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Abstract

In this paper, a simple theoretical model is developed to describe the transmission of force from
interstitial fluid flow to the surface of a cell covered by a proteoglycan / glycoprotein layer
(glycocalyx) and embedded in an extracellular matrix. Brinkman equations are used to describe
flow through the extracellular matrix and glycocalyx layers and the solid mechanical stress
developed in the glycocalyx by the fluid flow loading is determined. Using reasonable values for
the Darcy permeability of extracellular matrix and glycocalyx layers and interstitial flow velocity,
we are able to estimate the fluid and solid shear stresses imposed on the surface of embedded
vascular, cartilage and tumor cells in vivo and in vitro. The principal finding is that the surface
solid stress is typically one to two orders of magnitude larger than the surface fluid stress. This
indicates that interstitial flow shear stress can be sensed by the cell surface glycocalyx, supporting
numerous recent observations that interstitial flow can induce mechanotransduction in embedded
cells. This study may contribute to understanding of interstitial flow-related mechanobiology in
embryogenesis, tumorigenesis, tissue physiology and diseases and has implications in tissue
engineering.
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1 Introduction

Endothelial cells that line blood vessel walls are covered with a glycocalyx layer of
proteoglycans and glycoproteins that are in contact with blood (in vivo) or culture media (in
vitro). The glycocalyx layer has been described as a mechanosensor and transducer of fluid
shear stress on endothelial cells (Florian et al. 2003; Pahakis et al. 2007; Tarbell and Ebong
2008; Tarbell and Pahakis 2006; Thi et al. 2004; Weinbaum et al. 2007; Yao et al. 2007).
The Brinkman equation has often been used to describe flow through the porous glycocalyx
layer (see Weinbaum et al. 2007 for a review). Using reasonable values for the Darcy
permeability of the porous layer and thickness of the glycocalyx, it has been estimated that
the fluid shear stress on the endothelial plasma membrane is negligibly small compared to
the fluid shear stress imposed at the outer edge of the glycocalyx layer. Instead, most of the
imposed shear at the outer edge is transmitted to the solid fibers of the glycocalyx and then
distributed to the plasma membrane as a solid mechanical force. Various models have been
developed to describe this solid force transmission process (reviewed in Weinbaum et al.
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2007), including the simple model presented in Secomb et al. (2001) that we will apply in
the present work. This approach employs the Brinkman model to describe fluid flow through
the porous glycocalyx layer and mechanical equilibrium of forces in the flow direction to
calculate the solid force in the glycocalyx matrix.

Smooth muscle cells and fibroblasts within the artery wall are exposed to interstitial flow
driven by the transmural pressure differential across the wall, and this interstitial flow is
transduced by the suspended cells into alterations of their gene and protein expression,
migration and contraction (Shi et al. 2009, 2010a,b, 2011; Wang and Tarbell 2000),
reviewed in Shi and Tarbell (2011). Wang and Tarbell (1995) used the Brinkman model to
describe fluid flow around such suspended cells by assuming they were embedded in a
uniform extracellular matrix (Darcy media) and were able to calculate the fluid shear stress
on the cell surface associated with interstitial flow for various cell packing configurations.
Other cell types suspended in matrix are also exposed to interstitial flow shear stresses and
associated convective forces. Cancer cells in solid tumors have been studied recently in this
regard (Qazi et al. 2011; Shieh and Swartz 2011; Shieh 2011). It has been suggested that
since the predicted fluid shear stresses on cell surfaces are so low (order 0.1 dyn/cm?), they
are unlikely to drive mechanotransduction and that mass transport mechanisms are more
likely responsible for observed interstitial flow effects.

Most recently, however, it has been observed that vascular smooth muscle cells suspended
in type | collagen gels and exposed to physiological interstitial flows have an extra-cellular
glycocalyx layer that serves as a mechanotransducer (Shi et al. 2010a, 2011; Shi and Tarbell
2011). However, how the embedded cells sense interstitial flows through the glycocalyx
layer remains unknown. A glycocalyx layer covers the surface of all eukaryaotic cells
including tumor cells and stem cells (Krahling et al. 2009; Nairn et al. 2007; Harfouche et al.
2009; Toh and Voldman 2011). If we take this glycocalyx layer into account, we now have a
model wherein a cell with a glycocalyx layer on its surface is suspended in an extracellular
matrix and these two layers accommodate interstitial flow.

In this paper, we develop a simple theory that will allow us to estimate both the fluid and
solid stresses on the surface of a cell exposed to interstitial flow when the glycocalyx layer
is taken into account. We will use Brinkman's equation for each Darcy media layer and the
development of Secomb et al. (2001) for the solid force transmission. As we shall see, using
reasonable estimates of glycocalyx and suspending matrix properties and interstitial flow
velocities, solid stresses on suspended cell surfaces can easily be one to two orders of
magnitude larger than fluid shear stresses. These solid stresses should be great enough to
induce cellular mechanotransduction.

2.1 Preliminaries and simplified theory

First, we will consider the simplified scenario depicted in Fig. 1. Let x be the flow direction
and y be the direction perpendicular to the cell surface. Far from the surface (y — oo, the
velocity (u) approaches the superficial velocity (Ux) and there is a no-slip condition at the
surface: u (0) = 0. Using these two boundary conditions and the steady-state Brinkman
equation

P d’u  pu )
a_du_ B,
& Mz Tkt W
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where Pis the pressure, vis the interstitial flow velocity, w is the fluid viscosity and Kpis
the Darcy permeability of the porous media, the velocity profile in the Darcy media is given

by

U=Ueo (1 - e_‘/_K_P) %)

The fluid shear stress at the cell surface can then be calculated as

HUoo

\/Kf (3)
»

The velocity profile is sketched in Fig. 1 where it is emphasized that there is a boundary

layer of characteristic length /K, the Brinkman layer, within which the velocity changes
from uo to zero at the cell surface. The flow follows Darcy's law outside the Brinkman
layer.

du
G (0=0)=

Now, we analyze the suspended cell with a glycocalyx layer depicted in Fig. 2. The
glycocalyx layer has thickness H, and its properties are denoted by a subscript, g. The
external matrix layer has properties denoted by a subscript, m, and the velocity far from the
surface approaches the superficial velocity (). Both layers are described by the Brinkman
equation and have the same viscosity but different Darcy permeability values (Kgand Kp).
A particularly simple analysis is possible when the Brinkman layer in the glycocalyx

(thickness of order y/K,) is much thinner than the glycocalyx layer, i.e., when

&
H

<1 @

In this case, the velocity profile in the glycocalyx is given by Eq. 2 with u replaced by
Ugoo, the external or Darcy flow velocity in the glycocalyx.

Ug=Ugoo (1 —e \/K_) ®

There is another boundary layer near the interface between the glycocalyx and the

surrounding matrix with thickness of order /K, on the glycocalyx side and of order y/K,, on
the matrix side. Outside these boundary layers, the velocities are ¢y in the glycocalyx layer
and ueo in the matrix layer. Assuming that the Brinkman layer thickness in the matrix (order

vK,,) and the glycocalyx thickness (H) are small compared to cell spacing in the matrix, we
will consider oo to be the local superficial velocity in the matrix. The fluid shear stress at
the surface of the cell follows from Eq. 5 and the analysis leading to Eq. 3.

HUgoo

Tw= N# ®)

Assuming there is no flow normal to the cell surface () direction), it follows that the
pressure gradient, dPAlx, is the same in both layers. Furthermore, Darcy's law applies in both
layers away from the cell surface and the interface between the layers where the velocity
profiles are flat (Fig. 2). Under these circumstances,
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Substituting Eq. 7 for ¢yeo into Eq. 6, we arrive at the final approximate formula for the fluid
wall shear stress

_ e Ky

X, @®

Ty

To calculate the solid stress in the glycocalyx (z,) following Secomb et al. (2001), we
recognize that the mechanical equilibrium of forces in the x direction requires that the y
derivative of z,must equal the loading resulting from fluid flow through the layer, i.e.,

drg Mg
& FK ©

There are two simple and relevant boundary conditions that can be applied to Eq. 9. First,
we consider the case in which the glycocalyx is not tethered or connected to the external
matrix and invoke the simple condition z, (+) = 0. Substituting for ¢, from Eq. 5,
integrating Eq. 9 and applying the simple boundary condition, we obtain

[(H —-y)+ \/Kig(e_ﬁ — e_W)} (10)

MUgeo
Tg—
8

K

Invoking the assumption of Eq. 4, we arrive at the following prediction for the solid stress at
the cell surface (y=0)

(1)

T T [—H ll=71 —H
wgl=Tw - ~ Tw
w/Kg \/Kg

where z,,is the fluid shear stress at the wall and H/ /K, is the ratio of solid stress over fluid
stress at the cell plasma membrane. If we finally substitute Eq. 8 for z,, into Eq. 11, we
arrive at the interesting result

H
Tywgl =HUoco 75—
g1=H X, (12)

Equation 12, which uses the observable superficial velocity teo instead of ¢y, predicts that
the solid stress at the cell surface is independent of the Darcy permeability of the glycocalyx
layer.

The second simple boundary condition that can be applied to calculate the solid stress in the
glycocalyx is associated with the case where the glycocalyx is firmly tethered or connected
to the external matrix. In this case, we assume that the small x displacement of matrix
strands forming the glycocalyx is zero at the interface. Deformation of the glycocalyx results
in the generation of a shear stress

U
Tg=’0d—y (13)
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where f is the tension in the glycocalyx matrix per unit area and U is the displacement. If
this shear stress relationship is substituted into Eq. 9, a second-order equation in U is
obtained. Applying the two boundary conditions, U=0 at y=0 and y=H, to solve for U leads
to a solution for zy(not shown). When z, is evaluated at the cell surface and the assumption
in Eq. 4 is invoked, the result is

Twg2=HUco =7 (14)

2K,

Note that the value given by Eq. 14 for the zero displacement boundary condition is exactly
1/2 the value given by Eq. 12 for the zero stress boundary condition. This might have been
anticipated from the symmetry of the displacement boundary conditions requiring that the
stress be shared equally by the surfaces at y=0 and y=H

2.2 Detailed theory

When the simplified assumptions of the preceding section (thin Brinkman layers near all
interfaces) do not apply, the full problem for fluid and solid stresses associated with flow
over a cell embedded in an extracellular matrix with a glycocalyx surface layer (Fig. 2) must
be solved. The solution is outlined in this section. The Brinkman equation for each layer is
given in Egs. 15 and 16.

P d*u, u 15
ar_ Lim K
& P K, W

dr d2ug u

dx dy —K—gug (16)

The boundary conditions are given below:

Yy =00, Uy 7 U

y = H, velocity match and stress match

y=0, ug=0

The detailed solutions for vy and vy, are given in Egs. 17 and 18.

h Ke h Ky
Mg—lloo sin \/_ — K_COS \/—+K_ 17)
Up=Uco (B cosh Y B sinh ) +1) (18)
VK, VK,

where
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=

smh—+‘/ cosh—
VKg \/KeK
A sinh—E_41-2%

g

Kg
—2 cosh —*——,
B— Km 1( 2 +/K. Km
- . H H
sinh 5 —cosh v

The fluid shear stress in the glycocalyx layer is given by Eqg. 19a,

A cosh — —Zinh

Tﬂuidz& S
TR

The fluid shear stress at the cell surface (y=0) is given by Eq. 19b,

(19a)

Mo A

\/—K_g (19b)

The solid stress in the glycocalyx for the case when the glycocalyx is untethered from the
external matrix is computed by applying Eq. 9 to the glycocalyx velocity profile (Eq. 17)
with the zero stress boundary condition at y=H. The result is

Tw=

VK

cosh - ——y+C| (20a)

_ Moo _ y
AU N

o | K
HU, g'nhy A

where

The solid glycocalyx stress at the cell surface (y=0) is then given by
Ml

Twgl= \/K_

The glycocalyx stress for the case when there is firm tethering of the glycocalyx to the
external matrix follows from Eq. 13 applied to Egs. 9 and 17 with zero displacement
boundary conditions at y=0, H. The result is

Hltco (Kg : ‘/K_ ]
(21)

(€=A4) (200)

—=sinh —A cosh — —y+D

K, \/[(_ \/_ Ky

where

The glycocalyx stress at the cell surface (y=0) is given by
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Moo

Twg2= \/_K_g

The ratios of solid stress over fluid stress at the cell plasma membrane for both untethered
and tethered conditions are (C — A)/A and (D - A)/A, respectively.

(D-A) 2)

3 Results

3.1 Review of parameters required to evaluate fluid and solid stresses on the cell surface

To evaluate the fluid and solid stresses, it is necessary to specify the Darcy permeability of
the matrix (Kj;) and the glycocalyx (Kp), the thickness of the glycocalyx (H) and the
superficial velocity (two). We will assume a plasma viscosity of 1.2cp at 37°C (Kesmarky et
al. 2008) for all estimations. Table 1 provides estimates of K}, and u for different tissues
including arteries, tumors, cartilage and collagen gels in vitro. K; has been estimated for
endothelial cells, but not for suspended cells. Fortunately, we can estimate the solid stress at
the cell surface without knowledge of K, (recall Egs. 12 and 14). The glycocalyx thickness
(H) has been estimated in several studies in endothelial cells, but limited estimates of H are
available for suspended cells (Table 2).

3.2 Predictions of the stress environment of an embedded cell

In this section, we present detailed velocity and stress profiles as well as surface stresses for
several cases representing physiologically relevant scenarios (Table 3 and Fig. 3). In Fig. 3,
we only show the plots of velocity and stress profiles for the untethered cases. We also
present the approximate values of the surface stresses given by Egs. 8, 12, and 14 for
comparison (Table 3). Since the thickness and permeability of the glycocalyx layer for each
specific embedded cell type are not available, a range of thicknesses (0.05, 0.2, 0.5 and 2
m) was chosen and permeability was varied from 10711 to 10713 cm?2. These values were
observed in vascular ECs, which may be physiologically reasonable for fibroblasts, smooth
muscle cells, chondrocytes, tumor cells, stem cells and other interstitial cells. Recall,
however, that for the simplified model (Eq. 12) that is quite accurate for the representative
cases in Table 3 as indicated by the ratio of untethered to tethered wall stress (2.0 in the
simplified theory), z,,, does not depend on the glycocalyx permeability, but depends on the
thickness of the glycocalyx layer (Eq. 12).

From the detailed theory calculations, we can see that fluid shear stresses at both the outer
edge of the glycocalyx and the cell plasma membrane are rather small, while solid shear
stresses are zero at the outer edge of the glycocalyx but increased to one to two orders of
magnitude greater than the fluid shear stresses at the plasma membrane (Fig. 3). The large
solid shear stresses at the cell surface are required to balance the imposed pressure gradient
in the glycocalyx.

From the simplified theory, we know that without the glycocalyx layer, the fluid shear stress

on the surface is given by uu.,/ VK,, as in the original model of Wang and Tarbell (1995).
With the glycocalyx layer, the solid shear stress at the surface is given by i H/Kpy. The
ratio of the solid stress with a glycocalyx layer to the fluid stress without a glycocalyx layer

is H/ \/K,,. Values in Table 3 can be used to estimate that this ratio is of order 5 in a
collagen gel and 500 in an aorta.
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3.3 Generalization of the predictions of the surface stress environment
Examination of Egs. 17-22 reveals that there are 3 independent dimensionless parameters

that describe the surface stresses on the cell: T =7/ (#uoo/ \/Kg), Ky/Kim and H /K¢ /K.
Thus, we have T,,=A, T,,;1=C — 4, and T,.;>=D — A. It is useful for exploring more general
trends in the model predictions to plot the normalized fluid and solid cell surface stresses (7,

and 7, as a function of KK, and H \/ITg/Km. This is presented in Fig. 4. For the

physiological cases in Table 3, Ky/K, lies in the range 0.01-100 and H \/ITg/Km lies in the
range 1-1,000. The physiological dimensionless fluid stress () and solid stress (7,1) at
the cell surface (membrane) are in the ranges of (0.01-100) and (1-800) for the untethered
cases, respectively. These ranges are shaded in Fig. 4 and extended to reveal more general
trends. Several useful asymptotic functions and limits for fluid and solid surface stresses are
given below.

When K, /K,, — 0,7, — 0 and Tugi — H \/K¢/K. When H VKg/ K = 0,7 = [K¢ /K.,

and Trgr — 0. When H K, /Ky — 00,7y = Ko/Kyn and Tugr — H Ko/ Ky — Ko/ K, The
first and third set of asymptotes describe (approximately) the data in Table 3 and are
identical to the simplified theory's Eq. (8) for the fluid stress when K/Kj; — 0, and Eq. (12)

for the solid stress when H /K, /K,, — oo. The second set of asymptotes describes cases of
unknown physiological significance.

4 Discussion

In this paper, we presented the first theory to describe the solid mechanical forces
transmitted to a cell's surface as a result of interstitial flow through a suspending matrix and
a surface glycocalyx layer. A simplified theory was developed initially leading to
approximate formulas for the surface fluid and solid shear stresses in terms of measurable
parameters (Egs. 8, 12 and 14). The predictions of these simple equations are in good
agreement with the more detailed model predictions (Table 3). The theory presented here
was based on planar geometry as an approximation to the more complex shapes of
suspended cells. It should be noted, however, that simple planar models provide proper
order of magnitude predictions for the fluid wall shear stress on cylindrical cells arranged in
various packing configurations in an extracellular matrix (Wang and Tarbell 1995).

The predictions of the theory for several physiologically relevant sets of parameters
describing artery walls, cartilage, solid tumors and in vitro gels suggest that the fluid shear
stresses on the cell surface are one to two orders of magnitude smaller than the solid
stresses, which dominate the transmittal of interstitial flow force to the cell body. The theory
also draws attention to the paucity of data on glycocalyx thickness and permeability for
suspended cells in tissues and suggests important future research needs. For cancer cells,
smooth muscle cells and other embedded cell types, the actual glycocalyx lengths may be
much greater than the ones measured by ruthenium red staining and electron microscopy
(Jacobs 1981) due to dehydration artifacts as discussed by Ebong et al. (2011). However, the
model in the present paper only considers the flow and stress profiles between the cell
membrane and the ECM where the glycocalyx should be able to move freely in response to
flow. The gap between the cell membrane and the ECM in a tissue is expected to be on the
order of 20-50nm (length of the integrin binding complex) in the vicinity of an integrin-
based cell-matrix adhesion site (Hynes 1992; Shi et al. 2011). But it is reasonable to expect
that this gap increases substantially in regions removed from the focal adhesion site. This
gap has been observed to be 50-100nm in osteocytes (Fritton and Weinbaum 2009). So for
both the untethered and tethered glycocalyx cases, the effective spaces for stress sensing are
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the gap between the cell membrane and the ECM. This is what we considered as the length
of the glycocalyx in the modeling, although it may be much shorter than the actual length of
the glycocalyx that may extend into the ECM. In contrast, for in vitro cases, the pore sizes of
the ECM are much larger (order 1 zm for collagen gels) (Wang and Tarbell 2000; Shi et al.
2009); the ECM is much more permeable than in real tissue (recall Table 1); and the
effective length of the glycocalyx may be much longer than in vivo. Therefore, in the Table
3, the longest glycocalyx we used for tissues was 0.5 m, rather than 2 um for in vitro
collagen gels. We also modeled the velocity and stress profiles when the glycocalyx is 50nm
long to mimic sites where the glycocalyx is co-localized with integrin-mediated cell-matrix
adhesions.

In addition to solute transport effects (Levick 1987; Swartz and Fleury 2007), the
mechanical effects of interstitial flow on cells have received considerable attention recently.
For example, we have shown that the heparan sulfate proteoglycan (HSPG) components of
the glycocalyx can sense inter-stitial fluid flow and transduce this mechanical stimulus into
biochemical signals that regulate matrix metalloproteinase (MMP) expression through
activation of the focal adhesion kinase (FAK), extracellular signal-regulated kinase 1/2
mitogen-activated protein kinase (ERK1/2 MAPK) and the c-Jun signaling axis (Shi et al.
2011). The increased MMP expression up-regulates vascular SMC and fibroblast motility in
3D collagen gels (Shi et al. 2009, 2010b, 2011). Glycocalyx-mediated ERK1/2 activation
may also modulate vascular SMC and myofibroblast phenotype (Shi et al. 2010a). Other
studies have shown that interstitial flow can also regulate tumor cell migration in a 3D
matrix by stimulating FAK activation and chemokine and cytokine release (Polacheck et al.
2011; Shields et al. 2007; Qazi et al. 2011; Shieh et al. 2011). That such subtle interstitial
flows (~ 0.5um/s) and fluid shear stresses (~ 0.1dyn/cm?, predicted when the glycocalyx
layer is omitted) can induce impressive biochemical responses is intriguing (Shi et al. 2009;
Shi and Tarbell 2011). Through the present modeling study, we have shown that the
interstitial flow-induced solid shear stress on the glycocalyx is one to two orders of
magnitude higher than fluid shear stress at the plasma membrane. For most of the
physiologically relevant parameter cases in Table 3, the solid shear stresses at the surface are
predicted to lie between 5 and 60dyn/cm2. This range of shear stress (calculated from fluid
mechanical measurements and models and implicitly imposed on the outer edge of the
glycocalyx) is well known to activate endothelial cells (Malek et al. 1999). But other
modeling studies have indicated that endothelial cell surface shear stress is transmitted to the
cell primarily through the solid matrix of the glycocalyx and not the fluid, as suggested here
for the embedded cells (Secomb et al. 2001; Weinbaum et al. 1994). Thus, we interpret shear
stresses on endothelial cells reported in the literature as solid shear stresses. In addition, this
range of shear stress has been predicted for osteocytes (Weinbaum et al. 1994) and has been
used in 2D studies of many other cell types including vascular SMCs and fibroblasts (Shi
and Tarbell 2011), chondrocytes (Yokota et al. 2003), stem cells (Stolberg and McCloskey
2009) and tumor cells (Chang et al. 2008), suggesting that interstitial flow-mediated
mechanotransduction is plausible.

The effects of disease states on the glycocalyx of suspended cells have not, to our
knowledge, been investigated. We do know that the glycocalyx of endothelial cells is
degraded in many diseases including atherosclerosis (Vink et al. 2000), diabetes (Nieuwdorp
et al. 2006) and hypertension (Oberleithner et al. 2011). If this occurs for suspended cells,
we would expect Ky to increase and H to decrease. Assuming that K, is not affected, teo
should similarly be unaffected. In these circumstances, perusal of Egs. 8 and 12 of the
simplified theory indicates that the fluid stress on the cell surface (z,) would increase and
the solid stress (z,,4) would decrease. If the extracellular matrix is also degraded, K}, and
Uoo Would increase and the trends for z,,and z,,, would be difficult to predict without
detailed knowledge of the parameters tw, Kyand Kj,; On the other hand, during the
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formation of integrin-mediated cell-matrix adhesions, it is possible that there is a local
compression of the pre-existing glycocalyx near the sites that may lead to a decrease in
glycocalyx length and a decrease in glycocalyx permeability (Paszek et al. 2009). In this
case, it is also difficult to predict the effect on stresses without detailed knowledge of the
parameters of A#and Ky and a more complex model.

It should also be noted that glycocalyx-mediated inter-stitial flow mechanotransduction
depends on integrin-mediated cell-matrix adhesions and cell cytoskeletal rigidity (Shi et al.
2011). The ECM-integrin-cytoskeletal linkage plays an essential role in
mechanotransduction (Hoffman et al. 2011; Schwartz 2010). However, glycocalyx core
proteins (e.g., syndecan-1 and syndecan-4) can co-localize with integrins and support
integrin-mediated cell-matrix adhesions (Vuoriluoto et al. 2008; Couchman et al. 2001).
Glycocalyx core protein-mediated mechanotransduction can be a parallel signaling pathway
to that of integrins (Denhez et al. 2002; Shi et al. 2011). Furthermore, the glycocalyx itself
can bind to ECM fibers and form cell-matrix adhesions, which may be able to transmit
mechanical forces to the cell body (Bellin et al. 2009). In our previous conceptual model, we
proposed that interstitial fluid flow is sensed mainly by the cell surface glycocalyx and then
converted to biochemical signals through the cell cytoskeleton and integrin-mediated
adhesions (Shi et al. 2011). In the current theoretical model, integrin-mediated cell-matrix
adhesions are not shown in the schematic figures, and the effects of restraining forces on
integrins induced by fluid flow are not considered. However, the transmission of fluid and
solid stresses from the glycocalyx to the cell body may still depend on integrin-mediated
cell-matrix adhesions as we discussed previously (Shi and Tarbell 2011; Shi et al. 2011).

While recognizing the very interesting phenomenon of stress sensing through the cell
surface glycocalyx described by the present theoretical model, we should note that
glycocalyx components may also serve as co-receptors for many biochemical signaling
processes (Bernfield et al. 1999) and/or regulate solute transport in the tissue interstitium to
the cells (Levick 1987), which modulate cell function and behavior. Therefore, to precisely
evaluate the effects of tissue fluid flow on cell physiology and pathology in vivo, both
chemical and mechanical effects through the glycocalyx should be considered.

5 Conclusion

The current theoretical model shows, for the first time, that the surface glycocalyx layer on
embedded cells experiences interstitial fluid flow-induced solid stress that is one to two
orders of magnitude higher than fluid shear stress at the cell membrane. This force may be
high enough to induce mechanotransduction regulating cell function. The solid/fluid stress
ratio at the plasma membrane depends on the ratio of the effective glycocalyx thickness to
the square root of its permeability. The theory can be summarized with a simplified
schematic as shown in Fig. 2. The fluid and solid shear stresses induced by interstitial flow
are sensed by the glycocalyx layer and transmitted to the cell body where
mechanotransduction leads to responses that regulate cell function. This provides an
explanation for several recent experimental observations of cellular mechanotransduction
induced by interstitial flow (Qazi et al. 2011; Shi and Tarbell 2011; Shi et al. 2011). This
study may be of interest in understanding interstitial flow-induced mechanobiology in stem
cell differentiation, tumor metastasis, tissue physiology and diseases and has implications in
tissue engineering.
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Fig. 1.

Simple schematic of a suspended cell in an infinite Darcy media exposed to interstitial flow.
Velocity profile near a cell surface embedded in an infinite extracellular matrix (Darcy
media). The Brinkman layer is the surface boundary layer where the flow transitions from an
external Darcy flow at velocity e to a no-slip condition at the surface of the cell
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Fig. 2.

Glycocalyx senses interstitial flow. Summary figure showing the velocity profile in the
ECM (extracellular matrix) and the GCX (glycocalyx) surrounding a cell. Interstitial flow
shear stress can be sensed by the glycocalyx layer. The ratio of the surface solid stress (zy,)

to the surface fluid stress (z,) is H/ \/K_g. The solid stress can be 10-100-fold higher than
fluid stress at the plasma membrane. Glycocalyx-mediated interstitial flow
mechanotransduction may depend on ECM-integrin-cytoskeletal linkage. For simplicity,
integrins and the cytoskeleton are not shown in the figure. H-glycocalyx thickness, K
Darcy permeability of the glycocalyx, K,-Darcy permeability of the surrounding media, ¢~
the superficial velocity far from the surface, ythe velocity in the glycocalyx layer far from
the cell surface (beyond the Brinkman layer)
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Fig. 3.

Three representative cases of velocity and stress profiles to mimic cells suspended in
collagen gels, tumor cells in vivo and SMCs in the arterial wall, respectively. K and K,
were chosen as follows: K, > K, (), Ky = Ky (b), and K, < Ky (C). The detailed
parameters for each case are listed in Table 3. The velocity profiles extend into the ECM
space (fop figures). The profiles for fluid and solid stresses are only shown for the
glycocalyx layer that is untethered (middle figures). The fluid stress profiles near the cell
membrane (0-50nm) are highlighted (botfom figures)
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Plots of the normalized fluid and solid cell surface stresses (7, and 7,.¢1) as functions of K/
K,and H \/K_g/K,,,. According to Table 3, physiological Ky /K, ranges from 0.01 to 100 and
H \/K_g/Km ranges from 1 to 1,000. Fluid (&) and solid (b) surface stresses (dimensionless)

are plotted versus H \/ITg/Km with Ky/Ky, varying from 0.001 to 1,000. Plots are for
untethered conditions. The physiological dimensionless fluid and solid stresses at the cell
surface (membrane) obtained from Table 3 are in the ranges of (0.01-100) and (1-800) for
the untethered cases, respectively. The physiological ranges of fluid and solid stresses and

H \/K_g /K, are indicated in the shaded areas on (a) and (b). The close-up plots of fluid and
solid stresses as H \/ITg /K, — 0 are shown in (a') and (b"), respectively
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Darcy permeability and interstitial flow velocity
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Matrix or tissue Darcy per meability(K, cm?)  Interstitial fluid flow References
VeloCity (Ueo,£m/s)
Aorta 10714 0.01-0.1 (Wang and Tarbell 1995; Tedgui and Lever 1984; Shi et
al. 2009; Levick 1987)
Glioma tumors 10712 0.1-2 (Qazi et al. 2011; Swartz and Fleury 2007; Jain 1999)
Hepatoma 10713 Unknown (Levick 1987)
Subcutaneous layer 1071t 0.1-1 (Levick 1987)
Cartilage 10121013 0.01 (Mansour 2004)
Collagen | (2-45mg/ml)  10-12-10-8 0.5-34 (Shi et al. 2009; Ng and Swartz 2003; Ramanujan et al.

Endothelial glycocalyx 10710 — 10-13

Not applicable

2002; Wang and Tarbell 2000; Qazi et al. 2011)
(Secomb et al. 2001; Weinbaum et al. 2007)

a . . .
Flow velocity depends on pressure differential across the gel layers
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The thickness of glycocalyx in different types of cells
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Cell type

Thickness of glycocalyx (um)

References

Hamster cremaster muscle capillaries
Large retinal vessels (diameter = 90 um)
Mouse carotid arteries

Bovine aortic ECs

Rat fat pad ECs

SMCs

Fibroblasts

Rat chondrocytes

Human breast adenocarcinoma

Rat intestinal tumor

Embryonic stem cells

0.2-0.5

8.9

2.5

11 (in vitro)

5 (in vitro)

1-2 (in collagen)

Not measured

3-8 (in vitro)

2 (in vitro)

0.02-0.2 (in vivo) by ruthenium red/EM

Not measured

(Weinbaum et al. 2007)
(Broekhuizen et al. 2010)
(Reitsma et al. 2011)

(Ebong et al. 2011)

(Ebong et al. 2011)

(Qazi, personal communication)
(Mangakis and Von Mickwitz 1975)
(Boehm et al. 2009)

(Rilla et al. 2008)

(Jacobs 1981)

(Nikmanesh et al. 2012)
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