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INTRODUCTION

Recent evidence suggests that circulating leukocytes not only
influence the flow plasma and circulating cells in the microcirculation
but fluid stresses in the plasma also control the biology and the cell
mechanics of circulating leukocytes. Several biological activities can
be controlled by fluid shear stress, such as retraction of pseudopods by
actin polymerization on migrating leukocytes [1], their cytoplasmic
stiffness and integrin [1,2], and so on. In contrast to endothelial cells
which have been subject to extensive studies, so far only few details
are known about the fluid shear response in leukocytes and the fluid
shear distribution on the membrane of leukocytes encountered in vivo.

During passage through capillaries and venules, leukocytes make
their first contact with the endothelial membrane in small postcapillary
venules (about § to 12 um in diameter) [3]. In this report, we will
focus on the membrane fluid shear stress distribution on a leukocyte in
such a microvessel. We will numerically examine the membrane fluid
shear stress on a leukocyte as it passes unattached from the center
stream to an off center position with rotation, and finally to a point of
attachment on the endothelium. The fluid shear stress was determined
by solution of the Stokes approximation of the equations of motion for
plasma at constant viscosity assuming a spherical shape for the
leukocyte in a cylindrical microvessel.

FORMULATION AND METHODS

As a model for a leukocyte, consider a rigid sphere with radius «
in a microvessel with radius R. We neglect the cell deformation [4]
and study two cases:
(1) a sphere freely suspended in a circular cylindrical tube (Figure 1(a)),
(ii) a sphere attached to or rolling along the wall of a tube(Figure 1(b)).

In case (i), the translational velocity of the sphere parallel to the
tube centerline is denoted as U and its angular velocity with respect to
the center of the particle as €2, and their values are determined as a part
of the solution simultaneously with the flow field of the fluid. In case
(i1), we assume that the sphere rolls along the tube wall without slip, so
that its rolling velocity U, and angular velocity with respect to the
center of the sphere € are U, = a €. These values are prescribed in
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the current model. The case U, = a € = 0 represents the particle
attached stationary to the tube wall.

In both cases (i) and (ii), we assume that the motion of the fluid
obeys the Stokes equation and the continuity equation, and the
resultant force and torque acting on the particle vanish in case (i). We
adopt the no-slip boundary condition on the wall of the tube and the
particle surface, and assume that the velocity profile of the fluid
approaches that of the Poiseuille flow far upstream and downstream
from the particle. The flow fields around a spherical particle are
solved numerically by a three-dimensional finite element method [5,6].
The shear stresses exerted on its surface are computed explicitly.
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Figure 1. (a) geometry for a freely suspended sphere in a
vessel, and (b) geometry for a sphere adherent to or
rolling along the vessel wall.

RESULTS AND DISCUSSION

In case (i), the shear stresses exerted on the surface of a freely
suspended sphere are computed for various size ratios a/R and radial
positions of the sphere ¢/R. Figure 2(a) shows the distribution of the
shear stress on the surface, for a/R = 0.8 and ¢/R = 0.15. In this case,
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the sphere translates with the velocity U/} = 1.22, and rotates
clockwise with the angular velocity RCY/V = 0.24, where V represents
the mean velocity of the fluid over the cross-section of the vessel. It is
apparent from Figure 2(a) that the shear stress varies its direction and
magnitude over the surface. A large shear stress acts on a part close to
the tube wall, which points in the direction opposite to the undisturbed
flow velocity.

In case (ii), the shear stresses acting on an attached or rolling
sphere are calculated for various preselected values of the rolling
velocity U, (= a€2). As a representative example, Figure 2(b) shows
the distribution of the shear stress on the surface of an adherent sphere
(U; = a€) = 0) with a/R = 0.8. The shear stress attains its maximum
near the top portion of the particle surface, while it is relatively small
near the tube wall. Note that the scale of each arrow in Figure 2(b) is
one-third of that in Figure 2(a).

Figures 2(a) and (b) indicate that the shear stresses exerted on the
surface of the sphere are considerably non-uniform in both cases, and
their variations are most significant along the circumference in a plane
containing the center of the sphere and the tube centerline. The
distributions of the shear stress around this circumference in cases (i)
and (ii) are plotted as a function of the azimuth angle 0 (Figure 1) for
a/R = 0.8 in Figures 3. The shear stress is normalized by the
undisturbed shear stress on the wall t,, = 4uV/R. The curves (a)-(d)
represent the results of case (i) for ¢/R=0, 0.05, 0.1, and 0.15,
respectively. The curves (e)-(g) represent case (ii) for U, /V =0, 0.1
and 0.2, respectively.

The curves (a)-(d) show that a freely flowing sphere experiences
both positive and negative shear stresses, and the amplitude of the
shear stress increases as the particle approaches the vessel wall. Since
a sphere placed off-center rotates, this indicates that every point on
this circumference experiences periodically varying shear stresses.
The curves (e)-(g) show that the peak shear stress on the surface of an
adherent or rolling sphere is near the highest point (6 =m), and this
peak value decreases gradually as the rolling velocity increases. A
comparison between curves (a)-(d) and (e)-(g) clearly suggests that
much larger fluid stresses are exerted on the surface of an adherent or
rolling cell compared to a freely suspended cell.

CONCLUSIONS

Assuming a rigid spherical particle as a model for the leukocyte,
we examined the distributions of the shear stress exerted on its surface
when it is freely suspended, or when it is attached to or rolling on the
microvessel wall. The present study suggests that once a leukocyte
makes attachment with the vessel wall, a dramatic increase in shear
stress occurs both for rolling and adherent cells. The magnitude of the
shear stress on the surface of a freely suspended cell is estimated to be
several times larger than the wall shear stress produced by an
undisturbed Poiseuille flow, when the radius ratio of the cell to the
vessel is 0.8. For a typical in-vivo wall shear stress of 10-20 dyn/cm’
for postcapillary venules [7], we assess the shear stress acting on
freely flowing leukocytes of order of several 10 dyn/cm® For the
same radius ratio, on the other hand, adherent or rolling leukocytes
experience higher membrane shear stresses of order of 100 dyn/cm>.
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Figure 2. Shear stress distributions on the particle surface: (a)
freely suspended sphere with a/R=0.8 and c¢/R=0.15, and (b)
adherent sphere with a/R=0.8. The scale of each arrow in (b) is
one-third of that in (a).
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Figure 3. Shear stress distributions on the surface of a sphere
along a circumference in the plane containing the center of the
sphere and the vessel centerline.
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