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Abstract. The relationships between fluid shear
stress, a physiologically relevant mechanical force in the
circulatory system, and pinocytosis (fluid-phase endo-
cytosis) were investigated in cultured bovine aortic en-

dothelial cells using a specially designed apparatus. Con-
tinuous exposure to steady shear stresses ( 1-15 dyn/cm2)
in laminar flow stimulated time- and amplitude-depen-
dent increases in pinocytotic rate which returned to con-

trol levels after several hours. After 48 h continuous ex-

posure to steady shear stress, removal to static conditions
also resulted in a transient increase in pinocytotic rate,
suggesting that temporal fluctuations in shear stress may

influence endothelial cell function. Endothelial pinocy-
totic rates remained constant during exposure to rapidly
oscillating shear stress at near physiological frequency (1
Hz) in laminar flow. In contrast, however, a sustained
elevation of pinocytotic rate occurred when cells were

subjected to fluctuations in shear stress amplitude (3-13
dyn/cm2) of longer cycle time (15 min), suggesting that
changes in blood flow of slower periodicity may influence
pinocytotic vesicle formation. As determined by [3H]-
thymidine autoradiography, neither steady nor oscillating
shear stress stimulated the proliferation of confluent en-

dothelial cells. These observations indicate that: (a) al-
terations in fluid shear stress can significantly influence
the rate of formation of pinocytotic vesicles in vascular
endothelial cells, (b) this process is force- and time-de-
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pendent and shows accommodation, (c) certain patterns
of fluctuation in shear stress result in sustained elevation
of pinocytotic rate, and (d) shear stresses can modulate
endothelial pinocytosis independent of growth stimula-
tion. These findings are relevant to (i) transendothelial
transport and the metabolism of macromolecules in nor-
mal endothelium and (ii) the role of hemodynamic factors
in the localization of atherosclerotic lesions in vivo.

Introduction

In the systemic and pulmonary circulations, vascular endothelial
cells comprise the interface between flowing blood and vessel
wall, and thus, are subjected to a wide variety of hemodynamic
factors. A major component of these is wall shear stress, the
tractive force produced by flowing blood upon the endothelial
cell surface. This particular hemodynamic factor has been im-
plicated in the atherosclerotic process because a strong correlation
exists between the location of developing arterial lesions and
regions where large variations in wall shear stress occur (1, 2).
Endothelial desquamation is not required to initiate the devel-
opment of focal atherosclerotic lesions (3, 4). It is likely, therefore,
that more subtle changes, which compromise normal endothelial
function (4, 5), are involved in early focal atherogenesis. A
prominent candidate for the induction of endothelial dysfunction
(6) is hemodynamic shear stress.

The development of specialized in vitro experimental systems
(7) has been necessary to allow more precise studies of the
relationships between shear forces and endothelial cell biology.
For this purpose, we have recently developed a cone-plate ap-
paratus in which cultured endothelial cells can be exposed to
defined shear stresses comparable with those encountered in
vivo for intervals varying from minutes to days (7-9). Significant
shear-induced alterations in endothelial cell shape and cyto-
skeletal organization have been observed in this experimental
system (7, 10, 11). In the studies reported here, the apparatus
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has been used to investigate the influence of shear stresses upon
a fundamental cellular process, pinocytosis (fluid-phase endo-
cytosis), which is the uptake of extracellular fluid via plasma-
lemmal vesicles.

Endothelial cells have large numbers of plasmalemmal in-
vaginations and vesicles, some of which participate in the trans-
port of fluid and macromolecules across the endothelial barrier
(12, 13), while others deliver exogenous substances to the ly-
sosomal degradation system of the cell (14, 15). The initial
infolding of cell membrane to form an endocytic vesicle may
be influenced by the distribution of physical forces along the
cell surface; thus, fluid flow may modify the rate or nature of
vesicle formation. The observations reported here indicate that
the rate of pinocytosis in cultured endothelial cells is sensitive
to applied fluid shear stresses and that the cells appear to undergo
a complex process of accommodation to the shear stress. These
in vitro observations suggest that hemodynamic factors such as
shear stress can significantly influence vascular endothelial
function in vivo.

Methods
Shear stress. The theory and design of the shear stress apparatus, which
utilizes the geometry of a cone-plate viscometer, has been fully described
elsewhere (7, 8). Fluid shear stress was produced by rotation of a shallow
cone with respect to a stationary base plate that contained 12 glass
coverslips of cultured endothelial monolayers. The unit, contained within
a plexiglass chamber, was sterilized before use with ethylene oxide gas.
Stable plate temperature (370+0.30C) and controlled chamber atmo-

sphere were provided by resistance heaters and humidified gas (5%
CO2:95% air), respectively.

The cone angle used in the shear stress experiments described here
was 0.50. Rotational speeds up to 160 rpm were used with tissue culture
medium having fluid viscosity of 7.6 X l0-3 cm/sec. This combination
of viscosity, cone angle, and rotational speed produced shear stresses in
the range of 0-15 dyn/cm2. For experiments exceeding several hours,
fresh culture medium was continuously infused (3 ml/h) to maintain
constant osmolarity and nutrient concentrations. Shear stress was applied
to endothelial monolayers in three different patterns: (a) Steady shear
stress was applied as a constant force of 1, 5, 8, or 15 dyn/cm2 throughout
the time periods indicated in each experiment. (b) Periodic shear stress
involved the application of shear stress in square wave cycles of long
duration (5 or 15 min) between a low (0, 1, or 3 dyn/cm2) and a higher
(8 or 13 dyn/cm2) amplitude. For example, cells were exposed to 3
dyn/cm2 for 15 min before an abrupt increase to 13 dyn/cm2 for 15
min followed by another period of exposure at the lower amplitude,
and so on. (c) Oscillating shear stress was a special case of periodic shear
stress, being a rapid sinusoidal change of shear stress at 60 cycles/min
(1 Hz) between 3 and 13 dyn/cm2 (time average shear stress, 8 dyn/
cm2). This condition was obtained by tilting the cone with respect to
the axis of rotation to produce a slight wobble in the cone rotation. The
frequency of these oscillations approximated that of the mammalian
cardiac cycle.

Endothelial cells. Bovine aortic endothelial cells (BAEC)' were isolated
from calf aorta using techniques described fully elsewhere (16), and were

1. Abbreviations used in this paper: BAEC, bovine aortic endothelial
cells; HRP, horseradish peroxidase.

cultured in Dulbecco's Modified Eagles Medium with 10% calf serum
(M.A. Bioproducts, Walkersville, MD) supplemented with 2 mMglu-
tamine and 100 U each of penicillin and streptomycin per milliliter.
Cells of a single strain (1 I-BAEC) between passages 14 and 20 were
used in these studies. Cell suspensions were replicate-plated on 12-mm
diameter glass coverslips (Bellco No. 1, 0. 15 mmthickness; Bellco Glass,
Inc., Vineland, NJ) where they grew to confluence under standard culture
conditions. At confluence, the cells were growth-inhibited as revealed
by low [3Hlthymidine labelling (<6%). 12 coverslip cultures were placed
in the apparatus for each experiment. The biological compatibility of
the shear stress apparatus with BAEChas been previously established
(7). For each group of test monolayers subjected to shear stress, control
monolayers from the same batch of cells were maintained under static
conditions (0 shear).

Pinocytosis (fluid endocytosis). Horseradish peroxidase (HRP, iso-
enzyme Type VI; Sigma Chemical Co., St. Louis, MO) was used to
measure the rate of bulk fluid uptake into endothelial pinocytotic vesicles.
Cellular HRPwas determined spectrophotometrically by the procedure
of Steinman and Cohn (17) using a-dianisidine and hydrogen peroxide
as substrate. The protocol for endothelial cells was as previously described
(15). HRPwas injected into the apparatus at a concentration of 40
mg/ml to give a final concentration of 2 mg/ml culture medium. This
concentration was verified by removing an aliquot of the final media
from both test and control systems for assay of HRPactivity at the
beginning and end of incubation. Any small differences in HRPcon-
centrations (range 1.91-2.17 mg/ml) were corrected by normalizing the
rate of HRPuptake to a medium concentration of 2 mg/ml. This is
valid because HRP is distributed uniformly in the medium and does
not adsorb to cells (15, 17) or to siliconized surfaces of the apparatus
(P. F. Davies, unpublished observations). HRPuptake was measured
for up to 2 h. During this time cellular accumulation is proportional
to pinocytic rate; after about 3 h of continuous HRPentry into the cell,
the uptake curves begin to plateau reflecting significant lysosomal deg-
radation (17, 18).

Ultrastructural cytochemical localization of HRP. After exposure to
shear stress in the presence of HRP, endothelial cells were washed five
times with Hanks' balanced salt solution (HBSS, M.A. Bioproducts)
containing 0.2% bovine serum albumin, rinsed twice with HBSS, and
then fixed with 3%glutaraldehyde in 0.1 Mcacodylate buffer with 0.05%
CaCl2. Peroxidase activity was localized in the cells by a modification
of the histochemical technique of Graham and Karnovsky (19). The
cells were preincubated for 30 min in 50 mg/ 100 ml diaminobenzidine
in 0.05 MTris-HCl at pH 7.6. H202 was then added to the diamino-
benzidine to a final concentration of 0.01% for 30 min. After rinsing
with cacodylate buffer, cells were postfixed in 1% OSO4, dehydrated,
and embedded in Epon 812 directly in the petri dish. After polymer-
ization, the cells were remounted on Epon blanks and cut transversely
or en face. Thin sections were examined in a Philips 201 electron mi-
croscope (Philips Electronic Instruments, Inc., Mahwah, NJ).

[3H] Thymidine autoradiography of endothelial cells. After exposure
to shear or static conditions, coverslips of endothelial cells were removed
to a petri dish where they were incubated in culture medium containing
0.3 gCi [3H]thymidine/ml. After 24 h of continuous incubation at 37°C,
cells were washed twice with HBSS, fixed in ethanol:acetic acid (2:1,
vol/vol) for 10 min, rinsed with deionized water, and air dried. Each
monolayer was overlayed with NTB2 emulsion (Eastman Kodak Co.,
Rochester, NY) and exposed at 4°C for 5 d. Silver grains derived from
radioactive nuclei were developed on the film in situ and the cell nuclei
were counterstained with hematoxylin. The fraction of radiolabeled nuclei
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was counted directly by light microscopy at a power of X 100. A total
of 1,000 cells were counted in five regions of each coverslip.

Results

Application of shear stresses to cultured endothelial monolayers.
The movement of a viscous fluid over an endothelial cell mono-
layer results in a tractive horizontal force applied to the cell
surface. The force per unit surface area is defined as shear stress.
Both in vivo and under the conditions of our experiments in
vitro, the shear stresses acting upon the endothelium depend
only upon the fluid viscosity and the detailed distribution of
flow velocities near the cell surface (8), as shown schematically
in Fig. 1. The in vitro approach used here allows the prolonged
application of varying amplitudes of shear stress to endothelial
cells maintained in a defined chemical milieu. Previous mor-
phological studies performed in this system have shown that
24-48-h exposure of endothelial cell monolayers to a steady
shear stress of 5-8 dyn/cm2 results in shape change (polygonal
to ellipsoidal) and alignment of the cells in the direction of the
applied force (7). As demonstrated below, alterations in pino-
cytosis occur earlier than shape change and cell alignment and
at shear stress amplitudes lower than those required for detectable
morphological change.

Pinocytosis is initially time- and shear-dependent. When
confluent BAECwere exposed to steady shear stresses varying
in amplitude between 0 and 15 dyn/cm2, there was a time- and
force-dependent increase of fluid phase endocytosis, as measured
by HRPuptake, during the first hours of exposure (Fig. 2 A).
Shear stress at 1 dyn/cm2, an amplitude that fails to align en-
dothelial cells in vitro after prolonged application, resulted in
a small elevation of HRPuptake by 2 h. A higher rate of pi-

SHEAR
STRESS

TEST SPECIME

nocytosis was reached during 1-h exposure to 15 dyn/cm2 than
during 2 h exposure to 8 dyn/cm2. A maximum increase of
four- to fivefold over static control cells was observed during
the first hour of exposure to 15 dyn/cm2, whereas the second
hour of exposure to HRPresulted in only a small further increase.
To further investigate the period immediately following the initial
increase of pinocytosis, sequential 2-h time frames were analyzed
during 8 h of steady shear of 8 dyn/cm2. As shown in Fig. 2
B, after an initial doubling of HRPuptake during the first 2 h,
there was a marked inhibition of HRPuptake to 46% (±3) that
of static controls during the period between 2 and 4 h of shear
stress. This was followed during the subsequent 4 h by a return
towards control levels (4-6 h, 127%+15; 6-8 h, 85%±7). Pi-
nocytosis rates measured 40 h later confirmed a sustained return
to control levels (9 1%±+11). The shape of the stimulation-in-
hibition cycle reported in Fig. 2 B bears a striking resemblance
to the relaxation-oscillation cycle of a damped mechanical
system.

Step-decrease in the magnitude of shear also results in tran-
sient elevation of pinocytosis. As noted in Fig. 2 B, after 48 h
of exposure to steady shear of 8 dyn/cm2, endothelial pinocytotic
rates returned to control levels. When, however, such endo-
thelium was returned to static conditions (0 shear stress), there
was also a transient rise in the rate of pinocytosis (Fig. 3). In
cells exposed to steady shear stress for 48 h before introduction
of HRPfor a further 2 h at 8 dyn/cm2 (group D), pinocytotic
rates were not significantly different (102%±8) from control
levels (cells at 0 shear stress for 50 h, group A). Step-up from
0 to 8 dyn/cm2 for 2 h (group B) or step-down from 8 to 0
dyn/cm2 for 2 h (group C), however, resulted in significantly
elevated levels of pinocytosis (190%±31 and 170%±23, respec-
tively). In a similar experiment, step-down from 8 dyn/cm2 after

Figure 1. Diagram of the
essential components of the
shear stress apparatus. A
rotating cone applies fluid
shear stress to endothelial
cell monolayers maintained
on glass coverslips. The
shear stress force (T) de-
pends upon the fluid vis-
cosity (A) and the detailed
distribution of flow veloci-
ties near the cell surface as
shown schematically.
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Figure 2. (A) Influence of steady shear stress upon fluid-phase endo-
cytosis in confluent endothelial monolayers as measured by HRPup-
take. 5 min after the imposition of shear stress, HRPwas injected
into the culture medium (time 0). Coverslips were withdrawn at in-
tervals for the assay of cellular HRPuptake. Control coverslips (0
dyn * cm-2) were maintained in plastic petri dishes. Each coverslip
contained -2 X i01 endothelial cells. Each point is the mean of four
measurements±SD. (B) Fluid-phase endocytosis measured at various

intervals during exposure of confluent endothelium to shear stress at
8 dyn * cm-2. Each point is a separate experiment in which cellular
HRPuptake was expressed as a percentage (±SD) of that of a
matched control (0 dyn cm-'). HRPwas injected at the appropriate
time (0, 2, 4, 6, and 48 h) after the imposition of shear stress. Each
experiment was terminated 2 h later, the coverslips removed and as-
sayed for cellular HRPuptake.

39.1 * 9.2

20.6 ± 1.9
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35.2 ± 7.3 170%(±23)of D
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Figure 3. Effects of 48-h exposure and step-change of shear stress
upon endothelial pinocytosis. Endothelial monolayers were main-
tained for 48 h at 0 or 8 dyn * cm-2 (groups A and D). HRPwas in-
jected into the culture medium and its cellular uptake was measured
over a 2-h period. Step change was induced by either increasing shear
stress from 0 to 8 dyn * cm-2 (step-up; group B) or removing endothe-
lial monolayers from the apparatus (step-down; group C). HRPup-
take was then measured for 2 h. . Significantly different from group
A, P < 0.01. t Not significantly different from group A. § Signifi-
cantly different from group D, P < 0.025.

28 h also resulted in a significant elevation of HRPuptake to
227%±44 of control level. These experiments indicated that
following accommodation to either steady shear stress or static
conditions, pinocytotic rates were equal, i.e., independent of
the absolute level of shear stress, and confirmed that changes
in steady shear stress levels resulted in transiently increased
pinocytotic rates.

Slow periodic shear stress increases pinocytotic rate. In at-
tempts to magnify the effects of step changes in shear stress
upon pinocytotic rate, confluent endothelial cells were incubated
for 2 h with HRPunder conditions where the amplitude of
shear stress was periodically changed. In the first series of ex-
periments, shear stress was abruptly changed between 1 and 8
dyn/cm2 every 15 min for 2 h (average shear stress amplitude,
4.5 dyn/cm2). This resulted in a 51% increase of pinocytosis
rate compared with stationary controls (data not shown). When
the average shear stress amplitude was increased to 8 dyn/cm2
by alternating between 3 and 13 dyn/cm2 with a periodicity
of 15 min, pinocytotic rates increased to 264%±63 of static
control levels during the first 2 h and did not decline significantly
(207%±5 1) during the subsequent 6 h (Fig. 4). When the pe-
riodicity was reduced to 5 min, however, HRPuptake by the
endothelial cells did not increase but remained near control
levels (0-2 h, 93%+21; 4-6 h, 11 3%±23). It appears, therefore,
that either a step change of steady shear stress, or periodic change
of shear stress, was sufficient to invoke elevation of pinocytotic
rates in confluent endothelium. As the time between change of
amplitude was shortened, however, the stimulatory effect upon
pinocytosis diminished even though the mean shear stress am-

1124 Davies, Dewey, Bussolari, Gordon, and Gimbrone

190*/6 (| 31) of A

120

-C
.

0
-

E
.e
: 80

In

V

20-

02C0-

a_

-6

.tn

0

10

*0

'S
u

0l
In

c
lL

102%(±8) of At

90 120

B



Amplitude Fluid Phase Endocytosis
Pattern of Fluid Shear Stress (dyn cm-2) (S of control ± SD)

0-2h 4-6h 15-17h

Steady, continuous 8 210±46* 116±17 91±13

Periodic, 15-min cycle L 3-13 264±63* 207±51* ND

Periodic, 5-min cycle JJl 3-13 93±21 112±23 ND

Figure 4. Duration of effects of steady and periodic shear stresses
upon fluid phase endocytosis in cultured endothelium. During peri-
odic shear stress, cells were exposed to repeated step changes (5 or 15
min cycle) of shear stress. HRPwas injected and its uptake was mea-
sured during the period indicated. *, Significantly different from con-
trol, P < 0.05. ND, not determined.

plitude was at a level (8 dyn/cm2) that, upon steady application,
would stimulate HRPuptake.

Oscillations of shear stress at physiological frequencies (I
Hz) do not stimulate pinocytosis. By the use of a wobbling cone,
shear stresses oscillating between 3 and 13 dyn/cm2 at a frequency
of 60 cycles/min (1 Hz) were applied to the endothelial mono-
layers. During a 2-h period of exposure (time average shear
stress amplitude, 8 dyn/cm2), there was no significant change
in pinocytotic rate as determined by cellular HRPuptake (Fig.
5) compared with static controls (0 shear stress). When the
period of exposure to oscillating shear stress was increased to
4, 15, or 25 h, HRPuptake during the final 2 h remained within
16% of static controls (Table I). Thus, a clear difference in the
cellular response of endothelium to steady and oscillating shear
stress exists, even though the time average shear stress amplitude
in both cases (8 dyn/cm2) was the same.

Ultrastructural cytochemical localization of HRP. The ul-
trastructural distribution of HRP in endothelial cells exposed
to steady shear stress and fixed during a period of elevated
pinocytotic rate is illustrated in Fig. 6. The pattern was quali-
tatively similar to that seen in control endothelial cells. HRP
was located in membrane-bounded vesicles, endosomes, and
secondary lysosomes with no indication of cytoplasmic distri-
bution, which is consistent with previous studies (15, 17).

[3H] Thymidine nuclear labeling of endothelium exposed to
shear. Confluent endothelial cells in culture are growth-inhibited.

60 Figure 5. Influence of
50 j! rapidly oscillating (1 Hz)

O 50- / laminar shear stress upon
>. 0

40/ endothelial endocytosis. A
- /? wobbling cone was used

30 to impose sinusoidal os-
E / - cillating shear stress be-

.0 - tween 3 and l3

iZc 1 e ,/ dyn - cm-2 (time-average
amplitude 8 dyn . cm2).

0 Cellular HRPuptake was

0 30 60 90 120 determined at various in-

Minutes tervals. End point is the
mean of six measure-

ments. Standard deviations were within 30% of the mean. Static con-

ditions, (- o -), 0 dynes cm-2; oscillating shear stress, (- - v - -).

Table I. Pinocytosis in Confluent Cultured Endothelial Cells
Exposed to Oscillating Shear Stress at I Hz Frequency*

No. of experiments
Duration of exposure (No. of measurements) Pinocytotic ratet

h %control

0.5 4 (12) 83±18
1.0 5 (15) 103±18
2.0 7 (21) 100±15
4.0 2 (12) 86±3
6.0 2 (12) 85±2

15.0 1 (6) 91±17
24.0 1 (6) 108±13

* Oscillating shear stress in laminar flow. Sinusoidal frequency, 1 Hz.
Range, 3-15 dyn/cm2. Time average amplitude, 8 dyn/cm2.
f Measured as cellular HRPuptake per milligram cell protein during
final 2 h of exposure to shear stress. Expressed as percentage of value
determined in control monolayers (0 dyn/cm2)±SD.

Incubation with [3H]thymidine for 24 h results in a low frequency
of labeling of nuclear DNAas measured by autoradiography
(18). When a majority of the cells are made to divide by dis-
ruption of the monolayer, increased pinocytotic rates are ob-
served which are related to the cell cycle (18, 5). It was therefore
important to determine whether exposure to shear stresses altered
the growth patterns of confluent endothelium.

As shown in Table II, over a wide range of shear stress
conditions, the fraction of labeled endothelial cell nuclei re-
mained low (<6%). Much of this data was obtained from the
same experiments in which HRPuptake was measured. As a
positive control, the percentage of labeled cells on a growing
subconfluent endothelial culture was 43%. Weconclude, there-
fore, that shear stress-induced changes in pinocytic rate occurred
in the absence of any significant alterations in endothelial cell
growth status.

Discussion
In vivo studies conducted over many years suggest that he-
modynamic forces influence arterial wall physiology and pa-
thology in a number of ways (for reviews, see references 20-
23). It has been proposed that extremes of shear stress, either
very high (1) or very low (20), can contribute to vessel wall
pathology. Increased endothelial permeability has been measured
near vessel branches and bifurcations (24), regions that are ex-
posed to both high and low shear stresses (25). Disruption of
endothelial cell alignment has been observed in areas where
flow separation is expected to occur (26, 27), and such areas
appear to be more susceptible to endothelial damage, intimal
cell proliferation, and the development of athersclerotic lesions
(28). Sites of highest shear stress are located near the flow dividers
which tend to be spared endothelial damage and lipid deposition.
These in vivo observations suggest, therefore, that both the time-
average magnitude of wall shear stresses, as well as temporal
variations in magnitude and direction, may modify endothelial
function.
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Table II. Endothelial Cell [3H]Thymidine-labeling
After Exposure to Shear Stress

Percent labeled nuclei*

Period Steady shear Steady shear Oscillating shear
of exposure 8 dyn/cm2 15 dyn/cm2 3-13 dyn/cm2

h

0.5 5
2.0 3 3 6
4.0 4 6
8.0 3

24.0 4 6

Controls: static (0 shear) confluent monolayer, 4±2% (SD); subcon-
fluent, growing cells (0 shear), 43±17% (SD).
* After exposure to shear stress, coverslips of cells were incubated
with [3H]thymidine for 24 h and processed for auto-radiography.

This paper presents evidence that the application of shear
stress to the surface of confluent endothelium in vitro can directly
influence a basic endothelial cell function, fluid-phase endo-
cytosis. Furthermore, the cells can accommodate quite rapidly
to the new conditions and return to basal rates within several
hours after the onset of shear. An interesting aspect of the ac-
commodation response is the period during which pinocytosis
is significantly inhibited, a phenomenon which also appears to
be dependent upon the amplitude of shear stress in that it occurs
within 2 h when the cells are exposed to 15 dyn/cm2 and within
4 h when exposed to 8 dyn/cm2. The removal of shear stress
after long-term exposure (48 h) also results in increased pino-
cytosis, suggesting that change of shear is more important than
the direction of change. This is potentially important in view
of the constantly changing flows of varying magnitudes in the
vascular system, particularly in the major arteries (29). When
the frequency of shear stress approximated quasi-physiological
levels (1 Hz), no change in pinocytosis occurred. However, when
shear stresses were applied to the endothelium periodically, pi-
nocytotic rates in the cells increased when the time between
applications of shear stress was relatively long.

The above observations can be considered to be relevant to
two hemodynamic situations which occur in vivo. First, cycles
of systole and diastole produce a rapid oscillatory shear stress
in the arterial circulation. Maximum frequencies up to 20
cycle/s have been recorded under conditions where harmonics
contribute significantly to the waveforms (Langille, L., personal

communication). The amplitude of such fluctuations is greatest
in the large vessels and decreases in the muscular distributing
arteries because of the dampening effect of the large elastic
arteries, particularly the aorta. Our oscillating shear stress ex-
periments (1 Hz) are analogous to the fundamental pulse com-
ponent. Second, in addition to such rapid changes of shear
stress, there are components of flow-induced shear of slower
periodicity induced by the geometric arrangement of blood ves-
sels combined with poorly defined fluctuations in blood pressure
that can normally occur throughout the day. For example, at
branch arteries of the aorta and at bifurcations, complex he-
modynamic events occur which result in a slow periodicity of
change of shear close to the branch points, and even reversal
of flow direction (30). These events are superimposed upon the
higher frequency pulse wave. The dynamics of flow in these
regions are highly susceptible to a number of external conditions
(e.g., hypertension, exercise, smoking, and psychological stress).
It is conceivable that our data with slow periodicity and steady
shear stress are relevant to hemodynamically-induced vascular
changes in these regions. Over a 24-h period, major changes of
blood pressure and pulse rate occur with frequencies varying
from 1 h to several minutes (31). There appears, therefore, to
be a broad spectrum of fluctuations in hemodynamic parameters
that may influence endothelial cell function.

All of the data in the present study refer to well-defined
laminar flow conditions. In addition to laminar flow, however,
turbulent flow occurs in certain regions of the major arterial
vessels and such forces may affect endothelial morphology and
function in quite different ways than does laminar flow (Re-
muzzi, A., C. F. Dewey, Jr., and M. A. Gimbrone, Jr., unpub-
lished observations).

Fluid-phase endocytosis is a constitutive function of all eu-
karyotic cells and encompasses entry of extracellular fluid and
soluble macromolecules into both coated and uncoated vesicles
after which the vesicle contents may be processed in a number
of ways (see references 14, 32 for review). Pinocytosis is very
closely associated with the recycling of membrane to the cell
surface (33), e.g., an increase of pinocytotic rate will result in
faster recycling of membrane. In endothelial cells in vivo, en-
docytosis is implicated in the movement of plasma molecules
to the interstitial subendothelial space (13). It is not clear whether
increased pinocytosis will result in increased transendothelial
transport because (a) some vesicles are also targeted for the
endothelial lysosomes where their contents are degraded (15),
and (b) transport across the endothelium has not been satis-
factorily measured in vitro under conditions of shear, although
recent attempts to produce a functional endothelial barrier in
vitro appear promising (34).

Figure 6. Ultrastructural histochemical localization of HRPin
cultured BAECexposed to (A) static conditions 0 dyn/cm2 and
(B) steady shear stress of 8 dyn/cm2. Cells were incubated with
2 mg HRP/ml for 2 h. Cellular localization of HRPreaction product
includes secondary lysosomes (L) and cytoplasmic endosomes (E) in

transit between the cell surface (S) and lysosomes. The distribution
of HRPis similar in the absence and presence of shear although the
magnitude of uptake in (B) is more than twice that of (A) as deter-
mined spectrophotometrically. En face sections. (A) X 14800,
(B) X 14400.
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Shear stresses may influence the rate of pinocytosis in en-
dothelium by modulating the mechanisms of pinocytotic vesicle
formation. Weinbaum and Chien (35) have elegantly modeled
the interactions between the vesicle membrane and the plasma
membrane, i.e., vesicle detachment and attachment, the former
of which may be rate-limiting for the internalization of vesicles.
In such a model, it is possible that external physical forces such
as shear stress directly influence the deformability of vesicle
attachment sites on the apical endothelial surface. While this
approach may be relevant to random vesicular movement, the
formation and movement of most endothelial vesicles appears
to be largely energy-dependent and related to the integrity of
the cytoskeleton. Pinocytosis of bulk fluid tracers is inhibited
by up to 90% by drugs which inhibit glycolysis and respiration
(36). Microfilament disassembly by agents such as cytochalasins
also results in significant (50%) inhibition of pinocytosis (37).
It is reasonable to postulate, therefore, that shear stress indirectly
influences HRPuptake in endothelium via other metabolic and
structural systems in addition to any direct physical effects upon
vesicle detachment at the cell surface.

The experiments reported here measure total endocytic vol-
umeingested by the cell without distinguishing between receptor-
mediated and nonspecific endocytic mechanisms. Surface
membrane is continuously recycled through vesicular com-
partments of the cell (33). The presence of specific receptors
for exogenous macromolecules on the vesicular membrane is
subject to control mechanisms that, in all probability, are quite
separate from those which mediate membrane recycling. For
example, the expression of lipoprotein receptors is governed
primarily by the availability of exogenous cholesterol to the cell
(38). It should not be expected a priori, therefore, that the in-
fluences of shear stress upon the endocytosis (and metabolism)
of specific ligands such as low density lipoproteins will be the
same as for pinocytotic rates. It is important, however, to doc-
ument the changes in pinocytosis induced by shear stresses in
order to interpret the endocytosis of lipoproteins; such inves-
tigations are currently underway in this laboratory (39).

In summary, we have demonstrated that a basic endothelial
cell function, fluid-phase pinocytosis, is influenced by fluid shear
stress under laminar flow conditions; that the frequency as well
as the amplitude of the shear stress affects this response; and
that under certain circumstances, the endothelium shows ad-
aptation to new conditions of shear stress. The studies are rel-
evant to the transendothelial transport and/or metabolic pro-
cessing of macromolecules, and perhaps to other aspects of en-
dothelial physiology and pathology in vivo.
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