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ABSTRACT Hemodynamic regulation of the endothelial
gap junction protein connexin43 (Cx43) was studied in a
model of controlled disturbed flows in vitro. Cx43 mRNA,
protein expression, and intercellular communication were
mapped to spatial variations in fluid forces. Hemodynamic
features of atherosclerotic lesion-prone regions of the vascu-
lature (flow separation and recirculation) were created for
periods of 5, 16, and 30 h, with laminar shear stresses ranging
between 0 and 13.5 dynes/cm?. Within 5 h, endothelial Cx43
mRNA expression was increased in all cells when compared
with no-flow controls, with highest levels (up to 6- to 8-fold)
expressed in regions of flow recirculation corresponding to
high shear stress gradients. At 16 h, Cx43 mRNA expression
remained elevated in regions of flow disturbance, whereas in
areas of fully developed, undisturbed laminar flow, Cx43
expression returned to control levels. In all flow regions,
typical punctate Cx43 immunofluorescence at cell borders was
disrupted by 5 h. After 30 h of flow, disruption of gap junctions
persisted in cells subjected to flow separation and recircula-
tion, whereas regions of undisturbed flow were substantially
restored to normal. These expression differences were re-
flected in sustained inhibition of intercellular communication
(dye transfer) throughout the zone of disturbed flow (84.2 and
68.4% inhibition at 5 and 30 h, respectively); in contrast,
communication was fully reestablished by 30 h in cells exposed
to undisturbed flow. Up-regulation of Cx43 transcripts, sus-
tained disorganization of Cx43 protein, and impaired com-
munication suggest that shear stress gradients in regions of
disturbed flow regulate intercellular communication through
the expression and function of Cx43.

Endothelial cell communication throughout the confluent
monolayer as well as with circulating leukocytes and underly-
ing smooth muscle cells plays an important role in vessel wall
homeostasis and atherosclerosis (1). The localization of ath-
erosclerotic lesions coincides with regions of disturbed blood
flows where endothelial cells exhibit an altered phenotype
characterized by polygonal cell shape, enhanced mitotic index,
and a striking impairment of endothelial-dependent vasore-
sponsiveness, characteristics that have been shown to be
associated with alterations in cell-cell communication (2-4).
In vitro, fluid dynamic studies demonstrate a close relationship
between flow characteristics and altered endothelial morphol-
ogy and function (5-7). Taken together, in vivo and in vitro
studies suggest a link between endothelial intercellular com-
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munication and hemodynamic conditions that may be relevant
to focal vulnerability to atherosclerosis.

Intercellular communication occurs by a combination of
humoral exchange (e.g., cytokines) and by direct transfer of
signals between neighboring cells through transmembrane gap
junctional assemblies composed of connexin (Cx) proteins (8).
Endothelial cells express Cx40, 37, and 43, of which the most
prominent connexin in vitro is Cx43 (9). Recently, Gabriels and
Paul (10) have reported that Cx43 immunoreactivity is present
at specific vascular branch points in rat aorta but absent in
samples of the ventral aortic wall distant from branch points,
suggesting an association between hemodynamics and Cx43
protein. However, hemodynamic characteristics were not mea-
sured nor were functional studies attempted, both measure-
ments being difficult to undertake in the rat artery model.
Disturbed flows in arteries include secondary flows, flow
separation, and recirculation (11, 12). In vitro investigations of
the effects of disturbed flow on endothelial function have
demonstrated a relationship between shear stress gradients
and cell proliferation (5, 6, 13), suggesting that differential
forces between individual cells may compromise intercellular
communication, thereby altering the normal contact inhibition
of confluent endothelial monolayers. However, there have
been no studies of the relationships between precisely con-
trolled shear stresses and endothelial gap junction expression
and function.

We propose that spatial gradients in fluid shear stress
associated with disturbed flow regions induce local changes in
endothelial gap junction-mediated intercellular communica-
tion. In this report, the spatial variations of fluid shear stresses
experienced by the endothelium in areas of disturbed flow in
vivo were modeled in a unique in vitro system in which precise
fluid forces were spatially related to specific areas of the cell
monolayer. The results demonstrate that gap junction Cx43
expression, organization, and function are regionally mapped
to hemodynamic forces.

MATERIALS AND METHODS

Flow Apparatus. A parallel plate chamber was connected to
a recirculating flow circuit composed of a variable-speed
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peristaltic pump, a fluid capacitor that damped pulsation, and
a reservoir with culture medium. The flow chamber (Fig. 1)
consisted of a Teflon upper plate and a stainless-steel bottom
plate held together by eight screws. A medical-grade silicon
gasket was used to seal the chamber and avoid fluid leakage.
A precisely machined recess (1 X 30 X 120 mm) on the top
plate defined the flow path in the chamber. The top plate also
housed inlet and outlet ports and a quartz window for light
transmission and sample visualization. The bottom plate was
machined flat and polished to a mirror finish with an opening
62 mm from the flow entrance for sample placement. A
rectangular step, 30-mm long, 1-mm wide, and 0.4-mm high, on
the coverslip surface (located upstream from the region of
interest with its largest dimension perpendicular to the flow)
created a localized region of flow separation and recirculation
(flow disturbance) within the chamber. The step overlapped
the glass coverslip by 4 mm on each side to minimize flow-edge
effects. Temperature was maintained at 37°, and pH and
oxygen levels were controlled with a 95% air/5% CO, humid-
ified gas mixture blown over the medium in the reservoir.
Determination of Flow Characteristics. Because the channel
height in the flow chamber was much less than its width, the
flow was considered two-dimensional. The fully developed
channel flow, away from the step disturbance, had a uniform
wall shear stress given by 7 = 6 wU/H, where U is the mean
velocity of the flow through the channel, H is the channel
height, and w is the dynamic viscosity of the fluid. In the
disturbed flow region, the wall shear stress was nonuniform.
The spatial variation in shear stress in regions of flow sepa-
ration and recirculation was obtained from the numerical
solution of the flow equations by using finite-element models.
The computational domain was a two-dimensional straight
channel with a rectangular step on one of the walls (Fig. 2). The
aspect ratio of the step (height/width) was 0.4, and the ratio
of the channel gap to the step height (H/h) was 2.5. The
two-dimensional steady Navier-Stokes equations were solved
by using the computational program NEKTON (14). The bound-
ary conditions used to solve the equations were: (i) nonslip
condition at the channel surfaces, (if) a parabolic velocity
profile (fully developed Poiseuille flow) assumed at the inflow,
and (iii) at the outflow, the requirement that the same mass
flow rate exited the computational domain as entered it. On
the basis of these calculations, the flow velocity (U) and the
medium viscosity () were adjusted to produce regions of flow
separation, reattachment, and flow recovery over the same
endothelial monolayer at physiological levels of shear stress.
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Fic. 1. (A) Parallel-plate flow chamber. (B) Glass coverslip with
steel frame and surface step (flow disturbance).
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FiG. 2. Flow streamlines in the chamber showing regions of flow
separation, recirculation, reattachment, and recovery. (Lower) The
corresponding shear stress distribution on the coverslip surface. The
average shear stress gradients (slope of shear stress curve) in regions
SSGR I-1V are 188, 182, 22, and 0 dynes/cm?, respectively.

Cells. Two well characterized strains of bovine aortic endo-
thelial cells (BAEC; passages 6-8), initially isolated from
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FiG. 3. Spatial distribution of Cx43 mRNA expression. (4) Endo-
thelial monolayers exposed to disturbed flows for 5 h. (B) Endothelial
monolayers exposed to disturbed flows for 16 h. Each data point
represents the average number of grains per cell (normalized to the
no-flow control) in three to seven high-power fields (0.21 X 0.15 mm)
from three separate experiments. Bars = means * SD. The horizontal
axis, x (mm), is the distance measured from the downstream edge of
the step. The vertical, dotted lines mark the boundaries of the four
SSGRs. The shear stress gradient in SSGRI and II is 182-188
dynes/cm? cm. The shear stress gradient is 22 dynes/cm? c¢m in
SSGRIII and negligible in SSGRIV.
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yearling calf thoracic aortas, were cultured on glass coverslips
that contained a fine photoetched grid (Bellco Glass), using
standard techniques (15). Coverslips were coated with 0.1%
gelatin, or, for in situ hybridization experiments, a gelatin/
CrK(S04)2 (0.5:0.05%) subbing solution was used. Monolayers
were grown under static conditions in standard culture me-
dium and transferred to the flow apparatus when confluent.

Flow Experiments. Confluent endothelial monolayers were
exposed to steady disturbed flows for 5, 16, and 30 h. The
viscosity of the flow medium was increased to 1.74 cP by the
addition of 1 gm% dextran (M, 5 X 10°) to the standard culture
medium to obtain higher wall shear stresses at relatively low
fluid velocities. Previous experiments have demonstrated that
dextran concentrations up to 10 gm% in culture medium are
compatible with normal growth behavior and long-term via-
bility of BAEC cultures (6). The fluid velocity through the
channel was chosen to produce disturbed flow fields in which
flow separation, reattachment, and recovery could be ob-
served within a 6-mm region downstream of the surface step.
The wall shear stress in the fully developed flow downstream
from the flow disturbance was 13.5 dynes/cm?. The predicted
length of the recirculation region was 1.32 mm, and the
absolute value of the wall shear stress within the recirculation
region ranged from 0 to 8.5 dynes/cm?.

In Situ Hybridization and Immunocytochemistry. Immedi-
ately upon completion of flow exposure, coverslips were
removed, rinsed briefly in buffered PBS, fixed in 4% parafor-
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maldehyde (20 min), rinsed in PBS, dehydrated in graded
alcohols, and stored desiccated and frozen at —70°C until
processed for in situ hybridization for evaluation of Cx43
mRNA expression. cDNA was prepared from fresh rat heart
total RNA, and a unique 308-bp fragment was subcloned into
the RNA transcription vector Bluescript ML3+ (Stratagene)
as described previously (16). Specificity of the antisense Cx43
riboprobe was demonstrated by hybridization to a single 3.0-kb
Cx43-specific RNA species on Northern blots (16). Cx43
mRNA expression was visualized by using an Olympus CH30
microscope equipped with a dark-field condenser and Achro-
mat X20/0.40 numerical aperture objective lens.

Coverslips for immunohistochemical evaluation of Cx43
protein expression were rinsed briefly in PBS, fixed in ice-cold
methanol/acetone (1:1) for 20 min, and processed immediately
after fixation as described previously (16). A well characterized
mouse mAb (Chemicon) directed to the C terminus of Cx43
was used.

Control cultures were plated on similar surfaces at the same
time as experimental slides and maintained under no-flow
conditions in a standard 37°C, humidified 95% air/5% CO,
incubator, in the same culture medium as the experimental
cultures, for the time intervals indicated. Controls were fixed
and processed simultaneously with corresponding flow sam-
ples.

Dye Injections. Functional gap junctional intercellular com-
munication (GJIC) was evaluated by microinjection of 5%

FIG. 4. Cx43 gap junction protein distribution. (4) No-flow control. (B) Five-hour SSGRI/IL (C) Five-hour SSGRIII/IV. (D) Thirty-hour

SSGRI/IL (E) Thirty-hour SSGRIIT/IV. (Bar = 10 um.)
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Lucifer yellow (M, 457.3) and 1% tetramethylrhodamine dex-
tran (M, 3,000) in 0.1 M LiCl/0.05 M Tris, pH 7.8. Using an
automated injection system (Eppendorf Injectman) with a fast
time constant, approximately 15 cells from the recirculation
area and 15 cells from the recovered flow area were injected
from each flow slide. Dye injections on each flow slide were
completed within 15 min from the end of the flow run.
Injections were alternated between flow-recirculation regions
and recovered-flow regions on each slide to achieve time
matching of dye spread from pairs of injected cells. The entire
time to inject 30 cells was rapid compared with the turnover of
Cx43 protein (30 sec/cell or 60 sec/alternating pair). After
injections, cells were fixed in 4% PFA in PBS, which cross-
linked both cells and dyes. Injections and dye-spread images
were recorded on Kodak TMAX 100 film using an Olympus
IMT?2 fluorescence-inverted microscope.

Image Analysis. Image analysis software IMAGEPRO (Media
Cybernetics, Silver Spring, MD) was used to quantify the
spatial variation in cellular grain density associated with Cx43
mRNA expression. Digitized images were transferred to a
Pentium 166 computer using a Hitachi 3CCD HV C20 video
camera and a FlashPoint (Integral Technologies, Indianapolis,
IN) frame grabber. Image areas (3.2 X 107% cm?) were
collected at each of 20 consecutive locations (spaced 0.4 mm
from each other) downstream from the edge of the step
(60-140 images per sample). The average number of cells in
each analyzed image was 50. To quantify Cx43 mRNA expres-
sion, matched phase-contrast and dark-field images were
obtained (total of 120-280 images per sample). Ten randomly
located images were chosen for analysis of no-flow control
samples. Cx43 mRNA expression (number of grains per cell)
at each location was quantified by evaluating the surface area
occupied by the silver grains normalized by the average grain
size of the sample and by the number of nuclei counted in the
matching phase-contrast image.

RESULTS

Computational Results. Finite element simulation of flow
(Fig. 2) demonstrated a recirculation area with a steady
two-dimensional vortex downstream of the surface step (flow
disturbance). The wall shear stress distribution showed an area
of negative shear stress (reverse flow) coincident with flow
recirculation. At the downstream boundary of the separated
flow region (reattachment point) the shear stress was zero.
Downstream of the stagnation point the shear stress became
positive and it increased in the axial direction to a value that
corresponded to fully developed downstream flow (13.5
dynes/cm?). The predicted length of the recirculation region
was 1.32 mm, and the absolute value of the wall shear stress
within the recirculation region ranged from 0 to 8.5 dynes/cm?.

As is apparent from Fig. 2, the shear stress on the coverslip
surface varied over the entire disturbed flow region. The slope
of the shear stress curve yielded the shear stress gradient
(change in shear stress with distance). Four distinct areas of
shear stress gradients (SSGRI-IV) were defined based on
average values (Fig. 2). The largest gradients were located
within the recirculation region and in a region extending 0.8
mm downstream of flow reattachment (regions I and II,
respectively). At the downstream boundary of region II, the
shear stress magnitude recovered to 80% of that in the fully
developed downstream flow region, resulting in a significantly
lower average SSG in region III and a negligible gradient in
region I'V, where the flow was fully recovered.

Connexin43 mRNA Expression in Disturbed Flow. Regional
variation in endothelial Cx43 mRNA expression resulted from
exposure to disturbed flow. [n sifu hybridization showed
significantly greater expression of Cx43 message in SSGRI/II
at both 5 and 16 h when compared with SSGRIII/IV, where
grain density was increased at § h but returned to no-flow
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levels by 16 h (Fig. 3). At 5 h (Fig. 34), endothelial cells
exhibited a 6- to 8-fold increase in Cx43 mRNA in SSGRI/II
when compared with no-flow controls. In SSGRIII/IV, a 3- to
5-fold up-regulation of Cx43 mRNA was measured. After 16 h,
however, expression remained greatly elevated (8-10 times
greater than no-flow controls) in SSGRI/II (Fig. 3B), whereas
in SSGRIII/IV Cx43 mRNA expression returned to no-flow
control levels. Thus, flow induced transient elevation of Cx43
mRNA expression in endothelial cells in regions of undis-
turbed flow, whereas the increase in mRNA expression was
sustained in disturbed flow areas. Statistical analysis (¢ test) of
Cx43 mRNA expression demonstrated significant differences
at the P < 0.01 level when the pooled data from areas of high
shear stress gradients (SSRGI and II) were compared with the
pooled data from areas of low or negligible gradients (SSR-
GIII and 1V) at either 5 or 16 h. There was no significant
difference between control no-flow cells and recovered un-
disturbed flow regions (SSRGIII and IV) at 16 h. We did not
evaluate in the present study whether the increased mRNA
signal was a result of de novo synthesis and/or message
stability.

Connexin43 Protein Expression. Immunocytochemical lo-
calization of Cx43 protein in endothelial cell monolayers
exposed to 5, 16, and 30 h of disturbed flows were compared
with matched no-flow control cultures. Control cultures ex-
hibited a typical punctate staining of gap junction protein
localized to cell-cell appositions with little intracellular im-
munofluorescence (Fig. 44). However, after 5 h of flow,
typical punctate immunoreactivity was lost largely in cells of
SSGRI/II (disturbed flow region), and staining was observed

Fi1G. 5. Endothelial cell morphology in disturbed and undisturbed
flow regions. Phase-contrast images of endothelial cells after 30-h
flow. (4) Disturbed flow region SSGRI/IL. The step is visible on the
left edge of the photograph. Average cell aspect ratio (AR) was 2.4;
average angle of orientation with flow direction (6) was 40°. (B) Cells
from the downstream recovered laminar flow region SSGRIII/IV. AR
was 3.4 and 6 was 15°. Flow is from left to right.
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principally in the perinuclear region of the cytoplasm (Fig. 4B).
At 5 h, SSGRIII/IV (recovered flow region) also exhibited
disrupted Cx43 immunofluorescence (Fig. 4C). After 16 h,
Cx43 immunoreactivity remained largely disrupted in the
disturbed flow region, whereas in the downstream recovered
flow region, punctate immunofluorescence started to reap-
pear at cell-cell appositions (not shown). After 30 h of
exposure to flow, Cx43 immunoreactivity continued to show
disorganization in SSGRI/II (Fig. 4D), but, in contrast, within
the downstream recovered flow region punctate staining was
restored to cell borders (Fig. 4E). Note that after 30 h, whereas
cells within the disturbed flow region exhibited no particular
orientation of flow, endothelial cells in SSGRIII/IV had
undergone significant alignment in the direction of flow
(Fig. 5).

GJIC. Functional GJIC was assessed by microinjection of a
mixture of dyes: Lucifer yellow (LY) (M, 457.3), which has
been shown repeatedly to pass through Cx43 gap junctions, and
dextran rhodamine (M, 3,000), which is too large to pass
through the junctions and thus serves as a marker for integrity
of the injected cell. After 5 h of flow, individual injected cells
in SSGRI/II passed LY to 6 * 1 neighboring cells (Fig. 64).
Similarly, in SSGRIII/TV, cells passed dye to 7 = 1 neighbors
(Fig. 6B). After 30 h of flow, however, cells from the disturbed
flow region passed dye to 12 + 2 neighbors (Fig. 6C) whereas
within SSGRIII/TV, cells passed LY to 65 * 4 neighboring
cells (Fig. 6D). For reference, individual injected cells from
control, no-flow cultures passed LY to an average of 38 = 5
cells (Fig. 6F).

DISCUSSION

Arterial flow in regions susceptible to atherosclerosis is con-
sidered to be laminar, although extremely complex in character

Proc. Natl. Acad. Sci. USA 96 (1999)

(17). The complexity arises from the vessel geometry and the
pulsatility of blood flow, resulting in a wall shear stress
distribution that varies in space and time (11, 12). Although in
vivo studies have correlated alterations in endothelial proper-
ties with shear stress, including Cx43 protein expression (10,
18, 19), it is unclear whether the observed effects are due to the
mean shear stress or to other characteristics of the hemody-
namic environment, such as stress gradients, directions, and
frequencies present in regions of disturbed flow. Gap junc-
tional communication throughout the endothelium has been
demonstrated in a number of studies (4, 20), with additional
recent evidence for electrical and small molecule transfer to
underlying smooth muscle cells (21). In attempts to study the
effects of fluid flow on gap junctions in vitro, preliminary
studies by us (22) and others (23) noted that modest levels of
shear stress in laminar flow induced an increase in Cx43
mRNA expression in cultured endothelial cells. In this paper,
we have addressed gene and protein expression of Cx43 and
functional communication after exposure to spatially defined
fluid forces in both undisturbed and controlled disturbed flow.

Sustained changes in Cx43 mRNA and protein expression
were mediated by shear stress gradients rather than by shear
stress alone because cells located in the downstream area of the
coverslip renormalized Cx43 whereas those in the disturbed
flow region, and exposed to the highest shear stress gradients,
failed to do so. The reformation of Cx43 gap junctions in
recovered laminar flow may be part of an ordered adaptive
response to the changed hemodynamic environment. This
contrasts with disturbed flow regions in which the transloca-
tion of Cx43 immunoreactivity from cell borders to intracyto-
plasmic locations suggested loss of a functional role for Cx43
(24, 25). The impairment of Cx43 gap junction assembly in cells

no. of dye-coupled cells

70 (mean +/- SE)

0 J
F

EiGo6ppFunctional, GG (dye transfeiexpesiments). Immediately after flow exposure, cells were microinjected with a combination of dyes (see
Materials and Methods). (A and B) Fluorescent images of representative dye spread (Lucifer yellow) within the recirculation region (SSGRI/II)
and downstream recovered laminar flow region (SSGRIII/IV), respectively, after 5 h of flow. (C and D) Corresponding images after 30-h flow.
(E) No-flow control. Each /nset marks the injected cell (nontransferable rhodamine dextran signal), and the extent of cell communication is shown

in histogram form.
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within regions of steep shear stress gradients reflects an
inability to adapt, or a delay in reestablishing, intercellular
communication in regions of disturbed flow as evidenced by
significant differences in dye transfer between cells in regions
of recirculation vs. undisturbed flow at 30 h. This controlled,
quantitative study therefore suggests that there may be both
structural and functional heterogeneity of intercellular com-
munication in the arterial tree determined by local hemody-
namics and, indeed, that the association of Cx43 protein
expression with disturbed flow noted in the rat aorta (10) is a
manifestation of this relationship.

Although there are variations of mass transfer fluxes within
the region of disturbed flow, the observed increases in Cx43
mRNA expression and relocalization of Cx43 protein were not
limited to the recirculation region but extended beyond it and
were correlated with the magnitude of shear stress gradients.
These results suggest that the observed cellular responses are
modulated by the regional heterogeneity of the fluid forces on
the monolayer rather than by mass transport mechanisms
associated with flow recirculation.

In vivo, immunohistochemical analyses suggest that vascular
endothelial gap junctional communication in large arteries is
mediated primarily by Cx40 (9, 10, 27) but replaced by Cx43
protein at vascular branches and other regions predicted to be
subjected to hemodynamic stresses (10). Atypical endothelial
Cx43 immunostaining in the intima of atherosclerotic lesions
in humans and rabbits led to the suggestion that up-regulation
of Cx43 mRNA in areas of disturbed flow may be a marker for
dysfunctional Cx43-mediated GJIC (16, 28). Sustained differ-
ences between hemodynamically defined regions of the endo-
thelium in vitro and in vivo suggest that local forces significantly
influence Cx43 expression and, consequently, influence gap
junctional function. Compartmentalization of cell-cell com-
munication was demonstrated clearly in vitro in this study; it
remains to be seen whether communication is compartmen-
talized in vivo.

In summary, the present studies using a precise model of
spatial flow characteristics and shear magnitude to evaluate
Cx43 expression and GJIC suggest a prominent role for
hemodynamics in determining regional differences in cell-cell
communication that may contribute to vascular pathophysio-
logical changes in regions of flow disturbance.
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