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ABSTRACT Prolonged exposure to fluid shear stress alters leukocyte functions associated with the immune response. We
examined the initial response of freshly isolated human leukocytes to fluid shear stress under high magnification. Adherent
leukocytes exhibit a rapid biomechanical response to physiological levels of fluid shear stress. After passive displacement in the
direction of a constant fluid shear stress, adherent leukocytes actively recoil back in the opposite direction of the fluid flow. Recoil is
observed within seconds of the applied fluid shear stress. Simultaneously, fluid shear stress induces a stiffening of the cell. The
immediate cell displacement in response to a step increase in fluid shear stress is greatly attenuated in subsequent steps com-
pared to the initial fluid shear stress step.Recoil is notmediatedbyactin polymerization-dependentmechanisms, as cytochalasinD
had no effect on this early response. However, stiffening was determined in part by an intact actin cytoskeleton. Inhibiting myosin
force generation with ML-7 abolished the recoil and stiffening responses, implicating force generation by myosin as an important
contributor to the early leukocyte response to fluid shear stress. This initial shear stress response may be particularly important in
facilitating leukocyte attachment under sustained fluid shear stress by the flowing blood in the microcirculation.

INTRODUCTION

Circulating leukocytes captured by the endothelium experi-

ence in seconds an order of magnitude increase in fluid shear

stress (FSS) on their surface (1,2). At this instant the leuko-

cytes not only are passively deformed (3) but also exhibit the

first indication of a transition from a passive to an active state:

surface projections emerge, cytoplasmic processes appear, and

the cells start active migration (4).

A variety of active processes on leukocytes are regulated by

FSS. An increase in FSS on leukocytes in vitro increases

adhesion (5–7), enhances motility (8,9), directs migration

(9,10), enhances transmigration of activated lymphocytes

(9,11–14), and alters phagocytosis (15,16) compared to cells in

a static environment. The FSS response of human leukocytes,

therefore, is an important regulator of the immune response.

Here we report that freshly isolated and adherent leuko-

cytes under the influence of FSS recoil into the direction of

fluid flow and increase cytoplasmic stiffness. The recoil re-

sponse occurs early after onset of FSS and requires active

force generation by myosin motors. Cytoplasmic stiffening

also requires active force generation by myosin motors but

not an intact actin cytoskeleton.

METHODS

Reagents

All salts (NaCl, KCl, MgCl, and CaCl2) were purchased from Fisher Scien-

tific (Fisher Scientific, Fair Lawn, NJ); glucose was purchased from Ana-

lytical Reagent (Mallinckrodt, Paris, Kentucky). HEPES, cytochalasin D,

and ML-7 were purchased from Sigma-Aldrich (St. Louis, MO). Water was

filtered by the Milli-Q purifying system (Model Biocel A10; Millipore,

Billerica, MA) for all experiments. Buffers and solutions were filtered (0.2 mm;

Nalgene filtration system; Nalgene, Rochester, NY) before use.

Cell isolation

Human leukocytes were gently isolated from whole blood by 1g sedimen-

tation in microhematocrit capillary tubes (Fisher Scientific) for 30 min. Neu-

trophil isolation media, erythrocyte lysis buffers, and cell centrifugation were

avoided to prevent interference with the FSS response. The neutrophil-

containing band was extracted and resuspended in 1 ml of a HEPES buffer

solution containing 30 mM HEPES, pH 7.4; 110 mM NaCl; 10 mM KCl;

1 mM MgCl; 10 mM glucose; and 1.5 mM CaCl2.

Cell observation

Isolated leukocytes were plated on clean, uncoated glass coverslips (Fisher

Scientific) in HEPES buffer and observed under brightfield illumination on

the stage of an inverted microscope. Two microscopy systems were used to

observe the cell response to FSS. The first system featured a microscope

(Leitz Diavert, Midland, Ontario) with a 503 objective (numerical aper-

ture¼ 1.00) and 253 projection eyepiece, and cell images were captured by

a couple charge device (CCD) camera (Javelin Electronics, Los Angeles,

CA) and recorded to compact disk (Terapin, TeraOptix, Singapore). The

second system used a microscope (Olympus IX70, Melville, NY) with 1003
objective and 23 auxiliary magnification, and cell images were captured

using a CCD camera (Olympus U-CMAD3) and recorded to videotape using a

video cassette recorder (Panasonic AG 1320, Secaucus, NJ).

Applying fluid shear stress

Individual adherent leukocytes that exhibited no signs of motility were

subjected to FSS from an adjacent pipette (Fig. 1). Pipettes were fabricated

from clean borosilicate glass (FHC Frederick Haer, Bowdoinham, ME)

using a micropipette puller (David Kopf Instruments, Tujunga, CA) and mi-

croforge (Narishige, Tokyo, Japan), filled with HEPES buffer, and mounted

on a micromanipulator (Narishige). A precise hydrostatic pressure waveform

was delivered to the pipette by a piston pump (Ling Dynamic Systems, Herts,

UK) controlled by a waveform generator or a pair of hydrostatic pressure
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reservoirs. In both cases, hydrostatic pressure immediately produced flow

out of the pipette that exerted a maximum shear stress of tMAX ¼ 1, 2, or

4 dyn/cm2 on the cell surface. The leukocyte FSS response was investigated

by turning on and off the FSS in a series of steps while observing the cell

response. The duration of FSS steps was 1 min. The time between successive

steps was 1–3 min. After applying a series of FSS steps, the cell was ob-

served for 1 min in the absence of FSS.

The flow field around the cell is complex and has not been rigorously

analyzed with realistic cell shapes and shear fields originating from an adja-

cent pipette. Nevertheless, modeling the fluid discharge from a pipette around

cells of various geometries showed that FSS will be at a maximum on the cell

surface proximal to the pipette and will smoothly diminish toward the

opposite side of the cell (17). Parallel plate flow around an adherent cell with

hemispherical geometry revealed that highest shear stresses are found api-

cally and changed little for cell geometries, including projections (18). We

present results in terms ofmaximum shear stress on the cell surface, as itmay be

less sensitive to the simplifying assumptions made in the modeling studies.

Geometric analysis of the cell response

The cell response to FSS was characterized in terms of displacement in cell

position, measured by means of the geometric cell centroid and cell shape,

and tracked by means of the projected area of the cell. Initially, images of

individual cells captured every ;5 s were outlined manually using image

software (Scion Image, Scion, Frederick, MD), as described previously (19).

The coordinates of the cell’s geometric centroid, xC and yC, were computed

from the digitized cell images and normalized by the initial cell diameter,

D0, i.e., the average diameter measured during the initial observation without

FSS, XC¼ xC/D0 and YC¼ yC/D0. To improve the rate of image analysis, cell

centroids were computed (Image Pro Plus, Media Cybernetics, Silver

Spring, MD). Pseudopod projection was tracked by means of the area, a,
enclosed by the cell outline and normalized by the initial cell area, A0, mea-

sured during the initial observation without FSS. The normalized area is then

A ¼ a/A0.

Cytoskeletal involvement in the fluid shear
stress response

To investigate the mechanism underlying the leukocyte response to FSS, the

formation of actin filament was blocked in selected cells by incubation with

cytochalasin D (1 mM) for at least 10 min before application of FSS. At

1 mM, cytochalasin D reduces the apparent cortical tension of neutrophils by

43% (20) and decreases the apparent cell stiffness by ;30% (21). Cyto-

chalasin blocks the binding of G-actin to the existing F-actin (22). To

investigate the role of myosin force generation in the early FSS response,

myosin light chain kinase activity was inhibited in selected cells with ML-7

at 50 mM for at least 10 min before application of FSS. At 50 mM, ML-7

inhibits leukocyte phagocytosis by ;100% (23) and decreases neutrophil

motility;100% (24). After treatment with cytochalasin D or ML-7, the cells

were exposed to FSS as described.

Statistical analysis

Measurements are presented as mean 6 SD. Differences between mean

values were evaluated by Student’s t-test.

RESULTS

Before application of FSS, XC, YC, and A were constant,

indicating that the cell was stationary and quiescent (Fig. 2).

A step increase in fluid discharge from the adjacent pipette

exposed the cell surface to a step increase in FSS with a peak

value of ;2 dyn/cm2 (Fig. 2 A). FSS immediately increased

XC as the adherent cell was passively pushed away in the

direction of the fluid flow (Fig. 2 B). The initial cell centroid
displacement was proportional to the magnitude of the ap-

plied FSS (Fig. 3). In contrast, YC changed little after ap-

plication of FSS, indicating that the cell moved primarily in

the direction of the flow out of the pipette (Fig. 2 C). The nor-
malized cell area A remained close to unity during FSS, in-

dicating that the circular shape of the cell cross section in the

focal plane (Fig. 1) was not significantly deformed by the rel-

atively small FSS (Fig. 2 D).
After the immediate displacement, XC decreased toward

zero as the cell moved backward to its initial position (Figs. 2

B and 3 B). Importantly, leukocyte recoil into the fluid flow

persisted while FSS was maintained. Again, YC remained

close to zero, indicating that the cell centroid displacement

was primarily against the fluid flow direction (Fig. 2 C). The
normalized cell area remained constant at A¼ 1 during the ap-

plication of FSS, indicating that the circular shape of the cell

cross section remained not significantly changed during re-

coil (Fig. 2 D). The displacement of the cell centroid position

during active recoil, DXR, during the first shear step in-

creased almost linearly with tMAX (Fig. 4), indicating that an

increasing FSS elicits a stronger active recoil response. Re-

coil during the second shear step, DXR, was constant and re-

duced by more than half compared to the first.

After application of FSS for 1 min, the cell remained dis-

placed relative to its initial position (Figs. 2 B and 3 B), in-
dicating that active recoil during shear was incomplete. About

15 s after reduction of the FSS to zero, XC steadily decreased

and remained close to zero for the next 45 s. To determine if

complete recoil was possible, the duration of the FSS step

was extended to 3 min. The recoil response brought the cell

back to its initial position after ;2.5 min of FSS (Fig. 5).

The immediate cell displacement in response to a second

step increase in FSS was reduced by more than half com-

pared to the displacement after the first step (Fig. 3 B). Using

FIGURE 1 Digital micrograph of a freshly isolated human leukocyte as

used in the current experiments. The cell outline is indicated by a white

dashed line, and the computed cell centroid is shown as a white cross. The

tip of an adjacent pipette used to apply FSS is just visible to the right of the

image with the direction of fluid discharge indicated by the arrow.
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a series of FSS steps of 1 min duration in 2-min intervals

showed that the initial centroid displacement decreased with

each successive step (Fig. 6), indicating that each FSS appli-

cation caused stiffening of the cell attachment. Evidence of

cell activation with pseudopod projection emerged between

the first and second FSS steps (1 , t , 2) as the normalized

area A/A0 increased significantly above the values measured

before FSS application (Fig. 2 D).

The onset of the recoil response in the second FSS step

was delayed (Fig. 3 B). After the initial displacement, XC

slowly increased for 50–55 s before decreasing toward zero

(Fig. 3 B). In addition to the delayed onset of the recoil

response in the second FSS step, the magnitude of the recoil

response was attenuated relative to the first shear step. The

change in centroid position during recoil in the second step

was reduced compared to that of the first (Figs. 1 B and 2 A).
To determine if force generation by myosin within the cor-

tical actin network underlies the recoil and stiffening responses,

cells were subjected to FSS whose actin filament network

and myosin activity were selectively inhibited. The initial

recoil response to FSS was unaltered in cells whose actin

cytoskeleton was disrupted by cytochalasin D compared to

control cells (Fig. 7 A). However, cell stiffening required an

intact actin network since the initial displacement in response

to a second shear step was the same as the first in cytocha-

lasin D treated cells. Inhibiting myosin force generation with

ML-7 completely blocked the recoil and stiffening responses

to FSS (Fig. 7 B). After blockade of myosin light chain kinase

activity, the cells were passively displaced like an elastic body:

XC increased immediately with the onset of shear stress, re-

mained constant during shear, and instantly returned to zero

upon cessation of FSS.

DISCUSSION

The results here indicate that freshly isolated human leuko-

cytes respond to FSS by active recoil against the shear flow

and increasing cytoplasmic stiffness. These active responses

occur rapidly, within seconds, and precede typical indicators

of leukocyte activity on the endothelium, including pseudo-

pod projection, shape change, and cell spreading.

Previous studies of the FSS response in leukocytes focused

on longer responses that emerge after minutes (8–10,12–14,

17,19) and hours (15,16,25) of FSS exposure. Although

experimental procedures vary from study to study, common

behaviors are emerging. Slower FSS responses enhance pro-

cesses associated with the immune response: leukocyte adhe-

sion (5–7),motility (8–10), phagocytosis (15), and transmigration

(9,11–14) are enhanced by FSS. Recoil and stiffeningmay not

have been observed previously because cells were typically

observed at low magnification (where small changes in cell

position could not be resolved) or after several minutes (when

the early FSS responsewas completed). Our studies that focused

on changes in cell shape, not position, of freshly isolated, pas-

sive human leukocytes (19) lead to the current experimental

approach to examine the FSS response in more detail at high

magnification and during early time periods.

The immediate cell displacement,DXC, due to FSS appears

to be a passive response determined by extension ofmicrovilli

and deformation of cytoplasm. It increased in direct propor-

tion to the maximum shear stress on the cell surface, sug-

gesting an elastic mechanism of internal energy storage. In the

initial spherical configuration, the cell has excess membrane

FIGURE 2 Response of human leukocytes to FSS. (A) Time course of

FSS used to examine the FSS response of leukocytes. Cells were exposed to

two step increases of FSS with a peak value tMAX¼ 2 dyn/cm2 and duration

of 1 min separated by 1 min. (B) Normalized X-position of the cell centroid

XC shown as a function of time during exposure to FSS. The cell moved

primarily in the X-direction, showing an immediate displacement in response

to FSS followed by recoil back toward its initial position despite the

presence of sustained FSS. (C) Normalized Y-position of the cell centroid

shown as a function of time during FSS exposure. (D) Normalized projected

cell area shown as a function of time during FSS exposure. Data are the

mean and standard deviation of 11 observations.
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area stored as microvilli. Adhesive interactions are likely

mediated through L- and P-selectin concentrated at microvilli

tips. The fluid stresses generated by fluid discharge from the

pipette pulls out the excess membrane area and stretches the

microvilli. Pulling slack from microvilli requires no signif-

icant force, whereas stretching microvilli requires force (26).

Microvilli stretching forces balance the resulting shear forces

and torques generated by the fluid flow. Pulling and stretching

microvilli account for;0.3 and 0.75 mm, respectively, of the

immediate cell displacement in response to FSS (26), which is

close to the measured values (Fig. 3 C). Cytoplasmic defor-

mation contributes an additional small displacement of the

cell centroid. Integrins have been implicated in mediating ad-

hesion of leukocytes to uncoated glass substrates (27). This

opens the possibility that a portion of the cell recoil is due to

cytoskeletal strengthening of sites of integrin attachment (28).

FIGURE 5 (A) Time course of FSS application for a single step increase

in fluid discharge from the pipette of 3 min duration. (B) Normalized

X-position of the cell centroid XC shown as a function of time during 3 min

exposure to FSS. With longer FSS application, cells eventually recoil back

to their initial position and even move toward the pipette. Data are the mean

and standard deviation of 10 observations.

FIGURE 4 The extent of active recoil in sustained fluid shear. The active

recoil DXC in the X-position of the cell centroid increased with the maximum

FSS on the cell surface in the first shear step. The magnitude of active recoil

decreased in subsequent fluid shear steps. (*) indicates statistical signifi-

cance (p , 0.05) in active recoil between the first and second steps. The

number of observations, n, at each maximum shear stress is given above the

symbol.

FIGURE 3 Stress amplitude depen-

dence of the leukocyte response to fluid

shear. (A) Time course of FSS exposure.

(B) Leukocyte recoil in a fluid shear

field. Normalized X-position of the cell

centroid of freshly isolated leukocytes

exposed to FSS with peak values on the

cell surface of tMAX ¼ 1, 2, and 4 dyn/

cm2. (C) Leukocyte stiffening response.

The immediate displacement in re-

sponse to a step increase in FSS in-

creased with tMAX but decreased with

subsequent shear stress steps. (*) indi-

cates a statistically significant difference

(p , 0.05) in immediate displacement

between the first and second steps. ($)

indicates a statistically significant dif-

ference (p , 0.05) in immediate dis-

placement compared to tMAX ¼ 1 dyn/

cm2. The number of observations, n, is

given in the legend.
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A better understanding of the manner by which the cells

adhere to the glass substrate would provide some insight into

the roles of these mechanisms in the early FSS response. Mi-

crovilli and integrin receptors are supported intracellularly

by actin filaments. Yet, a central role for actin filaments or

myosin molecules in resisting this immediate displacement is

not supported by our current evidence since pretreatment of

leukocytes with cytochalasin D orML-7 had little effect com-

pared to untreated cells (Fig. 7).

The subsequent recoil and stiffening under FSS cannot be

explained by passive physical properties of leukocytes. Irre-

spective of whether leukocytes are regarded as a linear visco-

elastic (29) or fluid-like material with cortical tension (30–32),

XCwould remain constant or increase in sustained FSS. But in

fact, XC decreased within 5 s of the onset of FSS. Moreover,

the response to a second step increase in FSS would be vir-

tually identical to the first. The mechanism underlying these

active responses remains elusive. Both active recoil and stiffen-

ing required myosin activation and possible growth of F-actin

fibers.Membrane stretchmay lead to an influx of calcium ions

or force-dependent kinase activation at focal adhesion sites,

which may initiate signaling cascades that activate myosin

force generation.Without thewell-developed cytoskeleton typ-

ical of adherent cells, myosin force generation within leu-

kocytes is likely to be limited to the cell periphery, perhaps

exerting force directly on adhesion receptors rather than on

actin. Surprisingly, an intact actin cytoskeleton is not required

for the recoil response. However, intact actin filaments are

required for the stiffening response. This suggests that the ac-

tive recoil response is independent of the actin polymerization

that accompanies leukocyte activation and likely underlies the

pseudopod projection, cell spreading, and cell motility asso-

ciated with leukocyte activation.

The observations in this work complement our previous

results showing that freshly isolated passive leukocytes ex-

posed to FSS exhibit pseudopod projection and cell spreading

(19). Of particular interest is the observation that FSS ex-

posure as brief as 1 min is sufficient to evoke the slower shear

stress responses (i.e., cell spreading and pseudopod projec-

tion), but spreading and projecting are not immediately ob-

served after FSS exposure. Rather, spreading and projecting

emerge after a quiescent period of several minutes. It is during

the shear stress exposure and quiescent period that recoil and

stiffening occur. Our notion is that the recoil and stiffening are

the initial steps in the leukocyte FSS response that prepare the

cell to perform functions necessary for the immune response

FIGURE 6 The instantaneous displacement of the cell centroid, DXC, in

response to a step increase in FSS with a peak value of tMAX ¼ 2 dyn/cm2.

(*) indicates statistical significance (p , 0.05). Data are mean and standard

deviation of 17 observations.

FIGURE 7 Cytoskeletal protein involvement in the active recoil and stiff-

ening responses. (A) Time course of shear stress. (B) Normalized X-position

of control cells and cells pretreated with the actin filament disrupting drug

cytochalasin D at 1 mM. (C) Normalized X-position of control cells and cells

pretreated with the myosin light chain kinase inhibitor ML-7 at 50 mM. The

number of observations, n, is given in the legend.
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under sustained FSS of the flowing blood. In the microcir-

culation, the time between the sudden increase in FSS asso-

ciated with leukocytes in free suspension and capture on the

endothelium and a reduction in FSS associatedwith spreading

and extravasation may be of the order of minutes (4). FSS re-

sponses that occur rapidly might play a key role in strength-

ening the membrane attachment during the initial capture,

forming firm adhesion and thereby facilitating leukocyte spread-

ing and eventual extravasation across the endothelium.
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