaque Vulnerability

There is a lack of agreement on whether coro-
nary calcification predicts plaque vulnerability or
it is a marker of plaque burden only (Otsuka
et al. 2014). Calcifications are frequently seen
in healed plaque ruptures but less frequently
in fibroatheromas, TCFA, and plaque rupture,
and even less calcification is observed in plaque
erosion at pathological intimal thickening (Burke
et al. 2001). Such observations indicate that calci-

fication is first formed in PIT and becomes more
prominent with the progression of the atheroma.
The degree and type of calcification at the dif-
ferent stages of atheroma progression in sudden
cardiovascular death (SCD) victims are shown in
Fig. 5.

Importantly, acute ruptures in Fig. 5 show that
100% of such plaques include diffuse, speckled,
or fragmented calcifications. Almost all healed
ruptures, approximately 85% of vulnerable
plaques and about 65% of erosions, are also
associated with some type of calcification.
While mean calcification area is a sensitive
biomarker of plaque burden, the analysis in
Fig. 5c demonstrates that the mean calcification
area measured in histological sections is not a
specific marker of vulnerability. However, this
study does not report whether the speckled and
diffuse calcification was observed within the
core or the fibroatheroma cap. Calcification
was also found be a distinctive biomarker in
patients with acute myocardial infarction relative
to controls dying from non-cardiac events with at
least one coronary artery showing >50% stenosis
(Mauriello et al. 2013). Unfortunately, once
again, coronary calcification as measured did not
correlate with the presence of unstable plaque
characteristics.

Larger amounts of calcification are generally
observed at proximal locations of the three main
coronary arteries, when compared to distal seg-
ments (Maldonado et al. 2012; Sangiorgi et al.
1998; Burke et al. 2002). The amount of arterial
calcification has been shown to be correlated with
plaque burden, so that the larger the atheroma,
the more extensive the calcification is (Sangiorgi
et al. 1998). However, in the same study, the
correlation between calcification area and lumen
narrowing was found to be weak. On the contrary,
a strong correlation was found between percent
stenosis and the percentage of calcification and
mean calcification area in other studies (Burke
et al. 2001, 2002). A plausible explanation is that
advanced lesions, specially healed plaque rup-
tures, display larger stenosis and greater amount
of calcification.
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Fig. 4 Sequence of images from a human atheroma taken
approximately 250 μm apart from each other display-
ing the spatial progression of calcification process in
atheroma. (a, e) A soft plaque, characterized by a mixed
lipid/necrotic core, containing few isolated μCalcs within
the core, and 0.5–5 μm size μCalcs that cannot be fully
resolved in HR-μCT at 2.1 μm resolution, appearing

as a fuzzy white line at the bottom of the atheroma,
(b, f) submicron μCalcs cluster to form more abundant
and larger μCalcs within the core of the lesion, (c, g)
microcalcifications further agglomerate to create a larger
macrocalcification within the core, (d, h) the calcification
fills the entire core area. Reproduced with permission
from Maldonado et al. (2015)

Several decades of research have provided
evidence that large calcification located near
the intimal-medial boundary does not increase
plaque vulnerability. To the contrary, biome-
chanical studies demonstrated that plaques may
even become less vulnerable. However, emerging
evidence in the last 10 years indicates the
opposite behavior when very small calcifications
located within the cap tissue proper are taken
into consideration. Such microcalcifications and
their location are not singled out in calcium score
and calcified area measurements, the clinical
standard by which the role of calcification on
plaque vulnerability is analyzed. The presence of
microcalcifications in the fibrous cap and their
role on plaque vulnerability are discussed next.

4.1 Presence
of Microcalcifications in the
Fibrous Cap

As shown in Fig. 1i–l μCalcs can be found
embedded in the fibrous cap of the atheroma
(Maldonado et al. 2015), where they lead to a
significant increase in plaque vulnerability (Vir-
mani et al. 2007; Berliner et al. 1995). In 27 out
of 72 atheromas herein analyzed, we were able
to detect the presence of μCalcs in the fibrous
cap with diameters between 5 and 50 μm (Mal-
donado et al. 2015). The total number of μCalcs
located within the cap region of these atheromas
represents a small fraction, ∼2% (Fig. 6a), of
all μCalcs in atheromas (Fig. 2). On average,
each cap had 2088 μCalcs, within this size range.
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Fig. 5 Coronary calcification and plaque morphology in
humans. (a) Radiograph of the coronary arteries following
removal from the heart. (b) Type of radiographic calcifi-
cation in different plaques. Radiographic calcification was
typed according to the classification of Friedrich et al.
(1994) and in brief absence of calcification, speckled,
and fragmented (linear or wide, single focus of calcium
>2 mm in diameter), or diffuse (≥5 mm segment of
continuous calcium). (c) Bar graph shows the mean area
of calcification in different plaquemorphologies in sud-

den coronary death victims. T bars indicate SEM. AIT
indicates adaptive intimal thickening; FA, fibroatheroma;
LAD, left anterior descending artery; LCX, left cir-
cumflex artery; LD, left diagonal artery; LM, left main
coronary artery; LOM, left obtuse marginal branch; PIT,
pathological intimal thickening; RCA, right coronary
artery; and TCFA, thin-cap fibroatheroma. Reproduced
with permission from Burke et al. (2001) and Otsuka et al.
(2014)

The number of μCalcs was analyzed based on
their location in the shoulders or center of the
cap and their position between the necrotic core
and the lumen. Our results indicate that 61.3%
of caps had μCalcs at both the center and the
shoulders, 16.1% just at the center, and 22.6%
at just the shoulder. In addition, we found that
most μCalcs are located closer to the necrotic
core than to the lumen (Fig. 6b), which indicates
that the source of these particles would, most
likely, be on the necrotic core side of the cap.
Roijers et al. showed that microcalcifications
were observed in adaptive intimal thickening,
fatty streak, pathological intimal thickening, and
fibroatheroma (Roijers et al. 2011).

4.2 Microcalcifications in Fibrous
Caps Increase Plaque
Vulnerability

A new paradigm capable of explaining (1) why
many cap tears occurred in the center of the
cap, not at the shoulders where macrophages are
more abundant, (2) why ruptures frequently did
not coincide with location of PCS, and (3) why
caps >65 μm thickness could rupture at tissue
stresses far below the 300 kPa critical threshold
was proposed in Vengrenyuk et al. (2008). It was
hypothesized that small calcifications (μCalcs
diameter < cap thickness) located within the fi-
brous cap proper should increase significantly the
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Fig. 6 Mean number of calcifications classified by equiv-
alent spherical diameter, D, that were identified using
HR-μCT at 2.1-μm resolution in the cap of atheromas
(n = 27). Microcalcifications, with 5 μm < D < 50 μm are
shown in the shaded bar in the left panel. Percentage of
fibrous caps with microcalcifications located at different

positions in trough the cap thickness, where 0 is closer to
the lipid/necrotic core and 1 is closest to the lumen (right
panel), showing how the majority of microcalcifications
are located close to the core boundary. Reproduced with
permission from Maldonado et al. (2015)

tensile stresses at the interface between the calci-
fication and the fibrous cap tissue (Vengrenyuk
et al. 2008). The study also provided the first
experimental evidence on the presence of such
μCalcs in human atheroma. The authors used
HR-μCT imaging at 6.7 μm resolution, to create
3D numerical models of coronary vessels, and
determined that μCalcs increased the cap tissue
PCS by 200% for spherical calcifications and by
more than 400% for elongated, elliptical-shaped
μCalcs when aligned with the tensile axis of
the cap (Cardoso et al. 2014). Therefore, μCalcs
can produce tears in the cap center, even if the
most abundant region with macrophages is the
shoulders. Also, μCalcs can shift the location of
PCS in the cap from shoulders to wherever they
are located within the cap and thus can explain
why ruptures may not coincide with the location
of PCS that was calculated without realizing the
presence of μCalcs. Third, μCalcs were shown
to act as rigid stress concentrators in a largely
deformable soft tissue, raising the PCS by at
least 200–400%, with the potential to transform a
stable lesion (i.e., with PCS below 300 kPa) into
a vulnerable plaque prone to rupture (i.e., with
PCS above 300 kPa) (Finet et al. 2004; Cheng
et al. 1993; Maldonado et al. 2012; Kelly-Arnold
et al. 2013; Ohayon et al. 2005; Goodier 1933).

The prediction in Vengrenyuk et al. (2006) is
shown in Fig. 7 where the increase in PCS is

shown as a function of cap thickness for three dif-
ferent cases, a cap without a microinclusion using
the 2D FEA in Finet et al. (2004) curve 1 and
how this PCS would increase for a solid spherical
inclusion of 10–20 μm diameter, curves 2–3,
respectively. The key observations are that caps
significantly thicker than 65 μm could exceed the
300 kPa threshold for rupture if they contained
μCalcs, curves 2–3, and that the cap thickness
required to achieve an average rupture stress of
545 kPa was ∼75 μm if μCalcs were present
and not 25 μm as predicted for a cap without
μCalcs. These results assume that the inclusions
are located in a region where the background
tissue stress without the spherical μCalcs was
close to the PCS of curve 1.

Importantly, prior to 2005, PCS estimates
were based on 2D FEA as shown by curve 1 in
Fig. 7. While curve 1 intersects the 300 kPa
threshold at 65 μm thickness, where it was
predicted that 95% of caps would rupture (Burke
et al. 1997), this estimate has been greatly
changed as a result of more recent 3D FEA.
Ohayon et al. (2005, 2007, 2008) were the first to
show that 2D FEA overestimated PCS on average
by 73%, 113.8 kPa compared to 65.6 kPa for 3D
FEA, and that the 2D analysis was an unreliable
predictor of the actual rupture site. In other
words, curve 1 in Fig. 3 should lie significantly
below where it is now shown, and if the PCS
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Fig. 7 Changes in cap
peak circumferential stress
(PSC) with cap thickness
for the case when cap
tissue is homogeneous
(line 1) and when it
contains a rigid inclusion
of 10–20 μm in diameter
(lines 2 and 3,
respectively). Reproduced
with permission from
Vengrenyuk et al. (2006).
Copyright (2006) National
Academy of Sciences,
USA
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were corrected by this 73% factor, the revised
curve 1 would intersect the 300 kPa threshold at
∼30 μm.

In a subsequent study (Bluestein et al.
2008), a 3D FSI simulation was developed for
larger μCalcs and then refined and applied to
the patient-specific 3D reconstruction of the
coronary artery in Fig. 2 of Rambhia et al.
(2012). The results of the 3D FEA and the FSI
model agreed closely. The FSI simulation had the
additional feature that it could predict fluid shear
stresses (FSS) and relate these stresses to the
time-varying pressure in the lumen. While FSS
on endothelial cells are typically five orders of
magnitude less than the tissue stresses required
for cap rupture, they play an important role in
LDL permeability and atherogenesis (Tarbell
2010). In Maldonado et al. (2012), 62 non-
ruptured fibrous cap atheroma were examined
in 92 of the 3 major coronary arteries using HR-
μCT at 6.7 μm resolution. These 92 arteries had
on average 4160 μCalcs, 85% μCalcs <50 μm,
the vast majority residing in lipid pools. Only
0.2% of these μCalcs (81 total) were in the
fibrous cap proper where they could act as tissue
stress concentrators. Strikingly, all 81 of the
imbedded μCalcs were confined to just 9 (15%)
of the 62 fibroatheroma, and their average size
was 28 ± 13 μm. The remaining 53 non-ruptured
atheroma had no visible μCalcs at 6.7 μm

resolution μCT, the thinnest non-ruptured cap
being 66 μm in thickness. The spatial distribution
of the 81 μCalcs within their respective caps was
determined, and 42% were observed to occur
in the cap mid-region correlating well with the
37% of tears found in the cap center (Richardson
et al. 1989; Maehara et al. 2002). The highest
predicted tissue stress for all atheroma cap with
μCalcs was 275 kPa, confirming the 300 kPa
threshold for rupture proposed in Cheng et al.
(1993). FEA also predicted that their caps would
need to thin to 30 μm in order to reach the
300 kPa threshold, yet there was not a single non-
ruptured cap between 30 and 66 μm. Maldonado
et al. (2012) conjectured that this observation
could be explained if all caps between 30 and
66 μm had ruptured, not due to their thickness
but due to the presence of μCalcs that were just
not visible using 6.7 μm resolution μCT. This
hypothesis is discussed next.

A much more detailed HR-μCT study at
2.1 μm resolution (Kelly-Arnold et al. 2013)
using the same 92 coronary vessels as Maldonado
et al. (2012) has led to the identification of
nearly 35,000 μCalcs in the caps of 22 out of
66 atheroma. At this resolution, it was possible
to observe all μCalcs >5 μm with particular
emphasis on just those in the fibrous caps. In
the study by Kelly-Arnold et al. (2013), 80% of
the visible μCalcs were between 5 and 15 μm.
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Second, what was thought to be a single inclusion
at 6.7 μm resolution was in many cases a cluster
of smaller μCalcs. In Maldonado et al. (2012)
and Kelly-Arnold et al. (2013) it was realized
that the stress in the region between two μCalcs
could be substantially increased (200–500%) if
the particles were in close proximity and aligned
along their tensile axis, the alignment for the
maximum increase in stress. The probability of
finding two or more μCalcs in close proximity
to each other in a cluster of μCalcs is high, thus
potentially increasing the stress concentration
beyond the effect of a single μCalc. This
study estimated the maximum increase in stress
concentration factor (SCF) produced by μCalcs
by first determining the proximity (separation
distance to μCalc diameter ratio, h/D) for all
particle pairs, computing the background stress
for the lesion geometry without the μCalcs and
then applying the SCF. This simplified approach
for estimating the PCS has made it possible
to analyze all 35,000 μCalcs in the 22 fibrous
caps (Kelly-Arnold et al. 2013) in less than 1 h
of computer time. There were only 193 μCalc
pairs with h/D < 2.0, and of these pairs, only
3 had an h/D < 0.4 where the SCF would be
>5 if the particles were located along the local
tensile axis. Two of these three pairs were in a
thick region of the cap where the background
stress was low, and in the third pair, the μCalcs
were oriented more transverse than parallel to the
tensile axis, the net result being that there was
not a single μCalc pair among the 35,000 μCalcs
observed where the threshold stress of 300 kPa
was exceeded. Moreover, in Table 3 of Kelly-
Arnold et al. (2013), where a cap thinned to
35 μm at its shoulder without rupturing, the
predicted PCS was 313 kPa, very close to the
300 kPa threshold. This cap had over 600 μCalcs
>5 μm, but the shoulder itself was devoid of
μCalcs. This cap was the thinnest of the 66
non-ruptured caps reported in reference (Kelly-
Arnold et al. 2013). Thus, caps can rupture at
their shoulders when they thin to 30–35 μm
in the absence of μCalcs, but it is clear that
this risk would be far greater if even a single
μCalc with effective diameter > 5 μm was
present.

4.3 Rupture Mechanism due
toMicrocalcifications

While the microcalcification hypothesis can ex-
plain why caps can rupture when the background
tissue stress is below the 300 kPa threshold, it
does not describe the actual rupture mechanism
of the cap. Why from basic mechanics does
one have a 300 kPa threshold? In Vengrenyuk
et al. (2006) it was proposed that rupture was
triggered by an interfacial debonding at the ten-
sile poles of the microinclusion due to a large
mismatch in the elastic moduli E of the tissue
and the μCalc. In interfacial debonding a small
detachment or void at the tensile poles of the
particle will explosively grow if the energy stored
in the deformed tissue near its poles exceeds
the bonding energy of the tissue adhesions at
the inclusion interface, frequently referred to as
the Griffith criterion (Gent 1980; Gent and Park
1984). This critical debonding stress is denoted
as σd. The other possible mechanism is cavitation
in a hyperelastic medium, not to be confused with
cavitation in a liquid where a bubble will grow
when it is subjected to pressures at or below its
vapor pressure. When cavitation in a hyperelastic
medium occurs, a tiny void, such as a gas bubble
within the connective tissue itself, will grow
when the tensile forces exceed the elastic strength
of the tissue to hold itself together. The theory for
predicting which failure mechanism will occur,
interfacial debonding or cavitation, is described
in detail in Maldonado et al. (2013).

The preferential mode of failure is determined
by the size of the μCalc, the strength of the bond
between the μCalc and the cap tissue, the size of
the initial void, and Young’s modulus of elastic-
ity E. For a particle of a given size, cavitation will
occur if σc < σd, and debonding will happen if
σd < σc. In the analysis performed by Maldonado
et al. (2013), three important results were drawn.
First, σc < σd for all particles <65 μm, suggesting
that cavitation is clearly the preferential mode of
failure for μCalcs reported in Maldonado et al.
(2012). Second, using a representative elastic
modulus for the fibrous cap, the analysis again
strongly indicates that cavitation is the primary
mode of failure. Third, as the particle size falls
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Fig. 8 μCT images at 6.7 μm resolution showing a bub-
ble growing in a fibrous cap in the vicinity of μCalcs. (a)
Dark area corresponds to air and gray to soft tissue, and
bright areas are calcifications. (b) Images corresponding

to highlighted area in panel A, (c, d) sequence of images
67 μm apart from panel B (scale bar is 250 μm). Re-
produced with permission from Cardoso and Weinbaum
(2014)

below ∼5 μm, σc rises rapidly exceeding the
average rupture stress due to the large surface
tension energy required for a very small void
to grow. This last result implies that before the
ultimate stresses needed for cavitation can be
reached, the threshold for cap tissue failure will
be attained, thus indicating that fibrous caps con-
taining μCalcs <5 μm in diameter may undergo
tissue failure only if the cap is thin enough to
develop more than 300 kPa, but μCalcs <5 μm
would play no role in the tissue rupture. When
these results for μCalcs >5 μm are combined
with the requirements for cavitation, which show
that μCalcs <5 μm are not dangerous because of
the large surface energy of their voids, one has
a very plausible explanation as to why none of
the 66 fibroatheroma examined in Kelly-Arnold
et al. (2013) ruptured. Detailed results for all
22 caps with μCalcs >5 μm visible at 2.1 μCT
resolution are presented in Kelly-Arnold et al.
(2013). Finally, while it is not currently possible
to observe tiny initial voids, one does occasion-
ally see larger voids in thick caps where the
void started to grow in a region of high local
stress and then spread to a region of less stress

where it stabilized without breaking through the
cap to the lumen of the vessel. Figure 8 is the
first direct experimental evidence of this behav-
ior where two voids were created in the space
between neighboring μCalcs which then merged
and stabilized without causing final cap rupture
(Maldonado et al. 2013).

4.4 Growth and Agglomeration
ofμCalcs

In Kelly-Arnold et al. (2013), using non-
decalcified histology, μCalcs >0.5 μm were
shown to provide the critical connecting link
between the agglomeration of calcified matrix
vesicles (Bobryshev et al. 2008; Aikawa et al.
2007; Hsu and Camacho 1999) and the smallest
μCalcs visible at 2.1 μm resolution μCT.
The non-decalcified histology in Kelly-Arnold
et al. (2013) revealed that nearly all of the
44 remaining fibrous caps had μCalcs that
were < 5 μm and, thus, too small to detect
at 2.1 μm resolution μCT. These very small
μCalcs are not dangerous, but they do provide
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Fig. 9 TEM- and histology-based FEA. (a) TEM image
of aggregated calcifying matrix vesicles forming μCalcs
in a mouse atheroma. (b) Image of a μCalc embedded in
a human fibrous cap, obtained from non-decalcified his-
tology, stained von Kossa. (c, d) Stress distribution at the

interface of the μCalcs in A and B, respectively, assuming
they are embedded in fibrous caps under tension. Numbers
show calculated stress concentration factor at the poles.
(Reproduced with permission from Kelly-Arnold et al.
(2013))

crucial insights into how μCalcs grow and
agglomerate starting as matrix vesicles and also
their typical shape after they have grown to a
size large enough, ∼5 μm, to be seen at 2.1 μm
resolution μCT. Figure 9a, which is a TEM from
E. Aikawa’s laboratory, and 9B, which is from
our own laboratory using von Kossa stain, show
μCalcs embedded in a mouse atheroma and
human fibrous cap, respectively. Both μCalcs
have a shape consistent with the agglomeration
of several enlarged cell-derived matrix vesicles
where the region beneath membrane has started
calcifying after coalescence. As observed in Fig.
9a, b an elongated μCalc is an agglomeration
of smaller calcified particles which individually
have the shape of ellipsoids of revolution. These
figures strongly suggest that the matrix vesicles
described in Bobryshev et al. (2008) first fuse to
form larger vesicular bodies typically 1–2 μm
diameter that then calcify and agglomerate.
Calcification appears to start at the membrane
and then may proceed inward. Even at 2.1 μm
resolution μCT, it is difficult to image the shape
of small μCalcs.

5 Mechanisms and Pathways
of Calcification in Atheroma

5.1 Passive Calcification
(Biochemical) due
to Circulating Nucleating
Complexes

Cardiovascular calcification has traditionally
been considered a passive mineralization process,
associated with vascular degeneration, aging,
and metabolic disorders (i.e., chronic renal
insufficiency, hyperphosphatemia, diabetes
mellitus) (Otsuka et al. 2014; Yahagi et al.
2017). Passive calcification is independent of
local cellular activity, lipid accumulation, and
inflammation in the atheroma and characterized
by calcium and phosphate deposition that
leads to amorphous calcification. It is indeed
considered that passive calcification accounts for
the majority of vascular calcification (Demer and
Tintut 2014), appearing late in the progression
timeline of the atheroma, and thus is not
associated with the risk of plaque rupture (Otsuka
et al. 2014; Yahagi et al. 2017).
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Passive mineralization is however strongly
regulated systemically by hormones and by local
signals. Calcium is present in the circulation as
both ionized-free form and as a protein-bound
form. Calcium ions have spontaneous affinity for
elastin- and collagen-binding sites, transforming
their neutrally charged structures into positively
charged ones, with the capacity of attracting
negatively charged phosphate and carbonate ions
to ignite the mineralization process (Urry 1971).
When calcium is found elevated in plasma,
it has been associated with coronary artery
calcification (Grønhøj et al. 2016). Elevated
serum phosphorus has also been linked to
cardiovascular calcification (Cancela et al. 2012)
and vascular events (Dhingra et al. 2007; Tonelli
et al. 2005). Inorganic phosphate can directly
induce osteogenic differentiation of local cells.
Nucleotide pyrophosphatase/phosphodiesterase
1 (NPP1) produces extracellular inorganic
pyrophosphate (ePPi), which is a potent
calcification inhibitor, from ATP released by
cells during mineralization (Rutsch et al. 2008).
In turn, tissue-nonspecific alkaline phosphatase
(TNAP) hydrolyzes and eliminates ePPI. Indeed,
overexpression of TNAP could lead to vascular
calcification due to enhanced phosphate levels
(Sheen et al. 2015). Calcium can increase PiT1
expression on the membrane of VSMCs and
MVs, leading to osteoblastic-like cells and
phosphate accumulation (Yang et al. 2004),
while increased calcium and phosphorus can
increase the release of MVs (Reynolds et al.
2004). Calcium is believed to activate MMP2
in MVs, increasing elastin degradation and
calcification. Serum calcium and phosphorus
are regulated by the parathyroid hormone (PTH)
and 1,25-dihydroxyvitamin D. While PTH has
not been linked to coronary calcification by
calcium scoring (Grønhøj et al. 2016; Arad
et al. 1998), 1,25-dihydroxyvitamin D deficiency
seems to be associated with cardiovascular events
and calcification (de Boer et al. 2009; Watson
et al. 1997). Hyperphosphatemia is associated
with impaired renal secretion of phosphate and
stimulation of vascular calcification (Lanzer
et al. 2014; Schlieper et al. 2016). The fibroblast
growth factor 23 (FGF-23)/Klotho system is

another regulator of mineral metabolism that
promotes phosphate excretion through the
kidneys, thereby limiting the pro-calcific actions
of phosphate. FGF23 has been associated with
coronary artery disease and cardiovascular events
(Brandenburg et al. 2014; Kestenbaum et al.
2014; Lutsey et al. 2014; Mathew et al. 2014;
Parker et al. 2010; Evrard et al. 2015; Lim et al.
2012); however, the role of FGF23 on vascular
calcification remains controversial due to mixed
results in clinical studies (Kestenbaum et al.
2014; Masai et al. 2013; Scialla et al. 2013)
and because FGF23 increases the expression
of osteoprotegerin, a vascular calcification
inhibitor (Nakahara et al. 2016). Another major
calcification inhibitor is inorganic pyrophosphate
(Lomashvili et al. 2004), which prevents calcium
phosphate aggregation (Fleisch et al. 1970),
growing of hydroxyapatite crystals (Francis
1969), and aggregation of hydroxyapatite
crystals (Hansen et al. 1976; Villa-Bellosta
and Sorribas 2011; Villa-Bellosta et al. 2011).
Indeed, pathological increase in inorganic
pyrophosphate hydrolysis by tissue-nonspecific
alkaline phosphatase (TNAP) induces severe
cardiovascular calcification (St Hilaire et al.
2011; Villa-Bellosta et al. 2013). Fetuin, a
circulating glycoprotein, is a major inhibitor
of apatite found in the circulation, and hence a
decrease in fetuin levels results in augmented
vascular calcification and higher cardiovascular
mortality in hemodialysis patients. Calcifications
developed due to chronic kidney disease and
renal failure have also been correlated with
dysregulation of parathyroid hormone and
vitamin D signaling (Lanzer et al. 2014;
Schlieper et al. 2016).

5.2 Cell-Mediated (Active)
Calcification

Many studies in the last 10 years have con-
tributed to changing the vascular calcification
paradigm from a passive process into a pas-
sive + active process in which different vas-
cular cells are involved in regulating (i.e., acti-
vating/inhibiting) the mineralization of vascular
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tissues and atherosclerosis (Otsuka et al. 2014;
Leopold 2015; Panh et al. 2017; Nakahara et al.
2017; Boström 2016). The current paradigm of
cardiovascular calcification is shown in Fig. 10
(Panh et al. 2017). In the cell-mediated calcifi-
cation approach, local vascular cells will differ-
entiate into an osteoblast-like phenotype. Those
cells include intimal vascular smooth muscle
cells (VSMCs) (Leopold 2015; Speer et al. 2009)
derived from the media layer and calcifying vas-
cular cells, a subpopulation of VSMCs with an
spontaneous capacity for mineralization (Demer
and Tintut 2014; Abedin et al. 2004) via the
release of matrix vesicles MVs (Reynolds et al.
2004; Anderson 1984), as well as pericytes and
pericyte-like cells in the intima and media layer
of vasa vasorum of small- and middle-sized arter-
ies (Collett and Canfield 2005).

The active, cell-mediated, mechanisms of
vascular calcification are strongly regulated,
in particular the differentiation of multipotent
cells and VSMCs into osteoblast-like cells.
This cell differentiation process is regulated by
the BMP-MGP imbalance (described below).
Osteochondrogenic transformation of SMCs
in the vasculature initiates the formation and
release of specialized phospholipidic membrane-
bound bilayer structures with submicron
diameter size named matrix vesicles (MVs)
(Hutcheson et al. 2014, 2016; Ruiz et al.
2016). It is believed that the origin of MVs
is exosomes from intracellular multivesicular
bodies, secreted in response to upregulation of
sphingomyelin phosphodiesterase 3 (SMPD3).
The release of MVs from SMCs is an active
cell process, regulated by pro-calcification
environment/stimulus (Kapustin et al. 2015).
MVs can diffuse into collagen fibers and may
fuse and form larger vesicles if they have not
yet been mineralized. The MVs membrane has
phosphate and calcium transporters and pumps,
as well as mechanisms for influx regulation.
Several transporters have been identified in
MVs, including PiT1 and PiT2 for transport
of inorganic phosphate, and A2, A5, and A6
from the annexin calcium-binding protein family.

Extracellular matrix vesicles (MVs) calcify
when calcium phosphate accumulates inside
these matrix vesicles, forming hydroxyapatite
crystals, similar to bone formation (Amizuka
et al. 2012; Kapustin et al. 2011; Naik et al.
2012). Once the mineral inside the MV grows
and penetrates the membrane of the MV, it can
mineralize in the interstitial space (Golub 2011)
and grow, possibly following a passive crystal
growth mechanism.

Apoptotic cell death of SMCs and macrophages
in the atheroma is another cell-mediated
mechanism of vascular calcification. Apoptotic
cell death debris generated from SMCs and
macrophages calcify in the extracellular envi-
ronment, inducing nucleation of hydroxyapatite
mineral crystals (Clarke et al. 2008). Some
research groups believe that chronic low levels
of SMCs and macrophage apoptosis are the main
driving force behind atherosclerotic calcification
in humans (Clarke et al. 2008; Kockx et al.
1998; Proudfoot et al. 2000). Clarke et al.
(2010) showed that vascular SMC apoptosis
accelerates calcification. While SMC apoptosis
is natural, the clearing of apoptotic debris in the
atheroma by phagocytes may be incomplete and
result in release of proinflammatory cytokines
and accumulation of nucleation foci. Lutgens
et al. (1999) showed that apoptosis was more
predominant in the core of type IV lesions,
equally divided in lipid core and fibrous cap
in type V lesions, and in ruptured plaques,
apoptosis was equally prevalent in the core, the
fibrous cap, and the ruptured cap (Lutgens et al.
1999). Kockx et al. (1998) showed that SMC
apoptosis is rare in fatty streak lesions. There are
a dense infiltration of macrophages accompanied
by apoptosis toward the luminal surface of
the necrotic core (Kolodgie et al. 2000) and a
much denser concentration of apoptotic bodies
within the necrotic core when compared to other
regions of the atheroma (Schrijvers et al. 2005).
Proudfoot et al. (2000) showed in a culture model
that SMC nodules calcify at sites of apoptosis and
that this can be prevented by inhibiting apoptosis.
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Fig. 10 Coronary calcification pathways. BMP, bone
morphogenic protein; Ca, calcium; Cbfa1, core-
binding factor 1; FNa, sodium fluoride; MGP, matrix-
carboxyglutamic acid protein; MMP, matrix metallo-
proteinase; NPP3, nucleoside pyrophosphohydrolase

3; PET, positron emission tomography; Pi, inorganic
phosphate; PPi, inorganic pyrophosphate; Runx-2, runt-
related transcription factor 2; TNAP, tissue-nonspecific
alkaline phosphatase; VSMC, vascular smooth muscle
cells. Reproduced with permission from Panh et al. (2017)
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5.3 Activators of Vascular
Calcification

Bone morphometric proteins (BMPs) are part of
the tumor growth factor-beta family (TGFβ).
BMPs are potent activators of osteogenic
differentiation, and a number of them have
been associated with the calcification of arteries
(Boström et al. 1993) and other disorders such
as diabetic vasculopathy, chronic kidney disease,
and high levels of circulating phosphate (Yao
et al. 2010; Boström et al. 2011; Li et al. 2008).
BMP4 seems responsible for increasing vascular
calcification in the endothelium via deficiency
of matrix Gla protein (MGP), diabetes (Yao
et al. 2013), inflammation, and EndMTs (Yao
et al. 2015; Jo et al. 2006). Other BMPs seem
to function in the media layer through Runx2
and microRNA-30b and 30c (Li et al. 2008;
Balderman et al. 2012). In the adventitia, BMP2
has been shown to affect myofibroblasts via
Msx2 and LRP6 in diabetic and hyperlipidemic
mice (Shao et al. 2007; Cheng et al. 2015) and
may mediate hyperphosphatemia and formation
of nanocrystals (Li et al. 2008; Sage et al.
2011). Interestingly, Roijers et al. (2011) showed
that microcalcifications preceded the presence
of calcification proteins such as osteocalcin
and BMP-2.

There are at least three Wnt signaling path-
ways that describe proteins that pass signals into
cells via cell surface receptors. The first pathway
is the canonical Wnt pathway, the second is
the noncanonical planar cell polarity pathway,
and the third is the noncanonical Wnt/calcium
pathway. There is evidence suggesting that both
activators and inhibitors of Wnt signaling affects
the development of vascular calcification. It has
been reported that a Wnt receptor, LRP6, re-
duces osteochondrogenic differentiation in vas-
cular SMCs (Cheng et al. 2015). However, Dkk1,
a Wnt antagonist, enhances EndMTs and calci-
fication in aortic endothelial cells (ECs), while
Wnt7b helps in maintaining a stable ECs phe-
notype, reducing osteochondrogenesis of ECs
(Cheng et al. 2013).

Atherosclerosis is intrinsically a chronic
inflammatory process in which the presence

of calcification increases with the progression
of the disease; however, the relationship
between calcification and inflammation is
not fully understood. Several inflammatory
cytokines are activators (Sage et al. 2011) of
calcification in the intima layer of blood vessels
(Demer and Tintut 2014; Bessueille and Magne
2015). In addition, pro-inflammatory cytokines,
such as saturated fatty acids (e.g., palmitic
acid), induce the osteogenic differentiations of
VSMCs, while unsaturated fatty acids (e.g.,
eicosapentaenoic acid) reduce the expression
of BMP-2 and other osteoblastic factors and in
general osteogenic differentiation (Kageyama
et al. 2013). Macrophages, which are specialized
inflammatory cells, have also been reported to
release MVs (New et al. 2013). Progression
of calcification can enhance the inflammatory
process in vessels when calcification is present
as hyperphosphatemia-induced nanocrystals or
calcium phosphate crystals (Sage et al. 2011;
Nadra et al. 2005). Interestingly, some infectious
diseases, such as tuberculosis, result in ectopic
calcifications.

5.4 Inhibitors of Vascular
Calcification

Loss of calcification inhibitors is also a cell-
mediated mechanism that may lead to atheroscle-
rotic calcification. In normal tissue, calcification
inhibitors such as MGP, osteopontin, fetuin, py-
rophosphates, etc. are secreted in the vessel wall,
preventing the initiation of calcification.

MGP is a calcification inhibitor that regu-
lates BMPs activity via protein-protein interac-
tions and prevents mineral nucleation on elastic
sites by binding to mineral crystals (Yao et al.
2008; Khavandgar et al. 2014). MGP can pre-
vent EndMT in the endothelium of aortas (Yao
et al. 2013) and differentiation of medial SMCs
into osteochondrogenic cells (Speer et al. 2009).
Deficiency of MGP in humans (i.e., Keutel syn-
drome) leads to abnormal calcification, while
increased expression of MGP has been reported
to reduce atherosclerotic calcification (Yao et al.
2010; Boström et al. 2011).
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Other BMP inhibitors have also been shown to
reduce vascular calcification. For instance, block-
ing the activing receptor-like kinase (ALK)3,
which is a BMP receptor, reduces vascular calci-
fication, while the BMP inhibitor LDN-193,189
can prevent calcification. Suppression of another
inhibitory transcription factor within the BMP
cascade, Smad6, could result in osteochondroge-
nesis (Galvin et al. 2000).

Reduction or complete suppression of osteo-
protegerin (OPG) may cause a significant in-
crease in vascular calcification and osteoporosis
(Bucay et al. 1998). OPG combined with RANK
and RANKL represents a control system for the
formation of osteoclasts, which are important
for bone turnover, remodeling, circulating cal-
cium, and vascular calcification (Evrard et al.
2015). OPG expressed in vascular tissues seems
to block vascular calcification, even though the
presence of vascular calcification has been ob-
served despite high serum levels of OPG (Morena
et al. 2009). Another potential action of OPG is
through suppression of TNF-related apoptosis-
inducing ligand (TRAIL), which is a strong ac-
tivator of apoptosis (Collin-Osdoby et al. 2002),
thus reducing the possibility of initiating calcifi-
cation via the genesis of apoptotic bodies.

6 Summary

The longstanding paradigm is that the culprit
plaque of an acute coronary event is not calci-
fied, or has a low amount of calcification, when
compared with non-ruptured advanced lesions,
which show much larger calcium scores. This
supports the notion that large calcifications lead
to mechanical stabilization of the atheroma. Clin-
ical and pathological analyses have previously
focused on the total amount of calcification (cal-
cified area in a whole atheroma cross section)
and whether more calcification means higher risk
of plaque rupture or not. However, this paradigm
has been changing in the last decade or so. Recent
research has focused on the presence of microcal-
cifications in the atheroma, and more importantly
on whether clusters of μCalcs are located in the
cap of the atheroma. The fact that one could see

μCalcs using HR-μCT was an important break-
through since μCalcs in the cap proper were
thought to be rare and, therefore, hard to find by
either histology or confocal sectioning. Indeed,
it has been shown that μCalcs in fibrous caps
are not rare but numerous and that the overall
effect of microcalcifications in plaque vulnera-
bility can be summarized as an intensifier of the
background circumferential stress in the cap. The
stress concentration factor (SCF) produced by
μCalcs does not depend on the specific μCalc
location within the cap (center or shoulders); it is
now known that it depends on the size and shape
of the μCalc as well as the proximity between
two or more μCalcs where the SCF, which is
typically in the range of 2–5, can exceed five
or more if the μCalcs are very closely spaced
and aligned along the tensile axis of the cap. It
has also been shown based on analysis of failure
mechanisms that there is a minimum critical size
∼5 μm for μCalcs to be potentially dangerous.
In turn, the magnitude of the background stress
in the cap depends on the atheroma morphology
(i.e., cap thickness, necrotic core size, location
and shape of lipid core) and tissue composition
(i.e., lipid core composition, residual stresses).
Therefore, if the cap has no μCalcs, the cap needs
to thin to ∼30 μm to reach the rupture threshold
and become prone to rupture. Also, if μCalc(s)
are located in caps with very low background
stress, the increase in stress concentration pro-
duced by μCalcs may not be sufficient to reach
the rupture threshold. However, the presence of
μCalc(s) in the cap with a background stress of
about one fifth to one half the rupture threshold (a
stable plaque) will produce a significant increase
in local stress, which may exceed the cap rupture
threshold and thus transform a non-vulnerable
plaque into a vulnerable one. However, not only
size but location matters significantly, since the
thousands of μCalcs observed in the lipid pool
can be thought of as floating debris and, thus,
inconsequential to vulnerable plaque.

For many decades, cardiovascular calcifica-
tion has been considered as a passive process,
accompanying atheroma progression, correlated
with plaque burden, and apparently without a
major role on plaque vulnerability. Even though
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there is no consensus on the mechanisms lead-
ing to calcification of the atherosclerotic intima
layer in humans, the classic view of cardiovas-
cular calcification has significantly changed in
the last 10 years. In recent studies, the clas-
sic view that treats cardiovascular calcification
as a passive process has been challenged, and
emerging data suggest that cardiovascular calci-
fication may encompass both passive and active
processes. The passive calcification process com-
prises biochemical factors, specifically circulat-
ing nucleating complexes, which would lead to
calcification of the atheroma. The active mech-
anism of atherosclerotic calcification is a cell-
mediated process via cell death of macrophages
and SMCs and/or the release of matrix vesicles
by SMCs. A number of activators and inhibitors
of vascular calcification have been identified.
Among the activators, BMPs, Wnt, inflammatory
cytokines, and macrophages play an important
role in promoting vascular mineralization, while
MGP, osteopontin, fetuin, and pyrophosphates
prevent calcification. The regulation of such pro-
cess seems to be the result of imbalance between
activators and inhibitors. Once mineralization is
initiated via the active mechanism, calcification
may further proceed through a passive mineral-
ization process.
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Abdominal Aortic Aneurysm
Pathomechanics: Current
Understanding and Future Directions
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Abstract

Abdominal aortic aneurysms (AAAs) are
permanent, local expansions of the abdominal
segment of the aorta that can potentially
be fatal if progressing to rupture. AAAs
are rarely found in patients under age 60,
but are more common in older age groups,
occurring in 2–3% of the whole population.
Their rupture produces up to 14,000
deaths annually in the United States alone.
Because aneurysmal rupture is a mechanical
phenomenon, in recent years there has been a
major effort among researchers to investigate
the biologic and mechanical processes
surrounding AAA progression and rupture.
In addition to the basic science importance
of understanding AAA pathophysiology,
much of this research has been directed
toward the development of accurate clinical
criteria for assessing the risk of rupture on
a patient-by-patient basis. This review first
summarizes degenerative changes of the aorta
wall associated with AAA pathogenesis.
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Current understanding of hemodynamics,
transport, and wall mechanics in AAAs is then
described, and open questions in aneurysm
research are discussed along with potential
directions in which further understanding
could lead to improved clinical evaluation
and management decision processes.

1 Introduction

Abdominal aortic aneurysms (AAAs) are de-
generative, localized dilations of the abdominal
aorta that can potentially be life-threatening if
progressing to rupture (Fig. 1). AAAs have been
estimated to occur in as much as 2–3% of the
population (Ashton et al. 2002; Lederle et al.
2002), with approximately 150,000 new cases
diagnosed each year (Karkos et al. 2000). The
mortality rate on rupture is between 78% and
94% (Davis et al. 2013; Lederle 2009), and rup-
tured AAA is responsible for up to 14,000 deaths
annually in the United States alone (National
Center for Health Statistics 2018). Both open
abdomen and endovascular surgical techniques
are available for repair of unruptured AAAs.
However, most patients are of advanced age and
have other comorbid complications, making them
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Fig. 1 Sample patient abdominal aortic aneurysm. (a) Whole aneurysm collected from a cadaver; (b) cadaver sample
sectioned open to show lumen and thrombus; (c) segmented reconstruction of the lumen (red) and wall and thrombus
(blue), obtained from CT imaging; (d) lumen only (red)

poor candidates for surgery. Further, surgical re-
pair techniques are costly and are not without
the potential for complications (Ghansah and
Murphy 2004; van Marrewijk et al. 2005; Wu
et al. 2018; Regnier et al. 2018; van Schaik et al.
2017). Thus there exists a major incentive for
careful assessment of risk of rupture of specific
individual patients to minimize the need for un-
necessary or high-risk surgery.

The age distribution of AAA patients is pre-
dominantly skewed toward 60 and over. Among
men aged 65–74 years, incidence has been re-
ported to be 55 per 100,000 person-years, in-
creasing to 112 per 100,000 person-years for men
aged 75–85 years and 298 per 100,000 person-
years for those older than 85 (Howard et al.
2015). Principal risk factors associated with the
occurrence of AAA include advanced age, male
gender, Caucasian race, a positive family history,
and smoking. In contrast, clinically observable
factors associated with expansion and rupture in-
clude large aneurysm diameter, rapid expansion,
smoking, and hypertension (United States Cen-
sus Bureau 2018). Interestingly, although there
has been a general trend toward aging of the
population in the United States for many years, in
recent years the number of deaths from ruptured
AAA has declined significantly, from 13,843 in
2005 (National Center for Health Statistics 2008)

to 9,988 in 2015 (Karkos et al. 2000). In part this
is due to improvements in diagnostic techniques
combined with increased emphasis on screening
for AAA in all patients over 50 at many medical
centers. In addition, it has been suggested that
decreased rates of smoking are contributing to
reduced AAA mortality (Grøndal et al. 2015;
Benson et al. 2016; Svensjö et al. 2011).

Decisions regarding elective surgical manage-
ment of specific AAA patients are normally made
balancing the risks of progression to rupture
with the risks associated with performance of
the surgery. Open abdomen repair is thought
to be justified when maximum bulge diame-
ter exceeds 5–5.5 cm or growth rate exceeds
3.5 mm/year, while endovascular repair can be
recommended at lower bulge diameters due to
its lower invasive disruption and complication
rates (Chaikof et al. 2009; Moll et al. 2011;
RESCAN Collaborators et al. 2013; Thompson
et al. 2013). However, these criteria are most
accurately thought of as rough guidelines rather
than absolute standards. Postmortem examina-
tions have shown that lesions smaller than 5 cm
can rupture with appreciable frequency (Darling
et al. 1977; Choksy et al. 1999; Hall et al.
2000), while as many as 60% of those larger
than 5 cm do not rupture during the patient life
span (Darling et al. 1977). In addition, analysis
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of CT imaging comparing ruptured to unruptured
AAAs has failed to demonstrate a statistically
significant threshold size discriminating between
the two groups (Ouriel et al. 1992). Thus there
is no general agreement on whether aneurysmal
diameter and growth rate alone are sufficient
criteria for assessing the risk of rupture. Further,
criteria related to bulge diameter and growth rate
are correlative only and have no underlying basis
with regard to the physical mechanism of rupture.

To address these limitations in the understand-
ing of aneurysm growth and eventual failure,
recent attention has focused on physical causes
leading to rupture. From a physical perspective,
AAA rupture is driven by mechanical stress
within the vessel wall and becomes increasingly
likely as peak stress magnitude exceeds
the strength of the diseased wall to resist.
As a result, an intensive effort to evaluate
wall stress on a patient-specific basis has
developed. Recent reviews include Vorp (2007),
Humphrey and Taylor (2008), Martufi and Gasser
(2013), Raut et al. (2013a), and Indrakusuma
et al. (2016). In this chapter, degenerative
changes of the aneurysm wall ultrastructure
are described. Current understandings of AAA
hemodynamics, transport, and wall mechanics
are then summarized, along with the factors that
mediate those issues. Finally, open questions in
aneurysm research are discussed, and potential
directions for improved clinical evaluation and
management are suggested.

2 AAA Histopathology

The healthy adult aorta is approximately 12 cm
in length on average, although its actual length in
any individual depends on subject height. Its di-
ameter tapers along its length, from 3.5 to 3.9 cm
outer diameter at the aortic root to approximately
2.5 cm outer diameter in the abdomen. In both
men and women, aging is associated with both
increasing aortic diameter and a gradual loss of
compliance, as a result of ultrastructural changes
including an increase in collagen content and
the gradual formation of intimal atheroma with
calcium deposits.

The healthy abdominal aorta wall consists of
three well-organized layers, the tunica intima, or
inner layer; the tunica media, or middle layer;
and the adventitia, or outer layer (Fig. 2a, b).
Together, these provide a nearly uniform wall
thickness of 0.2 cm. The intima consists of a
single layer of endothelial cells supported by a
subendothelial layer of loose connective tissue.
It is separated from the media by an internal
elastic lamina composed of fenestrated elastin
fibers. The media, which is 0.5–1.0 mm thick,
consists of a concentric series of 28–30 layers of
helically arranged smooth muscle cells separated
by layers of elastin fibers with reticular fibers,
proteoglycans, and glycoproteins. The adventitia
consists primarily of type I collagen fibers with
lesser numbers of elastin fibers and scattered
fibroblasts. In health, the wall consists on average
of 45.5% collagen (60% type I and 22% type
III), 30.1% elastin, and 22% smooth muscle by
dry weight (Mescher 2016; Fisher and Llau-
rado 1966), although the aortic arch and thoracic
aorta generally contain a higher percentage of
elastin than the abdominal aorta (Dua and Dal-
man 2010). The lower elastin content and result-
ing decreased flexibility of the abdominal aorta
is thought to relate to the far greater frequency
of AAA occurrence compared with aneurysms of
the aortic arch and thoracic aorta.

In contrast, patient aneurysmal walls lack the
ultrastructural organization characteristic of the
healthy aorta and can vary significantly between
patients (Fig. 2c, d) (Pancheri et al. 2017; Holmes
et al. 1995; Holzapfel and Ogden 2017; Hellen-
thal et al. 2009a, b; Rodella et al. 2016). A small
number of wall samples retain a recognizable
distribution of layers, with identifiable intima,
media, and adventitia. However, in most AAA
patient tissue samples, wall layers are largely dis-
organized, tortuous, and fragmented. The media
and adventitia, to the extent they can be recog-
nized, are densely invested with numerous fibrob-
lasts along with extravasated red cells, granular
and agranular leukocytes, and other inflamma-
tory cell types. Many samples show regions of
well-ordered tissue in some locations, but few are
well organized throughout. Most contain regions
of highly disorganized structure interspersed with
regions of increased collagen or elastin concen-
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Fig. 2 Representative aorta wall ultrastructure. (a) Healthy aorta, stained with Elastica van Gieson to highlight elastin
fibers (dark blue), showing the ordered structure of the media; (b) healthy aorta, imaged by second harmonic generation
microscopy, showing the ordered distribution of collagen fibers; (c) aortic aneurysm, stained with Elastica van Gieson
to highlight elastin fibers (dark blue), showing the disruption of distinctly recognizable media and adventitia and the
loss of ordered media fibers; (d) aortic aneurysm, imaged by second harmonic generation microscopy, showing the
disruption of media and adventitia and the loss of ordered collagen fibers; (e) fractional area of coverage for EvG
(highlighting elastin fibers), anti-SMA (highlighting smooth muscle), or TRI (highlighting collagen fibers), for five
representative patients. Images (b) and (d) used with permission of Dr. Gerhard Holzapfel
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trations (Pancheri et al. 2017). In addition, most
tissue samples show intramural empty spaces
lined by large quantities of cell types not asso-
ciated with healthy aorta wall tissue, presumably
inflammatory cells. Significant loss of parietal
structural architecture and disruption of smooth
muscle is common (Fig. 2c, d). Further, the
AAA wall also exhibits increased microvessel
density compared to the healthy wall, which is
thought to result from tissue hypoxia (Holmes
et al. 1995). Finally, AAA walls often incorporate
highly variable amounts of calcification and fat
deposits (Holzapfel and Ogden 2017).

Quantitative histopathologic analysis has
shown the extent to which the spatial distribution
of structural proteins varies between patients
(Fig. 2e) (Pancheri et al. 2017). Elastin coverage
can vary from as little as 18% to as much as 80%
of the wall, while collagen coverage can vary
from 28% to 66%, and smooth muscle coverage
can vary from 21% to 61%. In addition, the ratios
of coverage for individual samples can also vary
extensively. Some tissue samples show as much
as threefold the coverage of elastin as collagen,
indicating a widespread distribution of elastin
fibers but only limited collagen. In contrast,
other samples show limited elastin coverage but
much wider distribution of collagen. Further, the
areas in which these fibers appear can sum to
values larger than 100%, indicating an extensive
overlap of the elastin, collagen, and smooth
muscle components within the wall.

While there is a general agreement on the
structural protein content of the normal aorta,
there has been an ongoing debate regarding the
amounts of structural proteins in AAAs. It is gen-
erally agreed that elastogenesis is significantly at-
tenuated (He and Roach 1994; Alexander 2004),
which results in up to a 90% decrease in total
elastin content (He and Roach 1994; Carmo et al.
2002; Cheheltani et al. 2017; Schmid et al. 2013;
Dobrin et al. 1984; Vande Geest et al. 2006a). In
contrast, changes to collagen mass and ground

substance are not agreed upon. Increased colla-
gen and ground matrix volumes were reported
by He and Roach (He and Roach 1994) and
Sobolewski et al. (Sobolewski et al. 1995). How-
ever, other authors have suggested total deposited
collagen mass remains unchanged (McGee et al.
1991) or decreases (Vorp 2007; Choke et al.
2005). Moreover, regardless of changes in total
collagen, evidence has accumulated that matrix
metalloproteinase enzymes are significantly up-
regulated in the AAA wall (Alexander 2004; Lij-
nen 2001; Reeps et al. 2009). The most important
among these are MMP-1, MMP-2, MMP-3, and
MMP-9, which are responsible for degradation
of collagen and elastin fibers and collagen fiber
fragments. MMP-1, MMP-2, and MMP-3 are
thought to be produced by resident cells within
the wall, but MMP-9 is primarily synthesized
by elicited inflammatory cells transported to the
wall from the vasa vasorum. Their appearance,
along with the presence of macrophages and B
lymphocytes, indicates the presence of a strong
inflammatory response in the diseased, expand-
ing wall (Reeps et al. 2009).

In summary, it has been suggested that as
the aneurysm wall expands, although total wall
thickness remains approximately constant, the
media, to the extent that it can be recognized,
loses thickness and the adventitia widens (Free-
stone et al. 1995; Zarins et al. 1988). Genetic
factors may contribute to this redistribution. In
addition, as elastin is lost, mechanical load is
transferred to collagen fibers. As a result, the
adventitia is subject to stress-induced collagen
turnover that increases reinforcement and thick-
ening (Zarins et al. 1988). In the net, the com-
bined effects of elastin loss and altered collagen
and fibrillary cross-linking increase wall stiff-
ness and decrease compliance and distensibility
(Humphrey and Taylor 2008; Carmo et al. 2002;
Sobolewski et al. 1995), reducing the ability
of the wall to withstand systolic pressure and
deformation pulses and predisposing it to risk of
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rupture (Sobolewski et al. 1995; Humphrey 2002;
Sakalihasan et al. 2005).

3 Mural Thrombus

Between 75% and 90% of AAAs present clin-
ically with an irregular layer of deposited in-
traluminal thrombus (ILT) adhering to the wall
inner surface (Choke et al. 2005; Swedenborg
et al. 2004; Aslani 2005). Mural thrombus con-
sists of a dense, three-dimensional network of
fibrin strands in which red and white blood cells,
platelets, cellular elements, proteins, and plasma
are enmeshed. It shows three separate sublay-
ers, designated lumenal, medial, and abluminal,
each with its own distinct mechanical and his-
tologic characteristics (Wang et al. 2001; Tong
and Holzapfel 2015; Tong et al. 2011). The lu-
menal layer, which borders the AAA lumen and
therefore is subjected to flow-induced stresses,
has a relatively open, porous structure with thin
fibrin strands. It exhibits anisotropic mechani-
cal behavior, with a maximum tangential mod-
ulus of elasticity that varies from 189 ± 48 to
291 ± 69 kPa, depending on the patient and the
orientation of load. The medial layer retains a
porous structure, but its fibrin networks are com-
posed of thicker bundles with condensed residue
proteins. It is mechanically less stiff than the
lumenal layer and shows an isotropic response
to stress, with a maximum tangential modulus
varying only from 137 ± 39 to 145 ± 47 kPa. The
abluminal layer, which borders the AAA wall, is
the least porous layer, with thick fibrin bundles.
It has the largest fraction of condensed residue
proteins and the lowest fraction of trapped ery-
throcytes. Mechanically it is also isotropic, with
a maximum tangential modulus varying only
from 102 ± 23 to 108 ± 31 kPa. Complicating
these measurements, ILT material properties are
often highly nonuniform even within one patient
(Wang et al. 2001; Tong et al. 2011; O’Leary
et al. 2014a; Gasser et al. 2008; Hinnen et al.
2007), and it has been shown that thrombi of
male patients are significantly stiffer than those
of female patients (Tong et al. 2013). In addition,
detailed investigation of thrombus ultrastructure

and two-dimensional mechanical properties has
suggested that four distinct histologic phases can
be distinguished and that regions of each phase
can be found within each layer (Tong et al. 2011).

Both the causes of thrombogenesis and the
role of thrombus in AAA progression are unclear.
However, it has been suggested that thrombus
deposition results from endothelial erosion pro-
duced by high shear stress bursts generated by
strong turbulence in the lumenal flow (Peattie
et al. 1996a, b). These bursts expose underlying
collagen fibers, initiating a thrombotic cascade.
Thrombus has the macroscopic protective effect
of limiting endothelial loss while simultaneously
reducing lumenal diameter, which delays onset
of turbulence in the flow and reduces turbulence
intensity. Further, the ability of ILT to sequester
circulating leukocytes and platelets that produce
proteases and growth factors and control local
levels of plasmin leads to the activation of MMPs
in the wall (Vorp et al. 2001; DiMartino and Vorp
2003). ILT also has been shown to be associated
with thinning of the AAA wall, elicitation of in-
flammatory cells and apoptosis of smooth muscle
cells within the wall, and degraded extracellular
matrix (Kazi et al. 2003).

There is conflicting evidence regarding rela-
tionships between the distribution and thickness
of ILT and the gross mechanical behavior of
the AAA wall. Some studies have found that
thrombus reduces peak wall stress (Inzoli et al.
1993; Mower et al. 1997; Wang et al. 2002).
However, other authors suggest that ILT weakens
the wall (DiMartino and Vorp 2003; Kazi et al.
2003; Adolph et al. 1997), increases AAA growth
rate (Wolf et al. 1994), and increases likelihood
of rupture (Satta et al. 1996; da Silva et al. 2000).

Most importantly, thrombus provides a diffu-
sion barrier between the lumen and the wall and
thereby directly reduces nutrient and respiratory
gas transport to and from the inner regions of
the wall. By blocking openings of the vasa vaso-
rum to the lumen, it also indirectly compromises
transport to the outer wall as well. In particular,
oxygen transport is crucial for maintaining the vi-
ability and health of the aorta wall. As a result, it
is surprising there has been so little research into
thrombus-mediated limitations to mass transport
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Fig. 3 Semitransparent isometric view of AAA model showing steady flow and O2 transport simulations, Re = 686.
(a) Wall (white), lumen (gray), and thrombus (black); (b) velocity contours and streamlines; (c) oxygen concentration
contours and streamlines

in AAAs. Nevertheless, a small number of ex-
perimental and computational investigations of
have been reported. Intraoperative oxygen partial
pressure measurements performed on patients
undergoing elective repair found O2 tension in
the wall of patients with thick thrombus layers
was 18% of its value in the lumen, whereas in
patients with little thrombus, it was 60% of lume-
nal value (DiMartino and Vorp 2003). The wall of
patients with thick thrombus showed pronounced
inflammation and increased angiogenic capillary
vessels, both of which are markers of hypoxia.
In turn, hypoxia caused a decrease in collagen
synthesis and attracted macrophages to the wall
endothelium (Vorp and Vande Geest 2005). Es-
timates of O2 transport rates in idealized AAA
models with varying thrombus thicknesses indi-
cated transport decreased as thrombus thickness
increased (Vorp et al. 1998a). Subsequent calcu-
lations in a model replicating the geometry of a
specific patient found that O2 supply from the
lumen to the wall can be reduced by as much as
80% if thrombus thickness exceeds 5 mm (Sun
et al. 2009).

These models do not address the effects of
flow field turbulence, which significantly alters
solute concentration distribution and transport
rates. To address that limitation, flow fields and
oxygen concentration distributions have been
calculated in a patient-specific mathematical

model containing separate lumen, thrombus,
and vessel wall regions under steady turbulent
flow conditions (Fig. 3). The flow had one
inlet, the aorta immediately proximal to the
renal arteries, and six outlets including renal
and iliac branches. Oxygen partial pressure was
taken as 90 mmHg at the inlet and 55 mmHg
at the wall outer surface, both of which are
typical values in vivo (Vorp et al. 1998a; Fung
1981; Ganong 1997). Appropriate forms of the
Navier-Stokes and scalar transport equations
were solved in all three model regions using
commercial software (PowerFLOW, Dassault
Systems Inc). Time-average velocity magnitude
(Fig. 3b) and oxygen concentration (Fig. 3c)
were greatest in a thrombus-free channel along
the left side of the lumen. Oxygen partial pressure
contours support the hypothesis that the presence
of thrombus leads to wall oxygen starvation,
since oxygen tension was significantly decreased
in wall regions adjacent to a thick thrombus layer
(Fig. 3c).

4 Hemodynamics

Flow field patterns are of central importance to
the understanding of AAA pathophysiology and
mechanics for two reasons. First, flow-induced
forces on the AAA wall provide the loading
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conditions that drive the macroscopic mechanical
response of the wall and can lead to rupture.
Second, it is well established that endothelial cell
viability and mechanobiologic behavior can be
modulated by altering the flow field and con-
sequent microenvironment to which the cell is
exposed (Dewey Jr et al. 1981; Davies et al.
1984). Since the inner surface of the aorta wall is
lined with endothelial cells, evaluating lumenal
hemodynamic patterns in detail is critical for
understanding the pathophysiologic behavior of
the AAA wall and predicting the evolution of its
health.

4.1 Definitions

Aortic flow fields are often characterized with the
following parameters:

1. Reynolds number (Re), the ratio of inertial
forces to viscous forces in the flow, is
defined as Re = UL

/

ν
, where U is flow

velocity, L is a characteristic length scale
normally taken as the aorta diameter, and ν is
the kinematic viscosity of the fluid.

2. Wall shear stress (
−−→
WSS), the shear stress ap-

plied to the vessel wall inner surface, is de-

fined as
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∂
−→
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∣
∣
∣∣
wall
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the local velocity, n is the local direction nor-
mal to the vessel wall, and μ is the dynamic
viscosity of the fluid.

3. Oscillatory shear index (OSI), a measure of
the unidirectionality of the flow, is defined as
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where t is time and T is one period of the flow.

4.2 Features of Aneurysm Flows

Flow fields in abdominal aortic aneurysms have
been shown to be highly patient-specific, with

wide intrapatient variations in velocity, vorticity,
wall shear stress, and turbulence intensity
(Arzani and Shadden 2012, 2015; Arzani et al.
2014; O’Rourke and McCullough 2010) (Fig. 4).
These parameters are highly dependent on details
of the aneurysm shape. In addition, flow patterns
upstream of the aneurysm can alter the flow
within the aneurysmal bulge, particularly in
cases where the patient’s upstream aortic flow
includes strong secondary flows perpendicular to
the vessel’s centerline (Hardman et al. 2013).
Furthermore, the shape of arterial branches
around the aneurysm and the characteristics of
the flow through these branches can significantly
influence flow features within the aneurysm itself
(Taylor et al. 1998, 1999; Tang et al. 2006).

Nevertheless, several important flow features
have been found in common in many patient-
based AAA flow simulations and experimental
investigations. The first is a transitional flow
regime and resulting flow instability. Blood flow
is generally laminar in small vessels and tur-
bulent in large ones, and the transition occurs
when the flow is between regimes. Although
transition and turbulence are normally observed
at Re ≈ 2000 in straight, rigid tubes, turbu-
lence has been observed at far lower Reynolds
numbers in AAAs both in vivo and in vitro
(Bluth et al. 1990; Parashar et al. 2013; Khanafer
et al. 2009), in some cases as low as Re ≈ 600
(Poelma et al. 2015). Even at these low val-
ues of Re, turbulence intensity can reach 80–
100% (O’Rourke and McCullough 2010; Feller
et al. 2001). Further, most of the flow is in the
unstable transitional regime, and consequently,
small perturbations can cause large changes in
flow features. It has been shown theoretically
that the bulged shape of an aneurysm promotes
this behavior (Gopalakrishnan et al. 2014), and
experiments and simulations have confirmed this
(Peattie et al. 2004; Wilson et al. 2013). Recent
work has suggested that some aneurysm flow
instabilities have such a long timescale that they
persist for multiple cardiac cycles, making the
flow nonperiodic (Poelma et al. 2015).

A second common feature is separation,
which occurs when the streamline closest to the
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Fig. 4 Computational analysis of AAA velocity distribution in three representative patient-based models. (a) Stream
lines calculated for laminar flow at Re = 500; (b) velocity distributions calculated for laminar flow at Re = 500; (c)
velocity distributions calculated for turbulent flow at Re = 2500

vessel wall diverges away from the wall, creating
a region of recirculating flow along the wall in
the separated region. Many AAAs contain a jet
of flow that separates from one wall, creating a
large recirculation zone in the bulge (Fig. 4, top
and middle rows) (O’Rourke and McCullough
2010; Feller et al. 2001). The separated region
contains slow-moving flow that is poorly mixed
with the faster-moving through-flow. It has been
suggested that this type of separation region can
lead to deposition of thrombus, particularly if
OSI is also low (Peattie et al. 1996a, b; Wilson
et al. 2013; O’Rourke et al. 2012; Arzani et al.
2013). However, there is also evidence that
mixing between the separated region and the
main jet is not negligible in many AAAs (Arzani
and Shadden 2012).

A third feature observed in many AAA flows
is vortex formation. Vortices have been observed
to form at either the proximal (Khanafer et al.
2009) or distal (Gopalakrishnan et al. 2014) ends
of the aneurysm bulge, and in both cases, to
advect downstream once formed. These vortices
usually form during systole but often persist

through diastole (Arzani and Shadden 2012;
Khanafer et al. 2009). The number of vortices,
as well as their size and exact path, has been
shown to be highly patient-specific (Arzani
and Shadden 2012; O’Rourke and McCullough
2010). It has also been hypothesized that the
presence of vortices is related to the deposition
of ILT, although the causality of this relationship
is unclear (Chen et al. 2014).

4.3 AAA Flow Fields, Quantitative
Evaluations

Two main modalities have been used to study
AAA flows: computational fluid dynamics (CFD)
simulations (Fig. 4) and experiments (Figs. 5 and
6). There are far more published CFD studies
of AAAs than experiments (e.g., Gopalakrishnan
et al. 2014; Perktold 1987; Taylor and Yamaguchi
1994; Yu et al. 1999; Finol and Amon 2001;
Finol et al. 2003; Callaghan et al. 2015; Rana
et al. 2015; Neofytou et al. 2008; O’Rourke
and McCullough 2008; Marrero et al. 2014; Lu
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et al. 2016; Lozowy et al. 2017), in part because
simulations are less expensive and less labor-
intensive than experiments to initiate. The basic
procedure for performing a CFD simulation on
an aneurysm is as follows:

1. Generate the geometry, which can be an ide-
alized shape or a patient-specific shape ex-
tracted from a medical image.

2. Discretize the geometry and perform a grid
convergence test to ensure that the mesh is of
high enough quality that characteristics of the
mesh do not affect the solution.

3. Select models. AAA flows require a model
for blood viscosity, a turbulence model, and
a specification for flow coupling with non-
flow factors such as wall deformation. Blood
is shear thinning, but its non-Newtonian be-
havior is normally only apparent in arterioles
and capillaries. Hence it is often assumed to
be Newtonian in the aorta.

4. Select boundary conditions, specifying all in-
let and outlet flow conditions.

5. Solve for the velocity and pressure distribu-
tions (e.g., Fig. 4).

Although CFD studies have generated sig-
nificant insight into flow field properties, un-
fortunately they are not without drawbacks and
have given rise to contradictory conclusions in

some studies. For example, both high and low
WSS have been correlated with aneurysm rupture
(Xiang et al. 2014). In addition, it is well known
that accurate solutions corresponding to in vivo
flows can only be obtained when boundary condi-
tions are correct (Figueroa et al. 2006). However,
both inlet and outlet conditions are generally un-
known for AAA flows in vivo. Finally, the choice
of turbulence and fluid models can also lead
to significant differences in solutions (Marrero
et al. 2014).

AAA flow has also been studied experimen-
tally, both in vivo with live patients and in vitro
using phantoms emulating aneurysm geometries.
The most common experimental techniques for
studying AAA flow are:

1. Particle image velocimetry (PIV): Velocity
measurements are acquired by tracking laser-
illuminated particles within the flow. PIV is
time-resolved and high resolution but requires
an optically clear model (Fig. 5a) (Parashar
et al. 2013; Chen et al. 2014; Yu et al. 1999;
Bouillot et al. 2014; Deplano et al. 2013;
Stamatopoulos et al. 2011, 2010).

2. Laser Doppler velocimetry (LVD): 3D ve-
locity is measured at individual points in a
flow by creating interference fringes between
two laser beams and detecting single particles

Fig. 5 Experimental measurement of AAA velocity distribution. (a) Representative patient-based phantom emulating
lesion geometry. Black tubes represent wall pressure taps; (b) representative velocity distributions measured in this
phantom by particle imaging velocimetry at Re = 2500. Insets show the plane in which these measurements were
obtained
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Fig. 6 (a) Patient-based AAA phantom, fabricated by 3D printing, showing wall pressure taps precast in the phantom;
(b) pressure vs. time data measured in this phantom under pulsatile flow conditions

crossing the fringes. LVD is 3D and time-
resolved but measures velocity only at discrete
points (Peattie et al. 1996a, b; O’Rourke and
McCullough 2010, 2008; Asbury et al. 1996;
Chong and How 2004; Egelhoff et al. 1999).

3. Ultrasound Doppler velocimetry (UDV): An
ultrasound transducer measures flow veloc-
ity by detecting the Doppler shift in sound
waves scattered from moving blood. UDV is
cheap and noninvasive and can be used on
live patients because it does not require optical
access to the flow. However, it has lower
resolution and higher uncertainty than PIV
(Peattie et al. 1996a, b; Asbury et al. 1996;
Fraser et al. 2008).

4. Cardiovascular magnetic resonance (CMR): A
medical magnetic resonance system measures
3D velocity by detecting accumulated phase
of rotating atomic spins as they relax after
an electromagnetic excitation pulse. CMR
requires no optical access and is more
accurate and higher resolution than UDV.
However, data acquisition is slower and far
more expensive than UDV (von Spiczak
et al. 2015; Markl et al. 2004; Kung et al.
2011).

5. Pressure measurements: Transducers are con-
nected to various points in a AAA phantom
to measure pressure (Fig. 6). These measure-
ments can be steady or time-resolved. Optical
access is not required, but the measurements

must be in vitro since in vivo measurements
would require vessel punctures (Peattie et al.
2004; Anton et al. 2015).

In general experiments require fewer assump-
tions than computational simulations. For ex-
ample, there is no need to select a turbulence
model. However, they are usually significantly
more expensive and time-consuming. In addition,
the experimental challenges of establishing an in
vitro pulsatile flow accurately simulating aortic
conditions suggest the prudence of beginning ex-
periments with simpler steady flow investigations
(O’Rourke and McCullough 2010; Peattie et al.
2004; Anton et al. 2015).

5 Wall Mechanics

Predictions of the course of AAA growth,
remodeling, and rupture depend critically on
quantitative description of the deformation-
related and failure-related material properties
of the diseased vessel wall and on the resulting
macroscale mechanical stress and strain distribu-
tions in the wall. Valid techniques for measuring
these parameters noninvasively in vivo have
generally not been developed yet. However,
techniques for modeling wall stress on a patient-
specific basis have evolved rapidly in the last
15 years.
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5.1 Material Properties of Healthy
and Aneurysmal Aortic Walls

Evaluation of biomechanical wall material char-
acteristics is the first step in analysis of AAA wall
mechanics for specific patients. Initial uniaxial
tension tests on human abdominal aortic tissue
samples showed the tissue maintains the char-
acteristic J-shaped, stretch-associated stiffening
behavior of healthy aortas (Rodella et al. 2016;
Sumner et al. 1970). More recent biaxial testing
emulating in vivo deformations during the car-
diac cycle has confirmed that response but also
established that unlike the healthy aorta, AAA
tissue shows pronounced anisotropic behavior,
with greater stiffness in the circumferential than
the axial direction (Pancheri et al. 2017; Tong
et al. 2011, 2013; Vande Geest et al. 2006b;
O’Leary et al. 2014b; Polzer et al. 2013; Gasser
et al. 2012). From a mechanical-structural point
of view, this tissue anisotropy is the charac-
teristic feature of AAAs. Further, aneurysmal
wall anisotropy has been shown to change on
a patient-to-patient basis and to be greater in
diseased or older individuals than in samples
from young healthy individuals (Vande Geest
et al. 2006b; Holzapfel et al. 2004).

Equibiaxial tests at stress levels between 150
and 320 kPa have found maximum tangential
moduli between 8 and 12 MPa in the circum-
ferential direction and 6.0 and 8.5 MPa in the
axial direction (Pancheri et al. 2017; Tong et al.
2011; Vande Geest et al. 2006b; O’Leary et al.
2014b). Moduli values have depended in part on
the specific protocol and control method used in
the individual tests and in part on the imposition
of axial prestretch constraints emulating the in
vivo aorta. In addition, intrapatient differences
in the histology of the tissue samples are not
small, and both calcifications and bulge wall
thickness can measurably affect tissue mechan-
ical behavior (Reeps et al. 2013). Further, in-
creased thrombus age has been shown to be as-
sociated with greater measured tissue anisotropy
(Tong et al. 2011).

Previous studies of relations between AAA
mechanical properties and patient gender, age,
and maximum bulge diameter have reported in-

consistent findings. In some studies, tissue sam-
ples from male patients have been reported to
have greater stiffness and tensile strength than
samples from female patients (Tong et al. 2011;
Vande Geest et al. 2006b; Reeps et al. 2013).
However, in other studies no statistically sig-
nificant difference in elastic mechanical proper-
ties based on gender has been found (Pancheri
et al. 2017; O’Leary et al. 2014b). In addition,
it is generally thought that the stiffness of the
healthy aorta increases with age (Imura et al.
1986), which is attributed to a gradual loss of
elastin and increase in the collagen content of
the wall over time. However, no statistically sig-
nificant change in the mechanical properties of
AAA tissue samples has been found for pa-
tients over age 70 compared to those under 70
(Pancheri et al. 2017; O’Leary et al. 2014b).
It has been suggested that the loss of ultra-
structural organization associated with the AAA
wall may offset age-related changes in the wall
collagen and elastin content, preventing the de-
velopment of age-driven trends in mechanical
properties.

Attempts to measure tensile strength have
been described by several authors (Vande Geest
et al. 2006a, c; Di Martino et al. 2006; Raghavan
et al. 2006). For example, Raghavan et al.
reported failure tension of human AAA wall
tissue strips harvested at autopsy to vary from 5.5
to 42.3 N/cm depending on the position within
the wall from which the strip was harvested
(Raghavan et al. 2006). More recently, failure
tension of ex vivo tissue strips has been reported
to show a positive correlation with collagen I,
total collagen, and total proteoglycan content of
the wall (Tanios et al. 2015). These extracellular
matrix components were all reported to be
increased in regions of elevated local stress,
suggesting the AAA wall undergoes an adaptive
remodeling response to maintain stability (Tanios
et al. 2015). Failure tension has also been shown
to correlate with patient medical history and
blood chemistry (Reeps et al. 2013). Finally, the
ex vivo wall strength of AAA tissue samples
has been shown to fit a lognormal distribution
(Polzer and Gasser 2015). This has permitted
the development of a probabilistic approach to
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Fig. 7 (a) Finite element grid in a patient-based AAA model; (b) maximum principal stress distribution in this model
calculated by finite element analysis with nonuniform flow-induced loading

rupture risk analysis based on the distributions
of wall thickness and wall strength (Polzer and
Gasser 2015).

5.2 Finite Element Analysis

Experimental measurements of vessel wall
stresses in AAA are infeasible in a live patient,
and synthetic vessels with realistic vessel
wall material properties have not yet been
fabricated. Consequently, the vast majority of
work analyzing AAA wall stress and strain
has involved finite element analysis (FEA,
Fig. 7). There are many commercial software
packages available for performing FEA (e.g.,
Ansys, Abaqus, Comsol), most of which allow
customization of both the wall material model
(e.g., linear vs. nonlinear elastic, isotropic vs.
nonisotropic, etc.) and the numerical parameters
characterizing the material. The procedure for
performing FEA is similar to that for performing
CFD, with the exception that a wall material
model must be selected instead of a fluid model
and the boundary conditions consist of prestretch
constraints along with flow-induced loading and
external interstitial pressure.

Both maximum von Mises stress (e.g., Inzoli
et al. 1993; Mower et al. 1997; Wang et al. 2002;
Raghavan et al. 2005) and maximum principal
stress magnitude and position (e.g., Dorfmann
et al. 2010) have been used as markers of wall

stress development. Both have been found to
be highly dependent on the specific shape and
thrombus distribution of the patient lesion and
the material behavior emulated in the calculation.
Values in the range of 400–700 kPa are typical
(Fig. 7b), with maximum stress dependent on
the specific model details. Inclusion of collagen
turnover in the analysis has been shown to reduce
both maximum wall stress and spatial gradients
of stress (Martufi and Gasser 2013), while in-
corporation of patient-specific, regionally vary-
ing wall thickness has been shown to increase
maximum first principal stress magnitude 20–
50% (Raut et al. 2013b).

The sophistication of wall stress analyses has
advanced rapidly over the last 20 years. Results
have been summarized and compared to healthy
vessel studies in recent reviews (Humphrey and
Holzapfel 2012), while the comparative effects
of underlying assumptions have been discussed
(Rodriguez et al. 2008), as have the effects of
varying wall material properties (Schmid et al.
2013). In particular, early analyses were based
on linearly elastic wall behavior (e.g., Stringfel-
low et al. 1987; Elger et al. 1996; Vorp et al.
1998b). Subsequent studies addressed first non-
linearly elastic behavior (e.g., Raghavan et al.
2005; Fillinger et al. 2002; Fillinger et al. 2003),
then hyperelastic isotropic response (e.g., Wang
et al. 2002; Doyle et al. 2009; Heng et al. 2008),
and hyperelastic anisotropic models (e.g., Ro-
driguez et al. 2008). Recent studies have also uti-
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lized patient-based geometries, nonuniform flow-
induced loading, the presence of calcifications
and ILT, and residual stresses (e.g., Dorfmann
et al. 2010; Speelman et al. 2007; Maier et al.
2010 and the references in them). Unfortunately,
there is not yet a general agreement on the effects
that are necessary for a wall stress analysis to
be sufficiently accurate for clinical application.
Adding to this difficulty, it has been shown that
FEA solutions are sensitive to geometry recon-
struction details, mesh quality and size, pre-stress
and zero pressure geometry, and solver settings
such as convergence criteria and time step. Fur-
ther, boundary conditions are difficult to measure
in vivo and thus must be assumed in most FEA
studies, so evaluating the validity of a particular
FEA solution is challenging (Raut et al. 2013a).
As a result, in spite of the wealth of knowledge
accumulated through wall stress analyses to date,
there remains a need for a consensus on the
standards that would constitute a clinically usable
model.

5.3 Fluid-Structure Interaction

Fluid-structure interaction (FSI) models couple
CFD analysis of AAA flow fields and wall pres-
sure and shear stress with FE analysis of the
resulting wall strain and stress distributions. FSI
models attempt to account for the interaction
between flow and wall deformation. These mod-
els have the potential to accurately describe the
link between flow and aneurysm wall stress,
which has been shown to be significant. Un-
fortunately, in general, the number of assump-
tions that must be made to perform FSI is far
greater than the number necessary to perform
individual fluid or solid simulations. In addition
to all the information needed to perform CFD
and solid mechanics calculations on their own,
FSI requires boundary and interface conditions
coupling the fluid and structure motion. There is
currently no agreement on the correct form of this
coupling.

FSI studies have shown that including fluid-
structure interaction in a wall stress calculation
often yields results differing significantly from

computations that ignore flow or vessel wall de-
formability. Flow field differences of up to 65%
in velocity magnitude and 50% in WSS have
been found between FSI and rigid-wall CFD.
Smaller but still significant differences have been
observed between FEA without flow and FSI cal-
culations (Ene et al. 2014; Scotti and Finol 2007;
Scotti et al. 2005). More details on FSI results
are given by Raut et al. (2013a), who reviewed
many FSI studies but found no agreement on
“correct” material properties, types of coupling,
or boundary conditions.

5.4 GrowthModels

Advances in the understanding of AAA
histopathology have enabled recent attempts to
predict AAA growth rates based on mathematical
modeling of elastin and collagen turnover within
the wall. Collagen fibers are far stiffer than
elastin fibers. However, in the healthy aorta,
elastin supports most of the physiologic load
imposed by flow in the lumen, since new
collagen fibrils are deposited in a sinusoidal
shape that does not carry load until stretched
to straightness. Collagen itself is in a continual
state of ongoing degradation and neodeposition
in the wall, with a half-life between 3 and
90 days (Humphrey 1999). This process allows
the wall to continuously remodel in response to
changing mechanical and microenvironmental
conditions. Although the loss of elastin
associated with AAA expansion could alter the
wall mechanical behavior, by itself it does not
explain the large enlargement experienced by
the wall, since collagen fiber families can carry
flow-induced loads. Accordingly, aneurysmal
bulge growth models must take into account
turnover of both elastin and collagen fiber
families.

Watton et al. (2004) modeled the aorta as a
cylindrical, nonlinearly elastic membrane subject
to a constrained axial prestretch and a constant
internal systolic pressure. A constitutive relation
incorporating relations between the wall stiffness
and the concentration of elastin and collagen and
shape of the collagen fibers was used to describe
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the wall mechanical behavior. A prescribed, time-
dependent, axisymmetric decay was imposed on
elastin concentration, and physiologically real-
istic remodeling rates were applied to collagen
turnover. Under these conditions, predicted bulge
growth rates were comparable to those observed
in vivo. Watton and Hill (2009) showed that by
appropriate selection of remodeling parameters,
the model predicted maximum bulge diameter to
increase exponentially and the ratio of systolic
to diastolic diameter to concomitantly decrease
from 1.13 to 1.02. These predictions are consis-
tent with physiological observations (Vardulaki
et al. 1998; Lanne et al. 1992). More recently, Lin
et al. used mixture theory to incorporate elastin
and collagen fibers with anisotropic properties
(Lin et al. 2018). An intermediate configura-
tion from which the elastic stretch of collagen
could be determined was defined through an
evolving recruitment variable. In this approach,
the aorta was taken to be a thick-walled tube
subject to constant internal pressure and axial
stretch. The model predicted a local increase
of mass that was achieved via production of
new material at a rate exceeding the removal of
old material. The combined effects of loss of
elastin, degradation of existing and deposition
of new collagen, and fiber remodeling resulted
in inhomogeneous mechanical properties and a
physiologically realistic, continuous enlargement
of the aneurysm bulge. Although the assumptions
underlying these aneurysm growth models are
not yet adequately realistic for clinical applica-
bility, the models show promise for eventual use
as noninvasive diagnostic tools if successfully
developed.

6 Open Questions for Future
Investigation

Although there has been significant progress
in understanding aortic aneurysm progression,
mechanics, and risk of rupture in the last two
decades, many important problems remain
unsolved. In particular,the following issues

are important aspects of AAA pathology to
which physical scientists can contribute essential
information and understanding.

1. Improving the accuracy of predictors of
aneurysm growth and rupture. It has been
shown that aneurysm size is correlated with
but is not always a sufficient predictor of
rupture risk (Darling et al. 1977; Choksy et al.
1999; Hall et al. 2000; Ouriel et al. 1992).
Alternative metrics for calculating growth
risk and rupture potential evaluation that have
been proposed include the presence of regions
of high or low wall shear stress, fluid jets
impinging on the vessel wall, high vessel wall
mechanical stress, high thrombus deposition
rate, and the presence of particular properties
in the structure of the deposited thrombus.
Unfortunately, none of these metrics have
been vetted by more than a few studies, and
there is no consensus on which would provide
a clinically accurate primary diagnostic.
Future work must compare many different
factors in a large-scale longitudinal study
to determine which ones have the strongest
correlations with growth and rupture.

2. Correlating AAA hemodynamics and wall
stress analysis with patient anamnesis. As
described above, in recent years there has
been extensive investigation of patient-
based hemodynamic properties and wall
stress development. However, to date there
has been very little attempt to correlate
these with patient clinical characteristics
including age, gender, cigarette smoking
history, atherosclerosis and other cardiac
disease, hypertension, diabetes and other
major disease, and injury history. Exploration
of the relations between these characteristics
and AAA mechanical behavior could provide
significant insight into the state of health of
the patient native aorta and subsequent AAA
pathogenesis and progression.

3. Using available tools to learn more about
patient-specific aneurysms. Since idealized
models are not representative of the wide
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variety of shapes, wall properties, and
flow patterns found in patient AAAs, it is
advantageous to have as much information
as possible about individual patient lesions to
predict patient prognosis. In particular, new
methods of noninvasive diagnostic imaging
allowing distinction between different wall
and thrombus material properties would be
particularly useful. The use of contrast agents
must be minimized in these methods, since
AAAs often develop in older patients at
high risk of renal insufficiency, in whom
use of contrast may be contraindicated. It
would also be advantageous to develop AAA-
specific image processing methods, such as
segmentation techniques that can reliably
distinguish vessel walls from thrombus
deposits.

4. Development of a reliable method for vali-
dation of aneurysm dynamics simulations. As
AAA fluid and solid mechanics models have
grown increasingly more complex, it is hoped
that hemodynamic and wall stress solutions
derived from the models more closely ap-
proximate in vivo conditions. However, the
accuracy of these solutions has not yet been
verified by direct comparison with in vivo
measurements. As a result, a general con-
sensus regarding the assumptions needed for
an accurate model has not yet emerged. This
is an important difficulty, since the choice
of assumptions can strongly affect the de-
tails of solutions. For example, in AAA CFD
studies, both flow outlet conditions (Taylor
1966; Westerhof et al. 1969; Avolio 1980;
Stergiopulos et al. 1992) and choice of tur-
bulence model (O’Rourke and McCullough
2010; Steinman et al. 2013; Khanafer et al.
2007) have been shown to significantly im-
pact solutions. Solid mechanics simulations
require even more assumptions than CFD,
since there is no universally accepted gov-
erning equation or material model for the
AAA wall (Holzapfel and Ogden 2017). Ac-
cordingly, there is presently a major need
for methodologies addressing the comparison
of analytic and numerical model results with
in vitro experimental measurements and for

comparison of both with in vivo animal and
patient studies.

5. Reconciliation of conflicting studies. A re-
lated question is how best to reconcile mul-
tiple studies that report contradictory conclu-
sions. There are numerous high-quality, peer-
reviewed scientific publications that present
valid but conflicting evidence on the ways in
which various factors affect AAA progres-
sion. For example, some studies suggest that
thrombus accumulation decreases rupture po-
tential (Inzoli et al. 1993; Mower et al. 1997;
Wang et al. 2002), while others suggest it
increases rupture potential (Kazi et al. 2003;
Adolph et al. 1997; Wolf et al. 1994; Satta
et al. 1996; da Silva et al. 2000). General rules
about consistent links between biomechan-
ical factors and aneurysm progression will
be needed for mechanical studies to provide
usable assistance for clinical AAA decisions
and treatment. One potential approach to this
problem may be through larger, long-term,
multicenter studies in which enough patient-
specific aneurysms can be evaluated together
using different methods to generate statisti-
cally significant correlations between biome-
chanical factors and aneurysm pathophysiol-
ogy (Xiang et al. 2014).

6. Development of integrated growth models. A
large challenge will center on the development
of comprehensive fluid-solid-biologic growth
models (Humphrey and Taylor 2008;
Humphrey and Holzapfel 2012) integrating
all relevant information to predict AAA
progression and rupture risk development.
To be complete, such models will need to
address not only hemodynamic and wall stress
distributions but also a series of biologic
effects in the wall resulting from the AAA
mechanical environment. These effects have
been summarized by other authors (Humphrey
and Holzapfel 2012). In brief, they include
matrix metalloproteinase activation and
functionality, elastin and collagen fiber
turnover, changes in smooth muscle cell
density and phenotype, changes in fibroblast
activity, and several other factors, as well
as the complex set of interrelationships and
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feedback patterns between all these factors
and AAA biomechanics. The models will also
need to take into consideration patient natural
history and clinical parameters.

To summarize, then, although a great deal of
information regarding AAA biomechanics has
been generated to date, there remains a major
need to utilize the knowledge basis surrounding
AAA mechanobiology and pathophysiology to
understand and predict lesion progression. The
studies described herein have great potential to
contribute to bringing personalized medicine to
clinical aortic aneurysm management. Realizing
that potential will require addressing the mechan-
ical and biologic environments of the AAA and
the relations between them. We hope this review
indicates some possible directions that can be
taken to contribute to this goal.
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Vascular Intervention: From
Angioplasty to Bioresorbable
Vascular Scaffold

Fengyi Du and Jiangbing Zhou

Abstract

Coronary artery disease (CAD) is the leading
cause of mortality and morbidity worldwide.
Clinically, CAD can be potentially managed
through surgical artery bypass. However,
due to the highly invasive nature, surgical
intervention has been gradually replaced
by percutaneous transluminal coronary
angioplasty and recently by percutaneous
coronary revascularization using metallic
stents. However, the permanent presence of
metallic scaffolds inevitably impairs arterial
physiology and may induce a variety of
adverse effects, such as inflammation, resteno-
sis, thrombosis, and neoatherosclerosis. To
address these limitations, revascularization
using bioresorbable vascular scaffolds (BVSs)
has emerged as the most promising approach.
After angioplasty, BVSs provide temporarily
mechanical support and are completely
resorbed over defined time. This transient
nature allows favorable arterial remodeling
and avoids thrombosis and in-stent restenosis.
However, the theoretical advantages of BVSs
have yet to be demonstrated. In this chapter,
we first review the evolution of nonsurgical
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vascular intervention approaches over the
past few decades. Next, we discuss the
current status of BVS development and
propose potential approaches to addressing
the limitations associated with the current
BVSs.

1 Introduction

Blood vessels in peripheral organs consist of
endothelial cells in the inner layer, vascular
smooth muscle cells (SMCs) in the middle layer,
and fibroblasts and matrix in the outer layer
(Yancopoulos et al. 2000; Carmeliet 2003). In
normal physiological conditions, blood vessels
are responsible for transporting oxygen and
nutrients throughout the body. These normal
functions could be compromised in diseased
conditions, which are often associated with
endothelial cell dysfunction, inflammatory
response, and proliferation and migration of
SMCs toward the lumen (Ross 1999a; Libby
et al. 2011; Owens et al. 2004). The aggregation
of SMCs and immune cells, together with
deposition of fat and cholesterol, leads to plaque
building and vessel wall thickening. Over time,
such chronic pathologic processes result in
stenosis or vessel obstruction. Eventually, the
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lack of blood supply may induce significant
tissue damage, leading to diseases, such as
coronary artery disease (CAD), which remains
as the leading cause of mortality and morbidity
worldwide (Ross 1999b; Libby et al. 2011).
Clinically, CAD could be potentially managed
through pharmacological approaches. When
the pharmacological approaches fail, vascular
interventions, including surgical artery bypass or
angioplasty, are needed. In this chapter, we will
discuss vascular intervention approaches evolved
over the past few decades, with emphasis on the
emerging intervention approach involving the
use of bioresorbable vascular scaffolds (BVSs).

2 Evolution of Mechanical
Vascular Interventions

The first mechanical vascular intervention can be
traced back to the 1970s, when percutaneous
transluminal coronary angioplasty (PTCA),
also called balloon angioplasty, was developed
(Gruntzig 1978; Gruntzig et al. 1979) (Fig. 1).
Clinically, a small guide wire is threaded
across the blockage section in blood vessels.
Accompanying with the wire, a pre-crimped
balloon is delivered to the diseased location,
where the balloon is inflated and expands the
occluded coronary artery. After the procedure,
the balloon is deflated and withdrawn. The
introduction of PTCA revolutionized the clinical
intervention of vascular diseases. However,
it fails to provide long-term support to the
diseased vessels and is associated with a high

rate of restenosis (30–50%) (Kahn and Hartzler
1990).

To address this limitation, a small tubular wire
mesh device, called bare metal stent (BMS), was
invented. In clinical practice, BMS is delivered
to the diseased vessel, where it provides per-
manent mechanical support to maintain vessel
patency. Consequently, elastic recoil and con-
strictive remodeling are prevented. In 1994, the
US Food and Drug Administration (FDA) ap-
proved the first BMS, Palmaz-Schatz balloon-
expandable stent (Fischman et al. 1991; Schatz
et al. 1991). The application of BMSs led to a
dramatic reduction of restenosis. Unfortunately,
the presence of bare metal often induces neointi-
mal proliferation as a result of inflammatory re-
sponse, leading to deposition of excess extracel-
lular matrix proteins. This deposition ultimately
causes re-obstruction of vessel lumen in 20–30%
patients (Mani et al. 2007).

To reduce the risk of neointimal hyperplasia,
a variety of drug-eluting stents (DESs), which
carry immune-suppressant or cytotoxic agents,
were developed in the late 1990s (Morice et
al. 2002; Schofer et al. 2003). DESs not only
provide mechanical support to maintain vessel
patency but also release therapeutic agents, such
as everolimus, sirolimus, zotarolimus, biolimus,
tacrolimus, and paclitaxel, over 10–30 days in
a controlled manner to prevent neointimal hy-
perplasia (Htay and Liu 2005). Encapsulation
of therapeutic agents in DESs has been initially
achieved through surface coating with permanent
(also called non-erodible or durable) polymers,
in which therapeutic molecules are loaded. Ini-

Fig. 1 Evolution of vascular intervention
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tial clinical evidence showed that implantation
of such devices significantly decreased the rate
of restenosis, leading to 50–70% reduction in
the need for repeat revascularization (Morice et
al. 2002; Grube et al. 2003). However, clini-
cal evidence also suggested that the presence
of durable polymers increases in-stent thrombo-
sis (Stettler et al. 2007). The rate of in-stent
thrombosis in patients receiving DESs reached
0.36–0.6%, which is greater than that for pa-
tients receiving BMSs (Daemen et al. 2007; We-
naweser et al. 2008; Pinto Slottow et al. 2008).
Apparently, the long-term presence of perma-
nent polymers contributes to the adhesion and
activation of leukocytes, which, in turn, leads
to local chronic inflammation and hypersensi-
tivity, and, eventually, increases the risk of in-
stent thrombosis and restenosis (McFadden et
al. 2004; Claessen et al. 2009). Learning from
this lesson, the second-generation DESs were
fabricated with biodegradable polymers loaded
with safer therapeutic molecules. Clinical evi-
dence showed that the second-generation DESs
have improved safety and efficacy compared to
the first-generation DESs (Fajadet et al. 2006;
Wiemer et al. 2010).

Despite the promise, metallic DESs suffer
from an inherited limitation due to the use of
metal-based, nonbiodegradable backbones. Af-
ter therapeutic molecules are released, the pres-
ence of metallic devices continuously presents
pressure against the vessel wall, which often
induces thrombosis and in-stent restenosis over
time (Condado et al. 1997). To provide improved
alternatives, recent efforts have been focusing
on developing next-generation bioscaffolds using
bioresorbable materials.

3 Bioresorbable Vascular
Scaffold (BVS)

BVSs are small tubular wire mesh devices that
are fabricated using bioresorbable materials. Af-
ter angioplasty, BVSs provide mechanical sup-
port to diseased vessels for a period that is suf-
ficient for vasculature self-healing and functional
restoration (McFadden et al. 2004; Hofma et al.

2006). With time, BVSs are degraded and ex-
creted from the body. To satisfy clinical appli-
cations, BVSs need to be designed to fulfill sev-
eral criteria. First, during the implantation phase,
BVSs should be capable of providing adequate
radial strength and minimal acute recoil to re-
store vessel patency. Second, during the retention
phase, BVSs should exhibit the biocompatibility
and controlled drug release ability that are favor-
able for prevention of restenosis and thrombosis.
Third, during the decomposition phase, BVSs
should facilitate the revascularization via gradual
disintegration of spatial structure. In addition, the
degradation products must be nontoxic and can
be safely eliminated from the body. To enable vi-
sualization, it is ideal that BVSs can be designed
for noninvasively imaging by approaches that are
routinely used in clinic, such as optical coherence
tomography (OCT), computed tomography (CT),
or magnetic resonance (MR) (de Ribamar Costa
et al. 2016).

BVCs can be made of biodegradable poly-
mers. The bioabsorbability of a given polymeric
BVS is determined by the chemical structure and
composition of the selected biomaterial as well as
the strut design (Vert 2009; Onuma and Serruys
2011). The most often used polymer for BVC
fabrication is poly-L-lactic acid (PLLA). BVSs
consisting of PLLA are amorphous and semicrys-
talline by nature (Oberhauser et al. 2009). The
crystalline feature makes the devices to be robust
enough to provide mechanical support, while
the amorphous property allows dispersing cargo
therapeutics throughout the device, a feature that
is favorable for controlled drug release. After
implantation, PLLA undergoes hydrolytic degra-
dation, resulting in production of lactic acid.
Through the Krebs cycle, lactic acid is metab-
olized into pyruvate and then carbon dioxide
and water, which are eventually excreted by the
kidney (H2O) and lung (CO2) (Onuma and Ser-
ruys 2011; Boix 2003). PLLA with low molec-
ular weight may induce inflammatory reactions,
whereas PLLA with a molecular mass > 300 kDa
is less immunoreactive (Lincoff et al. 1997).
The duration of PLLA-based BVSs in the body
depends on the crystallization degree of the poly-
mer and varies from 2 to 4 years. In addition to
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PLLA, several other biomaterials, such as poly-
lactic acid (PLA; poly-D,L-lactic acid, PDLLA),
poly(desaminotyrosyl-tyrosine ethyl ester) car-
bonate, and poly-anhydride ester (PAE), have
also been explored (Ormiston et al. 2008; Grube
2009; Jabara 2009).

Bioabsorbable BVCs can also be fabricated
using biodegradable metals, such as magnesium
or magnesium alloy (Peuster et al. 2001; Moravej
et al. 2010; Erbel et al. 2007). After implanta-
tion, magnesium element in BVSs undergoes an-
odic reaction, resulting in magnesium hydroxide,
which is further converted to calcium phosphate
with high water content. This conversion process
may take over 1 year. The hydroxyapatite by-
product eventually is eliminated by macrophages
(Wittchow et al. 2013). In addition to magne-
sium, iron has also been explored for BVS fabri-
cation (Peuster et al. 2006; Waksman et al. 2008).

The first BVS was designed and fabricated
by Gammon and colleagues in the early 1980s
(Gammon et al. 1991). Preclinical tests showed
that implantation of this BVS did not induce ob-
vious inflammatory response or thrombosis, and
the endothelialization of stents took ∼2 weeks.
The first BVS made for human clinical trials
is Igaki-Tamai stent, which was fabricated
using PLLA monofilaments (molecular weight,
183 kDa) in a zigzag helical coil configuration
(Tsuji et al. 2001). The zigzag configuration
was designed to reduce vascular injury that
could induce thrombus deposition and neointimal
proliferation. Results from clinical trials found
that Igaki-Tamai stents effectively reduced
stenosis and caused less intimal hyperplasia
than metallic stents (Tamai et al. 2017; Tamai
2004). The first drug-eluting BVS evaluated in
clinical trials is Absorb BVS made by Abbott
Vascular. Absorb BVS is fabricated using PLA
and releases ∼80% of cargo everolimus in
the first 30 days and is fully bioabsorbed in
∼18 months. Clinical results suggested that
implantation of the Absorb BVSs induced
minimal intrastent neointimal hyperplasia and
a low stent area obstruction (Ormiston et al.
2008). In order to enable imaging, a radiopaque
REVA scaffold was developed by Reva Medical
Inc. using poly(desaminotyrosyl-tyrosine ethyl

ester) carbonate, which made to clinical trials
in 2007 (Grube 2009). The REVA scaffold
utilizes a unique “slide and lock” geometry
design that provides flexibility and strength.
BVSs could be also fabricated to load and
release more than one therapeutic molecule.
IDEAL™ biodegradable stent, which was
developed by Bioabsorbable Therapeutics using
PAE, is designed to load with both sirolimus and
salicylic acid to provide anti-inflammatory and
antiproliferative effects. Unfortunately, the first-
generation IDEAL™ stent failed to demonstrate
the antiproliferative property in clinic (Jabara
2009). The first metallic BVS was fabricated
by Biotronik (Berlin, Germany). Biotronik’s
first-generation metallic BVS is made using
magnesium alloy WE43 and was shown to be
effective and safe in human patients (Erbel et al.
2007). Biotronik’s new-generation BVS is made
with a modified composition of magnesium alloy
with a PLA/drug coating layer and has shown
considerable improvement in clinical efficacy
(Kitabata et al. 2014) (31). Major BVSs that
have been tested in clinic or are currently under
clinical evaluation are described in Table 1.

To date, four BVSs, including Absorb, Des-
olve, ART Pure, and Magmaris, have received
approval from the Conformité Européenne
(CE) in Europe for clinical applications.
Absorb, Desolve, and ART Pure are fabricated
using PLLA, and Magmaris consisted of
magnesium (Sotomi et al. 2017). Appearance
and chemical/physical properties of these devices
are illustrated in Fig. 2. Absorb BVS was also
approved by the US FDA for clinical use in 2016.

4 Challenges and Prospective

Compared to metallic stents, BVSs potentially
have several major advantages. First, the fully
bioresorbable scaffolds provide greater potential
for drug encapsulation and controlled drug re-
lease. Second, without metallic materials, BVSs
are compatible with optical, CT, or MR imaging
and, thus, have the flexibility to be engineered for
clinical imaging. Third, due to the bioresorbabil-
ity, BVSs are gradually eliminated in the body
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Table 1 Currently available and upcoming BVSs

Classification Scaffold Manufacturer Strut material Eluted drug Radiopacity

Resorption
time
(months)

Current
status

Metallic AMS-1 Biotronik Mg alloy None None <4 Discontinued

DREAMS-
1

Biotronik Magnesium/
PLGA

Paclitaxel None 9 Clinical
trials

DREAMS-
2

Biotronik Magnesium/
PLLA

Sirolimus Metallic
markers

9 Clinical trial
to be
commenced

FADES Zorion
medical

Magnesium/
PLGA

Unknown Unknown 6–12 Preclinical
test

Unity BDS QualiMed Magnesium/
PLLA

Sirolimus Unknown 12 Preclinical
test

Polymeric Igaki-
Tamai

Kyoto medical PLLA None Gold
markers

24–36 CE mark for
peripheral
use

Absorb 1.0 Abbott
vascular

PLLA Everolimus Platinum
markers

18–24 Discontinued

Absorb 1.1 Abbott
vascular

PLLA Everolimus Platinum
markers

24–48 CE mark

DESolve Elixir medical PLLA Novolimus Metallic
markers

12–24 CE mark

DESolve
Cx

Elixir medical PLLA Novolimus Metallic
markers

12–24 Clinical
trials

Fortitude Amaranth PLLA None None 3–6 Clinical
trials

APTITUDE Amaranth PLLA Sirolimus None 3–6 Clinical
trials

ART18AZ ART PDLLA None None 3–6 Clinical
trials

MeRes Meril life PLLA/
PDLLA

Sirolimus Platinum 24 Clinical
trials

Xinsorb Huaan biotech PLLA/
PDLLA

Sirolimus None 24–36 Clinical
trials

ON-ABS OrbusNeich PLLA/
PDLLA

Sirolimus None Unknown Preclinical
test

ReZolve Reva medical PTD-PC Sirolimus Radiopaque
scaffold

4–6 Clinical
trials

Fantom Reva medical PTD-PC Sirolimus Iodine
content

Unknown Clinical
trials

Note: CE Conformité Européenne, PDLLA poly-DL-lactic acid, PLGA poly lactic-co-glycolic acid, PLLA poly-L-lactic
acid, PTD-PC poly-tyrosine-derived polycarbonate
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Fig. 2 Biodegradation process of CE-mark-approved bioresorbable scaffolds. Permission from reference Tamai et al.
(2017)

over time, leaving no or minimal residual parts.
This feature not only allows favorable arterial
remodeling and future surgical revascularization
but also avoids thrombosis and in-stent restenosis
that are associated with metallic stents. However,
the theoretical advantages of BVSs have yet to
be demonstrated in clinic. Recently, results from
the ABSORB III trial showed that, compared to
Xience everolimus-eluting metallic stent, Absorb
BVS has comparable efficacy but was associ-
ated with higher rates of thrombosis and target-
lesion failure. Those observations, together with
a higher price tag over the traditional metallic
DES, led to the termination of Absorb BVS pro-
duction in 2017, only 1 year after its approval by
the US FDA. To fully fulfill the great promise of

BVSs, many aspects to BVS design, fabrication,
and functionalization need improvement.

1. Development of next-generation biore-
sorbable materials with enhanced mechanical
properties and biocompatibility. Most existing
BVSs are fabricated using polymeric
materials. Compared to metals, the existing
polymeric materials don’t have comparable
mechanical properties. To provide adequate
radial strength and avoid acute recoil,
the first-generation polymeric BVSs are
fabricated in thickness of 150–200 μm with
a crossing profile of 1.4–1.8 mm, which are
significantly greater than those for metallic
stents (∼80 μm for thickness and ∼1.0 mm
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for crossing profile). In addition, compared
to metallic stents, polymeric BVSs have less
overexpanding capacity (Iqbal et al. 2014).
These mechanical features not only cause a
variety of delivery challenges, such as the
need for very precise sizing and the difficulty
in using in small or tortuous and noncompliant
coronary vessels, but also induce many
side effects, such as disruption of laminar
blood flow and stimulation of thrombus
formation (Tenekecioglu et al. 2016). The
biocompatibility of polymeric materials
may also need to be further improved.
Polymeric materials that have been explored
for BVS fabrication, including PLLA, PLA,
polycarbonate, and PAE, are generally safe
for clinical use. However, they may also
induce side effects. In case that PLLA or
PLA is used, degradation of BVSs results in
production of a large amount of lactic acid,
which may induce significant local acidosis
and inflammation. To resolve all the problems
discussed about, design and synthesis of novel
polymers with enhanced mechanic properties
and safety are warranted. Alternatively, BVCs
may be fabricated using existing polymers
but with incorporation of metallic or ceramic
materials (Wang and Gale 2013; Wang 2011).

2. Improvement in BVC design and material
processing techniques. Without changing
materials, the radial strength of polymeric
BVSs could be potentially enhanced through
innovative design or material processing
techniques (Sotomi et al. 2017). For example,
a unique hybrid cell design with close cells
at the edges and open cells along the length
helps reduce the strut thickness and crossing
profile of MeRes™ BVCs down to 100 μm
and 1.2 mm. With improved processing
techniques, such as annealing, stretch blow
molding, spinning, and microbraiding, several
new-generation BVCs with thinner struts have
also been developed and are being tested in
clinic (Abizaid 2016a; b; Seth 2016; Colombo
2016; Xu 2016). Early results from these trials
have shown promise.

3. Functionalization of BVCs to promote vessel
self-healing (Tesfamariam 2016). The current

generation of BVCs was designed to carry
immune-suppressants, such as sirolimus,
and/or cytotoxic agents, such as paclitaxel.
It has been shown that continuous release
of those agents would delay or inhibit the
formation of endothelial monolayer, which
impedes the restoration of normal vascular
physiological functions. Further improved
BVCs could be potentially achieved by equip-
ping BVSs with re-endothelialization agents.

5 Summary

Since the introduction of PTCA, vascular
intervention approaches have seen several
generations of evolvement. Among them, BVS
represents the most exciting and promising
one. However, the great promise of BVS
has not been fulfilled. Continuous efforts are
needed to address the major issues identified in
clinical trials. It is anticipated that, with further
improvement in material properties and device
design, BVS will significantly enhance clinical
management of vascular diseases.
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On the Physics Underlying
Longitudinal Capillary Recruitment

Jacques M. Huyghe

Abstract

Numerous researchers have found that cap-
illary vessel haematocrit depends on the va-
sodilatory state of the arterioles. At rest, vessel
haematocrit is down to 15 %, suggesting a red
blood cell velocity three times higher than the
plasma velocity. This finding is analysed in the
context of present understanding of propul-
sion of red blood cells (RBCs) and plasma by
means of the arteriovenous pressure gradient.
Interfacial forces between the red blood cells
and the plasma are proposed as a rational
explanation of the observed red blood cell
velocities. While the arteriovenous pressure
gradient across the capillaries propels the red
blood cell and the plasma jointly, interfacial
forces along the red blood cell membrane
can propel RBCs at the cost of the plasma.
Different options are explored for the physical
origin of these interfacial forces and oxygen
gradients are found to be the most probable
source.
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1 Introduction

Discharge haematocrit is defined as the volume
of RBCs over total volume of a blood sample.
Normal human discharge haematocrit values for
males are 42%–54% and for females 38%–46 %.
Because RBCs tend to flow in the centre of a
lumen, the average speed of RBCs is higher than
that of plasma. This means that if one takes a
snapshot of a microcirculatory bed, the volume
occupied by RBCs divided by the lumen volume
on the snapshot yields a haematocrit value lower
than the discharge haematocrit named above.
This value, named vessel haematocrit, becomes
lower as one moves to smaller and smaller ves-
sels. This is known as the Fåhraeus effect (Mar-
tini et al. 1930; Fåhræus and Lindqvist 1931;
Pries et al. 1986). In blood vessels with diameters
less than 500 μm, the vessel hematocrit decreases
with decreasing capillary diameter. If the average
vessel heamatocrit in a blood compartment is Hv

and the blood flowing through the compartment
has a discharge haematocrit of Hd , then the ratio
of the average velocity of the RBCs vRBC over the
average velocity of the plasma vp is

vRBC

vp

= Hd

Hv

(1)
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The haemotocrit decreases up to the smallest
vessels, the capillaries, meaning that nowhere in
the circulation is the ratio vRBC

vp
higher than in the

capillaries. This finding is surprising considering
that the diameter of mammalian RBCs exceeds
the diameter of capillaries by on average 25%
(Snyder and Sheafor 1999). The capillary bed
serves as a large surface area to allow blood tissue
interchange of O2 and other substances. RBCs
deform into various shapes to accommodate this
mismatch in size (Skalak and Branemark 1969),
mostly the parachute shape. In addition, there
is another dependency of the vessel haematocrit
that pops up on the level of capillaries. Vessel
haematocrit appears to depend on vasodilation
of the feeding arterioles (Klitzman and Duling
1979; Sarelius and Duling 1982; Poole et al.
1997; Frisbee and Barclay 1998; Kindig and
Poole 1998; Kindig et al. 2002; Copp et al. 2009).
At rest, when arterioles are in vasoconstricted
state, the vessel heamatocrit drops to 10–15 %. In
vasodilated state it rises to 35–40 % (Fig. 1). This
indicates that the largest ratio of RBC velocity
over plasma velocity is observed when the arte-
riovenous pressure drop is at its lowest. Indeed,
when the arterioles are constricted, most of the
arteriovenous pressure drop is concentrated on
the arterioles and not on the capillaries.

2 Capillary Recruitment

Some researchers link the varying value of cap-
illary vessel haematocrit to the phenomenon of
capillary recruitment (Poole et al. 2013). Capil-
lary recruitment is concept that has been around
for a hundred years. August and Marie Krogh
applied O2 diffusion theory from the lung to
skeletal muscle. This changed the manner in
which scientists viewed capillary bed structure
and function. In a series of papers that led to
his being awarded the 1920 Nobel Prize in Phys-
iology or Medicine, Krogh (1919a,b) made the
following proposals: (1) intramyocyte PO2 de-
creases systematically with increasing distance
from the nearest capillary; (2) in resting mus-
cle, most capillaries do not support RBC flux
and are constricted or collapsed (no RBCs or
plasma in their lumen); and (3) to support the
increased metabolic demands of contractions and
reduce diffusion distances to intramyocyte mi-
tochondria, more capillaries are “recruited” and
hence support RBC flux. Since the time of Krogh,
experimental techniques have improved dramati-
cally, and the concept of capillary recruitment has
been thoroughly reviewed. According to present
insights, a small proportion of capillaries may

55

45

35

25

15

5

Capillaries, resting Capillaries contracting+adenosine
-5

Arterioles, resting

Fig. 1 Vessel haematocrit as measured in microvascula-
ture by Klitzman and Duling (1979). Capillary haemat-
ocrit is in the resting muscle 10.9 ± 3.5 %. in contract-
ing muscle superfused with 1 mM adenosine, capillary

haematocrit jumps to 39.8 ± 9.5 %. Arteriolar haematocrit
is 13.9 ± 1.2 % in resting muscle. None of the numerical
models of RBC locomotion in capillaries can predict such
major changes in capillary haematocrit
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barely support plasma flow, whilst amongst oth-
ers an order of magnitude difference in RBC flux,
velocity and haematocrit is apparent, and RBC
capillary path lengths vary substantially (Sarelius
and Duling 1982; Poole et al. 1997; Kindig et al.
2002). Depending on the contractile activity of
the muscle, the small arterioles may assume a
greater (rest) or lesser role (exercise) in blood
tissue O2 flux (Carvalho and Pittman 2008; Poole
et al. 2011). The appearance of more RBCs in
capillary cross-sections from contracting muscle
is to be expected based upon the demonstrated
increase in capillary haematocrit as a function of
contraction-induced elevation of capillary RBC
flux and velocity from ∼10 up towards 45%
(Klitzman and Duling 1979; Klitzma et al. 1982;
Kindig et al. 2002; Copp et al. 2009) (Fig. 1).
Poole et al. (2013) introduce the concept of lon-
gitudinal recruitment, in which most capillaries
support RBC flux at rest and, during contrac-
tions, capillary surface area is “recruited” along
the length of previously flowing capillaries. This
occurs, in part, by elevating capillary haematocrit
and extending the length of the capillary available
for blood myocyte exchange.

3 RBCMotionModelling

Numerous models have been developed to
describe the flow of RBCs in capillaries
(Linderkamp and Meiselman 1982; Sharan and
Popel 2001; Weinbaum et al. 2003; Han et al.
2006; Shi et al. 2012; Polwaththe-Gallage et al.
2015). Experimental studies of capillary flow
have provided fertile ground for mathematical
modelling of RBC motion in capillaries (Pries
et al. 1996; Secomb 2003; Secomb et al.
2007; Pozrikidis 2010; Freund 2013). Both
axisymmetric and non-axisymmetric problems
have been considered. All of these models
take the capillary pressure gradient as the
only driving force. A mechano-electrochemical
model considers a multicomponent mixture
and incompressible fluid, an anionic porous
deformable matrix and mobile ions as a model of
the glycocalyx (Pozrikidis 2010). Alternatively
an oncotic model of the glycocalyx has been

developed by Pries et al. (1840b). Weinbaum and
co-workers developed a poroelastic model of the
glycocalyx able to predict an eightfold decrease
in capillary resistance in a 6 μm diameter
capillary with a 1 μm thick glycocalyx. This
effect is likened to the low friction experienced
by a skier while gliding over a layer of snow
(Secomb 2003). Although this model does
provide an explanation for the very low friction
experienced by RBCs as they enter a capillary,
it is unable to explain why the RBCs overtake
the plasma so easily in capillaries in which they
do not fit, and particularly when the pressure
gradient is low. In fact, it can be easily understood
that fluid-mechanical modelling of flow of a
deformable RBC in a Newtonian fluid cannot
simulate a vessel haematocrit lower than half
the discharge haematocrit (Fig. 2). Nor can these
models predict the large increase of capillary
haematocrit as the arterioles dilate, termed
“longitudinal recruitment” by Poole et al. (2013).

4 Bulk Versus Interfacial
Forces

Hagen–Poiseuille’s law (Fig. 3) has been widely
used to quantify flow in a cylindrical tube subject
to a pressure gradient (Poiseuille 1830, 1840a,b,
1841):

Q = − πD4

128μ

∂p

∂x
(2)

in which D is the diameter of the tube, μ the
dynamic viscosity of the fluid, p is the pressure,
x is the coordinate along the axis of the tube
and Q the fluid volumetric flow rate through the
cross-section. The friction in a Poiseuille flow
distributes over the whole liquid domain. This
is why velocity gradients are present through-
out the cross section of the tube leading to a
parabolic velocity profile and hence fourth power
dependence of the flux on the diameter of the
tube. By contrast, electro-osmotic flow through
the same tube is known to be a plug flow. Let
us suppose that the inner walls of the tube have
a negative charge. Electro-osmotic flow is the
flow resulting from an electric potential gradient
across the length of the tube (von Reuss 1809).
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Fig. 2 An RBC moves through a capillary. As the RBC
is close to the middle of the lumen, the RBC moves
faster than the plasma. The slit between the RBC and the
capillary glycocalyx is in the order of 100–200 nm, which
is significantly smaller than the length of the slit (Vink and
Duling 1996). The flow profile in a slit of this size is a lin-

ear velocity profile, starting from the glycolyx velocity to
the RBC velocity. The resulting average plasma velocity is
the order of half the RBC velocity. Substituting this result
in Eq. (1) yields a vessel haematocrit of half the discharge
haematocrit, independent of the pressure gradient, which
is in conflict with experimental data

Fig. 3 The fluid in a tube is subject to a pressure gradient. If the fluid is newtonian, the velocity profile is parabolic
and the flux is proportional to the fourth power of the diameter of the tube (Poiseuille 1840a,b, 1841)

Positive counter ions along the double layer of
the inner lining of the tube move towards the
negative electrode. The movement of the coun-
terions is known as electrophoresis. The water in
the tube is convected by the positive counter ions
resulting in a flux of fluid towards the negative
electrode. The movement of the fluid under an
electric potential gradient is known as electro-
osmosis. Because force generating onto the fluid
originates at the interface between the fluid and
the solid, electro-osmosis is known as an inter-

facial phenomenon. The gradient of velocity is
concentrated in the thin double layer. The electro-
osmotic flux through the tube is:

Q = −πD2εε0ζ

4μ

∂ξ

∂x
(3)

in which ε0 is the permittivity of the vacuum, ε is
the relative permittivity of the fluid in the tube, ζ

is the zeta potential associated with the double
layer and ξ is the electric potential. Because
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Fig. 4 The fluid in a tube is subject to a voltage gradient
or a concentration gradient. The gradient induces a flow
along the interfacial area between the fluid and the tube
wall. The resultant flow profile is a plug flow. If the

gradient is a voltage gradient, the resultant flux is an
electro-osmotic flux. If the gradient is a concentration
gradient, the resultant flux is a diffusio-osmotic flux

electro-osmotic flow is a plug flow, Q is propor-
tional to the square of the diameter of the tube
(Fig. 4). A consequence of the diameter square
dependence of electro-osmotic flow is that the
electro-osmotic permeability of a porous medium
has a much weaker pore size dependence than
hydraulic permeability has Casagrande (1949).
Another example of an interfacial phenomenon is
diffusio-osmosis. Diffusio-osmosis is defined as
a plug flow developing in a tube under a gradient
of an ionic or non-ionic concentration gradient.
First discovered by Derjaguin et al. (1947, 1972),
the phenomenon has attracted increasing atten-
tion in the last years in the context of microflu-
idics (Ebel et al. 1988; Anderson 1989; Keh and
Weng 2001; Florea et al. 2014), self-propulsion
of micro- and nano particles (Velegol et al. 2016;
Shi et al. 2016). Typically, the diffusio-osmotic
flux in a tube subject to a concentration gradient
of a neutral solute (Anderson and Prieve 1991) is
given by:

Q = −πD2kT LK

4μ

∂c

∂x
(4)

in which k is Boltzmann constant, T is the
absolute temperature, L is a characteristic length
of the wall-solute interaction, K is the Gibbs
adsorption length and c is the concentration of

the solute. It is obvious that because of the de-
pendence of the Poiseuille flow on fourth power
of the diameter, the pressure gradient is the dom-
inant force in the larger vessels of the circulatory
system. Interfacial forces cannot be significant
anywhere else than in the smallest vessels. If at
all interfacial forces play an important role in
capillary flow, this role will be most significant
when capillary pressure gradients are small. In
other words, interfacial forces may be significant
when the arterioles are constricted. This is ex-
actly when capillary haematocrit is found to be
surprisingly low (Fig. 1).
The archetype of a diffusio-osmotic propulsion of
a particle is the Janus particle. Paxton (2004) de-
veloped rod-shaped particles, 370 nm in diameter
and consisting of 1 μm long Pt and Au segments
moving autonomously in aqueous hydrogen per-
oxide solutions by catalysing the formation of
oxygen at the Pt end. In 2–3% hydrogen peroxide
solution, these rods move predominantly along
their axis in the direction of the Pt end at speeds
of up to ten body lengths per second. Silica
microspheres that are half-coated with platinum
metal undergo self-propulsion in solutions of
H2O2 (Ke et al. 2010). The beads are named after
the roman god Janus who is depicted as having
two faces. Microscopic observation of the parti-
cle motion, with segmentation of the image data,
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demonstrates that the particles move, on average,
with the platinum-coated region oriented oppo-
site to the direction of motion, with the average
speed increasing with increasing H2O2 concen-
tration. The mechanism underlying the motion of
the Janus particles is the spontaneous reaction of
hydroxyperoxide into water plus oxygen:

2H2O2 → 2H2O + O2 (5)

The platinum serves as a catalyst, meaning that
more oxygen is created along the platinum coated
side (Paxton et al. 2006). The resulting oxygen
gradients generate a diffusio-osmotic flow to-
wards the platinum coated side, thus propelling
the particle in the opposite direction (Ke et al.
2010). The flow of water towards the platinum
is diffusio-osmosis, the resulting motion of the
particle is diffusiophoresis. Typical velocities at-
tained through this mechanism are in the range of
tens of microns per second, pretty comparable to
an RBC velocity in a capillary of a muscle at rest.

5 What Interfacial Forces May
Be at Play in Capillary Flow?

Interfacial forces may be generated either by
electrical potential gradient, ionic concentration
gradients or neutral solute concentration gradi-
ents. Ionic concentrations within the plasma are
tightly regulated and can therefore not be sub-
ject to gradients, nor is there any evidence of
electric potential gradients within the capillaries.
Numerous experiments have demonstrated steep
gradients of oxygen right at the level of capil-
laries, and to a lesser extent in small arterioles.
Hellums et al. (1977) studied the resistance to
oxygen diffusion in capillaries and hypothesised
the existence of erythrocyte associated transients
within the plasma. Later studies demonstrated
the transients of oxygen concentrations around
RBCs first using Clarke electrodes (Ndubuizu
and LaManna 2007; Lecoq et al. 2009), and
recently using phosphorescence quenching meth-
ods (Lecoq et al. 2011). As a matter of fact,
oxygen gradients have been measured by Lecoq
et al. (2011) in rat brain capillaries as steep

as 30 mmHgPO2/μm. The energy pumped into
the capillary flow by the arteriovenous pressure
gradient is the volume times the pressure drop,
which—if we take the pressure drop to be in
the order of 1 kPa, and the cardiac output at
rest 5 l/min—amounts to 1 kPa * 5 l/min = 5
J/min at capillary level. At rest, 1013 RBCs pass
through capillaries in 1 min. All these blood cells
carry about 750 g haemoglobin with them. Most
(98%) of the oxygen in the blood is carried
by the haemoglobin in the RBCs. The amount
of oxygen carried by 5 l blood is about 1.4 g
or 0.044 mole. Most of this oxygen is carried
up to capillary entry where it is brought into
close contact with tissue that is craving oxy-
gen. The steep concentration gradient between
the red blood cell and the tissue represents en-
ergy, just like the arteriovenous pressure gradient
generated by the heart, has energy that can be
exploited for locomotion. Oxygen gradients are
most probably higher around RBCs at capillary
entry than anywhere else in the body. The energy
available from the gradients in oxygen at that
level represents a multiple of the energy available
from the arteriovenous pressure gradient. We can
roughly evaluate a lower bound for this energy
as 0.044 ∗ R ∗ T ∗ ln(cRBC/ctissue), in which
R is universal gas constant, T is absolute tem-
perature, cRBC the oxygen concentration in the
RBC and ctissue the concentration of oxygen in
the tissue. If we take for ctissue = 26 μM (Kiaer
and Kristensen 1988), this energy amounts to
hundreds of J per minute, which is two orders
of magnitude larger than the energy associated
with the arteriovenous pressure gradient. To the
best of my knowledge, no researcher ever ac-
counted for a possible transfer of power from
oxygen gradients to RBC at systemic capillary
entry. The core difference between propulsion
by a pressure gradient and a diffusio-osmotic
propulsion by an oxygen gradient, is that the
oxygen gradient propels the RBC at the cost of
the plasma, whereas the pressure gradient acts on
the plasma while convecting the RBC along with
it (Anderson 1989; Keh and Weng 2001; Ke et al.
2010; Sabass 2012). The oxygen gradient reduces
therefore the vessel haematocrit. When arteri-
oles are constricted, pressure gradients are low,
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hence the diffusio-osmotic contribution draws
the haematocrit levels down. When the arterioles
are dilated, the pressure gradient is high and
the diffusio-osmotic contribution of the oxygen
gradient is comparatively negligible, hence the
vessel haematocrit shoots up and longitudinal
recruitment takes place.

6 Diffusio-osmotic Flow
Between the RBC and the
Glycocalyx

An RBC releases oxygen as it enters the metarte-
rioles and capillaries. Because of this release, the
RBC is surrounded by strong oxygen gradients
(Lecoq et al. 2011). The Péclet number associ-
ated with the diffusion convection of oxygen

Pe = vRBCdRBC

D
(6)

is in the order of one. In Eq. (6), vRBC is the
velocity of the RBC, dRBC is characteristic size
of the RBC and D the diffusion coefficient of
oxygen. Because Pe is in the order of one, the
release of oxygen results in a modest trail of
oxygen lagging behind the RBC. The size of
this plume is enhanced by the parachute shape
of the RBC as the oxygen release in the rear
of the RBC is enclosed by the concave shape
of the RBC membrane. The space between the
RBC and the glycocalyx has been evaluated to
be between 100–200 nm (Vink and Duling 1996).
As a consequence of the plume of oxygen, one
can reasonably expect that along the slit between
glycocalyx and the RBC, there exists an oxygen
gradient pointing to the rear of the RBC. Given
the size of an RBC, the length and the width of
the slit seems large compared to its thickness.
Further we assume that the thickness L of the
interfacial layer in which the solid surface in-
teracts with the oxygen is small relative to the
slit thickness. Derjaguin et al. (1961), Derjaguin
and Dukhin (1971) obtained for the case in which
the gradient is tangent to a solid/liquid interface
and in which the potential energy φ(h) of the
oxygen depends solely on its normal distance h
from the interface:

vrel = − ∂c

∂x

kT

μ

∫ ∞

0
h[e−φ/kT − 1]dh (7)

in which vrel is the interfacial velocity of the
plasma relative to the solid surface bordering
the interfacial area of thickness L, ∂c

∂x
is the

gradient in oxygen along the slit between the
RBC and the glycocalyx and φ(h) is the poten-
tial describing the affinity of oxygen with the
RBC membrane. The plasma velocity vrel in the
interfacial layer results in a slip velocity along
the RBC membrane pointing to the rear of the
RBC (Fig. 5). As a consequence, the oxygen sat-
urated RBC is propelled by the oxygen gradients
towards the front, i.e, towards low oxygen. That
an RBC placed in a oxygen gradient should move
can be understood by considering the case of
attraction/repulsion between oxygen and RBC.
Because of the gradient, there are more oxygen
molecules interacting with the rear of the RBC
compared to the front side, and hence the oxy-
genated RBC feels a pull toward lower oxygen
concentration. Another way of looking at this
motion is to consider the thermodynamic state of
the RBC (Ruckenstein 1981): by moving toward
higher concentration, the deoxygenated RBC can
adsorb more oxygen, thereby lowering its surface
energy, while by moving towards lower concen-
tration, the oxygen-saturated RBC can release its
oxygen more readily, thereby lowering its surface
energy as well .

7 Conclusion

Present fluid–structure interaction models of
RBC locomotion in capillary flow cannot explain
the large change in haematocrit values between
a muscle at rest and a stimulated muscle.
This study presents a new hypothesis, aiming
at explaining the discrepancy between model
and experiment. A diffusio-osmotic velocity is
hypothesised at the interface between the RBC
and the plasma, generating a thrust that moves
the RBC forward at the cost of the plasma. This
diffusio-osmotic force is a sizable fraction of the
force stemming from the pressure gradient at rest
and negligible when the muscle is stimulated.
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Fig. 5 A RBC moves into a capillary. As the RBC
is close to the middle of the lumen, the RBC moves
faster than the plasma. The RBC releases its oxygen to
the surrounding tissue. Because of advection, the RBC
leaves a plume of oxygen behind, resulting in a higher
oxygen concentration behind the RBC than in front of
the RBC. In the thin layer of oxygen-RBC interaction—
typically a few nm in size—a diffusio-osmotic flow de-
velops towards the high oxygen region. The flow profile
in the slit of this size is a linear velocity profile, starting

from the glycocalyx velocity to the RBC velocity minus
the diffusio-osmotic velocity vrel. The resulting average
plasma velocity is lower than half the RBC velocity, if
the diffusio-osmotic velocity is a sizeable fraction of the
RBC velocity. This is only the case in a muscle at rest, and
therefore explains the low haematocrit values measured
in resting muscle. Longitudinal recruitment, i.e. increase
in haematocrit values, occurs as soon as the pressure
gradient becomes dominant in the stimulated muscle

The origin of the diffusio-osmosis is attributed
to the steep oxygen gradients developing around
the RBC at capillary entry.
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TumorMetastasis in the
Microcirculation

Bingmei M. Fu

Abstract

Tumor cell metastasis through blood circu-
lation is a complex process and is one of
the great challenges in cancer research as
metastatic spread is responsible for ∼90%
of cancer-related mortality. Tumor cell in-
travasation into, arrest and adhesion at, and
extravasation from the microvessel walls are
critical steps in metastatic spread. Understand-
ing these steps may lead to new therapeutic
concepts for tumor metastasis. Vascular en-
dothelium forming the microvessel wall and
the glycocalyx layer at its surface are the prin-
cipal barriers to and regulators of the material
exchange between circulating blood and body
tissues. The cleft between adjacent endothelial
cells is the principal pathway for water and
solute transport through the microvessel wall
in health. Recently, this cleft has been found to
be the location for tumor cell adhesion and ex-
travasation. The blood-flow-induced hydrody-
namic factors such as shear rates and stresses,
shear rate and stress gradients, as well as vor-
ticities, especially at the branches and turns of
microvasculatures, also play important roles
in tumor cell arrest and adhesion. This chapter
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therefore reports the current advances from in
vivo animal studies and in vitro culture cell
studies to demonstrate how the endothelial
integrity or microvascular permeability, hy-
drodynamic factors, microvascular geometry,
cell adhesion molecules, and surrounding ex-
tracellular matrix affect critical steps of tumor
metastasis in the microcirculation.

1 Introduction

Cancer is the second killer next to the heart dis-
ease worldwide (CDC 2015). The cause of death
is usually organ failure caused by metastatic
tumors that are derived from the primary tumor.
Although the metastasis process is low efficiency,
only 0.01% disseminated tumor cells would suc-
cessfully survive and proliferate at new physi-
ology environment (Weber 2007), this process
responsible for >90% of cancer-related deaths
(Gupta and Massague 2006). Recognized as the
detachment and dissemination of the malignant
tumor cells from the primary tumor and the de-
velopment of secondary tumors at distant organs,
tumor metastasis is a very complex multistep
process; sequentially, it includes local invasion of
tissue where tumor first starts, detachment from
the primary tumor, intravasation, survival in the
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circulation and dissemination, arrest and adhe-
sion, extravagation, proliferation, and angiogene-
sis (Chambers et al. 2002; Fidler 2011; Talmadge
and Fidler 2010; Bacac and Stamenkovic 2008).
Tumor metastasis can be through blood circula-
tory system or lymphatic system. The detached
tumor cells can directly enter into the circulating
blood and go to distant organs (Wyckoff et al.
2000), or they can enter the blood circulatory sys-
tem indirectly via the lymphatic system (Cham-
bers et al. 2002). The circulating tumor cells
could spread from lymph nodes to distant organs
via blood vessels associated with the nodes or
by entering the venous system via the major
lymphatic ducts (e.g., the thoracic duct) (Achen
and Stacker 2008; Tobler and Detmar 2006). The
preferential metastatic organs for breast cancers
are the lungs, liver, brain, and bone (Kang et al.
2003; Minn et al. 2005; Berman et al. 2013).
Tumor cells that initiate a metastatic colony must
go through the following steps: (1) detach from
the primary tumor colony, (2) invade the local
host tissue, (3) penetrate into blood vessels or

lymphatic vessels, (4) survive within the circu-
lation, (5) arrest or adhere in the microvessels
of distant organs, (6) extravasate from the blood
stream, (7) adapt to the newly colonized milieu in
new foreign environment, and (8) divide to form
the new tumor (Bacac and Stamenkovic 2008;
Nguyen et al. 2009).

At the microscopic levels, angiogenesis from
the primary tumor, tumor cell intravasation
through leaky angiogenic microvessels, arrest
and adhesion in the microcirculation, inter-
action with the microvessel walls to increase
microvascular permeability, extravasation to the
secondary organ, and survival and proliferation
in foreign organs are critical steps for tumor
growth and metastasis (Fig. 1). Although various
anti-angiogenic therapies have been postulated
to inhibit tumor growth and intravasation since
1971, strategies targeting at tumor cell arrest and
adhesion and targeting at microvessel integrity
have not been well developed (Folkman 1971).
In addition, while considerable progress has
been made in understanding the mechanism

Fig. 1 Major steps for tumor metastasis in microvascu-
lature. Tumor cells first get into the microcirculation near
the primary tumor by intravasation across the microvessel
wall. Then they arrest and adhere to the microvessel walls
in a distant organ, where they degrade the microvessel

wall integrity such as endothelial surface glycocalyx and
junctions between adjacent endothelial cells forming the
microvessel wall. Finally, they extravasate into the distant
organ through the leaky microvessel wall (courtesy of Dr.
Jie Fan)



Tumor Metastasis in the Microcirculation 203

of microvascular integrity compromise induced
by tumor angiogenic factors, such as vascular
endothelial growth factor (VEGF), our under-
standing of the microvascular integrity and its
role in tumor metastasis is poor. Furthermore,
previous studies suggested that mechanical fac-
tors might interact with the biochemical factors
for tumor metastasis (Chambers et al. 2002),
but how the localized hydrodynamic factors
induced by the microcirculation affect tumor cell
arrest, adhesion and accumulation have not been
systematically studied. This chapter therefore
reports the current advances from in vivo
animal studies and in vitro culture cell studies
to demonstrate how the endothelial integrity
or microvascular permeability, hydrodynamic
factors, microvascular geometry, cell adhesion
molecules, and surrounding extracellular matrix
affect critical steps of tumor metastasis in the
microcirculation.

2 Microvascular Integrity
and TumorMetastasis

Microvascular bed is the primary location where
water and nutrients are exchanged between circu-
lating blood and body tissues. Microvessel walls
consist mainly of endothelial cells. Under normal
conditions, the cleft between endothelial cells
(inter-endothelial cleft) is widely believed to be
the principal pathway for water and hydrophilic
solute (such as glucose, amino acids, vitamins,
hormones) transport across the capillary wall
(Michel and Curry 1999; Michel and Neal 1999).
Electron, confocal, and multiphoton microscopy
studies indicate that there are junctional strands
with discontinuous leakages (Roberts and Palade
1995; Bundgaard 1984) and fiber matrix com-
ponents, so-called endothelial surface glycocalyx
(ESG) (Luft 1966; Adamson and Clough 1992;
Salmon and Satchell 2012; Arkill et al. 2011; van
den Berg et al. 2003; Reitsma et al. 2007; Ebong
et al. 2011; Yen et al. 2012; Betteridge et al.
2017) at the endothelial surface. The transport of
proteins or other macromolecules was thought to
be through vesicle shuttle mechanisms (Michel
and Curry 1999). Microvascular permeability is

a quantitative measure of how permeable the
microvessel wall is to all kinds of substances
including water and solutes with a variety of
sizes. Under healthy conditions, the microvessel
wall maintains a normal permeability to water
and small solutes for the material exchange dur-
ing our body’s metabolic processes. While in
disease, the integrity of the vessel wall struc-
ture can be destroyed, and much larger particles
such as proteins, leukocytes, and tumor cells can
transfer through the wall. It is the transvascular
pathways at the vessel wall and their structural
barriers that determine and regulate the microvas-
cular permeability. Therefore, one can quantify
the microvascular permeability to determine the
microvessel integrity.

2.1 Microvascular Permeability
and Permeability Coefficients

The endothelial cells lining microvessel walls
provide the rate-limiting barrier to extravasation
of plasma components of all sizes from elec-
trolytes to proteins. So far, there are three primary
pathways observed in the wall of a continuous
microvessel by using electron microscopy: inter-
cellular clefts, transcellular pores, and vesicles.
Microvessels of different types and in different
tissues may have different primary transvascu-
lar pathways. Under different physiological and
pathological conditions, the primary pathway can
be changed for the same microvessel (Michel and
Curry 1999). The cleft between adjacent endothe-
lial cells is widely believed to be the principal
pathway for water and hydrophilic solute trans-
port through the microvessel wall under normal
physiological conditions. The junction strands
with discontinuous leakages in the cleft and ESG
maintain the normal microvessel permeability to
water and solutes. Changes in permeability are
caused by the changes in these structural com-
ponents. The molecular basis for the passage of
molecules at the level of the breaks in tight junc-
tions is more likely to be the localized absence
of cell-cell contacts with corresponding loss of
a closely regulated molecular sieve as suggested
by Fu et al. (1994) and Michel and Curry (1999).
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Thus the junction break-surface matrix model
suggests independent mechanisms to regulate the
permeability properties of the microvessel wall.
The junction break size and frequency are likely
to involve regulation of cell-cell attachment via
occludins and other junction proteins including
the cadherin-associated junctions (Fu et al. 1994,
2003, 2006; Fu and Shen 2004). On the other
hand, the regulation of glycocalyx density and
organization is likely to involve interaction of
the molecules forming the cell surface with the
cytoskeleton and with circulating plasma pro-
teins. Some of the cellular mechanisms under-
lying these interactions are reviewed in Squire
et al. (2001), Tarbell and Pahakis (2006), and
Fu and Tarbell (2013). Under physiological and
pathological conditions, microvessel permeabil-
ity can be regulated acutely and chronically by
mechanisms that are underway to be understood.

Serial section electron microscopy study on
frog and rat mesenteric capillaries by Adamson
et al. (2004) demonstrated that the junction strand
was interrupted by infrequent breaks that, on
average, were 150 nm long, spaced 2–4 μm
apart along the strand, and accounted for up to
10% of the length of the strand under control
conditions. At these breaks, the space between
adjacent endothelial cells (average ∼20 nm) was
as wide as that in regions of the cleft between
adjacent cells with no strands. The luminal sur-
faces of endothelial cells (ECs) lining vasculature
are coated with a glycocalyx of membrane-bound
macromolecules comprised of sulfated proteo-
glycans, hyaluronic acid, sialic acids, glycopro-
teins, and plasma proteins that adhere to this
surface matrix (Tarbell and Pahakis 2006; Fu and
Tarbell 2013). The thickness of this endothelial
surface glycocalyx (ESG) was observed from less
than 100 nm to ∼1 μm on the microvessels in
different tissues and species by using different
preparations and observing methods (Luft 1966;
Reitsma et al. 2007; Salmon et al. 2009; Salmon
and Satchell 2012; Squire et al. 2001; van den
Berg et al. 2003; van Hinsbergh and Nieuw
Amerongen 2002; Vink and Duling 1996; Yen
et al. 2012). Although the ESG thickness varies,
its density and organization were hypothesized to
be the same among different tissues and species

because of its function as a molecular sieve to
macromolecules such as serum albumin. The gly-
cocalyx fiber radius is thus proposed to ∼6 nm,
and gap spacing between fibers is proposed to be
∼8 nm (Squire et al. 2001). More details about
the ESG are presented in Chaps. 1, 2, and 3.

Aforementioned ultrastructural study using
electron microscopy and other methods shows
that the microvessel wall behaves as a passive
membrane for water and hydrophilic solute
transport (Michel and Curry 1999). The mem-
brane transport properties are often described by
Kedem-Katchalsky equations derived from the
theory of irreversible thermodynamics:

Js = PRT �C + (
1 − σf

)
CJv (1)

Jv = Lp (�p − σdRT �C) (2)

where Js and Jv are the solute and total volumetric
fluxes; �C and �p are the concentration and
pressure difference across the membrane. Lp, the
hydraulic conductivity, describes the membrane
permeability to water. P, the diffusive perme-
ability, describes the permeability to solutes. σf

is the solvent drag or ultrafiltration coefficient
that describes the retardation of solutes due to
membrane restriction, and σd, the reflection coef-
ficient, describes the selectivity of membrane to
solutes. In many transport processes, σf is equal
to σd, and thus we often use σ, the reflection
coefficient, to represent both of them. R is the
universal gas constant and T is the absolute
temperature.

2.2 Permeability Measurement

All of the permeability measurements have been
interpreted in terms of Lp, P, and σ, which are
measured experimentally on intact whole organ-
isms (including human subjects), on perfused tis-
sues and organs, on single perfused microvessels,
and on monolayers of cultured microvascular
endothelial cells. Different experimental prepa-
rations have their advantages and disadvantages.
Although measurements made on the intact re-

http://dx.doi.org/10.1007/978-3-319-96445-4_1
http://dx.doi.org/10.1007/978-3-319-96445-4_2
http://dx.doi.org/10.1007/978-3-319-96445-4_3
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gional circulation of an animal subject (usually
using radioactive isotope-labeled tracers) suffer
from uncertainties surrounding the exchange sur-
face area of the microvessel wall and the val-
ues of the transvascular differences in pressure
and concentration, they usually involve minimal
interference with the microvessels themselves.
These studies can provide valuable information
concerning microvascular exchange under basal
conditions. At the other end are measurements on
single perfused vessels. The Landis technique has
been used to measure the hydraulic conductivity
Lp and reflection coefficient σ. Quantitative flu-
orescence microscope photometry and imaging
microscopy are used to measure solute diffusive
permeability P. Both of these techniques are de-
scribed in detail in Michel and Curry (1999),
Fu et al. (2003), and Cai et al. (2012). The
surface area of the microvessel can be measured
directly, as also can the difference in pressure and
concentration across the vessel walls. The disad-
vantages of the single vessel preparation are (1)
that they have direct interference with the vessels
involved and (2) that they are usually restricted
to a small number of convenient vessel types
(e.g., mesenteric vessels on a two-dimensional
translucent tissue). However, recent development
of multiphoton microscopy enables the noninva-
sive determination of the cerebral microvascular
solute permeability in rat brain (Shi et al. 2014).

Although the rapid growth of endothelial cell
biology is largely a result of experiments on
cultured endothelial cells in vitro (in dishes),
there are limitations to the use of monolayers of
cultured endothelial cells for gaining direct infor-
mation about vascular permeability. In general,
the in vitro permeability to albumin is 2–10 times
larger than that from the in vivo (in live animals)
measurement. Although the monolayers of cul-
tured endothelial cells do not completely reflect
the permeability characteristics of microvascular
endothelium in vivo, they are the most acces-
sible and convenient models for studying the
molecular mechanisms by which the microvascu-
lar permeability is regulated. The techniques for
measuring endothelial monolayer permeability to
water and solutes were described in Lee et al.

(2003), Cancel et al. (2007), Li et al. (2010), and
Fan and Fu (2016).

2.3 Microvascular
Hyperpermeability Increases
Tumor Cell Adhesion

Microvascular hyperpermeability due to com-
promised microvessel wall integrity by inflam-
matory agents and cytokines is one factor that
increases tumor cell adhesion to the microvessel
endothelium. Vascular endothelial growth factors
(VEGFs) are a family of cytokines that act to
increase the delivery of nutrients to tissue by
three distinct mechanisms: (a) endothelial cell
growth, migration, and new blood vessel for-
mation (angiogenesis); (b) increased blood flow
(by vasodilatation); and (c) increased vascular
permeability to water and solutes (Dvorak et
al. 1995; Bates et al. 2001; Feng et al. 1999;
Fu and Shen 2004). Combining in vivo perme-
ability measurement and a mathematical model
for the inter-endothelial transport, Fu and Shen
(2003) predicted that acute effects of VEGF on
microvascular integrity are widened gap opening
of the inter-endothelial cleft and partial degrada-
tion of the ESG. Longer-term effects of VEGF
include formation of gaps between adjacent en-
dothelial cells in venular microvessels (Roberts
and Palade 1995), vesiculovascuolar organelle
pathways (Feng et al. 1999), transcellular pores,
and fenestra (Dvorak et al. 1995; Drenckhahn
and Ness 1997). Fu et al. (2006) also found that
the VEGF-induced microvascular hyperperme-
ability can be abolished by enhancing intracel-
lular levels of adenosine 3′,5′-cyclic monophos-
phate (cAMP), which strengthens the microves-
sel integrity by increasing the number of junction
strands in the cleft between endothelial cells
forming the microvessel wall.

Previous studies have found that many can-
cer cells express VEGF to a high degree (Lee
et al. 2003), while the microvascular endothe-
lium has abundant VEGF receptors including
VEGFR2 (KDR/Flk-1) (Mukhopadhyay et al.
1998). VEGFR2 has been implicated in normal
and pathological vascular endothelial cell biol-
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ogy (Olsson et al. 2006). Recently, it has been
shown that ectopic administration of VEGF en-
hances the adhesion and transmigration of human
breast cancer MDA-MB-231 cells across a mono-
layer of human or mouse brain microvascular
endothelial cells under a static condition in vitro
(Lee et al. 2003; Fan et al. 2011; Fan and Fu
2016). In addition, VEGF enhances the adhesion
of malignant MDA-MB-435 s cells and ErbB2-
transformed mouse mammary carcinomas to in-
tact rat mesenteric microvessels under flow in
vivo (Shen et al. 2010).

2.4 Integrin Signaling, Cell
AdhesionMolecules,
and TumorMetastasis

Although the non-specific trapping due to the
friction between the tumor cells and the narrow
part of microvasculature is found to be responsi-
ble for the initial tumor cell arrest (Gassmann et
al. 2010; Glinskii et al. 2005; Kienast et al. 2010;
Mook et al. 2003), the cell adhesion molecules
are required for the adhesion in larger microves-
sels and transmigration (Brenner et al. 1995; Fan
et al. 2011; Gassmann et al. 2010; Giancotti
2007; Giavazzi et al. 1993; Hood and Cheresh
2002; Lee et al. 2003; Liang et al. 2005; Shen et
al. 2010; Schluter et al. 2006; Slattery et al. 2005;
Steeg and Theodorescu 2008). The integrins are
a family of signaling and cell adhesion receptors,
which attach cells to the extracellular matrix
(ECM) and in some cases to other cells, and co-
operate with growth factor and cytokine receptors
to regulate cell behavior. Signals elicited by inte-
grins enable tumor cells to survive, proliferate,
migrate independently of positional constrains
(Guo and Giancotti 2004), and adhere (Fan et
al. 2011). The α6β4 integrin is a laminin-5 re-
ceptor and was originally described as a “tumor-
specific” protein, because of its apparent upreg-
ulation in multiple metastatic tumor types (Gian-
cotti 2007). The β4 integrin is unique among in-
tegrins because the cytoplasmic portion of the β4
subunit is 1017 amino-acid-long and possesses
distinctive adhesive and signaling functions (Gi-
ancotti 2007). Upon binding of the ectodomain of

β4 to the basement membrane protein laminin-5,
the cytoplasmic portion of β4 interacts with the
keratin cytoskeleton to promote the assembly of
hemidesmosomal adhesions (Litjens et al. 2006).
In addition, β4 activates intracellular signaling
autonomously as well as by associating with mul-
tiple receptor tyrosine kinases (RTKs), including
the EGFR, ErbB2, Met, and Ron (Guo and Gian-
cotti 2004; Moasser et al. 2001). Deletion of the
β4 signaling domain delayed mammary tumor
onset and inhibited primary tumor growth. The
tumors arising in mutant mice were significantly
more differentiated histologically as compared
to control tumors. In addition, primary tumor
cells expressing signaling-defective β4 displayed
a reduced proliferative rate and invasive ability
and underwent apoptosis when deprived of ma-
trix adhesion. Finally, upon injection in the tail
vein of nude mice, the mammary tumor cells
expressing mutant β4 exhibited reduced ability to
metastasize to the lung (Guo et al. 2006).

Recently, Fan et al. (2011) examined the ad-
hesion of ErbB2-transformed mammary tumor
cells to mouse brain microvascular endothelial
monolayer. They found that integrin β4 signaling
does not exert a direct effect on adhesion to the
endothelium or the underlying basement mem-
brane. Rather, it enhances ErbB2-dependent ex-
pression of VEGF by tumor cells. VEGF in turn
partially disrupts the tight and adherens junctions
that maintain the adhesion between endothelial
cells, enabling tumor cells to intercalate between
endothelial cells and extend projections reach-
ing the underlying exposed basement membrane
and enabling the adhesion between cell adhesion
molecules (e.g., integrins) and ECM proteins
(e.g., laminins).

In addition to blocking the cell adhesion
molecules at the surface of tumor and endothelial
cells or in the ECM, e.g., integrins, ICAM-1,
P-selectin, junctional adhesion molecules, and
laminins, Shen et al. (2010) measured cancer cell
adhesion after pretreatment of tumor cells with
the antibody blocking VEGF and pretreatment of
the microvessel with VEGF receptor (KDR/Flk-
1) inhibitor, SU1498. They found that anti-
VEGF and SU1498 almost completely abolished
the adhesion of malignant MDA-MB-435 s to
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vascular endothelium in vivo. In an in vitro
experiment, Fan et al. (2011) showed that
although VEGF receptor inhibitor, SU1498
did not decrease the basal permeability of a
microvascular endothelial monolayer, neither
the tumor cell adhesion under the normal
permeability conditions, it, however, abolished
the microvascular hyperpermeability induced
by VEGF as well as the increase in tumor cell
adhesion.

2.5 Tumor Cell Adhesion
and Transmigration Destroys
Microvascular Integrity

Both in vitro and in vivo studies demonstrated
that tumor cells prefer to adhere to and trans-
migrate from the endothelial junctions instead
of cell bodies and VEGF or lipopolysaccharide
(LPS, an inflammatory agent) increases the ad-
hesion and transmigration (Fan et al. 2011; Fu et
al. 2015; Fan and Fu 2016). Fan and Fu (2016)
showed that 98% of the breast cancer MDA-MB-
231 cells adhere at the endothelial junctions of
bEnd3 (mouse brain microvascular endothelial
cell) monolayer, of which, 63% at the tri-EC
junctions. An in vivo study by Fu et al. (2015)
also indicated that ∼90% of cancer cell adhesion
occurs at the junctions of ECs in the microvessels
under normal physiological flows (Fig. 2). In
addition to disrupt the tight and adherens junc-
tions between adjacent endothelial cells in vitro
(Fan et al. 2011) and in vivo (Fu et al. 2015),
tumor cell adhesion and transmigration degrades
endothelial surface glycocalyx (ESG) (Fan and
Fu 2016; Cai et al. 2012). A recent study by
Cai et al. (2012) showed that tumor cell MDA-
MB-231 adhesion to microvessel walls increases
microvessel permeability by degrading the ESG
(Fig. 3). Degradation of ESG exposed more cell
adhesion molecules at the endothelium and un-
derneath basement membrane for the tumor cell
adhesion.

In contrast, preservation of the ESG by a
plasma glycoprotein orosomucoid by enhancing
the charge and organization of the ESG decreases
the microvessel permeability to albumin and re-

duces the tumor cell adhesion (Cai et al. 2012).
Zhang et al. (2017) also showed that sphingosine-
1-phosphate (S1P), a sphingolipid in plasma that
plays a critical role in the cardiovascular and
immune systems, preserves ESG of the microves-
sel wall and reduces tumor cell adhesion. Red
blood cells (RBCs) are a major source of S1P
in plasma, which acts continuously to main-
tain normal vascular permeability by protecting
ESG (Zhang et al. 2016b). Alternatively, rein-
forcing endothelial junctions, e.g., by enhancing
endothelial cAMP levels, can prevent microves-
sel permeability increase and reduce tumor cell
adhesion (Fu et al. 2015) (Fig. 2).

3 TumorMetastasis under
Flow
and inMicrovasculature

In vitro static adhesion assays have been utilized
to investigate tumor cell adhesion to endothe-
lial cells (Earley and Plopper 2006; Lee et al.
2003) and to extracellular matrix (ECM) proteins
(Guo et al. 2006). Tumor cell adhesion has also
been investigated using flow chambers (Chotard-
Ghodsnia et al. 2007; Giavazzi et al. 1993; Slat-
tery et al. 2005) or artificial blood vessels (Bren-
ner et al. 1995) to address flow effects. Direct
injection of tumor cells into the circulation has
enabled the observation of tumor cell metasta-
sis in target organs after sacrificing the animals
(Schluter et al. 2006), while intravital microscopy
has been used to observe the interactions between
circulating tumor cells and the microvasculature
both in vivo and ex vivo (Gassmann et al. 2010;
Glinskii et al. 2005; Guo et al. 2014; Kienast et
al. 2010; Mook et al. 2003; Shen et al. 2010;
Steinbauer et al. 2003; Yan et al. 2012).

3.1 Tumor Cell Adhesion in In
Vitro Flow Chambers

Tumor cell extravasation is a dynamic process
in which tumor cell adhesion to the vascular en-
dothelium and transendothelial migration occur
under flow conditions. Therefore, the geometry
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Fig. 2 In vivo MDA-MB-231 breast cancer cell adhesion
to rat mesenteric microvessels under physiological flows.
Tumor cells prefer to adhere to the junctions between
endothelial cells forming the microvessel wall under con-

trol and various treatments scale bar = 30 μm. VEGF
increases tumor cell adhesion, while cAMP decreases the
adhesion. cAMP can also abolish the increased adhesion
by VEGF (from Fu et al. 2015, with permission)

of microvasculature and the local hydrodynamic
factors, along with the cell adhesion molecules
at the tumor cell and endothelial cell should
play a crucial role in tumor cell adhesion and
extravasation. Tumor cells are exposed to flow
while (a) circulating from the primary tumor, (b)
arresting on downstream vascular endothelium,
and (c) transmigrating into the secondary target
organ. Investigations of the role of shear flow
in tumor cell adhesion and extravasation should
contribute to the understanding of the complex
process of tumor metastasis. Tumor cell extrava-

sation would normally occur in the microvascu-
lature where shear forces are relatively low (like
in postcapillary venules) although of sufficient
magnitudes to activate cell surface receptors and
alter vascular cell function. During tumor cell
extravasation, there are significant changes in the
structure and function of both tumor and endothe-
lial cells. For example, a significant rearrange-
ment of the cell cytoskeleton is required in both
the tumor cells during migration (Lauffenburger
and Horwitz 1996) and in the endothelial cells as
the barrier function is altered (van Hinsbergh and
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Fig. 3 Tumor cell adhesion degrades endothelial sur-
face glycocalyx (ESG). FITC-anti-heparan sulfate-stained
ESG (green) at a postcapillary venule under control (left
column): midplane view (top) and cross-sectional view

(bottom). Adhesion of cell tracker orange-labeled tumor
cells (red) in a postcapillary venule at initial adhesion
(mid-column) and after 45-min perfusion (right column)
(from Cai et al. 2012, with permission)
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Nieuw Amerongen 2002). The extravasation of
tumor cells also induces endothelial cell remod-
eling (Kienast et al. 2010).

In an in vitro flow chamber study, Slattery
et al. (2005) found that the shear rate, rather
than the shear stress, plays a more significant
role in PMN (polymorphonuclear neutrophils)-
facilitated melanoma adhesion and extravasation.
β2 integrins/ICAM-1 adhesion mechanisms
were examined, and the results indicate
LFA (lymphocyte function-associated)-1 and
Mac-1 (CD11b/CD18) cooperate to mediate
the PMN-EC (endothelial cell)-melanoma
interactions under shear conditions. In addition,
endogenously produced IL-8 contributes to
PMN-facilitated melanoma arrest on the EC
through the CXC chemokine receptors 1 and 2
(CXCR1 and CXCR2) on PMN (Liang et al.
2005; Slattery et al. 2005).

3.2 Effects of Hydrodynamic
Factors on TumorMetastasis

In addition to biochemical factors such as
cell adhesion molecules (CAMs) and chemi-
cal/cytokines, circulating tumor cell adhesion in
microvessel walls is affected by hydrodynamic
factors, such as blood flow patterns, and
flow-induced shear stresses and shear stress
gradients (Bacac and Stamenkovic 2008; Wirtz
and Searson 2012; Weiss 1992; Strell and
Entschladen 2008; Mierke 2008). Numerous
studies using in vivo and in vitro models
have found that flow-induced hydrodynamic
factors activate endothelial cells lining the blood
vessel wall to generate reactive oxygen species,
nitric oxide, and growth factors (Matsumoto
et al. 2007; Bucci et al. 2005; Chiu et al.
2003; Zhang et al. 2016a, b). These substances
can up- or downregulate the expression of
endothelial CAMs and endothelial nitric oxide
synthase (eNOS) depending on the strength of
the mechanical factors, the flow patterns (e.g.,
laminar or turbulent), and the geometry of the
vessel (e.g., straight or curved/branched) (Liu et
al. 2008; Yan et al. 2010, 2012; Guo et al. 2014).

To investigate tumor cell adhesion in a well-
controlled in vivo system, Shen et al. (2010) and
Yan et al. (2012) used intravital video microscopy
to measure the adhesion rate of malignant MDA-
MB-435 s and 231 cells in straight and curved
postcapillary venules on rat mesentery. A straight
or curved microvessel was cannulated and per-
fused with tumor cells by a glass micropipette at
a velocity of ∼1 mm/s, which is the mean normal
blood flow velocity in this type of vessels. At less
than 10 min after perfusion, there was a signif-
icant difference in cell adhesion to the straight
and curved vessel walls. In 60 min, the averaged
adhesion rate in the curved vessels was ∼1.5-
fold of that in the straight vessels. In 51 curved
segments, 45% of cell adhesion was initiated at
the inner side, 25% at outer side, and 30% at
both sides of the curved vessels. To investigate
the mechanical mechanism by which tumor cells
prefer adhering at curved sites, Yan et al. (2012)
performed a computational study, in which the
fluid dynamics was carried out by the lattice
Boltzmann method (LBM), and the tumor cell
dynamics was governed by the Newton’s law of
translation and rotation. The details of this multi-
scale modeling are summarized in Chap. 12.

By injecting the tumor cells directly into the
systemic circulation via carotid artery, Guo et
al. (2014) found that MDA-MB-231 cancer cells
prefer to adhere at the branched portion of the
microvasculature rather than the non-branched
portion. By numerical simulation, they also
showed that there are higher shear rates/stresses
and higher vorticities at the branching location
where there are more arrested tumor cells
(Fig. 4). Liu et al. (2008) demonstrated that
thrombosis is also initiated at the curved portion
of a vessel where there is a higher shear
stress/rate and higher shear stress/rate gradient
at the vessel wall. Furthermore, Shen et al.
(2010) found that tumor cells adhered more in
postcapillary venules under a normal blood flow
velocity than under a reduced velocity. From
these studies, it is likely that tumor cell adhesion
sites are associated with localized hydrodynamic
factors such as shear stresses and shear stress

http://dx.doi.org/10.1007/978-3-319-96445-4_12
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Fig. 4 Vorticity profiles in microvessels at intersections.
Seven panels in the left column are arteriole-capillary
intersections, and those in the right column are side
branch vessel-postcapillary venule intersections. The top
two Aa and Av are vorticity contour plots in the midplane
of the vessels; Ba-Da and Bv-Dv are enlarged plots near
the intersectional regions when branching angle θ is 60

◦
,

90
◦
, and 120

◦
, respectively. Ea-Ga and Ev-Gv are detailed

vorticity profiles at walls along dotted lines a–b (red)
and c–d (blue) in Ba-Da and Bv-Dv. Arrows are flow
directions in the microvessels. It was found that tumor
cells prefer to arrest to the inner corners of the turns where
there are higher vorticities (from Guo et al. 2014, with
permission)

gradients. A recent study by Yen et al. (2015)
showed that blood flow regulates nitric oxide
(NO) production in rat mesenteric microvessels.
The higher the flow velocity, the higher the
endothelial NO production in postcapillary
venules.

NO is the smallest signaling molecule that
regulates a variety of important physiological
functions (Forstermann and Sessa 2012). eNOS
is responsible for most of the vascular NO
production (Cooke et al. 1990). In cancer biology,
NO can promote or inhibit tumor growth and

metastasis, depending on its concentrations
(Ridnour et al. 2006; Xu et al. 2002). Elevated
NO and eNOS have been observed in cancer
patients in malignancy states (Masri et al.
2005). Although high concentrations of NO
are cytotoxic to the circulating tumor cells (Li
et al. 1991; Mortensen et al. 2004; Pohl et al.
1991; Qiu et al. 2003; Wang et al. 2000), low
levels of NO promote tumor cell arrest and
adhesion (Scher 2007; Xu et al. 2002; Yudoh et
al. 1997). NO at some optimal levels can inhibit
cancer cell adhesion to cytokine-stimulated
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endothelial cells (Lu et al. 2014; Xu et al.
2002), decrease tumor cell adhesion to naive and
lipopolysaccharide (LPS)-treated postcapillary
venules (Kong et al. 1996), and reduce invasion
ability of cancer cells (Kielbik et al. 2014).
Most recently, Zhang et al. (2016a, b) found
that under normal physiological flow conditions,
tumor cells prefer to adhere to the microvessel
locations with a higher NO production such as
curved portions. Inhibition of eNOS by NG-
monomethyl-L-arginine (L-NMMA) attenuated
the flow-induced NO production and reduced
tumor cell adhesion. They also found that
L-NMMA treatment for ∼40 min reduced
microvessel permeability to albumin. Therefore,
their results suggest that inhibition of eNOS is a
good approach to preventing tumor cell adhesion
to intact microvessels under physiological flows.

In addition to the flow-induced hydrodynamic
factors in the microvasculature, the mechanical
properties such as rigidity of tumor cells de-
termine their metastatic behaviors. Guck et al.
(2005) and Koop et al. (1995) observed that
tumor cells having a greater deformability are
more invasive, malignant, and metastatic. Malig-
nant (MCF-7) breast cells were found to have
an apparent Young’s modulus significantly lower
(1.4–1.8 times) than that of their nonmalignant
(MCF-10A) counterparts (Li et al. 2008). More
recently, Swaminathan et al. (2011) found that

cancer cells with the highest migratory and in-
vasive potential are five times less stiff than cells
with the lowest migration and invasion potential.
However, more rigid tumor cells may also be
trapped in narrow capillaries. Most recently, Guo
et al. (2014) injected fluorescently labeled human
breast carcinoma cells or similarly sized rigid
beads into the systemic circulation of a rat. Their
arrest patterns in the microvasculature of mesen-
tery were recorded and quantified. They found
that ∼93% of rigid beads were arrested either at
arteriole-capillary intersections or in capillaries.
Only ∼3% were at the capillary-postcapillary
venule intersections and in postcapillary venules.
In contrast, most of the flexible tumor cells were
either entrapped in capillaries or arrested at capil-
lary or postcapillary venule-postcapillary venule
intersections and in postcapillary venules. Forty-

two percent of the flexible tumor cells were able
to escape the capillary trapping.

4 Investigation of Tumor
Metastasis by Using
Microfluidic Systems

Although above summarized animal models for
investigating tumor metastasis in the microcircu-
lation have provided insightful information for
the metastasis mechanism, it is necessary to ex-
plore the human tumor metastasis in microvessels
formed by human endothelial cells. Therefore,
the 2D transwell system and 2D and 3D single
channel microfluidic system have been devel-
oped and used for decades by many researchers
in investigating tumor cell and leukocyte adhe-
sion, invasion, and transmigration under static
and flow conditions (Cinamon and Alon 2003;
Earley and Plopper 2006; Fan et al. 2011; Fan
and Fu 2016; Lee et al. 2003; Shea et al. 2017;
Slattery et al. 2005; Zhang et al. 2016a, b).
Many recent microfluidic systems with compli-
cated patterns have been developed to screen
circulating tumor cells for diagnosis (Ferreira et
al. 2016; Jiang et al. 2017; Khamenehfar and Li
2016; Khoo et al. 2018; Tadimety et al. 2017),
to grow tumor cells with in and out flows for
cancer drug screening (Chi et al. 2016; Dereli-
Korkut et al. 2014) and to generate chemotaxis
conditions for cancer cell migration (Liu et al.
2017; Um et al. 2017). Recently, an all-human 3D
ex vivo hepatic microphysiological system was
developed to mimic the stiffness of metastatic
organ environment but without blood microvas-
culature (Clark et al. 2016). A 3D microfluidic
system with simple blood microvasculature was
developed but without real anatomical geometry
(Kong et al. 2016). A sophisticated 3D microflu-
idic device (Fig. 5) with the generated microvas-
culature from human umbilical vein endothelial
cells and human lung fibroblasts has been de-
veloped to quantify tumor cell intravasation and
extravasation dynamics (Chen et al. 2013, 2017;
Jeon et al. 2015; Zervantonakis et al. 2012).

The recently developed microfluidic systems
recreated the tumor-vascular interface in 3D.
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Fig. 5 Microfluidic tumor-vascular interface model. (a)
Endothelial channel (green), tumor channel (red), and 3D
extracellular matrix (ECM, dark gray) between the two
channels. Channels are 500 μm wide, 20 mm in length,
and 120 μm in height. Black arrow shows the y-junction.
(Scale bar, 2 mm.) (b) Phase-contrast image showing
the fibrosarcoma cells (HT1080, red) invading through
the ECM (gray) toward the endothelium (microvascular
endothelial cells, green). A single 3D ECM hydrogel

matrix region is outlined with the white dashed square.
(Scale bar, 300 μm.) (c) Confocal projection of a rep-
resentative region of tumor (red) perfused microvascular
network (green) at 20×. Representative cross-sectional
views of a single transmigrating tumor cell (in dotted
white box) and example of extravasation scoring (a, b
from Zervantonakis et al. 2012 and c from Chen et al.
2017, with permission)

They not only enabled high-resolution, real-
time imaging of tumor cell intravasation,
arrest, adhesion, and extravasation and precise
quantification of endothelial barrier function
but also provided well-controlled tumor
microenvironments mimicking various clinical
conditions.

5 Summary and Future Study

Although transport across endothelium is a clas-
sical problem that has been investigated for more
than several decades, the fundamental questions
related to the structure-transport function of the
microvessel wall and the interaction between the
circulating cells and the cells forming the wall
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still remain unclear. With the help from mathe-
matical models for more accurate interpretations
and predictions, new techniques involving trans-
genic animals with fluorescent protein-expressed
endothelial cells and circulating blood and tu-
mor cells, new fluorescent dyes for labeling the
structural components of transvascular pathways,
new developments in super-resolution optical mi-
croscopy and cryo-electron microscopy, and new
developments in molecular biology and biochem-
istry will lead to more fascinating discoveries in
this field.

One problem that has not been investigated
thoroughly is the spatio-chemical organization
and biomechanical properties of the endothelial
surface glycocalyx, which is the barrier between
circulating cells and endothelial cells forming
the microvessel wall in addition to the molecular
sieve. Newly developed super-resolution optical
microscopy such as STORM (stochastic optical
reconstruction microscopy) and STED (stimu-
lated emission depletion) and AFM (atomic force
microscopy) can be employed for this purpose.
Another problem is to create transvascular mod-
els for cells such as leukocytes and cancer cells.
The current multi-scale cell adhesion model can
be revised to include the mechanical properties
and morphological changes of adherent and en-
dothelial cells in developing the cell transmigra-
tion models. The transvascular cell transport is
crucial in many physiological and pathological
processes including inflammatory response and
tumor metastasis.
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Modeling Cell Adhesion
and Extravasation in Microvascular
System
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Abstract

The blood flow behaviors in the microvessels
determine the transport modes and further
affect the metastasis of circulating tumor cells
(CTCs). Much biochemical and biological ef-
forts have been made on CTC metastasis;
however, precise experimental measurement
and accurate theoretical prediction on its me-
chanical mechanism are limited. To comple-
ment these, numerical modeling of a CTC
extravasation from the blood circulation, in-
cluding the steps of adhesion and transmigra-
tion, is discussed in this chapter. The results
demonstrate that CTCs prefer to adhere at
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the positive curvature of curved microvessels,
which is attributed to the positive wall shear
stress/gradient. Then, the effects of particu-
late nature of blood on CTC adhesion are
investigated and are found to be significant in
the microvessels. Furthermore, the presence of
red blood cell (RBC) aggregates is also found
to promote the CTC adhesion by providing an
additional wall-directed force. Finally, a sin-
gle cell passing through a narrow slit, mimick-
ing CTC transmigration, was examined under
the effects of cell deformability. It showed that
the cell shape and surface area increase play a
more important role than the cell elasticity in
cell transit across the narrow slit.

1 Introduction

Metastasis contributes to as much as 90% cancer-
associated deaths and is mainly mediated by
the circulating tumor cells (CTCs) in the blood
circulation. Cancer cells initially group together
to form a primary tumor. To metastasize, a can-
cer cell detaching from the primary tumor in-
vades the surrounding tissue, enters the blood
circulatory or lymphatic system, which delivers
it to a distant location, and finally establishes
itself in the new metastatic site. Blood stream
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provides the common way for the CTC trans-
port. Although various types of cancer cells can
be found in the blood of patients, the cancer
cells exhibit metastatic inefficiency (Weiss 1982)
as most of them are trapped and rapidly and
lethally damaged in the microvasculature while
subjecting to body’s defense system, collisions
with blood cells, and hemodynamic shear forces.
As a result, fewer than 1 in 10, 000 cancer
cells can survive, and the concentration of cancer
cells in the blood of patients is as low as in the
order of one in a million leukocytes (Maheswaran
and Haber 2010) or one in a billion blood cells
(Yu et al. 2011). To leave away from the mi-
crovascular system, the CTCs must adhere to
the vessel walls of distant organs and eventually
penetrate the vascular wall to form secondary
tumors. The precise behaviors and mechanisms
by which tumor cell extravasates across the blood
vessel remain poorly understood.

The adhesion of cells to surface under flow
condition as a principal step in the cancer metas-
tasis has attracted much attention in the past
few decades. A major conceptual development is
the recognition that cellular adhesions are often
mediated via a surprisingly small number of
receptor-ligand bonds (Zhu et al. 2000), where
the receptors are located on the surface of en-
dothelial cells lining the vessel wall and lig-
ands are distributed on the membrane of the
CTCs. Considerable progress has been made in
identifying molecules involved in adhesion. For
leukocyte emigration, adhesion molecules of the
selectin family (as ligands) mediate the initial
rolling of cells on the endothelium, whereas firm
adhesion is mediated by interactions between
integrin receptors and immunoglobulin super-
family cell adhesion molecules (Springer 1994).
Despite that a similar mechanism is expected
for CTCs, that is not the true case. Dong et al.
(2005) suggested that neutrophils (PMNs) could
possibly form a bridge and bind to both the
melanoma cell and endothelial cell monolayer
through the bonds formed between the adhesion
molecules. Melanoma extravasation is enhanced
significantly by adding PMNs. To explain this
mechanism, Behr et al. (2015) proposed a local
numerical model to characterize the biochem-

ical interactions between circulating melanoma
tumor cells and adherent PMN, which is feasible
to predict the adhesion outcomes for many real-
izations of the cells and flow condition at a rea-
sonable speed. The interactions between ligands
on CTCs and endothelial cell bound surface re-
ceptors are largely dependent on receptor-ligand
distances at nanoscale, which are controlled by
the glycocalyx coated on the surface of CTCs
and endothelial cells (Mitchell and King 2014).
The presence of the thick glycocalyx expressed
on ECs may prevent the adhesion of CTCs under
normal physiological conditions, but changes in
fluid shear stress may induce shedding of the
glycocalyx, which can increase the availability
of adhesion receptors and then promote CTC
adhesion. After firmly adhered to the vascular
endothelium, tumor cells may produce biologi-
cal factors that optimally tune EC contractility
to promote tumor cell extravasation from the
blood vessel wall (Stroka and Konstantopoulos
2014). By using confocal microscopy (Fan and
Fu 2015), the transmigration of malignant breast
tumor cell through the endothelial monolayers
has been observed. It is shown that more than
95% of tumor cells cross the endothelial mono-
layer through the junctions between adjacent en-
dothelial cells and only a few percent through the
cell bodies. Tumor cells undergo dramatic shape
changes, driven by a significant rearrangement
of the cell cytoskeleton (Sugihara-Seki and Fu
2005; Wirtz et al. 2011). Invasive cancer cells can
decrease the endothelial barrier function through
regulating the biomechanical properties of en-
dothelial cells (Mierke 2011, 2012). In addition,
it is found that metastatic cancer cells are softer
than their normal or benign counterparts, which
may facilitate squeezing through confine spaces
much smaller than the size of the cell body (Cross
et al. 2007; Suresh 2007).

The CTCs are exposed to complicated vas-
cular microenvironment once in the circulation.
For the blood flow in microcirculation, the length
scale is usually about several to several hundreds
of micrometers, on which level a homogeneous
continuum description is not adequate due to
the significant particulate nature of the blood
flow. The discrete nature of the blood in mi-
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crovasculature makes it clear that the behaviors
of individual cells play a key role in the fluid
dynamics and rheology of the blood and transport
of CTCs within microvasculature. For example,
the deformability of RBCs and their propensity
to reversibly aggregate coupled with complex
structure of the microvasculature may lead to
nonuniform hematocrit and heterogeneous vis-
cosity (Fung 1993; Pries et al. 1992; Reinke
et al. 1987) and further determine the route of
CTCs (Haier and Nicolson 2001; Koumoutsakos
et al. 2013; Wirtz et al. 2011). However, it is
difficult to predict tumor cell behaviors, and it
is hard to experimentally measure the multiscale
blood flows including CTCs and the interactions
between CTCs and blood cells or vascular en-
dothelium. Along with the advances in computer
technology and algorithms for multi-physics and
multiscale simulation, some numerical models
of flowing blood systems have been established
to explicitly solve the blood flows ranging from
cellular to organ scales, which can be found in
the recent reviews (Freund 2014; Gompper and
Fedosov 2016; Imai et al. 2016; Ju et al. 2015;
Kunz et al. 2015).

The cells and surrounding fluid can be
modeled using continuum-based methods or
mesoscopic methods. For solving fluid flow,
the traditional approach is the discretization
of incompressible Navier-Stokes equations
on a mesh that constitutes the flow domain,
such as Eulerian finite-difference and finite
volume methods, which is complemented by
the semi-Lagrangian lattice Boltzmann method.
Owing to the fact that the Reynolds numbers
of blood flow in microcirculation are much less
than one, the inertia effect can be neglected,
and boundary element/integral method can be
introduced by virtue of the linearity of the
Stokes flow equations and the availability of
Green’s functions (Freund 2014). In addition,
particle-based methods based on Newton’s law
have been developed in the past few decades,
in which the fluid domain is discretized using
Lagrangian moving particles whose ensemble
behavior statistically returns the appropriate
dynamics of the system. For the modeling of
cells, as their deformability plays a key role for

the hemodynamics, two representative models
characterize cell deformation: one is a shell-
based membrane model based on a continuum
description, which has been developed by
Pozrikidis (2001), including the elastic tensions
and bending moments; and another employs
a spring-based membrane network model
describing the microstructure details at spectrin
molecular level (Li et al. 2005).

The treatment of coupling of deformable cells
and fluid flow has always been a major chal-
lenge associated with the modeling of blood
flow. Pozrikidis (2003) and Zhao et al. (2010)
combined the shell-based cell model with bound-
ary element/integral methods to investigate the
deformation of RBCs in the flow, wherein a
series of quasi-steady-state equations based on
appropriate Green’s functions are integrated over
the individual cell and vessel wall surfaces to
compute the flow. Despite their accuracy for
solving cellular flows, they are limited to Stokes
problems of very low Reynolds number, which
is applicable for capillaries, venules, and arte-
rioles. As powerful alternatives including iner-
tia effects, mesh-based methods coupled with
the discrete spring-based network model have
emerged, accompanied by the immersed bound-
ary method (IBM). As a classical fluid-structure
interaction approach, IBM has been widely ap-
plied to solve the interactions between CTCs,
RBCs, or WBCs and plasma flow combined with
finite volume method, finite element method,
and lattice Boltzmann method. The Lagrangian
nodes for the membrane are described to be
moving on fixed Eulerian grids for the fluid,
and the physical quantities are transferred be-
tween them by using an interpolation function.
Rejniak (2012) employed immersed boundary-
finite-difference method to investigate the trans-
port of an individual CTC with considering the
interactions of CTCs and endothelial wall. Unlike
the finite-difference methods, LBM is endowed
with the stochastic nature, which is significant
for the cellular flow at mesoscale. The fluid
is represented by the fictitious particles which
conform to a set of kinetic and collision rules on
a discrete lattice mesh, while the cell membrane
is discretized into a set of computational nodes
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as an immersed boundary. IB-LBM as the most
common method has been used to investigate
leukocyte or tumor cell margination (Sun and
Munn 2006; Takeishi et al. 2014, 2015), RBC ag-
gregation (Vahidkhah and Fatouraee 2012; Zhang
et al. 2008), and cell adhesion (Takeishi et al.
2016; Yan et al. 2012, 2010). It is simple to
deal with complex geometries and can be easily
implemented in a parallel computing environ-
ment. But when treating the irregular boundaries,
refined meshes are required to confine the parti-
cle movement, which incurs high computational
cost. Particle-based methods become attractive
because different types of particles are employed
to identify different components of the compu-
tational domain, which enables the interactions
between fluid and cell membrane easier to deal
with and can provide sufficient accuracy at an
affordable computational cost. In this chapter,
we mainly focus on dissipative particle dynamic
(DPD) method and the spring-based network
membrane model. Most of the applications of
DPD on simulations of RBCs or WBCs have
been conducted by Karniadakis’ group, from the
deformation of a single RBC (Fedosov et al.
2010a; Pivkin and Karniadakis 2008) to blood
rheology (Fedosov et al. 2010b; Li et al. 2012)
and WBC margination (Fedosov and Gompper
2014), which provides important guidance for the
numerical studies of CTC metastasis.

2 Mathematical Models for
Cell Adhesion

The mathematical modeling of cell adhesion pro-
vides a powerful tool to quantify experimental
observations and to integrate them into a unified
sequence of cell adhesion events. These models
not only help to test the hypotheses suggested
by experimental observations but also to gain
insights about the mechanisms of cell adhesion.
The extensive studies on biophysical experiments
of cell adhesion have led to the development of
various mathematical models. The construction
and application of these models have demon-
strated that it is possible to analyze certain cel-
lular processes by highly quantitative approaches

(Zhu 2000). Many mathematical models have
been proposed to describe different important
events in cell adhesion. Hammer and Apte (1992)
firstly proposed a mathematical model to simu-
late the interaction of a single cell with a ligand-
coated surface under flow conditions. This model
can simulate the effect of many parameters on
adhesion, such as the number of receptors on
microvilli tips, the density of ligands, the rates
of reaction between receptors and ligands, the
stiffness of the resulting receptor-ligand springs,
the response of springs to strain, and the magni-
tude of bulk hydrodynamic stresses. The model
can successfully recreate the entire range of ex-
pected and observed adhesive phenomena, from
completely unencumbered motion, to rolling, to
transient attachment, to firm adhesion. Moreover,
this model can generate meaningful statistical
measures of adhesion, including the mean and
variance in velocity, rate constants for cell at-
tachment and detachment, and the frequency of
adhesion. King and Hammer (2001) used the
completed double-layer boundary integral equa-
tion method to study the adhesive interactions
between multiple rigid particles and a planar
boundary in a viscous fluid. The simulation re-
sults revealed a mechanism for the capture of
free-stream cells once an initial cell has ad-
hered to provide a nucleation site. Wang et al.
(2006) developed a population balance model
for cell aggregation and adhesion process in a
nonuniform shear flow. They carried out Monte
Carlo simulation based on the model for the het-
erotypic cell-cell collision and adhesion to a sub-
strate under dynamic shear forces. Shao and Xu
(2007) numerically studied the adhesion between
a microvillus-bearing cell and a ligand-coated
substrate by adopting Monte Carlo method. They
found that most of the adhesion was mediated by
a single bond if the total adhesion frequency was
less than 20%.

Mathematical models of cell adhesion relate
the forward and reverse reaction rates for
receptor-ligand bonds. These laws about the
reaction rates for cell adhesion have been defined
as “adhesive dynamic models”, which can be
used to couple the effect of receptor-ligand
bonds on cell adhesion. Figure 1 shows the
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Fig. 1 The schematic
view of adhesive dynamic
model for cell adhesion
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kr
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cellblood flow
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ligands

schematic view of adhesive dynamic model for
cell adhesion. In this model, the cell adhesion
molecules on the surface of circulating cell are
defined as receptors, and these on the surface
of endothelial cells are defined as ligands. Once
the distance between the receptor and the ligand
is smaller than the critical length Hc, it has the
chance to form receptor-ligand bonds. Interac-
tions between receptors and ligands are realized
by the ideal adhesive springs, and the spring
forces are calculated via the compression or
expansion of these springs. This dynamic process
relates the bond association and dissociation rate
of adhesive dynamic models. The following are
the two typical cell dynamic models.

2.1 Bell’s Model

Bell’s model (Bell 1978) was validated to be a
good approximation for different states of cell
adhesion in the straight microvessels, such as free

movement, rolling, landing, and firm adhesion
(Caputo and Hammer 2005). In the model, the
association rate of the bond is 84 s−1, which
is a reasonable value that extensive simulations
have shown can properly recreate experimental
values for velocity and dynamics of rolling in
the straight microvessels (Chang et al. 2000).
As to the dissociation rate of the bond, Bell
(1978) adopted the kinetic theory of the strength
of solids and proposed a constitutive relation
between dissociation rate and force. Therefore,
the bond association rate kf and bond dissociation
rate kr are

kf = 84 s−1 and kr = k0
r exp

(
γf

kbT

)
(1)

where kb is the Boltzmann constant, T is the
absolute temperature, k0

r is the unstressed dis-
sociation rate, γ is the reactive compliance that
describes the degree to which force facilitates
bond breakage, and both k0

r and γ are the func-
tional properties of adhesion molecules. f is the
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spring force of each bond which can be obtained
according to the Hooke’s law: f = σ (χ − λ),
where σ is the spring constant, χ is the distance
between the end points of receptor and ligand,
and λ is the equilibrium bond length.

2.2 Dembo et al.’s Model

Dembo et al. (1988) modeled a piece of mem-
brane with immobile discrete bonds and allowed
the membrane to detach. They did this by letting
the applied tension exceed the bond stress. This
model can be used to predict the critical mem-
brane tension required for detachment and the
resulting peeling velocities of the membrane. The
main contribution of this model is the expression
for the rate constants as a function of distance
between the membranes. Dembo et al. (1988)
demonstrated the reasonable, thermodynamically
consistent rate expressions relating the bond as-
sociation rate kf and bond dissociation rate kr to
χ as

kf = k0
f exp

(

−σts(χ − λ)2

2kbT

)

and

kr = k0
r exp

(

− (σ − σts) (χ − λ)2

2kbT

)

(2)

where k0
f and k0

r are the reaction rate constants
when the spring is at its equilibrium length and
σ and σ ts are the spring constant and “transition
state” spring constant, respectively.

Once the forward association rate and reverse
dissociation rate of the bond are known, the
appropriate expressions for the probability of
formation and breakage of the bond tethers in
a time step dt can be obtained by (Chang and
Hammer 1996; Yan et al. 2016)

Pf =1− exp
(−kf · dt

)
and Pr=1− exp (−kr · dt)

(3)

where Pf is the probability of forming a bond and
Pr is the probability of breaking a bond in a time
interval dt.

3 CTC Adhesion Under
the Blood Flow in a Curved
Microvessel

It has been found that the CTCs are more likely
adherent to the curved microvessels than the
straight ones (Liu et al. 2008; Yan et al. 2012).
At the curved sites, there are rather complicated
distributions of wall shear stress. The wall shear
stress or its variation may activate receptor-ligand
bond formation, which appears to render these
sites to be prone to catch cells. Based on the ex-
perimental observation, Yan et al. (2012) revised
Bell’s model by integrating the effect of wall
shear stress and its gradient on CTC adhesion,
respectively. The models are:

Case 1: The bond association/dissociation
rates are related to shear stress:

kf = kn
f ·
(

τ

τ0

)k1

and kr = kn
r ·
(

τ

τ0

)k2

(4)

Case 2: The bond association/dissociation
rates are related to shear stress gradients:

kf = kn
f · exp

(
k3

dτ

dl

)
and

kr = kn
r · exp

(
−k4

dτ

dl

)
(5)

where kn
f and kn

f are the normal bond associa-
tion/dissociation rates that calculated from Eqs.
(1) and (3). τ and τ 0 are the wall shear stresses
along the curved portion of a vessel and along
the straight portion, respectively, and dτ /dl is
the wall shear stress gradient along the curved
portion. k1, k2 and k3, k4 are coefficients that rep-
resent the sensitivity of wall shear stress and its
gradient to bond association/dissociation rates,
respectively.

Case 3: Use the same model as case 2. Only
the jumps or drops in the wall shear stress gra-
dient can trigger the change of bond associa-
tion/dissociation rates. Once triggered, the as-
sociation/dissociation rates will keep the maxi-
mum/minimum value until the next wall shear
stress gradient jump or drop occurs.
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Fig. 2 The CTC trajectory
for these three cases: (a)
case 1, (b) case 2, (c) case
3. Here, Au, Bu, Cu, Du
and Ab, Bb, Cb, Db
represent the conjunctions
of positive and negative
curvature segments along
the upper and bottom
walls, respectively (a)
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The numerical simulations on CTC adhesion
with three modified adhesive dynamic models
have been executed. Since the curvature would
affect the trajectory of the cell (Yan et al. 2010),
a curved microvessel with both positive and neg-
ative curvature is designed, where Au, Bu, Cu,
Du and Ab, Bb, Cb, Db are the conjunctions of
positive and negative curvature segments, respec-
tively. To assure the CTC would roll over the
conjunctions, the cell is released near either the
upper or the bottom wall at the entrance. Figure
2 shows the CTC trajectory for these three cases
where the denser trajectory means slower motion
and the coarse trajectory indicates faster motion.
For case 1, the denser trajectory occurs at [Ab,
Bb] and [Bu, Cu] due to the centrifugal effect.
In addition, the highly denser trajectory occurs
between Cu and Du, indicating that there is a
stronger CTC adhesion in the positive curvature
where the local wall shear stress significantly in-

creases. The coarser trajectory happens between
Cb and Db, indicating a faster cell motion there
due to the decrease in kf and increase in kr,
both of which result from the drop of wall shear
stress there. For case 2, the denser trajectory
occurs near the conjunction Bb and Cu, indicating
a slower cell motion there due to the stronger
adhesive effect caused by the large jump in the
wall shear stress gradient there. The coarser tra-
jectory exists in the positive curvature at [Bb, Cb],
[Au, Bu], and [Cu, Du], indicating a faster cell
motion not due to the adhesive effect but due to
the centrifugal effect. For case 3, when the CTC
approaches to the conjunctions Bb and Cu, the
cell moves slower and slower, represented by a
black band in the cell trajectory. Generally, the
positive wall shear stress/gradient jump would
enhance CTC adhesion, while the negative wall
shear stress/gradient jump would weaken CTC
adhesion. The wall shear stress/gradient, over a
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threshold, has significant contribution to CTC
adhesion by activating or inactivating adhesion
molecules. These results elucidated why the CTC
adhesion prefers to occur at the positive curvature
of curved microvessels with very low Reynolds
number (in the order of 10−2) laminar flow.

4 CTC Adhesion Under
the Blood Flow of RBC
Suspensions

To characterize the deformation of cells, cell
membrane is discretized into a collection of par-
ticles connected by elastic springs. A spring-
based network model endowed with in-plane and
bending energy as well as constraint of sur-
face area and volume has been introduced by
Boey et al. (1998) to describe RBC initially.
A systematic coarse-grained procedure was in-
troduced by Pivkin and Karniadakis (2008) to
reduce the number of degrees of freedom dra-
matically in the RBC model. This coarse-grained
model was further improved by Fedosov et al.
(2010a), yielding accurate mechanical response.
The RBC aggregation is described by the inter-
cellular interaction, which is characterized by a
Morse potential function proposed by Liu and
Liu (2006). We have employed this model to
investigate the deformation and motion of two
RBCs in a stenosed microvessel (Xiao et al.
2016b). Adhesion of CTCs to the vessel wall is
modeled by the probabilistic model developed
by Hammer and Apte (1992), which is based on
Dembo et al.’s model. If the distance between a
receptor and a free ligand is less than the reactive
distance, a new bond randomly forms, while a
pre-existing bond is statistically ruptured within
the rupture distance. Receptor-ligand bonds are
modeled as individual Hookean springs. Details
of these models and related parameters have been
described in a recent study (Xiao et al. 2017).

Although the process of cell adhesion to the
vessel wall has been numerically investigated, the
blood was treated as a homogeneous Newtonian
fluid for simplicity, and the simulation system is
limited to two-dimensional (Rejniak 2012; Yan
et al. 2012, 2010). In microvessels, the RBCs, as

the main constituents of blood, are comparable to
the vessel in size, contributing to the particulate
nature and heterogeneous viscosity of the blood.
The tendency of RBCs flowing to the vessel cen-
ter pushes leukocytes toward the endothelium,
leading to the process of margination and initi-
ating attachment to the endothelium. Evidence
has been provided that tumor cell margination
resembles leukocyte margination (Bendas and
Borsig 2012). Therefore, explicit modeling of
RBCs along with CTCs is required. The adhesion
of CTCs also largely depends on the other blood
hydrodynamic conditions, which are closely as-
sociated with the vascular structure, RBC aggre-
gation, and flow rate.

Microvascular system is a complex network of
microvessels connected by a set of short bifur-
cated segments. The blood flow patterns at mi-
crovessel branches determine the transport pro-
cess and adhesion of CTCs. When there exists
a large difference in the size of the daughter
branches or the daughter branches of equal diam-
eter have different flow velocities, the distribution
of RBCs and plasma may not be uniform at these
sites, indicating that the daughter branches may
receive various levels of hematocrit (Yen and
Fung 1978), named as phase separation. Such
effect would affect the locomotion strategies of
CTCs in blood stream, which is crucial for cell
adhesion. In larger vessels, CTCs are assumed
to switch from floating with the blood cells to
margination and then to initial attachment to
the endothelial wall, to rolling on it, to arrest.
Fedosov and Gompper (2014) showed that in the
vessel with diameter of 20 μm, leukocyte tends
to move toward the vessel wall at regions of
intermediate hematocrits, Ht = 0.2–0.4. It has
been also found that the white blood cell (WBC)
rolling speed increases with RBC concentration
because it is affected by RBC-WBC collision fre-
quency and blunting of the velocity profile (Sun
and Munn 2005). In addition, the WBC adhesion
increases at the hematocrit ranging from 10 to
30% (Abbitt and Nash 2003). But if the size of
blood vessels is smaller than that of WBCs or
CTCs, such as capillaries, cell arrest would occur
without cell rolling due to size restriction (Chen
et al. 2013). Takeishi et al. (2016) found that the
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cell travels by bullet motion in capillaries, which
allows it to firmly adhere to the wall even under
weak receptor-ligand interaction force.

To investigate the effect of vessel size coupled
with hematocrit, the flow of the CTC in different
microvessels of various diameters ranging from
10 to 20 μm at different levels of hematocrit was
simulated. A separation distance δ is introduced
to trace the radial position of the CTC deliv-
ered by the blood flow, which is defined by the
closest distance between the CTC membrane and
the vessel wall surface. Figure 3a illustrates the
probability of separation distance computed over
a time period of 0.9 s. Here, δ ≤ 0.1 μm indicates
that the CTC attaches to the vessel wall since
the association length is set to 0.1 μm. From the
bar chart, it can be seen that for D = 10 μm,
the initial adherent CTC nearly attaches to the
vessel wall, which is independent on the hema-
tocrit. This is due to the fact that the CTC has
a stronger confinement. That is why the tumor
cell extravasation is expected in the microvessels
with a diameter less than the cell diameter. For
D = 15 μm, with the decrease in the hematocrit,
the probability of CTC detachment from the
vessel improves. At lower hematocrit (Ht = 0.1,
0.2), the rolling tumor cell might be pulled off the
vessel by the intercellular interactions. However,
at Ht = 0.3, the CTC maintains to roll along
the wall. Due to the particulate nature of blood,
the CTC has a lower collision frequency with
red blood cells and subjects to a weaker wall-
directed force at lower hematocrits. However, at
Ht = 0.3, a stronger wall-directed force inhibits
detachment of CTC from the vessel wall. For
D = 20 μm, the initial adherent CTC is more
likely to detach from the vessel at higher hema-
tocrit. The initial adherent CTC can be found
to detach from the vessel for all cases during
rolling along the wall. But at higher hematocrit,
the CTC cannot arrive at the vessel again during
this simulation time period. Under the low shear
flow rate, the weak tendency of RBC flowing
toward the center of a microvessel inhibits the
margination of CTC. Instead, the effect of par-
ticulate nature is so pronounced that RBCs in
the blood flow are distributed separately and the
number of RBCs near the wall is larger compared

to the lower hematocrits, leading to an enhanced
lift force. Therefore, the CTC nearly cannot reach
the vessel wall at high hematocrit (Ht = 0.3),
while at a low concentration of RBCs (Ht = 0.1),
the detached CTC can easily reapproach the ves-
sel wall under the pushing force exerted by the
RBCs.

The margination and firm adhesion of WBCs
to the endothelium also attributes to the abil-
ity of RBC aggregates because of an enhanced
probability of contact between leukocytes and the
vessel wall (Abbitt and Nash 2003; Munn and
Dupin 2008; Pearson and Lipowsky 2000; Sun
and Munn 2006). Then the effects of RBC aggre-
gates on the adhesion of the CTC under different
flow rates in the microvessel (D = 20 μm) were
investigated. Firstly, for the case without RBC
aggregation, by comparing the variation of the
number of receptor-ligand bonds over the time
period of around 0.8 s at different flow rates, Fig.
3b shows that at high flow rate (γ = 17.72 s−1),
the initial adherent CTC detaches from the wall
quickly due to the increasing lift force. But after
a short time, the RBCs flowing toward the vessel
center expel the CTC from the RBC core and
further initiate the adhesion of the CTC to the
vessel wall, as shown in Fig. 3f. In addition, the
number of formed bonds is more than that at low
flow rate due to the large deformation resulting
from the large shear force, as plotted in Fig. 3c.
The CTC maintains its original spherical shape at
low flow rate.

The main effect of RBC aggregation is that
the time of CTC contact to the vessel extends
and the presence of RBC aggregation provides an
additional wall-directed force to compress the ad-
herent CTC (as shown in Fig. 3e, g), leading to an
increasing number of receptor-ligand bonds. At
low flow rate (γ = 2.2 s−1), the RBC aggregates
enable the CTC to stably roll along the surface of
the vessel wall with a certain number of bonds.
Nevertheless, the weak deformation inhibits the
formation of firmed adhesion. However, the large
deformation induced by the high flow rate in-
creases the CTC contact area; thus the number of
bonds increases considerably, which can be seen
at t = 0.4 s for the case of RBC aggregation in
Fig. 3b. If the adhesive force is largerthan the
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Fig. 3 Probability of the separation distance between the
CTC membrane and wall surface for different tubes at
Ht = 0.1, 0.2, and 0.3 (a); variation of number of receptor-
ligand bonds (b) and the deformation of CTC along the
flow direction (c) for the cases of RBC aggregation and
non-aggregation at different flow rates for D = 20 μm,
where LT refers to the length of the CTC along the

flow direction and DT defines the diameter of the CTC;
and snapshots of the flow of a CTC and RBCs for the
cases of (d) γ = 2.2 s−1, without RBC aggregation; (e)
γ = 2.2 s−1, with RBC aggregation; (f) γ = 17.72 s−1,
without RBC aggregation; (g) γ = 17.72 s−1, with RBC
aggregation

hydrodynamic viscous force exerted on the CTC,
firm adhesion may be formed.

In addition to the vessel size and the RBC con-
centration as well as its behaviors, the microvas-
cular geometry as well as CTC clusters provide

other important factors in tumor cell metastasis.
In vivo experiments showed that tumor cells as
well as blood cells prefer to aggregate near the
bend in a curved microvessel (Liu et al. 2008)
and the bifurcations in microvasculature serve
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the major sites of tumor cell adhesion (Guo et
al. 2014; Zhang et al. 2016). King et al. (2015)
experimentally investigated the circulating tu-
mor cell dynamics in the microvasculature and
showed that the rolling velocity of cancer cells
increases with the number of cells or aggre-
gates. CTC clusters were found to be capable of
transiting through 5- to 10-μm-diameter blood
vessels with greater metastatic potential than sin-
glets, which inspires the strategies of interfering
with cell-cell adhesion by chemical or enzymatic
agents to reduce the probability of metastasis (Au
et al. 2016; Hong et al. 2016).

5 CTC Transmigration Through
the Blood Vessel Wall

To understand how CTCs undergo large elastic
deformation during penetrating the vascular wall,
it is necessary to analyze this process from the
mechanical point of view. Few studies have in-
vestigated the mechanical process of the adherent
tumor cells physically penetrating the vascular
wall. But the passage of cell through a narrow
channel, slit, or small pore has attracted much
attention since the 1980s. Freund (2013) numer-
ically investigated the flow of red blood cells
(RBCs) through a narrow slit and observed that
the cells infold in the slit due to high velocity
or high cytosol viscosity, which might provide
a mechanism for jamming. Omori et al. (2014)
revealed that the transit time increases nonlin-
early with the viscosity ratio when RBCs pass
through a thin micropore. Wu and Feng (2013)
explored malaria-infected RBCs transit through
microchannel in terms of the cell deformability.
Li et al. (2014) and Quinn et al. (2011) sim-
ulated a single RBC flowing through a narrow
cuboid channel using dissipative particle dynam-
ics and found that the cell deformation and transit
time depend on cross-sectional geometry and
cell size. These studies on RBC passage through
a confined geometry provide important insights
into a tumor cell’s journey through the inter-
endothelial cleft. As for the studies on tumor
cell transmigration, cell deformation in microflu-
idic device offers effective measurement means

to quantify the mechanical properties of cell in
vitro (Chaw et al. 2007; Leong et al. 2011). It
is found that the surface area of cancer cells
increases by more than threefold during the cell
deformation through 10 μm microgap (Chaw et
al. 2007). Moreover, high-resolution time-lapse
microscopy was employed to investigate the dy-
namic nature of tumor cell extravasation in an in
vitro microvascular network platform. The find-
ings showed that the tumor cell extrudes firstly
through the formation of a small opening ( 1–
2 μm) between endothelial cells and the opening
grows to form a pore 8–10 μm in diameter
to allow for nuclear transmigration (Chen et al.
2013). Finally, the numerical study on the circu-
lating tumor cells passing through a 3D micro-
filtering channel shed lights on the importance of
channel geometry on deformability-based cancer
cell separation (Zhang et al. 2014).

Based on the numerical findings on the pas-
sage of RBCs through a constricted environment
and experimental studies in tumor cell transmi-
gration, it is necessary to furtherly examine the
detailed mechanical process of tumor cell ex-
travasation. The narrow slit between endothelial
cells that line the microvessel wall is the principal
pathway for tumor cell extravasation to the sur-
rounding tissue (Fan and Fu 2015). To understand
this crucial step for tumor hematogenous metas-
tasis, an individual cell passing through a narrow
slit is numerically investigated. As the elasticity
affects greatly the cell deformability, cells with
different values of Young’s modulus squeezing
into the slit of 6 μm width are compared, and
it was found that reducing the elasticity modulus
by ten times can double the protrusion length (the
distance between the cell front end and the entry
of the slit), but still doesn’t enable the cell to pass
the narrow slit (Xiao et al. 2016a).

As another determinant of the static deforma-
bility of the cells, the cell surface-to-volume
ratio was also considered. Cancer cells exhibit
various kinds of shapes, including round, oval,
elongated, and clusters (Park et al. 2014). The
shape transformation from sphere to flat ellipsoid
largely increases the surface-to-volume ratio. In
this section, spherical and ellipsoidal cell with the
same volume and mechanical properties passing
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through the narrow slit are compared in terms of
the deformation. The effects of initial orientation
of ellipsoidal cell on its transit through the slit
are investigated. In order to characterize the cell
deformation, the expression of local strain has
been introduced in the previous study (Chen et
al. 2013). Based on this definition, the average
deformation γi for the membrane particle i is
expressed as follows:

γi =

√√
√√

∑Ni

j=1

(
lij
lij,0

− 1
)2

Ni

(6)

where Ni represents the number of springs which
is connected by particle i and lij and lij,0 are the in-
stantaneous and spontaneous lengths of springs,
respectively. The local deformation contour for
each membrane particle is plotted in Fig. 4.

When the spherical cell protrudes the slit, its
forefront suffers large deformation, but the rear
end doesn’t nearly deform. The middle part of the
cell located in the slit retains to be stretched with
local γ reaching 80% after blockage, as shown in
Fig. 4a. But for an ellipsoidal cell, the deforma-
tion depends on its initial orientation. When its
seminor axis is parallel to y axis at initial time,
the cell can pass through the slit easily, which can
be seen in Fig. 4b, as the length of seminor axis
is comparable to the slit. When the cell enters the
slit, its front end is stretched initially. With the
increase in protrusion length, the extruded part
of cell expands, and the middle part maintains
to be stretched, while the rear end almost keeps
its original shape. After exiting from the slit, the
forefront of the cell is stretched largely, while
the rear end is compressed. But if the cell rotates
90◦ around z or x axis at initial time, the size of
cell is nearly double the slit width. Therefore, the
cell should compress itself when traversing the
narrow slit, which produces large deformation.
As its centroid reaches the center of the slit,
the extruded part expands largely and local γ

can attain 70%, while the exposed part has not
been squeezed into the slit shrinks and even some
wrinkles appear on the membrane, as can be seen
in Fig. 4c, d. When the cell exits from the slit,
it enfolds within the slit. After passing through

the slit, the expanding part gradually shrinks,
and the shrinking one expands slowly. In fact,
before transmigrating through the slit between
two endothelial cells, a tumor cell has to adhere
to the endothelium. Then the adherent spherical
cell would spread out into a flat shape before
extravasation (Albelda et al. 1994; Dewitt and
Hallett 2007; Stoletov et al. 2010; Zhu et al.
2000). This shape change enables tumor cells to
transmigrate through a much narrower slit.

6 Summary

As one critical step in cancer metastasis, CTC
adhesion prefers to occur at the curved microves-
sels. To explore this mechanical mechanism, a
numerical study based on a modified adhesive
dynamic model was proposed, and it can be
found that the positive shear stresses/gradients
promote cell adhesion by activating cell adhesion
molecules.

Then the particulate effects of blood on the
adhesion of CTC in microvessels were exam-
ined. When the vessel size is comparable to
the CTC diameter, the probability of CTC ad-
hesion is independent on the hematocrit. With
the increase in vessel size, an enhanced adhesion
occurs at higher hematocrit due to the growing
wall-directed force. In a larger microvessel, an
increased lift force induced by collision of the
high concentration of RBCs facilitates CTC de-
tachment from the vessel wall. In the aggregating
RBC suspensions, an enhanced CTC adhesion
can be found because an additional wall-directed
force enforced by the RBC aggregates further
compresses the CTC and enables the CTC to
stably roll along the vessel wall.

As for the CTC transmigration across the
endothelium, the deformability of the CTC has
significant contribution to this event. Particularly,
the cell shape and surface area increase are the
more important determinant factors of cell de-
formability compared to the cell elasticity when
the cell passes through the narrow slit.
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relaxed shapes through the narrow slit from the front
view (the upper row) and the top view (the lower row)

separately. A/V is 0.667 μm−1 in (a), 0.730 μm−1 in (b,
c) and (d). (b, c) and (d) represent that the seminor axis of
the cell is parallel to y, x, and z axis, respectively



232 L. L. Xiao et al.

ural Science Foundation of China (Grant No. 51276130),
and NIH SC1 CA153325-01 are gratefully acknowledged.

References

Abbitt KB, Nash GB (2003) Rheological properties of
the blood influencing selectin-mediated adhesion of
flowing leukocytes. Am J Physiol Heart Circ Physiol
285:H229–H240

Albelda SM, Smith CW, Ward PA (1994) Adhesion
molecules and inflammatory injury. FASEB J 8:
504–512

Au SH et al (2016) Clusters of circulating tumor cells
traverse capillary-sized vessels. Proc Natl Acad Sci
U S A 113:4947–4952. https://doi.org/10.1073/pnas.
1524448113

Behr J, Gaskin B, Fu C, Dong C, Kunz R (2015) Localized
modeling of biochemical and flow interactions during
cancer cell adhesion. PLoS One 10:e0136926. https://
doi.org/10.1371/journal.pone.0136926

Bell GI (1978) Models for the specific adhesion of cells to
cells. Science 200:618–627

Bendas G, Borsig L (2012) Cancer cell adhesion and
metastasis: selectins, integrins, and the inhibitory po-
tential of heparins. Int J Cell Biol 2012:676731. https://
doi.org/10.1155/2012/676731

Boey SK, Boal DH, Discher DE (1998) Simulations of
the erythrocyte cytoskeleton at large deformation. I.
Microscopic models. Biophys J 75:1573–1583

Caputo KE, Hammer DA (2005) Effect of microvillus
deformability on leukocyte adhesion explored using
adhesive dynamics simulations. Biophys J 89:187–200.
https://doi.org/10.1529/biophysj.104.054171

Chang KC, Hammer DA (1996) Influence of direc-
tion and type of applied force on the detach-
ment of macromolecularly-bound particles from sur-
faces. Langmuir 12:2271–2282. https://doi.org/10.
1021/La950690y

Chang KC, Tees DFJ, Hammer DA (2000) The state
diagram for cell adhesion under flow: leukocyte
rolling and firm adhesion. Proc Natl Acad Sci U
S A 97:11262–11267. https://doi.org/10.1073/pnas.
200240897

Chaw KC, Manimaran M, Tay EH, Swaminathan S (2007)
Multi-step microfluidic device for studying cancer
metastasis. Lab Chip 7:1041–1047

Chen MB, Whisler JA, Jeon JS, Kamm RD (2013) Mech-
anisms of tumor cell extravasation in an in vitro mi-
crovascular network platform. Integr Biol 5:1262–1271

Cross SE, Jin YS, Rao J, Gimzewski JK (2007) Nanome-
chanical analysis of cells from cancer patients. Nat
Nanotechnol 2:780–783

Dembo M, Torney DC, Saxman K, Hammer D (1988)
The reaction-limited kinetics of membrane-to-surface
adhesion and detachment. Proc R Soc Lond B Biol Sci
234:55–83. https://doi.org/10.1098/rspb.1988.0038

Dewitt S, Hallett M (2007) Leukocyte membrane “expan-
sion”: a central mechanism for leukocyte extravasation.
J Leukoc Biol 81:1160–1164

Dong C, Slattery MJ, Liang S, Peng HH (2005) Melanoma
cell extravasation under flow conditions is modulated
by leukocytes and endogenously produced interleukin
8. Molecular Cell Biomech 2:145–159

Fan J, Fu BM (2015) Quantification of malignant breast
cancer cell MDA-MB-231 transmigration across brain
and lung microvascular endothelium. Ann Biomed
Eng 44(7):2189–2201. https://doi.org/10.1007/s10439-
015-1517-y

Fedosov DA, Gompper G (2014) White blood cell
margination in microcirculation. Soft Matter 10:
2961–2970

Fedosov DA, Caswell B, Karniadakis GE (2010a) Sys-
tematic coarse-graining of spectrin-level red blood
cell models. Comput Methods Appl Mech Eng 199:
1937–1948

Fedosov DA, Caswell B, Popel AS, Karniadakis GE
(2010b) Blood flow and cell-free layer in microvessels.
Microcirculation 17:615–628

Freund JB (2013) The flow of red blood cells through a
narrow spleen-like slit. Phys Fluids 25:110807

Freund JB (2014) Numerical simulation of flowing blood
cells. Annu Rev Fluid Mech 46:67. https://doi.org/10.
1146/annurev-fluid-010313-141349

Fung YC (1993) Biomechanics: mechanical properties of
living tissues, 2nd edn. Springer-Verlag, New York

Gompper G, Fedosov DA (2016) Modeling microcircula-
tory blood flow: current state and future perspectives.
WIREs Syst Biol Med 8:157–168. https://doi.org/10.
1002/wsbm.1326

Guo P, Cai B, Lei M, Liu Y, Fu BMM (2014)
Differential arrest and adhesion of tumor cells
and microbeads in the microvasculature. Biomech
Model Mechanobiol 13:537–550. https://doi.org/10.
1007/s10237-013-0515-y

Haier J, Nicolson GL (2001) Tumor cell adhe-
sion under hydrodynamic conditions of fluid flow.
APMIS 109:241–262. https://doi.org/10.1034/j.1600-
0463.2001.d01-118.x

Hammer DA, Apte SM (1992) Simulation of cell rolling
and adhesion on surfaces in shear-flow - general results
and analysis of selectin-mediated neutrophil adhesion.
Biophys J 63:35–57

Hong YP, Fang F, Zhang Q (2016) Circulating tumor cell
clusters: what we know and what we expect (review).
Int J Oncol 49:2206–2216

Imai Y, Omori T, Shimogonya Y, Yamaguchi T, Ishikawa
T (2016) Numerical methods for simulating blood flow
at macro, micro, and multi scales. J Biomech 49:2221–
2228. https://doi.org/10.1016/j.jbiomech.2015.11.047

Ju M, Ye SS, Namgung B, Cho S, Low HT, Leo HL,
Kim S (2015) A review of numerical methods for red
blood cell flow simulation. Comput Methods Biomech
Biomed Engin 18:130–140. https://doi.org/10.1080/
10255842.2013.783574

http://dx.doi.org/10.1073/pnas.1524448113
http://dx.doi.org/10.1073/pnas.1524448113
http://dx.doi.org/10.1371/journal.pone.0136926
http://dx.doi.org/10.1371/journal.pone.0136926
http://dx.doi.org/10.1155/2012/676731
http://dx.doi.org/10.1155/2012/676731
http://dx.doi.org/10.1529/biophysj.104.054171
http://dx.doi.org/10.1021/La950690y
http://dx.doi.org/10.1021/La950690y
http://dx.doi.org/10.1073/pnas.200240897
http://dx.doi.org/10.1073/pnas.200240897
http://dx.doi.org/10.1098/rspb.1988.0038
http://dx.doi.org/10.1007/s10439-015-1517-y
http://dx.doi.org/10.1007/s10439-015-1517-y
http://dx.doi.org/10.1146/annurev-fluid-010313-141349
http://dx.doi.org/10.1146/annurev-fluid-010313-141349
http://dx.doi.org/10.1002/wsbm.1326
http://dx.doi.org/10.1002/wsbm.1326
http://dx.doi.org/10.1007/s10237-013-0515-y
http://dx.doi.org/10.1007/s10237-013-0515-y
http://dx.doi.org/10.1034/j.1600-0463.2001.d01-118.x
http://dx.doi.org/10.1034/j.1600-0463.2001.d01-118.x
http://dx.doi.org/10.1016/j.jbiomech.2015.11.047
http://dx.doi.org/10.1080/10255842.2013.783574
http://dx.doi.org/10.1080/10255842.2013.783574


Modeling Cell Adhesion and Extravasation in Microvascular System 233

King MR, Hammer DA (2001) Multiparticle adhesive
dynamics: hydrodynamic recruitment of rolling leuko-
cytes. Proc Natl Acad Sci USA 98:14919–14924.
https://doi.org/10.1073/pnas.261272498

King MR et al (2015) A physical sciences network charac-
terization of circulating tumor cell aggregate transport.
Am J Physiol Cell Physiol 308:C792–C802. https://doi.
org/10.1152/ajpcell.00346.2014

Koumoutsakos P, Pivkin I, Milde F (2013) The fluid
mechanics of cancer and its therapy. Annu Rev
Fluid Mech 45(45):325–355. https://doi.org/10.1146/
annurev-fluid-120710-101102

Kunz RF, Gaskin BJ, Li Q, Davanloo-Tajbakhsh S, Dong
C (2015) Multi-scale biological and physical modelling
of the tumour micro-environment. Drug Discov Today
Dis Model 16:7–15. https://doi.org/10.1016/j.ddmod.
2015.03.001

Leong FY, Li QS, Lim CT, Chiam KH (2011) Model-
ing cell entry into a micro-channel. Biomech Model
Mechanobiol 10:755–766

Li J, Dao M, Lim CT, Suresh S (2005) Spectrin-level
modeling of the cytoskeleton and optical tweezers
stretching of the erythrocyte. Biophys J 88:3707–3719.
https://doi.org/10.1529/biophysj.104.047332

Li XJ, Popel AS, Karniadakis GE (2012) Blood-plasma
separation in Y-shaped bifurcating microfluidic chan-
nels: a dissipative particle dynamics simulation study.
Phys Biol 9:026010

Li X, Peng Z, Lei H, Dao M, Karniadakis GE (2014) Prob-
ing red blood cell mechanics, rheology and dynamics
with a two-component multi-scale model. Philos Trans-
act A Math Phys Eng Sci 372:20130389. https://doi.
org/10.1098/rsta.2013.0389

Liu YL, Liu WK (2006) Rheology of red blood
cell aggregation by computer simulation. J Comput
Phys 220:139–154. https://doi.org/10.1016/j.jcp.2006.
05.010

Liu Q, Mirc D, Fu BM (2008) Mechanical mechanisms of
thrombosis in intact bent microvessels of rat mesentery.
J Biomech 41:2726–2734

Maheswaran S, Haber DA (2010) Circulating tumor cells:
a window into cancer biology and metastasis. Curr
Opin Genet Dev 20:96–99. https://doi.org/10.1016/j.
gde.2009.12.002

Mierke CT (2011) Cancer cells regulate biomechanical
properties of human microvascular endothelial cells. J
Biol Chem 286:40025–40037

Mierke CT (2012) Endothelial cell’s biomechanical prop-
erties are regulated by invasive cancer cells. Mol
BioSyst 8:1639–1649

Mitchell MJ, King MR (2014) Physical biology in cancer.
3. The role of cell glycocalyx in vascular transport of
circulating tumor cells. Am J Phys Cell Phys 306:C89–
C97. https://doi.org/10.1152/ajpcell.00285.2013

Munn LL, Dupin MM (2008) Blood cell interactions and
segregation in flow. Ann Biomed Eng 36:534–544

Omori T, Hosaka H, Imai Y, Yamaguchi T, Ishikawa T
(2014) Numerical analysis of a red blood cell flowing
through a thin micropore. Phys Rev E 89:013008

Park S, Ang RR, Duffy SP, Bazov J, Chi KN, Black
PC, Ma HS (2014) Morphological differences between
circulating tumor cells from prostate cancer patients
and cultured prostate cancer cells. PLoS One 9:e85264

Pearson MJ, Lipowsky HH (2000) Influence of erythro-
cyte aggregation on leukocyte margination in postcap-
illary venules of rat mesentery. Am J Physiol Heart Circ
Physiol 279:H1460–H1471

Pivkin IV, Karniadakis GE (2008) Accurate coarse-
grained modeling of red blood cells. Phys Rev Lett
101:118105

Pozrikidis C (2001) Effect of membrane bending stiffness
on the deformation of capsules in simple shear flow. J
Fluid Mech 440:269–291

Pozrikidis C (2003) Numerical simulation of the flow-
induced deformation of red blood cells. Ann Biomed
Eng 31:1194–1205. https://doi.org/10.1114/1.1617985

Pries AR, Neuhaus D, Gaehtgens P (1992) Blood-
viscosity in tube flow - dependence on diameter and
hematocrit. Am J Phys 263:H1770–H1778

Quinn DJ, Pivkin I, Wong SY, Chiam KH, Dao M,
Karniadakis GE, Suresh S (2011) Combined simulation
and experimental study of large deformation of red
blood cells in microfluidic systems. Ann Biomed Eng
39:1041–1050

Reinke W, Gaehtgens P, Johnson PC (1987) Blood-
viscosity in small tubes - effect of shear rate, aggre-
gation, and sedimentation. Am J Phys 253:H540–H547

Rejniak KA (2012) Investigating dynamical deformations
of tumor cells in circulation: predictions from a theoret-
ical model. Front Oncol 2:111. https://doi.org/10.3389/
fonc.2012.00111

Shao JY, Xu G (2007) The adhesion between a
microvillus-bearing cell and a ligand-coated substrate:
a Monte Carlo study. Ann Biomed Eng 35:397–407.
https://doi.org/10.1007/s10439-006-9221-6

Springer TA (1994) Traffic signals for lymphocyte re-
circulation and leukocyte emigration - the multistep
paradigm. Cell 76:301–314. https://doi.org/10.1016/
0092-8674(94)90337-9

Stoletov K, Kato H, Zardouzian E, Kelber J, Yang J,
Shattil S, Klemke R (2010) Visualizing extravasation
dynamics of metastatic tumor cells. J Cell Sci 123:
2332–2341

Stroka KM, Konstantopoulos K (2014) Physical biology
in cancer. 4. Physical cues guide tumor cell adhesion
and migration. Am J Physiol Cell Physiol 306:C98–
C109. https://doi.org/10.1152/ajpcell.00289.2013

Sugihara-Seki M, Fu BMM (2005) Blood flow and perme-
ability in microvessels. Fluid Dyn Res 37:82–132

Sun CH, Munn LL (2005) Particulate nature of blood
determines macroscopic rheology: a 2-D lattice Boltz-
mann analysis. Biophys J 88:1635–1645

Sun C, Munn LL (2006) Influence of erythrocyte ag-
gregation on leukocyte margination in postcapillary
expansions: a lattice Boltzmann analysis. Physica A
362:191–196. https://doi.org/10.1016/j.physa.2005.09.
027

Suresh S (2007) Biomechanics and biophysics of cancer
cells. Acta Biomater 3:413–438

http://dx.doi.org/10.1073/pnas.261272498
http://dx.doi.org/10.1152/ajpcell.00346.2014
http://dx.doi.org/10.1152/ajpcell.00346.2014
http://dx.doi.org/10.1146/annurev-fluid-120710-101102
http://dx.doi.org/10.1146/annurev-fluid-120710-101102
http://dx.doi.org/10.1016/j.ddmod.2015.03.001
http://dx.doi.org/10.1016/j.ddmod.2015.03.001
http://dx.doi.org/10.1529/biophysj.104.047332
http://dx.doi.org/10.1098/rsta.2013.0389
http://dx.doi.org/10.1098/rsta.2013.0389
http://dx.doi.org/10.1016/j.jcp.2006.05.010
http://dx.doi.org/10.1016/j.jcp.2006.05.010
http://dx.doi.org/10.1016/j.gde.2009.12.002
http://dx.doi.org/10.1016/j.gde.2009.12.002
http://dx.doi.org/10.1152/ajpcell.00285.2013
http://dx.doi.org/10.1114/1.1617985
http://dx.doi.org/10.3389/fonc.2012.00111
http://dx.doi.org/10.3389/fonc.2012.00111
http://dx.doi.org/10.1007/s10439-006-9221-6
http://dx.doi.org/10.1016/0092-8674(94)90337-9
http://dx.doi.org/10.1016/0092-8674(94)90337-9
http://dx.doi.org/10.1152/ajpcell.00289.2013
http://dx.doi.org/10.1016/j.physa.2005.09.027
http://dx.doi.org/10.1016/j.physa.2005.09.027


234 L. L. Xiao et al.

Takeishi N, Imai Y, Nakaaki K, Yamaguchi T, Ishikawa
T (2014) Leukocyte margination at arteriole shear rate.
Physiol Rep 2:e12037. https://doi.org/10.14814/phy2.
12037

Takeishi N, Imai Y, Yamaguchi T, Ishikawa T (2015)
Flow of a circulating tumor cell and red blood cells in
microvessels. Phys Rev E 92:063011

Takeishi N, Imai Y, Ishida S, Omori T, Kamm RD,
Ishikawa T (2016) Cell adhesion during bullet mo-
tion in capillaries. Am J Physiol Heart Circ Physiol
311:H395–H403

Vahidkhah K, Fatouraee N (2012) Numerical simulation
of red blood cell behavior in a stenosed arteriole using
the immersed boundary-lattice Boltzmann method. Int
J Numer Methods Biomed Eng 28:239–256. https://doi.
org/10.1002/cnm.1463

Wang JK, Slattery MJ, Hoskins MH, Liang SL, Dong C,
Du Q (2006) Monte Carlo simulation of heterotypic
cell aggregation in nonlinear shear flow. Math Biosci
Eng 3:683–696

Weiss L (1982) Metastatic inefficiency. Pathol Res Pract
176:86–86

Wirtz D, Konstantopoulos K, Searson PC (2011) The
physics of cancer: the role of physical interactions
and mechanical forces in metastasis. Nat Rev Cancer
11:512–522. https://doi.org/10.1038/nrc3080

Wu TH, Feng JJ (2013) Simulation of malaria-infected
red blood cells in microfluidic channels: passage and
blockage. Biomicrofluidics 7:044115

Xiao LL, Liu Y, Chen S, Fu BM (2016a) Numerical
simulation of a single cell passing through a narrow slit.
Biomech Model Mechanobiol 15:1655–1667

Xiao LL, Liu Y, Chen S, Fu BM (2016b) Simulation of
deformation and aggregation of two red blood cells in a
stenosed microvessel by dissipative particle dynamics.
Cell Biochem Biophys 74:513–525. https://doi.org/10.
1007/s12013-016-0765-2

Xiao LL, Liu Y, Chen S, Fu BM (2017) Effects of
flowing RBCs on adhesion of a circulating tumor cell
in microvessels. Biomech Model Mechanobiol 16:597–
610. https://doi.org/10.1007/s10237-016-0839-5

Yan WW, Liu Y, Fu BM (2010) Effects of curvature and
cell-cell interaction on cell adhesion

in microvessels. Biomech Model Mechanobiol 9:629–
640. https://doi.org/10.1007/s10237-010-0202-1

Yan WW, Cai B, Liu Y, Fu BM (2012) Effects
of wall shear stress and its gradient on tumor
cell adhesion in curved microvessels. Biomech
Model Mechanobiol 11:641–653. https://doi.org/10.
1007/s10237-011-0339-6

Yan WW, Liu Y, Fu BM (2016) LBM simulations on the
influence of endothelial SGL structure on cell adhesion
in the micro-vessels. Comp Math Appl https://doi.org/
10.1016/j.camwa.2016.07.005

Yen RT, Fung YC (1978) Effect of velocity distribution
on red-cell distribution in capillary blood-vessels. Am
J Phys 235:H251–H257

Yu M, Stott S, Toner M, Maheswaran S, Haber DA (2011)
Circulating tumor cells: approaches to isolation and
characterization. J Cell Biol 192:373–382. https://doi.
org/10.1083/jcb.201010021

Zhang J, Johnson PC, Popel AS (2008) Red blood cell
aggregation and dissociation in shear flows simulated
by lattice Boltzmann method. J Biomech 41:47–55.
https://doi.org/10.1016/j.jbiomech.2007.07.020

Zhang ZF, Xu J, Hong B, Chen XL (2014) The effects
of 3D channel geometry on CTC passing pressure
- towards deformability-based cancer cell separation.
Lab Chip 14:2576–2584

Zhang L, Zeng M, Fu BM (2016) Inhibition of en-
dothelial nitric oxide synthase decreases breast cancer
cell MDA-MB-231 adhesion to intact microvessels
under physiological flows. Am J Phys Heart Circ
Phys 310(11):H1735–H1747. https://doi.org/10.1152/
ajpheart.00109.2016

Zhao H, Isfahani AHG, Olson LN, Freund JB (2010) A
spectral boundary integral method for flowing blood
cells. J Comput Phys 229:3726–3744. https://doi.org/
10.1016/j.jcp.2010.01.024

Zhu C (2000) Kinetics and mechanics of cell adhesion.
J Biomech 33:23–33. https://doi.org/10.1016/S0021-
9290(99)00163-3

Zhu C, Bao G, Wang N (2000) Cell mechanics: mechani-
cal response, cell adhesion, and molecular deformation.
Annu Rev Biomed Eng 2:189–226. https://doi.org/10.
1146/annurev.bioeng.2.1.189

http://dx.doi.org/10.14814/phy2.12037
http://dx.doi.org/10.14814/phy2.12037
http://dx.doi.org/10.1002/cnm.1463
http://dx.doi.org/10.1002/cnm.1463
http://dx.doi.org/10.1038/nrc3080
http://dx.doi.org/10.1007/s12013-016-0765-2
http://dx.doi.org/10.1007/s12013-016-0765-2
http://dx.doi.org/10.1007/s10237-016-0839-5
http://dx.doi.org/10.1007/s10237-010-0202-1
http://dx.doi.org/10.1007/s10237-011-0339-6
http://dx.doi.org/10.1007/s10237-011-0339-6
http://dx.doi.org/10.1016/j.camwa.2016.07.005
http://dx.doi.org/10.1016/j.camwa.2016.07.005
http://dx.doi.org/10.1083/jcb.201010021
http://dx.doi.org/10.1083/jcb.201010021
http://dx.doi.org/10.1016/j.jbiomech.2007.07.020
http://dx.doi.org/10.1152/ajpheart.00109.2016
http://dx.doi.org/10.1152/ajpheart.00109.2016
http://dx.doi.org/10.1016/j.jcp.2010.01.024
http://dx.doi.org/10.1016/j.jcp.2010.01.024
http://dx.doi.org/10.1016/S0021-9290(99)00163-3
http://dx.doi.org/10.1016/S0021-9290(99)00163-3
http://dx.doi.org/10.1146/annurev.bioeng.2.1.189
http://dx.doi.org/10.1146/annurev.bioeng.2.1.189


Transport Across the Blood-Brain
Barrier

Bingmei M. Fu

Abstract

The blood-brain barrier (BBB) is a dynamic
barrier essential for maintaining the microen-
vironment of the brain. Although the special
anatomical features of the BBB determine its
protective role for the central nervous system
(CNS) from blood-borne neurotoxins, how-
ever, the BBB extremely limits the therapeu-
tic efficacy of drugs into the CNS, which
greatly hinders the treatment of major brain
diseases. This chapter summarized the unique
structures of the BBB; described a variety
of in vivo and in vitro experimental methods
for determining the transport properties of the
BBB and the permeability of the BBB to
water, ions, and solutes including nutrients,
therapeutic agents, and drug carriers; and pre-
sented recently developed mathematical mod-
els which quantitatively correlate the anatomi-
cal structures of the BBB with its barrier func-
tions. Recent findings for modulation of the
BBB permeability by chemical and physical
stimuli were described. Finally, drug delivery
strategies through specific trans-BBB routes
were discussed.

B. M. Fu (�)
Department of Biomedical Engineering, The City College
of the City University of New York, New York, NY, USA
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1 Introduction

The most complicated and amazing organ in
our body is the brain. It contains ∼100 billion
neurons and ∼1 trillion glial cells (supporting
cells in the brain including astrocytes, oligoden-
drocytes, microglia, and ependymal cells). Along
with a tremendous amount of blood vessels, these
cells and surrounding extracellular matrix form
a highly complex, though well-organized, 3-D
interconnecting arrays. In order to perform its
highly complicated tasks, the brain needs a sub-
stantial amount of energy to maintain electrical
gradients across neuronal membranes and con-
sequently requires a sufficient supply of oxy-
gen and nutrients. Although it only accounts
for ∼2% of the body weight, the brain uses
∼20% of the blood supply. The blood is delivered
through a complex network of blood vessels
that runs >650 km and passes a surface area
of ∼20 m2. The mean distance between adja-
cent capillaries is ∼40 μm, which allows almost
instantaneous equilibration in the brain tissue
surrounding the microvessels for small solutes
such as glucose, amino acids, vitamins, oxygen,
etc. However, unlike peripheral microvessels in
other organs where there is a relatively free small
solute exchange between the blood and tissue,
the microvessels in the brain (cerebral microves-
sels) constrain the movement of molecules be-
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tween blood and the brain tissue (Abbott 1992;
Pardridge 1998). This characteristic provides a
natural defense against toxins circulating in the
blood, which, on the other hand, prevents the
delivery of therapeutic agents to the brain.

The vascular barrier system in the brain
consists of the blood-brain barrier (BBB) and
the blood-cerebrospinal fluid (CSF) barriers.
The blood-brain barrier (BBB) is the name for
the wall of the cerebral microvessels in the
brain parenchyma. At the surface of the brain
parenchyma, microvessels running in the pia
mater are called pial microvessels, which are
often used as in vivo models for studying the
BBB permeability. Due to its unique structure
that will be discussed in the next section, the BBB
maintains very low permeability to water and
solutes. In the middle of the brain parenchyma,
there are ventricular cavities (ventricles) filled
with cerebrospinal fluid (CSF) secreted by the
epithelial cells of choroid plexus (Brown et
al. 2004a, b; Engelhardt and Coisne 2011).
The choroid plexus is a highly vascular tissue
with leaky, fenestrated capillaries covered with
ependymal epithelium, which has relatively tight
junctions. The multicell layer between the blood
and the CSF in the choroid plexuses is called
the blood-CSF barrier. Since the area of the
BBB is about 1000 times that of the blood-CSF
barrier, it is more important to circumvent the
impermeability of the BBB for delivering drugs
to the brain (Pardridge 2007). The total surface
area of the BBB constitutes by far the largest
interface for blood-brain exchange, which is
between 12 and 18 m2 for the average human
adult (Nag and Begley 2005). Unlike these
two tight blood barriers, the interface between
the CSF and brain tissue along the ependymal
surface of the ventricles and that between pia
mater and brain tissue, so called the brain-CSF
barriers, is rather leaky, implying a possible route
for drug delivery to the brain. The CSF is formed
by the choroid plexuses of the ventricles, passes
the ventricles to the subarachnoid space over the
pia mater, and is finally absorbed to the venules
in the dura mater through arachnoid microvilli
and arachnoid granulations (Redzic and Segal
2004). Recent studies (reviewed in Bakker

Erik et al. 2016; Brinker et al. 2014) revealed
that the process of CSF absorption is far more
complicated than the previous view, due to the
discovery of brain lymphatic system (Aspelund
et al. 2015; Louveau et al. 2015; Greenwood
2017) and perivascular and paravascular
clearance mechanisms (Carare et al. 2008; Iliff
et al. 2013).

2 The Blood-Brain Barrier

The blood-brain barrier (BBB) is a unique dy-
namic regulatory interface between the cerebral
circulation and the brain tissue, and it is essential
for maintaining the microenvironment within the
brain. No other body organ so absolutely depends
on a constant internal microenvironment as does
the brain. In the brain, the extracellular concen-
trations of amino acids and ions such as Na+,
K+, and Ca2+ must be retained in very narrow
ranges. If the brain is exposed to big chemical
variations for these molecules, neurons would
not function properly because some amino acids
serve as neurotransmitters and certain ions mod-
ify the threshold for neuronal firing. The BBB
also protects the central nervous system (CNS)
from blood-borne neuroactive solutes, such as
glutamate, glycine, norepinephrine, epinephrine,
and peptide hormones (Smith 2000), which can
increase with physiological changes (e.g., diet
and stress) and pathological changes (e.g., in-
jury and diseases). In addition, the BBB plays
a key role in facilitating the brain uptake of
essential nutrients like glucose, hormones, and
vitamins and larger molecules like insulin, leptin,
and iron transferring to sustain brain growth and
metabolism (Zhang and Pardridge 2001).

The term “blood-brain barrier” was coined by
Lewandowsky in 1900 while he demonstrated
that neurotoxic agents affected brain function
only when directly injected into the brain but
not when injected into the systemic circulation
(Lewandowsky 1900). Nevertheless, the first
experimental observation of this vascular barrier
between the cerebral circulation and the CNS
should date back to the 1880s, when Paul Ehrlich
discovered that certain water-soluble dyes, like
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trypan blue, after injected into the systemic
circulation, were rapidly taken by all organs
except the brain and spinal cord (Ehrlich 1885).
Ehrlich interpreted these observations as a lack
of the affinity of the CNS for the dyes. However,
subsequent experiments performed by Edwin
Goldmann, an associate of Ehrlich, demonstrated
that the same dyes, when injected directly into
the CNS, stained all types of cells in the brain
tissue but not any other tissues in the rest of
the body (Goldmann 1913). It took additional
70 years until this barrier was firstly localized
to cerebral microvascular endothelial cells by
electron microscopic studies performed by Reese
and Karnovsky (1967). Although the concept of
the BBB has continued to be refined over the
past several decades, the recent understanding
of the basic structure of the BBB is built on
the general framework established by their
studies in the late 1960s; more specifically, the
BBB exists primarily as a selective transport
barrier at the level of cerebral capillary
endothelium.

The anatomical structure of the blood-brain
barrier (BBB) is sketched in Fig. 1. The cir-
cumference of the BBB lumen is surrounded
by endothelial cells, the opposing plasmalemma
membranes of which are connected by tight junc-
tions. At the luminal surface of the endothelial
cell, there is a rather uniform fluffy glycocalyx
layer (Ueno et al. 2004; Haeren et al. 2016; Yoon
et al. 2017). This mucopolysaccharide structure
is highly hydrated in electrolytic solution and
contains large numbers of solid-bound fixed neg-
ative charges due to the polyanionic nature of
its constituents abundant in glycoproteins, acidic
oligosaccharides, terminal sialic acids, proteo-
glycan, and glycosaminoglycans aggregates. Per-
icytes attach to the abluminal membrane of the
endothelium at irregular intervals. In a periph-
eral microvessel, there is a loose and irregu-
lar basal lamina (or basement membrane) sur-
rounding the pericytes. In contrast, in the BBB,
pericytes and endothelial cells are ensheathed
by a very uniform basement membrane of 20–
100 nm thickness (Farkas and Luiten 2001),
which is composed of collagen type IV, heparan
sulfate proteoglycans, laminin, fibronectin, and

other extracellular matrix proteins (Bakker Erik
et al. 2016). The basal lamina is contiguous with
the plasma membranes of astrocyte end feet that
wrap almost the entire abluminal surface of the
endothelium (Pardridge 1998).

In addition to the anatomical structures, the
BBB differs from the peripheral microvessels in
the following aspects. The mitochondrial con-
tent of the endothelial cells forming the BBB
is greater than that of such cells in all non-
neural tissues. It is suggested that this larger
metabolic work capacity may be used to maintain
the unique structural characteristics of the BBB
and/or by metabolic pumps that may require
energy to maintain the differences in compo-
sition of the cerebral circulation and the brain
tissue (Oldendorf et al. 1977). The BBB has
high electrical resistance, much less fenestration,
and more intensive junctions, which are respon-
sible for restricting paracellular passage of water
and polar solutes from the peripheral circula-
tion entering into the CNS (Butt et al. 1990;
Hawkins and Davis 2005). Between adjacent
endothelial membranes, there are junctional com-
plexes which include adherens junctions (AJs),
tight junctions (TJs), and possibly gap junctions
(Simard et al. 2003). The structure of the junction
complexes between endothelial cells is shown in
Fig. 2 (Kim et al. 2006; Abbott et al. 2010).
Both AJs and TJs act to restrict paracellular
transport across the endothelium, while gap junc-
tions mediate intercellular communication. AJs
are ubiquitous in the vasculature, and their pri-
mary component is vascular endothelial (VE)-
cadherin. They basically mediate the adhesion
of endothelial cells to each other and contact
inhibition during vascular growth and remodel-
ing. Although disruption of AJs at the BBB can
lead to increased permeability, TJ is the major
junction that confers the low paracellular per-
meability and high electrical resistance (Romero
et al. 2003). The tight junction complex includes
two classes of transmembrane molecules: oc-
cludins and claudins. These transmembrane pro-
teins from adjacent endothelia cells interact with
each other and form seals in the spaces between
adjacent endothelial cells. The cytoplasmic tails
of the transmembrane proteins are linked to the
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Fig. 1 Schematic of the three-dimensional view (a)
and cross-sectional view (b) of the blood-brain barrier
(BBB) or cerebral microvessel (the microvessel in
the brain) wall. In addition to other structures as in
a peripheral microvessel, the BBB is wrapped by

astrocyte foot processes (AP). BM, basement membrane
(or basal lamina); E, endothelial cell; EN, nucleus of
endothelial cell; P, pericytes; G, surface glycocalyx layer;
TJ, tight junction. Modified from (Li et al. 2010a, b)
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Fig. 2 Schematic of junctional complex in the paracellular pathway of the BBB. Modified from (Abbott et al. 2010)

actin cytoskeleton via a number of accessory pro-
teins such as members of the zonula occludens
family, ZO-1, ZO-2, and ZO-3.

A number of grafting and cell culture studies
have suggested that the ability of cerebral en-
dothelial cells to form the BBB is not intrinsic
to these cells, but the cellular milieu of the brain
somehow induces the barrier property into the
blood vessels. It is believed that all components
of the BBB are essential for maintaining func-
tionality and stability of the BBB. Pericytes seem
to play a key role in angiogenesis, structural
integrity, and maturation of cerebral microvessels
(Ballabh et al. 2004). The extracellular matrix of
the basal lamina appears to serve as an anchor for
the endothelial layer via interaction of laminin
and other matrix proteins with endothelial inte-

grin receptors (Moody 2006). It was suggested
that astrocytes are critical in the development
and/or maintenance of unique features of the
BBB. Additionally, astrocytes may act as mes-
sengers to or in conjunction with neurons in
the moment-to-moment regulation of the BBB
permeability (Ballabh et al. 2004).

3 Transport Pathways Across
the Blood-Brain Barrier

The BBB endothelial cells differ from those in
peripheral microvessels by more intensive tight
junctions, sparse pinocytic vesicular transport,
and much less fenestrations. The transport of
substances from the capillary blood into the
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Fig. 3 Transport pathways across the brain endothelial cell. Modified from (Neuwelt 2004)

brain tissue depends on the molecular size,
lipid solubility, binding to specific transporters,
and electrical charge (Moody 2006). Figure 3
summarizes the transport routes across the BBB
(Neuwelt 2004). Compared to the peripheral
microvessel wall, the additional structure of
the BBB and tighter endothelial junctions
greatly restrict hydrophilic molecules transport
through the gaps between the cells, i.e., the
paracellular pathway of the BBB, route A in
Fig. 3. In contrast, small hydrophobic molecules
such as O2 and CO2 diffuse freely across
plasma membranes following their concentration
gradients, i.e., the transcellular lipophilic
diffusion pathway, route C in Fig. 3. The BBB
permeability to most molecules can be estimated
on the basis of their octanol/water partition
coefficients (Sawchuk and Elmquist 2000). For
example, diphenhydramine (Benadryl), which
has a high partition coefficient, can easily cross
the BBB, whereas water-soluble loratadine
(Claritin) is not able to penetrate the BBB and
has little effect on the CNS (Kay 2000).

However, the octanol/water partition co-
efficients do not completely reflect BBB
permeability to solutes. Some solutes with low
partition coefficients that easily enter into the
CNS generally cross the BBB by active or

facilitated transport mechanisms, which rely
on ion channels, specific transporters, energy-
dependent pumps, and a limited amount of
receptor-mediated transcytosis. Glucose, amino
acids, and small intermediate metabolites,
for example, are ushered into brain tissue
via facilitated transport mediated by specific
transport proteins (route B in Fig. 3), whereas
larger molecules, such as insulin, transferrin,
low-density lipoprotein, and other plasma
proteins, are carried across the BBB via receptor-
mediated (route D) or adsorptive transcytosis
(route E). Some small molecules with high
octanol/water partition coefficients are observed
to poorly penetrate the BBB. Recent studies
suggested that these molecules are actively
pumped back into blood by efflux systems (route
F in Fig. 3). These efflux systems greatly limit
drug delivery across the BBB. For instance,
P-glycoprotein (P-gp), which is a member of
the adenosine triphosphate-binding cassette
family of exporters, has been demonstrated to
be a potent energy-dependent transporter. P-gp
contributes greatly to the efflux of xenobiotics
from the brain to the blood and has increasingly
been recognized as having a protective role and
being responsible for impeding the delivery of
therapeutic agents (Schuetz et al. 1996). The
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organic anion transporters and glutathione-
dependent multidrug resistance-associated
proteins (MRPs) also contribute to the efflux
of organic anions from the CNS, and many
drugs with the BBB permeabilities that are lower
than predicted are the substrates for these efflux
proteins (Pardridge 1998; Abbott et al. 2010;
Neuwelt 2004; Begley 2007). While the brain
endothelium is the major barrier interface, the
transport activity of the surrounding pericytes
(Shimizu 2008), basement membrane, and
astrocyte foot processes (Fig. 1) (Wolburg-
Buchholz et al. 2009) also contributes to the BBB
barrier function under physiological conditions
and may act as a substitute defense if the primary
barrier at the endothelium is compromised (Li
et al. 2010a, b).

4 Quantification of Transport
Across the Blood-Brain
Barrier

4.1 Permeability
of the Blood-Brain Barrier

The same as a peripheral microvessel, the wall
of the BBB can be viewed as a membrane.
The membrane transport properties are often de-
scribed by Kedem-Katchalsky equations derived
from the theory of irreversible thermodynamics
(Curry 1983):

Js = PRT �C + (1 − σf) CJ v

Jv = Lp (�p − σdRT �C)

where Js and Jv are the solute and volumetric
fluxes and �C and �p are the concentration and
pressure difference across the membrane. Lp, the
hydraulic conductivity, describes the membrane
permeability to water. P, the diffusive perme-
ability, describes the permeability to solutes. σ f

is the solvent drag or ultrafiltration coefficient
that describes the retardation of solutes due to
membrane restriction, and σ d, the reflection coef-
ficient, describes the selectivity of a membrane to
solutes. In many transport processes, σ f is equal

to σ d, and thus we often use σ , the reflection
coefficient, to represent both of them. These three
coefficients can be determined experimentally
and theoretically. In addition to these quantita-
tive coefficients, there are other less quantitative
permeability indicators for the BBB, e.g., brain
uptake index (BUI) and brain efflux index (BEI)
(Pardridge 1998). In the following sections, in
vivo and in vitro experiments for determining
permeability of the BBB are introduced, as well
as the mathematical models.

4.2 Determination
of the Blood-Brain Barrier
Permeability In Vivo and Ex
Vivo

Several in vivo and ex vivo rat models have
been used for the study of the transport across
the BBB, including pharmacokinetic methods
(Cornford et al. 1992; Zlokovic et al. 1986),
intracerebral microdialysis (de Lange et al. 1999;
Zhang et al. 2017), positron emission tomogra-
phy (PET) (Elsinga et al. 2004), magnetic res-
onance imaging (MRI) (Wang et al. 2007), the
intravital microscopy study (Gaber et al. 2004),
occluding single microvessel measurement (Eas-
ton and Fraser 1994), and single microvessel
fluorescence imaging method (Yuan et al. 2009;
Shi et al. 2014a, b, c).

Pharmacokinetic methods are used to eval-
uate the delivery of a molecule from the sys-
temic circulation into the brain, in which the
amount of solute delivered to the brain can be
expressed by percentage of injected dose deliv-
ered per gram of the brain. Generally, a small
volume of buffered Ringer’s solution containing
the radiolabeled compound of interest and a ra-
diolabeled diffusible reference compound as an
internal standard (such as 3H-water) is injected
into the common carotid artery, or the internal
carotid artery, or the venule depending on dif-
ferent techniques. Then, the animal is sacrificed
5–15 s after injection, and the brain tissue and
the injection solution are analyzed to calculate
the brain uptake index (BUI), which is the ratio
of radiolabeled test compound/3H reference in
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the brain, divided by the ratio of radiolabeled
test compound/3H reference in the injection mix-
ture. Another permeability indicator, brain efflux
index (BEI), can also be determined using this
method: BEI = (amount of test compound in-
jected into the brain – amount of test compound
remaining in the brain)/amount of test compound
injected into the brain. The assumptions of these
models are (1) the reference compound is freely
diffusible across the BBB; (2) the drug does not
back-diffuse from the brain to the blood; and (3)
no metabolism of the compounds occurs before
decapitation. The advantage of these pharma-
cokinetic methods is fast, and many compounds
can be assessed in a short time, which is ideal
in the high-throughput setting. The major disad-
vantages are (1) brain extraction only occurs over
a limited time, making it difficult to accurately
determine the brain uptake index and (2) the
driving force for the transport is unknown.

Intracerebral microdialysis involves direct
sampling of brain interstitial fluid by a dialysis
fiber implanted into the brain parenchyma. The
concentration of compound that has permeated
into the brain following oral, intravenous, or
subcutaneous administration can be monitored
over time within the same animal. Any drug that
enters the brain interstitial fluid will permeate
into the physiological solution within the probe,
and the solution may be subsequently assayed by
an appropriate technique. The major advantage of
this technique is that it provides pharmacokinetic
profiles of drugs in the brain without killing
animals at different time points. One limitation
of this technique is that it greatly relies on
and limited by the sensitivity of the assay
technique (de Lange et al. 1999), since the solute
concentrations may be extremely low in the
dialysate. Another major disadvantage is that
insertion of the probe can result in chronic BBB
disruption.

More recently, various imaging techniques,
including positron emission tomography (PET)
and magnetic resonance imaging (MRI), have
been used to determine BBB permeability in
humans. PET is a noninvasive tracer technique
used to quantify the BBB extravasation. Mag-
netic resonance imaging (MRI) is also a nonin-

vasive technique, but it is more qualitative than
quantitative. The major disadvantages for these
techniques include their inherent costs, labor in-
tensity, relatively low resolution (100 μm to
1 mm per pixel), and inability to differentiate
between parent compound and metabolites (Yuan
et al. 2009; Nicolazzo et al. 2006).

All of the abovementioned methods only mea-
sure certain indexes of relative permeability for
the drug uptake to the brain since they cannot de-
termine the driving force for the efflux. Because
it is hard to measure the BBB permeability in
brain parenchyma, the microvessels in pia dura
at the surface of the brain are often used in
in vivo BBB permeability study. Although pial
microvessels do not have the entire ensheathment
of astrocytes as those cerebral microvessels in the
parenchyma, the pial and cerebral microvessels
appear to have many morphophysiological prop-
erties in common. These include ultrastructural
characteristics, permeability of cell junctions to
electron-dense tracers, trans-endothelium electri-
cal resistance, and molecular properties of en-
dothelium. For these reasons, pial microvessels
are often used in the BBB permeability studies
(Allt and Lawrenson 1997).

Gaber et al. (2004) suggested a method to
measure clearance or leakage of drug out of the
pial microvessels rather than “true” permeability
of the microvessels to solute. Again, this method
cannot determine the driving force, the concen-
tration difference of the test solute across the
BBB. The occluding single microvessel measure-
ment is done directly on one single exposed pial
microvessel after the frontal craniotomy remov-
ing a small section of the skull and the dura
mater (Easton and Fraser 1994). This method
has well-controlled conditions including known
concentration difference across the microvessel
wall. However, recent study suggests that the
exposed rat pial microvessels become leaky to
both small and large molecules within 20–60 min
following the craniotomy and the permeability
of the exposed microvessels rises sharply after
160 min (Easton et al. 1997).

To quantify the permeability of intact rat pial
microvessels and overcome the abovementioned
disadvantages, Yuan et al. (2009) developed a
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noninvasive method, without exposing the cortex,
to measure the solute permeability (P) of postcap-
illary venules on rat pia mater to various-sized
solutes. The pial microvessels were observed by
a high numerical aperture objective lens through
a section of frontoparietal bones thinned with
a micro-grinder (revised surgical method from
Easton et al. 1997). P was measured on individ-
ual pial venular microvessels with the perfused
fluorescence tracer solution through the carotid
artery by using highly sensitive quantitative flu-
orescence microscope imaging method. Their re-
sults indicate that the solute permeability of rat
pial microvessels is about an order of magnitude
lower than that of rat mesenteric microvessels,
from 1/11 for a small solute, sodium fluorescein,
to 1/6 for a large solute, albumin or dextran 70 k.

The permeability of rat mesenteric microvessels
to these solutes was measured by Fu and Shen
(2004). Recently, by employing multiphoton mi-
croscopy with longer wavelength lasers for the
deeper penetration, the solute permeability of
cerebral microvessels in the rat parenchyma was
quantified as well as the solute brain tissue dif-
fusion coefficient (Shi et al. 2014a, b, c). Their
method is shown in Fig. 4. They found that the
BBB permeability to solutes of molecular weight
ranging from 4 kDa to 160 kDa, in the cere-
bral microvessels of rat brain parenchyma 100–
250μm below the pia mater, is not significantly
different from that of rat pial microvessels for the
same-sized solutes except for the small solute,
sodium fluorescein (molecular weight 376 kDa)
(Yuan et al. 2009). They also found that the ratios

Fig. 4 Quantitative multiphoton fluorescence mi-
croscopy for the measurement of the BBB solute
permeability (a) and brain tissue diffusion coefficient
(b) for a rat cerebral microvessel ∼200 μm below the
pia mater. The images were collected during the in vivo
experiments, and the fluorescence intensity was analyzed
off-line. When the fluorescence-labeled test solute was
injected into the carotid artery, the cerebral microvessel
lumen is filled with fluorescent solute, producing I0 in
the dashed line enclosed area (ROI) in the left figure of
(a). With continued perfusion, the measured fluorescence
intensity increased indicating further transport of the
solute out of the microvessel and into the surrounding

tissue. The initial solute flux into the tissue was measured
from the slope (dI/dt)0 of the intensity vs. time line, right
figure in (a). The solute permeability P was calculated as
P = 1/I0 ×(dI/dt)0 × r/2. Here r is the microvessel radius.
(b) The averaged intensity of the eight dashed lines on
the right figure was plotted as a temporal function of the
distance from the vessel edge (rt). Matching these lines
(green) with the predictions (black) from a mathematical
model for unsteady diffusion of a solute (right figure in
(b)) can give the solute brain tissue diffusion coefficient
Deff. Dfree shown here is the solute diffusion coefficient in
a free solution. Redrawn from (Shi et al. 2014a, b, c)
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of the effective brain tissue diffusion coefficient
to the free one are 0.46, 0.19, 0.12, 0.12, 0.11,
and 0.11, correspondingly, for sodium fluores-
cein; dextran 4 k, 20 k, 40 k, and 70 k; and IgG
(molecular weight ∼160 kDa).

4.3 In Vitro Blood-Brain Barrier
Models

The development of in vitro models for the BBB
has enabled the study of transport phenomena
at the molecular and cellular levels. The aim
of such in vitro BBB models is to functionally
resemble as many as possible the unique char-
acteristics of the BBB. Compared with in vivo
animal models, the in vitro models are relatively
accessible, flexible, reproducible, and abundantly
available. Previous investigations showed that
the permeability of the in vitro BBB models
to various compounds such as sucrose, retinoic
acid, retinol, haloperidol, caffeine, and mannitol
was comparable to the permeability data obtained
from in vivo models (Franke et al. 1999). Recent
studies showed that the solute permeability of the
in vitro BBB model generated from the cultured
bEnd3 (mouse brain microvascular endothelial
cell line) or cocultured together with primary as-
trocytes (Gaillard and de Boer 2000; Brown et al.
2007; Li et al. 2010a, b) is comparable to that
of the cerebral microvessels from in vivo studies
for the similar-sized solutes except for the small
solutes of molecular weight less than 10 kDa
(Li et al. 2010a, b; Yuan et al. 2009; Shi et al.
2014a, b, c; Fan and Fu 2016). The in vitro BBB
model also showed good expression of essential
junction proteins, claudin-5, occludin, ZO-1, and
VE-cadherin, while the primary astrocytes used
in the coculture expressed GFAP (glial fibrillary
acidic protein, a specific protein of astrocytes)
(Brown et al. 2007; Li et al. 2010a, b). But the
hydraulic conductivity of this in vitro BBB model
(Li et al. 2010a, b) is two orders of magnitude
higher than that from the in vivo study (Fraser
et al. 1990), while trans-endothelial electrical
resistance (TEER) is two orders of magnitude
lower (Crone and Olesen 1982).

To characterize the transport properties of in
vitro BBB models, the solute permeability of
the in vitro BBB was determined by measur-
ing the flux of the selected tracer. The most
commonly used cell culture substrate consists
of a porous membrane support submerged in
the culture medium (Transwell apparatus). The
Transwell system is characterized by a horizontal
side-by-side or vertical diffusion system. Dur-
ing the experiment, the flux of tracers into the
abluminal compartment of the Transwell system
is recorded as a function of the time, and the
solute permeability is calculated from the slope
of the flux. The tracers used in the transport
experiments are labeled by a fluorescent dye or
isotope whose intensity can be measured quanti-
tatively (Li et al. 2010a, b). Another index, trans-
endothelial electrical resistance (TEER), or the
ionic conductance of the monolayer, is also a
measurement of the “tightness” of the in vitro
BBB models (Crone and Olesen 1982; Li et al.
2010a, b).

So far, two major types of in vitro BBB
models have been developed: endothelial cell
monolayer and coculture of endothelial cells with
glial cells (the non-nerve cells in the brain).
The cells for these models are basically obtained
from primary/sub-passaged or immortalized cell
cultures. The origins of the cells are also very
diverse: human, primate, bovine, porcine, rodent,
and murine species.

The brain capillary endothelial cells (BCEC)
have been used to establish tissue culture systems
ever since the technique of culturing highly
purified populations of microvascular cells
became available in the early 1980s. The first
endothelial monolayers were established using
BCEC grown on culture dishes, microcarriers
(e.g., dextran beads), and various kinds of filters,
including nylon mesh and polycarbonate. These
cultured BCEC keep their endothelial phenotypes
and provide a simple model for the study of the
permeability of the BBB. For instance, they
express angiotensin-converting enzyme, von
Willebrand factor, and internalized acetylated
low-density lipoprotein. However, they were
reported to lose many BBB-specific features
they possessed in vivo. For instance, they are
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lack of specific brain endothelial markers γ-
glutamyl transpeptidase, marker enzyme alkaline
phosphatase (Meyer et al. 1990), and glucose
transporter system (Hemmila and Drewes
1993). Moreover, the permeability of the BCEC
monolayer to sucrose was reported to be from
10−4 to 10−5 cm/s compared with 10−6 cm/s in
vivo. The TEER for endothelial monolayer was
also found to be pretty low, from 20 to 1400
� cm2, compared with more than 2000 � cm2

in vivo. So the BCEC monolayer alone is not
a well-characterized model for the BBB. The
major reason for this may be the lack of in situ
environment and brain-derived signals.

In human body, the BBB are almost
completely ensheathed by surrounding tissue,
mostly astrocyte foot processes. Experimental
results from electron microscopic techniques
show that astrocytes do have significant effects
on the formation of the unique BBB phenotype
of brain endothelial cells (Abbot 2002; Haseloff
et al. 2005). They induce formation of the tight
junctions between endothelial cells and increase
paracellular integrity of the BBB. To better
mimic the in vivo BBB, a model with coculture
of BCEC and astrocyte was developed. This
coculture model was characterized on the basis
of specific cell-type properties and specific BBB
properties by electron microscopic evaluation
and immunohistochemistry methods (Gaillard
and de Boer 2000). The results showed that
BCEC displayed (1) characteristic endothelial
cell morphology, (2) expression of endothelial
cell markers (i.e., CD51, CD62P, CD71, and
cadherin 5), (3) tight junction formation between
the cells, and (4) expression of typical barrier
marker γ-glutamyl transpeptidase (γ-GTP) and
P-glycoprotein (Pgp) and transferrin receptor.
Astrocytes displayed characteristic astrocyte
morphology and expressed glial fibrillary
acidic protein (GFAP). Transmission electron
microscopy showed evidence of tight junction
formation between the endothelial cells and
few pinocytic vesicles. A 15-fold increase in
γ-glutamyl transpeptidase activity was measured
in the endothelial cells cocultured with astrocytes
(Demeuse et al. 2002). The permeability of the
coculture system to several tracers was reported

to be lower than the endothelial monolayer. These
results indicate that the coculture system is a bet-
ter model to study the transport across the BBB.

Primary brain capillary endothelial cells have
the closest resemblance to the BBB phenotype in
vivo and exhibit excellent characteristics of the
BBB at early passages (Nicolazzo et al. 2006).
They, however, have inherent disadvantages such
as being extremely time-consuming and costly
to generate, being easily contaminated by other
neurovascular unit cells, losing their BBB char-
acteristics over passages, and requiring high tech-
nical skills for extraction from brain tissue (Deli
et al. 2005; Brown et al. 2007). An immortalized
mouse brain endothelial cell line, bEnd3, has re-
cently been under investigation for in vitro BBB
models because of its numerous advantages over
primary cell culture: the ability to maintain BBB
characteristics over many passages, easy growth
and low cost, formation of functional barriers,
and amenability to numerous molecular interven-
tions (Brown et al. 2007; Soga et al. 2001; Yoder
2002; Yuan et al. 2010a, b; Tyagi et al. 2009).
Previous RT-PCR analysis showed that bEnd3
cells express the tight junction proteins ZO-1,
ZO-2, occludin, and claudin-5 and junctional
adhesion molecules (Brown et al. 2007; Li et al.
2010a, b; Omidi et al. 2003). They also main-
tained functionality of the sodium- and insulin-
dependent stereospecific facilitative transporter
GLUT-1 and the P-glycoprotein efflux mecha-
nism (Omidi et al. 2003), formed fairly tight bar-
riers to radiolabeled sucrose, and responded like
primary cultures to disrupting stimuli (Brown
et al. 2007).

To characterize the transport properties of in
vitro BBB models, Malina et al. (2009) (Bowman
et al. 1983; Thompson et al. 1994; Salvetti et al.
2002; Karyekar et al. 2003; Hamm et al. 2004;
Kemper et al. 2004; Boveri et al. 2005; Kraus
et al. 2008; Poller et al. 2008) measured the dif-
fusive permeability of endothelial cell monolayer
and coculture of endothelial cells with astrocytes
to fluorescence- or isotope-labeled tracers, e.g.,
sucrose, inulin, and mannitol. Sahagun et al.
(1990) reported the ratio between abluminal con-
centration and luminal concentration of different-
sized dextrans (4 k, l0 k, 20 k, 40 k, 70 k,
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and 150 k) across mouse brain endothelial cells.
Gaillard and de Boer (2000) measured the perme-
ability of sodium fluorescein and FITC-labeled
dextran 4 k across a coculture of calf brain cap-
illary endothelial cells with rat astrocytes. Many
investigators have measured the trans-endothelial
electrical resistance (TEER) of brain endothelial
monolayers and cocultures as an indicator of ion
permeability (Santaguida et al. 2006; de Vries
et al. 1996; Cucullo et al. 2002; Zhang et al.
2006).

To seek for in vitro BBB models that are
more accessible than animals for investigating
drug transport across the BBB, Li et al. (2010a,
b) characterized the junction protein expression
and quantified the TER and permeability to water
(Lp) and solutes (P) of four in vitro BBB mod-
els: bEnd3 monoculture, bEnd3 coculture with
astrocytes, coculture with two BM substitutes
(collagen type I and IV mixture), and Matrigel.
Collagen type IV network is the basic framework
of native BM (Engvall 1995; Miosge 2001), and
Matrigel is a soluble and sterile extract of BM
derived from the EHS tumor, which has been
widely used as a reconstituted BM in studying
cell morphogenesis, differentiation, and growth
(Kleinman and Martin 2005). Their results show
that Lp and P of the endothelial monoculture
and coculture models are not different from each
other. Compared with in vivo permeability data
from rat pial microvessels, P of the endothelial
monoculture and coculture models are not sig-
nificantly different from in vivo data for dextran
70 k, but they are 2–4 times higher for small
solutes TAMRA and dextran 10 k. This sug-
gests that the endothelial monoculture and all of
the coculture models are fairly good models for
studying the transport of relatively large solutes
(drugs or drug carriers) across the BBB.

4.4 Transport Models for
the Paracellular Pathway
of the Blood-Brain Barrier

Transport across the BBB include both paracellu-
lar and transcellular pathways (Pardridge 2005).
While large molecules cross the BBB through

transcellular pathways, water and small hy-
drophilic solutes cross the BBB through the para-
cellular pathway (Hawkins and Davis 2005). The
paracellular pathway of the BBB is formed by the
endothelial surface glycocalyx, the tight junction
openings, the BM filled with extracellular matrix,
and the openings between adjacent astrocyte foot
processes (Fig. 1b). In addition to the endothelial
tight junctions, the BM and the astrocyte foot
processes provide a significant resistance to water
and solute transport across the BBB.

The breakdown of the BBB and increased
permeability are widely observed in many brain
diseases such as stroke, traumatic head injury,
brain edema, Alzheimer’s disease, AIDS, brain
cancer, meningitis, and hypertension (Beaumont
et al. 2000; Dietrich et al. 1994; Fukuda et al.
1995; Baldwin et al. 1996; Cernak et al. 2004;
Montagne et al. 2017; Setiadi et al. 2017). Al-
though numerous biochemical factors are found
to be responsible for the breakdown of the BBB
in disease, the quantitative understanding of how
these factors affect the structural components
of the BBB to induce BBB leakage is poor.
On the other hand, to design therapeutic drugs
with better transport properties across the BBB
relies greatly on this understanding. Therefore,
it is important to investigate how the structural
components in the paracellular pathway of the
BBB affect its permeability to water and solutes
through mathematical modeling.

Extended from a previous three-dimensional
model for studying the transport across the pe-
ripheral microvessel wall with endothelium only
(Fu et al. 1994; Fu and Chen 2003; Fu and Shen
2004), Li et al. (2010a, b) developed a new model
for the transport across the BBB, which included
the BM and wrapping astrocyte foot processes.
The simplified model geometry is shown in Fig.
5. This is the enlarged view for the part near
tight junction shown in Fig. 1b. At the luminal
side, there is an endothelial surface glycocalyx
layer (SGL) with a thickness of Lf from 100 to
400 nm under normal physiological conditions
(Squire et al. 2001; Arkill et al. 2011, 2012;
Schulze and Firth 1992). Between adjacent en-
dothelial cells, there is an inter-endothelial cleft
with a length of L ∼500 nm and a width of
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Fig. 5 Model geometry for the paracellular pathway of
the BBB (not in scale) showing the dashed line enclosed
region in Fig. 1b. The thickness of the endothelial surface
glycocalyx layer is Lf. The inter-endothelial cleft has
a length of L and a width of 2B. The length of the
tight junction strand in the inter-endothelial cleft is Ljun.
The width of the small continuous slit in the junction
strand is 2Bs. The distance between the junction strand

and luminal front of the cleft is L1. The width of the
basement membrane is 2Lb and the length of the astrocyte
foot processes is 2Wa. The cleft between astrocyte foot
processes has a length of La and a width of 2Ba. The
surface glycocalyx layer and the endothelial cells are
defined as the endothelium only while the BBB is defined
to include the endothelium, the basement membrane, and
the astrocytes. Redrawn from Li et al. (2010b)

2B ∼20 nm (Schulze and Firth 1992; Adamson
et al. 2004). In the inter-endothelial cleft, there
is a Ljun (∼10 nm) thick junction strand with a
continuous slit-like opening of width 2Bs, which
varies depending on the location of the cerebral
microvessels (from ∼1 to 10 nm). The distance
between the junction strand and luminal front of
the cleft is L1. At the tissue side of the cleft, a
BM separates the endothelium and the astrocyte
foot processes. The thickness of the BM is 2Lb

(20–40 nm), and the length of the astrocyte foot
processes is 2Wa (∼5000 nm). Between adja-
cent astrocyte foot processes, there is a cleft
with length La (∼1000 nm) and width 2Ba (20–
2000 nm). The anatomic parameters for the BBB
structural components were obtained from the
electron microscopy studies in the literature.

Unlike the peripheral microvessel wall, the
endothelium of the BBB has negligible large
discontinuous breaks in the junction strand of the
inter-endothelial cleft, and the small slit in the
junction strand is assumed continuous (Hawkins
and Davis 2005). As a result, the cross-sectional
BBB geometry is the same along the axial direc-
tion (y direction in Fig. 5), and thus the model
could be simplified to 2-D (in x, z plane). It could
be further simplified to a unidirectional flow in
each region due to very narrow clefts and the
BM. In addition, the curvatures of the BM and
the endothelium can be neglected because their
widths are much smaller than the diameter of the
microvessel. The fluid flow in the cleft regions
of the BBB was approximated by the Poiseuille
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Fig. 6 Model predictions for hydraulic conductivity Lp
(a) as a function of Bs, the half width of the small slit
in the junction strand under two cases: when considering
transport across the endothelium only (endothelium only,
green line) and when considering transport across the
entire BBB (BBB). In the BBB case, three different fiber
densities were considered for the basement membrane:

the same as the fiber density in the surface glycocalyx
layer (Kb = 3.16 nm2, the dash-dot-dash line), ten times
lower (Kb = 31.6 nm2, the dashed line) and higher
(Kb = 0.316 nm2, the solid line); (b) as a function of the
surface glycocalyx layer thickness Ls. Redrawn from (Li
et al. 2010a, b)

flow while those in the endothelial SGL and BM
by the Darcy and Brinkman flows, respectively.
Diffusion equations in each region were solved
for the solute transport. After solving for the
pressure, water velocity, and solute concentration
profiles, the hydraulic conductivity Lp and solute
permeability P can be calculated.

Figure 6a shows the model predictions for
Lp as a function of tight junction opening Bs

when the BM has different fiber densities. Kb is
Darcy permeability in the BM. When the fiber
density in the BM is the same as that in the
SGL, Kb = 3.16 cm2. The green line in Fig. 6a
shows the case of peripheral microvessels with
only endothelium. When Bs increases from 0.5 to
2 nm, Lp will increase by ∼20-fold. In contrast,
when the endothelium is wrapped by the BM
and the astrocytes as for the BBB, increase in Bs

from 0.5 to 2 nm only induces fivefold increase
in Lp when the fiber density in the BM is the
same as that in the SGL (dash-dot-dash line). If
the fiber density in the BM is ten times of that
in the SGL, the increase is only 1.6-fold in Lp

(solid line), while if the fiber density in the BM
is 1/10 of that in the SGL, the increase is 12-fold
in Lp (dashed line). Even at a large Bs of5 nm,

when the BM is filled with the same density fibers
as in the SGL, the BBB permeability is only
17% of that of endothelium only. This percentage
can be as low as 2% if the fiber density in the
BM is ten times of that in the SGL. Figure 6b
shows the model predictions for Lp as a function
of the endothelial SGL thickness Lf. The green
line is for the case of endothelium only while
the solid line for that of the BBB. We can see
the decrease in Lf from 400 to 0 nm increases
Lp by threefold in the case of endothelium only,
while in the case of the BBB, the increase is
only 25% in Lp with the protection of the BM
and the astrocytes. Similar results are predicted
for the solute permeability (Li et al. 2010a, b).
These results indicate that the BM and astrocytes
of the BBB provide a great protection to the
CNS under both physiological and pathological
conditions. However, on the other hand, these
unique structures also impede the drug delivery
to the brain through the BBB. Most recently,
an electro-diffusion model for the blood-brain
barrier to the charged molecules was developed
to take into consideration of the effect of charges
in the SGL and BM on the solute transport across
the BBB (Li and Fu 2011).
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5 Modulation
of the Blood-Brain Barrier
Permeability by Chemical
and Physical Stimulations

5.1 Modulation of the BBB
Permeability by Chemical
Stimuli

During cerebrovascular and neurological
diseases, the BBB is compromised, and its
permeability can be increased by various types
of stimuli including cytokines, inflammatory
mediators, metabolites of arachidonic acid,
excitatory amino acids, nitric oxide, and
bacterial infection. Among cytokines is vascular
endothelial growth factor (VEGF), which is
upregulated in many brain diseases (Ohlin
et al. 2011; Suidan et al. 2010). By using
submicron resolution multiphoton fluorescence
microscopy with a longer penetration depth into
brain parenchyma of rats, Shi et al. (2014b)
quantified the temporal VEGF effects on the
BBB permeability to various-sized molecules.
They found that exposure to 1 nM VEGF
transiently increased the BBB permeability
to 2.2, 10.5, 9.8, and 12.8 times their control
values, for sodium fluorescein, dextran 20 k and
70 k, and IgG, respectively, within 30 s, and all
returned to control in 2 min.

Previous studies have shown that elevated
intracellular 3,5-cyclic monophosphate (cAMP)
levels enhance endothelial junction barriers
and thus reduce permeability in peripheral
microvessels (Adamson et al. 1998; Fu et al.
2006; Fukuhara et al. 2005; Mehta and Malik
2006; Moore et al. 1998; Sayner 2011) and in
cultured BBB models (Balyasnikova et al. 2000;
Rubin et al. 1991; Wolburg et al. 1994). Studies
on intact microvessels also showed that elevation
of cAMP levels abolished the increase in the
hydraulic conductivity stimulated by adenosine
triphosphate (ATP) in frog and hamster
mesenteric microvessels (He and Curry 1993)
as well as in the solute permeability induced by
VEGF in the same type of microvessels of frogs
and rats (Fu et al. 2006, 2015). Administration of

a cAMP analogue abolished VEGF-induced rat
mesenteric microvessel hyperpermeability (Fu
et al. 2015). Employing multiphoton microscopy,
Shi et al. (2014b) demonstrated that after 20 min
pretreatment of 2 mM cAMP analogue, 8-bromo-
cAMP, the initial increase by 1 nM VEGF was
completely abolished in the BBB permeability
to all solutes. The response pattern of the
BBB permeability to VEGF and cAMP and
the ratios of the peak to control values for rat
cerebral microvessels are similar to those for
rat mesenteric (peripheral) microvessels, except
the ratios are higher in permeability of cerebral
microvessels for the intermediate and large
solutes. Their results imply a new approach for
delivering large therapeutic agents to the brain.

5.2 Modulation of the BBB
Permeability by Physical
Stimuli

Among the numerous strategies to deliver
therapeutic drugs into the central nervous
system, the focused ultrasound (FUS) sonication
combined with microbubbles (MBs) has been
shown to be effective in transiently disrupting the
BBB for noninvasive drug delivery (Hynynen et
al. 2006; Chen et al. 2013; Yang et al. 2011;
Curley et al. 2017). At appropriate acoustic
power density (or pressure), burst repetition
rate, duty cycle, and sonication duration and
in the presence of MBs with proper materials,
sizes, and concentrations, FUS can achieve
noninvasive, selective and localized disruption of
BBB without visible damage to the brain tissue
(Konofagou 2012; Deng 2010). FUS-induced
BBB disruption has been widely assessed by us-
ing magnetic resonance imaging (MRI) or post-
FUS histological examination (Yang et al. 2011:
Chu et al. 2013; Park et al. 2010). Indirect MRI
collects the images of brain slices in the presence
of a MRI contrast agent such as gadolinium to
access the BBB disruption in different locations
of the brain. Alternatively, post-FUS histological
examination relates the BBB disruption to the
amount of Evans blue extravasation in the brain
tissue after the dye is intravenously injected into



250 B. M. Fu

the blood circulation before or after sonication.
However, the submillimeter spatial resolution of
the MRI studies and the postmortem histological
examinations only assess the relatively large
leakage of the BBB, and these methods are
restricted to the exploration of a region that
is much larger than a single microvessel with
its surrounding tissue. Therefore the BBB
disruption assessed by the MRI and histological
examination is more qualitative rather than
quantitative. To overcome aforementioned limi-
tations, two-photon microscopy was employed to
quantitatively access the enhanced permeability
of the cerebral vasculature after FUS (Nhan
et al. 2013). In addition to micrometer spatial
resolution, two-photon microscopy offers the
advantage of deep tissue penetration, which is
essential for the BBB permeability measurement.
By employing the two-photon microscopy, Shi
et al. (2014c) quantified the BBB permeability
to dextran 155 k with similar molecular weight
to an antibody by applying different doses of
FUS in the presence of MBs with an optimal size
and concentration. After ∼5 min by applying the
FUS on the thinned skull in the presence of MBs
for 1 min, TRITC-dextran 155 k in 1% BSA
mammalian Ringer’s solution was injected into
the cerebral circulation via the ipsilateral carotid
artery by a syringe pump. Simultaneously, the
temporal images were collected from the brain
parenchyma ∼100–200 μm below the pia mater.
At the optimal dose, permeability increased by
∼14-fold after 5 min post-FUS, and permeability
returned to the control level after 25 min. FUS
without MBs or MBs injected without FUS
did not change the permeability. Their method
provides an accurate in vivo assessment for the
transient BBB permeability change under the
treatment of FUS. The optimal FUS dose found
for the reversible BBB permeability increase
without BBB disruption is reliable and can be
applied to future clinical trials.

Transcranial direct current stimulation (tDCS)
is a noninvasive electrical stimulation technique
investigated for a broad range of medical and per-
formance indications. Most recently, Shin et al.
(2016) found that after 1 mA tDCS treatment for
20 min, the permeability of rat cerebral microves-

sels 100–200μm below pia mater to sodium fluo-
rescein (molecular weight 376 kDa) and dextran
20 k and 70k increased to about 8-fold, 35-fold,
and 35-fold of their respective control values,
10 min post-tDCS treatment, correspondingly.
All of the increased BBB permeability returns
to the control in 20 min posttreatment. Their
method provides another noninvasive approach
for delivering therapeutic agents to the brain
through the BBB.

6 Drug Delivery Through
the Blood-Brain Barrier

A large number of people in the world are now
suffering from CNS diseases. The total num-
ber of patients with CNS diseases is reported
to be larger than that with cardiovascular dis-
eases (Pardridge 2007). While the BBB serves
as a natural defense that safeguards the brain
against the invasion of various circulating toxins
and infected cells, it also provides a significant
impediment toward the delivery of diagnostic
and therapeutic agents to the brain via the sys-
temic route. Various methods such as intrac-
erebral implantation, microdialysis, convection-
enhanced distribution (CED), osmotic shock, and
chemical modification of the BBB have been
developed for delivering drugs into the brain.
However, the applications of these methods are
limited, and they can only partially keep with
the demands of modern therapies. For instance,
the efficiency of intracerebral implantation, mi-
crodialysis, and CED methods is low since their
major transport mechanisms are diffusion and
convection of interstitial fluid. The penetration
distances of drugs delivered by the first two
methods are reported to be less than 1 mm with
simple diffusion (Mak et al. 1995). CED has
been shown in laboratory experiments to deliver
high-molecular-weight proteins 2 cm from the
injection site in the brain parenchyma after 2 h of
continuous infusion (Bobo et al. 1994). However,
the success of CED relies on precise placement
of the catheters and other infusion parameters
for delivery into the correct location in the brain
parenchyma. For effective treatment of the CNS
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diseases, therapeutic agents have to reach the spe-
cific regions of the brain at an adequate amount.
As discussed earlier, due to the abundance and
the largest contact area of the BBB for blood-
brain exchange, it is more reasonable to develop
strategies for drug delivery through the BBB.

The above session for the modulation of the
BBB permeability by chemical and physical
stimuli discusses potential noninvasive methods
for drug delivery through the BBB. Novel
nanomaterials-based nanocarriers have also
been developed for drug delivery across the
BBB (Tsou et al. 2017). More specifically,
as shown in Fig. 3, we can directly deliver
therapeutic agents through paracellular pathway
(route A), through lipophilic diffusion pathway
(route C), or through transporters at the BBB
by closely mimicking their substrates (route
B) or mounting the drugs on the ligands of
the specific receptors expressed at the BBB
(e.g., low-density lipoprotein receptor-related
protein) for transcytosis (Trojan horse approach
or receptor-mediated transcytosis, RMT, route
D), as well as using cationized proteins, peptides,
and nanoparticle carriers for adsorptive-mediated
transcytosis (AMT, route E). The following
summarizes the delivery strategies through these
routes, respectively.

6.1 Delivery Through Paracellular
Pathway (Route A)

To increase the hydrophilic drug delivery from
the blood to the brain tissue, we can transiently
open the barriers in the paracellular pathway
of the BBB, e.g., the cleft opening (2B in Fig.
5), the tight junction opening (2Bs), and the
BM width (2Lb), or degrade the fiber matrix
in the endothelial surface glycocalyx and in the
BM. Osmotic shock by intracarotid administra-
tion of a hyperosmotic mannitol causes endothe-
lial cells to shrink and increase 2B, 2Bs, and 2Lb.
Subsequent administration of drugs can increase
their concentrations in the brain to a therapeu-
tic level (Kroll and Neuwelt 1998; Doolittle et
al. 2002). Physical means such as application

of electric and magnetic fields can increase the
drug brain uptake. Focused ultrasound, guided by
MRI, combined with microbubbles injected into
the blood stream has been shown to disrupt the
BBB and increase the distribution of Herceptin in
brain tissue by 50% in mice (Hynynen et al. 2001,
2006; Kinoshita 2006). Application of inflamma-
tory agents such as bradykinin analogue can open
the tight junction of the BBB and increase the
drug transport to the brain (Dean et al. 1999;
Borlongan and Emerich 2003). However, these
approaches are relatively costly and non-patient
friendly. They may also enhance tumor dissemi-
nation after BBB disruption and damage the neu-
rons by allowing the passage of unwanted blood
components into the brain (Gabathuler 2010).

6.2 Delivery Through Lipophilic
Diffusion Pathway (Route C)

Some molecules, e.g., alcohol, nicotine, and ben-
zodiazepine, can freely enter the brain through
route C in Fig. 3. Their ability to passively (diffu-
sion by concentration differences across the cell
membrane) cross the BBB depends on the molec-
ular weight, charge (low hydrogen-bonding capa-
bilities), and lipophilicity (Lipinski 2000). There-
fore, if we can modify the drugs through medici-
nal chemistry, e.g., reduce the relative number of
polar groups, or incorporate them with a lipid car-
rier, we can enhance their brain uptake (Shashoua
and Hesse 1996). Modification of antioxidants
with pyrrolopyrimidines increases their ability
to access target cells in the CNS (Sawada
et al. 1999). Covalently attaching 1-methyl-1,4-
dihydronicotinate to a hydroxymethyl group can
enhance the delivery of ganciclovir (Cytovene,
an antiviral medication) to the brain (Bodor
et al. 1981; Brewster et al. 1994). However, the
modification which helps for the drug delivery to
the brain often results in loss of the therapeutic
function of a drug. In addition, increase of
lipophilicity of a drug can result in making it
a substrate for the efflux pump P-glycoprotein
(route F in Fig. 3) (Gabathuler 2010).
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6.3 Delivery Through
Transporter-Mediated
Pathway (Route B)

The brain requires tremendous amount of essen-
tial substances for survival and function, e.g., glu-
cose, insulin, hormones, low-density lipoprotein
(LDL), etc. These nutrients and substances are
transported into the brain, not by paracellular or
lipophilic diffusion pathway as described earlier
but by specific transporters or receptors at the
BBB. Drugs can be modified to take advantages
of the native BBB nutrient transporter systems
or by being conjugated to ligands that recog-
nize receptors expressed at the BBB for the
receptor-mediated transcytosis. This physiolog-
ical approach is by far recognized as the most
likely successful drug delivery method to the
brain.

Peptides and small molecules may use specific
transporters expressed on the luminal and baso-
lateral sides of the endothelial cells to cross into
the brain. So far, at least eight different nutrient
transporters have been identified to transport a
group of nutrients with similar structures. Drugs
can be modified to closely mimic the endoge-
nous carrier substrates of these transporters and
be transported through the specific transporter-
mediated transcytosis. Dopamine can be used to
treat Parkinson’s disease, but itself is non-brain
penetrant. Instead, dopamine’s metabolic precur-
sor, L-Dopa, if delivered by a neutral amino
acid carrier through its transporter at the BBB,
shows a clear clinical benefit on patients with
Parkinson’s disease (Pardridge 2017). To use a
BBB transporter for drug delivery, several im-
portant factors must be considered: the kinetics
and structural binding requirements of the trans-
porter, therapeutic compound manipulation so
that the compound binds but also remains active
in vivo, and actual transport of the compound into
the brain instead of just binding to the transporter
(Gabathuler 2010).

6.4 Delivery Through
Receptor-Mediated Pathway
(Route D)

Instead of by transporters, larger essential
molecules are delivered into the brain by
specific receptors highly expressed at the
endothelial cells of the BBB. The receptor-
mediated transcytosis (RMT) includes three
steps: receptor-medicated endocytosis of the
molecule at the luminal side of the endothelium
(blood side), transport through the endothelial
cytoplasm, and exocytosis of the molecule at
the abluminal side of the endothelium (brain
side). Although the exact mechanisms of RMT
have not been well understood, drug delivery
targeting three receptors (the insulin receptor,
the transferrin receptor, and the LDL receptor)
has been developed since the start of this century
(Pardridge 2017). More and more receptors have
been targeted for the drug delivery since then
(Gabathuler 2010). This physiological approach
is often called molecular Trojan horse since the
therapeutic compounds are conjugated to the
specific ligands or the antibodies, which can be
recognized and delivered through transcytosis by
the specific matching receptors at the endothelial
cell membrane. In addition to molecular Trojan
horses, drugs can be packaged to liposomes
and other nanoparticles coated with targeting
molecules such as antibodies to the specific
receptors to improve the drug-loading capacity.

Although the Trojan horses for the BBB
drug delivery are very promising in delivering
large peptides and recombinant proteins such
as neurotrophins, enzymes, and monoclonal
antibodies (Pardridge 2007), the traffic is
limited by the number and carrying capacity
of the receptors, as well as by the number
of drug molecules that can attach to each
antibody (Miller 2002). In addition, Gosk
et al. (2004) showed that using anti-transferrin
mAb for drug delivery through the systemic
administration,although the total amount of
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the drug in the brain is high, most of it stays
associated with brain microvessel endothelial
cells instead of in the brain parenchyma. Due
to the high affinity of the antibodies, it is
a challenge to dissociate from their specific
receptors. Furthermore, widespread distribution
of the receptors on peripheral organs would limit
the specific delivery to the brain, and on the other
hand, may induce additional toxicity.

6.5 Delivery Through
Adsorptive-Mediated
Pathway (Route E)

Adsorptive-mediated transcytosis (AMT)
involves endocytosis and exocytosis of charged
substances by the endothelial cells of the BBB.
Its mechanism is different from that of the RMT,
which needs specific matching receptors and
ligands. Kumagai et al. (1987) observed that
polycationic proteins such as protamine could not
only bind to the endothelial cell surface but also
penetrate the BBB. Mixing protamine, poly-L-
lysine, or other cationic molecules with proteins
(e.g., albumin) largely increased the BBB
permeability to these proteins. These findings can
be explained by AMT triggered by electrostatic
interactions between the positively charged
proteins and negatively charged membrane
regions at the brain endothelium. At normal
physiological pH, the luminal surface of the
cerebral endothelium and the surrounding BM
(see Fig. 1b) carry negative charge (Ueno et al.
2004; Lawrenson et al. 1997) and provide the
necessary environment for delivering positively
charged drugs and drug carriers. Recently, a
quantitative in vivo animal study by Yuan et al.
(2010a, b) found that the charge density of the
endothelial surface glycocalyx and that of the
BM in rat pial microvessels is ∼30 mEq/L.
In another in vitro cell culture study, Yuan et
al. (2010a, b) found the similar charge density
on the surface of a cell monolayer of bEnd3,
an immortalized mouse cerebral microvessel
endothelial cell line.

To efficiently deliver a therapeutic protein or
peptide across the BBB, the simplest way is

to cationize the protein or peptide by amida-
tion of its carboxylic acid groups, as well as
glutamic and aspartic acid side chain groups
with positively charged amines (Hervé et al.
2008). The degree of cationization of a protein
or peptide may be critical for its pharmacoki-
netic fate. Cationization enhances the delivery
while induces potential toxicity and immuno-
genicity of these proteins. PEGylation of cation-
ized molecules can minimize the immunogenic-
ity of these molecules. Positively charged cell-
penetrating peptides (CPPs) are often used as
the drug carriers for the brain delivery. Com-
monly used CPPs are penetratin, transportan,
Syn-B, and Tat (Hervé et al. 2008). Brain uptake
of enkephalin analogue dalargin was enhanced
several hundred folds after carried by the CPPs
(Rousselle et al. 2003). Decoration of CPPs on
the surface of liposome- and biopolymer-based
nanoparticles containing drugs has shown to pro-
mote their uptake by the brain and entrance to the
cytoplasm of neurons (Liu et al. 2008). The draw-
backs through AMT are lack of tissue selectivity
although the BBB may contain higher concentra-
tions of negative charges than other tissues and
possible disruption of the BBB and binding of
polycationic substances to the negatively charged
plasma proteins and other anionic sites resulting
in toxicity (Lockman et al. 2004).
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Blood-Brain Barrier Integrity
and Clearance of Amyloid-β
from the BBB
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Abstract

Alzheimer’s disease, a type of dementia, af-
fects memory, behavior, and cognitive pro-
cesses in affected individuals. It is one of the
prominent diseases, accounting for 60–80%
of dementia cases and affecting a significant
population of persons over the age of 65 years.
While rare, Alzheimer’s disease (AD) may
affect the younger population as well. With
such a widespread number of persons affected
with AD, scientists have undertaken the ini-
tiative to develop a cure for this devastating
disease; however, it has been deemed quite
challenging. A dysfunctional blood-brain bar-
rier, with impaired ability to clear amyloid-

Irsalan Cockerill and Joy-Anne Oliver are contributed
equally to this work.

I. Cockerill · J.-A. Oliver · D. Zhu (�)
Department of Biomedical Engineering, University of
North Texas, Denton, TX, USA
e-mail: Donghui.Zhu@unt.edu

H. Xu
Fujian Provincial Key Laboratory of Neurodegenerative
Disease and Aging Research, Institute of Neuroscience,
College of Medicine, Xiamen University, Fujian Sheng,
China

Degenerative Diseases Program, Sanford Burnham
Prebys Medical Discovery Institute, La Jolla, CA, USA

B. M. Fu
Department of Biomedical Engineering, The City College
of the City University of New York, New York, NY, USA

β from the brain, has been directly linked
to the development of Alzheimer’s disease.
The blood-brain barrier restricts the flow of
many substances into and out of the brain and
serves as a selective and protective barrier to
the brain. A proper functioning blood-brain
barrier contributes to the maintenance and
integrity of the brain. In turn, different sys-
tems and mechanisms within the blood-brain
barrier are set in place to facilitate mediated
passage of materials and substances between
the brain and the bloodstream. In relation to
AD, the mediation of amyloid-β clearance is
of great importance in maintaining the blood-
brain barrier’s integrity.

1 Introduction

Performing ordinary activities such as eating,
drinking, or exercising can affect the blood com-
position in innumerable ways, including shifts in
salt levels to increases or decreases in the lipid
or amino acid content in the blood. Blood travels
throughout the body via the circulatory system,
and through this system the blood transports oxy-
gen, carbon dioxide, and nutrients into and out of
the various tissues of the body. Metabolites that
are toxic to the brain can even be present in the
bloodstream; however these “toxic” metabolites
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may be beneficial to the body. The blood-brain
barrier (BBB) blocks the streaming of harm-
ful materials present in the bloodstream from
entering the central nervous system (CNS) and
maintains brain homeostasis by regulating the
movement of compounds across the endothelium
of cerebral capillaries (Kreutzer et al. 2011). It
acts as a defense mechanism, consisting of the
endothelial cells lining the blood vessels in the
brain that are “glued” together very tightly by
structures known as tight and adherens junctions
and other structures that combine to facilitate the
functioning of the BBB. For decades, scientists
have focused on ways to penetrate the BBB in
designing many drug delivery methods and tech-
niques in the prevention and treatment of neuro
diseases such as Alzheimer’s and dementia.

The function of the brain and the study of the
BBB serve as a vital integral to the investigation
of brain diseases such as Alzheimer’s disease and
dementia. Scientists spend a great deal of time
focusing on the vital aspects that make up the
BBB structure and how these characteristics con-
tribute to its specific functions. They have also
developed a central concept to understanding the

factors that contribute to the degradation of brain
functioning and the cause of Alzheimer’s disease.
Additionally, they have used these concepts in
designing appropriate drug delivery techniques in
combating this devastating disease.

2 Blood-Brain Barrier
Structure and Function

Neurons present in the CNS are between 8 and
20 μm from the capillaries and require a con-
stant supply of oxygen and nutrients (Tajes et al.
2014). Nutrients and oxygen leave the blood to
enter the brain through the endothelial layer that
lines the blood vessels of the blood-brain barrier.
The endothelial cells of the BBB consist of nu-
merous transport systems that enable necessary
materials required for proper brain functioning
but do not easily cross the barrier (Fig. 1). Studies
have shown that small molecules of sizes less
than ∼800 Da can cross the BBB easily because
they are small enough to pass through tight junc-
tions. However, molecules larger than ∼800 Da

Fig. 1 Structure of the
blood-brain barrier
including its components.
The BBB is not a rigid
structure but a dynamic
interface with a range of
interrelated functions,
resulting from the presence
of extremely effective tight
junctions, trans endothelial
transport systems,
enzymes, and regulation of
leukocyte permeation,
which thereby generate the
physical, transport,
enzymatic, and immune
regulatory functions of the
BBB (Joan Abbott and
Friedman 2013). There are
three cellular elements of
the brain microvasculature
that compose the
BBB—endothelial cells,
astrocyte endfeet, and
pericytes (Aarts and
Arundine 2003)
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have difficulty crossing the BBB (Tajes et al.
2014).

Restrictive permeability is key for the ideal
functioning of the BBB. The main function of the
endothelium is to block the passage of unwanted
materials and toxins from entering the brain. The
presence of tight and adherens junctions between
the endothelial cells forming the BBB allows for
the cells to be packed together in such a way
that there is almost no space between them. The
presence of the BBB ensures high specificity of
nutrients reaching the neurons in the CNS despite
the surrounding environmental influences of the
harmful substances in the body.

The endothelium allows for rapid-free diffu-
sion or gaseous exchange of small particles such
as oxygen from the blood into the brain and car-
bon dioxide from the brain into the blood (Zhao
et al. 2015a). Hydrophilic molecules such as glu-
cose cannot pass through the endothelium as eas-
ily as oxygen and carbon dioxide do and require
receptors and channels to facilitate their transport
into and out of the brain (Zhao et al. 2015a).

The general components of the BBB are quite
similar in morphology of the peripheral cells;
however, there are notable modifications that
are specific to maintaining ideal functioning and
homeostasis of the BBB. For it to be main-
tained, the endothelial cells of the BBB consist of
the following notable difference from peripheral
cells:

• The presence of intercellular tight junctions
and the absence of fenestration. The BBB is
primarily composed of a considerable number
of endothelial cells. The significance of the
endothelial cells is to act as a barrier, pre-
venting the passage of various materials into
and out of the brain. Fenestration refers to
the presence of pores in the capillaries that
allow the passage of large molecular weight
materials. Fenestrated capillaries are found in
the intestinal mucosa, renal glomeruli, pan-
creas, endocrine gland, and other tissues of the
body. Because the BBB focuses on preventing
the free passage of materials into the brain,
fenestration is not present.

• The low level of non-specific transcytosis
(pinocytosis) and paracellular diffusion
of hydrophilic compounds. Non-specific
transcytosis involves the movement of various
macromolecules across the interior of the
cells through vesicles that are captured from
outside the cell. Unlike other endothelial cells
of the body, the absence of the high quantity of
non-specific transcytosis benefits the BBB by
facilitating the selectiveness to the materials
that enter the brain tissue. Paracellular
transport refers to the transfer of substances
across the epithelium through the intercellular
space between the cells. Tight and adherens
junctions make up the intercellular spaces and
cause limited space to be present between
the cells of the endothelium. Because of this,
the passage of hydrophilic or water-loving
materials is not possible as long as the BBB is
fully functioning.

• The presence of a large number of mito-
chondria in endothelial cells. Mitochondria
in the endothelial cells forming the BBB
provide energy in the form of ATP through
respiration and regulate cellular metabolism
and gene expression. They play a crucial
role in maintaining the integrity of the BBB
through the miR-34a-mediated mechanism.
MicroRNA 34a, also referred to as miR-34a,
is a microRNA that the human body encodes
using the miR-34A gene. The miR-34a
participates in post-transcription regulation of
gene expression by affecting the stability and
translation of mRNAs during gene expression.
When a specific miRNA binds to its target on
a messenger RNA (mRNA), it can inhibit
the expression of that mRNA. MicroRNAs
are referred to as master regulators of gene
expression and are known to regulate up to
30% of the protein coding genes in the human
genome. One single miRNA can bind to a
target and regulate more than 100 different
transcripts. With such ability, the presence
of mitochondria in the endothelial cells of
the BBB is crucial for the regulation of the
integrity of the barrier through its role on gene
expression.
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• The polarized expression of membrane
receptors and transporters. These are
responsible for the active transport of blood-
borne nutrients to the brain or the efflux of
potentially toxic compounds from the cerebral
to the vascular compartment. Nutrients and
other materials enter and exit through the
endothelial cells of the BBB via transport
systems. The diffusion of substances into
the brain can be divided into two processes:
paracellular (substances travel between cells)
and transcellular (substances travel across
cells). Substances that move paracellular are
limited as they are subjected to tight junctions.
However, substances that move transcellular
primarily travel via active transport. Apart
from the paracellular diffusion (sucrose)
and the transcellular diffusion (ethanol)
mechanisms that occur at the BBB, other types
of transcellular transport mechanisms include
ion channels, e.g., K+ gated, ion-symport
channels (e.g., Na+/K+/Cl− cotransporter),
ion-antiporter channels (e.g., Na+/H+
exchange), facilitated diffusion (e.g., glucose
via GLUT-1), active efflux pumps (e.g., P-
glycoprotein), active-antiporter transport (e.g.
Na+/K+ ATPase), and receptor-mediated
endocytosis (e.g., transferrin and insulin). The
two main efflux transporters in the BBB are
multidrug resistance gene (MDR1) and breast
cancer resistance protein (BCRP). They are
both expressed on the apical membrane of the
endothelium, pumping substances from the
cell into the bloodstream, and function by pre-
venting xenobiotics from crossing the BBB.

2.1 Tight Junctions

Tight junctions are located in the apical section
of the paracellular pathway between adjacent
endothelial cells. Tight junctions primarily form
a seal to avoid paracellular diffusion of solutes
into the brain. Additionally, they regulate the
lateral diffusion of nutrients and other particles
between the apical and basolateral plasma mem-
brane domains that maintain the plasma mem-
brane and lipid polarity. Tight junction functions

are enhanced by the presence of astrocytes and
pericytes. Their presence in the BBB shares simi-
lar characteristics to those of epithelial tight junc-
tions but is a specific difference that allows BBB
tight junctions to fulfill their functions. These
BBB tight junctions are sensitive to ambient
factors (Wolburg 2000). Tight junctions consist
of a number of proteins, primarily claudins, oc-
cludins, and junctional adhesion molecules JAMs
that directly contribute to maintaining their via-
bility. Other proteins that contribute to the struc-
ture and functioning of tight junctions include
PDF motif MAGUK (ZO-1, 2 and 3), non-PDF
motif cingulin, 7H6 ZONAB, Rab13, PK C het-
erotrimeric G protein, and catenin (120 and p100)
(Wolburg 2000).

2.2 Adherens Junctions

Adherens junction is the junction present in the
BBB whose cytoplasmic face is linked to the
actin cytoskeleton. They are responsible for keep-
ing contiguous cells together and therefore assist
in maintaining the structure of tight junctions.
Adherens junctions are present in the endothelial
cells of the BBB and are primarily comprised
of transmembrane glycoproteins of the cadherin
armadillo superfamily. The transmembrane gly-
coproteins mainly consist of vascular endothe-
lium cadherin also known as VE-cadherins that
have the ability to form homotypic adhesive com-
plexes with adjacent cells in the presence of
Ca2+. The Armadillo superfamily acts as an an-
chor through cytoplasmic plaque that links the
glycoproteins to the cytoskeleton.

2.3 Astrocytes

Astrocytes are star-shaped glial cells that connect
neurons directly to the endothelial cells of the
BBB. They play a very important role in the BBB
by providing structural support of the endothelial
cells and reinforcing the BBB function by the
endothelial cells. Specific contribution of astro-
cytes to the BBB is not as prominent as those of
tight junctions and endothelial cells (Weiss et al.
2009).
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2.4 Pericytes

Pericytes engulf the basal membrane that sur-
rounds the endothelial cells of the BBB. They
contribute to the regulation of endothelium pro-
liferation, angiogenesis, and inflammatory pro-
cess. Pericytes also regulate specific gene expres-
sion in the endothelial cells and deter polarization
of astrocyte endfeet surrounding CNS blood ves-
sels.

2.5 Transport Across the BBB

Nutrients, ions, and other molecules travel across
the BBB through two general mechanisms
(Fig. 2):

2.5.1 Paracellular Transport
Movement of particles is between the endothe-
lial cells, through the junctional complex. The
paracellular pathway is described as a passive
transport process involving the movement of hy-

drophilic molecules across the barrier, depending
on their electrochemical, hydrostatic, and os-
motic gradient. Tight junctions primarily mediate
paracellular transport, and the movement of par-
ticles is dependent on solute concentration. The
contractility and adhesive forces of the endothe-
lial cytoskeleton control the permeability of the
junction complex of the tight junctions through
which paracellular transport occurs (Tajes et al.
2014). The dynamic equilibrium between both
forces accounts for this type of transport through
the BBB. However, although this is one of the
primary transport mechanisms, it plays a minor
role in developing brain-targeted drugs in the
treatment of many brain-related diseases such as
dementia and Alzheimer’s.

2.5.2 Transcellular Transport
It refers to the movement of nutrients, ions, or
particles across the endothelial cells of the BBB
that may or may not require energy. Through
transcellular pathway, particles move across the
luminal and abluminal membrane of the capillary
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Fig. 2 Transport pathways across the blood-brain
barrier. (a) Paracellular pathway for water-soluble
agents, (b) transcellular pathway for lipid-soluble
molecules, (c) carrier-mediated pathway, (d) ef-

flux transport system, (e) receptor-mediated tran-
scytosis pathway, (f) absorptive transcytosis path-
way, and (g) cell-mediated pathway (Liu 2012)
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endothelium via mechanisms such as receptor-
mediated transcytosis, efflux transport systems,
endocytosis of positively charged molecules, and
carrier-mediated transport (Tajes et al. 2014).

2.5.3 Receptor-Mediated
Transcytosis

A form of active transport that is temperature
dependent and is the primary transport mecha-
nism used by the brain’s endothelial cells. High-
molecular-mass proteins, such as insulin, and
low-density proteins and lipoproteins such as
leptin, transferrin, and insulin-like growth factor
(IGF) require this type of transport. Receptor-
mediated transcytosis requires a two-step pro-
cess: (1) the formation of an endocytic vesicle
where the receptor-ligand recognition facilitates
the formation of coated pits. These pits become
endocytic vesicles and engulf the ligand. (2)
Endosomal fusion dissociates the receptor from
the ligand, and the contents are released via exo-
cytosis. Some of the vesicles fuse with lysosomes
and lose the content due to factors such as low pH
and enzyme-mediated hydrolysis and, therefore,
never make it across the BBB and into the CNS.
This pathway is safe and effective in CNS drug
delivery because of its specificity and lack of
size and lipophilicity dependence (Tajes et al.
2014).

2.5.4 Efflux Transport System
This mechanism actively transports particles
via ATP and concentration dependence and is
responsible for the removal of materials out of
the CNS, into the systemic circulation, therefore
eliminating the buildup of compounds that would
have entered through the BBB via different
pathways. The prototypic efflux transporter is
known as the glycoprotein P (gp-P), present
on the luminal membrane of the endothelial
cells, and it is present in high concentrations
within the capillaries of the brain to maintain
the brain’s vitality. The gp-P is a member of
the class of multidrug resistance receptors, well
known for being an ATP-dependent remover of
anticancer drugs, antibiotics, immune system

suppressors, or ionic channel modulators. There
are additional efflux transporter systems that
do not use the same mechanism as gp-P as
they do not have the ability to hydrolyze ATP,
a critical ability of the ATP-binding cassette
(ABC) transporter family. The other systems
include monocarboxylate transporters (MCTs)
and organic anion transporters/organic anion
transporter polypeptides (OAT/OATPs) (Tajes et
al. 2014). However, these systems are unable to
transport materials against their concentration
gradient and therefore participate in bidirectional
transport of materials via ion or substrate
gradients based on the material concentration
on both sides of the barrier.

2.5.5 Charged Compound Interaction
This transport mechanism occurs when positively
charged compounds interact with negatively
charged compounds of the endothelial cell
membrane to facilitate absorptive-mediated
endocytosis to occur at the BBB. This pathway is
mainly used by scientists to increase the delivery
of conjugated drugs across the BBB during drug
delivery into the CNS (Tajes et al. 2014).

2.5.6 Carrier-Mediated Pathway
A form of saturable transport that mediates the
exchange of particles between the systemic cir-
culation and the brain’s parenchyma. This pro-
cess can be ATP dependent or ATP indepen-
dent. The protein carriers that participate in this
pathway are located in the luminal and ablumi-
nal membrane and are usually polarized. Within
the BBB, there are numerous carrier systems
that promote the selectiveness of substrates and
other molecules that travel through the barrier.
Glucose, for instance, is supplied through the
GLUT-1 transporter by concentration gradient
through passive transport (Tajes et al. 2014).
Passive transport is defined as the movement
of molecules such as ions and nutrients across
cell membranes without the need of ATP. Other
compounds such as amino acid require different
carriers depending on their physiochemical prop-
erties.
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3 Alzheimer’s Disease
and Amyloid-β

Alzheimer’s disease is a central nervous system
(CNS) disease, caused by the dysfunction of the
blood-brain barrier (BBB). Alzheimer’s disease,
being the most common type of dementia, af-
fects over 36 million individuals worldwide and
is quite prevalent in persons of age 65 years
and older. Symptoms of Alzheimer’s begin from
memory loss and cognitive impairment and can
progress in severity as time progresses. Depend-
ing on how severe the disease is, individuals have
to be institutionalized and may soon die. If left
untreated, the occurrence of Alzheimer’s disease
can become widespread where it can become a
threat to the worldwide healthcare system.

Amyloid-β is a protein constituent that is con-
sidered the hallmark of Alzheimer’s disease. In-
dividuals with this disease are known to have
clumps of deposited Aβ within the brain tissue
that form plaques and contribute to nerve cell
death. The presence of Aβ in the brain tissue
causes the destruction of synapses from an early
stage prior to its accumulation and further dam-
age. Synapses are referred to as contact points
where nerve cells relay signals to one another.
Amyloid-β originates as a solitary molecule and
favors the formation of small clusters that are
soluble and able to travel freely into the brain.
The accumulation of clusters leads to the plaque
formation which becomes deposited throughout
the brain tissue. However, these cluster forms
are capable of binding strongly to a receptor on
the nerve cells that set into motion a cascade
of events that erodes the synapses with other
nerve cells. Therefore, scientists have developed
a hypothesis—the amyloid cascade hypothesis
states that amyloid-β (Aβ) decomposition in the
CNS initiates a cascade of molecular events that
cause neurodegeneration, leading to Alzheimer’s
disease onset and progression.

The presence of synapses between nerve
cells contributes to memory storage, planning,
thought processes, and emotions. Once synapses
degradation begins to occur, persons experience
loss of these attributes—the symptoms of

Alzheimer’s disease. The presence of a protein
receptor, paired immunoglobulin-like receptor B
also known as PirB, present on the nerve cells on
the brains of mice, binds strongly with Aβ. The
PirB in the brain reduces plasticity in the nervous
system and weakens synapses. When Aβ binds to
PirB, it breaks down cofilin activity—a protein
that breaks down actin, a building block protein
that maintains the structure of the synapses—
and revs up the synapses degradation. The
main receptors for amyloid-beta peptide (Aβ)
transport across the blood-brain barrier (BBB)
from the brain to the blood and the blood to the
brain are low-density lipoprotein receptor-related
protein-1s (LRP1) and receptor for advanced
glycation end products (RAGE), respectively
(Deane et al. 2009). Because the BBB plays a
vital role in maintaining CNS homeostasis, its
dysfunction results in the onset of Alzheimer’s
and many other brain diseases.

4 Amyloid-β Clearance
Mechanisms from the Brain

Insufficient amyloid-β (Aβ) clearance is a
hallmark in the pathogenesis and progress of
Alzheimer’s disease (AD). Neurons predom-
inantly secrete Aβ into the interstitial fluid
(ISF) upon amyloid precursor protein (APP)
hydrolysis. Several clearance mechanisms
exist which include low-density lipoprotein
receptor-related protein 1 (LRP1)-mediated
transport, cerebral parenchymal cells, and
choroid plexus secretion and cerebrospinal spinal
(CSF) production, while heavy metals may
impair clearance. Understanding the biochemical
pathways at work can further advance our
knowledge of the disease and lead to the
development of effective therapies.

4.1 LRP1-Mediated Clearance
of Aβ

LRP1 is a member of the low-density lipoprotein
receptor family which includes LRP1B, me-
galin/LRP2, very-LDLR (VLDLR) apolipopro-
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tein E receptor 2 (ApoER2)/LRP8, sortilin-
related receptor (SorLA/LR11), LRP5, and
LRP6 (Kanekiyo and Bu 2014). LRP1 has
been widely studied for its implication in AD.
It is a receptor for more than 40 different
ligands and participates in Aβ metabolism by
binding directly or indirectly to Aβ. LRP1 is
ubiquitously expressed all throughout the body
and highly concentrated in the liver, lung, and
brain (Kanekiyo and Bu 2014). It plays an
integral part in brain hemostasis. APP undergoes
processing via α, β, and γ secretase; the latter
two confer a more amyloidogenic pathology,
whereas α-secretase produces soluble sAPPα.
The transmembrane APP undergoes cleavage
of its N-terminal domain by β-secretase followed
by C-terminal cleavage by γ-secretase, producing
Aβ which is a small protein of 39–43 amino acids
long; Aβ40 and Aβ42 have an intrinsic tendency to
self-assemble into SDS-stable oligomers which
form insoluble β-pleated sheet structures termed
amyloid fibrils (Bhattacharjee et al. 2014). β,
followed by γ-secretase processing, results in
exocytosis of Aβ in neurons, and LRP1 mediates
uptake of Aβ in brain parenchyma (by microglia,
neurons, and astrocytes). As a major endothelial
surface receptor, LRP1 mediates clearance of Aβ

across the BBB. Cell membrane-bound LRP1,
concentrated on the abluminal endothelial side,
assists with transcytosis. Phosphatidylinositol
binding clathrin assembly (PICLAM) protein is
encoded by the PICLAM gene and is involved in
internalization and endocytosis of membrane
receptors. It is abundantly expressed in the
brain capillary endothelium and has been
shown to affect Aβ metabolism and transport
through the BBB (Zhao et al. 2015b). In a
detailed study conducted by our group, the
precise mechanism of PICLAM-mediated Aβ

migration from the brain to the blood was
discovered. Picalm+/− heterozygous mice were
generated for the study and displayed significant
retention of Aβ40 and Aβ42 by 38 and 36%
following intracerebral administration of Aβ,
respectively (Zhao et al. 2015b). Upon Aβ

binding to LRP1, phosphatidylinositol binding
clathrin assembly protein (PICLAM) binds to
the YXXXL intracellular domain tail of LRP1,

triggering a conformational structural change and
driving the clearance of brain Aβ transcytosis to
systemic circulation (Zhao et al. 2015b). Clathrin
heavy chain (CHC) and clathrin adapter protein
α-adaptin (AP-2) were also found to be essential
for proper internalization of Aβ, a mechanism
confirmed by siRNA knockdown of PICALM,
CHC, and AP-2. Picalm deficiency diminished
Aβ40 and Aβ42 efflux across BBB by 41 and
61%, respectively, a finding that was further
validated by lower plasma levels of 48% Aβ40
and 65% Aβ42 compared to Picalm+/+ controls
(Zhao et al. 2015b). During this process, Aβ

is directed away from Rab 7, a GTPase that
directs late endosomes to lysosomes resulting in
ligand degradation, and ushered toward Rab 5
and Rab 11, GTPases responsible for recycling
endosomes and transcytosis and exocytosis of
ligands (Zhao et al. 2015b). Peak co-localization
between PICALM and Rab5 was higher than
that of PICALM and Rab11, suggesting transfer
of endocytotic vesicles from Rab5 to Rab11 is
a rate-limiting step (Zhao et al. 2015b). In the
liver, soluble-LRP1 (sLRP1) is synthesized and
secreted into the peripheral circulation where
it sequesters recently emigrated Aβ across the
BBB, leading to clearance from the kidneys.
Coimmunoprecipitation of sLRP1-bound Aβ

in neurologically normal humans has indicated
that circulating sLRP1 can sequester 70–90%
of plasma Aβ (Ramanathan et al. 2015). This
precise mechanism creates an “Aβ sink” where
systemic concentration of Aβ is kept low enough,
thus driving Aβ transcytosis across the BBB. The
precise mechanism is detailed in Fig. 3.

4.2 Brain Parenchymal-Mediated
Clearance of Aβ

Brain parenchyma cells represent an alternate
pathway for clearance of Aβ (Fig. 4). In neu-
rons, APP undergoes processing where it is se-
creted into ISF. From there, neighboring neurons
can uptake Aβ in a LRP1-mediated endocyto-
sis fashion. It can be further degraded in the
lysosome. Disturbances in lysosome function-
ality have been implicated in intraneuronal Aβ
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Fig. 3 APP undergoes processing by α secretase, gener-
ating sAPPα, while β and γ secretase sequentially produce
Aβ. Binding of Aβ to APOE2, APOE3, or APOE34 dic-
tate transport speed through BBB. APOE2 and APOE3-
AB result in PICALM-mediated transcytosis via Rab 5

and Rab 11 through BBB. sLRP1 is directed toward
the liver and kidneys for systemic clearance. Slower Aβ

clearance is controlled by APOE4 γ-secretase processing,
resulting in Aβ oligomerization and limited clearance via
VLDLR. Courtesy of Zhao et al. 2015a

aggregation and deposition. LRP1 knockdown
mice display higher concentrations of ISF Aβ,
exhibiting exacerbated AD pathology.

Microglia represent another clearance
mechanism of Aβ. Soluble Aβ (sAβ) is taken
up in a macropinocytosis manner and transported
to lysosomes, whereas large Aβ fibrils are taken

up by multicomponent cell surface receptors.
Phagocytosis of apoptotic cells via LPR1
has also been demonstrated, suggesting an
alternate pathway of Aβ clearance for microglia.
Interestingly, inhibition of LRP1 via antagonists
such as lactoferrin, α2macroglobulin (α2M), and
RAP results is diminished Aβ uptake (Kanekiyo
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Fig. 4 Neuronal secretion
of Aβ can be cleared
through several
mechanisms. Aβ can be
assimilated by microglia,
astrocytes, pericytes,
endothelial cells, or
transported across BBB.
Aβ may also be
enzymatically processed
by insulin-degrading
enzyme (IDE) or
neprilysin. Failure in Aβ

clearance may result in
amyloid plaques, synaptic
dysfunction, and neuronal
loss. Adopted from
Kanekiyo and Bu 2014

Amyloid
plaque

CAA

Intraneural
aggregates

Microglia

Astrocytes

Endothelial cells

Vascular smooth
muscle cells

Pericytes

Neurons

AB
degrading
enzymes

ISF

BBB

LRP1Aβ

and Bu 2014). Interestingly, in a human BBB
model performed by Bernas, microglia initiate
blood-derived monocyte recruitment through
secretion of RANTES, otherwise known as
“regulated on action,” normal T cell expressed
and secreted, a chemotactic cytokine (Zhagi et
al. 2009). Emigrating monocytes are attracted to
neuritic plaques where they intrude into neurons,
harvesting Aβ. Subsequently, monocyte-derived
macrophages become swollen and attempt
to emigrate through the BBB. Compared to
controls, AD macrophages acquire a swollen
phenotype and upregulate apoptotic pathways,
namely, caspases-6, 7, and 8 (Zhagi et al. 2009).
Through engorgement of Aβ and apoptosis,
migrating macrophages burst spilling fibrillar Aβ

into the vessel wall (Zhagi et al. 2009), known as
cerebral amyloid angiopathy, CAA. Apparently,
decreased phagocytosis of Aβ results from
downregulation of β-1,4-mannosyl-glycoprotein
4-β-N-acetylglucosaminyltransferase (MGAT-
3), an enzyme important in phagocytosis of
Aβ. Increased vessel angiopathy activates
inflammatory pathways, resulting in increased
ROS, oxidative stress, and chemokines, further
exacerbating the disease. Aβ deposition within

cerebral vessels also results in loss and
degeneration of pericyte and smooth muscle
cells. Mice defective in pericytes express higher
levels of intercellular adhesion molecule 1
(ICAM-1) in the brain endothelium, and larger
numbers of Gr1+ leukocytes infiltrate into
the brain parenchyma (Zenaro et al. 2016),
demonstrating the importance of pericytes in
regulating the immune response.

Pericytes are located on the abluminal side
of the BBB and cover approximately 25% of
their circumference. Pericytes express LRP1
and adenosine triphosphate-binding cassette
transporter B1 (ABCB1) which have both
been shown to play roles in Aβ clearance.
As part of the neurovascular unit (NVU),
pericytes are critical for the development
and stability of the BBB and regulate blood
flow through capillaries through controlling
cellular contraction/relaxation (Zenaro et
al. 2016). Additionally, endothelial secreted
platelet-derived growth factor BB (PDGF-BB)
binds to basement membrane heparan sulfate
proteoglycan, initiating pericyte proliferation,
migration, and recruitment (Zhao et al. 2015b).
Transgenic null mice have demonstrated PDGF-
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BB that is imperative for CNS microvessels as
complete loss leads to rupture, microaneurisms,
and embryonic lethality. Aβ deposition has
been shown to increase PDGRβ shedding
from pericytes, demonstrating yet another
degenerative effect of the amyloid cascade. A
major biochemical pathway at work involved
APOE; APOE binds to LRP1 on localized
pericytes, activating and/or suppressing the
proinflammatory cyclophilin A, an isozyme
involved in cis-trans isomerization of proline
imidic peptide bonds, nuclear factor kB (CypA-
NFkB) pathway; the APOE4 variant causes
activation of this pathway, while APOE3
translates into suppression (Zhao et al. 2015b).
Secretion of APOE occurs at the level of the
astrocyte.

Astrocytes cover up to 90% of brain
microvessels and rely on bidirectional feedback
from pericytes in maintaining BBB integrity.
Their presence in the NVU is essential in
maintaining tight junctions of the BBB.
Astrocytes close to plaques express LRPs and can
internalize Aβ in an APOE-dependent manner.
Some studies have shown intra-astrocytic Aβ

to induce dysfunction, while others have shown
that Aβ can be degraded. Speculation surrounds
the idea that astrocytes may traffic Aβ close to
endfeet where abluminal endothelial cells and
pericytes may eliminate AB via ABCB1/LRP1
(ElAli and Rivest 2013). They express relatively
low levels of ABCB1 and elevated levels of
ABCA1, a known factor in APOE lipidation
(ElAli and Rivest 2013), resulting in reduced
Aβ aggregation. As such, astrocytes contribute
to Aβ clearance in making Aβ more diffusible
through the BBB. Aquaporin-4 (AQP4) is
abundant in astrocyte processes adjacent to
cerebral microvessels, and its expression is
key in uptake and degradation of Aβ (Zenaro
et al. 2016). The reallocation of AQP4 from
astrocyte end processes to non-endfeet has been
observed in several models of AD, suggesting
increased depolarization and communicational
interference with pericytes (Zenaro et al. 2016).
Additionally, astrocytes mediate neuroinflam-
mation through active secretion of cytokines
and chemokines, establishing a link between the

NVU and immunoregulatory processes. Given
this information, astrocytes mediate several
aspects of Aβ clearance and may reduce and/or
contribute to AD pathology.

4.3 Choroid Plexus Removal of Aβ

The choroid plexus (CP) is a network of cap-
illaries and cuboidal epithelial cells lining the
four ventricles of the brain. As a lining of the
ventricular system, the epithelial cells produce
cerebrospinal fluid (CSF) and actively filter blood
and plasma. Therefore, they serve as a secondary
barrier, the blood-CSF barrier, paralleling that of
the BBB. Fluid is filtered into and out of the
CSF. Indeed, many of the tight junction pro-
teins, zonula occludens (ZO-1), and Aβ clearance
proteins are present, RAGE, LRP1, and gp-P
(Gonzalez-Marrero et al. 2015). Choroid plexus
maintains proper integrity, pressure, and compo-
sition of CSF through secretion of ions, nutrients,
metabolic precursors, and proteins (Lun et al.
2016). Two proteins, transthyretin (TTR) and
aquaporin-1 (AQP-1), are often used as bench-
marks to gauge the health of CP. AQ1 is a
transmembrane protein of the CP involved in
transporting water from blood to CSF, while
TTR is a transport protein involved in binding
thyroxine and retinol-binding protein bound to
retinol. TTR has also been found to bind Aβ

and thus prohibiting the formation of Aβ fibrils.
As such, TTR is an important indicator in the
pathogenesis of AD.

Gonzalez-Marrero et al. investigated the
effects of triple transgenic (3xTg-AD)-induced
mice, harboring presenilin 1 (PS1/M146 V),
APPSwe, and tauP301L on CP; these animal
models mimic the critical hallmarks of AD
as presenilin 1 mutants mimic overproduction
of Aβ42 through interaction with γ-secretase,
APPSwe accelerates Aβ production because
it is a transgene coding for a 695 amino acid
isoform of Aβ, and tauP301L results are tau
hyperphosphorylation. 3xTg-AD mice display
behavior alterations, cognitive deficits, and
accelerated Aβ plaques and NFT starting from
12 months (Gonzalez-Marrero et al. 2015). Their
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results indicate 3xTg-AD mice exhibit age-
related pathology at 16 months similar to AD
(Gonzalez-Marrero et al. 2015). Additionally,
they found more than twofold increases in Aβ42

in the stroma and altered cellular distribution
patterns as compared to non-Tg mice; 3xTg-
AD showed uniform Aβ42 throughout the CP,
while controls displayed apical Aβ42. CP can
receive up to 5–10 times more blood flow
than other brain regions, and thus maintaining
hemostasis and vascular perfusion is pertinent
in assessing proper removal of Aβ. Further
analysis revealed ∼twofold higher collagen
IV deposition around CP and blood vessel
basement membranes (Gonzalez-Marrero et al.
2015). Collagen IV deposition increased BM
thickness and is suggestive of altered BBB
integrity. According to Fick’s diffusion theory, a
major factor affecting diffusion across biological
membranes is membrane thickness (Gonzalez-
Marrero et al. 2015). Consequently, reduced
permeability, oxygenation, plasma ultrafiltration,
and CSF formation become less efficient,
consistent with most models of AD pathology
(Gonzalez-Marrero et al. 2015). TTR and AQP-
1 staining also revealed >threefold and 31%
lower expression in 3xTg-AD as compared to
controls, respectively. Increases in cellular and
stroma Aβ42 indicate impaired Aβ metabolism
and clearance. AD patients show elevated levels
of Aβ in plasma due to compromised binding
to sLRP1. Elevated systemic levels of Aβ can
reenter the brain and CP via RAGE-mediated
transport; indeed, this study also found elevated
cytoplasmic RAGE expression in CP, suggesting
increases in Aβ upregulate RAGE (Gonzalez-
Marrero et al. 2015).

4.4 HeavyMetal Toxicity

Heavy metal accumulation and toxicity appear
to be major variables in the pathogenesis of
Alzheimer’s disease and disrupt clearance mech-
anisms of Aβ. Aluminum (Al) is one of the most
abundant elements in the biosphere, and its in-
dustrial production and environmental prevalence
makes it one of the most neurotoxic elements

we are exposed to daily. Al’s contribution to AD
is based on at least seven independent-derived
observations:

1. Al strongly promotes Aβ aggregation and ac-
cumulation, known as amyloid cascade.

2. In vitro and in vivo analyses display marked
increases in pro-inflammatory transcription
factor NF-kB.

3. mRNA and miRNA expression induced by Al
is strikingly similar to that of AD.

4. Dietary consumption of Al induces lipid
peroxidation, oxidative stress, apoptosis, and
gene expression deficits.

5. Many deficits observed in AD are recapitu-
lates in Al-treated cellular or animal models.

6. Numerous worldwide epidemiological studies
correlate Al in drinking water as hydrated Al
potassium sulfate, KAl(SO4)2·12H2O, to AD.

7. A significant number of pharmaceutical treat-
ments rely on antioxidant and iron/aluminum
chelation therapy (Bhattacharjee et al. 2013).

In fact, the scientific literature is replete with
studies showing neurotoxic effects of Al.

The only oxidation state of aluminum is Al3+,
and it has a small ionic radius (50 pm) relative
to zinc (Zn2+; 74 pm), calcium (Ca2+; 99 pm),
and sodium (Na+; 95 pm) which makes it a very
effective cross-linker of proteins. Al-induced
conformational changes have been demonstrated
using circular dichroism (CD) spectroscopy
(Kawahara and Kato-Negishi 2011; Exley et
al. 1993). Within the amino acid sequence of Aβ,
arginine (Arg5), tyrosine (Tyr10), and histidine
(His13) demonstrate metal-binding properties.
This makes this particular amino acid sequence
particularly susceptible to cross-linking. Studies
have demonstrated that polymerization of Aβ

occurs in the presence of Al and treatment with
deferoxamine (DFO) results in dissolving of the
network (Kawahara and Kato-Negishi 2011).

Al also affects iron (Fe) homeostasis as it has
comparable properties. Binding of Al to ferritin,
transferrin, iron regulatory protein (IRP), and/or
iron-responsive elements (IRE) has profound im-
plications in the production of free radicals via
the increase in Fe concentrations. IRP is a cytoso-
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lic protein which functions as a posttranscrip-
tional switch for Fe homeostasis, binding to 5′
and 3′ untranslated regions of mRNA containing
IREs. As a negative regulator, it inhibits the pro-
duction of ferritin in Fe-depleted cells by block-
ing ferritin mRNA from translation within the
ribosome. Conversely, the lack of IRP binding to
mRNA untranslated regions results in endonucle-
ase cleavage of the construct. Al has the ability to
disrupt all pathways in iron homeostasis because,
as mentioned previously, it can bind all relevant
proteins in this pathway. Importantly, APP and
ferritin contain an IRE within their mRNA, and
Al has been shown to increase APP production
in experimental animal models (Kawahara and
Kato-Negishi 2011).

Several studies have exhibited increased Al
deposition in the brain of AD patients, especially
in areas of hippocampal formation and occipital
lobes. Al >2.00 μg/g dry wt is considered
pathologically concerning, while >3.00 μg/g
dry wt is considered pathologically significant
and thus will contribute to exacerbation of AD
pathology, earlier onset, and more aggressive
etiology (Mirza et al. 2017). In a recent study of
12 humans, 7 females and 5 males, autopsy-
confirmed familial AD diagnosed patients,
postmortem tissue samples were obtained from
occipital, frontal, parietal, and temporal lobes.
The samples were analyzesd for Al content
using validated lumogallion and fluorescence
microscopy. Eleven of 12 individuals had at
least one tissue sample with a pathologically
significant (>3.00 μg/g dry wt) content of Al
(Mirza et al. 2017). The brains of nine individuals
displayed Al content >5.00 μg/g dry wt, while
five of these had at least one sample upward
of >10.00 μg/g dry wt (Mirza et al. 2017).
Furthermore, Al appears to show a differential
deposition in arteries that supply the brain and
CNS (Bhattacharjee et al. 2013). A postmortem,
case-controlled study of AD patients unveiled
a concentration gradient of Al while dissecting
the celiac, femoral, aorta, vertebral, common
carotid, internal carotid, basilar, middle cerebral,
and posterior cerebral arteries (PCA). The PCA
had a ninefold increase in Al, amounting to
54.2 μg/g dry wt (Bhattacharjee et al. 2013).

The PCA provides major blood supply to the
hippocampus, suggesting a possible correlation
between increased Al affinity for the PCA and
hippocampal dysfunction. The concentration
gradient of Al may be related to its increased
affinity for phosphates covalently linked to lipids
lining the cerebral vasculature.

5 BBB Dysfunction
and Impaired BBB Clearance

The BBB provides a physical separation of blood
from components of the brain. However, dys-
function of the barrier is highly implicated in
numerous neurodegenerative diseases, including
autism, Parkinson’s disease, dementia, multiple
sclerosis, HIV-1 encephalitis, severe hyperten-
sion, AD, etc. (Haorah et al. 2007). Increas-
ingly elevated levels of reactive oxygen species
(ROS), impaired insulin resistance, and elevated
cholesterol esters play important roles in BBB
dysfunction.

5.1 ROS Exacerbate Alzheimer’s
Disease

ROS are natural byproducts of cellular
metabolism. They are generated in response
to mitochondria’s production of adenosine
triphosphate (ATP). During this process,
hydrogen ions are pumped across the inner
mitochondrial membrane. Lastly, oxygen is
reduced to form water. This process inevitably
produces small amounts of superoxide (.O2

−)
which can react with water to form hydroperoxyl
(HO2) and hydroxide (OH). Subsequently, ROS
can lead to lipid peroxidation, damage to local
tissues and DNA, activation of apoptosis, and
recruitment of immune cells to the site of
inflammation. Therefore, they play a leading
role in nearly all aspects of neurodegenerative
diseases. They may act alone or in response to
other factors and represent complex interactions
of cellular metabolism in conjunction with their
environment. Matrix metalloproteinases (MMPs)
have been shown to be upregulated in response
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to ROS. Specifically, ROS-mediated activation of
MMP2 and MMP9 has demonstrated degradation
of basement membrane proteins and subsequent
loss of BBB integrity. Additionally, ROS-induced
phosphorylation of tight junction proteins
(claudin-5, occludin, ZO-1) via upregulation of
protein tyrosine kinase (PTK) (with diminished
protein tyrosine phosphatase) triggers leaky
BBB. Furthermore, loss of BBB stability leads
to infiltration of leukocytes and exacerbated
brain inflammation. Fibrinogen, albumin,
thrombin, hemoglobin, and immunoglobulins
have been discovered in postmortem studies of
AD and amyotrophic lateral sclerosis (ALS),
exemplifying the pathological consequences of
BBB disruption (Fig. 5).

5.2 Insulin Resistance and Its Role
in Vascular Hemostasis

Vascular pathologies are believed to contribute
significantly to the spectrum of neurodegenera-
tive diseases, including dementia, mild cognitive
impairment, AD, etc. Until recognition of the
significance of neuritic plaques and neurofibril-
lary tangles (NFTs), vascular dysfunction was the
prevailing view surrounding cognitive deficits in
AD (Mullins et al. 2017). Insulin signaling has
profound consequences on vascular hemostasis,
BBB functionality, and AD exacerbation. Insulin
can be produced de novo in the brain, but the gen-
eral consensus is that insulin’s actions are primar-
ily pancreas-derived. Its vasodilation properties
couple PI3K signaling to increased generation of
nitric oxide (NO) in endothelial cells, a potent va-
sodilator. NO diffuses freely into nearby smooth
muscle cells resulting in production of cyclic
guanosine monophosphate (cGMP) and thus reg-
ulating vasoconstriction. Furthermore, NO in-
hibits platelet aggregation, monocyte adhesion,
and thrombosis, all of which damage the vessel
wall (Mullins et al. 2017). Microvascular dis-
ruption leads to production of ROS and poten-
tiates overexpression of receptor for advanced
glycation end products (RAGE), the endothelial
receptor responsible for plasma Aβ transcytosis
from the blood to the brain (Mullins et al. 2017).

Binding of insulin to brain endothelium
elicits autophosphorylation of insulin receptor
substrate-1 (IRS-1) and activation of several
pathways, including PI3K/Akt, leading to
membrane localization of glucose transporters
(GLUTs), primarily GLUT 1 and GLUT
3 in the brain, and mediation of glycogen
synthase kinase-3β (GSK-3β)-regulated hyper-
phosphorylation of tau proteins, a trademark
of neurofibrillary tangles in AD (Mullins et
al. 2017). A detailed analysis by Talbot et
al. uncovered significant downregulation of
insulin pathway IR → IRS-1 → PI3K and
greatly reduced signaling in response to IGF-
1 in the IGF-1R → IRS-2 → PI3K pathway
of AD patients without diabetes relative to
normal controls (2012). They found that IRS-
1 and IRS-2 activation is primarily separate
around physiologically relevant concentrations
(∼1 nM) and responds to insulin and IGF-1,
respectively, but this response can crosstalk under
conditions of hyperinsulinemia (∼10 nM) or
excessive IGF-1 (∼10 nM) (Talbot et al. 2012).
Additionally, modest downregulation occurred at
the level of IR, while major reductions occurred
downstream: 90% for IRS-1 phosphotyrosine,
pY, (IRS-1 pY), 89% for Akt1 pS, 76% for
GSK-3β pY216, 83% for GSK-3β pS9, 74% for
mTOR pS2448, and 90% for ERK2 pT185/pY187

(Talbot et al. 2012). Their analysis indicated
this extensive downregulation must occur, not
from IR inhibition but from bottom-up effects
(Talbot et al. 2012). Consistently, they found
excessive phosphorylation of IRS-1 at critical
serine sites, S312, S616, and/or S636, resulting
in suppression of IRS-1. Phosphorylation at
these sites was also significantly correlated with
basal activation of GSK-3, inhibitor of kappa
B kinase (IKK), JNK, mTOR, and PKCζ/λ.
IR-sensitizing drugs appear to ameliorate
this inhibition and improve Aβ pathology
(Talbot et al. 2012). In contrast to Chia et
al., Talbot found overall suppression of GSK-
3, refuting the hypothesis of GSK-3-mediated
hyperphosphorylation of Tau protein; these
conflicting results warrant more research. In
conclusion, excessive phosphorylation of IRS-1
pS616 had the largest and most negative effects
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Fig. 5 Effects of disrupted BBB and leakage of toxic
blood components into the cerebrum Dysfunctional
pericyte-endothelial and astrocyte-endothelial signaling
results in localized breakdown of the BBB. As BBB
becomes leaky, proteins from the blood escape into local
tissues, triggering inflammation. Fe2+ derived from red
blood cells acts as a pro-oxidant and producer of ROS.
Fibrinogen triggers activation of microglial cells, promot-

ing neuroinflammation and demyelination. Additionally,
fibrinogen, thrombin, and plasmin activate cleavage of
extracellular matrix proteins and detachment of neurons,
leading to cell death. Albumin results in hypoperfusion,
hypoxia, and localized edema. Production of autoantibod-
ies against neuron components such as myelin is possible
via loss of immune privilege. Courtesy of Zhao et al.
2015b

on episodic memory score and appears to be a
major factor in cognitive decline associated with
AD (Talbot et al. 2012).

5.3 Cholesterol Effects on AD

Hypercholesterolemia and defective lipid
metabolism have a strong link to AD. Grimm’s
work established a pertinent link between high
cholesterol, activation of β and γ-secretase,
and pathogenesis of AD (2008). They found

inhibition of cholesterol through administering
lovastatin, an inhibitor of HGM-CoA reductase,
and extraction of cholesterol by methyl-
β-cyclodextrin treatment reduces β and γ-
secretase activities (Grimm et al. 2008), thereby
reducing the intracellular concentrations of
Aβ40 and Aβ42. Production of cholesterol
begins with the addition of two molecules of
acetyl-CoA to form acetoacetyl-CoA. Another
reaction of acetoacetyl-CoA with acetyl-CoA
produces 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA), whereby HMG-CoA reductase
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acts to form mevalonate. In fact, statins exert their
cholesterol-lowering effects through inhibition
of this enzyme, which is the rate-limiting step in
the process. Through more than 20 enzymatic
steps, cholesterol is produced. Cholesterol
is used by every cell in the body where it
is concentrated in lipid rafts within the cell
membrane. It increases membrane packing by
interacting with membrane phospholipids and,
in doing so, maintains cell fluidity. Cholesterol
also serves as a precursor for vitamin D, bile
acids, and the biosynthesis of steroid hormones,
including testosterone and estrogen. The brain
houses approximately 25% total cholesterol and
is predominantly found in the non-esterified form
(Gamba et al. 2015). Because cholesterol and
lipoproteins are unable to cross the BBB, neurons
rely on astrocyte de novo synthesis and secretion
of APOE-cholesterol complexes. Of note,
24-hydroxycholesterol (24-OH), an oxidation
product of cholesterol, is secreted by the neuron
and combines with nuclear liver X receptor
(LXR), and they are secreted to neighboring
astrocytes, where they facilitate transcription
and production of APOE; APOE is the brain’s
principal cholesterol transport system (Gamba
et al. 2015). In essence, neurons secrete 24-OH-
LXR to astrocytes where it promotes production
of APOE, and then astrocytes secrete the newly
produced APOE-cholesterol complexes back to
the neuron (Gamba et al. 2015).

APOE is an apolipoprotein in that its primary
function is to transport lipids, fat, and cholesterol
throughout lymphatic and circulatory systems.
It is found on the surface of chylomicrons and
intermediate density lipoproteins (IDLs). APOE
is synthesized peripherally in the liver and by
macrophages but also by astrocytes within the
central nervous system.

Implications of APOE polymorphisms in AD
are believed to be related to cholesterol transport.
APOE has been shown to colocalize with choles-
terol and Aβ fibrils in senile plaques. Of interest,
the APOE4, but not APOE2 and APOE3 variant,
may confer increased susceptibility to late-onset
AD, synergizes with Aβ toxicity, and is more sus-
ceptible to cleavage than APOE3 (Gamba et al.
2015). In part, it is because of indirect activation

of the proinflammatory CypA-NFkB matrix met-
alloproteinase 9 (MMP-9) pathway, which leads
to breakdown of BBB through destruction of
basement membrane and tight junctions (Gamba
et al. 2015). As mentioned previously (Fig. 5),
destruction of the BBB tight junctions can lead
compromised blood flow and hypoxic conditions,
accumulation of blood proteins and leukocytes,
and further potentiate the inflammatory condition
of the brain. According to the vascular two-
hit hypothesis, an initial vascular insult to the
brain (hit 1) elicited by hypoxia, hypoperfusion,
or a disrupted BBB proceeds observed amyloid
pathology in AD (Gamba et al. 2015). Accu-
mulated Aβ (hit 2), predominantly an effect of
faulty Aβ clearance in late-onset AD, now trig-
gers a pathological cascade of neuronal injury,
cognitive decline, and AD dementia (Gamba et
al. 2015).

Several oxysterols have been implicated
in Alzheimer’s disease. Because oxysterols
can cross the BBB, more than 20 different
metabolites have been associated with AD,
but two cholesterol oxidation products are
highly implicated. 24-OH is produced almost
exclusively in the brain by the enzyme
cholesterol 24-hydroxylase (CYP46A1), and
27-hydroxy cholesterol (27-OH), to a lesser
extent, is produced by the enzyme cholesterol 27-
hydroxylase (CYP27A1). 27-OH is subsequently
converted into 7α-hydroxy-3-oxo-4-cholestenoic
acid (7-OH-4-C) by the enzyme CYP7B
where it exits the brain via the BBB and gets
excreted following processing by the liver.
However, 27-OH can flow from systemic
circulation to the brain, serving as a potential
link between intracerebral and extracerebral
pools of cholesterol, and may contribute to
hypercholesterolemia in the brain (Gamba et
al. 2015). 24-OH is the primary cholesterol
metabolite of the brain and has been shown
to promote brain protection through its efflux
and inhibition of Aβ production. During early
stages of the disease, higher levels of 24-OH
have been found in the CSF and peripheral
circulation as compared to healthy controls
(Gamba et al. 2015). However, late stages of
AD exemplify lower plasma levels of 24-OH,
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suggesting decreased oxidation of cholesterol
by the enzyme CYP46A1, loss of neurons
and ongoing demyelinization, and/or reduced
transport through the BBB (Gamba et al. 2015).

6 Conclusion

After more than 100 years since the first descrip-
tion, AD now affects about 30 million people
worldwide. Age is a significant biological risk
factor. While we are gaining knowledge of under-
lying genetic predispositions, molecular mecha-
nisms, and potential etiologies of this complex
disease, there is still much we do not know. Ge-
netic predispositions contribute to approximately
1–10% of familial AD cases, while environmen-
tal factors appear to have the biggest impact. The
two common hallmarks of AD, Aβ plaques and
Tau NFTs, may be the result of upstream events,
or they may be at the center of AD pathogenesis.
With that being said, Aβ appears to have detri-
mental effects on many aspects of the disease,
including loss of synaptic plasticity, neuronal
death, compromised BBB integrity, increased ex-
pression of RAGE and implicated clearance by
LRP1, increased leukocyte extravasation across
inflamed endothelium, and elevated levels of ox-
idative stress leading to ROS and continuous neu-
roinflammation. Several clearance mechanisms
exist involving enhanced metabolism and pro-
teolytic cleavage of Aβ or clearance from the
cortex to systemic circulation. As complications
of BBB integrity arise from activation of MMP-
2 and MMP-9, ROS, cholesterol metabolism, and
impaired insulin signaling, amplified Aβ deposits
in and around microvessels, known as cerebral
amyloid angiopathy (CAA), become evident. As
Aβ fibrils accumulate, neural and ISF accumu-
lation results in a cascade of significant brain
degeneration and atrophy of hippocampal and
cortical structures.

As late-onset AD accounts for ∼90% of cases,
environmental effects and epigenetics are at the
core of AD. As heavy metals, specifically Al,
are known as neurotoxins implicated in neurode-
generative diseases, this calls into question their
increasing presence in our environment. Al is

present everywhere in the biosphere and yet has
no biological role. Several studies have found
increased deposition of Al in occipital, frontal,
temporal, and parietal lobes of early- and late-
onset AD. In fact, one study suggested it is the
deposition of Al which leads to earlier onset
and more aggressive etiology of AD (Mirza et
al. 2017). Interestingly and importantly, Al de-
position has been found in cerebral blood ves-
sels supplying critical structures of the brain,
including a ninefold increase in the PCA which
immediately supplies blood to the hippocampus,
a major area of the temporal lobe affected in AD.
Alterations in endothelium have profound con-
sequences on downstream blood flow, typically
resulting in hypoxic conditions to the tissue. This
may explain the substantial damages inflicted on
the hippocampus.

Another confounding factor in AD is the in-
creasing prevalence of insulin resistance. This
may explain why diabetics are at much higher
risk of developing AD. The rate of insulin trans-
port across the BBB is slowed by obesity and
aging. Additionally, high circulating levels of
free fatty acids in the bloodstream promotes IR.
As seen here, hyperphosphorylation of IRS-1
leads to diminished insulin signaling. This effect
can be seen as downregulated GLUT receptors
and aberrant endothelial NO responses. A dis-
ruption in endothelial-mediated NO signaling has
grave consequences for cerebral blood flow. The
parenchyma relies on adequate blood flow for
oxygenation, enzymatic and cellular function,
and retrieval of important nutrients, and with-
out it, cells can undergo apoptosis or take on
an inflammatory state. Adequate blood flow is
also imperative for clearance of Aβ. Impaired
perfusion combined with the neurotoxic effects
of Al, Al deposition in the PCA, and augmented
collagen thickening of the basement membrane
create an environment for BBB dysfunction and
pose significant challenges in clearance in Aβ.
For this reason, AD is largely believed to be a
vascular disease.

Atherosclerotic plaques have been observed
in a significant number of clinical studies which
led to initial hypotheses of AD being a vascular
disease. As cholesterol is a primary component of
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vascular plaques, it should come as no surprise
that cholesterol is heavily implicated in AD. In
fact, statins have shown some benefit in exper-
imental studies. In senile plaques, APOE binds
and colocalizes with cholesterol. The APOE ε4
variant is considered a substantial risk factor in
AD. Given the presence of oxysterol metabolism
within the brain, their transport to and from the
brain, and implications in AD, further studies are
warranted to decipher the exact role they play in
the disease.
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Mathematical Models of Cell
Response Following Heating

Neil T. Wright

Abstract

The cells of the cardiovascular system can
experience temperature excesses of a few de-
grees during a diseased state or of tens of
degrees during a thermal therapy treatment.
These raised temperatures may be acute or
of long duration. The multiple cell lines that
compose each tissue then react, in approxi-
mate order of increasing thermal insult, by
expressing heat shock proteins, undergoing
apoptosis, or suffering necrosis. Mathematical
models of the response of cells could aid in
planning and designing thermal therapies. The
multi-factor nature of the cell response makes
it challenging to develop such models. The
models most used clinically are mathemati-
cally simple and based on the response of
representative tissues. The model that might
provide the most fundamental understanding
of the biochemical response of cells requires
many parameters, some of which are diffi-
cult to measure. None of the semi-empirical
models that provide improved prediction of
cell fate have been widely accepted to plan
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therapies. There remain great opportunities
for developing mathematical models cell re-
sponse.

1 Introduction

The cells and tissues of the cardiovascular
system may be subjected to supraphysiological
temperatures during thermal therapies such
as high intensity focused ultrasound (HIFU)
for cardiac ablation (Bessiere et al. 2016),
transmyocardial laser revascularization (Briones
et al. 2015; Okada et al. 2011), and radio
frequency ablation (Langberg et al. 1992).
These high temperature therapies are typically
designed to denature proteins, ablate tissues, or
kill cells. Cells may also exhibit a protective
response—mammalian cells have been shown to
express heat shock proteins (HSPs) even at fibril
temperatures of 38–41 °C (Bettaieb and Averill-
Bates 2015; Evans et al. 2015; Taylor and Starnes
2003). These chaperone proteins can protect cells
from further heat shock as well as other stresses,
such as ischemia-reperfusion injury (Benjamin
and McMillan 1998). HSPs have also been cited
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as protecting against atrial myolysis and atrial
fibrillation (Brundel et al. 2006a,b). So heating
can either destroy cells or protect them from
further stressors, depending on factors in the cell
environment, especially temperature level and
duration of treatment.

Significant advances have been made in terms
of modeling the growth and remodeling of car-
diovascular tissues in response to changes in the
mechanical environment (Lee et al. 2016). Still,
much remains to be understood for comprehen-
sive biochemomechanical models that account
for the response of cells and tissues (Humphrey
and Rajagopal 2002; Humphrey 2008). Even for
isolated acellular collagenous tissues, the uni-
axial response to load and heating may yield
a simple model (Chen et al. 1998), while the
biaxial response may be considerably more chal-
lenging (Harris and Humphrey 2004). Inclusion
of cells further challenges the development of
comprehensive models. Endothelial cells, smooth
muscle cells, and some fibroblasts compose much
of arteries and veins. That more than 50% of
the cells in heart tissue are fibroblasts (Xin et al.
2013) is testament to the significant activity re-
quired to maintain the extracellular matrix.

Mathematical modeling of the response of
cells to heating can aid in the design of treatment
strategies, as well as in the understanding of
underlying mechanisms of cellular behavior. A
number of mathematical models to predict cell
death after heating have been developed and have
been the subject of previous reviews (e.g., He and
Bischof 2003; Pearce 2013; Wright 2013). Most
of these models have been based on the response
of cells in culture, which has the benefits of iso-
lating the response of specific cell lines in well-
controlled environments. Most of the cell death
data used to develop these models have ignored
the mode of cell death, whether by necrosis,
apoptosis, or some other pathway. As a result,
most of these models consider the overall cell
survival outcome rather than specific biochem-
ical pathways. There are, of course, models of
apoptosis developed by detailed consideration of
the caspase pathways (Fussenegger et al. 2000;
Eißing et al. 2007). These models may involve
too many parameters for general use in modeling
cell death following hyperthermia (Pearce 2013).

Furthermore, the data upon which most models
have been developed are for monocultures of
cells cultured on gels. Cells respond to heating
differently when cultured in a monolayer rather
than in suspension (Laszlo 1992), when culture
on a gel as opposed to being cultured between gel
layers (Song et al. 2014), and when grown in co-
cultures (Mayrhauser et al. 2011a,b; Hesami et al.
2008). More studies are needed to understand
better conditions like those in vivo.

Two commonly used measures to evaluate
tissue responses in vivo are the Henriques
damage integral and equivalent heating at
43 °C CEM43. The Henriques damage integral
(Henriques 1947) is often used to evaluate
burn injury. It was established using in vivo
measurements of the response of porcine and
human skin to well-quantified temperature
boundary conditions. Thus, it expresses the
overall response of tissue. It has often been used
to model cells or as a baseline for comparison
to other models. Equivalent heating at 43 °C
(Sapareto et al. 1978) is used to evaluate thermal
therapies, especially those used as adjuvants
to chemo- or radio-therapy. It was based on
the cologenic analysis of survival of Chinese
hamster ovary (CHO) cells in culture. Both
of these models rely on first-order kinetics
with an Arrhenius dependence on temperature.
Thus, they may over-predict the treatment
response for short treatment times (Pearce 2013).
These models are for comparison of treatments,
especially given the challenges associated with
maintaining uniform and constant temperatures
in vivo.

This review examines the response of cells to
heating and some of the mathematical models of
cell death. Section 2 reviews results for thermo-
tolerance with special attention to the tempera-
ture of the heat shock, its duration, and when
the greatest expression of HSPs occurs after the
heat shock has ended. It also summarizes the heat
shock temperature and duration associated with
different modes of cell death. Section 3 discusses
the Arrhenius-based models that are often used
for dosing thermal therapies or modeling the
extent of thermal burns. This section then ex-
plores some of the semi-empirical models used to
describe cell survival following heating. Lastly,
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it considers the utility of the apparent enthalpy-
entropy compensation that has been measured in
cell death and denaturation of structural proteins.

2 Cell Response to Heating

In the grossest sense, cells respond to heating at
mildly supraphysiological temperatures, perhaps
even a degree or two warmer than 39 °C, by
developing thermotolerance. At somewhat hotter
temperatures, they tend to undergo apoptosis.
And at still hotter temperatures, they undergo
necrosis. Samali et al., for example, measured
thermotolerance in Jurkat cells kept at up to
42 °C, apoptosis for cells at 44 °C, and necro-
sis at 46 °C (Samali et al. 1999). Similar re-
sults have been measured in HeLa cells (Bettaieb
and Averill-Bates 2008). Many factors other than
temperature level alone determine the cell fate.
Moreover, there may be a continuum of cell
death modes from apoptosis to necrosis (Raffray
and Cohen 1997; Syntichaki and Tavernarakis
2002). The Nomenclature Committee on Cell
Death (NCCD) suggests that biochemical rather
than morphological metrics should be used to
characterize cell death, given the variety of mor-
phologically identified cell death modes and the
improvements to biochemical assays (Galluzzi
et al. 2012). They note that from a practical sense

it is difficult to distinguish between a reversible
perturbation to hemostasis and an irreversible
path to cell death (Galluzzi et al. 2015). In clin-
ical applications, pathologists are encouraged to
diagnose cell death using morphological charac-
terizations as either necrosis, apoptosis, or apop-
tosis/single cell necrosis (Elmore et al. 2016).

In cell culture studies, clonogenic assays pro-
vide a definitive measure of cell survival, al-
though the mode of death of the non-surviving
cells is left unanswered. Results from cell culture
studies form the basis for many of the mathe-
matical models of cell survival. Figure 1 shows
typical cell survival curves, here for Chinese
hamster ovary (CHO) cells that have been heated
at temperatures from 41.5 to 46.5 °C (Dewey
et al. 1977). In addition to temperature level,
the duration of heating is important in deter-
mining the response. At temperatures of less
than 42.5 °C, for these cells and experimental
conditions, cell survival declines with increased
heating time, but appears to develop a plateau.
This plateau suggests development of themotol-
erance (Lee and Dewey, 1987). For treatment
temperatures of 43 °C and greater, there is no
apparent plateau at longer heating times. For
the warmer temperatures, each 1 °C increase in
treatment temperature halves the time required to
reach S = 10−3, where S is the fraction of cells
surviving. The upper dashed line in Fig. 1 shows

Fig. 1 An example cell
survival curve following
heating of Chinese hamster
ovary (CHO) cells from
41.5 °C to 46.5 °C (Dewey
et al., 1977). Dewey et al.
included porcine kidney
cells heated at 46 °C to
illustrate that the kinetics
response differs for various
cell lines. Note: the solid
and dashed curves shown
are not representative of a
mathematical model
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that the response of CHO cells in the G1 phase
is somewhat less sensitive to heating at 42 °C
than are asynchronous CHO cells. As may also
seen in the figure, the lower dashed line shows
that pig kidney cells heated at 46 °C respond in
a similar fashion to the CHO cells, albeit with a
slower response rate than the CHO cells at the
same temperature.

2.1 Thermotolerance

Thermotolerance in mammalian cells is a func-
tion of temperature level and duration of heating.
It is usually associated with the expression of
HSPs (Peper et al., 1998), often HSP70 and
HSP27, while other members of the HSP fam-
ily may be expressed, especially due to other
stresses (Gabai and Sherman, 2002; Kampinga,
1993; Rylander et al., 2005; Sriram Rodriguez-
Fernandez, 2012). The expression of HSPs fol-
lowing heat shock depends on the duration and
temperature level of the heating. HSP is normally
bound to heat shock transcription factor HSF-1
(Kampinga, 2006). After heat shock, HSP pref-
erentially binds to the newly denatured proteins,
which frees HSF-1 to start gene transcription.
After the heat shock has ended, expression of
HSPs is a non-monotonic function of time with
peak expression occurring several hours later.
The delay period may be optimized for maximum
expression (Kampinga, 2006; Peper et al., 1998;
Wang et al., 2003; Rylander et al., 2006) and
might be altered by chemical (pharmaceutical)
treatments of the cells (Lee and Dewey, 1987).
After peak express, HSP expression decays, often
to the level prior to heat treatment.

A number of studies have measured thermo-
tolerance in a number of cell lines. Table 1 lists
some of the parameters for several of these stud-
ies. Heat shock temperatures Ths range from 41.5
to 60 °C, with durations ranging from one minute
to several hours. Most of the studies found that
40 ≤ Ths ≤ 45 °C was most effective in HSP
expression. Of the studies listed here, thermo-
tolerance was determined by HSP concentration,
with the exception of Spiro et al. (1982) who
measured the clonogenicity of CHO cells.

Spiro et al. (1982) demonstrated that
thermotolerance of CHO cells can be developed
using either relatively long times (6–14 h) at
relatively cool temperatures (42 °C) or acutely
with times less than 1 h at hotter temperatures
(45.5 °C). Protection from subsequent thermal
injury appeared identical. Importantly, thermal
tolerance developed even with fractionated acute
or fractionated chronic heat treatments. Li et al.
(1982) measured thermotolerance and corre-
sponding expression of HSPs in Chinese hamster
ovary HA-1 fibroblast cells following 20 min at
45 °C. Landry et al. (1982) measured thermal
tolerance and HSP induction following 30 min
at 43 °C.

Bettaieb and Averill-Bates (2015) measured
thermotolerance and HSP72 expression in
HeLa cells following exposure at 40 °C for
3 h. Samali et al. (1999) measured HSP72
expression in Jurkat cells heated for 1 h at 40 °C,
but measured greater production of HSP72 at
42 °C for 1 h.

Wang et al. (2008) used cultured bovine aortic
endothelial cells transfected with green fluores-
cent protein to examine the kinetics of HSP70
production. Based on earlier studies (Wang et al.,
2003), they heated the cells at 42 °C for 1–2 h.
They measured fluorescence for up to 20 h after
heating and observed that HSP70 had a bimodal
expression with peaks at 3 h and 12 h after the
heat shock. The HSP70 translocated from the
cytoplasm to the nucleus during the period 6–16 h
after the heat shock. Zou et al. (2003) measured
HSP expression in COS-7 cells (fibroblast-like
from monkey kidney) in culture after 1 h heating
at 42 °C and then 24 h at 37 °C.

The local environment alters the response to
heating of a given cell line, that is, whether
they are grown in suspension or in monolayers
(Laszlo, 1992). More recently, Song et al. (2014)
compared the thermotolerance and survival re-
sponses to heating of a human prostate cancer
cell line (PC3 cells) cultured in a 3D gel to the
response in a 2D culture. Treatment temperatures
ranged from 37 to 57 °C and lasted up to 2 h.
HSP70 increased in 3D cultures as compared
to 2D cultures that were heated at 45 °C, but
had the same expression when the heat treatment
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Table 1 Summary of some of the heat shock response parameters for several cell lines

Cell line Ths (°C) ths (h) tpeak (h) Tolerance metric Ref.

CHO—10B2 41.5, 42,
45.5

6, 10, 14 Cell survival Spiro et al. (1982)

Chinese ham-
ster HA-1

45 0.33 8 HSP59, HSP72, HSP87 Li et al. (1982)

Primary rat

Hepatic
epithelial

43 0.5 8–32 HSP27, HSP70, HSP89,
HSP107

Landry et al. (1982)

Rat hepatoma
H35

42 2 12 HSP25, HSP70 Wang et al. (2009)

HeLa 44 0.25 4 HSP27, HSP60, HSP70,
HSC70, HSP90

Stege et al. (1995)

HeLa 40 3 Peak not measured Bettaieb and Averill-
Bates (2015)

Jurkat 40, 42 1 6 HSP27, HSP72 Samali et al. (1999)

Bovine
endothelial

42 0.5 to 5 3 & 14 HSP70 Wang et al. (2003)

RWPE-1 44–60 0.0167–0.5 1–10 HSP27, HSP60, HSP70 Rylander et al. (2010)

PC3 44–60 0.0167–0.5 1–10 HSP27, HSP60 HSP70 Rylander et al. (2010)

HSP expression, except where noted. Ths is the temperature of the heat shock, ths is the duration of the heat shock, and
tpeak is the time after the heat shock has ended, at this there is peak expression of the HSPs

was 44 °C. This suggests the challenging nature
of understanding and modeling the heat shock
response.

Several models of thermotolerance have been
developed. Peper et al. developed a framework to
model HSP70 synthesis and compared its predic-
tions with results for rat hepatoma cells (Peper
et al., 1998). The model was organized as five
computational blocks and the equations were
solved using the Simulink extension of Mat-
lab. The first block models the denaturation of
proteins in the cells, to which HSP then binds
preferentially, thus freeing heat shock transcrip-
tion factors (HSF) to which the HSP had been
bound. The second block simulates the binding of
HSF with heat shock sequence elements (HSE),
activating the heat shock genes. The third block
models the interaction of HSF with HSE to start
the synthesis of HSP70-mRNA. The fourth block
models the synthesis of HSP70-mRNA. Finally,
the fifth block models the synthesis and subse-
quent decay of HSP70 itself. Values for the 24
parameters in the model were either taken from
published results or, in a few cases, based on lim-
iting results of the model. Their computed values

of HSP70 synthesis following a 0.5 h heat shock
at 42 °C compared well with measurements in
Reuber H35 hepatoma cells. Each showed a peak
in total HSP70 synthesis at about 4 h after heat
shock

Rybiński et al. (2013) developed a model
to examine hyperthermia as an adjuvant to
chemotherapy, such as in the case of hyper-
thermia combined with a proteasome-inhibitor.
Two models were developed: a deterministic
model composed of 12 ordinary differential
equations and a continuous-time Markov chain
probabilistic model. The overall results of the
two models were similar, albeit with significant
scatter in the probabilistic model. Scheff et al.
developed a model of the dynamic heat shock
response in HeLa cells in vitro. The model
added previously simplified analyses to include
temperature-dependent transcription, translation,
and HSF oligomerization. The authors used
data mining to compile in vitro heat shock
responses of HeLa cells allowing semiquantitaive
demonstration of molecular mechanisms. Their
model results agreed well with measurements of
total HSP for a 15 min heat shock, for which peak
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was at about 10 h following heat shock (Stege
et al., 1995).

Rylander et al. (2005, 2007, 2010) incorpo-
rated a mathematically simpler model of HSP ex-
pression as part of a mathematical model devel-
oped for design and planning of laser therapies.
Assuming that the rate of production of HSPs
could be modeled as the product of a temperature
and time dependent rate function f (t, T ) and the
instantaneous concentration of the HSP H(t, T ),
the model could be expressed as

H(t, T ) = Ae(αt−βtγ ) (1)

where α, β, and γ are temperature-dependent
parameters determined for each cell line, with
γ > 1 and A is a temperature-dependent con-
stant. Values given by the model agreed well
with measurements for normal and malignant
human prostate lines. While not addressing the
underlying reactions of HSP production, it pro-
vides a more expedient model of HSP production
for potential use in clinical predictions of laser
therapies.

2.2 Cell Death

Much of the quantitative understanding about cell
death following heat shock comes from early
studies that used clonogenic assays (Dewey et al.,
1977; Sapareto et al., 1978; Jung, 1986; Mackey
and Dewey, 1988; Westra and Dewey, 1971).
Figure 1 is an example of survival curves for
CHO cells following heat shock at temperatures
of 41.5 to 46.5 °C. These curves illustrate the role
of heat shock duration, as well as the change
in response that occurs for heat shock at about
43 °C. Clonogenic assays provide a definitive
fraction of the cells that survive, but are inde-
pendent of the mode of cell death, be it necrosis,
apoptosis, or some other mode.

Necrosis and apoptosis have been the two
most commonly studied modes of cell death
following heat shock. The end state of necro-
sis is cell membrane rupture. Cells undergoing
necrosis are often identified by cell staining,
such as with propidium iodide (PI) and flow

cytometry (Feng et al., 2008). Apoptosis is char-
acterized by the cell breaking into smaller bod-
ies that contain the still functional organelles.
Apoptotic cells are identified using different as-
says, such as the TUNEL assay (Gorczyca et al.,
1992). The mode of cell death has been mea-
sured to change with temperature level (Laszlo,
1992; Bettaieb and Averill-Bates, 2015; Glory
and Averill-Bates, 2016; Bettaieb and Averill-
Bates, 2008). For example, Bettaieb and Averill-
Bates measured development of thermotolerance
in HeLa cells heated at 40 °C for up to 3 h, while
apoptosis occurred when cells were heated at
from 42 to 43 °C for up to 3 h and necrosis oc-
curred at temperatures hotter than 45 °C (Bettaieb
and Averill-Bates, 2008). The change in response
with increasing temperature agrees with other
results, such as Jurkat cells that were apoptotic
for a temperature of 44 °C and necrotic for heat-
ing at 46 °C (Samali et al., 1999), each for 1 h.
HSP27 and HSP72 were not expressed for tem-
peratures greater than 42 °C. Heating cells can
also cause oxidative stress (Bettaieb and Averill-
Bates, 2008) and endoplasmic reticulum (ER)
stress (Bettaieb and Averill-Bates, 2015). Bet-
taieb and Averill-Bates also found that thermotol-
erance by HSP72 expression provided protection
from both ER stress and apoptosis due to ER
stress. Santos-Marques, conversely, found that
cell death signaling is expressed more quickly
than thermotolerance develops during continuous
heating of hepatocytes at 41 °C (Santos-Marques
et al., 2006).

Cell culture studies provide great insight into
many aspects of cell survival. The response may
be changed by many factors. Purschke et al.
(2010) proposed the term active thermal by-
stander effect (ATBE) to refer to cells that expe-
rience DNA damage and apoptosis, even though
they do not themselves experience a lethal heat
shock and have no contact with cells that have
experienced heat shock. Measurements of human
fibroblasts in culture demonstrated this signaling
phenomenon. Milleron and Bratton (2006) mea-
sured apoptosis in Jukat cells due to heat shock
without the usual caspase activating complexes
being expressed. Heat shock was induced by 2 h
heating at 45 °C. Neither caspase-8 nor caspase-
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2 was measured, leading the authors to propose
that an apical protease replaces the usual initiator
caspases.

3 Models of Cell Survival
Following Hyperthermia

Three types of cell survival (or death) mod-
els have received the most attention and have
been the subject of previous reviews (e.g., Pearce
2013; Wright 2013; He and Bischof 2003). The
first type of model stems from studies of tissue
damage during accidental burns or hyperthermia
treatments in oncology. The two most preva-
lent are the Henriques damage integral (Hen-
riques, 1947) and the equivalent heating at 43 °C
(CEM43) (Sapareto et al., 1978). These have
been most used clinically to provide a guide
for determining thermal dose in tissues that may
experience time-varying and non-uniform tem-
perature fields. Their development acknowledges
that tissues comprise heterogeneous populations
of cells within a complex extracellular environ-
ment and that with the different cells responding
at different rates, an overall response may be
expected. The models tend to be mathematically
simple to facilitate making clinical decisions.
While the models were developed using tissues,
they have been applied to cell survival.

The second group are semi-empirical models
that are based on hypothetical mechanisms,
rather than detailed biochemical signaling or
pathways of cell death. The models have between
two and five parameters; having few parameters
facilitates parameter estimation from cell survival
experiments. These models have been applied
predominantly to in vitro studies.

The third group of models of cell survival are
based on biochemical pathways, such as those
associated with apoptosis. These mechanistic
models of caspase activation often comprise
numerous equations and tens of parameters
(Fussenegger et al., 2000). Obtaining accurate
values for the required parameters makes these
models challenging to evaluate. Pearce (2013,
2015) evaluated a reduced model of apoptosis
developed by Eißing et al. (2004, 2007) for

possible use as a model of heat shock response.
The reduced model assigns all activity of initiator
caspases to the caspase 8 response and the
executioner caspases to caspase 9. Pearce notes
that although they may be too complex for
clinical use, these mechanistic models could
offer insight into the mechanisms of cell death
following heat shock. Würstle et al. (2014)
suggest that “bottom-up” biochemical models
when coupled with tissue level models might
someday provide diagnostic insight.

3.1 Models Based on Tissue
Response

The Henriques model of thermal injury has been
used since the late 1940s (Henriques, 1947). It
was developed as part of a series of experimental
studies of thermal burn injuries (Henriques and
Moritz, 1947; Moritz, 1947; Moritz and Hen-
riques, 1947). The model is based on the Ar-
rhenius model of chemical kinetics and may be
written as

� =
∫ t

t0

Ae−Ea/RT (t)dt (2)

where � is the damage parameter, t is time, A is
the frequency factor, Ea is the activation energy,
R is the ideal gas constant, and T (t) is the time-
varying absolute temperature. Based on measure-
ments on porcine and human skin, Henriques and
Moritz report values of A = 3.1 × 1098 s−1 and
Ea = 6.27 × 108 J kmol−1. Henriques suggested
that � = 0.53 corresponds to a first degree burn
(onset of erythema) and � = 1.0 to a second de-
gree burn (partial thickness burn). Later, Takata
et al. suggested, based on examination of laser
interactions with tissue, that � = 104 signifies
a 3rd degree (full thickness) burn (Takata et al.,
1977).1 Diller and Pearce (1999) note that values
of � greater than 10 have “little significance”

1Many papers mistakenly credit Henriques and Moritz for
suggesting that 3rd degree burns correspond to � = 104.
Henriques (1947) lists only � = 0.53 and � = 1.0.
� = 104 is beyond their measured responses (Moritz and
Henriques, 1947; Moritz, 1947).
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because of the significant changes to the tissue
that occur during the burn process. To illustrate
this, they used the relationship that ln(�) =
c(t)/c0, where c(t) is the current concentration
of native proteins and c0 is the original concentra-
tion (Pearce and Thomsen, 1995). Then, � = 10
results in less than 0.0045% of the native state
proteins remaining. Han and Pearce measured
damage to heart muscle and found A = 3.5×1022

s−1 and Ea = 1.64 × 105 J kmol−1.
Perhaps more often used to plan clinical treat-

ments of hyperthermia is the concept of equiv-
alent heating at 43 °C (CEM43) (Sapareto and
Dewey, 1984). This is based on the observation
that for temperatures greater than 43 °C, each
degree increase in temperature doubles the rate
of cell death. Cooler than 43 °C and there is a
fourfold decrease in reaction rate per degree of
cooling. Typically, there is distribution of tem-
peratures in the treated tissue and CEM43 seeks
to relate the therapeutic effects to those tempera-
tures to that which would be expected to occur at
the common temperature of 43 °C (Dewey et al.,
1977), chosen because of the break in the change
in reaction rate. Hahn presented a development
of CEM43 (Hahn et al., 1982). For equal damage
at different temperatures T1 �= T2, �1(T1) =
�2(T2), Eq. (2) can be evaluated as

t2e
−Ea/RT2 = t1e

−Ea/RT1 (3)

for constant temperature conditions. Then,

t2/t1 = e−(Ea/R)/(�T/T1T2) (4)

where �T = T2 − T1. If T1 is 320 K (43 °C)
and T2 is the treatment temperature, a treatment
time of t2 is required to obtain the same result as
would occur for a treatment duration t1 at 43 °C,
that is t2 = CEM43. Rewriting this with the new
notation gives, for T2 > 43 °C,

CEM43 = t20.47�T ≈ t20.5�T (5)

for Ea = 141 kcal mol−1 and T1T2 = 313 ×
314 s2. An implication is that the treatment rate
doubles for each increase of 1 °C for T2 > 43 °C.

An apparent change in the activation energy2 oc-
curs at 43 °C, leading to its choice for CEM43. It
might also be noted that the change in activation
energy results in the rate slowing to one quarter
for each 1 °C cooling for T2 < 43 °C. A detailed
review of Pearce (2013) examines the origins in
chemical kinetics and applicability of CEM43 and
Henriques damage integral �.

3.2 Semi-empirical Models of Cell
Response

The earliest of the semi-empirical models is the
one based on first-order chemical kinetics, which
may be written as

dN(t)

dt
= −k1(T )N(t), (6)

where N(t) is the time dependent number of
cells, k1(T ) is the temperature-dependent rate pa-
rameter for the first-order model, and t is the du-
ration of the heat treatment for the cells. The rate
parameter can be related to temperature using
the Arrhenius relation, k1 = A exp [Ea/(RT )],
where A is the frequency factor, Ea is the activa-
tion energy, R is the gas constant, and T is the
absolute temperature. This relation sometimes
leads to this being call the Arrhenius model. For
a temperature jump condition, where the cells
are suddenly heated at an elevated, but constant,
temperature for a duration t , Eq. (6) may be
integrated to get

S = N(t)

N0
= e−k1t , (7)

where N0 is the original number of cells and S is
the fraction of cells surviving after heating. The
temperature and time dependence are assumed
and will not be written explicitly for the remain-
der. Thus, S = 1 for no heat treatment (i.e.,
t = 0) and decreases to a limiting value of S = 0
as t → ∞.

2More precisely, this is the activation enthalpy (Dewey
et al., 1977), which is nearly equal to the activation energy
for condensed systems (Laidler, 1987).
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Pearce (2015) has observed that the Arrhenius
model overestimates cell death at temperatures
between 43 and 55 °C early after heat shock,
but can capture the behavior of the exponential
range of cell survival curves (Bauer and
Henle, 1979). This behavior is illustrated in
Panel (a) of Fig. 2. Significantly, the first-
order Arrhenius model fails to capture the
prominent shoulder region that exists in plots
of cell death histories after heating. Moreover,
if � = ln(N/N0), then Eqs. (6) and (2) are
equivalent for constant temperature heating
(Pearce and Thomsen, 1995).

To capture the response of the shoulder region
and improve the Arrhenius (first-order) model
while retaining the advantage of its simplicity,
Pearce (2015) proposed adding a temperature-
dependent time delay to the Arrhenius model.
This time delay accounts for the initial cellular
responses, which may require time for the initia-
tor and executioner caspase pathways that occur
in apoptosis, for example, to happen. The time
delay td may be written as

td = b − mT (8)

where b and m are empirically determined con-
stants specific to each cell types. Note that for
the correlation, T is written in terms of °C but
that the model would hold in principle using T

in kelvins, with only changes to the values of
the intercept b. Pearce notes that the time-delay
model may sacrifice some accuracy in the early
part of the response, even though it provides
improved accuracy during the later part of the
treatment when prediction of cell death is most
crucial in clinical practice. He demonstrated its
utility using data from PC3 cells (Feng et al.,
2008), AT1 cells (He et al., 2000), and CHO
cells (Sapareto et al., 1978). The cell death assays
were propidium iodide (PI) staining for the PC3
and AT1 cells, calcein leakage for the AT1 cells,
and clonogenicity for the AT1 and CHO cells.
The parameters b and m were functions of the
cell line and the assay used for cell death. The
values of A and Ea for Eq. (2) changed little from
those found using Eq. (2) without td , except for

calcein leakage. Here, using a different data set
for CHO cells than did Pearce, Fig. 2, panel (d)
illustrates the significantly improved agreement
of the first-order model, Eq. (7) when using the
time delay.

Johnson and Pavelec (1972) proposed a model
by assuming that nJ independent molecular
events are required for cell death. Each of these
events was assumed to be a first-order reaction
with a temperature-dependent rate parameter kJ .
Then, the fraction of cells surviving after heating
can be calculated using

S = 1 − (1 − e−kJ t )nJ , (9)

The rate parameter was assumed to be related
to temperature via transition rate theory
such that

kJ = κBT

h
exp

(
�Sa

R

)
exp

(
−�Ha

RT

)
(10)

with �Sa is the activation entropy, �Ha is the
activation enthalpy, κB is Boltzmann’s constant,
and h is Planck’s constant. Measurements for V
strain Chinese hamster lung tissue cells subject
to heating at specified steady temperatures of
41 to 46 °C suggested that Ha was similar to
that measured during the denaturation of some
proteins. Inspired by models of cell survival fol-
lowing exposure to ionizing radiation, Dewey
et al. (1977) suggested a similar equation

S = 1 − (1 − e−t/tD )nD (11)

where tD is the characteristic time of cell dam-
age, which would be proportional to the inverse
of a typical rate parameter k(T ). Hahn et al.
(1982) proposed a model, which Lepock (2003)
wrote as

S = 1 − [1 − (1 − kH )t ]nH , (12)

where the temperature dependence of kH is de-
fined using rate theory in a similar fashion to
Eq. (10). Taking a Taylor series expansion of
Eqs. (9) and (12) and evaluating for small t shows
that Eqs. (9) and (12) are equivalent to a first
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order, suggesting that Eqs. (9), (11), and (12)
would behave similarly.

These models provide good predictions of the
cell survival, as is illustrated in panel (b) of Fig. 2.
The number of “lethal events” each of these
models suggests for cell death varies from 2 to
100. Dewey et al. suggested that 100 events are
required for cell death of CHO cells heated at
43 °C that is nD = 100. Wright (2013) estimated
1.65 ≤ nJ ≤ 9.42 for PC3 data of Feng et al.
(2008), while for CHO survival data (Westra and
Dewey, 1971), he found 17.5 ≤ nJ ≤ 55. Lepock
cites values of 1 ≤ nH ≤ 30.

Roti and Henle (1980) proposed a model in-
spired by one developed by Kellerer and Rossi
(1971) for ionizing radiation dosimetry. Roti and
Henle wrote

S = e−(a+bt)t , (13)

where a and b are experimentally determined
parameters. Parameters a and b each have an
Arrhenius-type relationship with temperature and
have the same value of Ea . The AIC showed that
the model is better suited to lower temperature
hyperthermia, but its predictions are worse than
the other models as treatment temperatures rise
(Wright, 2013).

Two of the cell survival models examined
in Wright (2013) used statistical arguments in
their formulation. Jung (1986) developed a model
by assuming that temperature-dependent random
events produce nonlethal lesions at a rate p. One
of these lesions becomes lethal in a second set of
random events with rate c. The combined effect
can predict the cell survival as

S = exp
{p

c

[
1 − ct − e−ct

]}
. (14)

While a cell was postulated to remain viable
with many of the irreversibly formed nonlethal
lesions, a single lethal lesion results in death of a
cell.

Another statistical model postulated a
temperature-dependent parameter ε that is
normally distributed within a population of cells
(Mackey and Roti, 1992). For a unit variance, the
parameter ε may be calculated as

f (ε) = 1√
2π

exp[−(ε − ε̄)2/2], (15)

where

ε̄ = ε̄f (1 − e−kM∗t ) + ε̄0e
−kM∗t , (16)

where ε̄0 is an assumed mean initial value for
the cell population, ε̄f represents the mean final
value of ε̄, and kM is a temperature-independent
constant for each cell line. The initial mean ε̄0

can be assumed to equal zero. A cell is assumed
to be clonogenically viable while its value of ε is
greater than a minimum value εmin. The survival
function is then

S = 1√
2π

∫ ∞
εmin

exp[−(ε − ε̄f [1 − e−kmt ])2/2]dε,

(17)

which Wright (2013) integrated to

S = 1

2
erfc

[−(εmin − ε̄f [1 − e−km∗t ])√
2

]
. (18)

Mackey and Roti Roti took εmin = −3 giving an
asymptote of S ≈ 1 at t = 0. The value of ε̄f

changes with different temperatures.
Feng et al. (2008) developed a three-parameter

model based on statistical thermodynamics. Two
populations of cells are assumed (one living and
the other dead) and the most probable distribution
of these two populations is predicted. The model
can be written as

S = 1

1 + e(γ /T +αt+β)
(19)

where α, β, and γ are constants that depend on
the cells line and treatment temperature. Feng
et al. demonstrated the utility of this model over
the treatment range of 44–58 °C based on two
prostate cell lines: prostate cancer cells (PC3) and
healthy prostate cells (RWPE-1). Figure 2, panel
(c) illustrates the quality of the fit of this model
for CHO cells.
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O’Neill et al. (2011) proposed a three-state
model that captured the shoulder region with a
cell state of vulnerable cells V that is intermedi-
ate between undamaged S cells and the dead ones
D. Unlike Jung (1986), the vulnerable cells are
assumed to be able to return to the undamaged
state. Written in terms of the normalized popula-
tions of cells S, V , and D, the model is

dS

dt
= −kf S + kbV (20)

dD

dt
= kf V (21)

V = 1 − S − D (22)

where kf is the forward reaction parameter, as-
sumed to be equal for both the transition from
S to V and the transition from V to D, and kb

is a backward reaction parameter for the healing
process of V to S. To account for the small rate of
damage at 37 °C and assuming that the damaged
cells may alter the rate of further damage, kf is
defined as

kf = kf et/tk (1 − S). (23)

where kf and tk are fitting parameters, along
with kb. The ratio of relative temperatures (i.e.,
in °C) t and tk is unusual in thermodynamics.
Because the system is non-linear with the de-
pendence of kf on S, a numerical solution was
sought.

Most of the models had been compared with
the first-order chemical kinetics model (Eq. (7)),
for which they each do better. To compare
them with one another, Wright (2013) used
the Akaike information criterion (AIC) Akaiki
(1974) and data for PC3 cells (Feng et al., 2008)
and CHO cells (Westra and Dewey, 1971). The
AIC compares the quality of fit of a model to
data, but includes a penalty term for the number
of parameters in a model. The models of Jung,
Johnson and Pavelec, and Feng et al. provided
the best fits overall. The delay-time model of
Pearce (2015) was unavailable at the time of
comparison.

3.3 Enthalpy-Entropy
Compensation

The apparent relationship between Ea and ln A in
the Arrhenius equation, or equivalently,3 Ha and
Sa in transition state theory, is an area of con-
tinued enquiry. The concept of enthalpy-entropy
compensation is that ln A is proportional to Ea ,
which is to say that there is only one independent
parameter. In the context of heating damage to
proteins and cells, He and Bischof (2003), Qin
et al. (2014) have written

ln A = 0.38Ea − 9.36 (24)

for a wide range of proteins, cells, and tissues
from a wide range of studies. Wright (2003) had
written a similar equation for a more limited
group of cells and proteins. Miles and Ghe-
lashvili (1999) modeled denaturation of collagen
I using the concept of a “polymer-in-a-box”
(Doi and Edwards, 1986) to explain the apparent
proportionality of Ha and Sa . While some
(Freed, 2011) have provided arguments from
statistical mechanics in favor of compensation,
others (Sharp, 2001) have shown from statistical
thermodynamics to suggest that the apparent
relationship between the two parameters may
depend on the typically small perturbations in
temperature that are common in biology. Simi-
larly, Barrie (2012) suggested that uncertainties
in data may lead to “apparent compensation
effect.” These arguments are supported by an
analysis of the scaled sensitivity coefficients χi

(Harrington and Wright, 2005) that gives the
relation

χSa

χHa

= −T Sa

Ha

, (25)

which varies by 3% for T ∈ (313, 323) K.
When scaled sensitivity coefficients of two
parameters are correlated, as is the case for
linearly dependent variations, then only one of
the two parameters can be estimated using the ex-
periment (Beck and Arnold, 1977) for which the
coefficients are determined. Despite, questions
regarding its theoretical basis, the empirically

3For condensed systems, Ea ≈ Ha and ln A ∼ Sa .
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Fig. 2 Illustrative model fits of CHO cell survival from
Westra and Dewey (1971) heated to 43.5 °C (filled cir-
cles), 44 °C (filled squares), 44.5 °C (diamonds), 45 °C
(triangles), 45.5 °C (inverted triangles), 46 °C (open cir-
cles), and 46.5 °C (open squares). Panel (a) shows the

first-order model fit using the Arrhenius model of k as
a function of temperature. Panel (b) is the model fit of
Johnson and Pavelec (1972). Panel (c) is the model fit of
Feng et al. (2008). Panel (d) is the temperature-dependent
time-delay model fit of Pearce (2015)

based compensation equations could provide
useful information in modeling thermal damage
over the limited range of temperatures typical of
hyperthermia.

4 Conclusions

Heating cells can produce positive effects, such
as thermotolerance, or negative effects, cell
death. Thermotolerance, typically the result
of the expression of HSPs, can then protect
from further heating, but also help cells survive
other stresses, such as ischemia-reperfusion
injury. Heating at higher temperatures or for
longer times typically kills cells. This may be
intended, as a treatment, or accidental, as a burn.
Certainly, cells that have not been subject to
higher temperatures may still perish from the
ATBE (Purschke et al., 2010).

Mathematical models of cellular responses
to heat shock can aid in understanding of the
mechanisms of cell survival and thermotolerance.
They can help with the design and planning of
thermal therapies with in vivo temperatures that
typically vary with both in space and time. The
models that are currently the most useful in clin-
ical practice are based on the integrated response
of the population of various cells and the ECM.
The models that might provide the most funda-
mental understanding of thermotolerance and cell
survival require many parameters, some of which
are difficult to measure. Models that combine
expressions of HSPs with those of potential cell
death (Rylander et al., 2010) may someday prove
the most useful in planning treatments, but still
require incorporating more of the fundamental
biochemical mechanisms.
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Hypothermia Used in Medical
Applications for Brain and Spinal Cord
Injury Patients

Liang Zhu

Abstract

Despite more than 80 years of animal
experiments and clinical practice, efficacy of
hypothermia in improving treatment outcomes
in patients suffering from cell and tissue
damage caused by ischemia is still ongoing.
This review will first describe the history
of utilizing cooling in medical treatment,
followed by chemical and biochemical
mechanisms of cooling that can lead to
neuroprotection often observed in animal
studies and some clinical studies. The next
sections will be focused on current cooling
approaches/devices, as well as cooling
parameters recommended by researchers and
clinicians. Animal and clinical studies of
implementing hypothermia to spinal cord and
brain tissue injury patients are presented next.
This section will review the latest outcomes
of hypothermia in treating patients suffering
from traumatic brain injury (TBI), spinal
cord injury (SCI), stroke, cardiopulmonary
surgery, and cardiac arrest, followed by a
summary of available evidence regarding both
demonstrated neuroprotection and potential
risks of hypothermia. Contributions from
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bioengineers to the field of hypothermia
in medical treatment will be discussed in
the last section of this review. Overall, an
accumulating body of clinical evidence along
with several decades of animal research and
mathematical simulations has documented
that the efficacy of hypothermia is dependent
on achieving a reduced temperature in the
target tissue before or soon after the injury-
precipitating event. Mild hypothermia with
temperature reduction of several degrees
Celsius is as effective as modest or deep
hypothermia in providing therapeutic benefit
without introducing collateral/systemic com-
plications. It is widely demonstrated that the
rewarming rate must be controlled to be lower
than 0.5 ◦C/h to avoid mismatch between
local blood perfusion and metabolism. In the
past several decades, many different cooling
methods and devices have been designed,
tested, and used in medical treatments with
mixed results. Accurately designing treatment
protocols to achieve specific cooling outcomes
requires collaboration among engineers,
researchers, and clinicians. Although this
problem is quite challenging, it presents
a major opportunity for bioengineers to
create methods and devices that quicklyand
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safely produce hypothermia in targeted tissue
regions without interfering with routine
medical treatment.

1 History of Cooling as
a Treatment Tool in Medicine

Unlike heating, which has been used since an-
cient times as an infection prevention method for
treating wounds, the medical benefits of cooling
were not well understood and implemented until
the recent centuries. It has been documented
that cooling was used to minimize bleeding and
to fight fevers. During Napoleon’s war against
Russia in the nineteenth century, it was an obser-
vation by physicians that the soldiers left in snow
had an improved survival rate than those given
a warm blanket and/or placed close to a fire.
They also observed that fast thawing frostbite
extremities directly over open fires expedited
tissue destruction. Those lessons learned in the
early wars were implemented in the medical
practice of the twentieth century, which included
development of various devices that actively re-
moved heat from the body with a great level
of temperature control. One pioneer in this field
is Dr. Temple Fay, who hypothesized that tu-
mor cell multiplication and progression could be
inhibited by cooling, since it was rare to see
tumors developing in the body extremities. He
later tested this hypothesis in cancer patients. He
also implemented cooling for pain relief. In the
1940s, Dr. Fay published the first case study of
using hypothermia for cerebral injury patients
(Fay 1945). Along a similar timeline, industrial
development of refrigeration systems began in
the 1930s, which assisted medical professionals
with better implementation and control of cool-
ing methods to patients than previous passive
techniques, such as whole-body immersion into
cold water or ice baths.

Human tissue requires a constant supply of
oxygen-rich blood. Among all tissues, heart and
brain tissues in the head and spinal regions are
most valuable to ischemia. Unlike liver or muscle

tissues, a shortage of oxygen delivery to the
brain would immediately impair neuronal func-
tions since the brain does not have a storage for
glucose. It is well documented that brain tissue
cannot recover after only 5 min of normother-
mic (37 ◦C) brain ischemia, but this duration
increases to more than 45 min when the brain
tissue temperature is lowered to 10 ◦C (Wass et
al. 1995). Therefore, induced hypothermia has
been studied as a means to protect the brain
from ischemia since the 1940s (Kabat 1940; Fay
1945; Miller 1949; Bigelow et al. 1950; La-
zorthes and Campan 1958; Sedzimir 1959; Van-
dam and Burnap 1959a, b; Drake and Jory 1962).
Another application is in open-heart and open-
neck surgeries when surgeons need to repair
malformation in those regions. Surgeons could
work efficiently if they operate on a bloodless
field and minimize the risk of hemorrhage. In
the 1950s and 1960s, cardiopulmonary bypass
in conjunction with induced hypothermia was
usually employed to provide cardiac surgeons
sufficient time for many neuro-procedures while
avoiding permanent brain/heart/spinal cord dam-
age. Another field was in cerebral resuscitation,
where cerebral hypothermia was introduced to
cardiac arrest patients in order to maximize the
ability of the brain tissue to survive anoxic no-
flow states. In the 1970s, numerous animal exper-
iments and clinical studies showed the benefits of
hypothermia in prolonging tolerance of brain tis-
sue to ischemia. Hypothermia contributed signif-
icantly to reduced mortality associated with pre-
viously inoperable cardiac and cerebral patholo-
gies. However, most of the neuroprotective ef-
fects of lowering body temperature have been
more evident in animal experiments than in pa-
tients.

Early studies commonly used deep states of
hypothermia with temperatures ≤30 ◦C. For
example, Dr. Fay’s initial experiment lowered the
body temperature of the patient to 27 ◦C. Deep
hypothermia introduced detrimental systemic
complications, such as pneumonia, ventricular
fibrillation, and acidosis, which are especially
fatal to elderly and fragile patients. In the
1970s and 1980s, research in hypothermia to
enhance brain tissue recovery after ischemic
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attack became dormant. This may be due to
advancements in medicine to identify alternative
and less risky treatment methods. In addition,
thermal management difficulties made it hard
to demonstrate benefits of deep hypothermia on
neuroprotection. In the 1980s, researchers began
to reinvestigate the idea of mild hypothermia
since it can be relatively easy to control
cooling extent and implement cooling methods.
Extensive experimental studies on canine, swine,
and rodent models have been conducted to
evaluate efficacies of different cooling methods,
temperature reductions, hypothermia durations,
cooling initiation relative to the ischemic event,
and rewarming rates on tissue recovery from
ischemia. The neuroprotective mechanisms
of hyperthermia have become increasingly
better understood in the past three decades due
to those animal experiments. Unfortunately,
supporting data in human subjects are still
limited, especially for randomized multicenter
clinical trials (Clifton et al. 2001, 2011). In
clinical studies, hypothermia therapy seems
more successful in open-heart and open-neck
surgery than in traumatic head injury. This is
not unexpected, because cooling initiation after
traumatic head injury is usually implemented
several hours following the event, which may
be too late to maximize the benefits conferred
by hypothermia. However, these challenges
can create opportunity for future investigations
to develop more effective and well-controlled
approaches for treating tissue ischemia. It is
anticipated that hypothermia will be proven as
an effective method to limit and eliminate injury
and death associated with ischemic injury and
benefit a vast patient population.

2 Biological and Chemical
Reactions to Injury
and Neuroprotective
Mechanisms Associated
with Cooling

Tissue ischemia can be the result of ischemic
stroke, cardiovascular and respiratory disorders,
and external physical trauma. If the initial dam-

age is limited, the tissue may be able to recover.
If the injury is extensive, secondary tissue dam-
age occurs, which includes intracranial hyper-
tension (brain swelling), hemorrhage, hypoxia,
and edema. It is well known that brain oxygen
stores become exhausted within 15 s and brain
energy stores become exhausted within 5 min
after global ischemia (Wass et al. 1995). Energy
loss in tissue results in depolarization of cell
membranes. A series of biochemical reactions
and cascades initiated by the trauma will then
follow. Those cascade events evolve gradually
and may last several days after the initial trauma.
The increase in extracellular K+, energy deple-
tion, disruption of the blood-brain barrier, free
radical and glutamate release, excitotoxicity, and
inflammation are typical consequences of those
cascade events. The loss of selective neurons
following global or local brain ischemia may
lead to permanent neurologic deficit and even
death. Thus, secondary injury can be more fatal
to patients than the initial injury, and it is not
uncommon to hear news reports on deaths occur-
ring several hours or several days after the initial
trauma.

Originally, researchers suggested that cool-
ing may decrease blood perfusion in the in-
jured region, similar to cold-induced halting of
bleeding. Brain oxygen consumption can de-
crease by approximately 5–7% for every degree
Celsius decrease in tissue temperature. Thus, a
reduction in the energy expenditures of cere-
bral metabolic rates of glucose and oxygen was
observed in deep hypothermia implementations.
Later, people started to question this mechanism
due to the observed benefits associated with mild
hypothermia of lowering tissue temperature by
only 1 or 2 ◦C. In the past several centuries,
many researchers began to suggest that cooling
may play an important role in deterring dele-
terious biochemical actions in secondary tissue
injury triggered by the initial trauma. It has been
demonstrated that hypothermia may modify a
wide range of cell necrosis mechanisms (Mar-
ion et al. 1996; Maier et al. 2002; Yenari et
al. 2000). Cooling retards progression of the
ischemic cascade and pathological neuroexcita-
tion. In brain tissue hypothermia, cooling may
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attenuate the opening of the blood-brain barrier,
reduce glutamate release, inhibit inflammation,
and slow down free radical generation and re-
lease. It may also impair glutamate-mediated cal-
cium influx or directly inhibit calcium-mediated
effects on calcium/calmodulin kinase. As a result,
hypothermia preserves high-energy phosphates
that may facilitate the maintenance of membrane
integrity during ischemia, limit edema forma-
tion, lower intracranial pressure, and interrupt
necrosis and apoptosis (Xu et al. 2002). All of
the mechanisms lead to prolonged cell survival
and can improve outcomes after reperfusion and
rewarming.

3 Cooling Parameters
Affecting the Protective
Outcomes of Hypothermia

Numerous controlled animal experiments
have demonstrated the benefit of initiation
of cooling before the brain injury to confer
significant neuroprotective outcomes. The
general consensus is to initiate brain hypothermia
as early as possible following an ischemia-
precipitating event, although some studies have
shown neuroprotective effects even when the
treatment was delayed by up to 6 h (Colbourne
and Corbett 1995). Brain injury mechanisms
typically progress rapidly within 3–6 h after the
initial injury. Hypothermia can reduce the initial
inflammatory response after head trauma and
minimize or prevent secondary brain injury. It
is well accepted that for animal models, there
is a 1–2 h treatment window after which the
benefits of hypothermia are strongly diminished.
However, it is difficult to correlate animal data
directly to humans. Unfortunately, it is still
a challenge to shorten the time between the
injury and induction of hypothermia. Usually,
the process of transporting the patient to the
hospital is unproductive for this objective. A
portable sensor attached to the patient that alerts
the medical center of the impending case can
minimize delay of treatment. Further, simple
cooling approaches that can be implemented by

the emergency medical service (EMS) personnel
in the ambulance have been suggested to achieve
this goal.

Precooling is an option only for circumstances
under which the onset of tissue injury is foreseen.
It is a clinical option for open-heart and open-
neck surgical procedures. Experimental data
from a rat model demonstrated the greatest
benefits of neuroprotection when hypothermia
was induced during global ischemia (Dietrich et
al. 1993). Additionally, initiation of hypothermia
before the injury completely prevented secondary
brain damage in gerbils (Welsh et al. 1990).

Because tissue temperature has profound ef-
fects on local metabolism and cellular activities,
it is expected that different depths of hypothermia
have varying effects on the clinical outcome of
minimizing secondary tissue injury. Hypothermia
can be categorized as deep or severe (less than
<28 ◦C), moderate (28–32 ◦C), and mild (32–
35 ◦C) (Kirkpatrick et al. 1999). The traditional
view that colder is better (Michenfelder 1988)
has been questioned in the past decades (Tisher-
man et al. 1999). As brain temperature decreases,
great systemic toxicity is observed, and the ad-
verse effects outweigh the neuroprotection mech-
anisms associated with therapeutic hypothermia
(Chambers 1999). Deep hypothermia is associ-
ated with arrhythmias (Mouritzen and Anderson
1966), cardiac complications (Frank et al. 1993),
coagulopathies (Rohrer and Natale 1992), and
pulmonary infections (Bohn et al. 1986). In addi-
tion, severe or moderate cooling usually requires
sedation and mechanical ventilation. Therefore,
deep cooling approaches are limited to facilities
that have intensive care units and situations that
medically justify the collateral complications. On
the other hand, there are numerous studies in
recent years suggesting that the preferred cool-
ing temperature for neuroprotection is between
32 and 35 ◦C (Colbourne and Corbett 1995;
Gunn and Gunn 1998). Many studies have shown
improved neurological outcomes using mild hy-
pothermia, compared with either the deep cooling
group or the normothermia group. Additional
studies are needed to determine which targeted
temperature is most associated with the beneficial
effects of hypothermia in patients suffering from
specific injury.
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Secondary effects of brain injury, including
edema and elevated pressure, are known to
persist several days after focal cerebral ischemia
(Dirnagl et al. 1999). Therefore, prolonging brain
hypothermia therapy may benefit those patients.
Experimental studies have tested whether a
long cooling duration is safe for patients. A
duration of 24 h was proposed initially, and
it was later extended to 48 h by Bernard and
Rosalion (2008), Clifton et al. (1993), McIntyre
et al. (2003), and Shiozaki et al. (1993). A
review by Peterson et al. (2008) documents
profound neuroprotective benefits observed
in patients who underwent more than 48 h
of hypothermia. Although prolonged cooling
can maximize clinical neurological benefits,
it may also increase systemic complications
associated with cooling, which may be more
severe in patients with compromised health.
The optimal duration of treatment remains
unknown for clinical applications, especially
when other confounding factors are involved.
Closely monitoring patients during hypothermia
therapy should be an important planning
consideration.

The importance of controlling the rewarm-
ing rate in the brain tissue from a state of hy-
pothermia has been widely documented. Rapid
rewarming may result in a dangerous rebound
of intracranial pressure elevation and cerebral
perfusion pressure reduction; the importance of
gradual rewarming has been emphasized in mul-
tiple clinical studies (Shiozaki et al. 1993). Pre-
vious theoretical analysis (Diao et al. 2003) of
simulated passive (and uncontrolled) rewarming
by removal of a head-cooling device yields an
average calculated rate of approximately 3 ◦C/h.
Animal experiments conducted on rats (Diao and
Zhu 2006) suggest that a fast rewarming rate
might result in a mismatch between local blood
perfusion and metabolism. As suggested in a
study (Thoresen and Wyatt 1997), the rewarming
rate in tissue should be conducted slowly at 0.25–
0.5 ◦C/h. In some clinical trials, rewarming from
hypothermia was conducted with a feedback con-
trol system over 18 h. It is critical to develop
a thermoregulating system that allows not only

fast cooling but also an adjustable and controlled
rewarming rate.

4 Currently Used Cooling
Approaches/Devices

The ability to cool deeply embedded interior tis-
sues, such as the brain and spinal cord, is limited
by considerations of the second law of thermody-
namics. Unlike the heating process, which can be
dissipative, cooling requires that a negative tem-
perature gradient be applied across the interstitial
transport medium. If conduction is used to drive
the heat transfer process, the magnitude of cool-
ing that can be produced is directly proportional
to the gradient established across the medium
and the thermal conductivity of the medium. Al-
ternatively, under normothermic conditions, high
blood perfusion rates in tissue regions can be
used as the primary mechanism to remove heat
from the body core and redistribute it to the
surface area. This mechanism is dependent on
the level of blood perfusion through the cuta-
neous circulation in conjunction with conduction
through the skin and cooling on the surface.
Unfortunately, a high blood perfusion rate in the
brain or spinal cord acts to continuously rewarm
the tissue, thus inhibiting cooling penetration
from a cold front and limiting temperature re-
duction in those regions. A different option for
cooling is by convection, which involves intro-
ducing a chilled perfusate solution directly into
the circulatory system. However, this approach is
highly invasive and has its inherent risks. Both
approaches have been adopted for inducing tissue
hypothermia, but heat removal by conduction
through the overlying tissue has limited efficacy
due to the poor thermal conductivity of the body
tissue. Both approaches have been implemented
in reducing tissue temperature either via systemic
(whole-body) or selective (local) cooling. In gen-
eral, the faster the achieved cooling, the more
invasive the involved procedures.

Most of the clinical studies to date have exam-
ined systemic (whole-body) hypothermia. Either
the whole-body mass or the blood in circula-
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tion is cooled using this approach. The major
methodological drawback of this approach is the
inherently slow cooling rate (∼0.5 ◦C/h) due to
the large volume of the human body to be cooled
and the increase in thermal resistance due to
arteriovenous shunt vasoconstriction (Marion et
al. 1997; Schwab et al. 1998a, b; Krieger et al.
2001). Among all methods, skin surface cooling
is the most studied in hypothermia. Various tech-
niques have been used to cool the skin, including
convective air circulation, cooling blankets or
jackets, water mattresses, ice packs, and alco-
hol or ice-water bathing. Surface cooling is an
easy approach and does not require sophisticated
equipment. The side effects include shivering
and vasoconstriction. Full-body immersion into
cold water makes it difficult to attach monitoring
sensors to patients (Olsen et al. 2003). Also,
vasoconstriction induced by skin surface cooling
greatly increases the thermal resistance of the
skin, further hindering heat transfer from the
body core to the surface.

Direct cooling of the blood in circulation is
an attractive technique because it bypasses the
thermal resistance of superficial tissue layers.
Intravascular catheters have been proposed as a
method to induce a fast cooling rate (Georgiadia
et al. 2001; Dixon et al. 2002; Doufas et al.
2002; Inderbitzen et al. 2002; Dae et al. 2003;
Mack et al. 2003; Holzer et al. 2005). This
method uses a covered cooling catheter that is
inserted into the femoral vein and advanced to the
inferior vena cava via abdominal X-ray guidance.
Coolant is pumped into the catheter to achieve
fast heat removal from the venous blood and with
a cooling capacity of up to 150 W. Since its intro-
duction to clinical trials, intravascular catheters
have been tested in both brain and spinal cord
injury patients, and their safety and effectiveness
have been well documented. The drawback of
this approach is the invasive nature of the surgical
procedures involved, which can vary depending
on the skill of the surgeon. Therefore, its clinical
use has been limited to special hospitals, and it
is not a technology available to personnel with
limited training and resources (Georgiadia et al.
2001).

Chilled saline has been suggested as a pre-
ferred resuscitation fluid for patients with neuro-
logical and neurosurgical injuries (Polderman et
al. 2005; Kollmar et al. 2009). It is inexpensive,
easy to store, and frequently utilized as hydra-
tion fluid in hospitalized patients. This method
of inducing hypothermia was tested in a swine
model (Vanden Hoek et al. 2004). For a high
intravenous infusion rate of 120 mL/min, a core
cooling rate was measured at up to 18 ◦C/h. In a
clinical study (Virkkunen et al. 2004), Ringer’s
solution was infused at a rate of 100 mL/min
to patients after resuscitation from nontraumatic
cardiac arrest, and no serious adverse hemo-
dynamic complications occurred. This approach
is found to be very effective in achieving fast
cooling. Intravenous coolants administered in an
on-demand, temperature-guided, and supervised
setting seem to be a reasonable approach for core
cooling that avoids potentially unsafe use of ex-
tended fluid volumes and infusion time periods.
However, it is questionable whether the patients
can tolerate such a large infusion rate of fluid,
especially in some patients with compromised
kidney functions.

In sports medicine, controlling temperature
elevation in the body may be related to athletic
performance (Enomoto et al. 1996; Grahn et
al. 1998, 2005, 2008). One technology uses an
applied negative pressure on glabrous skin of
the hand to mechanically distend arteriovenous
anastomoses, thereby greatly increasing the cu-
taneous blood perfusion. By diverting a signif-
icant fraction of the cardiac output to the skin,
where there can be effective heat transfer with
the environment, it is possible to use the circu-
latory system as a convective conduit for thermal
energy between the body surface and the thermal
core, including the brain. In initial studies with
humans, it has been possible to achieve cooling
rates of core temperature of 10 ◦C/h and higher,
which would be adequate for hypothermia in-
duction in cases of TBI. One concern raised by
neurosurgeons is the adverse effect of decreased
blood pressure, which can be dangerous to pa-
tients with compromised health. However, this
approach may still have potential to decrease
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body temperature and induce hypothermia at tar-
geted brain or spinal cord regions without in-
terference with simultaneous treatments at those
targeted locations.

Localized cooling has been utilized in the
past decades for patients suffering from tissue
injury. It is the brain or spinal tissue that requires
temperature reduction, not the entire body mass.
Therefore, local cooling has been utilized in the
past when the targeted tissue region becomes
accessible in order to implement the cooling
devices. Following spinal cord injury, the injured
region is often exposed to allow surgical decom-
pression. Hypothermia to the injured spinal cord
region can be easily introduced using epidural
heat exchanger or infusion of cold saline so-
lution to the subarachnoid space. It has been
reported that incorporating a cooling device into
a routine neurocritical care device for monitoring
interstitial pressure and/or draining ventricular
fluid allows direct cooling of the injured intra-
parenchymal brain region (Zhu and Rosengart
2008). Cooling the dura surface directly was also
proposed when the brain hemisphere is exposed.
Selective brain cooling by targeting temperature
reduction in the brain tissue alone has been well
studied in the past. Feasible approaches include
head surface cooling relying on cooling penetra-
tion from the scalp to the brain tissue, neck collar
or interstitial cooling device targeting arterial
blood supplied to the brain tissue, intracarotid
flushing, and cooling in the ventricular space.
Cooling on the head and neck surface requires
1 or 2 h to reach steady state with a penetration
depth limited to the superficial regions of the
brain cortex (Wang et al. 2004; Eginton 2007;
Poli et al. 2013). An interstitial cooling device
placed directly on the surface of the common
carotid artery was proposed and tested (Wang
and Zhu 2007, Wang et al. 2008, Wei et al.
2008). The approach might be too invasive for
stroke patients, but it may be suitable for open-
neck surgery when the carotid artery has al-
ready been exposed. Similar to the intravascular
cooling catheter, intracarotid flushing advances
a cooling catheter to the carotid artery in order
to induce rapid cooling (4 ◦C temperature re-

duction in cerebral cortex within 10 min) (Ding
et al. 2004). An endovascular cooling catheter
may sound very invasive, but the rationale of
implementing it was based on frequent clinical
use of endovascular recanalization during some
brain injury situations or cardiopulmonary by-
pass surgeries requiring circulatory arrest (Ba-
chet and Guilmet 2002; Choi et al. 2006). One
clinical trial was conducted to infuse cold saline
(4–17 ◦C) at a rate of 33 mL/min (Choi et al.
2010). Similar to intravenous flushing, admin-
istration of a large volume of fluid may cause
systemic volume overload and hemodilution (Es-
posito et al. 2014). The measured temperature
reduction at the jugular venous bulb was lower
than 1 ◦C after 10 min, which is smaller than
theoretical predictions. The authors argued that
the jugular venous bulb temperature does not
correlate well with the deep brain temperature.
Nasopharyngeal cooling takes advantage of the
dense blood vessels in the nasal cavity, and cool-
ing in the cavity may penetrate into the nearby
brain regions (Esposito et al. 2014). Ventilation
of cold air into the nasal cavity may not be very
effective due to small thermal capacity of air.
On the other hand, inserting a cooling catheter
with coolant (RhinoChill™) seems effective in
reducing the temperature of that region. Results
from clinical trials on implementing the nasopha-
ryngeal cooling were not very encouraging due
to very small temperature drops and concerns on
increasing blood pressure in patients (Andrews
et al. 2005; Harris et al. 2007; Abou-Chebl et
al. 2011; Covaciu et al. 2011; Poli et al. 2013;
Springborg et al. 2013). Another approach is to
cool the cerebrospinal fluid (CSF) in order to
reduce the temperature of the brain. One way of
implementation is to insert a cooling catheter into
the lateral ventricles of the brain while maintain-
ing normal body temperature. This method has
been tested in sheep, and it reduced the brain
temperature to 34.5 ◦C after 3 h (Moomiaie et
al. 2012). A clinical study was performed to test
ventricular infusion on O2 supply to the brain re-
gion, and a brain temperature drop was observed.
A mathematical simulation was performed to
explore the possibility of cooling the CSF on the
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back of the torso, resulting in cooling of the brain
(Smith and Zhu 2010b).

5 Applications with Evaluation
of Clinical Outcomes
of Tissue Hypothermia

5.1 Traumatic Brain Injury

Traumatic brain injury (TBI) is a nondegenera-
tive, noncongenital insult to the brain tissue due
to externally inflicted trauma (McIntyre et al.
2003). The major consequences of head injury
include skull fractures, intracranial hemorrhages,
elevated intracranial pressure, and cerebral con-
tusion. Unlike stroke, which is often associated
with the elderly, TBI affects a predominantly
young population, as TBIs occur mostly as a re-
sult of motor vehicle accidents. Neuroprotective
outcomes in clinical trials that treated head injury
using hypothermia are not consistent. There is
marked heterogeneity among available clinical
studies (Shaefi et al. 2016).

The lack of conclusive results of improved
neurologic functions in TBI patients has deterred
clinicians from implementing cooling as a stan-
dard treatment. In 1994, a multicenter, random-
ized, and prospective phase III study of sys-
temic hypothermia in severe brain injury that
involved seven medical centers in the United
States (Clifton et al. 2001) was initiated based
on the promise of decades of somewhat spo-
radic experiments and anecdotal positive clini-
cal outcomes for hypothermia used to treat TBI
in addition to a previously extensive phase II
clinical trial (Clifton et al. 1993). This study
enrolled 392 patients, ages 16–65, who suffered
a coma from brain injury in the absence of other
major traumas. A control group received standard
management with a nominal core temperature of
37 ◦C. The treatment group received the same
management protocol at a target temperature of
33 ◦C. There was a large variation in the cooling
induction time due to many individual circum-
stances. The cooling process began at 4.1 ±
1.2 h post-injury via surface cooling technology
and completed by 8.3 ± 3.0 h. Hypothermia

was maintained for 48 h and was followed by
slow rewarming distributed over 18 h. Some of
the patients were already hypothermic (≤35 ◦C)
owing to independent circumstances on admis-
sion to the hospital and were retained in a treat-
ment subgroup. Overall, very minimal difference
was observed between the treatment and control
groups (Clifton et al. 2001), with the exception of
significantly better outcomes from the subgroup
of individuals already hypothermic at admission
(Clifton et al. 2002). Although the results of this
study were discouraging, they directly led to an
enhanced appreciation for the need of achieving
a hypothermic state quickly following a TBI in
order for the therapy to be effective (Marion et
al. 1997; Markgraf et al. 2001). Thus, the stage
was set for current developments in the appli-
cation of hypothermia for TBI. Unfortunately, a
recent large clinical trial by the Clifton group
in 2011 found no significant difference in out-
comes between hypothermia and normothermia
TBI patients even though targeted temperature
reduction was achieved within 5 h, hypothermia
was maintained for a long duration of 48 h, and
rewarming was very gradual at 0.25 ◦C/h (Clifton
et al. 2011). This clinical trial only suggested a
possible benefit of hypothermia to patients with
surgically resectable lesions (Clifton et al. 2011).
Another randomized large clinical trial on severe
TBI children in 2008 showed that hypothermia
does not improve outcomes of those children and
may also contribute to higher mortality in the
participants of the cooling group (Hutchison et
al. 2008). The results are disappointing since the
trial enrolled a large patient group of 225 children
and focused on early initiation of cooling (6.3 ±
2.3 h after injury) and slow rewarming (0.5 ◦C/h).
Similarly, two recent clinical trials in Japan and
Europe also failed to identify neurological bene-
fits of hypothermia in treating TBI patients (An-
drews et al. 2015; Maekawa et al. 2015).

In the meantime, several clinical studies (Sh-
iozaki et al. 1993; Marion et al. 1997; Metz et al.
1996) tested hypothermia therapy in patients with
severe head injury and achieved improved out-
comes compared to normothermia groups. Hy-
pothermia benefits were evident in patients with
a coma score of 5–6 at months 3 and 6 (Marion
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et al. 1997). It is reported that more than 62% of
patients in the hypothermia group achieved good
outcomes versus 39% in the control group. Jiang
et al. (2000) evaluated the long-term benefits of
hypothermia in patients with severe traumatic
head injury. It was found that mortality decreased
by 40% and the rate of favorable outcome in-
creased by 70% in the hypothermia group 1
year after the head injury. One of the common
benefits identified in the above studies was a
marked reduction of the intracranial pressure in
the hypothermia group after days of treatment. A
recent study (Puccio et al. 2009) explored the use
of cooling to counteract fever typically follow-
ing TBI. Fever may exacerbate secondary injury
severity after the initial injury by inducing ex-
citotoxicity, free radical production, blood-brain
barrier breakdown, cytoskeletal proteolysis, and
inhibition of protein kinases. It has been found
that higher fever was associated with higher risk
of death in stroke and TBI patients (Saxena et
al. 2015). In the Puccio study (Puccio et al.
2009), hypothermia reduced the fever burden in
those patients, which may have potentially atten-
uated secondary injury. It was recommended that
cooling should be maintained at least until after
the intracranial pressure returns to the normal
range (Shiozaki et al. 1993; Jiang et al. 2000).
Some researchers (Safar and Kochanek 2001)
attributed the failure to demonstrate the benefits
by hypothermia to the delay of cooling initiation,
which is often more than 4 h after the injury in
clinical treatments (Clifton et al. 2001). A clinical
trial by Gal et al. (2002) showed that more than
87% of patients achieved good neurological out-
come in the hypothermia group, suggesting cer-
tain methodological discrepancies in the Clifton
study. A clinical trial of hypothermia on trau-
matic head injury (Qiu et al. 2005) showed im-
proved extradural pressure and reduced mortality
from 51% in the control group (43 patients) to
26% in the hypothermia group (also 43 patients).
Another clinical study by the same group (Liu et
al. 2006) documented improved neurological out-
comes in TBI patients 2 years after the hypother-
mia treatment, including complications that were
manageable. A review by Peterson et al. (2008)
of hypothermia-related neuroprotection on TBI

patients identifies a cooling duration longer than
48 h as a favorable factor; however, it cautions
the risk of pneumonia. The results also suggest
favorable effects of hypothermia on the patients
in trials having long-term follow-up periods of 1
or 2 years. There was one recent clinical trial con-
ducted in China (Zhao et al. 2011) that attributed
improved neurological outcomes in TBI patients
by cooling to a reduction in blood glucose and
lactate levels.

A retrospective and cross-sectional meta-
analysis by Li and Yang (2014) concluded that
moderate hypothermia benefitted TBI patients
by resulting in better neurological outcomes,
and reduced death rate is shown, although the
data were not statistically significant. Overall,
there is a lack of well-controlled, large clinical
trials that provide convincing evidence of the
benefits and safety of brain hypothermia as a
treatment for traumatic head injury patients. A
recent review (Saxena et al. 2015) suggested
conducting clinical trials using mild hypothermia
when the brain temperature is reduced by 1–2 ◦C
in order to minimize systemic complications of
hypothermia with targeted temperatures as low as
33 ◦C. The 4th edition of the Guidelines for the
Management of Severe Traumatic Brain Injury,
issued by the Brain Trauma Foundation in 2017,
cautions on implementing mild hypothermia for
patients with TBI while emphasizing adequate
pharmacologic intervention as the 1st priority
(Carney et al. 2017).

5.2 Brain Ischemic Injury
from Stroke

The Guidelines on Acute Stroke Treatment by
the American Stroke Association identify hy-
pothermia after stroke as a promising field of
research but state that well-established clinical
trials are needed before endorsement. A review
by Van Der Worp et al. (2007) concludes that
hypothermia improved outcomes of animals suf-
fering from ischemic stroke by more than 30%.
This result is especially true in well-controlled
animal stroke models (Barone et al. 1997). It is
relatively easier to have reproducible models of
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transient global brain ischemia via occlusion of
the distal middle cerebral and ipsilateral common
carotid arteries than that of focal brain ischemia,
for which it is more difficult to define experimen-
tal conditions. Computerized images of cerebral
infarct volume and edema are commonly used
to evaluate ischemic damage to the brain tissue.
If the animals are kept alive after the injury,
cognitive evaluation is conducted to assess the
long-term protective outcome of cooling. The
efficacy of hypothermia is better with a lower
target temperature (Kurasako et al. 2003) and/or
when it is initiated before or during the onset of
ischemia. A study by Kurasako et al. (2003) on
a spontaneously hypertensive rat model demon-
strated a strong, linear, temperature-dependent
reduction in infarct volume and edema progres-
sion in transient focal ischemia. Neuroprotection
by hypothermia is more prominent in lower-
temperature (28 ◦C and 30 ◦C) groups. More im-
provements are found in temporary models rather
than in permanent ischemic models (Marion et al.
1997; Morikawa et al. 1992).

There are limited clinical trials to test the
efficacy and safety of various hypothermia
approaches for acute ischemic stroke patients.
Overall, it has been demonstrated that more
robust, randomized clinical trials with large
patient enrollments are needed to provide con-
clusive evidence for the benefits of hypothermia
in stroke patients. Clinical studies by Schwab
et al. (1998a, b, 2001) showed that more than
half of the patients survived severe stroke after
up to 72 h of hypothermia at 33 ◦C. Most of
the 38% mortality rate of the stroke patients
occurred during the rewarming process, which
suggests an important role of gradual rewarming
after hypothermia. Although the clinical studies
were not conducted using a control group, the
observed 38% mortality rate is much lower than a
typical death rate of 70% in severe stroke patients
(Hacke et al. 1996; Berrouschot et al. 1998). A
small clinical trial by Kammersgaard et al. (2000)
using mild hypothermia (35 ◦C) in 17 patients
also showed marked improvement of mortality
rate of 12% compared to 23% in controls.
Unlike the Schwab studies that were associated
with many serious systemic complications,

including thrombocytopenia, bradycardia, and
pneumonia, the only reported side effect
in the Kammersgaard trial was shivering,
which was treated by pethidine. Kasner et
al. (2002) conducted a clinical trial with
mild hypothermia induced by acetaminophen
administration in an attempt to achieve brain
cooling rapidly. The results were inconclusive
because acetaminophen produced only a very
mild state of hypothermia of <36.5 ◦C, bringing
into question its clinical efficacy. A randomized
trial of hypothermia in infants with hypoxic-
ischemic encephalopathy showed reduced risk
of death or disability (Shankaran et al. 2005).
However, neuroprotection from hypothermia
was not obvious in additional two clinical studies
(Krieger et al. 2001; de Georgia et al. 2004), even
though the results favored hypothermia.

Endovascular cooling of blood has been inves-
tigated by various research groups as an effective
cooling method to induce a fast cooling rate
varying from 0.9 to 6.9 ◦C/h. Rather than cooling
the entire body, this approach targets blood in
circulation via a cooling catheter inserted into the
femoral vein and advanced to the inferior vena
cava. Several clinical trials in the early 2000s
suggested safety and effectiveness of the fast en-
dovascular approach on brain ischemic patients
(de Georgia et al. 2004; Hemmen et al. 2010).
One side effect noticed was shivering, but it
can be managed by combining other medications
and treatment. The Hemmen study enrolled 59
ischemic stroke patients and randomly assigned
participants to a control group or a hypothermia
group that used endovascular cooling to lower the
body temperature to 33 ◦C. Based on the 90-day
follow-up outcome, no statistically significant
difference in mortality was reported (Hemmen
et al. 2010). A smaller clinical trial published in
2006 with only 25 patients focused on evaluating
the effect of hypothermia on patients with malig-
nant supratentorial cerebral ischemia (Els et al.
2006). Again, an endovascular cooling catheter
was utilized to quickly reduce body temperature
to 35 ◦C. The 6-month follow-up outcome in
the hypothermia group was better than that in
the normothermia group and had similar side
effects or complications (Els et al. 2006). The
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most recent clinical trial implemented mild hy-
pothermia for 48 h using endovascular cooling
in acute ischemic stroke patients. Based on the
data measured in a larger participant group of
75 patients, it showed less cerebral edema, lower
incidence of hemorrhagic transformation, and
better outcomes in the cooling group than that
of the normothermia group (Hong et al. 2014).
The neurological outcome was measured using
a modified Rankin Scale (mRS) score 3 months
after the treatment, and more than half of the
patients in the cooling group scored as “good,”
while only 22% of the patients in the control
group scored as “good.”

5.3 Cardiac Arrest

Clinical trials using hypothermia treatment
after cardiac arrest yield strong evidence to
support beneficial effects of cooling to patients.
A recent review by Schenone et al. (2016)
analyzed 149 papers and later evaluated 24
papers related to clinical trials that implemented
systemic hypothermia in cardiac arrest patients.
Among them, 11 studies with randomized
controlled trials and observational cohort studies
compared results between hypothermia and
normothermia groups. Most of the reports
demonstrated increased odds of survival with
good neurological outcomes when hypothermia
was implemented to out-of-hospital cardiac arrest
patients.

Two early randomized clinical trials published
in 2002 enrolled a total of 352 adult comatose
survivors after out-of-hospital cardiac arrest
(OHCA) (Bernard et al. 2002; Holzer et al.
2002). A targeted core body temperature of
approximately 33 ◦C was achieved in the
hypothermia group, and the normothermia group
had body temperatures higher than 37 ◦C, with
or without fever control. Results at the 6-month
follow-up showed that the percentage of patients
with favorable neurological outcomes increased
from approximately 30% in the normothermia
group to approximately 50% in the hypothermia
group. Further, the 6-month mortality rate was
much lower in the cooling group than in the

control group. In Lauren et al. (2005), they
performed a randomized clinical study on a
small patient group (61 cardiac arrest patients) to
evaluate effects of high-volume hemofiltration
with or without hypothermia on decreasing
mortality rate. Compared to the control group,
high-volume hemofiltration improved the overall
prognosis after resuscitation from OHCA. The
effect of hypothermia alone was not evaluated
directly, but the results suggest that hypothermia
if applied early might lower the mortality
rate within several weeks after the treatment
(Lauren et al. 2005). In a retrospective study,
the effects of external cooling implemented
to cardiac arrest patients (55 hypothermia vs.
54 normothermia) were evaluated (Oddo et al.
2006). They found that the patients in the cooling
group had a much lower mortality rate with
better neurological outcomes than that of the
normothermia group. Therapeutic hypothermia
was found particularly beneficial in patients with
a short duration of cardiac arrest. Similarly,
in another retrospective study (Belliard et al.
2007), external cooling using ice packs resulted
in significantly higher survival rates than that of
the normothermia group. They also commented
that the cooling method was easy to implement
without observing significant complications.
In another retrospective study of 75 patients,
targeted reduction of body temperature to
33 ◦C was achieved using either external or
endovascular cooling (Ferreira et al. 2009). They
found that hypothermia significantly increased
the survival rate from 42% in the control group
to 67% in the cooling group, and the percentage
of patients with favorable neurological outcomes
jumped from 19 to 51% in the cooling group.
Interestingly, although there was no statistically
significant difference in the survival rates
of both cooling methods, the percentage of
patients with favorable neurological outcomes
in the endovascular subgroup was higher than
that of the external cooling subgroup (62 vs.
40%). The authors observed a much shorter
duration to reach targeted body temperature
reduction using endovascular cooling. Effects
of cooling were also evaluated in another
retrospective study published in 2011, by
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comparing patients treated with a conservative
approach with patients treated with active cooling
(Petrovic et al. 2011). Hypothermia was found
to decrease patient mortality rate from 81% in
the normothermia group to 44% in the cooling
group of cardiac arrest patients. Despite the
above-reported positive effect of hypothermia
on patient outcome and survival, a randomized
large-scale clinical trial published recently by
Nielsen et al. (2013) raised many questions on
the benefits of hypothermia on cardiac patients.
This study included more than 900 out-of-
hospital cardiac arrest patients, and it showed
no significant difference between patients in
the cooling group and in the normothermia
group when evaluating the survival rate and
neurological outcomes at the 180-day follow-
up. Overall, reports on the beneficial effects of
hypothermia on the outcomes of cardiac arrest
patients were frequently observed in the past
15 years, unlike outcomes when treating TBI or
stroke patients.

Previous studies have also examined whether
targeted temperature reduction matters. Unfor-
tunately, most of the studies have not shown a
significant difference when implementing a spe-
cific temperature over another during hypother-
mia. A recent review article suggested that in
some of the clinical trials involving cardiac ar-
rest patients, a delay in cooling initiation or a
delay in reaching the targeted temperature in-
creased risk of death and/or poor neurological
outcomes (Fukuda 2016). Related to initiation
of cooling, some studies have been performed
to evaluate the efficacy of initiating hypother-
mia before the patient arrives at the hospital
or before return of spontaneous circulation. In
small clinical trials, the results from prehospital
cooling and cooling before return of spontaneous
circulation are encouraging due to data demon-
strating improved survival rates and neurologi-
cal outcomes. However, results from large ran-
domized clinical trials are currently in progress
and have not yet provided conclusive evidence
of the benefits of cooling. Some studies sug-
gested that fever control alone may be sufficient
in resulting in improved neurological outcomes
(Nielsen et al. 2013).

5.4 Brain Ischemic Injury During
Surgery

In TBI, ischemic stroke, or cardiac arrest, it is
difficult to implement hypothermia before the
injury occurs. Previous well-controlled animal
experiments have shown the importance of initi-
ating cooling before the injury to confer the ben-
efits of hypothermia in neuroprotection (Welsh
et al. 1990; Dietrich et al. 1993). Cardiopul-
monary surgery would make precooling possible.
It is well known that brain injury is a common
postsurgical observation after cardiopulmonary
surgery (Miller 1993; Roach et al. 1996). It is be-
lieved that neurological dysfunction results from
regional or global brain ischemia as a conse-
quence of hypoperfusion due to circulatory arrest
and formation of emboli (Nussmeier 2002).

Early animal studies (Gillinov et al. 1993;
Zeiner et al. 1996a, b) have been performed
to assess the improved neurological outcomes
associated with hypothermia. It has been found
that profound brain hypothermia significantly
improved the neuro-deficit score of 48.3 in the
control group to 19.2 in the cooling group (0
= normal and 100 = brain dead). Improved
neurological outcome was also shown in a dog
model of cardiac arrest (Sterz et al. 1991). In
a study by Moyer et al. (1992), spontaneous
cerebral hypothermia of 33 ◦C decreased focal
infarction volume in a rat brain by 75%. A recent
animal study performed on dogs also showed
a 70% survival rate following surgery of mitral
valve plasty after more than 90 min of cardiopul-
monary bypass using profound hypothermia
(20 ◦C).

Numerous experimental studies have shown
that brain hypothermia enhances the brain’s
tolerance to ischemia during cardiopulmonary
surgery and thereby improves neurological
outcomes. Hypothermic circulatory arrest
temporarily suspends blood flow under very cold
body temperatures. When the tissue is cooled to
allow blood circulation to stop, cellular activity
becomes low without introducing significant
damage to the patient. This also allows sufficient
time for the surgeon to repair under a bloodless
field in open-heart and open-neck surgery. It is
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very rare to see published results of randomized
clinical trials that compare patient outcomes in a
hypothermia group with that of a normothermia
group, since therapeutic hypothermia has been
implemented as a standard therapy in the
international resuscitation guidelines since the
1970s. Most of the current research is focused
on evaluating the effects of the degree of
hypothermia and various reperfusion techniques.
One recent survey suggested that most clinical
practices utilize deep hypothermia with the
body temperature reduced to 20 ◦C or lower
(Gutsche et al. 2014), allowing at least 30
min of time for cardiac repairment. Mild
brain hypothermia was reported to minimize
cerebral impairment in 1500 patients undergoing
pulmonary endarterectomy (Jamieson et al.
2003). The protective effect of hypothermia
was also evident in patients undergoing carotid
endarterectomy (Kouchoukos et al. 1994),
wherein there were no early postoperative
strokes or reversible ischemic neurologic deficits
following the surgery. An FDA-approved
cooling system known as ChillerPad™ and
ChillerStrip™ system (Seacoast Technologies,
Inc., Portsmouth, NH) was employed in a clinical
trial of aneurysm repair; hypothermia markedly
reduced vasogenic edema and protected the
blood-brain barrier (Wagner and Zuccarello
2005). One recent clinical study reported
no significant difference in patient mortality
between implementations of either profound
hypothermia (∼15 ◦C) or deep hypothermia
(∼20 ◦C). The authors suggested that deep
hypothermia is a safe approach that is easy
to implement without certain complications
associated with profound hypothermia (Gong
et al. 2016). Another clinical study focused on
hypothermia at 31 ◦C in bypass surgery also
demonstrated similar mortality rates to that of
deep or profound hypothermia (Guo et al. 2014).
Currently, the most recent studies in this field
are evaluation of whether moderate hypothermia
is equally effective as profound hypothermia
in providing tissue protection. In addition, this
research helps elucidate how to increase the
bypass duration and allow surgeons a longer time
to operate in complicated surgical procedures.

5.5 Spinal Cord Injury

The nervous system includes the brain, spinal
cord, and a complex network of neurons. Like the
brain, the spinal cord is covered by the meninges
and contains both gray matter and white matter.
Also similar to the brain tissue, the spinal cord
is subjected to severe damage after injury, and
hypothermia may provide neuroprotection after
acute spinal cord injury.

Each year, more than 12,000 new cases of
spinal cord injury are reported in the United
States, and it affects all ages. Only 1% of those
patients were discharged neurologically normal,
and most patients suffered from either complete
quadriplegia or paraplegia that required signifi-
cant medical costs following their discharge from
the hospital. It is a great challenge to develop
new treatment options to preserve spinal cord
tissue, thus facilitating recovery of some motor
functions controlled by the spinal cord (Steeves
et al. 2011).

There have been many animal studies
conducted to evaluate the efficacy of spinal cord
cooling under well-controlled injury settings.
Animal models including rats and pigs have
been proven valuable not only in isolating
various factors in spinal cord injury but also
understanding various molecular pathways
involved in the injury (Strauch et al. 2004;
Yoshitake et al. 2004; Ha and Kim 2008; Morino
et al. 2008; Purdy et al. 2013; Grulova et al.
2013). Animal models have also been used to test
various local and systemic cooling approaches or
devices. Typically, spinal cord injury is induced
by contusion with weight impact, compression
of the spinal cord, distraction via stretching the
spinal cord, dislocation by lateral displacement
of the vertebra, or transection that severs the
cord (Cheriyan et al. 2014). In a rat model,
hypothermia of 32–33 ◦C was introduced to
the spinal cord 30 min after the injury for a
duration of 4 h, and the results were encouraging
by showing improvement in locomotor deficits
and reducing the area of damage (Yu et al.
2000). In one study using TUNEL (terminal
deoxynucleotidyl transferase (TdT) dUTP nick-
end labeling) stain as an index of cell damage
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on rats with spinal cord contusion injuries, the
authors observed marked decrease in TUNEL in
the hypothermia group of 32 ◦C in the evaluation
at both the 72-h and 7-day follow-ups as
compared to that of the control and sham groups
(Shibuya et al. 2004). In another contusion
model, modest hypothermia of 4 h also resulted
in significant increases in white matter and gray
matter volumes and preservation of neurons
when compared with normothermic controls.
The rats in the cooling group also had a faster rate
of recovery in open-field locomotor ability and
improved forelimb strength (Lo Jr et al. 2009).
Hypothermia was shown to significantly improve
the behavioral and histologic outcomes in rats
that underwent compression injury (Batchelor
et al. 2010; Maybhate et al. 2012). In one
recent study, beneficial effects of hypothermia on
survival of neural stem cells in a transplantation
for recovery from SCI were demonstrated when
compared with control groups (Wang and Pearse
2015). Overall the benefits of deep or moderate
hypothermia on spinal cord injury have been
well documented by many animal studies in
controlled experimental settings.

In clinical settings, cooling initiation to spinal
cord injury patients may not be introduced as
early as that of well-controlled animal experi-
ments. This is largely due to the transportation
of patients to trauma centers and time required to
obtain a patient’s consent to include hypothermia
as an experimental treatment option. Therefore,
results from clinical studies vary on neuroprotec-
tion and function recovery due to hypothermia.
Early studies in the 1970s typically used an ice
pack or cold saline infusion to the injured spinal
cord for several hours. Unfortunately, those stud-
ies are often associated with small sample sizes
and lack of control groups (Selker 1971; Tator
1972; Negrin Jr 1973; Meacham and McPherson
1973; Bricolo et al. 1976). The most recent clin-
ical study using local cooling via an extradural
saddle device on 20 SCI patients suggested an
improved ASIA (American Spinal Injury Asso-

ciation) grade (Hansebout and Hansebout 2014).
Although there was no control group of patients
in normothermic conditions, the authors state
that the outcomes due to cooling were better
than that of traditional treatments (Hansebout and
Hansebout 2014).

In recent years, systemic hypothermia for
spinal cord injury has attracted a lot of attention
due to development of an endovascular catheter
that induces fast cooling and can quickly
reach targeted temperature reduction. Unlike
local cooling when laminectomy may be
needed before cooling can be applied, systemic
hypothermia can be implemented immediately
after injury by cooling the blood using ice-cold
saline or endovascular cooling catheters. Several
clinical studies on implementing systemic
cooling to SCI patients are encouraging. Some
of them were carried out to evaluate safety
of implementing the device within a small
group of patients (Cappuccino et al. 2010;
Tripathy and Whitehead 2011). Initial results
by Levi et al. (2009, 2010) show improved
patients’ AIS (ASIA Impairment Scale) grades
with normal complications, and their follow-
up study demonstrated favorable outcomes in
those patients. A recent clinical trial by the same
group enrolled more than 35 acute SCI patients
(Dididze et al. 2013). At the 10-month follow-
up evaluation, more than 43% of the patients
improved at least one ISNCSCI (International
Standards for Neurological Classification of
Spinal Cord Injury) grade despite the relatively
late cooling initiation of approximately 6 h
after injury (Dididze et al. 2013). Currently
there are no randomized large multicenter
clinical trials to test systemic hypothermia on
spinal cord injury patients. Although robust
experimental and limited clinical studies have
demonstrated that hypothermia is beneficial for
acute SCI patients, further studies are critical in
providing convincing evidence of the efficacy
of hypothermia on the recovery of a devastating
injury with very poor outcomes.
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6 Engineering Contributions
in Brain Hypothermia

6.1 Development of Cooling
Devices

The major contribution of engineering in thera-
peutic brain hypothermia is the design of reliable
and safe devices that achieve target cooling rates
and temperatures. New technologies are typically
evaluated for thermal efficacy and safety in small
and large animal models to determine their suit-
ability for testing in humans. During the design,
patient safety is a prime consideration, and po-
tential issues include leakage of coolant, induced
freezing damage to tissue, physical trauma, etc.
Sterilizability, size minimization consistent with
thermal performance requirements, and physi-
cal packaging are typical design considerations
during the development of the device. Another
important thing often neglected by engineers is
how the cooling device may interfere with normal
medical treatments.

In general, there are two categories of
device designs that are used clinically for
therapeutic hypothermia: skin surface and
endovascular cooling. More than six companies
(Medivance, MTRE, Seabrook, Cincinnati Sub-
Zero, Birchbrook, and Garnar) manufacture
surface cooling devices, such as cooling blankets,
garments, helmets, and pads. This category of
devices is based on noninvasive methods and
has been most broadly applied in clinical trials
to date. An alternative approach is presented
by AVAcore™ in which an applied negative
pressure to glabrous skin in conjunction with
cooling is used to enhance blood perfusion
through arteriovenous anastomoses, thereby
increasing convective energy transport with the
body core. This technique has the potential for
providing much faster cooling rates. There are
three companies (Radiant Medical, Innercool
Therapies, and Alsius) that have developed
endovascular catheters for cooling human blood
as it flows past the device that is inserted into
a large vessel. Endovascular cooling is superior
in providing a fast cooling rate. However, its

major drawbacks are increased risk of blood
clotting, invasive surgical insertion procedures,
and complications associated with whole-body
cooling. Other approaches, such as intracarotid
cooling and interstitial cooling in the neck,
are in their infant stages and have yet to be
tested in large animal models and clinical
studies.

6.2 Mathematical Simulations
of Cooling and Rewarming
Processes

In the past three decades, clinicians have realized
the importance of closely monitoring brain tem-
perature during hypothermia. Even a small re-
duction in brain temperature can improve neuro-
logical outcomes of patients suffering from brain
injury. Temperature variation within normother-
mic brain tissue is usually very small. However,
especially during therapeutic hypothermia, tem-
perature gradients can develop not only between
the brain and core but also within regions of the
brain (Busto et al. 1987; Mellergard et al. 1990;
Stone et al. 1995; Wass and Lanier 1996; Schwab
et al. 1997, 1998a, b). Information on internal
temperature gradients is difficult to obtain clin-
ically by measurement with temperature probes
owing to the risk of inducing additional tissue
damage. Current noninvasive temperature mea-
surements such as magnetic resonance imaging
(±2 ◦C) lack the desired resolution to monitor
small temperature variations in the brain region.
Therefore, analytical methods for understanding
the transient and spatial temperature distribution
in brain tissue during hypothermia therapy are
clinically valuable.

Quantitative thermal modeling aids in identi-
fication of an optimal treatment protocol, and ap-
propriate constitutive input data creates a poten-
tial for designing personalized therapeutic regi-
mens. Theoretical modeling provides clinicians
with powerful tools to improve the ability to de-
liver safe and effective therapy. Most importantly,
thermal modeling permits the identification and
evaluation of critical monitoring sites to assess
the cooling extent and to assure patient safety.
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Most of the current theoretical thermal models in
brain hypothermia implement the Pennes bioheat
equation (Pennes 1948) that simplifies the ther-
mal contribution of local blood vessels as a sim-
ple heat source term added to the traditional heat
conduction equation (Zhu and Diao 2001; Diao et
al. 2003; Dennis et al. 2003; Ley and Bayazitoglu
2003, 2004; Janssen et al. 2005; Wang and Zhu
2007; Neimark et al. 2008; Zhu and Rosengart
2008; Zhu et al. 2009). With the advancement
in computational resources, researchers have the
capability to simulate the 3D temperature field of
the head and neck and to consider multiple large
blood vessels individually in the model. When
point-to-point temperature nonuniformities are
important, a model that incorporates perfusion
through the vasculature is necessary to accu-
rately predict the tissue temperature field. How-
ever, complex vascular geometry may prompt a
researcher to model only selected large blood
vessels individually and neglect the others. There
were several attempts in the past to model large
blood vessels, including the carotid arteries and
jugular veins in the neck, during brain hypother-
mia (Zhu 2000; Bommadevera and Zhu 2002;
Eginton 2007; Wang and Zhu 2007). In those
studies, temperature decay along the large arter-
ies was used to evaluate whether various tech-
niques could induce sufficient cooling to the
arterial blood that supplies the brain. Owing to
the complicated vascular structure, it is difficult
to model effects of individual blood vessels in the
brain region. Van Leeuwen et al. (Van Leeuwen
et al. 2000) predicted temperature contours based
on detailed vasculature in the brain and found that
they agree very well with those predicted by the
Pennes model. This may be mainly due to the
large rate and diffuse pattern of blood perfusion
in the brain tissue, for which the Pennes bio-
heat equation is a preferred approach. Advanced
computational methods also allow researchers to
model the head with a more realistic geometry
than a simple hemispherical structure. The head
geometry is usually based on magnetic resonance
images (MRIs), which can be imported into grid-
generating algorithms and then interfaced with
numerical software for temperature simulation
(Van Leeuwen et al. 2000; Dennis et al. 2003;

Ley and Bayazitoglu 2003). However, the results
obtained from the more complicated head models
to date are very similar to those predicted by a
simple, layered head geometry.

Most of the mathematical simulations are
aimed at providing detailed temperature contours
in a targeted tissue region, as well as predicting
how long it takes to establish a steady state.
These help determine a cooling rate at specific
locations. Those simulation results are essential
in evaluating the thermal feasibility of these
cooling methods. Early studies simulated a
temperature field inside the brain hemisphere
with cooling on the scalp by a helmet (Van
Leeuwen et al. 2000; Zhu and Diao 2001; Diao
et al. 2003). It has been shown that cooling
penetration from the scalp to the brain tissue
is only limited to less than 8 mm unless the
brain region is ischemic. Therefore, cooling
in the brain white matter is not feasible. Later
mathematical simulations were carried out based
on image scan-generated realistic head models
due to advancement in computational resources
in the 2000s (Dennis et al. 2003; Janssen et
al. 2005; Ley and Bayazitoglu 2003, 2004).
Interstitial cooling on the common carotid artery
was simulated to demonstrate the importance
of the length of the cooling device to achieve
desirable temperature reduction in the brain
(Wang and Zhu 2007; Wang et al. 2008). It
has been shown that cooling is limited when the
blood flow rate of the common carotid artery
is high. The neck collar has been proposed to
cool the brain tissue during the summer time.
Although it may provide cold sensation to the
neck tissue, simulation of the temperature field
in the neck and head region suggests that less
than 0.3 ◦C of blood temperature reduction
would be achieved using a cold neck collar
(Eginton 2007). Cooling on the torso of patients
suffering spinal cord injury was proposed as a
noninvasive approach to cool the spinal cord
and CSF. Since CSF in the spinal cord is
connected with that in the head, simulations
were performed to predict temperature reduction
in the spinal cord tissue and possible hypothermia
in the brain tissue, from the pulsation of
the cooled CSF (Smith and Zhu 2010a, b).
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Theoretical models were developed before the
implementation of endovascular infusion of cold
saline into the common carotid artery. All the
computational models simulate infusion of cold
saline with an infusion rate varying from 7.5
to 50 mL/min (Konstas et al. 2007; Neimark et
al. 2007a, b, 2008, 2013; Slotboom et al. 2004,
Slotboom 2007). It has demonstrated a very fast
temperature drop of the brain to 34 ◦C within 10
min. Those simulation predictions can be viewed
as the upper limit of temperature reduction
since they fail to address thermal resistance of
the catheter as well as loss of cooling to the
surrounding regions. Similarly, simulations were
performed to determine the effects of intravenous
infusion of saline in chilled or ice slurry on fever
control in brain injury patients. The proposed
approach would result in a maximal cooling rate
of 0.45 ◦C/h when infusing an ice slurry saline
at a maximal rate of 450 mL/h (Rosengart et al.
2009, Zhu et al. 2009).

Most importantly, mathematical simulation
has also been used to extrapolate experimental
measurements of cooling extent to a wide
variety of situations. One example is during
the early stages of designing and implementing
an intraparenchymal cooling device (Zhu and
Rosengart 2008). The cooling device consists
of a 2.5-cm long, dual-lumen stainless steel
shaft with cold water circulating from a slurry
ice bath to the device. The diameter of the
device is approximately 2.7 mm. Experiments
to measure temperature on the cooling device
surface and a brain location 6.4 mm from the
probe surface were performed on a primate
animal model with the cooling device inserted
into the parenchymal region. Once validated
with the animal experiment, the theoretical
model was used to predict the performance
of the cooling device in a human brain. The
results were also extrapolated to show cooling
penetration in ischemic brain regions, where the
local blood perfusion rate is much lower than that
of a healthy brain. An approximate relationship
was established as the cooling penetration depth
is inversely proportional to the square root of the
local blood perfusion rate of the brain tissue. The
relationship suggests that the cooling penetration

depth doubles when the local blood perfusion
rate decreases to 25% of its normal level.

One of the major challenges in mathematic
simulation of cooling and rewarming processes is
assessment of local blood perfusion variations in
response to cooling. In most mathematical sim-
ulations, blood perfusion is usually considered
as a constant during cooling or is considered to
be decreasing as a function of the local tissue
temperature following the Q10 law (Bering 1961;
Hoffman et al. 1982). The predicted temperature
distribution in the brain is in agreement with the
observed temperature field during steady state.
However, there is a large discrepancy between
theoretical and experimental data on how long it
takes to establish a steady state during cooling
and rewarming.

In an experimental study performed on a rat
model during head surface cooling, thermocou-
ples were inserted into the brain to monitor the
temperature reduction and recovery (Diao and
Zhu 2006). The measured characteristic time to
establish a steady state varied from 5 min to
longer than 40 min, whereas the mathematical
simulation predicted a much smaller character-
istic time (less than 5 min). This is due to the
small size of the rat head and constant blood flow
rate during the simulation. These results imply
that the change of the blood perfusion rate in
tissue contributes significantly to the characteris-
tic transient time constant. A similar conclusion
can be drawn from other animal models (Zhu
and Rosengart 2008) and alternative cooling ap-
proaches (Wang et al. 2008).

The Q10 law represents a linear relationship
between 1/T, where T is tissue temperature,
and log CMRO2 (the cerebral metabolic rate
of oxygen consumption). This law states that the
metabolic rate decreases by a factor of Q10 with
each 10 ◦C reduction in temperature. Q10 is a
parameter, which has been reported (Hoffman
et al. 1982) to vary between 2 and 4.4 based on
correlations with experimental measurements.
Based on a Q10 value of 2, it has been calculated
that hypothermia decreases cerebral metabolic
rate by an average value of 7% for the first 1 ◦C
reduction in temperature, whereas metabolic rate
is reduced to one half of the normal value when
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the temperature reduction is by 10 ◦C. During
normal conditions, cerebral blood flow (CBF)
may follow the same pattern as that of cerebral
metabolism due to their direct coupling. Several
temperature simulations have incorporated
the Q10 law (Dennis et al. 2003; Diao et al.
2003; Janssen et al. 2005; Zhu and Rosengart
2008). Because the local blood perfusion keeps
decreasing with the temperature during cooling,
the temperature field from the cold surface can
penetrate more readily into the deep brain region,
which, in turn, would further trigger perfusion
reduction. If the temperature dependence of
perfusion progresses during cooling, the result
would be an extended time to reach a steady
state.

During cerebral ischemia or head injury, not
only the Q10 value may change but also CBF
may be decoupled from metabolism. A number
of studies have examined the variation of CBF
during systemic hypothermia. Using the radioac-
tive microsphere technique, Busija and Leffler
(Busija and Leffler 1987) measured CBF in anes-
thetized newborn pigs. They concluded that sys-
temic hypothermia reduced CBF secondary to
the depression of cerebral metabolic rate. Ver-
haegen et al. (Verhaegen et al. 1993) measured
the cortical blood flow in anesthetized rats using
a laser Doppler flowmeter (LDF) and found that
CBF was reduced during moderate hypothermia.
Okubo et al. (Okubo et al. 2001) examined the ef-
fect of systemic cooling on cerebral metabolism
and regional CBF variation in newborn piglets.
They measured the regional CBF with colored
microspheres and demonstrated that a reduction
of cerebral cortex temperature resulted in a de-
crease in the blood flow in all brain regions.
Unlike many experimental studies on CBF re-
sponse during systemic cooling, there have been
only few studies on the effect of selective brain
cooling on CBF, and the various results are incon-
sistent. Laptook et al. (2001) examined the differ-
ences of CBF in newborn swine during selective
brain cooling versus whole-body cooling and
illustrated that the global CBF was reduced dur-
ing both whole-body cooling and selective brain
cooling. Ibayashi et al. (2000) demonstrated that
the regional CBF decreased when selective brain

cooling was implemented on rats. However, a
previous study (Kuluz et al. 1993) using the
LDF technique showed that the cortical CBF in
normal, lightly anesthetized rats increased during
selective brain cooling. In a study, the blood flow
rate of the common carotid artery was measured
continuously using an LDF applied in an in vivo
setting to study the transient behavior of temper-
ature and blood flow responses during selective
brain cooling and rewarming using a cooling hel-
met (Diao and Zhu 2006). Very similar transient
profiles of brain temperature and blood flow rate
of the common carotid artery, as characterized by
their characteristic time constants, were observed
in rats (Diao and Zhu 2006). Nonetheless, more
rigorous experimental verification is needed to
establish the correlation between the CBF and
blood flow rate of the common carotid artery. The
accuracy of mathematical simulations can con-
tinue to be questionable unless the simulations
can be verified with experimental data that simul-
taneously monitors the local blood perfusion rate
during cooling and rewarming.

7 Concluding Remarks

Hypothermia’s efficacy in improving treatment
outcomes in patients suffering from cell and
tissue damage caused by ischemia is still
ongoing despite more than 80 years of animal
experiments and clinical practice. This method
can be applied to a wide variety of conditions,
including spinal cord injury, traumatic brain
injury, stroke, cardiopulmonary surgery, and
cardiac arrest. Overall, an accumulating
body of clinical evidence along with several
decades of animal research and mathematical
simulations has documented that the efficacy
of hypothermia is dependent on achieving a
reduced temperature in the target tissue before
or soon following the injury-precipitating event.
Mild hypothermia with a several degrees Celsius
temperature reduction is as effective as modest
or deep hypothermia in resulting in therapeutic
benefits without introducing collateral/systemic
complications. It is widely documented that
rewarming rate must be controlled to be lower



Hypothermia Used in Medical Applications for Brain and Spinal Cord Injury Patients 313

than 0.5 ◦C/h in order to avoid mismatch between
local blood perfusion and metabolism. In the
past several decades, many different cooling
methods and devices have been designed,
tested, and used in medical treatments with
mixed results. Accurately and predictably
designing treatment protocols to achieve specific
cooling outcomes requires collaboration among
engineers, researchers, and clinicians. Although
the problem is quite challenging, it presents a
major opportunity for bioengineers to design
new methods and devices that can quickly and
safely produce hypothermia in targeted tissue
regions without interfering with routine medical
treatment.
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Biomechanical Changes of Tympanic
Membrane to Blast Waves

Rong Z. Gan

Abstract

Eardrum or tympanic membrane (TM) is a
multilayer soft tissue membrane located at the
end of the ear canal to receive sound pressure
and transport the sound into the middle ear
and cochlea. Rupture of the TM is one of the
most frequent injuries of the ear after blast
exposure in military service members. The
TM mechanical property changes induced by
blast waves also affect progressive hearing
loss in veterans. This chapter describes the
biomechanical measurements and modeling of
blast wave transduction through the ear and
the TM mechanical property changes after
blast exposure. The human TM rupture thresh-
olds were determined with a relationship to
blast wave direction. It is found that the sen-
sitivity of TM stress change with respect to
the pressure reaching on TM surface charac-
terizes the mechanical damage of the TM in
relation to blast waves. Mechanical properties
of the human TM after exposure to blasts were
measured using acoustic loading and laser
Doppler vibrometry with the inverse problem-
solving method. The complex modulus of the
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TM exposed to blast waves had significant re-
duction compared to normal tissue. The SEM
images of post-blast TM showed obvious mi-
crostructural changes from the normal TM
which indicate the tissue damage caused by
blast exposures. This chapter provides impor-
tant data on human TM damage and mechan-
ical changes induced by blast overpressure
waves.

1 Introduction

The eardrum or tympanic membrane is a soft
tissue membrane separating the ear canal from
the middle ear. The tympanic membrane (TM)
plays an important role in transmission of sound
pressure from the environment into mechanical
vibration of the ossicular chain in the middle ear,
which is transported into the inner ear or cochlea
and then to the brain for hearing. Exposure to
high-intensity sound or blast overpressure waves
causes injuries to auditory system and results in
acute hearing loss in military service members
and the long-term hearing disabilities in veterans
(Cave et al. 2007; Dougherty et al. 2013). The
primary blast injury to the ear is induced by direct
effect of blast overpressure waves upon the TM
and middle ear ossicular chain. Rupture of the
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TM is one of the most frequent injuries of the ear
and has been investigated in animals and humans
with wide variability (Cho et al. 2013; Fausti
et al. 2009).

The TM perforation induces the reduction of
energy transfer efficiency and has been measured
in human temporal bones (Voss et al. 2007;
Gan et al. 2009), animals (Bigelow et al. 1996;
Santa Maria et al. 2007), and clinical studies
(Ahmad and Ramani 1979; Mehta et al. 2006).
Gan et al. (2007, 2009) used a three-dimensional
finite element (FE) model of the human ear
including the external ear canal, middle ear,
and uncoiled cochlea with two straight fluid
channels separated by the basilar membrane
to predict the perforation-induced change of
middle ear function for sound transmission. The
acoustic-structure-fluid coupled FE analysis was
employed in the model to evaluate a complex
combination of two sound conduction routes: the
mechanical route through the ossicular chain and
the acoustic route through the air in the middle
ear cavity. Perforations created in the FE model
were also produced in human cadaver ears or
temporal bones to verify the FE model results
by Gan et al. (2009). A good agreement between
the model and experimental data indicated that
the TM perforation mainly affects the middle ear
transfer function at low frequencies for normal
sound.

Blast overpressure is a high-intensity distur-
bance in the ambient air pressure that creates
high-intensity sound (impulse) over 170 dB SPL.
In addition to TM perforation or rupture, any
damage induced by blast waves to the TM tissue
would affect its mechanical properties and alter
the normal performance of the TM for sound
transmission. There are two basic types of exper-
imental data which are used to assess the extent
and nature of blast-induced damage to the TM:
mechanical property changes and microstructural
variations of the TM (Engles et al. 2017; Liang
et al. 2017).

A recent study on chinchilla blast model by
Gan et al. (2016) reported the relationships be-
tween the TM rupture threshold, the TM damage
pattern, and the overpressure waveforms. The re-

sults demonstrated that the TM rupture threshold
was closely related to overpressure waveforms
at the entrance of the ear canal. The waveforms
recorded under the shielded case had almost
equal positive-negative pressure phases, while
the waveforms recorded in the open field had the
positive pressure only. The TM rupture threshold
measured in the shielded case was much lower
than that in the open field. These findings in ani-
mal blast model brought further research requests
on identifying human TM damage after blast
exposure and the TM rupture threshold in relation
to blast overpressure level and wave direction.

The first part of this chapter reports our cur-
rent study on measuring blast wave transmis-
sion through the human ear and the relationship
between the TM damage and the incident blast
wave direction. In addition to experimental tests
in human cadaver ears, a 3D FE model of the
human ear for blast simulation based on the
model published by Gan et al. (2004, 2007)
was developed to modeling blast overpressure
transduction through the ear (Leckness 2016).
The mechanisms of TM injury in relation to
blast wave direction were investigated using this
model. The study was completed in the Biomed-
ical Engineering Laboratory at the University of
Oklahoma, and the results were presented at the
2016 Military Health System Research Sympo-
sium (MHSRS).

The second part of this chapter reports the
changes of TM tissue mechanical properties after
multiple blast exposures of human cadaver ears
based on our recent study by Engles et al. (2017).
Microstructural variations of the TM were de-
tected by scanning electron microscopy (SEM)
images, which provide an insight into the struc-
tural aspects of the injury on the surface of the
TM. Changes of the structure and mechanical
properties of the TM directly affect sound trans-
mission and result in conductive hearing loss. We
have also measured the changes of TM mechan-
ical properties in chinchilla blast model using a
micro-fringe protection method, but the results
are not included in this chapter. The readers can
find the information from the current publication
by Liang et al. (2017).
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2 Part I. Human TM Rupture
in Relation to Blast
Overpressure Direction

2.1 Experimental Setup,
Procedure, and Results
from Blast Tests

A “head block” attached with human cadaver ear
or temporal bone and mounted with two pressure
sensors was developed in our lab to measure the
transfer functions of the ear canal and middle ear
in response to blast overpressure. Three pressure
sensors are simultaneously monitoring the blast
pressure at the entrance of the ear canal (P0),
near the TM in the canal (P1), and behind the
TM in the middle ear (P2). The P0 sensor (Model
102B16, PCB Piezotronics, Depew, NY) was
placed at 1 cm lateral to the ear canal opening
with the sensing surface facing the blast. The P1
and P2 sensors (Model 105C02, PCB Piezotron-
ics) were placed at 3 mm from the TM and inside
the middle ear cavity through the Eustachian
tube, respectively.

The “head block” was exposed to open-field
blast inside an anechoic test chamber in our lab
along three directions, the vertical, horizontal,
and front, with respect to the head as shown
in Fig. 1. A well-controlled compressed air
(nitrogen)—driven blast apparatus located inside
the test chamber—was used to create a blast
overpressure wave (Gan et al. 2016; Hawa and

Gan 2014). Polycarbonate film (McMaster-Carr,
Atlanta, GA) of varying thickness (0.13–1.0 mm)
was employed to generate blast overpressure of
at least 30 psi (207 kPa or 200 dB SPL). The
overpressure level was controlled by changing
the thickness of the film or the distance from
the blast reference plane. By increasing the blast
peak pressure P0, the TM was finally ruptured,
and all three pressure waveforms (P0, P1, and P2)
were recorded simultaneously at each pressure
level.

The pressure sensor signal was measured by
cDAQ 7194 and A/D converter 9215 (National
Instruments Inc., Austin, TX) with the sampling
rate of 100 k/s (10 μs dwell time). The LabVIEW
software package (NI Inc.) was used for data
acquisition and analysis. The waveform of each
blast test was saved in a PC for further analysis.

A total of 41 fresh human temporal bones
(TBs) were used in this study for testing of three
wave directions: from the top of the head (the
vertical setup), from the lateral to the ear (the hor-
izontal setup), and from the front of the face (the
front setup). The schematic of the setup along
these three directions is shown in Fig. 1a. Figure
1b displays the head block with a right cadaver
ear exposed to the vertical wave direction. The
P0 pressure sensor was fixed near the ear canal
entrance. All the TBs were obtained from the
Life Legacy Foundation, a certified human tissue
supply source for military research. The study
protocol was approved by the US Army Medical

Fig. 1 (a) Schematic of three blast wave directions with respect to the head. (b) The picture of experimental setup with
the head block along the vertical wave direction inside the test chamber
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Research and Materiel Command (USAMRMC)
Office of Research Protections (ORP).

It usually took 3–4 iterations of blast tests
to reach the TM rupture threshold defined as
the peak pressure before the TM rupture. That
means if the TM ruptured after the third blast,
the threshold was the peak pressure level of the
second blast. The initial blast pressure level was
selected based on the system calibration using
different films and changing the distance between
the sensor surface and the blast reference plane.
The number of blast tests also varied with in-
dividual TBs due to the variation among the
human samples and setups. To confirm the TM
damage, an otoscopic examination of the ear
was performed first, and further verification was
done using wideband tympanometry to determine
whether the TM was ruptured (Gan et al. 2016).
When the TM was found without rupture, the
next blast test was conducted with an increase of
the overpressure level. The testing stopped when
the TM was ruptured.

Figure 2a shows typical overpressure wave-
forms of P0 (black), P1 (red), and P2 (green)
recorded from three cadaver ears in the vertical,
horizontal, and front tests (before the TM rup-
ture). The pressure waves are displayed in 2 ms
of time duration, and the positive overpressure is
followed by negative pressure. As shown in Fig.
2a, the peak P0 level was around 50 kPa or 7.5 psi
or 188 dB SPL for all three tests. The P1 peak
pressure shows a substantial increase compared
to the P0 pressure in all wave direction tests. The
results demonstrate the effect of the ear canal on
enhancing the impulse pressure level near the TM
in the canal.

The otoscopic photographs displayed in Fig.
2b illustrate the TM damages observed at the
vertical (V), horizontal (H), and front (F) tests
with the peak P0 pressure levels of 191, 186,
and 189 dB SPL (or 11, 6, and 8 psi), respec-
tively. There is no consistent TM rupture pat-
tern observed from the experiments at different
wave directions. However, the damage along the

Fig. 2 (a) Overpressure waveforms of P0 (black), P1
(red), and P2 (green) recorded from three cadaver ears
or temporal bones under the vertical (left), horizontal
(medium), and front (right) tests. (b) Otoscopic pictures
of human TMs ruptured after blast exposure. (A) Vertical

test, left ear, TM ruptured in the superior-posterior region;
(B) horizontal test, left ear, TM ruptured in the inferior
side; (C) front test, right ear, TM ruptured in the superior-
posterior region
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TM-radial fiber direction is commonly observed
from the experiments. Another area is near the
manubrium or inferior side of the TM along the
radial direction.

Table 1 lists the mean and standard deviation
(SD) of P0, P1, and P2 ratio of P1/P0 and the
TM rupture P0 and P1 thresholds obtained from
all tests along three blast wave directions: V, H,
and F. The P1 rupture threshold was determined
by multiplying the P1/P0 ratio and the P0 rupture
threshold for each direction. The results in Table
1 show that the P0 rupture threshold for the V
and F directions are comparable and that the
P0 threshold in H-direction is significantly lower
than the other two directions. Conversely, the
P1/P0 ratio in H direction is well above the
others. It is also observed from Table 1 that the
P1 rupture threshold (the pressure that is directly
responsible for TM damage) is similar for the V
and H directions, at 20.2 and 20.1 psi, respec-
tively. Interestingly, the results indicate that the
F direction requires less pressure as measured at
P1 to rupture the TM.

The recorded waveforms (P0 and P1) from
blast tests in TBs are impulse pressure profiles
(short duration and nonperiodic). The impulse
pressure energy spectra analysis on recorded
waveforms in the time domain was conducted
in MATLAB to determine the signal energy
distribution over the frequencies (ten octave
frequency bands) under three blast wave di-
rections. First, the recorded pressure waveforms
were converted to pressure distributions over the
frequencies of 20–20 kHz by using FFT spectral
analysis. Next, following the methods of impulse
signal energy distribution theory reported by
Hamernik et al. (1991), Hamernik and Keng
(1991), Hamernik and Qiu (2001), and Gan et al.
(2016), the total sound exposure was divided by
the standard characteristic impedance of the air
ρc as impulse energy flux (energy per unit area)
and expressed as

E∗ = 1

ρc

T∫

0

p2(t)dt,
[
J/m2

]
(1)

where p(t) is the instantaneous value of acoustic
pressure in Pa or N/m2, dt is the time increment

for scanning of acoustic pressure in seconds, and
ρc = 406 mks rayls to produce a quantity with
units of energy flux (i.e., J/m2). Both ρ and c
are pressure-dependent in the shock front. The
duration of T = 6 ms was used for calculation
in the present study.

Eight octave band-pass filters with center fre-
quencies at 125 Hz, 250 Hz, 500 Hz, 1 kHz,
2 kHz, 4 kHz, 8 kHz, and 16 kHz were designed.
A low-pass filter L125 and a high-pass filter
H16k were also designed to catch signals at
frequencies lower than 125 Hz and higher than
16 kHz. The filtered signals were then generated,
and the sound energy in each band was calculated
as the distribution of pressure energy flux over
ten bands. Instead of directly comparing the en-
ergy flux values in the three wave directions, the
energy in each band was normalized with respect
to the total sound energy in that band.

The comparison of impulse energy flux (en-
ergy per unit area in unit J/m2) distributed in
ten frequency bands from below 125 Hz to over
16 kHz obtained from waveforms recorded in
three wave direction tests demonstrates that (1)
P0 pressure-induced energy is mainly distributed
at frequencies below 1 kHz and there is a large
peak for V direction at 500 Hz; (2) P1 pressure-
induced energy is distributed at frequencies up
to 4 kHz; and (3) blast waves at F and H di-
rections result in relatively large energy flux of
both P0 and P1 at frequencies below 125 Hz.
This energy analysis suggests that P1 pressure
waveform should be considered as a primary
factor for blast-induced TM damage because P1
energy distributions on octave bands are similar
for all three wave directions and concentrated
from 500 Hz to 4 kHz.

2.2 Finite Element Modeling
Prediction

The 3D FE model of the human ear developed by
Gan et al. (2004, 2007) for sound transmission
and being used for TM perforation studies (Gan
et al. 2009) was modified to simulate the blast
wave transmission through the ear as shown
in Fig. 3a. The FE model consisted of the ear
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Table 1 Mean and SD of peak pressure values of P0, P1, and P2, ratio of P1/P0, and the TM rupture P0 and P1
thresholds

Blast wave
direction TB sample P0 (psi) P1 (psi) P2 (psi) P1/P0

Threshold
P0 (psi)

Threshold
P1 (psi)

Vertical Mean ± SD(N = 13) 8.9 ± 1.8 19.3 ± 3.3 2.3 ± 1.6 2.2 ± 0.5 9.2 ± 1.7 20.2 ± 2.2

Horizontal Mean ± SD(N = 14) 6.4 ± 2.1 19.0 ± 6.1 2.2 ± 1.4 3.0 ± 0.7 6.7 ± 1.2 20.1 ± 1.9

Front Mean ± SD(N = 14) 9.8 ± 2.0 16.3 ± 3.3 2.1 ± 0.7 1.7 ± 0.4 9.8 ± 2.1 16.7 ± 2.5

Fig. 3 (a) (Left) FE model of the human ear comprised
of the ear canal, TM, middle ear ossicles, and middle
ear cavity. The locations for pressure monitoring points
are designated as P0, P1, and P2. (Right) Structural
mesh of the model, showing the TM, TMA, middle ear

ossicles, IMJ, ISJ, suspensory ligaments/muscle tendons
(all Cs and SAL), and cochlear load. (b) FE model-derived
distribution of the equivalent (von Mises) stress in the TM
when the maximum stress was reached under the vertical
wave direction



Biomechanical Changes of Tympanic Membrane to Blast Waves 327

canal, TM, TM annulus (TMA), three ossicles
connected by two joints (incudomalleolar joint
(IMJ) and incudostapedial joint (ISJ)), middle
ear suspensory ligaments/muscle tendons (Cs),
stapedial annual ligament (SAL), and middle
ear cavity. The cochlea was not included in
this initial model for blast simulation, but
the cochlear load was applied on the stapes
footplate by a mass block-dashpot system
with the cochlear input impedance of 20 G�

(Gan et al. 2004).
This FE model of the human ear was re-

generated in ANSYS Workbench (ANSYS Inc.,
Canonsburg, PA) where Fluent and ANSYS Me-
chanical coupled with fluid-structure interaction
analyses were employed to compute blast over-
pressure transduction from the environment to
the TM and middle ear (Leckness 2016). Briefly,
the viscoelastic material properties were assigned
to soft tissues in the middle ear including the
TM, TMA, IMJ, ISJ, and SAL. The experi-
mentally recorded P0 waveforms from the head
block with cadaver TBs were applied onto the
boundary at the entrance of the ear canal, and
the pressure waveforms P1 and P2 were then
calculated and compared with those measured
from the experiments. The FE model was then
employed to investigate the mechanisms of TM
injury under recorded P1 profiles from the ver-
tical, horizontal, and front directions. P1 over-
pressure waveforms recorded from multiple it-
erations of blast tests in 14 temporal bones (4
from the vertical direction and 5 from the hori-
zontal and front directions) were applied to the
surface of the TM in the FE model, and the
maximum stress distributions were calculated.
Note that the detailed description and validation
of the FE model of the human ear are not in-
cluded in this paper, which can be found from
Leckness ( 2016).

The equivalent (von Mises) stress was used as
a measure of the stress state of the TM. The aver-
age maximum stresses induced by the P1 rupture
threshold waveforms were 16.2 ± 3.00 MPa,
16.3 ± 2.44 MPa, and 14.3 ± 2.53 MPa for the
vertical, horizontal, and front directions, respec-
tively. The average maximum stresses induced by
the P1 waveforms that caused visible TM damage

were 20.3 ± 1.18 MPa, 18.8 ± 1.99 MPa, and
15.5 ± 3.46 MPa for the vertical, horizontal,
and front directions, respectively. An example of
TM stress distribution at the time of maximum
stress due to an applied P1 waveform of 134 kPa
peak pressure in the vertical wave direction is
displayed in Fig. 3b. As shown in this figure, the
maximum stress reached 16 MPa, and the regions
of the highest stress were along the anterior
portion of the TMA, the posterior to the center
of the manubrium, and the inferior to the bottom
of the manubrium. These locations may indicate
potential sites for TM rupture.

2.3 Mechanisms of TM Rupture
in Relation to Blast Wave
Direction

The P1 threshold for TM damage should more
accurately represent the pressure applied to the
TM than the P0 threshold. The experimental re-
sults shown in Table 1 indicate that P1 threshold
in F direction is lower than V and H direc-
tions, or in other words, the blast wave from
the front of the face (F direction) is easier to
cause TM rupture than other blast wave direc-
tions. Why does the F direction result in a lower
P1 threshold for TM damage? To answer this
question and understand the mechanism behind
the experimental findings, the FE model of the
human ear was used to compute the distributions
of the stress in the TM and derive the sensi-
tivity of TM stress with respect to P1 pressure
increase as the TM stress gradient with respect to
P1, dσ /dP1. The stress gradient was calculated
based on experimental P1 waveforms of pre-
threshold up to the rupture level, usually 2–4
pressure waveforms per cadaver ear or temporal
bone. Fourteen cadaver ears (four from the V
direction and five from the H and F directions)
were selected for calculation. As an example,
Fig. 4a–c shows a series of P1 pressure wave-
forms over 0.5 ms duration from three temporal
bone experiments in V, H, and F direction tests,
respectively. The P1 waveforms were used to
calculate dσ /dP1 in V, H, and F directions using
the model.
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Fig. 4 (a–c) represent the P1 pressure waveforms with
incremental peak pressure level from initial test 1 to TM
rupture recorded from a temporal bone sample TB15-3L
in V direction test, from sample TB15-33L in H direction

test, and from sample TB15-36R in F direction test, re-
spectively. (d) Plots of FE model-derived maximum stress
in the TM vs. P1 peak pressure obtained from V direction
(N = 4), H direction (N = 5), and F direction (N = 5)

All the data points of the maximum stress in
the TM vs. the maximum (peak) P1 pressure ob-
tained along the V, H, and F blast direction tests
were plotted in Fig. 4d. Statistical correlation was
then applied to determine the best-fit line for the
data points at each direction. Figure 4d shows
the comparison of the slope (i.e., stress gradient)
dσ /dP1 at three directions. The mean value of
stress gradient was calculated as 74.1, 73.0, and
96.7 for V, H, and F direction, respectively. This
indicates that the change of maximum stress in
the TM with respect to P1 peak pressure in F
direction is higher than the other two directions.
The high sensitivity of TM stress with respect to
the P1 pressure in F direction may characterize
mechanical damage of the TM induced by blast.
The average maximum stress was lowest for the
front direction, as was the average P1 rupture
threshold; this suggests that neither the stress
level nor P1 level alone determines TM failure
but that TM failure is best predicted by the rate

change of stress with respect to maximum P1
pressure reaching the TM.

3 Part II. TM TissueMechanical
Property Changes After
Exposure to Blast Waves

3.1 Summary of TMMechanical
Property Measurements

The TM or eardrum is a multilayer membrane
including the epidermal, collagen fibrous, and
mucosal layers from the lateral to the medial
side. The collagen fibers provide primarily the
mechanical stiffness of the TM. It consists of a
matrix of ground substance embedding approxi-
mately 22-μm-thick collagen fiber layer aligned
primarily along the radial direction emanating
from the umbo and approximately 15-μm-thick
collagen fiber layer along the circumferential di-
rection (Lim 1995). A major part of the TM is the
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pars tensa, which is within tympanic annulus ring
located at the boundary; the malleus manubrium
bone is attached in the central portion at the
medial side. The small dimensions of the TM
(about 70 μm thick and 9 mm in diameter) make
it difficult to measure the mechanical proper-
ties. Numerous investigations of the mechanical
behavior of human TMs have been performed
at static or low strain rates (von Békésy 1960;
Dirckx and Decraemer 2001; Fay et al. 2005;
Cheng et al. 2007; Huang et al. 2007; Daphala-
purkara et al. 2009).

The static properties of the human TM were
first reported by von Békésy (1960) as 20 MPa
from a bending test on a rectangular cadaver
TM strip. Further investigations into mechanical
properties of human TM have been performed
at quasi-static or low-frequency range (Cheng
et al. 2007; De Greef et al. 2014; Fay et al.
2005; Huang et al. 2007). However, the TM
works under the auditory frequency range of
20–20,000 Hz, and the dynamic properties of
the TM need to be measured over the audi-
tory frequency range. Kirikae (1960) determined
Young’s modulus in the circumferential direction
to be 40 MPa at 890 Hz. Zhang and Gan (2010)
reported an investigation on dynamic properties
of human TM using acoustic stimulation and
laser Doppler vibrometry (LDV) measurement.
Utilizing various techniques, the dynamic prop-
erties of the human TM in the auditory frequency
range have been further characterized (Luo et al.
2009; Zhang and Gan 2012). Nevertheless, there
are only a few investigations providing accurate
mechanical data for the damaged TM after expo-
sure to blast overpressure (Luo et al. 2015; Gan
et al. 2016; Engles et al. 2017).

A better understanding of dynamic properties
of the human TM exposed to blast waves is
of considerable interest for assessment of blast-
induced damage of the auditory system as well as
for hearing protection devices. Luo et al. (2015)
used a highly sensitive miniature split Hopkinson
tension bar (SHTB) to measure the mechanical
properties of the TM at high strain rates and
derive Young’s modulus changes of the TM after
multiple blast exposures. The SHTB provided a
uniaxial tensile test for TM strip specimens in

the time domain. The tensile strain of the TM
specimens in SHTB tests was typically 10–30%.
Due to the sensitivity of the TM’s stiffness char-
acteristics to strain rates, the results from SHTB
test can be utilized to characterize the failure
behavior and nonlinear stress-strain curve of the
TM in relation to impact loading. However, from
the view of TM transmitting sound vibration,
mechanical property changes of the TM induced
by blast waves should be quantified in response
to sound stimulation.

Despite the progress made in understanding
the change of mechanical properties induced
by blast exposure, accurate measurement of the
mechanical properties of damaged TM is still
needed as addressed (Engles et al. 2017). First,
due to the nonlinear stiffness characteristics
of the TM, the mechanical properties vary
with strain. It is necessary to determine how
mechanical stiffness of the TM decreases when
the TM is exposed to repeated blast exposures.
Second, the residual stiffness of damaged TM
reflects the severity of injury to the TM, and
the property data gives us an insight into the
mechanical state of the TM immediately after
exposure. Third, the material properties can be
used to validate the biomechanical modeling of
TM perforation induced by blast exposure. Thus,
the knowledge about residual TM stiffness after
blast exposure may assist emergency medical
personnel in the evaluation and treatment of
blast-injured TM, avoiding further auditory
injury.

3.2 Dynamic Properties of Human
TMAfter Blast Exposure

A study on dynamic properties of human TM
after exposure to blast waves by using acoustic
loading and laser Doppler vibrometry measure-
ment with an inverse problem-solving method
to determine the complex modulus of the TM
specimen was recently completed in our lab (En-
gles et al. 2017). The TM specimens were pre-
pared from human temporal bones following ex-
posures to blast overpressure using the estab-
lished methodologies described in Sections I–
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A and shown in Fig. 1b. It usually took three
iterations of blasts to reach the TM rupture. The
peak pressure before the TM rupture defined as
the TM rupture threshold ranged from 7.6 to
9.0 psi (52.4–62.1 kPa) from ten human cadaver
ears or temporal bones. The TM specimen for
mechanical test was the rectangular strip with
approximate dimensions of 6 × 2 mm cut from
either the posterior or anterior site of the pars
tensa with the tympanic annulus attached. The
specimen was then mounted to the material test-
ing system (MTS).

The experimental setup with LDV to mea-
sure dynamic properties of the TM specimen
can be found in Fig. 3 of Engles et al. (2017).
Briefly, the sound was delivered from a speaker
through a 1-mm-diameter sound delivery tube at
2 mm away from the center of the lateral side of
the specimen. A dynamic signal analyzer (DSA)
(PSA, HP 35670A, CA) coupled to a power
amplifier (B&K 2718, Norcross, GA) was used to
generate a pure tone sound of 90 dB SPL over the
frequency range of 200–8000 Hz. To monitor the
input sound pressure level, a probe microphone
(ER-7C, Etymotic Research, IL) was attached
to the sound delivery tube at 1 mm from the
TM surface. Specimen vibrations were measured
with the LDV (HLV-1000, Polytech PI, Austin,
CA) while focusing the beam at the reflective
tape. The vibration velocity of the specimen was
acquired by the DSA and recorded on a PC for
further analysis.

Dynamic testing of each specimen was simu-
lated in a FE model in ANSYS using acoustic-
structure coupled analysis. To mimic the vibra-
tion of the TM specimen in response to sound
stimuli in an open field, a FE model includ-
ing the solid structure of the specimen and a
spherical area of air surrounding the TM was
built. To facilitate acoustic pressure coupled to
the TM surface, the surface of acoustic elements
(air) in contact with the TM solid structure was
defined as a fluid-structure interface. The stan-
dard linear solid model or Weichert model was
used to describe the viscoelastic behavior of
the TM (O’Connor et al. 2008; Zhang and Gan
2010). The relaxation modulus of the TM can be
expressed as

E(t) = E0 + E1exp

(
− t

τ1

)
(2)

where E0 is the relaxed elastic modulus at t = ∞,
E0 + E1 is the initial elastic modulus at t = 0,
and τ 1 is the relaxation time. The relaxation
modulus in the time domain can be converted to
the complex modulus in the frequency domain.
The complex modulus E* is expressed as

E∗ (ω) = E′ (ω) + iE′′ (ω) (3)

where E
′
(ω) is the storage modulus, E′′(ω) is the

loss modulus, and ω is the angular frequency.
Further, E

′
(ω) and E′′(ω) can be expressed as

E′ (ω) = E0 + E1τ
2
1 ω2

1 + τ 2
1 ω2

(4)

E′′ (ω) = E1τ1ω

1 + τ 2
1 ω2

(5)

The loss factor η(ω) can be expressed as

η (ω) = tan (δ) = E′′ (ω)

E′ (ω)
(6)

where δ is the phase angle.
An iterative FE simulation of the dynamic test

was performed to find material constants that
achieve the best match between the modeling
results and actual measurements. A short descrip-
tion of the process was given by Engles et al.
(2017). An example of the experimental results
of the amplitude-frequency curve from two TM
samples (47 L and 41 L) compared with the FE
model-derived curves was shown in Fig. 6 of
their paper. The three parameters E0, E1, and
τ 1 for each specimen were determined through
the FE model, and the experimental curves were
represented by the resonance frequency fn and the
amplification ratio R (ratio between the ampli-
tude at the resonance frequency and the ampli-
tude at the lowest frequency measured).

To determine the effect of blast waves on
mechanical properties of the TM, the complex
modulus for post-blast TMs was plotted against
normal TMs published by Zhang and Gan (2010)
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using acoustic stimulation and LDV in Fig. 5.
The blast exposure caused the storage modulus
to become significantly reduced across the fre-
quency range. Similarly, the loss modulus for
post-blast TMs was also much lower than the
normal TMs. The decrease of loss modulus was
significant (Student’s t test, p < 0.0065). These
data reveal that the blast overpressure causes a
frequency-dependent stiffness reduction of the
TM. Loss factor is the ratio between the loss
modulus and storage modulus. The post-blast
TMs had a lower loss factor at frequencies below
2 kHz and a larger loss factor at frequencies over
2 kHz compared to the normal TMs. As shown in
Fig. 5, the blast resulted in a flat storage modulus
curve in the high-frequency range. This is one of
the reasons that caused the larger loss factor in
the post-blast TMs at high frequencies.

An additional insight from this study is the
data clearly show that retained complex modulus
of the TM after blast exposure was reduced more
than 50%. The TM rupture caused by blast expo-

sure includes perforation of the TM and reduction
of complex modulus in the remaining part of the
TM. The TM perforation and alteration in me-
chanical properties can contribute to a conductive
hearing loss. The effect of TM perforations on
sound transmission through the middle ear was
investigated in temporal bone models by Gan
et al. (2009). Their results indicated that TM
perforations caused more than 20 dB reduction
in the TM and stapes footplate displacements at
frequencies below 1 kHz.

3.3 Microstructural Changes
in Post-Blast TM

TM is a complex trilaminar membrane. Its mid-
dle layer, the lamina propria, has a composite
structure consisting of radially and circumferen-
tially oriented collagen fibers embedded in the
ground substance (Lim 1995). To evaluate the
microstructural changes of the TM after expo-
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sure to blast, the SEM images were obtained
for both pre- and post-blast human TMs and
examined with electron microscopes (NEON 40
EsB, Zeiss, Oberkochen, Germany; JSM-840,
JEOL Ltd., Tokyo, Japan) in the Samuel Roberts
Noble Microscopy Laboratory at the University
of Oklahoma.

Figure 6 shows the SEM image obtained from
a post-blast TM (left panel) and a normal TM
(right panel). The images were viewed from the
lateral side and focused on areas where the ep-
ithelial layer separated from the TM during SEM
preparation. The effect of blast waves on the fiber
bundles can be observed from Fig. 6 as shown
by the radial orientation of the post-blast TM
tears, which was a result of the circumferential
fiber fractures. The normal TM shows a generally
smoother appearance, reflecting the normal state
of the TM. The SEM images suggested that the
TM damage along the radial direction may be
more severe than that along the circumferential
direction after blast exposure.

In a study performed by Luo et al. (2015), the
results indicated that Young’s modulus is higher
in the radial direction than in the circumferential
direction and the fracture strength in the radial
direction is also higher than that in the circumfer-
ential direction under the condition of the same
strain rate. When the TM is exposed to blast
waves, it is more probable that the circumferen-
tial fibers, which have a lower fracture strength,
would break before the radial fibers. Figure 6
demonstrates that the post-blast TM tears were
oriented in the radial direction, indicating the mi-
crostructure changes caused by blast exposures.

However, it is difficult to quantify the extent of
microstructure damage of TM by using SEM
images. The weakened mechanical properties are
the reflection of microstructure damage, but it is
not applicable to build a direct relation between
microstructure damage of TM and changes of
macro-mechanical properties at the present stage.

4 Conclusions

1. The relationship between the TM damage
threshold and blast overpressure wave
direction has been investigated in human
cadaver ears and the FE model of the human
ear. The “head block” attached with the
temporal bone was exposed to open-field blast
inside the test chamber at three incident wave
directions, vertical, horizontal, and front, with
respect to the head. Results demonstrate that
blast overpressure P0 at the ear canal entrance
induced the highest peak pressure P1 near the
TM in the canal, which determines the TM
injury. The P1 pressure differences in vertical,
horizontal, and front tests reflect the variations
of energy flux distribution over frequencies,
peak P1/P0 ratio, and TM rupture threshold.
FE modeling results indicate that P1 threshold
for TM rupture in front direction is the lowest
because of the highest TM stress change rate
with respect to P1 pressure increase, δσ /δp1,
compared with the vertical and horizontal
directions.

2. The dynamic properties of post-blast TMs
were measured on ten human cadaver TM

Fig. 6 SEM images of the TM surface. The left image shows the damage of the post-blast TM. The right panel shows
the SEM image of the normal TM surface
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samples following the blast. Acoustic stimu-
lation was used as a driving force to induce
vibrations of the TM over a frequency range of
200–8000 Hz, and LDV was used to measure
the sample vibrations. The inverse problem-
solving method with the FE modeling of each
TM specimen test was used to determine the
complex modulus. Results include the stor-
age modulus and the loss modulus over the
frequency range of 100–8000 Hz obtained
from all TM specimens. The mean storage
modulus was ranging from 23.1 to 26.9 MPa
at frequencies from 100 to 8000 Hz. The mean
loss modulus was from 0.10 to 3.78 MPa
at frequencies of 100–8000 Hz. Compared
to the mechanical properties of normal TMs
determined previously using the same method,
the storage and loss modulus of the TMs
exposed to blast waves had significant re-
duction. The SEM images of post-blast TMs
compared with normal TMs showed obvious
microstructural changes which indicate the
tissue damage caused by the multiple blast
exposures. This study provides important data
on the human TM mechanical changes after
exposure to blast overpressure waves.
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