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Endothelial Adaptations in Aortic Stenosis
Correlation with Flow Parameters
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A 69 ± 5% stenosis was produced in the rat aorta, with
the purpose ofcorrelating endothelial changes with lo-
cal flow patterns and with levels ofshear stress; the hy-
drodynamic data were obtained from a scaled-up
model ofthe stenosed aorta. In the throat ofthe steno-
sis, where shear stress values were 15-25 times normal,
the endothelium was stripped offwithin 1 hour. It re-
generated at half the rate of controls but modulated
into a cell type that could withstand the increased shear
stress. Adaptations included changes in cell orienta-
tion, number, length, width, thickness, stress fibers,

IT IS WELL established from studies in vivo'-9 and in
vitro'8 that flow conditions affect the morphology
and function ofendothelial cells. To induce a flow dis-
turbance in vivo, a classic method has been to create
a stenosis in a large artery by means of a constricting
band or ligature.24 79 Cell shapes have been studied
either enface"5'8'"9921 or indirectly from imprints on
a plastic cast.7'9 One ofthe basic conclusions has been
that elongated cells correspond to regions ofincreased
wall shear stress, while polygonal cells correspond to
relatively low shear.
The main goal of this study was to re-examine the

correlation between flow conditions and endothelial
morphology (including ultrastructure) using the ste-
nosis produced in the aorta of the rat by a U-shaped
metal clip applied transversally6 (Figure 1); the hydro-
dynamic disturbances were studied in a scaled-up
physical model. This type of stenosis has a number
of advantages, and it led to the conclusion that the
correlation between wall shear stress and endothelial
cell shape is not as simple as currently believed.
A second goal was to characterize, by light and elec-

tron microscopy, changes ofthe regenerated endothe-
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and anchoring structures, as well as changes in the
length, argyrophilia, and permeability of the junc-
tions.
Areas of either elongated or "polygonal" cells con-

sistently developed at the same sites in relation to the
stenosis, but the hydrodynamic data showed that they
did not always correspond (as had been anticipated) to
high and low shear, respectively. It is concluded that
endothelial cell shape in the living artery must be de-
termined by some other factor(s) in addition to shear
stress. (AmJ Pathol 1988, 133:407-418)

lium in the throat ofthe stenosis, where the cells have
become adapted to survive a shear stress lethal to nor-
mal endothelium.

This paper lays the groundwork for a subsequent
study22 that examines the topography of lipid deposi-
tion in hypercholesterolemic rats bearing the "clip-
type" stenosis.

Materials and Methods

Animal Model

Overall Experimental Procedure
Eighty-five male Wistar rats weighing 250-300 g

were maintained and tested in accordance with rec-
ommendations in the Guidefor the Care and Use of
Laboratory Animals and the guidelines ofthe Animal
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Figure 1-Artist's view of the "transverse clip" stenosing the rat abdominal
aorta. Clip width 1 mm; aortic dimensions to scale.

Care Advisory Committee ofthe University ofMassa-
chusetts Medical School. The study focused primarily
on the 3-week stage, with additional experiments on

either side ofthis time point (1-7 days, 2-18 months).
Animals were killed in 3 groups: 1) permanent steno-
sis (clip left in place), 2) temporary stenosis controls
(clip removed after 1 hour), 3) normal controls (non-
clipped). With permanent stenosis at 1-7 days 20 ani-
mals were studied, 10 by light microscopy (LM) and
10 by electron microscopy (EM) (one of which re-

ceived horseradish peroxidase [HRP]). At 3 weeks, 21
animals were studied, 15 by LM (5 by fluorescence),
6 by EM (1 with HRP). At 2-18 months, 9 animals
were studied, 2 by LM, 7 by EM (4 with HRP). With
temporary stenosis, at 1-7 days 13 animals were ex-

amined, 4 by LM, 9 by EM (1 with HRP); at 3 weeks,
5 animals were examined, 2 by LM, 3 by EM (one
with HRP); at 2 months, 2 animals were examined by
EM with HRP. Ten rats without stenosis, 4 studied
by LM, 6 by EM (2 with HRP) were used as normal
controls. Five rats with stenosis were used to make
casts for the hydrodynamic model.

Surgical procedures were performed as described
previously.6 Stenosis was produced by a U-shaped
platinum or silver clip (0.15 mm X 1 mm X 3 mm
with a 0.45 mm gap between the arms), which reduced
the cross-sectional area of the lumen by 69 ± 5%. In
temporary stenosis, when the clip was removed after
hour, it was replaced by a thin unrestricting plastic

ribbon, so that the experimental area could be identi-
fied at time ofdeath.

Processingfor Light Microscopy

Aortas used for light microscopy were silver-stained
by perfusion.23 A 5-7 mm segment comprising the
stenosis was excised, cut open, laid flat, mounted in
Permount, and examined en face. Some segments
were also stained with hematoxylin before mounting.

Fluorescent Staining

Visualization of F-actin was carried out on clipped
aortas using rhodamine-labeled phalloidin (Molecu-
lar Probes, Inc., Eugene, OR), with a method modi-
fied from White and coworkers24 and Wong and Got-
lieb.25 With the rat under deep ether anesthesia, the
thoracic aorta was cannulated with a 20-gauge Angio-
cath (Deseret, Sandy, UT) and solutions were infused
at 110 mm Hg in the following sequence: 10 mM
phosphate-buffered saline (PBS) 1 minute, 3.7% form-
aldehyde in PBS (pH 7.4) 20 minutes, PBS 2 minutes,
0.1% Triton X-100 (Sigma Chemical Co., St. Louis,
MO) in PBS 1 minute and PBS 2 minutes. Segments
including the clip site and 1-2 mm either proximal or
distal to the clip were then incubated with rhodamine-
phalloidin for 20 minutes, at room temperature in a
dark, moist atmosphere. The segments were rinsed in
PBS, opened, mounted with 10% glycerol, and studied
enface with epifluorescence optics.

Electron Microscopy

Fixation, embedding, and processing methods have
been described.6 Transverse cuts were made in the
middle of the clip area and 1-3 mm above or below
the clip. These segments were cut either transversely
into rings or longitudinally into strips through the clip
area and its immediate proximal or distal edge. Rings
1 mm thick were also cut 3-6 mm proximal and distal
to the clip site.

Permeability Tracer

Horseradish peroxidase (HRP) (Type II, Sigma) 10
mg/100 g body weight, was injected intravenously 10
minutes before fixation, and aortic segments were in-
cubated and revealed as described previously.6

Morphometry on Light Micrographs
En face preparations of "silvered" aortas from 13

rats (9 with 3-week permanent stenosis and 4 normal
controls) were randomly photographed at the throat
of the clip site and at its corresponding area between
the iliolumbar arteries in controls. Prints were made
to an enlargement of X400 and the number of endo-
thelial cells/sq mm of aortic surface was determined
manually. Counts from the micrographs in each
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Table 1 -Comparison of Aortic Casts and Hydrodynamic Model Dimensions

Percent D H L W 0 TL
stenosis (mm) (mm) (mm) (mm) (degrees) (mm)

Casts (N = 5) 69 ± 5 1.32 ± 0.21 0.30 ± 0.04 0.97 ± 0.11 1.34 ± 0.08 54 ± 10 2.52 ± 0.50
Mean ± SD

Model* 69 1.48 0.28 0.96 1.96 59 1.68

* Values derived by dividing the actual model dimensions by 68.

group were pooled and averaged. Statistical signifi-
cance was determined with the Welch-Aspin t-test.

Length and Width ofEndothelial Cells
From micrographs of silver stained aortas, 500 en-

dothelial cells from normal controls (4 animals) and
500 from the throat of 3-week clip sites (6 animals)
were measured and averaged using an HI PAD digitiz-
ing tablet (Houston Instruments, Austin, TX) and a
PDP 1 1/40 computer (Digital Electronic Corp., May-
nard, MA). Cell length was determined by measuring
the longest axis of the cell, cell width by measuring a
line across the center of the cell perpendicular to the
long axis.

Morphometry on Electron Micrographs
Each specimen was embedded in Epon so as to pro-

vide longitudinal sections ofthe aorta. Eight blocks of
3-week clip sites from three animals, and eight blocks
of the mid-abdominal aorta between ilio-lumbar ar-
teries from four normal controls were cut. The sec-
tions were mounted on Formvar-coated slot grids,
and photographed consecutively at X 1 1,000. Endo-
thelial cell thickness was determined by measuring, in
millimeters, the distance between the luminal and
basal plasma membrane in the center of each micro-
graph; the final value was expressed in microns. The
means were derived from 400 measurements of 114
cells from the clip sites and 400 measurements of 126
cells from control areas. For stress fibers, using 379
micrographs of endothelial cells from the clip site and
398 micrographs of cells from control areas, the pres-
ence or absence of stress fibers was noted on each mi-
crograph. The number of micrographs containing
stress fibers was counted and expressed as a percent-
age ofthe total number of micrographs in each group.
The lengths of interendothelial junctions were mea-
sured on cross sections of the endothelium, cut per-
pendicularly to the axis of the aorta in mid-stenosis
(two animals with 3 months stenosis) and in the corre-
sponding area ofone normal control. All visible junc-
tions (100 from the control and 150 from the clipped
rats) were photographed. These were traced on trans-
parent plastic and the tracings were measured and av-
eraged.

Hydrodynamic Model

A 68:1 enlarged model ofa segment ofthe rat aorta,
including the stenotic portion, was built using lucite
tubing with an inner diameter of 10. 1 cm. The dimen-
sions of the rat aorta were obtained from casts pre-
pared from 5 stenotic aortas.26 The casts were mea-
sured using an optical comparator (model PC- 14,
Jones and Lamson, Springfield, VT). The model was
produced by heating the lucite tubing to 95 C, com-
pressing it to the desired shape in a fixture and allow-
ing it to cool. Table 1 compares the dimensions ofthe
actual aortic stenoses with those ofthe model stenosis.
The model provides an accurate representation of
four critical dimensions associated with the throat of
the stenosis (Figure 2): the percent area reduction,
height (H), length (L), and maximum angle of the
sloping walls at the entrance and exit of the stenosis
(0). The perimeter of the rat aorta in the stenotic seg-
ment shrinks 20%, however, whereas in the model it
shrinks by only 5%. Consequently the lateral bulges of
the flattened aorta (W in Table 1 and Figure 2) are
proportionately smaller than in the model. Also, the
length of the segment affected by the clip (TL) is
greater in the actual aorta. These two minor discrep-
ancies are due to the elastic properties of the aortic
wall.

Steady flow was used for the hydrodynamic mea-
surements in the model for the following reasons.
Based on dimensional analysis of the momentum
equation, the unsteady acceleration due to pulsatile
flow may be neglected in the vicinity ofthe stenosis if
it is much smaller than the acceleration due to the ax-
ial variation of the vessel geometry. Quantitatively
this occurs when 4 a2/Re < 1 where the Womersley
number a is given by V7l, D/2 and the Reynolds
number is UD/v. The diameter (D = 1.3 mm) and the
average velocity (U = 0.81 m/s) are for flow in the
unobstructed vessel; (v = 3.8 X 10-6 sq m/s) is the ki-
nematic viscosity and (w = 31 s-') is the circular fre-
quency of the heart rate. For the rat aorta 4 a2/Re is
approximately 0.05, which indicates that the flow in
the stenotic region (length TL in Figure 2) may be re-
garded as quasi-steady. In quasi-steady flow, the ve-
locity profile associated with the instantaneous flow at
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I H~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~S~~~~~1- o Figure 2-Schematic sagittal view of the hydro-
dynamic model, showing flow field as observed
with neutrally buoyant hydrogen bubbles. Let-
ters correspond to those of Table 1; A-A = cross
section through the stenosis.

any time during the pulsatile cycle will be identical
to the steady velocity profile at that same flow rate.
Outside the stenotic region the flow is not quasi-steady
and pulsatile effects have to be considered.
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Figure 3-Permanent stenosis, 1 week; en face view of clip site (top) and
distal aorta. Flow from top to bottom. At the clip site the endothelial cells are
thinner, longer and more numerous; darkly stained areas represent suben-
dothelial leukocytes. The distal aorta has a patch of long, thin endothelial
cells; between this and the clip site there is a band of wider less axially ori-
ented endothelial cells (polygonal cells). Silver impregnation and hematoxy-
lin; bar = 0.1 mm.

To achieve measurable velocities using enlarged
Reynolds number scaled models, air was used as a

working fluid. Steady flow studies were performed at
unobstructed Reynolds numbers of 230, 340, 450,
and 560, which approximate 40, 60, 80, and 00% of
peak systolic flow in the rat.27 Compressed air flowed
through a regulator, a rotameter, and into a 3-m long
pipe which provided fully developed laminar flow at
the stenosis inlet. Downstream of the test section the
air entered a 0.2 cu m plenum chamber before dis-
persal to the atmosphere.

Velocity profiles were measured using a DISA con-

stant temperature anemometer (type 56C01 with a

56C 16 bridge) with a tungsten-platinum coated probe
using a computer data acquisition system. The probe
was calibrated using the rotameter and the fully devel-
oped laminar velocity profile (Poiseuille flow) that ex-

isted at the exit ofthe 3-m pipe. A positioning appara-
tus with a vernier scale allowed the hot wire probe to
be moved in 0. 1-mm increments, and within 1 mm of
the model wall.
To determine the wall shear, additional velocity

measurements were made between 1.0 mm and 4.5
mm ofthe wall surface in 0.5 mm increments. A qua-

dratic curve fitted to each of 5 data sets near the wall
and the slope of the velocity profile at the wall was

used to calculate the dimensionless shear (T/To), where
ro is the wall shear stress in the unobstructed vessel.
While the numerical magnitude ofwall shear depends
on the Reynolds number, the results will show that
the dimensionless shear is not a strong function ofthe
Reynolds number.

Flow Visualization

To determine the direction of flow at points where
the hot wire probe velocity measurements were made,

DI-~
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visualization studies were performed using titanium
tetrachloride or neutrally buoyant hydrogen bubbles.

Results
Animal Model
Light Microscopy
Temporary Stenosis

Silver-stained preparations of temporary stenosis
controls showed that after 60 minutes of stenosis a

Figure 4-Permanent stenosis, 3 weeks; flow from top to bottom. Silver
impregnation; bar = 50 ,. A-Three millimeters above the clip site: nor-
mal endothelial cells. B-Clip site: the regenerated endothelial cells are
longer, narrower and more numerous than in control areas; argyrophilia is
reduced. C-Distal margin of clip site. Polygonal cells, with heavily sil-
vered junctions. Subendothelial leukocytes are stained with hematoxylin.

band of endothelium was almost completely re-
moved. One day after injury most of the former clip
site is partially covered by new endothelium, and by
3 days it is completely covered. By 7 days most of the
regenerated endothelial cells are axially oriented, and
at 3 weeks the endothelium is indistinguishable from
normal areas several millimeters up or downstream.
Permanent Stenosis
At 1 day most of the endothelium is still missing.

Streaks and clumps of platelets stick to the denuded

I
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Figure 5-Permanent stenosis, 3 weeks. Flow from top to bottom; rhodamine-labeled phalloidin (UV light, bar = 50 iA). A-Control area, 4-5 mm distal
to the clip site. Endothelial cells are characterized by a peripheral band of fluorescence and irregularly oriented stress fibers. B-Clip site. Stress fibers
strictly oriented in the direction of flow; peripheral actin has largely disappeared.
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Table 2-Morphometric Comparisons of Control Aortas and 3 Week Clip Sites Regarding Endothelial Cell Dimensions (p)
and the Number of Endothelial Cells/sq mm (Mean ± SEM)

Length* Width* Thickness* Cells/sq mmt

Control (nonclipped) 68.7 ± 0.8 13.4 ± 0.2 0.81 ± 0.02 1737 ± 64
(N = 500) (N = 500) (N = 400) (N = 14)

3 week clip site 84.5 ± 0.8t 8.8 ± 0.1 t 1.39 ± 0.034 2773 ± 116t
(N = 500) (N = 500) (N =400) (N =21)

N = number of measurements.
t N = number of light micrographs counted.
$ P < 0.00001, Welch-Aspin t-test.

surface, but few ifany leukocytes do. There are, how-
ever, many leukocytes attached to the endothelium at
the distal edge of the stenosis. Re-endothelialization
occurs gradually over the next 5 days and progresses
more rapidly distally than proximally. At 1 and 3
weeks the regenerated endothelial cells are long and
narrow; their junctions stain less intensely than nor-
mal with silver (Figures 3, 4 A, B). A few multinucle-
ated endothelial cells and many subendothelial leuko-
cytes are present. Characteristic changes appear sym-
metrically in the endothelium just above and below
the clip site, within 0.5 to 1 mm, in areas correspond-
ing to the "slopes" leading into and out ofthe stenosis.
Along the edges of the clip site are two transverse
bands of polygonal cells, shorter, wider, and with
more argyrophilic junctions (Figure 4C). These bands
are 2-5 cells wide. Farther away from the clip site
(proximally and distally) is a patch of elongated cells,
also with heavily silver-stained junctions; both the
proximal and the distal patches are roughly triangular,
with a base toward the polygonal cells and the apex
pointing away from the clip site (Figure 3).

Rats given injections ofHRP showed that the endo-
thelium in the area of stenosis (although apparently
well regenerated) was abnormally permeable, as com-

Figure 6-Permanent stenosis, 6 days. Clip area. Partial injury of a regener-
ated endothelial cell: focal membrane disruption and cytoplasmic osmiophilia
(micro-ulcer). Bar = 1 A.

pared with areas proximal and distal to the clip and
with normal controls. This was obvious at 3 weeks, 3
months, and to a lesser degree even at 18 months.

Localization ofF-actin
In areas 3-6 mm proximal or distal to the clip site,

where endothelial patterns were the same as in con-
trols, all cells were characterized by a peripheral (corti-
cal) band of fluorescence. The overall appearance re-
called the pattern of "silver lines." Intracellular stress
fibers (straight filaments of actin-positive material)
were extremely variable in length, thickness, and ori-
entation: wider endothelial cells tended to have small,
thick stress fibers, not always aligned along the axis of
the aorta, or large bundles of very thin stress fibers;
longer cells tended to have longer stress fibers oriented
along the cell's main axis. Both cell types could be
seen juxtaposed in the same microscopic field (Figure
SA). At the clip site the cortical band of actin was vir-
tually absent, thus the cellular outline was not recog-
nizable. Stress fibers were strictly oriented in the direc-
tion of flow, and more tightly packed; they could be
short or long, and often appeared thicker than normal
(Figure SB).

Morphometric Data on Light Micrographs
In the throat of the stenosis, after 3 weeks, the cells

had become 23% longer, 34% narrower, and 60%
more numerous (Table 2).

Electron Microscopy
In temporary stenosis controls the process of endo-

thelial regeneration was essentially the same as re-
ported by others after endothelial denudation.2830 In
permanent stenosis Weibel-Palade bodies were pres-
ent in the new endothelial cells as early as day 3; dur-
ing the first week the new endothelial cells showed oc-
casional signs of surface injury, ie, micro-ulcers6 (Fig-
ure 6). Already during this stage reggnerating cells
contained long bundles ofbanded fibrils, with a peri-
odicity of 550-650 nm, oriented with the long axis of
the cell (stress fibers). Often these fibers ran just be-
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Figure 7-Permanent stenosis, 3 weeks. Clip area. Note bundle of fibrils running just beneath the luminal plasma membrane of the endothelial cell. Bar
= 1 A.

neath the luminal plasma membrane of the cell,
where they were never found in controls (Figure
7). Others ran along the abluminal surface and/or
criss-crossed the cytoplasm. Many were inserted
onto the basal surface of the cell, and appeared to be
continuous with a bundle of extracellular fibrils
(Figure 8).
Morphometric data from electron micrographs

showed at 3 weeks (at which time the endothelium

appears stabilized) a 72% increase in the thickness of
the endothelial cells (Table 2). Stress fibers were seen
in 1 1% (44 of398) ofthe micrographs ofcontrol endo-
thelial cells and in 37% (139 of 379) of the micro-
graphs of endothelial cells from clip sites (P
< 0.00001). The length of the interendothelial junc-
tions at three months ofstenosis (1.7 ± 0.09 ,u) showed
a 32% decrease (P < 0.00001) as compared with con-
trols (2.5 ± 0.11 ,u).

Figure 8-Permanent stenosis, 3 weeks. Clip area. Bundles of fibrils inserted onto the basal surface of the endothelial cells are continuous with bundles of
extracellular fibrils (microtendons) Bar = 0.5 Al.

Vol. 133 * No. 2
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cause the wall shear to fall to slightly negative values
(points E and F). The dimensionless shear, in the hori-
zontal (frontal) plane (Figure 1 OC), rises as the flow
enters the bulge of the stenosis to 10 times the up-
stream value (point G) and remains elevated in the
region downstream ofthe stenosis (point H).A

.OS m
B rn/s

Figure 9-Velocities (m/s) measured in a 68:1 scale model of a 69% steno-
sis at Re = 560. A-Velocity profiles in the vertical plane. Velocities in
the rat aorta are 12.9 times the velocities in the model. B-Velocity pro-
files in a horizontal plane passing through the centerline.

Hydrodynamic Model

Flow visualization studies revealed that the entire
throat ofthe stenosis was marked by fast moving lami-
nar flow. Near-stagnation conditions occurred in a

small region at the beginning of the steeply sloping
wall in the converging inlet section ofthe stenosis and
in a region extending for about one tube diameter
downstream. Separated and reverse flow were also
present in the downstream region. A small spiral vor-

tex traveled down the center ofthe tube from 1 diame-
ter after the stenosis to the exit of the test section 3
diameters downstream (Figure 2).

Velocity profiles measured in the vertical (sagittal)
plane and in the horizontal (frontal) plane through the
centerline of the stenosis are shown in Figure 9 A, B.
In the vertical plane, regions of slow flow exist near

the wall at the beginning of the converging section.
The fluid then accelerates throughout the converging
section. In the horizontal plane the velocity profiles
are reasonably flat. In the throat of the stenosis both
the vertical and horizontal plane profiles show fast
moving laminar flow. At the exit of the stenosis, the
vertical profile shows severe jetting with flow reversal
occurring for almost one diameter downstream. By 2
diameters downstream, both velocity profiles are rea-

sonably flat.
The dimensionless shear is only weakly dependent

upon the Reynolds number (Figure 10 B, C). In the
vertical (sagittal) plane (Figure IOB) the wall shear
stress falls as the flow first enters the converging ap-
proach to the stenosis (point A) and then rises rapidly
to approximately 25 times the upstream value (points
C and D). The dimensionless shear then falls to about
15 times as the flow proceeds through the stenosis
throat. At the throat exit separated and reverse flow

Discussion

Critique of the Models

Anatomically, the "transverse clip" stenosis is ad-
vantageous because the degree of stenosis is easily
controllable, and the intima in the throat ofthe steno-
sis remains flat. When constricting rings or bands are
used to produce a substantial stenosis2-4'7-9 the intima
may form longitudinal folds73' that complicate the in-
terpretation of the changes and may induce endothe-
lial damage.3' From a hydrodynamic point of view,
the transverse "clip" stenosis produces primarily a
planar flow with little variation in velocity profile in
the horizontal plane except immediately adjacent to
the walls. The two-dimensional nature of the flow
through the throat makes it easier to model mathe-
matically,32 and makes the variation in stenosis width
between the rat aorta and physical scale model less
important.
For the aorta of the rat, the pulsatile flow effect can

be neglected in the immediate region of the stenosis.
An enlarged, steady flow model enhances flow visual-
ization studies and with air as a working fluid hot wire
probes can be used to measure velocities. Levesque et
a19 used a 1:1 model made directly from a cast of the
dog aorta. Models of such size generally require more
complex velocity measurement techniques such as la-
ser doppler anemometry (LDA). Enlarged scale
models are required in our work since even LDA mea-
surements would not suffice in a 1:1 model of the rat
aorta.

Shear stress values in the stenosis can be predicted
with reasonable certainty because the flow studies
were performed using a correctly scaled model. The
range of Reynolds numbers corresponds to different
instants in the cardiac cycle with different flow rates.
We have performed a limited number ofpulsatile flow
studies which have verified this correspondence
within the stenosis.33

Effect of Stenosis on Endothelial Regeneration

The time required by new endothelium to cover the
denuded area was 3 days in control rats with tempo-
rary stenosis, the same as reported for an endothelial
denudation ofsimilar width.30 With permanent steno-
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Figure 10-Correlation between endothelial
cell shape and wall shear stress. A-
Scheme of endothelial cell shapes in the steno-
sis and adjacent aortic intima viewed en
face. B-Dimensionless wall shear stress
(TrTO) in the vertical plane. C-The horizon-
tal plane. Letters refer to comparable sites in the
artery and in the model. X is the axial position
measured from the center of the stenosis, D is
the vessel diameter.
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sis it was more than doubled, to 7 days. This could
reflect a repeated loss of regenerating cells due to the
continuously elevated shear stress, a slower growth of
the cells, or both. Langille and coworkers8 found that
in rabbits high shear retards healing, whereas low
shear can enhance it.

Correlation Between Endothelial Cell Shape and
Wall Shear Stress

It had been anticipated that elongated cells would
consistently correspond to areas of high wall shear

stress, and polygonal cells to areas of low shear, as
shown by many studies in vivo4>5,7-9,19,21 and in vi-
tro, 1315, 8 but such a simple correlation is not appar-
ent in this model. The expected correlation was found
in the throat of the stenosis, where the hydrodynamic
model indicated a shear stress up to 25 times normal
(in absolute terms, of the order of 6-10,000 dynes/sq
cm); here the endothelial cells were significantly elon-
gated (Figures 3 and 4B). This area is limited by two
bands ofpolygonal cells: endothelial cells ofthis shape
have been called hexagonal.20 The downstream band
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does correspond, as expected, to low shear (as also
noted by Levesque et al9), but the upstream band cor-
responds to high shear. This band was' not described
by Levesque et al,9 but their stenosis model was
different.

Overall, flow conditions above and below the ste-
nosis, as shown in Figures 2 and 9 A and B, are asym-
metrical; however, the changes in endothelial cell
shape (Figure 1 A) are basically symmetrical. If cell
shapes (Figure 1 OA) are further compared with shear
stress values at given sites (Figures 10 B,C), it is clear
that all three cell shapes (normal, elongated, polygo-
nal) occur in high as well as in low shear regions. Nor-
mal cell shapes exist in high shear regions (G and H)
and in a low shear region (A). Polygonal cell shapes
tended to occur in a high shear region (C) and a low
shear region (E). Similarly, elongated cells were ob-
served in high shear regions (B and D) and in a low
shear region (F).

It must be concluded that some factor(s) other than
flow must be involved in determining the shape ofen-
dothelial cells. The general symmetry of the endothe-
lial changes above and below the stenosis, and the
roughly triangular shape of the two patches of elon-
gated cells, suggest that stresses within the arterial wall
may be involved, as a result of the symmetric defor-
mation induced by the clip (Levesque et al had fore-
seen this possibility9). Preliminary stress analysis cal-
culations34 using a finite-element analysis of the ste-
notic artery indicate that several components of the
intramural wall stress are elevated in the upstream
and downstream regions marked by elongated cells,
including the wall shear stress, the longitudinal nor-
mal stress and the radial normal stress. These intra-
mural stresses change rapidly within the small band
of polygonal cells. The throat is characterized by low
values ofintramural wall stress, and therefore it would
be expected that here the extremely high fluid shear
stresses dominate the cell shape. While the stress anal-
ysis was based on uniform and isotropic wall proper-
ties, the results suggest a correlation between cell
shape and the combination of fluid and intramural
wall shear stress.

Endothelial Adaptations in the Zone
of Highest Shear

In the throat of the stenosis, the shear stress was
sufficient to wipe away the normal endothelium. The
regenerated endothelium had therefore become
adapted to survive under the new, more demanding
conditions. Signs ofadaptation were found at the light
microscopic and ultrastructural level. The endothelial
cells became 23% longer, 34% narrower, and 72%

thicker; they also increased in number by 60% (Table
2). The elongation can be seen as a useful adaptive
measure, because longitudinally-oriented junctions
should be less susceptible to being torn open by the
increased shearing force.
Other structural expressions of adaptation are the

cytoskeletal changes (Figures 5 A, B): the normal
"cortical" band of F-actin fades away, while the stress
fibers increase in number, and become axially ori-
ented.24'3538 Similar changes have been observed un-
der various experimental conditions36'37 39 and may
actually represent intracellular redistribution rather
than breakdown and resynthesis of F-actin, because
they occur even after inhibition ofprotein synthesis.37
Hypertrophy of the stress fiber system has been ob-
served in endothelial cultures exposed to shear
stress 1 '2 '7 40 as well as in situ in the rat aorta, in areas

presumed to correspond to high shear.24 In these ex-
periments, the stress fibers could be seen anywhere in
the cytoplasm, and also beneath the luminal surface
(Figures 7 and 8) where they are oriented with the long
axis of the cell. They are not seen in this location in
controls. They were seen more than three times as of-
ten in micrographs of adapted endothelium as in mi-
crographs of control endothelium. Their function
here may be to stiffen the surface ofthe cell as protec-
tion against the increased shearing force, which can
strip off small portions of the cell surface and create
"micro-ulcers" (Figure 6). An increase in the rigidity
of endothelial cells submitted to high shear has been
demonstrated. 14

Another endothelial adaptation to high shear is the
hypertrophy ofthe anchoring structures at the base of
the cells; they consist of stress fibers inserted onto the
cell membrane, and are apparently continuous with
extracellular fibrillar bundles. They are probably ho-
mologous to the cell-to-substrate and cell-to-cell con-
nections described for fibroblasts4' and myofi-
broblasts;42'43 these have been named fibronexus and
consist mainly of actin (intracellular) and fibronectin
(extracellular). The arrangement shown in Figure 8
has been subclassified as tandem fibronexus;42 the
term microtendon44 seems more evocative.

In conclusion, this study has shown that 1) endothe-
lial cell shape is determined not only by fluid shear
stress but also by other factors, most likely stresses
within the arterial wall; 2) endothelium regenerating
under high shear grows more slowly but modulates
into a cell type (adapted endothelium) that can sur-
vive a shear stress of up to 10,000 dynes/sq cm lethal
to normal endothelium; and 3) this adaptation in-
cludes changes in cell orientation, number, length,
width, thickness, stress fibers, and anchoring struc-
tures, as well as changes in the length, argyrophilia and
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permeability of the intercellular junctions. These
changes should be pertinent to the endothelium of ar-
teries made stenotic by atherosclerotic plaques.
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