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Vascular Endothelial Cells Minimize the Total Force on Their Nuclei
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ABSTRACT The vascular endothelium is a cellular monolayer that lines the arterial walls. It plays a vital role in the initiation
and development of atherosclerosis, an occlusive arterial disease responsible for 50% of deaths in the Western world. The
focal nature of the disease suggests that hemodynamic forces are an important factor in its pathogenesis. This has led to the
investigation of the effects of mechanical forces on the endothelial cells themselves. It has been found that endothelial cells
do respond to stresses induced by the flowing blood; in particular, they elongate and align with an imposed flow direction.
In this paper, we calculate the distribution of force exerted on a three-dimensional hump, representing the raised cell nucleus,
by a uniform shear flow. It is found that, for a nonaxisymmetric ellipsoidal hump, the least total force is experienced when the
hump is aligned with the flow. Furthermore, for a hump of fixed volume, there is a specific aspect ratio combination that
results in the least total force upon the hump, (0.38:2.2:1.0; height:length:width). This is approximately the same as the
average aspect ratio taken up by the cell nuclei in vivo (0.27:2.23:1.0). It is possible, therefore, that the cells respond to the
flow in such a way as to minimize the total force on their nuclei.

INTRODUCTION

The understanding and hence treatment of atherosclerosisdseased (Davies et al., 1986). This increased cell turnover
one of the major goals of current medical research. Theenders the endothelium more permeable to large mole-
vascular endothelium is now understood to be crucial in theules, leading to the cell turnover—leaky junction hypothesis
pathogenesis of the disease (Ross, 1993). The effects of tifgyeinbaum et al., 1985). The precise nature of the force
fluid mechanical forces, which act on the vascular endothetransmission and transduction across the cell is still un-
lium, on the development of the disease were initially in-known; although it is believed to depend upon tyrosine
vestigated almost thirty years ago. Abnormally high sheakinase activity, intracellular calcium, and an intact micro-
rates can cause endothelial damage (Fry, 1968), whereas thghule network (Davies, 1995; Malek and Izumo, 1996).
location of atherosclerotic plaques is correlated with regiongriedman and Fry (1993) developed a model in which the
of low and oscillatory shear (Caro et al., 1971; Ku et al.,|ocal permeability of the endothelium is altered during the
1985). adaptive response to wall shear stress. This model has
Further studies demonstrated that there were morphologsypsequently shown reasonable agreement with experimen-
ical differences between endothelial cell nuclei at differentig gata (Henderson et al., 1994), suggesting that the details
locations around the circulatory system (Flaherty et al.f the adaptive response may be crucial in the pathogenesis
1972). In the large arteries, the nuclei are elliptical in shapgy atherosclerosis.
and their longest (or major) axes align with the direction of A theoretical model of the endothelium as a sinusoidal
flow. If the direction of flow is changed, the nuclei will 4y surface has demonstrated that, as might be expected,
reorient themselves to remain aligned with the flow. Inye yneven endothelial surface leads to a nonuniform shear
regions of weaker hemodynamic forces, the nuclei are morgyegg gistribution at the cellular level (Satcher et al., 1992).
rounded and have no preferred direction. Subsequent ifpe shear stress distribution was calculated by solving the
vitro experiments have demonstrated that uniform, Iam'naétokes equations using a linear approximation to the wavy
shear causes entire cells grown in static culture to elongargUrface when its displacement was small, and a numerical

i;g 1?II?gg;vtlrtnzrtkv]v?ﬂ:rgproesaer?agg\gmd;netcct):‘oae([;i\si/r?{yi:&e,lmetmd for larger surface displacements. The perturbation
' : . shear stress due to the wavy surface was found to be as large
eton (Herman et al., 1987). Conversely, in a disturbed flow y g

. : .. as 34% in some cases, with the peak wall shear stresses at

there is no observed alignment, but cell turnover is in-
the crests of the wavy surface. The surface geometry cor-

responding to an aligned monolayer, however, was subject
to reduced forces and shear stress gradients, compared to
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aspect ratios and heights for endothelial cells in situ are veriMiIODELING ASSUMPTIONS AND METHODS

similar to those in vitro (Davies et al., 1995). Barbee et aI.I the | teries. the heiaht of th dotheli
(1995) used the measured endothelial surface as a boundag/ € 1arge arteries, the height ol tn€ endothe iigm),
Is very much smaller than the arterial diame®imm), and

condition in the numerical solution of the Stokes equations . . .
: .the heart rate is typically about 1-2 Hz, with the conse-
The results showed that the alignment of the cells resulted in 4 S . )
uence that the local fluid behavior is quasisteady and is
lower average peak wall shear stresses and shear stress . .
) ) minated by viscous forces. Moreover, the wall curvature
gradients per cell. The relative areas exposed to extremes Q .
. ay be neglected. A further consequence is that, on the
shear stress and shear stress gradient were also reduced in . : ; .
. . ength scale of the cell, the oncoming velocity profile will
the aligned geometries.

. . be a quasisteady linear shear.
Yamaguchi and Yamamoto (1995) have studied the ef- The blood is modeled as an incompressible, homoge-

fects of wall shear stress on the alignment of endothelia] . . .
I . tational fluid d ics. The sh f th neous, Newtonian fluid. The homogeneity must be ques-
cells using computational Tiuid cynamics. 1he shape o ioned, because, on the cellular length scale, the presence of

endothelial cells was modeled using a two-dimensiona

oD) G ian distributi d th I initially di ed blood cells and other particles should not be ignored.
( . ) aussian distribution, and the cetis Were Inftally €IS~ o ayistence of a thin cell-free zone (plasma layer) at the
tributed with their long axis at a random angle to the

o . edges of the blood vessels (Fahraeus, 1929) implies that the
direction of the oncoming flow. The wall shear stress at '[hered blood cells will not be concentrated close to the wall,
top of Fhe cells V\g’}s ca(\jlcglatecfi' ar:jd then the anglej Oﬂowever, and this may in part justify neglecting interactions
orlentgtlon were adjusted by a fixed amount in a ran c,mbetween the endothelial cells and the red blood cells. The
direction. The wall shear stress was recalculated and, if iNewtonian assumption is a simplification, but it is not

was found to be higher at the new orientation, then the Ce'bnreasonable, because the plasma, which will compose the
orientation was reset to its previous value. After a long timebu”( of the fluid near the wall, is known to be well approx-
it was found that the cells had all aligned in the direction of; .. q by a Newtonian modél (Pedley, 1980).

the flow, indicating that this configuration does indeed lead ¢ other major simplification in this model is the neglect

to the lowest peak wall shear stress. Yamamoto angt he endothelial cell glycocalyx, which is a thin layer,
Yamaguchi (1997) further refined this study by allowing the yatween 50 and 80 nm in the arteries and up forLin the
model cells to deform as well as rotate, again recomputlngﬂpi”arieS (Wang and Parker, 1995), of extracellular mem-
the wall shear stress at the top of the cell after each morrane glycoproteins adsorbed onto the surface of the cell.
phologlc change. The vqlume of the cells was as_sumed to bene glycocalyx has been previously modeled as a biphasic
fixed and, after a long time, the cells were again found tomixture, or porous layer, with a linearly elastic solid phase
have aligned with the flow and also to have elongated in &, 5 Newtonian viscous fluid phase (Wang and Parker,
manner similar to that observed in in vitro experiments. 1995; Damiano et al., 1996). These models indicate that the

In this paper, the flow over a somewhat idealized cell,gycocalyx can act as a “force buffer,” leading to lower fluid
consisting of a single nucleus, raised above the cellulajya|| shear stresses and wall shear stress gradients at the
monolayer, is initially considered. The nuclei of endothelial endothelial surface than in the absence of the layer; a
cells do protrude above the rest of the cellular surface, bu¢onsequence of the flow being restricted in the porous layer.
this surface is not perfectly flat, as assumed here. The hope \Wwe consider a uniform shear flow of incompressible,
is that this model will prOVide a valuable InS|ght into the Newtonian fluid encountering an arbitrary three-dimen-
forces experienced by each cell and the mechanismsional (3D) hump, which represents the raised cell nucleus,
whereby it is reduced. It is argued below that the effects obn an infinite flat plate, see Fig. 1. The problem is posed in
additional nuclei upon the forces on an individual nucleusCartesian coordinates, where tkeand §-axes are in the
are expected to be negligible. plane of the wallz = 0, and thez-axis is the normal.

The volume of the nucleus, projecting above the rest of The reference length scale of the humghis= 63, where
the cell membrane, is assumed to be constant, but this is n@tis the diameter of the tube add<< 1; the length], height,
necessarily the case in vivo. There are, of course, physicadl, and width ¥, of the hump are all assumed to®gh). We
limitations on the nuclear shape, because it cannot beconfarther assume that there is an oncoming Poiseuille flow in
infinitely thin, but this does not ensure constant volume.the tube, but, at the length scale of the hump, any flow will
The measurements of Chung and Min (1998) have demorapproximate to a linear shear flow so that= &, the
strated, however, that the endothelial cells retain a fixed/elocity being in thek-direction; V is the velocity in the
volume throughout the morphologic changes induced byj-direction, andwis that in thez-direction. We define the
fluid flow in vitro. The volumes computed were based uponmain flow Reynolds number, Re, to be Re$3%/7, where
microscopically visualized endothelial surfaces, rather thari is the kinematic viscosity of the fluid, and suppose that it
entire cells, with the bulk of the volume corresponding tois much greater than one. On the length scale of the hump,
the nuclear volume projecting above the rest of the cell. the Reynolds number is Re= $:%7 = §°Re which is
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2 This model has been formulated to apply in the large
arteries, i.e., diameters 6f(lmm), in which atherosclerosis
tends to develop. The local fluid mechanical behavior near
endothelial cells is always dominated by viscous forces,
however, owing to the relatively small dimensions involved.
Gaver and Kute (1998) found that, in 2D channel flow, the
opposite wall does not affect the shear stresses on an ob-
stacle until the obstacle occupies more than 25% of the
channel width. Furthermore, they found good agreement
between their 2D calculations and previous 3D results,
when the gap width between the top of the cell and the
opposite wall was small. This suggests that the present
model is also applicable to the majority of in vitro experi-
ments, in which the endothelium is subjected to a linear
shear flow by means of a parallel plate or cone-and-plate
FIGURE 1 Schematic of the problem. device. The gap width in these experiments is usually much
greater than four times the height of the cellular monolayer.
The model is not directly applicable to flow in smaller
taken to be much less than one. A hat denotes a dimensionatteries, arterioles, and capillaries, because the neglected

Z
‘ Flow direction

quantity and we nondimensionalize by letting: wall curvature effects will become important there, but the
o qualitative results are expected to remain unchanged.
u = Sa[6u” + U(82)], (1a) The study of creeping flow over an obstacle or cavity
~ aa surrounded by a plane wall is not a new one and it has many
v =Sa8v, (1b) applications. Important examples are: displacement of fluid
A ea droplets from solid surfaces (Dussan, 1987; Brooks and
W = Sadw (Lc) Tozeren, 1996; Li and Pozrikidis, 1996; Dimitrakopoulos
p= ﬁ"SZéZReflp, (1d) and Higdon, 1997), which find applications in industrial drying

processes and biological problems of cell adhesion (Basmad-

X = 8ax, (1e) jian, 1984; Olivier and Truskey, 1993; Gaver and Kute, 1998);

and also problems in erosion, corrosion, and etching processes
(Alkire et al., 1990; Shin and Economou, 1991).

It is convenient to formulate the problem as an integral
equation,

wherep is the density of the fluidJ(&) = & + 0(£°) is the
nondimensional basic Poiseuille flow in the parent tybis,
the dimensionless pressure anfl is the dimensionless
perturbation velocity field induced by the hump.

On substitution of Egs. la—le into the Navier—Stokes

equations and, neglecting the termsG§d°Re), we obtain W) = — | f(x) - GWY(x-. x) dS(x 5
the Stokes equations, ) . 0 (Xo, X) A, ®)
VauP = Vp, )
) ) o where# is the surface of the humpjs the surface traction
together with the equation of continuity on the hump an@&" is the Green’s function tensor due to
V-uP=0, 3 @ plane wall,
because we are assuming that the fluid is incompressible. GJ' (X0, X) = G;(Xo, X) — G;(Xo, X')
The boundary conditions are that of no-slip on the rigid 5 5
boundary, + ZZZGij (Xo, X') — ZZGI? (X0, '), (6)
u=—-AHXxy), V=0 w=0, where,x' = (x, y, —2), the image ofx with respect to the
onz= AH(x,y), (onhump, (4a) wall, and
uP=0, onz=0, (notonhump, 1/ § (Xo = X)i(Xo = X);
( b G (Xo, X) = 8’n’<|X _] x| + %o — X ] ) (7a)
whereH(x, y) is an0(1) function describing the shape of the 0 0
hump, A = h/% is the scaled height of the hump; and also 1 5. (%o — X)i(X — X),
that the perturbation to the main flow tends to zera as « GP(xp, X) = *+ 12— g0 Ao
A0 3 8m\|xo — x[° IXo — X|° ’
u® - 0, asz — o. (4b) (7b)
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Gﬁ’D(xo, X) = (Xg — x)3Gﬁ’(x0, X) The numerical model is very flexible and can be used to
(7c)  determine the key features of Stokes flow about an arbitrary

12 L 9o — X)i = 8s(Xo — X); 3D body, having at least one point of contact with a plane

3 87w X0 — X[? : wall. In this paper, we consider the effects of varying the

shape and angle to the flow of the hump upon the total force
experienced.

The linearity of the governing Eq. 5 implies that the
solution for a linear shear flow at an arbitrary angle® the

) p laced ith the additional x-axis isf = f,cos6 + f, sin 6, wheref, is the force when
point source of strength placed atx, with the additiona the flow is in thex-direction ¢ = 0) andf, is the force due

constraint that the velocity is zero on the plane 0. This 4 5 figw in the y-direction ¢ = m/2). Thus, the force
constraint restricts the domain .Of |qtegrat|on n Eq. 5 to th,edistribution, and hence the velocity field for the general
surface of the hump. Th.e physwa} interpretation of E‘F- Sls ase, can be reconstructed from just two simple cases.
thgt the hump gurface IS approx.lmated by a CO,”ec,t'OH,O In all cases considered here, the obstacle is restricted to
point forces of different strengths; the total velocity field is that of a semiellipsoid, in accordance with experimental

then the sum of the velocity fields due to all the point forCes‘observations of the elliptical nature of endothelial cell nu-

A complete derivation of Eq. 5 from the Stokes equations_, .. . -
clei in vivo (Flaherty et al., 1972). The theoretical model of
can be found in Pozrikidis (1992). Hn vivo ( 4 ) '

. " I the endothelial cell as a membrane stretched over a spher-
The no-slip condition, Eq. 4a, implies that the valueibf P

s K h ¢ ¢ the h This lead ical nucleus (Fung and Liu, 1993) gives a shape that falls off
IS Known on the surtace o the hump. - This jeads 10 3 3 more realistic Gaussian manner away from the nucleus.
Fredholm integral equation of the first kind for the surface-l-he extra Gaussian tails are not expected to have a large
traction f, which 1S solved numencgl!y'usmg a. bounda'\ry effect on the total force, however. There are three geometric
element collocation method (Pozrikidis, 1992; Banerjee arameters that govern the problekyy:the length-to-width

1994). The code was validated by comparing the computg tio, and A, the height-to-width ratio, together with the

forces and'torques with the analytjc sollutions for a .hem"volume of the ellipsoid. The total force on the hump is
sphere (Prlce, 1985) and sphere in p'omt contagt with th‘?ound by integrating the force vectors over the surface of the
wall (O’Neill, 1968) and also computations for axisymmet- hump
ric spherical caps and spheroids (Pozrikidis, 1997). ’

Table 1 shows the nondimensional total force parallel to
the planez = 0 on spherical caps of semiangle The first F= J f(Xo) dS(Xo).
column shows the results of the axisymmetric computations %
of Pozrikidis, in which 32 line elements were used. These
results are accurate to three significant figures. The second If the axes of the ellipsoid in the plare= 0 are chosen
column shows the results from the 3D boundary elemento lie along thex andy axes, then the inherent symmetries
code using only 20 quadratic surface elements, or 24 in thBnply thatF, = (¥, 0, 0) andF, = (0, %,, 0). It follows
casex = 1.0. The results are accurate to within a reasonablyhatF = (¥cos0, F,sin 6, 0) and, hence, the magnitude of
small percentage error, giving confidence in the results. Ithe total force on the hump is
165 elements are used, then the results are accurate to the
three significant figures given by Pozrikidis; however, this
dramatically increases the cost of the procedure. Elementary calculus shows that the extremdFdccur

when6 = 0 or #/2, so that

where the+3? means there is a minus sign fpr= 3, the
z-direction, and a plus sign for = 1, 2, thex- and y-
directions.

G"(xo, X) + g is defined to be the velocity field due to a

IF| = |Ficog0 + F; sirfo.

TABLE 1 .Comparis.on of nondimensional force on spherical ||:|max = max{g?x, gy} and ||:|mir1 = min{@x, gy}_
caps for axisymmetric and 3D boundary element methods
o Axisymmetric 3D percentage Error 1N Other words, the minimum total force on the hump, for a

shear flow at an arbitrary angle is the minimum of the two

élg 18'52 1325 %3 casesf = 0 (flow in x-direction) andf = /2 (flow in
0.8 9.07 8.97 1.1 y-direction). Equivalently, it i; thg min?mum of th.e two
0.7 7.73 7.61 1.6 extreme cases when the semimajor axis of the ellipsoid in
0.6 6.06 5.94 2.0 the planez = 0 is aligned with the flow or perpendicular
0.5 4.30* 4.21 2.1 i

to It.
0.4 2.69 2.64 1.9
0.3 1.41 1.38 21
0.2 0.555 0.545 1.8
0.1 0.118 0.114 3.4 RESULTS
*These results correspond to the analytical results given by O'Neill (196gNumerical studies were performed to determine the values
and Price (1985), which are 10.205 and 4.30, respectively. of ¥, and %, for a variety of geometric parameters. It was
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found that the maximum total force is experienced when theaspect ratio of the cell nuclei throughout the circulatory
major axis of the ellipsoid is perpendicular to the flow andsystem, which is\; = 2.23, where the width is 6.am and
the minimum when it is aligned. Thus, for any nonaxisym-the length is 14.8um (Flaherty et al., 1972). The recent
metric semiellipsoid, the minimum force occurs when theatomic force microscopy data indicates that, in shear flow
major axis is aligned with the flow. conditions both in vitro and in situ, the height of the cell

Figure 2 shows contours of the total nondimensionalnucleus is approximately 1.74m (Barbee et al., 1994),
force, |F|, on an aligned hump with a fixed volume plotted corresponding to\,, = 0.27. Thus, the estimated average
against the aspect ratiog and ;. aspect ratios of the nuclei in vivo are very close to the

The dimensional force isTnSRF, where . is the theoretical minimum force configuration.
viscosity of the fluid,S is the shear rate angk is the
reference length scale (see Modeling Assumptions and
Methods), which is chosen to be the radius of the hemi-
sphere with the same volume as the hump. In this case, tPBISCUSSION
flow is always in thex-direction, the length is in the-di-  The results indicate that, for any semiellipsoidal hump in a
rection, width in they-direction, and height in the-direc-  shear flow, the least total force is experienced when the
tion (see Fig. 1). Thus, ik, > 1.0, the cell is aligned with longest axis is aligned with the flow direction. This config-
the flow, whereas, i\, < 1.0, the cell is perpendicular to uration minimizes the width of the obstacle encountered by
the flow. If A, = 1.0, the cell is axisymmetric about the the fluid and, therefore, minimizes the pressure force on the
z-axis. Note that, in the case of the hemisphexe= 1.0, hump, which is related to its frontal area. Consequently,
A, = 0.5), the nondimensional force is 4.30, agreeing withthere will be lower peak tractions and hence a lower total
the previous results of Price (1985). force on the obstacle. The nature of this mechanism sug-

For a fixedA, and a sufficiently large\,, there is a drop gests that the same result will hold for a general obstacle.
in total force, with decreasing,, which is due to the That is, the least total force will be experienced when the
corresponding drop in height of the hump. This trend consmallest overall width is perpendicular to the flow. The
tinues until the drop in peak traction is balanced by theexperimental results of Flaherty et al. (1972) and Dewey et
increase in surface area owing to the fixed volume conal. (1981) indicate that the cells do indeed orient themselves
straint. When),, is very small, the surface area must bein this manner. Note also that, if the nuclear shape is a direct
large and hence the total force is large, despite the fact thafonsequence of hemodynamic forces, the reversibility of
the peak traction will be small. Stokes flow implies a fore—aft symmetry, as observed.

For a fixed\,, and a sufficiently smal\,, there is a drop For a hump of fixed volume, decreasing results in a
in total force with increasing,, because the hump becomes decrease in peak traction. This is due to two effects. First,
more and more elongated in the flow direction; effectively,the viscous stresses in a linear shear flow increase with
the width of the hump is decreasing. Once again, there is Beight, and, so, reducing the height of the hump will result
minimum point, after which the decrease in peak tractionin a lower shear force on it. The area of the hump perpen-
can no longer be balanced by the increasing surface areadicular to the flow is also reduced, which will result in a

There is an overall minimum of the total forcedat~ 2.2 lower viscous pressure force. Increasingleads to a de-
and A, ~ 0.38. This compares very well with the average crease in peak traction, which is due purely to the reduction
in width of the obstacle and the consequent reduction in
pressure force.

It was also found that, for a fixed volume of hump, there
is a specific aspect ratio combination that results in the
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lowest total force experienced. This minimum arises as a
balance between the lowering of the peak tractions, as the
height and width of the hump are reduced, and the accom-
panying increase in surface area due to the fixed volume
constraint. The calculated minimum agrees very well with
the average aspect ratio taken up by endothelial cell nuclei
in vivo. The minimum is very broad, however, and therefore
small changes in aspect ratio will not have a great effect on
the total force. In fact, the range of nuclear aspect raNgs,
observed by Flaherty et al. (1972) is 1.39 to 2.91, which, for
realistic values ofp,, is enclosed within the contour line
representing a nondimensional total force of 3.80. The de-

FIGURE 2 Contours of total force on an aligned hump of fixed volume Viation from the minimum total force value is less than 5%

in A=\, parameter space.

over this entire range of aspect ratios.
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This relative insensitivity of force to shape has also beera consequence of the cell volume regulatory mechanisms.
observed by Basmadijian (1984) and Olivier and TruskeyThese mechanisms control the volume of the entire cell,
(1993). Basmadjian (1984) collected results, both theoretirather than that of the nuclear bulge protruding above it, but
cal and experimental, on the forces experienced by variousay still be of some relevance. There are several such
obstacles on plane walls. It was found that, in the case ofolume-regulatory mechanisms in cells, because a major
small protrusions, the drag coefficients were similar forchange in volume will damage the integrity of the cell (see
quite different geometries. Olivier and Truskey (1993) cal-the review given by Lang et al., 1998). The regulatory
culated the forces and torques on four different 2D endocell-volume increase and decrease is mainly accomplished
thelial cell shapes, representing stages of cell spreadingy the transport of ions, particularly potassium and sodium,
during adhesion to a flat plate. They found that the dradacross the cell membrane, altering the osmotic potential of
force varies little with cell shape and was only reduced bythe cell, and hence the volume, within minutes. A large ion
a factor of two in the rather extreme transition from initial jmpalance will interfere with numerous cell functions, and
attachment to a fully spread cell. so, cells also produce osmolytes, molecules that change the

There are several simplifications in this model. First, theggmotic potential without compromising other cell func-
endothelial cell nuclei are not isolated in vivo and exist intijons even at high concentrations. The accumulation of
confluent monolayers. The linearity of Stokes flow allows {nese molecules is a much slower process than ionic trans-
the case of several nuclei in a monolayer to be constructefyr, taking hours or days. The ionic transfer mechanism
by addition of the velocity fields for isolated nuclei in iy certainly be active over the time scales taken for the

different locations. The force on each hump will be thatduemorphologic change and would be expected, therefore, to
to itself, plus contributions from the velocity fields due to keep the cell volume approximately constant.

the surrounding humps. The typi(_:al internuclear spac_ing is The presence of a glycocalyx has been shown to lead to
@(r];O#m), éei/eral t|r£es thg tym;:alh nu((;lear ,dmf]ens'pns'reduced forces on the endothelial surface in theoretical
which are 6(1 um). Expansion of the Green's function models of flow in capillaries (Damiano et al., 1996). The

indi i fi 2
indicates that the velocity field decays 8¢lr), as the flow is restricted through the glycocalyx, which is often

distancey, from Fhe hump increases. This results in fecaymodeled as a porous layer, and this leads to the lower fluid
of the perturbation pressure and shear stres§(ag”).

Thus, the contribution to the force on the nucleus from Otherstresses. The aspect ratio leading to the minimum total force

o ) ) Is, however, a relative result and, although the presence of
nuclei will be approximately 1000 times smaller than the :
a glycocalyx will undoubtedly alter the actual values of the

force due to itself, and the force on a cell nucleus in af . . .
. . . orces on the nucleus, the location of the minimum is
confluent monolayer will be approximately that experienced ~
unlikely to change.

by a single nucleus. This result will hold only if Stokes flow _ ) : .
It is also interesting to note that the nuclear shape leading

is a valid approximation throughout the monolayer, how- o o .
bp g ¢ to the minimum total force is independent of the magnitude

ever. At a distance far enough away from the cell nucleu ¢ the sh hing that inl fth
the Stokes equations break down, and weak inertial effectdf the s ear stress_, something that |s_cer'_ca|n y nottrue ofthe
dothelial cell alignment observed in vitro (Dewey et al.,

become important. Estimates suggest that this distance fh

0(50 um), a cellular, rather than a nuclear, length scale. ThéL98_1)_' At low values of_wall shear stresses, the c_ells do not
presence of such inertial effects may explain why the en€Xhibit any morphologic changes. The mechanical force-
dothelial cells are not of a uniform shape even in in vitro detection mechanism of the cell, which is likely to involve

experiments, where the macroscopic flow conditions arstrains induced in the cyt(_JskeIeton_, will almost certainly
uniform (Levesque and Nerem, 1985; Davies et al., 1995)"ave & threghold level gnd is not gctlvated at Igw wall shear
The Stokes flow calculation would suggest that, if the cellsStresses. Itis also possible that this threshold is due to other
are aiming to minimize the total force on their nuclei, they €léments in the cell, which respond to the signals emitted by
would all adopt the same shape, and this is not the casée primary wall shear stress transduction mechanism. As
Thus, although the average total force on an endothelial cefhe wall shear stress increases, the cells are observed to
nucleus will be approximated well by the Stokes flow €longate further (Levesque and Nerem, 1985). This may be
solution, the individual cell-to-cell variability may be a @ consequence of an impairment of the volume regulatory
consequence of inertia, which will certainly affect the localmechanism. It is also possible that the cells will not tolerate
distribution of wall shear stress. a shear stress above a certain level anywhere on the cell

The assumption of a fixed volume is also to be viewedsurface. To reduce the peak wall shear stress, the height
critically. The assumption corresponds to the volume of themust be reduced, leading to further elongation, assuming the
nucleus that projects above the rest of the cell being convolume constraint is valid. It should also be noted that the
stant, and the good agreement between the theory and therli@sults of Levesque and Nerem (1985) concern the entire
vivo measurements indicates that this may be the casegll shape, not the nuclear behavior, and that the shape of
assuming that the cells are aiming to experience the minithe nucleus may remain unaltered, while the cells them-
mum total force. The lack of change in this volume may beselves continue to elongate.
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There are, of course, several other factors that will affecbavies, P.F., T. Mundel, and K. A. Barbee. 1995. A mechanism for

; heterogeneous endothelial responses to flowivo andin vitro. J. Bio-
the forces experienced by the cells. The cells are tethered t0  eh 581553, 1560

a ba_sement substrate and will experience forces at th||§avies7 P.F. A. Remuzzi, E.J. Gordon, C.F. Dewey, Jr. and M. A.
location, as well as at the surface exposed to the blood. The Gimbrone, Jr. 1986. Turbulent fluid shear stress induces vascular endo-
precise response of the cells to mechanical forces will thelial cell turnovein vitro. Proc. Natl. Acad. Sci. US83:2114-2117.
depend upon the internal distribution of these forces; @ewey, C.F.J., S.R. Bussolari, M. A. Gimbrone, Jr., and P. F. Davies.
ictributi i ; 1981. The dynamic response of vascular endothelial cells to fluid shear
d|str|but.t|on ?itﬁrm|nﬁd ?r);] the structutr_al and rrﬁlcr_lamcal StresSASME J. Biomech, Eng 03177181,
properties o € cels. ese propertes are st mcc,)m_Dimitrakopoulos, P., and J.J. L. Higdon. 1997. Displacement of fluid
pletely understood, although progress has_ been made via theyroplets from solid surfaces in low-Reynolds-number shear flows.
models of Ingber (1998) and Fung and Liu (1993). J. Fluid Mech.336:351-378.
In conclusion, numerical studies were performed to deDussan, V. E. B. 1987. On the ability of drops to stick to the surfaces of
; iotribi it ; solids. Part 3. The influences of the motion of the surrounding fluid on
termmte trt1.e force dIStI‘I?UtIOtI;] on .hur:;p s"hapels of v?rylng dislodging dropsJ. Fluid Mech.174:381-397.
aspect ratios, represen Ing the ral,se ce n.uc eus_ O, a V,als—l_aherty, J.T., J. E. Pierce, V. J. Ferrans, D. J. Patel, W. K. Tucker, and
cular endothelial cell. For a nonaxisymmetric semiellipsoi- p. L. Fry. 1972. Endothelial nuclear patterns in the canine arterial tree
dal hump, the least total force occurs when the major axis is with particular reference to hemodynamic everisc. Res.30:23-33.
aligned with the flow direction. Furthermore, for a fixed Fahreeus, R. 1929. The suspension stability of the bigdysiol. Rev.
volume protruding above the cell membrane, there is a 9241274 . } .
specific aspect ratio that gives a minimum total force on the fiédman, M. H., and D. L. Fry. 1993. Arterial permeability dynamics and
. . vascular diseasétherosclerosis104:189-194.
cell nucleus. This is approximately the same as the avera . . I
. AR fy, D. L. 1968. Acute vascular endothelial changes associated with in-
aspect ratio taken up by cell nuclei in vivo and we therefore ¢reased blood velocity gradien@irc. Res.22:165-197.
postulate that the cells respond to flow in such a way as t@ung, v. C., and S. Q. Liu. 1993. Elementary mechanics of the endothe-
minimize the total force experienced by the nuclei. lium of blood vesselsASME J. Biomech. End.15:1-12.
Gaver, D. P., Ill, and S. M. Kute. 1998. A theoretical model study of the
influence of fluid stresses on a cell adhering to a microchannel wall.
Biophys. J.75:721-733.

Henderson, J. M., D.L. Fry, and M. H. Friedman. 1994. Analysis of
models of arterial permeability dynamiddiotechnik.17:717-725.

Herman, I. M., A. M. Brant, V. S. Warty, J. Bonaccorso, E. C. Klein, R. L.
Kormos, and H. S. Borovetz. 1987. Hemodynamics and the vascular
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