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Abstract—In this review we will examine from a biomechan-
ical and ultrastructural viewpoint how the cytoskeletal
specialization of three basic cell types, endothelial cells
(ECs), epithelial cells (renal tubule) and dendritic cells
(osteocytes), enables the mechano-sensing of fluid flow in
both their native in vivo environment and in culture, and the
downstream signaling that is initiated at the molecular level
in response to fluid flow. These cellular responses will be
discussed in terms of basic mysteries and paradoxes encoun-
tered by each cell type. In ECs fluid shear stress (FSS) is
nearly entirely attenuated by the endothelial glycocalyx that
covers their apical membrane and yet FSS is communicated
to both intracellular and junctional molecular components in
activating a wide variety of signaling pathways. The same is
true in proximal tubule (PT) cells where a dense brush border
of microvilli covers the apical surface and the flow at the
apical membrane is negligible. A four decade old unexplained
mystery is the ability of PT epithelia to reliably reabsorb 60%
of the flow entering the tubule regardless of the glomerular
filtration rate. In the cortical collecting duct (CCD) the flow
rates are so low that a special sensing apparatus, a primary
cilia is needed to detect very small variations in tubular flow.
In bone it has been a century old mystery as to how
osteocytes embedded in a stiff mineralized tissue are able to
sense miniscule whole tissue strains that are far smaller than
the cellular level strains required to activate osteocytes
in vitro.
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INTRODUCTION

It is indeed a pleasure for the senior author to
submit a paper to this special issue of Cellular and
Molecular Engineering on mechanobiology in honor
of Dr. Shu Chien’s 80th birthday. We first met in 1969
on the occasion of the 50th anniversary of the Grove
School of Engineering at The City College through our
mutual colleague, Dr. Yuan-Cheng Fung. In the
summer of 1971 I audited a course that he directed at
Columbia University School of Medicine for medical
students on physiology and biophysics, and shortly
thereafter we started a well-recognized scientific col-
laboration of over 30 years duration on endothelial
aspects of atherogenesis and leukocyte rolling. In the
past decade Dr. Chien has made pioneering contribu-
tions to the molecular signaling initiated by fluid shear
stress (FSS) acting on vascular endothelial cells (ECs)
including the activation of RhoA by integrins in the
modulation of gene expression'** and the development
of a genetically encoded Src reporter that enabled the
spatial-temporal tracking of Src in living HUVECS.'®
These insights have been pivotal to our understanding
of how mechanical stimuli affect cellular functions
such as apoptosis, migration and remodeling, and gene
expression.>>°

In the present paper we will examine from a bio-
mechanical and ultrastructural viewpoint how the
cytoskeletal specialization of three basic cell types,
ECs, epithelial cells (renal tubule) and dendritic cells
(osteocytes), enables the mechano-sensing of fluid flow
in their native in vivo environment. FSS is the
mechanical stimulus that leads to the molecular acti-
vation and cellular regulation in Dr. Chien’s in vitro
studies on ECs. There have been detailed recent
reviews on the fluid flow and mechanobiology for each
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of these three cell types: ECs, '~ renal epithelia
bone cells.”*”> The purpose of the present paper is not
to summarize these reviews, but to provide an inte-
grative and comparative analysis of the structure and
function of the mechanosensing organelles for fluid
flow for all three cell types. With this goal in mind I
have invited three former PhD students, who have
contributed greatly to our understanding of mecha-
notransduction in each cell type, to be co-authors of
this integrative study.

All cells that sense fluid flow have special sensory
organelles that are specific to their local mechanical
environment and the regulatory functions that they
must serve. In the last decade there has been an
explosion of interest in mechanobiology at the cellular
and molecular level. This is summarized in a recent
white paper, Discher ez al.,** and the cover article on
mechanobiology in The Scientist.* As stated in the
white paper “in order to understand key aspects of
health and disease we must first be able to explain how
physical forces and mechanical structures contribute to
the active material properties of living cells and tissues,
as well as how these forces impact information pro-
cessing and cellular decision making.” Mechanobiol-
ogy has many aspects from the interaction of the
cell with its substrate or scaffold,*>** to the application
of the mechanical forces and their measure-
ment,*671143.164 5 the cytoskeletal and molecular
reorganization that results from their application.**'>
In this paper we shall focus primarily on the specialized
structures that exist on the apical surfaces of cells and/
or their surrounding matrix that enables them to detect
fluid forces, amplify these mechanical signals, transmit
them into the cell’s intracellular cytoskeleton, and the
downstream signaling that results.

BASIC MYSTERIES AND PARADOXES

Endothelial Cells (ECs)

In the case of ECs it had been widely recognized
since the early electronmicroscopic studies of Luft®
that the endothelial surface was coated with a glyco-
calyx of proteoglycans and glycoproteins. However,
relatively little attention was paid to this endothelial
glycocalyx layer (EGL) until the pioneering paper of
Vink and Duling'® clearly demonstrated in hamster
microvessels iz vivo that this layer played a vital role in
the hematocrit distribution of the microcirculation.
Subsequently, Michel'” and Weinbaum'”" proposed
that this layer also served as the molecular sieve for
plasma proteins and that the classical Starling forces
for the oncotic pressure had to be applied locally
across this layer as opposed to the global difference

between plasma and tissue as had been widely assumed
since Starling’s'*® groundbreaking paper on micro-
vascular fluid exchange. Theoretical models clearly
predicted that FSS was greatly attenuated by this layer
and that the actual FSS at the apical membrane of the
ECs was negligible.”>*”:!%° This raised a fundamental
paradox, how was FSS transmitted across the plasma
membrane into the intracellular cytoskeleton of the
ECs if the FSS at the apical membrane vanished. The
widely used diagram for intracellular signaling in
Davies,?! which neglected the EGL, was clearly
incomplete. The potential role of the EGL in mecha-
notransduction was first suggested in Secomb et al.'*
Subsequently, Weinbaum et al.'’® proposed an ultra-
structurally based elastohydrodynamic model in which
it was suggested that the heparan sulfate proteoglycans
in the EGL were anchored into the actin cortical web
(ACW) beneath the plasmalemma of the ECs and that
the bending moment on these core proteins due to the
FSS acting at the edge of the EGL was transmitted
across the apical membrane into the ACW due to their
flexural rigidity EI, where E is Young’s modulus and /
is the moment of the inertia of the cross section. This
ultrastructural model was based on the electron-
microscopic observations in Squire et al.'** These
studies, alternative views of the EGL and more recent
developments are described in two review papers on
the structure and function of the EGL.'>>!7

Epithelial Cells (Renal Tubule)

Aside from hair cells in the inner ear, the most widely
studied application of mechanotransduction in epithe-
lial cells is the fluid flow in the proximal tubule (PT) and
cortical collecting duct (CCD) of the renal tubule. In the
PT a four decade old mystery was the afferent mecha-
nism in glomerulo-tubular balance (GTB), the ability of
brush border epithelial cells in the PT to reliably absorb
roughly 2/3 of the filtered load over a wide range of
glomerular filtration rates (GFR) that could vary from 5
to 50 nl/min in humans."*” A second equally important
puzzle was the fact that FSS in the PT, typically 1 dyn/
cm?, was an order of magnitude less than in ECs,°" even
for higher GFR. At these low values of FSS there was
little if any intracellular biochemical response in ECs. In
the CCD, the FSS was further reduced by a factor of five
and yet the principal cells of the CCD were able to detect
such very low fluid flow rates and elicit a biochemical
response, the opening of Ca®* ion channels that led to
the release of Ca?" from intracellular stores.''® It was
clear that in both cases highly specialized cellular
structures were required to greatly amplify hydrody-
namic forces in contrast to ECs where physiological
levels of FSS, typically > 10 dyn/cm?, were sufficient to
elicit intracellular signaling in vitro. A resolution to this
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paradoxical behavior in the PT was proposed in Guo
et al®" who suggested that the flow sensors in the
brush border cells were the numerous microvilli
(4000/cell) at the luminal surface and that the bending
moment produced by the FSS at the tips of the clo-
sely spaced slender microvilli led to a 40-fold increase
in force and stress concentration at the base of the
microvilli at their insertion into the ACW of the
epithelial cells.'”* For the CCD Schwartz et al.'*®
proposed and Praetorius and Spring''® demonstrated
that 9 + 0 non motile primary cilia (PC) were the
activating organelle for the initial influx of Ca’".
These and more recent developments are described in
a recent review paper on mechanotransduction in the
renal tubule.'”

Dendritic Cells (Osteocytes)

It was recognized more than a century ago that the
trabecular structure of bone was closely related to its
mechanical loading, often referred to as Wolff’s Law.
The mystery was how the mechanical loading of bone
was sensed by the cells, osteocytes, that lived in the
mineralized bone matrix. These cells have the ability to
detect very small strains due to human and animal
locomotion which experiments indicate rarely exceed
1000 pstrain®® with maximum strains during heavy
exercise being 0.2%.'" These mechanical signals are
converted to intracellular biochemical signals and then
communicated to osteoblasts at the bone surface to
produce new bone or osteoclasts at the bone surface to
resorb old bone. A second paradox is the fact that
these small whole tissue strains are an order of mag-
nitude smaller than the strains required to produce
biochemical responses in bone cells in culture.'®* Early
in vitro experiments on bone cells'*® had shown that
osteoblast like cells in culture could elicit biochemical
responses similar to ECs when exposed FSS in the
same range as vascular endothelium. Piekarski and
Munro'"® had shown that small whole bone defor-
mations could lead to fluid movement in the inter-
connected lacunar-canalicular network. This network
was largely studied as a fluid flow conduit system to
provide nutrients and remove wastes. The pericellular
matrix surrounding the osteocytes with their long
dendritic processes was ignored as well as the potential
role of this matrix as a mechanotransducer. A turning
point was the theoretical paper by Weinbaum ez al.'™
which predicted, contrary to intuition, that the FSS on
the slender dendritic processes due to the fluid flow
through the pericellular matrix in the narrow canaliculi
was comparable to the FSS on ECs in our vascular
system. Using a new technique to isolate osteocytes
from bone tissue, Klein-Nulend et al.”® were able to
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demonstrate the sensitivity of osteocytes to FSS at the
levels predicted by Weinbaum et al.'”?

While it is now generally accepted that fluid flow is
sensed by osteocytes in living bone, the actual mech-
anism is still being actively debated. You er al.'®®
proposed that it is not the FSS on the dendritic pro-
cesses that is the source of the mechanical signal, but
rather the fluid drag on the tethering matrix elements
that attach the processes to the canalicular wall.
Experiments by You er al.'® confirmed the existence
of these tethering elements and also provided detailed
ultrastructural data for the organization of the cell
process. Han et al.%® then used this data to construct a
refined biomechanical model which showed that whole
tissue strains could be amplified by at least an order
of magnitude at the cellular level by the tension in
the tethering fibers produced by the fluid drag on the
pericellular matrix. Such behavior would explain the
second paradox as to how whole tissue strains could be
greatly amplified at the cellular level. Several recent
papers have suggested alternative mechanisms for
osteocyte mechanotransduction. Wang e al.'’® and
McNamara et al.'® propose that in addition to the
flexible tethering filaments there are more rigid integrin
attachments at discrete sites along the canalicular wall
where collagen fibrils create local regions of near
contact with the cell processes. Wang et al.'”® predicts
that these sites serve as local stress and strain con-
centrators that lead to the opening of stretch acti-
vated ion channels. Another mechanism proposed by
Malone et al.’® is that non motile primary cilia observed
on bone cells in culture and osteocytes in newly formed
bone® could also serve as mechanosensors of fluid flow.
These various possibilities are described in greater detail
in two recent review papers.’>’>

Each of the following sections will be divided into
three parts, one for each cell type like the present
section on Basic Mysteries and Paradoxes.

ULTRASTRUCTURAL MODELS

Endothelial Cells

The EGL is a remarkable layer with multifaceted
roles; it functions as a molecular sieve for plasma
proteins,'®!%% as a barrier that modulates hemody-
namic interaction between red blood cells and leuko-
cytes? 139161187 4 nd ECs and as a mechanotransducer
of FSS."" A fundamental question that arises is what
kind of ultrastructure could adapt and perform these
multiple functions? Luft®® first identified the existence
of the EGL in the 1960s using ruthenium red staining.
More recent electron-microscopic studies®™'®' show
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hair-like protrusion structures that line the luminal
surface of ECs as shown in Figs. la and 1b. The
thickness of the EGL differs across various species; in
mouse, rat, frog and hamster it varies between 100 and
500 nm>*'”> whereas in bovine and human ECs two
recent studies suggest a thickness of 2-9 um.!'*!*® This
wide disparity in thickness has yet to be explained. The
integrity of this layer depends on the presence of
plasma proteins.” The EGL is composed mainly of
glycoproteins, sulfated proteoglycans, hyaluronic acid,
sialic acids, and plasma proteins. Heparan sulfate (HS)
is the most abundant proteoglycan in the EGL (~50-
90%)">'>* and generally co-expresses with the second
most abundant proteoglycan, chondroitin sulfate (CS),
in a ratio of 4:1.9"!2> Additional studies indicate that
the transmembrane protein syndecan-4, a member of
the HS family of proteoglycans, is linked to the actin
cytoskeleton through actin-binding proteins''”* pro-
viding the direct association between the EGL and the
underlying cytoskeleton for mechanotransduction. In
addition, studies have shown that high glucose asso-
ciated with diabetes as well as inflammation and
ischemia induced shedding of the EGL.'"'% The
ultrastructural organization of the EGL was largely a
mystery until the study by Squire and coworkers'**
using computed autocorrelation functions and Fourier
transforms on the EGL samples obtained from various
electron microscopic techniques showed that this layer
was a quasi-periodic bush-like structure that appears
to stem from the underlying ACW. The tangential view
of freeze-fracture replicas and sagittal view from these
computer-enhanced images of frog mesenteric capillary
EGL showed evidence of a characteristic spacing of
20 nm in all directions as well as a well defined hex-
agonal lattice with anchoring foci periodically occur-
ring at 100 nm spacing (Figs. Ic and le). Similar
spacing has also been observed in the bush-like struc-
tures of the EGL emanating from a common cluster
that was close to the EC surface by Rostgaard and
Qvortrup.”*! Based on these findings Squire et al.,'**
proposed an ultrastructural model for the EGL with
the basic organization of the bush-like core protein
structure and its connection to the underlying ACW
with the spacing of different components as shown in
Figs. 1d and If.

Renal Epithelial Cells

As mentioned in the previous section, FSS in the
renal PT is only 1/10 of that exposed to ECs. In
order to perform the highly modulated GTB, special
sensing machinery is needed for these cells to
(1) sense variations in luminal FSS and (2) convert
these mechanical signals into membrane transporter
activities, which in turn lead to physiological

responses. In fact PT cells contain a highly archi-
tecturally and functionally specialized apical domain,
i.e. brush border (BB). Freeze fracture study has
revealed that microvilli (MV), numerous finger-like
protrusions of brush border, are strikingly uniform
in height (Fig. 2A)""" and tightly packed in an
exquisite, well-ordered hexagonal pattern.”” Ultra-
structurally brush border microvilli (BBMYV) in
proximal tubule cells share similar components with
intestinal cells (Fig. 2B). They both are generally
short (1-5 um in height) and about 0.1 yum in
diameter. Each microvillus contains a central actin
filament bundle, which is associated with the actin-
bundling proteins villin, fimbrin, and espin,'®"** and
is linked to the plasma membrane by a periodically
spaced spiral array of bridges composed of the class
I myosin, myosin IA.*” Villin and fimbrin have been
found in the microvillar core, whereas myosin and
spectrin appear in the terminal web.'** Functionally,
however, the BBMV in the small intestine and the
PT differ greatly. The BBMV of the intestinal cells
are essentially shielded from the flow, which makes
them unlikely to be mechanosensors. Recently, these
MYV have been suggested to be important for the gut
defense by releasing vesicles that are rich in intestinal
alkaline phosphatase from their distal tips.'>**!% In
contrast, the BBMYV of the PTs are not only directly
exposed to luminal flow, but are also considered to
be a more rigid structure with numerous clathrin
coated pits at its base.'** Membrane linking proteins
including members of the ezrin, radixin, and moesin
superfamily*® organize the membrane domains
through their ability to interact with transmembrane
proteins and the cytoskeleton. These traits make
BBMYV in the PTs a good candidate for mechano-
sensing.

The CCD is the final component of the renal tubule
to influence the body’s electrolyte and fluid balance.
At times of extreme dehydration, one-quarter of the
filtered water may be absorbed in CCD. How can cells
in the CCD sense such minimal variations in flow and
respond with biochemical changes? A structure that is
both highly elongated and projects into the flow field is
needed to amplify the mechanical signal. Primary cilia
in the principle cells are such a structure. Located at
the center of the cell’s apical membrane, this micro-
tubule-based nonmotile structure protrudes 2-3 ym'*?
from its basal body into the luminal flow region and
extends downward to connect with the actin cortical
cytoskeleton, which in turn, links to the remainder of
the deeper cytoskeleton in the underlying cytoplasm
(composed of microfilaments, microtubules, and
intermediate filaments).”* Motor proteins (kinesins
and dyneins) transport ‘cargo’ proteins up and down
the microtubule ‘rail’ (Fig. 2C).
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FIGURE 1. Ultrastructure of the endothelial glycocalyx layer (EGL). (a) An overview of transmission electron microscopy (TEM)
image of a rat left ventricular myocardial capillary stained with Alcian blue (Bar = 1 um). (b) A detailed image from (a) showing the
distribution of hairy-like bushes in the EGL (Bar = 500 nm). (c) The computer-enhanced freeze-fracture image taken from the
tangential inner surface of untreated frog mesenteric EGL showing a distinct quasi-hexagonal spacing around 100 nm
(Bar = 400 nm). (d) Ultrastructural model of an EGL in tangential view. (e) An example of computer-enhanced sagittal section of the
EGL with smaller periodic spacing approximately 20 nm (Bar = 40 nm). (f) The proposed ultrastructural model of an EGL in sagittal
view showing the bush-like structure (glycoproteins) emanating from a common core protein cluster and its linkage to the
underlying actin cortical cytoskeleton (ACW). From van den Berg et al.'®' and Squire et al.'**

Dendritic Cells (Osteocytes)

Osteocytes are bone cells embedded in the mineral-
ized matrix in bone. They are widely believed to be
responsible for sensing the mechanical load applied on
bone and coordinating bone turnover to meet the
mechanical needs of its functional environment. The
ultrastructure of the pericellular environment and
intracellular components provide the key to
understanding (1) how the tissue level loading is
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converted and amplified into cellular level mechanical
stimuli; and (2) how these cellular level mechanical
stimuli are translated into biochemical signals.

Bone matrix, although it appears as a rigid solid, is
actually an interstitial fluid filled porous structure with
3 levels of porosity: (1) the vascular porosity (order
20-40 um) which contains blood vessels and nerves®;
(2) the lacunar-canalicular porosity (pericellular space
order 100-1000 nm),'"®® an interconnected system
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FIGURE 2. (A) Freeze-fracture appearance of the apical pole of a PT epithelial cell with its brush border. From Orci et al.'"!
(B) Sketch of cytoskeleton inside an intestinal microvillus. The intracellular structure of the intestinal microvillus is composed of

two regions, a brush border and a terminal web. Adapted from Weinbaum et a

174 (C) In the primary cilium (a) of renal epithelial

cells (b), ‘cargo’ proteins are trafficked along the microtubule tracks from the Golgi apparatus stack to the tip of the cilia using the
motor protein kinesin Il and back down using the cytoplasmic dynein1b (not shown). Adapted by permission from Macmillan

Publishers Ltd: Nature Reviews Genetics,®® copyright (2005).

which contains osteocyte bodies (lacunae) and pro-
cesses (canaliculi); and (3) the collagen-apatite porosity
(on the order of 2 nm).*® Mechanical loading on bone
has been proposed to induce the dynamic flow of the
pericellular interstitial fluid in the lacunar-canalicular
system (LCS).''*!'7? Such a flow is believed to con-
tribute greatly to osteocyte mechanotransduction.'®!'"?

Between the osteocyte membrane and bone’s min-
eralized matrix is a pericellular space filled with inter-
stitial fluid and pericellular matrix. The width of this
space between the osteocyte body and it’s lacunae wall

is typically 1 um,'® and the space between the

osteocyte process membrane and the canalicular wall is
on average 80 nm.'®* The nature of the pericellular
matrix is not fully understood. Tracer studies have
shown that the size of the pericellular matrix pores
is roughly 7 nm. Electron microscopy studies have
revealed the existence of tethering molecules in the
pericellular matrix connecting the cell membrane to
the surrounding canalicular wall (Fig. 3a).'®® Recently,
Wang et al.'”® and McNamara e al.'® have demon-
strated that focal near contact attachments appear
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FIGURE 3. Ultrastructure of osteocyte process. (a) TEM photomicrograph showing the longitudinal section of an osteocyte
process. Numerous transverse elements (arrows) can be seen extending from the cell process to the bony wall. Bar = 300 nm.
From You et al.'® (b) TEM photomicrograph showing a cross section of an osteocyte process. Darkened circular spots (see
arrow) are cross sections of cytoskeletal filaments around 6-8 nm in diameter, consistent with the size of F-actin filaments.
Bar = 100 nm From You et al.'®® (c) TEM photomicrograph of osteocyte shows longitudinal-sections of cell process showing that
the bony wall of the canaliculus has protrusions projecting from the wall across the pericellular space in near contact with the

cell membrane of the osteocyte process. From McNamara et a

(d) Transverse cross-section of the idealized structural model

for an osteo%lte process in a canaliculus attached to a focal attachment complex and tethered by the pericellular matrix. From

Wang et al.

periodically along the osteocyte process which allow
the canalicular wall to come in close apposition with
the process membrane (Fig. 3c). Immunostaining
studies demonstrate the existence of CD44,"'% and o, i3
integrin'® in the matrix surrounding the osteocyte
process, suggesting that potentially CD44 serves as the
tethering molecule, and the integrin serves as a focal
attachment. Intracellularly, there is an hexagonally
packed F-actin filament bundle with F-actin filaments
cross-linked by fimbrin (Fig. 3b),'® suggesting that the
osteocyte process is much stiffer than the cell body.
Interestingly, it has been found that primary cilia exist
on the surface of osteocyte body cell membrane,*®
with length ranging from 2 to 9 um, suggesting that it
is packed tightly into the osteocyte cell body pericel-
lular space (~1 um). Recently, McNamara et al.'®
showed that primary cilia are present on osteocytes
that reside within 25 um of the periostial surface, but
are entirely absent from deeper regions of the cortex of
adult mouse cortical bone. This interesting finding
suggests that primary cilia may be a signaling organelle
that serves as a chemical sensor rather than as a
mechanical sensor in osteocytes.
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FLUID FLOW MODELS AND THEIR
PREDICTIONS

Endothelial Cells

Three different models, oncotic, elasto-hydrody-
namic, and electrochemical have been proposed for the
restoring forces that provide for the structural integrity
of the EGL and the maintenance of its thickness under
FSS. The oncotic model, which assumed that an
osmotic swelling force due to trapped proteins in the
EGL provided for its structural integrity, was first
proposed by Pries et al.'* in their simulation of blood
flow through vessel segments of large microvascular
networks. These early models, which were largely
concerned with the effect of the EGL on the hemato-
crit distribution and flow resistance in microvessels, are
summarized in Pries ez al.'*' Using biphasic theory for
fluid flow through the EGL and axisymmetric theory
for the flow of deformable red blood cells (RBCs) in
narrow tubes, these models predicted a parachute
shape for the RBCs, a substantial increase in flow
resistance, and reduced capillary tube hematocrit due
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to the EGL.?*"'*” While treating the deformation of the
RBCs, these models assumed the RBCs did not enter
the EGL, in contrast to the observations of Vink and
Duling'® which showed that the RBCs both entered
the EGL at low speeds (<20 um/s) and exhibited a
striking “‘pop-out” phenomenon when the RBCs
started from rest. The latter behavior was first exam-
ined in Feng and Weinbaum®’ using a generalized
lubrication theory for highly compressible porous
media. The theory showed that the RBCs actually
skied on the EGL, that the lift forces generated scaled
as hz/Kp, where /1 was the layer thickness and K, the
Darcy permeability, and the enhancement in lift due to
the fiber layer could be four-orders-of magnitude
greater than predicted by classical lubrication theory if
there was no lateral leakage of pressure when the
RBCs were completely surrounded by the capillary
wall. A similar behavior was predicted by Secomb and
coworkers'*!*! except that the restorative force of the
layer after the RBCs passed was still attributed to a
weak oncotic pressure. Subsequent models®’*!8-186
for the oncotic force due to plasma proteins in the
EGL clearly showed that the EGL served as a molec-
ular sieve and that the oncotic forces within the layer
were significantly lower than in the lumen of the vessel.
These predictions led to a major revision of the century
old Starling hypothesis, which had neglected the EGL.

In the absence of an appropriate oncotic force, two
other models were proposed to explain why the EGL
did not appear to change its thickness under FSS,'®* a
linear elasto-hydrodynamic model'’® and an electro-
chemical model.*® Weinbaum et al.'’® proposed that
the structural integrity derived from the flexural
rigidity EI of the core proteins in the layer and that the
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value of EI could be determined from the time con-
stant observed in the preliminary experiments of Vink
(unpublished) which showed that the EGL was
restored in roughly 0.5 s after the passage of a white
cell in a tightly fitting capillary. This model predicted
EI to be ~700 pN nm?, which is about 1/20 the mea-
sured value for an actin filament. This value of EI was
more than sufficient to resist significant bending of the
core proteins at physiological levels of FSS. Further
experiments were then performed by Vink and a much
more realistic large deformation ‘‘elastica” model
developed to describe the restoration of layer thickness
after the passage of a white cell as shown in Fig. 4a.%*
This refined model predicted that there were two
phases in the fiber recoil; a fast phase I with large
compressions and overlapping fiber tips parallel to the
endothelial surface (<0.041 s), and a slow phase II
where fibers assume a shape that is very similar to the
solution for an elastic bar with linearly distributed
loading (Fig. 4a). The predicted value for EI for this
large deformation model was 490 pN nm?. The elec-
trochemical model of Damiano and Stace® attributes
an electrochemical potential gradient and chemical
gradient components in the EGL for its recovery after
deformation. Figure 4b shows the comparison between
the predictions of the elasto-hydrodynamic model (red
line) to the predictions of the mechano-electrochemical
model (triangles) and the experimental measurements
(circles). The predictions of the electrochemical model
have been questioned by Fu er al.>* who predict a fixed
charge density in the EGL which is ~30 times that of
Damiano and Stace.* These models for the structural
integrity of the EGL are central to understanding how
FSS acting at the outer edge of the EGL is transduced
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FIGURE 4. (a) The time-dependent change in shape of the core protein fibers in the EGL predicted by the elastohydrodynamic
model. y/hy and x/hy are normalized vertical and horizontal axes of the fiber position with respect to the uncompressed thickness.
Note the change from phase | to Il occurs at 0.41 s. (b) Comparison of the elastohydrodynamic model (red line)®* and mechano-
electrochemical model predictions (blue triangles) obtained from Fig. 2b of Damiano and Stace®® with the experiment measure-
ments in Han et al.%* The uncompressed EGL thickness = 400 nm. From Han et al.5*
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into the EC’s actin cytoskeleton in the initiation of
intracellular signaling in “Endothelial Cells” section.

Renal Epithelial Cells

The ultrastructural studies in “Renal Epithelial
Cells” section strongly suggested that BBMV were an
excellent candidate for mechanosensing. Previously it
had been widely believed that the sole purpose of the
BBMYV was to greatly increase the absorption area. In
2000, Guo er al’' proposed that BBMV act as the
mechanosensor and developed a theoretical model to
predict the detailed velocity profile within the surface
layer and the bending deformation of each microvillus.
This model indicated that: (1) the velocity was greatly
attenuated by the BBMYV and nearly negligible except
for the outer 5% of layer thickness; (2) the drag force is
mainly concentrated at the tip of the MV and this force
contributes ~85% of the total bending moment (tor-
que) on the microvillus; (3) the deflection of the
microvilli tips is so small (<4 nm for a microvillus of
2.5 pm length) that the BBMV act as stiff bristles that
allow the transmission of torque to the ACW beneath
the apical membrane; (4) although the predicted
force on each microvillus is very small (<0.01 pN),
Weinbaum et al.'”* showed using a moment balance
that there is a nearly 40 fold amplification of the force
arising from the resisting moment acting on the ACW
at the base of the microvilli. This amplification is suf-
ficient to deform the anchoring filaments in the actin
cortical web and initiate signaling through linker
molecules.™®

The role of the primary cilium as a mechanosensor
was first suggested by Schwartz er al.,'** who noticed
that the primary cilium in PtKt cells would undergo
large bending deformations in response to fluid drag.
An “‘elastica” model was proposed to determine the
bending rigidity EI of the primary cilium and its
change in shape with flow under the assumption that
there is no rotation of the basal body inside the cell.
They found that ciliary length appeared to be the key
parameter in determining the bending moment at the
base of the cilium and its sensitivity to the flow. The
major limitation of this initial model was the
assumption of constant fluid velocity and drag along
the length of the cilium, which neglects both the FSS
boundary layer and the interaction between cilia. The
pioneering experiment of Praetorius and Spring''¢
demonstrated that fluid flow not only triggers cilium
bending, but elicits an increase of cytosolic Ca®™.
Removal of the primary cilia in MDCK cells abro-
gated this effect.!!” These experiments beautifully
illustrated that this organelle has the capacity to be a
sensory antenna to detect very small flow changes and
initiate a physiological response, a calcium transient,
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which is important for the regulation of many different
cellular processes. Liu ez al.”* proposed a more realistic
fluid flow model, which considered both the interaction
between cilia and its effect on the FSS velocity profile.
The key findings for this model showed that the FSS in
open flow chamber experiments in references” and''®
was only 1/10 that in the perfused tubule and that the
fluid shear force on the apical surface of the cell was
ten times larger than the drag acting on the cilia,
although the latter produced the calcium signal. This
result is consistent with a recent finite element model
study by Rydholm er al'*® which shows that the
stresses in the membrane of the cilium are small except
at its base. These authors also showed that the visco-
elastic behavior of the membrane could account for the
time-dependent of the calcium transient. A more recent
mathematical model, which considers a FSS velocity
profile and large bending deformations near the cilia
base confirmed that the basal body of the primary
cilium is firmly anchored allowing for a large resistance
moment at its base.®®

Dendritic Cells (Osteocytes)

As described previously, it had been widely believed
that the sole function of fluid movement in the LCS
was to provide nutrients and remove wastes. This view
was radically changed in Weinbaum et al.,'”* who
proposed that the fluid flow due to physiological
loading proposed by Pikarski and Munroe''® was the
primary stimulus that enabled osteocytes to sense and
respond to their mechanical environment. These
investigators developed a mathematical model to pre-
dict the fluid flow induced FSS on the dendritic process
membrane of the osteocyte due to physiological load-
ing. The model predicted that flow induced physio-
logical loading between 1 and 20 MPa generated FSS
in the range of 0.8-3 Pa, which, quite surprisingly, is of
the same level as FSS experienced by ECs in the vas-
cular system. Several other computational models have
since predicted the same level of FSS due to human
and animal locomotion.>%-¢%-¢2

Although the level of FSS predicted by these theo-
retical and computational models has been found to be
sufficient to activate ECs, it is not clear whether this
level of FSS on the osteocyte process membrane is
sufficient to activate osteocytes, as the osteocyte pro-
cess is much more rigid than the endothelial cell body
owing to the existence of its densely packed central
actin filament bundle.'® Thus, a strain amplification
model was proposed to investigate the contribution of
lacunar-canalicular fluid flow from a different view
point."® Instead of focusing on the FSS acting on the
process membrane, You et al.'® proposed that the
stimulus was the drag force exerted by the fluid flow on
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the pericellular matrix surrounding the cell processes.
In this model the drag forces are transmitted by teth-
ering filaments which attach the membrane of the cell
process to the canalicular wall. The basic hypothesis
was that the tension generated in the tethering fila-
ments could lead to large cell membrane deformations
in the hoop direction. These authors predicted that
the very small whole tissue strains (<0.2%) could be
greatly amplified (up to 100 fold) through the fluid
flow interaction with the pericellular matrix, and the
amplification increases with the frequency of the
loading.

Two refined models were subsequently developed
using the detailed ultrastructural observations sum-
marized in “Dendritic Cells (Osteocytes)” section. Han
et al.® considered the detailed fimbrin cross-linked
hexagonal arrangement of the F-actin filament bundle
and the measured spacing of the tethering filaments in
You er al'® Han’s refined model predicted that
physiological loading of 20 MPa at 1 Hz could induce
~0.5% strain on the process membrane, which is just
sufficient to trigger intracellular calcium responses
in vitro.'"®* The tethering filaments in Han’s model were
flexible, whereas there were also discrete more rigid
attachments observed at periodic intervals along the
canalicular wall where there were canalicular projec-
tions along the osteocyte process, as shown in Fig. 3c
taken from McNamara er al.'® Immunostaining sug-
gested that that these local attachments were f5; inte-
grins. The theoretical model in Wang er al.,'”® which
also included these more rigid attachments, predicted
that the small whole tissue level strains could be
amplified greatly in the axial direction in the vicinity of
the integrin attachments sites (Fig. 5a). These axial
strains, as large as 6% and more than 10 times the
hoop strains predicted in Han’s model, are sufficient to
open stretched activated ion channels and initiate
intracellular  electrical-chemical signaling. Wang
et al'® also predicted that forces on the integrin
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attachments due to the fluid flow in the LCS is 10 pN
for a 20 MPa 1 Hz tissue level load, and 1 pN for a
0.1 MPa 20 Hz tissue level load (Fig. 5b). Since the
apex of the conical projection is only 10-20 nm, there
could be as few as a single integrin in the near contact
region.

IN VIVO, IN SITU AND CELL CULTURE
EXPERIMENTS TO VALIDATE THEORETICAL
MODELS

Endothelial Cells

The roles of the EGL as a molecular sieve in
determining the revised Starling force balance and as a
barrier between blood cells and ECs in altering the
hematocrit distribution in microvessels were discussed
in “Endothelial Cells” section. In the present section
we will focus our attention on the role of the EGL as a
mechanotransducer of FSS in response to blood flow.
It is well accepted that hemodynamic shearing forces
acting on the endothelium play a central role in the
regulation of vessel wall remodeling, transient and
sustained cellular signaling, cytoskeletal restructuring,
mass transport and atherogenesis.’"'>* ECs in vivo are
constantly exposed to FSS that determine their shape
and cytoskeletal organization. First indication that
fluid flow had an influence on EC morphology was
demonstrated in vivo by Flaherty and colleagues*® who
showed that after resecting an arterial patch at 90° to
its original orientation, subsequent realignment was
observed with the flow within 10 days. Evidence from
numerous in vivo studies also indicated that ECs in the
region where the shear stress is low (atherosclerotic
regions) have polygonal morphologies with few
stress fibers, while ECs in the high shear stress
regions with unidirectional flow have elongated shapes
with numerous stress fibers.’' In virro studies in
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FIGURE 5. (a) The tension on the focal attachment TO as a function of loading frequency with tissue-loading amplitude as a
parameter. (b) The axial membrane strains ¢, in the vicinity of focal attachment complex as a function of loading frequency with

tissue-loading amplitude as a parameter. From Wang et al.'”
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Galbraith er al.>> showed three distinct EC adaption
phases in response to 24 h FSS; phase I occurred within
3 h of FSS where cells began to elongate with more
stress fibers and thicker intercellular junctions, phase I1
occurred after 6 h of FSS where there was a disruption
of their dense peripheral actin bands (DPAB) and a
shift of nuclei to the upstream region to the cell, and
phase I began after 12 h of FSS where cells assumed
elongated shapes in the direction of flow with thicker
and longer stress fibers and increased substrate and
intercellular adhesions. Recent studies by del Alamo
et al.** observed similar EC remodeling in response to
FSS using directional particle tracking microrheology.

Although it is clear that FSS plays a major role in
EC mechanotransduction, the actual mechanics of the
process of how EC senses and transmits the fluid
shearing forces across the EGL was not well
understood. The theoretical fluid flow models in
“Endothelial Cells” section clearly indicated that fluid
flow at the edge of the EGL was greatly attenuated by
glycoproteins and proteoglycans in the EGL. Thus, the
FSS acting on the apical membrane of the ECs was
negligible.?**”13%14% This raised a fundamental para-
dox; how are mechanical and hydrodynamic forces
transmitted across the EGL to the cell’s intracellular
cytoskeleton and, in particular, to the ACW beneath
the apical membrane of the ECs and the DPAB, the
structural support for the adherens junction. Key
insights are suggested by the ultrastructural model
sketched in Fig. 1f adopted from Squire es al.'** and
the elastohydrodynamic models in Weinbaum ez al.'’®
and Han et al.** These models predicted that the core
proteins in the EGL are sufficiently stiff to transmit the
fluid drag on their tips as a bending moment that acts
on the ACW as shown in Figs. 6a and 6b and
described in more detail in ““Endothelial Cells” section.

Initial indication that the EGL serves as a
mechanotransducer came from earlier in situ studies.
Using rabbit arteries, Pohl e al.''* and Hecker er al.®®
showed that when sialic acids or heparan sulfate pro-
teoglycans were removed from the EGL by neur-
aminidase or heparinase, the flow-induced NO release
was abolished whereas prostaglandin I, (PGI,) was
not. Subsequent in vitro experiments in Florian ez al.*
not only verified the presence of a heparan sulfate rich
glycocalyx in cultured ECs, but also showed that the
absence of glycocalyx by enzymatic digestion with
Heparinase I1II abolished flow-induced NO production
confirming the EGL’s role as a mechanotransducer
of FSS in NO release. A more comprehensive series of
experiments was then undertaken by Thi er al.'*® to
explore the role of the EGL under various conditions,
presence [DMEM + 10% FBS, DMEM + 1% BSA],
partial absence [Heparinase III + DMEM + 1%
BSA] of heparan sulfate proteoglycans, and total
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FIGURE 6. (a, b) Schematic representation of the conceptual
“bumper car”’ model for the structural organization of the EC
with intact EGL in response to FSS. (a) Under confluent con-
trol state, intact DPAB in ECs serves as a base for underlying
actin cortical web (ACW) localized at the adherens junction
just like a bumpers on a car. (b) Under fluid shear stress state,
ECs respond to mechanotransduction across the EGL by
reorganization of cytoskeleton and junctional and focal
adhesion proteins. (¢) Reorganization of EC cytoskeleton in
response to fluid shear stress (FSS) of 10.5 dyne/cm? with
various media: intact EGL media (DMEM + 10% FBS or
DMEM + 1% BSA) and compromised EGL media (Heparinase
Il + DMEM + 1% BSA). F-actin (red) and nuclei (blue).
Bar = 20 yum. From Thi et al.'*°
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collapse of the EGL [DMEM alone] when cultured rat
pad ECs were exposed to FSS of 10 dyn/cm?® for 5 h.
Changes in the cell cytoskeleton (F-actin), junction
complexes (ZO-1, Cx43) and focal adhesions (vinculin,
paxillin) were then examined for all three states of the
EGL. The most noticeable findings from these exper-
iments were observed under compromised EGL as
shown in Fig. 6c; the typical augmented disruption of
the DPAB and stress fiber formation in the presence of
the EGL that had been frequently observed in previous
studies was completely abolished when the EGL was
compromised by the addition of Heparinase III or
DMEM alone. Similarly, reorganization of vinculin
and disruption of ZO-1 and Cx43 were observed only
for an intact EGL. In marked contrast, the integrity of
EGL had no affect on the distribution of paxillin, a
marker for focal adhesion kinase (FAK) in the Src
kinase pathway. These results unequivocally confirmed
that the EGL served as a mechanotransducer of FSS.

The foregoing observations in Thi er al'® are
explained using a conceptual ““bumper car” model as
shown in Figs. 6a and 6b. Under static conditions, the
DPAB:s in the ECs acted as rubber bumpers on a car,
which were held in lateral register with those of
neighboring cells by the weak VE-cadherin linkages
associated with the DPAB, which served as a periph-
eral base for the ACW under the apical membrane.
When ECs were exposed to FSS, the integrated bend-
ing moments on the tips of the core proteins at the edge
of the EGL caused a rotational moment on the ACW
and DPAB that produced a clockwise rotation creating
disjoining forces on the weak VE-cadherin linkages
between cells as shown in Fig. 6b. The model predicted
the disjoining force to be on the order of 70 pN in
response to a FSS of 10 dyne/cm? which closely agreed
with the 70-120 pN unbinding forces measured by
Baumgartner er al.'> Once these disjoining forces
exceeded the weak adherens linkages, the unzipping of
the adherens junction took place leading to a redistri-
bution of F-actin, and the formation of stress fibers in
the basal aspects of the cell. During the adaptation
phase in response to FSS, there was migration of vin-
culin to cell borders to establish temporal focal adhe-
sion at the edge of the cell until a new steady state was
reached. When the EGL was compromised, the FSS
acted directly on the apical membrane and the trans-
mission of FSS was mostly from one EC membrane to
the adjacent EC via the tight junction complex and
stress fibers connecting the apical and basal surfaces to
basal focal adhesion sites. This manner of transmission
bypassed the underlying ACW and the DPAB complex
allowing for direct transmission of FSS to basal
integrin attachments. This conceptual model also
explained why there was no change in the distribution
of paxillin whether the EGL was intact or compromised,

since the total traction force at the basal surface did
not depend on the existence of EGL. Thus, the
“bumper car’” model provides two distinct endothelial
cellular signaling pathways in response to FSS, one
transmitted by the EGL core proteins as a rotational
moment that acts on the ACW and DPAB and the
other originating from focal adhesions and stress
fibers connecting the basal and apical membranes as
sketched in Davies.?!

Subsequent studies performed by Yao er al'”
confirmed the “bumper car” model predictions in Thi
et al.">® These experiments showed that when the EGL
is compromised (Heparinase III treatment), ECs that
typically realigned with the direction of flow failed to
realign after exposure to FSS for 24 h as shown in
Fig. 7 with no apparent changes in proliferation. In
addition, the findings demonstrated that decreased
migration rates and the formation of new adherens
junction complexes observed for an intact EGL in
response to FSS were largely absent in ECs with
compromised EGL. The most striking finding from
these 24 h experiments was the redistribution of hep-
aran sulfate proteoglycans from a uniform surface
expression to a distinct peripheral pattern relocating to
the cell—cell junction region. This in turn suggested the
EGL role as a mechanoadaptor which likely reduces
the shear gradients that the cell surface experienced.
Taken together, predictions and findings in Thi ez al.'>’
and Yao er al.'” explained why ECs oriented in the
direction of flow in the presence of FSS if they had an
intact EGL. The elongation of ECs during FSS was to
provide a longer base, thereby reducing the disjoining
forces on the adherens junction and, thus, giving ECs
greater stability when exposed to FSS. Aside being a
mechanotransducer, the EGL also has been implicated
in regulation of FSS-induced endothelial transport. A
recent study by Lopez-Quintero er al.”* showed that
selective components of the EGL regulate NO-medi-
ated hydraulic conductivity in response to FSS.

Renal Epithelial Cells

Experimental evidence for BBMV’s mechanosenso-
ry role has been provided by several in vitro microp-
erfusion studies of mouse PTs. Du et al. demonstrated
that a fivefold increase in flow rate led to a twofold
increase in both Jy and Juco, (Figs. 8a and 8b).38’39 At
first glance, this would appear to contradict the classic
in vivo experiment performed by Schnermann 40 years
ago,'?” where the fractional Na absorption was con-
stant when flow rate increased by a factor of 5. The
theoretical model developed in Du er al.*® shows that
the torque on the microvilli is proportional to the flow
rate Q, but inversely proportional to the square of
the tubule diameter and that the latter increases
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FIGURE 7. Evaluation of EC morphology after 24 h of fluid shear stress (15 dyne/cm?) in the presence or the absence of EGL.
While control EC monolayer aligns in the direction of the flow, EC monolayer with compromised EGL (Heparinase Ill treatment)

fails to exhibit alignment. From Yao et al.'™®

significantly with the flow rate Q. In fact, a fivefold
increase in Q is accompanied by a 50% increase of
tubular diameter in the perfused mouse PT. When this
increase in diameter was taken into account, it is found
that both Na and HCOj; reabsorption, Jy and Juco,,
scaled linearly with the bending moment on the
microvilli (Fig. 8c) confirming the classic Schnermann
observation. The significance of this study is two-fold.
For the first time, a mechanical flow signal is directly
linked to physiological responses, indicating that the
hydrodynamic torque acts as an afferent signal to
modulate PT Na and HCOj; reabsorption in response
to changes in luminal flow. Second, it explained a basic
paradox, whether GTB exists in vitro. The classical
counter example has been the Burg and Orloff'> study
on isolated rabbit tubules, in which the authors found
that when flow increases three-fold, the J, change was
only 37%, far less than Schnermann’s observation, a
change that for four decades was thought to be insig-
nificant. However, when taking into account the
changes in tubule diameter in response to flow shown
in Fig. 9a, one observes that the rabbit tubule is more
compliant than the mouse (a 41% increase compared
to 30% for the mouse). Applying the torque relation,
one finds that there is a 38% increase in microvillus
bending moment for the rabbit compared to a 61%
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increase for the mouse (Fig. 9b). If one now compares
the bending moment and J,, one observes a nearly
perfect agreement between these two parameters (37%
vs. 38% in rabbit, and 61% vs. 60% in mouse)
(Fig. 9¢). The linear change in J, with GFR observed
by Schnermann in vivo is mainly the result of PTs
having only minimal circumferential stretch due to the
small distensibility of the renal capsule wall.
According to the model predictions in “Renal Epi-
thelial Cells” section, the two main components asso-
ciated with the mechanosensing of fluid flow in CCDs
are the bending moments on the primary cilium and
the membrane strains at the cilium base. Three lines of
evidence have been provided for the bending moment
hypothesis. First, with a perfusion study done on split-
open CCDs, Liu et al.”® found that the flow-stimulated
calcium (Ca*™") response required a threshold flow rate
of 3.2 uL/s. Increasing the flow from 3.2 to 25 ul/s
resulted in a 2-fold increase in [Ca®"]; (Fig. 10a).”® A
reduction of flow from 25 to 3.2 uL/s led to a fall in
[Ca’"]; back to baseline values measured at the initial
slow flow rate. The magnitude of FSS at the fast flow
rate is only 0.056 dyne/cm? a value well below the
threshold for a Ca®* response in ECs. Thus Liu ez al.”?
suggested it is the torque acting on the basal body at
the base of the cilium that triggers the calcium release.
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FIGURE 8. (a and b): torque-dependent Na and HCO;
absorption. (c) torque ratio. Note that Jv and Jyco, scale lin-
early with T/Tr as flow rate increases. From Du et al.*°

Second, shortening or removal of cilium blunts the
flow-dependent cellular responses. In orpk mice, cells
with stunted cilia within dilated portions of cystic
CCDs had a minimum increase of [Ca®"];. Similarly,
shortening of the cilium length of cultured cells by
orbital shaking or treatment with chloral hydrate led
to a decreased or non-responsive transepithelial ENaC
current.'”  Third, Using laser tweezers, Resnick
et al."*® applied mechanical forces directly to the apical
surface of MDCK cells and found a null intracellular
Ca’" response indicating that the apical membrane
does not participate in mechanotransduction. Collec-
tively, these results strongly suggest that primary cilia
are the mechanosensing organelle in the CCD.
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FIGURE 9. Flow-induced changes in PT transport. (a) inner
diameter changes with increase in axial flow for mouse and
rabbit. (b and c): torque ratio and reabsorption in mouse and
rabbit PTs for 3-fold change in axial flow. From Du et al.>® and
Burg and Orloff."®

The bending of the ciliary axoneme is unlikely the
sole reason for the flow-activated Ca®" response, since
the tip deflection for a 2.5 um cilium at even the higher
flow rate of 25 uL/s was theoretically predicted to
be <2 nm.”® Rydholm et al. further showed that the
stresses in the membrane of the cilium are small, except
at the base.' In fact, only the forces at the base of the
cilium are large enough to produce physiologically
significant strains. Recently, a large body of molecular
evidence has emerged from the studies of the dys-
function of renal epithelial cells in polycystic kidney
disease (PKD), which depict the base of the cilium as a
hot spot for mechanotransduction. For example, the
activation of transmembrane proteins polycystin 1 and
2, localized to the ciliary base, has been suggested to be
mediated by flow and the subsequent release of Ca””"
from intracellular stores. Centriole orientation is also
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FIGURE 10. Representative traces of intracellular Ca®* con-
centration responses of principal and intercalated cells to
acute increase in superfusate flow rate in a split-open CCD (a),
and circumferential stretch in an occluded CCD (b). Horizontal
bars Sg\dentify onset and termination of high flow. From Liu
et al.

modulated by ciliary flow sensing.®* It is not clear how
polycystin 1 is activated on the molecular level. A
possible explanation might be that the torque induced
strains acting at the cilium base lead to polypeptide
unfolding and release of domain-domain interactions
which activate the ciliary-targeted proteins.

To determine whether circumferential stretch is also
involved in mediating the flow-induced Ca transient,
an occluded CCD model was used in Liu et al.”* In
occluded CCDs, a rapid increase in luminal volume,
sufficient to increase tubular diameter by only 5%, led
to a twofold increase in [Ca®’], whereas a slow
expansion of tubular diameter by 20% failed to elicit a
Ca transient. These observations suggest that the
trigger for the flow-induced Ca”" response is not likely
circumferential stretch, but rather the magnitude of the
FSS and the resulting torque on the cilium. In occluded
CCDs, peak Ca®* was reached within 10 s compared
to ~30 s in the split-open CCDs after onset of the flow
(Fig. 10b). The discrepancy was explained by the dif-
ference in cellular viscoelastic properties between the
split-open CCDs and intact CCDs. This is explained in
morel 3d;etail in the finite element study by Rydholm
et al.
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At the molecular level, Weinbaum er al.'’* has
proposed that the actin cytoskeleton, the main com-
ponent of BBMYV, is the key mediator that transmits
the afferent hydrodynamic signal into intracellular
signaling. In mouse PTs, the addition of the actin
disrupting drug (cytochalasin D) eliminated the flow-
dependent increase in Jy and JHCO3.38’39 To explore
this further cell culture studies were conducted to
investigate the cytoskeletal reorganization at the
molecular level due to flow stimulation.* When cul-
tured under static conditions, mouse PT (MPT) cells
demonstrated numerous pronounced cytosolic actin
stress fibers on their basal membrane. FSS induced the
disappearance of stress fibers from the basal surface
and a reinforcement of the lateral actin network.**** A
FSS of only 1 dyne/cm? led to a formation of tight
(TJs) and adherens junctions (Als), and an accumu-
lation of focal adhesion proteins (vinculin and paxillin)
in the basement membrane.*® These findings are sur-
prisingly opposite to that observed for confluent EC
monolayers.'”” In addition, ECs require a 10-fold
higher FSS to induce cytoskeletal changes. This dis-
crepancy between the ECs and PTCs in response to
FSS was explained by a “‘junction buttressing” model
for the PT cells.** In static control cells, strong
expression of stress fibers on the cell base causes a firm
attachment of the cells to their substrate. This creates a
tension on the cell lateral membrane accompanied by a
compressive resistance of the internal cytoskeleton,
which results in a rounded canopy at the apical
membrane and the pulling away of the cell from its
neighbors. Cell junctions cannot form until there is a
disruption of the stress fibers at the basal surface and a
release of this membrane tension. A small FSS applied
to the apical surface was able to create a large enough
rotational moment at the cell base to cause these tall
cuboidal cells to tilt, and their basolateral surfaces to
come into contact. This leads to the formation of TJs,
AJs and a DPAB. In comparison, Thi er al.'® have
proposed for ECs that the DPAB with its vascular
endothelial-cadherin bonds function like a “‘rubber
bumper” in the static control condition. Unless the
rotational moment applied on the endothelial glyco-
calyx at the apical surface of the ECs exceeds the
resisting moment provided by the DPAB with its AJ,
cytoskeletal reorganization will not take place. The
large difference in effective lever arm provided by the
tall cuboidal epithelial cells compared to the flat ECs is
the main reason that a FSS of only 1/10 that applied in
the ECs is necessary for epithelial cells to undergo
cytoskeletal reorganization.

Similarly, flow-induced increase of intracellular
calcium in murine embryonic kidney (MEK) cells has
been found to be closely dependent on a dedicated
global cytoskeletal control.” Disrupting cytoplasmic
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microfilaments or microtubules in these cells elimi-
nated calcium response. Altering the cytoskeletal force
balance by inhibiting actomyosin-based tension gen-
eration (using 2,3-butanedione monoxime), interfering
with microtubule polymerization (using nocodazole,
cochicine, or taxol), or disrupting basal integrin-
dependent extracellular matrix adhesions (using solu-
ble GRGDSP peptide or anti-hl integrin antibody),
also inhibited the calcium spike in response to FSS.

Dendritic Cells (Osteocytes)

In “Dendritic Cells (Osteocytes)’” section we have
described various fluid flow models for the LCS in
bone. In this section we describe cumulative experi-
mental evidence supporting the fluid flow hypothesis
for mechanotransduction in the LCS when bone is
subjected to mechanical loading. There are two cate-
gories of experimental studies that explore interstitial
fluid flow through the pericellular matrix of the LCS in
bone, tracer studies and FRAP studies.

Tracer Studies

In these experiments, tracers of various sizes were
injected into the vascular system of animals and the tracer
distribution in bone matrix were examined and quantified
at different time points after the tracer injection.

Tracer studies were first conducted in the absence of
applied external loading to track fluid movement in
bone. Using a large tracer molecule ferritin (~12 nm in
diameter), Dillaman,” Montgomery ef al.,'°® and Qin
et al."* found that shortly after injection ferritin
staining was found mainly confined to the vascular
canals and showed halo-shaped labeling around the

osteonal canal (the canal in cortical bone containing
blood vessels). More recently, Wang et al.'®® and Ciani
et al*® (Fig. 11b) demonstrated that the halos were
likely an artifact of histological processing, suggesting
that this 12 nm large tracer cannot penetrate the per-
icellular matrix of the LCS.

Conversely, most studies using a medium-sized tra-
cer, horseradish peroxidase (~6 nm in diameter)*’-8!-1¢
and small-sized tracers, microperoxidase (~2 nm
diameter) and procion red (~1 nm diameter)®8!:15%:166
have shown that these tracers are confined to the LCS,
but missing from the mineralized matrix (Fig. 11a),
indicating that molecules <6 nm can penetrate the
pericellular matrix surrounding the osteocyte processes.
Collectively, these results validate theoretical model
predictions in that: (a) there is transport in the LCS;
(b) the size of pores of the pericellular matrix in the LCS
falls in the range of 6 nm to 12 nm, which is consistent
with the predicted mesh size, 7 nm, of the pericellular
matrix first proposed by Weinbaum and colleagues'’%;
and (c) there is little or no transport at the level of the
collagen-apatite porosity.

More recently, investigators have used tracer
methods to test whether external loading will enhance
the transport in the LCS due to fluid flow. Both
in situ”’ and in vivo®*?"'*® loaded animal tracer experi-
mental studies demonstrated higher concentration of
tracer, higher number of periosteocytic spaces exhib-
iting tracer, and increased penetration of tracers in the
pericellular space surrounding osteocytes in loaded as
compared to non-loaded bone, indicating that external
applied mechanical loading dramatically enhances
fluid flow in the LCS. This enhancement in transport
could not occur if water could leak through mineral-
ized boundaries of the LCS.

FIGURE 11. Left: Tracer labeling at the posterior medial region of the rat tibia. Reactive red appeared in most blood vessels (v)
and osteocytic lacunae (Ot) (magnification: 350x, scale bar: 40 mm). From Wang et al.'®® Right: Ferritin distribution for the
different histological processes. Ferritin was primarily confined to the bone blood vessels (Bv) with the sporadic presence of
ferritin “halos” surrounding blood vessels (magnification: 900x, scale bar: 15 mm). From Ciani et al.?®
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FRAP Studies

Wang ez al.'® developed a novel technique which
combines fluorescence after photobleaching (FRAP)
with confocal microscopy to directly measure real-time
solute movement in intact bones. In this study, the
movement of a vitally injected fluorescent dye between
individual osteocytic lacunae was visualized in situ with
laser scanning confocal microscopy. Transport was
analyzed and the diffusion coefficient of fluorescein
was determined to be ~3.3 x 107¢ cm?/s, which is
consistent with the presence of an osteocyte pericellu-
lar matrix with mesh pore size being ~7 nm as pre-
dicted in the theoretical model of Weinbaum and
colleagues.'”
Su er al."*" extended this approach by investigating
the effect of externally applied loading on the fluid flow
in bone in a mouse femur in situ. These researchers
found that the applied loads significantly shortened the
fluorescent intensity recover time by 24% compare to
non-loading controls, indicating the fluid flow in cor-
tical bone is enhanced by externally applied mechani-
cal loading.

In the latest study, Price er al.'*° performed FRAP
measurements on loaded bone in vivo. They demon-
strated that cyclic and physiological level compression
of the mouse tibia significantly enhanced (+31%) the
transport of sodium fluorescein through the LCS when
compared to diffusion alone (Fig. 12). By combining
FRAP and computational modeling, the peak cana-
licular fluid velocity in the loaded bone was predicted
(60 um/s) and the resultant peak FSS at the osteocyte
process membrane was estimated (=5 Pa). This study
convincingly demonstrated the presence of load-
induced convection in mechanically loaded bone.
Using a similar approach, Kwon and coworkers®-*¢

(@
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combined FRAP and computational modeling to
estimate the peak interstitial fluid flow velocity in
hindlimb suspended mice due to enhanced intramed-
ullary pressure. Their findings suggest that the increase
in intramedullary pressure increases interstitial fluid
flow in bone and leads to a peak fluid flow velocity of
130 um/s in the LCS double that of Price er al.'*
where the fluid flow in the LCS is driven by externally
applied mechanical load. It is very difficult to reconcile
these two predictions since the increased intramedul-
lary pressure in the LCS in the hind limb model is two
orders of magnitude lower than the interstitial fluid
pressures generated by mechanical loading on bone.'®’
Therefore, it is not clear how these two very different
loading models have led to similar levels of flow
velocity in the LCS. This paradoxical prediction is of
special interest since oscillations in intramedullary
pressure have been demonstrated to produce new bone
formation and inhibit bone loss at the endosteal sur-
face.'” Collectively, these in vivo FRAP loading
experiments have, for the first time, provided direct
unequivocal observation and quantification of load-
induced fluid and solute convection through the LCS.

Cell Culture Experiments

Since fluid flow has been proposed as the most likely
mechanical candidate for activating osteocytes, many
in vitro studies have been performed examining various
aspects of fluid flow on osteocytes. These studies show
that osteocytes are very sensitive to fluid flow and elicit a
wide range of biochemical responses. We summarize
below the recent progress in in vitro experimental studies
on osteocyte mechanosensitivity to various fluid flow
protocols at the theoretically predicted level of FSS
generated under physiological loading (0.8-3 Pa).!”*
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FIGURE 12. A representative pair of FRAP experiments with sodium fluorescein (376 Da) in a murinetibia subjected to cyclically
loaded (peak load of 3 N at 0.5 Hz with a 4 s resting/imaging period between two cycles) or non-loaded paired tests. (a) Pre-bleach
image showing a cluster of osteocyte lacunae chosen for FRAP imaging, including the target (outlined in yellow) and surrounding
lacunae, along with a reference lacuna (outlined in white) for autofading correction. (b) The tlme-courses of fluorescence recovery
within the same photobleached lacuna under loaded or non-loaded conditions. From Price et al.'?
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Osteocytes have been shown to be able to respond
to pulsating fluid flow (PFF) with increased release
of prostaglandin E, (PGE,), increased nitric oxide
(NO) synthesis,”"”® inhibited osteocyte apopto-
sis,'#15! increased intracellular calcium mobilization,”
and upregulated gene expression of proteins involved
in Wnt signaling pathways.'*> Furthermore, the con-
ditioned medium from these PFF stimulated osteo-
cytes were shown to inhibit proliferation, but stimulate
differentiation of osteoblasts,'®® and inhibit osteoclast
formation and bone resorption.'*°

Application of steady fluid flow (SFF) on osteocytes
leads to opening of gap junctions, redistribution of
Cx43 protein and delayed effects on Cx43 protein
c:‘:xpression,zl’22 increased PGE, release,'® and inhibi-
tion of osteocyte apoptosis.”® Oscillating fluid flow
(OFF) applied on cultured osteocytes has been shown
to establish more gap junctions,® increase intracellular
calcium mobilization (in terms of both percentage of
cells responding and the magnitude of response),
increase PGE, release,”®'?” activate gap junction and
adenosine triphosphate (ATP) release,”’ and inhibit
osteocyte apoptosis.”* The conditioned medium from
OFF stimulated osteocytes inhibits osteoclastogenesis
through regulation of receptor activator of nuclear
factor kappa B (NF-xB) ligand (RANKL) and osteo-
protegerin (OPG) expression.'®!

While many studies have been performed on the
effect of different flow protocols on osteocytes, there
are relatively few studies which have investigated how
the responses of these different protocols differ. By
comparing OFF and SFF, Ponik ez al.''® observed that
these two different types of fluid flow stimuli can in-
duce significantly different responses from osteocytes
in terms of regulation of cell morphology, cytoskeletal
organization, and gene level expression of osteopontin.

Most in vitro osteocyte fluid flow studies are con-
ducted using conventional parallel plate flow cham-
bers, where the responses from osteocyte processes and
osteocyte bodies cannot be differentiated. Recently,
several new approaches have been developed to ad-
dress this concern. You et al.'®* developed a prototype
microchannel system that attempts to qualitatively
simulate the LCS in vivo. Such a system will help to
identify the cellular pathways in osteocyte mechano-
transduction. Targeted to differentiate the mechano-
sensitivity of the osteocyte process and cell body,
Adachi er al." used a glass microneedle to apply sep-
arate local deformations on the osteocyte process and
cell body. They observed a significantly larger calcium
response in cell processes than in cell bodies, and a
larger deformation was necessary at the cell body
to induce a calcium response and concluded that
mechanosensitivity of the processes was higher than
that of the cell body. Moreover, recent findings in

Burra et al.,'”” where they managed to differentially
stimulate osteocyte cell processes and body using a
transwell system, show that integrin attachments along
osteocyte cell processes act as mechanotransducers.
Subsequent studies by Litzenberger er al.”> demon-
strated that PGE, release is mediated by f; integrin.
Most recently, Wu ez al.'”® developed a novel Stoke-
sian fluid stimulus probe to focally apply pico-newton
level hydrodynamic forces of the magnitude predicted
in Fig. 5b along the processes'’’ and on the cell body
using micropipette injection at extremely low tip Rey-
nolds numbers. Most strikingly, large increases in
electrical conductance were observed only when the
pipette tip was directed at local integrin attachment
sites along the process, but not on the cell body or on
portions of the process that were not attached to the
substrate. This new approach clearly demonstrated
that forces between 1 and 10 pN could open stretch
activated ion channels along the processes at points of
integrin attachment, initiating electrical signaling that
could be easily detected by whole cell patch clamp
measurements.

Another potential osteocyte mechanosensing
mechanism proposed by Jacobs and cowork-
s/ 738798156 hag  recently received considerable
attention. These investigators observed that single
primary cilia extended from the cell body into the
extracellular space both in vitro and in vivo. OFF
in vitro induced osteocyte responses (e.g. RANKL/
OPG ratio, PGE, release, cyclic adenosine mono-
phosphate (¢CAMP) release) which were eliminated with
cilia removal, suggesting that primary cilia act as
mechanosensors of fluid flow. How the long primary
cilia (~2-9 um) observed in vitro could either fit or
function in the narrow pericellular space between
osteocyte body and the lacunae wall (~1 um) leads one
to question what function they perform in vivo. A key
observation is that fluid flow does not seem to elicit a
calcium response in bone cells in vitro in marked con-
trast to renal cells in the CCD where the primary cilia
are free to deform under FSS. The latest study by
McNamara et al.'® in mice tibia shows that cilia are
present only in lacuna in close proximity (25 um) to
the periosteal surface, that these cilia are parallel and
not perpendicular to the cell body surface and, thus,
could not bend in response to fluid flow under these
confined conditions. McNamara er al.'®® propose that
bone cell cilia are only present in newly generated
bone, that they are chemical rather than fluid flow
sensors, and that their function may be associated with
mineralization processes at the bone cell surface when
the pericellular space is first formed. Future studies
need to be carried out to further elucidate the role
of primary cilia in bone and why they disappear in

mature bone.
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DOWNSTREAM SIGNALING

Endothelial Cells

Numerous studies indicate that ECs respond to FSS
by activating a variety of signaling pathways that
typically lead to modulation of gene/protein expression
(Rho, focal adhesion kinase [FAK], Src, integrins,
Krupple-like factor-2 [KLF-2]), release of signaling
molecules (prostaglandins I, [PGI»]), nitric oxide [NO],
Ca’") and ultimately regulation of cellular function.
These downstream signaling pathways most likely
contribute in regulating endothelial functions that are
needed during vascular development and remodeling.
Primary evidence that FSS-induced directional EC
migration through the Rho signaling pathway during
wound healing came from studies in which inhibition
of Rho with C3 exoenzyme reduced EC migration
under flow.”® Since Rho activity is linked to activation
of either FAK or Src, subsequent studies used a green
fluorescence protein (GFP)-tagged FAK to investigate
the molecular dynamics of FAK at focal adhesion sites
in migrating ECs in response to FSS.%° They showed
that besides colocalizing with phosphorylated FAK
(Y397), GFP-FAK was recruited to new focal adhe-
sion sites to support the protrusion of lamellipodia at
the leading edge after FSS. Given that tyrosine phos-
phorylation of FAK allows FAK to interact with Src,
which is a known regulator of integrin-cytoskeletal
interaction,'** Wang er al.'®® was able to show the
transmission of mechanically induced Src activation in
live cells using a fluorescent resonance energy transfer
(FRET) based Src indicator. They demonstrated that
the mechanically stimulated Src activation was a
dynamic process that guides local activated signals to
spatial destinations throughout the cytoskeleton. More
recently, Goldfinger e al.”® showed that shear-induced
o4 integrin phosphorylation was associated with cyto-
skeletal alignment in ECs. They found that endothelial
o4 integrin became phosphorylated under a physio-
logical FSS and that this phosphorylation was blocked
by inhibitors of cAMP-dependent protein kinase A
(PKA). Since PKA is known to be involved in the
alignment of shear-induced ECs, they further sug-
gested that phosphorylated o4 integrin is involved in
establishing the directionality of ECs in response to
FSS. Moreover, experiments in Wang et al.?>'%® indi-
cated that continuous expression of Krupple-like fac-
tor-2 (KLF-2) during FSS is crucial to EC survival.
Inhibition of KLF-2 with siRNA reduced EC viability
in response to oxidized LDL-induced apoptosis, indi-
cating a protective role of KLF-2 during FSS-induced
apoptosis.

ECs respond to FSS by releasing well known vas-
oregulators such as NO and PGL.*>''* As demonstrated
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by Kuchan er al** NO release in response to FSS
exhibits a biphasic behavior; a rapid and transient
production phase (2-5 min) that depends on Ca’"-
Calmodulin and G-protein pathways and a sustained
production phase that depends on FSS.** The release
mechanisms of FSS-induced NO have been linked to
specific increases of eNOS.**' Similarly, FSS-induced
PGI, release in ECs has two phases: an initial burst and
steady state production that relies on an exogenous
source of arachidonic acid and is directly regulated by
the magnitude of the FSS.>"*> More recent studies have
revealed that shear-induced NO release was also regu-
lated by the EGL.**''? Using selective enzymes to
remove the specific components of the EGL these
studies illustrated that removal of chondroitin sulfate
had no effect, while removal of heparan sulfate and
sialic acid blocked the FSS-induced NO release. In
addition, none of the three enzymes used had an
inhibitory effect on FSS-induced PGI, production, thus
demonstrating multiple mechanisms for shear-induced
release of signaling molecules.''”

Renal Epithelial Cells

Na and HCOj; transport in PT mainly depends
on the activity of membrane transporters on both the
apical and basolateral domains.’*!"” Knowing that
flow regulates Na and HCOj; reabsorption, we next
want to explore flow stimutated membrane transporter
activity. As a prelude to these experiments Weinstein
et al.'”” have developed a theoretical model examining
the coupling of transporters at the apical and baso-
lateral membranes employing the torque dependent
hypothesis in references.*®** The model shows that this
linkage is essential for cell volume homeostasis. Using
an immortalized cell line (mouse PT cells), Duan et al.
performed Western and confocal analyses on the
localization and expression of the membrane trans-
porters (NHE3, V-ATPase, and Na/K-ATPase) under
static and flow conditions.*' They found that FSS
induces NHE3 and V-ATPase synthesis, and luminal
protein trafficking to the apical plasma membrane.
When adding cytochalasin D into the perfusate, the
flow-dependent NHE3 was completely abolished,
whereas V-ATPase was not affected at all, showing
consistent staining pattern with the static condition.
On the other hand, colchicine inhibited the V-ATPase
activation in response to flow. This indicates that
mechanotransduction in PT cells is not limited to the
actin cytoskeleton, but the entire cytoskeletal network
including the microtubule cytoskeleton. On the baso-
lateral side, FSS stimulated the upregulation of the
total cellular pool of Na/K-ATPase and a transloca-
tion to its active membrane domain. This study
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provided strong evidence for the validity of the
Weinstein et al. model, in which the importance of a
coordinated scaling between luminal and peritubular
transport activity had been emphasized.'”’

So far the detailed downstream signaling of flow in
PTs still remains unclear. Several scenarios have
been proposed: (1) The mechanotransduction cascade
begins with the torque on the microvilli which activates
the mechanosensitive linker proteins located on the
microvilli and then results in the activation of mem-
brane transporters that directly or indirectly interact
with them. For example, ezrin, connecting with NHE3
via specific proteins, has been shown to have regula-
tory effect on NHE3 translocation and activation.'®®
Further studies on mutant mice with defective micro-
villi (ezrin KO mice) would be of great interest. (2)
Secondary messengers, such as calcium, angiotensin 11
(Angll), and nitric oxide, are important regulators of
PT Na® and HCO; transport.'”" FSS induces ATI
receptor externalization from condensed apical recy-
cling endosomes in cultured mouse PT cells, indicating
that fluid flow is important for directing AT1 receptors
to the apical surface and allowing them to interact with
AnglI to produce cellular signals. Whether AnglI plays
a role in flow-activated PT transport has not been
reported.

In the distal nephron and CCD, flow-induced
bending of the cilium apparently results in conforma-
tional changes of polycystin-1 that transduce the
mechanical signal into a chemical response via acti-
vation of associated polycystin-2, which functions as a
calcium channel.'” Once calcium crosses the plasma
membrane via this mechanically triggered pathway, it
induces release of additional calcium from intracellular
stores via a ryanodine-sensitive mechanism that further
amplifies the subsequent cellular response.'®® Fluctu-
ations in luminal flow could also generate regular
oscillations in intracellular calcium, which could serve
to regulate activity of ion channels. For example, slow
calcium oscillations (3-5 min between peaks) have
been shown to activate the transcription factor NF-«xB,
which in the developing kidney leads to increased cell
proliferation and protection from apoptosis. These
signaling pathways have been suggested to contribute
to flow-induced Na reabsorption and K secretion
and increase the lumen-negative transepithelial
potential differences.'*®

Dendritic Cells (Osteocytes)

Many in vitro studies have shown that osteocytes are
capable of responding to fluid flow with various bio-
chemical responses both intracellularly and/or inter-
cellularly between both neighboring and effector cells
by transiently increasing intracellular calcium [Ca®*];

levels, altering expression of gap junction protein
Cx43, and releasing mechanosignaling molecules
(ATP, PGE,, NO, and vascular endothelial growth
factors [VEGF]). In this subsection we briefly sum-
marize these biochemical responses due to FSS in a
variety of cell culture experiments.

It has been shown that this cell-cell communication
is critical for bone metabolism and function, and it is
regulated by fluid flow.>® Similar to ECs and osteo-
blasts, osteocytes respond to FSS with an increase in
intracellular Ca®" concentration,'?” which has been
shown to regulate gap junction communication. First
indication that FSS regulated Cx43 expression in
osteocytes was reported by Cheng er al.**> who showed
that junctional communication increased after 30 min
exposure to FSS; this temporary increment decreased
after 24 h post FSS. Subsequent experiments in Thi
et al."®’ showed disrupted junctional expressions of
Cx43, Cx45, and ZO-1 in response to different magni-
tudes of FSS at 1 to 3 h exposure times. Since turnover
rate of Cx43 is between 1 and 3 h, the inconsistencies
between the results of Cheng er al.** and Thi er al.'”’
could be due to differences in exposure time.

It is well established that PGE,, ATP and NO are
important cell—cell signaling molecules that are associ-
ated with bone’s anabolic response to mechanical
loading. Key evidence that FSS induced PEG, release
in osteocytes was first reported in Klein-Nulend et al.,”’
where a significant release of PGE, was seen after only
10 min of FSS. Reilly et al.'?” subsequently demon-
strated that the glycocalyx or pericellular matrix in
osteocytes played an important role in mechanotrans-
duction; they showed that removing the glycocalyx
using hyaluronidase significantly reduced FSS-induced
PGE, release without affecting the FSS-induced intra-
cellular Ca”" signal. Findings from this study suggest
that FSS-induced PGE, release is most likely associated
with integrin attachment sites on osteocytic cell pro-
cesses which are released after hyaluronidase treatment.
Recent findings in Cherian et al. further demonstrated
using gap junction blockers that the release of FSS-
induced PGE, was through Cx43 hemichannels (half
gap junctions) in osteocytes.”> On the other hand,
accumulating evidence suggests that extracellular ATP
and its cell surface receptors (purinoceptors; P2Rs) also
play crucial roles in bone mechanotransduction. Using
a P2X;R null mouse model and P2X-R specific block-
ers, Li et al. demonstrated in cell culture that the FSS-
induced ATP signaling pathway is through P2X-R pore
formation and subsequent PGE; release.”! In contrast,
studies in Genetos et al. indicated that FSS-induced
ATP release from osteocytes occurred through Cx43
hemichannels.”” These differences in findings of which
channels assist the release of mechanosignaling mole-

cules have yet to be resolved.
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Osteocytes also respond to FSS by rapidly releasing
NO within 5 min after flow initiation.”” NO has been
shown to mediate not only the inhibition of osteocyte
apoptosis by FSS'* but also the activation of the
canonical Wnt signaling pathway.'**'*> Moreover,
osteocytes have also been shown to release other
mechanosignaling molecules such as soluble RANKL
(sRANKL), OPG,"™" and VEGF.?*'*® Through the
regulation of these soluble factors, fluid flow can
indirectly regulate the function of other cell popula-
tions such as, osteoblasts, osteoclasts and endothelial
cells, which in the end leads to the regulation of the
bone remodeling process.

SUMMARY COMPARISON

In Table 1 a brief summary is presented comparing
key aspects of the ultrastructure and flow dependent
mechanisms in ECs, renal epithelium in the PT and
CCD and osteocytes.

From an ultrastructural and mechanosensing view-
point Table 1 reveals that the three basic cell types
adapt to their mechanical environment in quite dif-
ferent ways, since the FSS varies greatly from <0.05 Pa
to 3 Pa and the basic cell geometries are so different.
ECs and osteocytes are surrounded by a pericellular
matrix of glycoprotein’s and proteoglycans that are
superficially similar in that both transmit fluid forces to
an intracellular actin cytoskeleton. However, in the
case of ECs the signaling is an integrated response due
to FSS acting over the entire apical membrane of the
cell, whereas for osteocytes this signaling appears to be
initiated at discreet focal attachment sites, which are
independent of Ca®" release, and involve a mechani-
cally sensitive ion channel permeable to molecules such
as ATP and PGE,. This sensing, which is much more
sensitive (in the pN as opposed to the nano-N force
range), can be only detected by whole-cell voltage-
clamp techniques. PT cells appear to be similar to ECs
in that the mechanosensing structure covers the entire
apical surface and serves as a sensor of FSS. The FSS
produces an integrated moment on both cell types
which act at the level of the adherens junctions. The
primary difference is that in PT cells the torque on the
cell leads to the insertion of transporters which are
needed for water (Na ") and H™ transport. There is no
significant active transport in ECs. Primary cilia in the
CCD are a distinctly different structure which appears
to play a crucial role in Ca®" signaling where FSS is
extremely small. Though primary cilia also present
initially on the cell body of osteocytes, they are not
likely flow sensors, but may serve as a chemical sensor
of the pericellular space surrounding the cell body in its
lacuna. Bone cells differ from the other two cell types
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in that the mechanical strains in their in vivo environ-
ment are so small that they need to be greatly amplified
at the cellular level to be detected. As already noted
that they need to be responsive to pN level forces.

One of the curious features of cell culture studies to
explore the effect of FSS is that the response of ECs and
PT cells is diametrically opposite. The formation of
stress fibers, disruption of DPAB and redistribution of
junction associated proteins follows a ‘bumper car’ as
opposed to a ‘junctional buttressing’ model. This
appears to be related to cell geometry, the difference
between flat ECs and tall columnar PT cells. Numerous
culture studies have been performed on bone cells, but
the basic difficulty is that one cannot easily reproduce
the in vivo environment of the lacunar-canalicular sys-
tem. This makes it very difficult to distinguish the
mechanical response of the cell body and its cell pro-
cesses. The newly developed Stokesian fluid stimulus
probe could prove to be a major advance in elucidating
the localization of the stimulus and its transmission.'”®

There is a wide variety of signaling cascades that are
initiated by fluid forces involved in the regulation of
gene/protein expression. These have been most widely
studied in ECs where Rho, FAK, Src, integrin regu-
lated and KLF2 pathways have been extensively
explored. These pathways lead to the release of sig-
naling molecules such as NO, PGI, and Ca®". In bone
cells the primary interest is in the mechano-signaling
molecules ATP, PGE,, NO and VEGF. The specific
concern is bone maintenance and repair including
osteoclast recruitment. In PT cells the primary interest
is the induction of NHE3 and V-ATPase synthesis and
their trafficking to the apical membrane at the base of
the microvilli in the brush border. In the principal cells
of the CCD primary cilia have received a heightened
interest due to the role of [Ca®"] in polycystic kidney
disease where the polycystins 1 and 2 are believed to be
the key players in chemical regulation.

FUTURE DIRECTIONS

In this review we have tried to highlight some of the key
unresolved issues that require further study in all three
cell types. These issues are briefly summarized below.

Endothelial Cells

The molecular composition of the EGL and its
proteoglycan composition has yet to be related to the
ultrastructure observed in electronmicroscopy. This
could help explain why there is such a large difference
in EGL thickness between electron microscopic and
in vivo intravital microscopic observations? One
would also like to apply knowledge of the biochemical
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TABLE 1. Summary comparison of ultrastructure and flow-dependent mechanisms in ECs, renal epithelial and osteocytes.

Ultrastructure
ECs Flat cells, apical surface covered by 0.5 um thick EGL, effective pore size of 7 nm to sieve plasma
proteins, shed in diabetes, inflammation and ischemia

Tall cuboidal cells, apical surface covered with a brush border, 4000 microvilli/cell of 0.1 um diameter
and 2-3 um height, single primary cilia

Flat cells, central cilium, 9 + 0 microtubule structure, height 2-5 um, stunted in polycystic kidney
disease

Dendritic processes, 20 um length, central F-actin filament bundle, processes surrounded by 0.1 um
thick pericellular matrix, pore size 6-12 um, process attached to canalicular wall, discrete punctate
integrin attachment sites, primary cilia confined to lacuna near periosteal surface

PT cells
Principal cells CCD

Osteocytes

FSS and mechanosensing of fluid flow
ECs FSS 1-3 Pa, sensed by core proteins in EGL, transmitted through core protein to underlying ACW
creating a rotational moment on cadherin bonds at the level of the AJ, FSS attenuated by EGL and
negligible at membrane surface

FSS 0.1 Pa, sensed by microvilli, transmitted to ACW as a bending moment, stresses amplified 40
fold in ACW due to long lever arm

FSS < 0.05 Pa, sensed by long primary cilia, transmitted as a greatly amplified membrane stress at
the base of basal body

FSS 0.8-3 Pa at process membrane, fluid forces transmitted to central actin filament bundle by
tensile forces on tethering filaments creating a hoop strain and greatly amplified axial strain in the
vicinity of punctate integrin attachments

Relation of cell geometry to mechanosensitive response
ECs Flat cells elongate in response to flow to minimize the rotational moment on their DPAB and to
stabilize their Ads

Tall columnar cells with FSS 1/10 that of ECs, rotational moment similar to ECs due to long lever arm
at base, brush border plays nearly same role as EGL in transmission of FSS to actin cytoskeleton

Long primary cilium protrudes unobstructed into central part of the CCD which makes the CCD cilium
an ideal antenna for detecting very small changes in flow

Processes are stiff compared to their cell body, special attachments are required to greatly amplify
whole tissue strains at the cellular level to initiate cellular signaling, drag forces on pericellular
matrix components create membrane strains not FSS, primary cilium believed to be chemical but
not flow sensor

Cytoskeletal, junctional and focal adhesion reorganization in response to FSS in culture
ECs Formation of basal stress fibers, disruption of the DPAB, redistribution of junction associated proteins
Z0-1 and Cx43, and focal adhesion associated protein vinculin, “bumper car” model'>®

Basal stress fibers present in static control disappear, formation of Ads and tight junctions, relocation
of focal adhesion proteins vinculin and paxillin to basal membrane, “junctional buttressing” model*°

Cytoskeletal, junctional and focal adhesion response to FSS has not been studied

Cytoskeletal response to FSS has not been studied, junction associated proteins ZO-1 and Cx43
redistribute in response to FSS

PT cells
Principal cells CCD

Osteocytes

PT cells
Principal cells CCD

Osteocytes

PT cells

Principal cells CCD
Osteocytes

Downstream signaling
ECs Modulation of gene/protein expression (Rho, FAK, Src, integrins, KLF2), release of mechanosig
naling molecules PGl,, NO, and Ca%*

Induction of NHE3 and V-ATPase synthesis, luminal protein trafficking to the apical plasma
membrane

Release of [Ca®*]; through polycystin-2 which is activated by conformation changes of polycystin-1
that transduce the mechanical signal into a chemical response

Transient [Ca®*], increase, release of mechanosignaling molecules ATP, PGE,, NO, and VEGF

PT cells
Principal cells CCD

Osteocytes

PT, proximal tubule; CCD, cortical collecting duct; EC, endothelial cell; EGL, endothelial glycocalyx layer; FSS, fluid shear stress; ACW, actin
cortical web; DPAB, dense peripheral actin band; AJ, adherens junction; NO, nitric oxide; PGl, and PGE,, prostaglandin |, and E,; VEGF,
vascular endothelial growth factor; [Ca?*];, intracellular calcium.

composition of the EGL in order to better understand
enzymatic degradation processes in the EGL. This will
shed light on why the EGL has a different role in
regulating FSS-induced NO and PGI, release. For
example, why does partial removal of selected EGL
components completely block FSS-induced NO
release, but not PGI, release?*-¢>11 A third issue is to
determine the importance of an intact EGL in the
initiation and maintenance of tethered leukocyte

rolling and attachment. What role does the EGL play
during inflammation? Does the EGL have to be
degraded for leukocytes to attach and is attachment
restricted to postcapillary venules.'®’

Renal Epithelial Cells

There are two critical issues in the nephron PT
which warrant further study: the coupling and cross

% BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org



532 WEINBAUM et al.

talk between membrane transport proteins at the api-
cal and basolateral aspects of brush border cells, and
the cytoskeletal signaling associated with transporter
trafficking and expression. In addition, the role of
primary cilia in PT cells needs to be investigated. One
wants to know whether the primary cilia function as
part of mechanosensory machinery or act as a vestigial
apparatus. As for the distal nephron, important unre-
solved issues are to clarify the molecular basis for the
intercalated cell response to FSS, which was not dis-
cussed in this review, and to unravel the components of
the signaling pathways activated by flow in addition to
the Ca®" response described in this review.

Dendritic Cells (Osteocytes)

A central issue that requires further study is to
elucidate whether structural differences in the osteo-
cyte cell body and processes play a role in trans-
mission of FSS-induced intracellular signalings.
Recent studies by Burra er al.'” using a transwell
filter system to differentiate cell body and cell pro-
cess responses to flow demonstrate that integrin
attachments along osteocyte dendritic processes are
indeed mechanotransducers. In addition, as men-
tioned in “Dendritic Cells (Osteocytes)” section a
new tool (a novel Stokesian fluid stimulus probe'’®)
that allows localized pN level force stimulation and
intracellular response acquisition has been developed.
Another key issue that still needs to be addressed is
to verify whether integrins (f;, f3 integrins) play a
pivotal role in the initiation of mechanosignaling as
suggested by in vivo findings.'”® Recently, 8, integrin
has been shown to play a role in FSS-induced PGE,
release in osteocytes.”” Moreover, it is also essential
to identify the pathways that are involved in release
of ATP and PGE, and which triggers the release of
the other. Presently, there are conflicting results, one
demonstrating that the Cx43 hemichannel serves as
the channel assisting release of either PGE,” or
ATP release, while the other indicates that P2X;R
serves as a pathway for PGE, release.’”!

Determining these issues will not only elucidate
mechanotransduction mechanisms in all three cell
types but also will help develop new therapeutic
approaches to prevent vascular, renal and bone
diseases.
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