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ABSTRACT The stress in the endothelial cells induced by
blood flow depends on the waviness of the blood-endothelium
interface and the slopes at the junctions of neighboring cells in
the direction of flow. The height and slope in the third
dimension of the living endothelial cells cannot be measured by
ordinary optical and electron microscopy. Here we show that
interference microscopy meets the challenge. We measured the
geometry of cultured confluent human vascular endothelial
cells in a flow, and we found that in a normal section parallel
to the flow, the absolute values of the surface slopes at the cell
junctions were 0.70 ± 0.02 (SE) and 0.80 ± 0.02 (SE) at the
leading and trailing edges of the cells, respectively, in a culture
medium of osmolarity 310 mosM with a shear stress of ap-
proximately 1 N/M2. A reversal of the flow direction led to a
reversal ofthe slope pattern. An increase in medium osmolarity
above 310 mosM induced an initial decrease in the slopes
followed by a return to normal, whereas a decrease in the
osmolarity had a reversed effect. These results, in light of our
previous theoretical analyses, show that tensile stress exists in
the endothelial cell membrane, and that the mechanism of
tension accumulation is a reality. The accumulation is not
100% because the membranes are not smooth at the cell
junctions.

the membrane of cell i + 2 must bear not only the shear acting
on it directly but also the cumulative tension in the membrane
of cell i + 1. In either case the mechanism of accumulation
can become serious because hundreds of thousands of cells
are on line. The reality is closer to Fig. 1A. Ifthe in vivo blood
shear is 1 N/M2, then the tension in the cell membrane can
be 104 N/M2 or larger, which causes a shear stress of 5 x 103
N/M2 or larger acting on planes inclined at 450 to the direction
of tension. If integrins or ion channels were lined up with
these inclined planes, they could, theoretically, be sensitive
to the large shear stress. Thus the significance is seen.

In the past, the significance of the membrane geometry of
the endothelial cells was unknown, and there is no known
method for its determination. An atomic force microscope
may be applied (8), but it is difficult to use it in a flowing fluid.
Electron microscopy requires tissue fixation and dehydra-
tion, which can induce geometric distortion. Facing these
difficulties, we recalled our early work on the determination
of the thickness profile of erythrocytes by using a Mach-
Zender interference microscope (9-13), which yielded data
with a resolution of 0.02 ,um based on physical optics. Hence
we hypothesized that it might yield the endothelium profile.

This paper is concerned with the geometric shape of the
interface between flowing blood and a blood vessel. The
endothelium, which is a confluent layer of endothelial cells,
is the biological gateway between the blood and the tissues
and organs of the body and is the source ofmany factors that
are critical to health and disease such as atherosclerosis. As
sketched in Fig. 1, each endothelial cell adheres on the
bottom to the basal lamina, adheres to neighboring cells on
the side membranes (sidewalls), and is exposed to the blood
flow at the top cell membrane, whose geometry determines
the shear stress in the flowing blood that acts on the cell
membrane and the tensile stress in the cell membrane. These
stresses influence the expression of multiple genes (1) and the
endothelial structure and function (2, 3). The well-known
Poiseuille formula gives a rough estimate of the shear stress;
but more accurate calculations have been given by Dewey
and by Yamaguchi et al. (4) by using a numerical method and
in analogous problems by Fung and Yih (5), and Yin and Fung
(6). The stress distribution in the endothelial cell membrane
has been analyzed by Fung and Liu (7), who showed that the
endothelial cell membrane resists the imposed shear with
tension. Fig. 1 shows that for a flow to the left the tension is
larger on the right. Now, at the junction of two cells, the
membrane tension in cell i + 1 on the left can be transmitted
partly to the membrane of cell i + 2 on the right and partly
downward to the basal lamina via the side wall (Fig. 1A).
However, if the membranes at the junction were smooth as
shown in Fig. 1B, then all the tension in the membrane of cell
i + 1 will be transmitted to the membrane of cell i + 2. Thus

MATERIALS AND METHODS
A human vascular endothelial cell line was generously pro-
vided by C.-J. S. Edgell (University of North Carolina,
Chapel Hill). The cells were cultured with Dulbecco's mod-
ified Eagle's medium supplemented with 15% fetal bovine
serum (HyClone), HAT (100 AM hypoxanthine/0.4 ,uM ami-
nopterin/16 pM thymidine), L-glutamine (0.48 mg/ml), pen-
icillin (50 units/ml), and streptomycin (0.05 mg/ml) (14). The
culture medium and supplements, except bovine serum, were
purchased from Sigma. Once confluent, the cells were har-
vested by trypsin digestion, diluted 1:8, and plated onto
gelatin-coated microscope coverslips. A confluent layer of
cells was formed in 3-5 days after plating. The coverslip with
a confluent cell layer was mounted into a cell chamber for
microscopic observation. The cell chamber was constructed
by stacking together a glass microscope coverslip with cul-
tured cells on one side, an inert plastic gasket 0.36 mm in
thickness with a rectangular opening at the center (3.6 x 36
mm) which served as a flow channel, and a glass microscope
slide as the base. Two small holes 34 mm apart were drilled
in the microscope coverslip to serve as the inlet and outlet of
the flow of the culture medium. The cultured cells on the
microscope coverslip face the fluid flow. Two stainless steel
covers (with a central hole in each for light transmission)
were placed above and below the cell chamber to serve as a
frame.
During an experiment, the circulatory culture medium was

bubbled with a filtered gas mixture of 95% 02/5% C02,
maintained at 370C in a reservoir with a warm water bath, and
in the cell chamber by a feedback-controlled electric heating
pad placed on the top of the chamber. Unless mentioned
otherwise, the circulating medium had an osmolarity of 310
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FIG. 1. Blood shear induces tension in endothelial cell membranes. There are two possible shapes of the cross section of an endothelium.
(A) The neighboring cell membranes intersect at a sharp angle. (B) The neighbors meet smoothly. The way of tension transmission is different
in these two cases. See text.

mosM, a pressure head of 3 cm H20, and a flow rate of -3
ml/min, at a shear stress of the order of 1 N/M2.
A Leitz interference microscope with a pair of x85 oil-

immersion objectives and a monochromatic mercury light
source was provided by Shu Chien (University of California,
San Diego). The principle ofinterference microscopy is given
in refs. 9 and 15. Briefly, a light beam is split into two beams,
which separately pass through two identical lens systems in
the interference microscope with a flow chamber containing
the cells and culture medium in the path of one beam, and
another identical chamber containing the culture medium
alone in the path of the other beam. When the two beams of
light are finally recombined, they interfere with each other
and produce a pattern of alternate bright and dark fringes.
The bright fringes are where the two waves are in phase. The
dark fringes are where the two waves are 1800 out of phase.
When the cells are absent, the interference fringes are
straight lines. Deviation from a straight line is caused by a
light beam passing through cells inducing a phase shift
because the velocity of light in the cell is different from that
in the medium. The phase shift, 4, is linearly proportional to
the product of the thickness of the cell, D, and the difference
ofthe index ofrefraction ofthe cell, ni, and that ofthe culture

medium, %. If A denotes the wavelength of the light (0.546
pam in our experiment), then the phase shift is given by the
formula (9)

(D = (2r/,k)(7I-71m)D'[1

To measure the index of refraction of the cells, we used a
matching-solution technique introduced by Barer and Joseph
(15). Under the interference microscope, the fringes passing
through several endothelial cells were observed. Bovine
serum albumin was added into the culture medium gradually
until the curvature of the fringes on the cells disappeared,
signaling the vanishing of the phase shift, and the identity of
the refractive indices of the cells and the albumin/medium
mixture. The index of refraction of the culture medium and
albumin/medium mixture was then measured according to
Snell's law. We found q, = 1.411 ± 0.010 (n = 6) for the
cultured endothelial cells and im = 1.344 ± 0.014 (n = 6) for
the medium without albumin.
To obtain the geometry of individual endothelial cells in a

confluent monolayer, cells were selected randomly and or-
dinary and interference images were recorded, observed, and
analyzed. A typical example is shown in Fig. 2. To determine
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FIG. 2. Microscopic images of cultured endothelial cells in a flow chamber at a flow rate that generates a shear stress of about 1 N/M2. (A)
Ordinary plane image. (B) Image ofthe same cells as shown inA under an interference microscope. (C) Image ofB enhanced by using an Optimas
image processing system. Medium osmolarity: 310 mosM. Medium flow direction: right to left.
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the effect of shear flow on the geometry ofthe endothelial cell
membrane, a flow with a shear stress of =1 N/M2 was
imposed for 60 min. The cell membrane geometry was
continuously observed, recorded, and analyzed. The flow
direction was then reversed, and the same experimental
protocol was repeated. Finally, to study the effect of osmo-
larity, the cells were exposed to a medium of 310 mosM and
a shear flow at a shear stress of 1 N/M2 for 1 hr, observed,
and recorded. The medium osmolarity was then changed in
several steps in the following order: (i) from 310 to 360 mosM
by adding NaCl, (ii) from 360 to 310 mosM, and (iii) from 310
to 260 mosM by adding distilled water. The cells were
observed for 1 hr after each step, recorded, and measured.
The medium osmolarity was determined by using the freezing
point method with an Advanced DigiMatic model 3D II
osmometer (Advanced Instruments, Needham Heights,
MA).
The recorded interference images of endothelial cells were

enhanced with an Optimas Image Analysis system (Bioscan,
Edmonds, WA), digitized, converted into surface height by
Eq. 1, then plotted and fitted by a cubic spline equation (16).
An example is given in Fig. 2, which shows an ordinary image
(A); an interference image of the same cells with undisturbed
fringes parallel to the streamlines of flow (B); and an image
enhanced by using the Optimas software (C). The first and
second derivatives (slope and curvature, respectively) were
calculated. Fig. 3A shows a cubic spline fitted curve from
fringe b shown in Fig. 2C. It represents a cross section of the
cells in a plane normal to the base of the endothelium and
parallel to the flow. We shall call this curve a normal
intercept. In each normal intercept there is a maximal height
above the base, which is called the maximal thickness ofthe
cross section. To measure the maximal thickness we scraped
off the cells in a selected area to reveal the base. A fringe
passing through the base in this area and cells beyond its
border then reveals the height of these cells above the base.
Fig. 3B shows the slope and curvature ofthe normal intercept
shown in Fig. 3A. In an interference image, the location ofthe
cell junction is defined as the point with a maximal curvature
and a zero slope. The cell membrane slope at a junction
changes rapidly from a maximal negative, to zero, then to a
maximal positive value in a distance of about 1 pm. These
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maximal slopes at the vicinity of the junctions were mea-
sured.

Statistical analyses were made. Raw data histograms are
presented. Changes in the geometric parameters under the
influence of shear stress and medium osmolarity are pre-
sented with respect to time.

RESULTS
Surface Geometry of Single Cells. The maximal surface

height above the cell junctions and the leading- and trailing-
edge slopes of the indicated normal intercepts of cell no. 1 in
Fig. 2 in planes parallel to the streamlines of flow are shown
in Fig. 4. This cell is elongated, with a major axis oriented at
an angle of about 600 from the flow direction.
Average Geometric Parameters. Fig. 5 shows the histo-

grams of the trailing-edge slopes of the top membrane of 126
cells. Fig. 6 shows the maximal cell height above the base of
72 cells. These parameters were measured from one inter-
ference fringe located at the middle region of each selected
cell. The values of the leading- and trailing-edge slopes were
-0.70 ± 0.02 (SE) and 0.80 ± 0.02 (SE), respectively. The
absolute value ofthe slope at the leading edge ofthe cells was
significantly smaller than that at the trailing edge (P < 0.001).
The maximal height above the cell junctions of the top cell
membranes was 2.50 ± 0.05 (SE) pm, and the maximal height
of the cells above the base was 3.46 ± 0.05 (SE) pm.

Effect of Shear Flow. Fig. 7 shows the changes in the
leading- and trailing-edge slopes of the top endothelial cell
membrane in response to shear flow. It was found that the
leading-edge slopes of the cells were gradually decreased
with time in shear flow, whereas the trailing-edge slopes of
the cells gradually increased. A reversal of the flow direction
in the cell chamber induced a reversed change in the cell
slopes.

Effect of Osmolarity. Fig. 8A shows changes in the leading-
and trailing-edge slopes and the maximal height ofthe top cell
membrane above the celljunctions in response to several step

changes in medium osmolarity. The slopes remained rela-
tively stable in a culture medium with an osmolarity of 310
mosM. When the osmolarity was suddenly increased from
310 to 360 mosM by adding NaCl, the absolute value of the
leading- and trailing-edge slopes decreased rapidly in the first
several minutes by about 35% and 34% ofthe baseline values,
respectively, then returned gradually to the control levels in
about 25 min and increased slightly afterwards. When the
medium osmolarity was changed from 360 mosM back to 310
mosM by adding distilled water, the absolute values of the
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FIG. 3. Example of analysis of the geometry of the top cell
membranes of the endothelial cells as a continuum. (A) Cubic spline
fitted curve ofthe top cell membranes ofthree consecutive cells. This
curve was converted from interference fringe b in Fig. 2C. The cells
are numbered i, i + 1, i + 2, etc. (B) Slope (solid line) and curvature
(broken line) of the top cell membrane shown in A, computed by
using a cubic spline curve fitting equation. See text for explanations.
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FIG. 4. Typical example of the distribution of the leading-edge
and trailing-edge slopes and the maximal height ofan endothelial cell
above the cell junction, measured from a total number of 9 interfer-
ence fringes labeled as a, b, c, . . . i passing through the cell no. 1
shown in Fig. 2C. e, Leading-edge slope; o, trailing-edge slope; A,
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FIG. 5. Histogram of the trailing-edge slope of the endothelial
cells. Osmolarity: 310 mosM.

leading- and trailing-edge slopes increased in about 5 min by
27% and 33% of the baseline values, respectively, then
returned gradually to the control level in about 20 min and
further decreased somewhat afterwards. When the osmolar-
ity ofthe culture medium was reduced from 310 to 260 mosM,
the changes in slopes of the endothelial cells were similar to
those in response to an osmolarity change from 360 to 310
mosM. The progressive change of the maximal cell height
above the junctions in response to alterations in the medium
osmolarity is similar to that of the trailing-edge slope.

DISCUSSION
Interference microscopy supplies the needed information
about the geometry of the top cell membrane of cultured
living cells in a flow field. By comparing the leading- and
trailing-edge slopes of the endothelial cell membrane, it was
found that the absolute value of the leading-edge slope was
smaller than that of the trailing edge. A reversal of the flow
direction induced a reversal of the slopes at these junctions.
These results suggest that the shear stress acting on the
endothelial cells is responsible for the progressive change in
the slopes of the top cell membrane.
The slope and curvature of the cell membrane indicate that

the static pressure inside the endothelial cell is higher than
that in the flowing fluid and that tension exists in the cell
membrane. This is because, according to the Laplace for-
mula, tension times curvature equals the static pressure
difference across a membrane. Ifthe cytoskeletal fibers exert
tension inside the cell, as postulated by the tensegrity model
of Ingber (17, 18) and vouched by the observations ofNerem
and coworkers (19, 20), then the term "static pressure" in the
preceding sentence should mean the hydrostatic pressure of
the fluid inside the cell minus the tensile stress exerted by the
cytoskeletal fibers on the inner surface of the top cell
membrane. With this change in the Laplace formula, we see
that the outward bulging implies an excess of internal hydro-
static pressure over the cytoskeleton stress, and the exis-
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FIG. 6. Histogram of the cell height above the base of the
endothelium. Osmolarity: 310 mosM.
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FIG. 7. Effect of shear flow on the leading-edge and trailing-edge
slopes of the endothelial cells. Points are mean ± SD.

tence of cell membrane tension. As analyzed in ref. 7, the
larger the slopes of the cell membranes at the junctions, the
smaller may be the transmission of tension from one cell to
the next, and the less the accumulation of tensile stress due
to flow. The smaller the slopes, or the smoother the cell
membrane at the junctions, the larger the tension accumu-
lation due to a long line of cells. The slopes we found are
relatively small, indicating that the membrane tensile stress
accumulation mechanism must be carefully studied in the
future.

Osmolarity is one of the factors regulating the ion and
water transport across cell membranes and the cell geometry
(21-24). Fig. 8 shows that a step increase ofosmotic pressure
of the flowing medium reduces the cell height, the membrane
slope, and the static pressure inside the cell. But in time a
stable cell volume is reached. A step decrease of-the external
osmotic pressure has an opposite effect. Thus the endothelial
cells show a high level of volume regulation. However, since
the stretch-sensitive ion channels are influenced by shear and
tensile stresses in the cell membrane (25-27), the effect of
osmolarity at higher tensile membrane stress should be

0. C
0 c4_ L
'0- .0OE
0 a)00
ci,

1.5 A

1.0

0.5

0.0
-0.5

-1.0

-1.5

Trailing
edge

Leading
edge

E
0) C

c en
0

.C= '

a)
-c

.0
co

0 60 120 180 240
Time, min

FIG. 8. (A) Time course of changes in the leading- and trailing-
edge slopes of endothelial cells in response to several step changes
in medium osmolarity (given in mosM). (B) Time course of changes
in the maximal surface height of the endothelial cells in response to
several step changes in medium osmolarity. Results are mean ± SD.
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studied. Interference microscopy may also help in the study
of the effects of stretch on growth (28-31) and biochemical
processes and gene expression (32-34).
The cell contents are not uniform. Could some of the

features seen in Fig. 3B be due to a nonuniform refractive
index in a cell? The answer is no, because we were able to
obtain straight interference fringes passing through endothe-
lial cells when an appropriate amount of albumin was added
into the medium surrounding the cells, indicating a uniform
index of refraction in the cell, since the medium and the
chamber height were uniform.
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