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ABSTRACT It is well known that vascular smooth muscle
tone can be modulated by signals arising in the endothelium (e.g.,
endothelium-derived relaxing factor, endothelium-derived hy-
perpolarizing factor, and prostaglandins). Here we show that
during vasoconstriction a signal can originate in smooth muscle
cells and act on the endothelium to cause synthesis of endothe-
lium-derived relaxing factor. We studied responses to two vaso-
constrictors (phenylephrine and KCl) that act by initiating a rise
in smooth muscle cell intracellular Ca21 concentration ([Ca21]i)
and exert little or no direct effect on the endothelium. Fluo-3 was
used as a Ca21 indicator in either smooth muscle or endothelial
cells of arterioles from the hamster cheek pouch. Phenylephrine
and KCl caused the expected rise in smooth muscle cell [Ca21]i

that was accompanied by an elevation in endothelial cell [Ca21]i.
The rise in endothelial cell [Ca21]i was followed by increased
synthesis of NO, as evidenced by an enhancement of the vaso-
constriction induced by both agents after blockade of NO syn-
thesis. The molecule involved in signal transmission from
smooth muscle to endothelium is as yet unknown. However, given
that myoendothelial cell junctions are frequent in these vessels,
we hypothesize that the rise in smooth muscle cell Ca21 generates
a diffusion gradient that drives Ca21 through myoendothelial cell
junctions and into the endothelial cells, thereby initiating the
synthesis of NO.

Smooth muscle and endothelial cell functions in the arteriolar
wall are unified by complex intercellular signaling processes. In
arterioles comprised of one layer of smooth muscle cells
surrounding the endothelium, the close apposition of the two
cell types enables a signal derived from one cell to rapidly
diffuse to neighboring cells. For example, agents that stimulate
a rise in the intracellular Ca21 concentration ([Ca21]i) of
endothelial cells can cause the generation of vasodilators such
as endothelium-derived hyperpolarizing factor and endotheli-
um-derived relaxing factor (1, 2). Endothelial cell products can
also modulate the magnitude of a response to a vasoconstric-
tor, as evinced by the greater constriction after endothelium
removal or NO synthesis blockade (3–5). Interestingly, such
effects have been reported during stimulation with agents such
as phenylephrine (PE) and KCl that are thought to have little
or no direct effect on endothelial cells.

In prior studies we have demonstrated that smooth muscle
depolarization induced by PE is conducted to adjacent endothe-
lial cells (6), and that the two cell types are dye coupled (7),
suggesting the presence of myoendothelial gap junctions in these
arterioles (8, 9). Based on the observation that Ca21 and inositol
triphosphate (IP3) can also pass through gap junctions (10, 11) we
hypothesized that there might be a previously unrecognized
coupling process linking smooth muscle cell activation to endo-
thelial cell activation. In this study we have used the Ca21-

sensitive dye fluo-3 to measure changes in smooth muscle and
endothelial cell [Ca21]i in response to smooth muscle stimulation
in perfused arterioles isolated from the hamster cheek pouch.

MATERIALS AND METHODS

Isolated Vessel Preparation. Procedures and protocols used in
this study were approved by the University of Virginia Animal
Care and Use Committee. In all experiments, male Golden
hamsters (122 6 2 g, n 5 40; Charles River Breeding Laborato-
ries) were anesthetized with pentobarbital sodium (50 mgy10 g,
i.p.) and the cheek pouch was excised and spread out in a
refrigerated (4°C) dissection chamber containing 3-(N-
morpholino)propane-sulfonic acid (Mops)-buffered saline (145
mM NaCly4.70 mM KCly2.0 mM CaCl2y1.17 mM MgSO4y1.2
mM NaH2PO4y5.0 mM glucosey2.0 mM pyruvatey0.02 mM
EDTAy2.75 mM NaOHy2.0 mM Mops) and 1% low endotoxin
BSA (United States Biochemical; MopsyBSA). Arterioles
(58.8 6 1.6 mm, n 5 40, resting diameter) were isolated, cannu-
lated at both ends, and perfused according to methods described
previously (12, 13). In brief, a segment of a second order arteriole
'3 mm in length without visible branches was dissected and
transferred to a temperature-controlled tissue chamber mounted
on an inverted microscope (Olympus IMT-2). Arterioles were
cannulated at both ends with glass pipettes and attached to
MopsyBSA-filled reservoirs (12). The heights of the upstream
and downstream reservoirs were initially set 40 mmHg (1
mmHg 5 133 Pa) above the vessel with a gradient of 2.6 mmHg
between the two ends, thereby establishing flow within the range
found in vivo (13). A 30- to 60-min equilibration period followed,
during which temperature in the tissue chamber was gradually
raised to 37°C. Throughout the experiment, the tissue bath was
continuously flushed with Mops-buffered saline at a rate of 2
mlymin, equivalent to a bath turnover rate of 1.5 timesymin. For
all agents the appropriate vehicle controls were carried out and
found to have no effect on vessel diameter or fluorescence
responses.

To initiate agonist responses, a stimulating pipette (tip diam-
eter 5 mm) was positioned near the vessel (within 20 mm) with the
aid of a motor-driven micromanipulator. All agonists were pres-
sure ejected onto the abluminal surface of the vessel using a
Picospritzer (General Valve, Fairfield, NJ), thereby allowing
rapid and precise control of delivery. Each value is the average of
two sequential responses at the same arteriolar location. In all
experiments (except those presented in Fig. 3) measurements
were made while focusing at the vessel midplane.

Fluorescence Imaging. Optical techniques were used to
measure intracellular Ca21 using the fluorescent probe fluo-3
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and simultaneous arteriolar diameter responses were mea-
sured with video calipers. Arterioles were visualized by illu-
mination with either transmitted light or epif luorescence [LEP
Ltd. (Hawthorne, NY) Hg lamp with 1.75% neutral density
filter in light path] at a magnification of 3900 (Olympus 340,
0.7 NA objective). In fluorescence studies, slits between the
light source and the vessel limited the illumination field to a
100 mm segment, thereby reducing damage to the vessel.

Fluo-3 was selectively loaded into endothelial cells by perfusing
arterioles with MopsyBSA containing 2.2 mM fluo-3 AM (Mo-
lecular Probes) for 40–60 min, followed by a 20-min wash.
Resultant levels of fluorescence (excitation 488 nm, emission 530
nm) were 5- to 6-fold above vessel autofluorescence. In experi-
ments where smooth muscle cells were loaded, the same dye
concentration was added to the bath for 120–200 min. Use of a
single emission wavelength Ca21-sensitive dye in combination
with an image splitter (Nikon) permitted simultaneous use of a
photomultiplier tube (Hamamatsu) and intensified CCD camera
[GenII, Dage–MTI (Michigan City, IN) or GenIII extended
resolution and blue response, Stanford Photonics (Stanford, CA)]
for fluorescence measurement. Images were obtained for mea-
surement of luminal diameter (video caliper, Microcirculation
Research Institute, Texas A & M University), and subsequent
image analysis (Image 1, Universal Imaging, Media, PA). Video
caliper and photomultiplier tube voltages were sampled at 5 Hz
by an analog-digital board, and the data were processed and
stored with WORKBENCH PC data acquisition software (Straw-
berry Tree, Sunnyvale, CA) that allowed simultaneous, on line
measurement of both vessel diameter and changes in fluores-
cence intensity. The video and photomultiplier tube measure-
ments were synchronized by a signal from the pressure-pulse
trigger, allowing the establishment of precise temporal relations
between drug application time and changes in fluorescence
intensity and diameter.

Ca21 calibrations were performed upon completion of exper-
iments. [Ca21]i was manipulated by adding agents to both the
superfusion and luminal perfusion solutions. Ionomycin (1025 M,
calcium salt, Sigma) was used to determine the maximum range
of dye sensitivity; and saponin (0.05%, Sigma) was subsequently
added to determine the extent of membrane-bound dye. The
single wavelength calibration equation was according to the
equation of Grynkiewicz et al. (14): [Ca21] 5 Kd[(F 2 Fmin)y(Fmax
2 F)], where Kd 5 400 nM; Fmin 5 intensity in the presence of
0 Ca21 Mops plus 5 mM EGTA (0 Ca21), 0.1 mM adenosine, and
10 mM ionomycin; and Fmax 5 intensity in the presence of 2 mM
Ca21 Mops, 0.1 mM adenosine, and 10 mM ionomycin. After
obtaining Fmax, addition of 0 Ca21 and 0.05% saponin returned
the fluorescence intensity to Fmin, a level indiscernible from the
vessel autofluorescence.

RESULTS AND DISCUSSION

Cell-Specific Fluo-3 Dye Load. Several facts support the idea
that cell-specific dye loading could be achieved, depending on
the side of application. First, luminal loading of fluo-3 yielded
increases in fluorescence upon addition of acetylcholine (ACh,
Fig. 1 A and C), as would be expected if the fluorescence
changes reflected mainly an increase in endothelial cell [Ca]i,
which then acted as the stimulus for vasodilation (1, 15).
Second, comparable dilations induced by sodium nitroprus-
side, a dilator known to act directly on smooth muscle, caused
a slight decrease in fluorescence of luminally loaded fluo-3
rather than the increase seen with ACh (Fig. 1 A and C). Third,
after loading fluo-3 from the abluminal side of vessels, f luo-
rescence decreased during application of ACh (Fig. 2), con-
sistent with the expected smooth muscle [Ca21]i response
during vasodilation (15). These findings strongly support the
conclusion that an endothelial cell Ca21 signal predominates
during the response observed after luminal loading of fluo-3.

Endothelial Cell Ca21 Response to Vasoconstrictors. To test
the hypothesis that changes in Ca21 in smooth muscle are
mirrored by changes in endothelial cell Ca21, the vasoconstrictors
PE, KCl, and indolactam were used as stimuli. Use of these agents
was based on several lines of logic. First, we have shown that PE,
a selective a1-adrenoreceptor agonist, does not stimulate endo-
thelial cells directly in this preparation (16–18). When applied
selectively to the arteriolar lumen (i.e., to endothelial cells) PE
produces either no effect, or a vasoconstriction at very high doses
as the drug penetrates the endothelium and gains access to the
smooth muscle cells. Under no circumstances does PE produce a
vasodilatory response (17, 18). Second, the cells of these arterioles
are electrically coupled, and PE and KCl depolarize both smooth
muscle and endothelial cells (6). In smooth muscle cells, depo-
larization initiates opening of L-type Ca21 channels and permits
Ca21 influx. However, since endothelial cells lack L-type Ca21

channels, depolarization causes a modest reduction in Ca21 influx
into these cells due to the diminution of the electrochemical
gradient (19, 20). Finally, indolactam was selected since it is
reported to activate protein kinase C directly, and thereby cause
vasoconstriction without large changes in smooth muscle [Ca21]i
(21, 22).

Application of either PE or KCl to an arteriole whose
endothelial cells were loaded with fluo-3 caused a rapid
transient increase in endothelial cell f luorescence that peaked
prior to the onset of the vasoconstriction (Fig. 1 B and C).
Remarkably, the magnitude of the peak in endothelial cell
[Ca21]i induced by these vasoconstrictors was similar to the
endothelial response induced by ACh application at the same
sites (compare Fig. 1 A and B). Indolactam (LC Laboratories,
Woburn, MA), in contrast to the other two agents, had no
discernible effect on endothelial cell [Ca21]i (Fig. 1 B and C),
despite producing a constriction of similar magnitude. These
results tend to exclude changes in diameter, f low or shear stress
per se as causes of the changes in fluo-3 fluorescence. They
suggest strongly that PE and KCl caused increases in endo-
thelial cell [Ca21]i by some other mechanism.

More details on the changes in endothelial cell [Ca21]i in
response to vasoconstrictors were obtained by focusing the mi-
croscope at the plane of the endothelial cells lining the lower
surface of the arteriole. This allowed visualization of a substantial
portion of the endothelial cells, rather than only their cross-
section as was the case when focusing in the vessel mid plane. This
procedure did, however, exclude the possibility for simultaneous
measurement of diameter and fluo-3 fluorescence. The absolute
values of nuclear fluorescence were higher than cytosolic, and
both nuclear and cytosolic fluorescence intensity increased in
response to ACh, PE, and KCl (Fig. 3), with the magnitude of the
changes being proportional to the resting fluorescence intensity
in both compartments (Fig. 3A). The relative contribution by each
compartment to the overall Ca21 signal could not be established
in this study, but since the ratio of fluorescence in the two
compartments was essentially constant, we were confident that
ACh, KCl, and PE each increased endothelial cell [Ca21]i.

Endothelial Cell Damage Blocks the Ca21 Response. Further
support for the idea that fluorescence signals from luminally
loaded vessels originated from the endothelium was obtained by
passing air bubbles through the vessel lumen, to permeabilize
endothelial cells, thereby allowing efflux of fluo-3. After obtain-
ing control diameter and Ca21 responses to ACh and PE, the
endothelial cell membranes were disrupted, and responses to
ACh and PE were repeated. The mechanical responses to ACh
were eliminated as would be expected if the endothelium were
destroyed, and no change in the fluorescence signal could be
detected. PE-mediated vasoconstrictions were unaffected by air
perfusion, but the fluorescence response was markedly reduced
or eliminated (Fig. 4A). To establish that air perfusion had not
adversely affected the integrity of smooth muscle membranes,
fluo-3 was subsequently loaded into smooth muscle cells by
abluminal application of the dye. Peak smooth muscle Ca21

6530 Physiology: Dora et al. Proc. Natl. Acad. Sci. USA 94 (1997)



responses to PE after disruption of the endothelial cells were 57%
(calculated as percent change in fluorescence intensity, n 5 3) of
the smooth muscle Ca21 responses to PE presented in Fig. 2
(unpaired Student’s t test, n 5 6). Support that endothelial cells
were selectively disrupted after air perfusion was obtained by
addition of propridium iodide (1025 M) to the bath, which stained
predominantly endothelial cell nuclei (data not shown).

Do the Vasoconstrictors Directly Stimulate Endothelial
Cells? Further evidence that neither KCl nor PE exerted a
direct effect on endothelial cells was obtained using nifedipine.
Prior studies showed that the vasomotor response to depolar-
ization of these vessels is dependent on opening voltage gated
Ca21 channels that are sensitive to nifedipine (23). Therefore
the net effect of KCl application should be the aggregate of

FIG. 1. Time course of changes in vessel diameter and endothelial cell [Ca21] in response to abluminal pressure-pulse application of agonists
to isolated perfused resistance arterioles. (A) ACh (1024 M, 1.2-sec pulse, n 5 15) and sodium nitroprusside (NP 5 3 1025 M, 1.2-sec pulse, n 5
3) both stimulated vasodilation, but had opposite effects on [Ca21]i. (Right) The rapid rise in [Ca21]i in response to ACh, but not sodium
nitroprusside, at the same arteriolar location suggests changes in fluorescence intensity relate to changes in endothelial cell rather than smooth
muscle [Ca21]i (typical trace). (B) PE (1025 M, 1.2-sec pulse, n 5 11) and KCl (250 mM, 2.2-sec pulse, n 5 8) both stimulated vasoconstriction
and rises in endothelial cell [Ca21]i. In contrast, indolactam (1025 M, 1.2-sec pulse, n 5 4) caused vasoconstriction without a change in [Ca21]i.
(Right) No increase in [Ca21]i was observed in association with indolactam-stimulated vasoconstriction at the same arteriolar location shown to
be responsive to PE (typical trace). (C) For each agonist, changes in endothelial cell [Ca21]i occurred well in advance of changes in arteriolar
diameter. Values are means 6 SE; å denotes time at which agonist application commenced.

FIG. 2. Comparison between smooth muscle and endothelial cell [Ca21]i responses to abluminal pressure-pulse application of agonists. Data
from Fig. 1 are compared with responses obtained after loading smooth muscle cells with fluo-3 by adding the dye to the superfusion medium
(abluminal load) rather than perfusion medium (luminal load). ACh (n 5 5), PE (n 5 6), and indolactam (n 5 4) were applied at the same
concentration and for the same duration as described in Fig. 1. Peak diameter responses were the same between groups. Values are means 6 SE;
å denotes time at which agonist application commenced.
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actions on L-type channels in smooth muscle (increased Ca21

influx) and the reduced inward electrochemical gradient for Ca21

due to the change in membrane potential. Nifedipine virtually
abolished the vasoconstrictor-mediated change in endothelial cell
fluorescence (Fig. 4B) and we therefore conclude that the Ca21

influx into the endothelial cells in response to PE or KCl
originated largely from Ca21 flux through smooth muscle L-type
Ca21 channels. Taken together with the ability of ACh to
stimulate rises in [Ca21]i in the presence of nifedipine (Fig. 4B),
the data are fully consistent with the idea that neither KCl nor PE
acted via a primary effect on the endothelial cell, but rather,
support the novel idea that the increase in endothelial cell [Ca21]i
was dependent on a primary activation of smooth muscle cells and
an elevation of its [Ca21]i.

Functional Role for Increases in Endothelial Cell [Ca21]i. The
time courses of vasoconstrictor-mediated changes in [Ca21]i were
strikingly similar in smooth muscle and endothelial cells, and our
recording system (sample rate 5 5 Hz) could detect no latency
between the two (Fig. 2). Based on the conclusion that neither PE
nor KCl directly increased endothelial cell [Ca21]i, these results
suggest that the intercellular signaling process coupling smooth
muscle Ca21 to endothelial cell Ca21 is very rapid. In the absence

of voltage gated channels in the endothelium, it is reasonable to
propose that diffusional transfer of some solute might couple the
changes in Ca21 in the two cell types. Such a signal might be either
Ca21 itself, IP3, or a previously unrecognized smooth muscle-
derived relaxing factor. Since we have presented evidence that the
smooth muscle cells are both electrically and dye coupled to the
adjacent endothelial cells in the arterioles we study (6, 7), the
parsimonious hypothesis is that the signal is the diffusion of Ca21

itself or perhaps IP3 through myoendothelial gap junctions.
Others have provided evidence for intercellular diffusion of both
of these molecules (10, 11). We favor the proposal that Ca21

penetrates the junction since in dye transfer studies we have
shown a strong bias against the diffusion of anionic solutes with
molecular weights similar to IP3 from smooth muscle to the
endothelium through myoendothelial junctions (7). Though we
cannot exclude the participation of some form of smooth muscle-
derived relaxing factor in the endothelial response, in light of
present evidence, we have no reason to evoke an additional
signaling process beyond simple diffusion of Ca21 down its
concentration gradient from activated smooth muscle to endo-
thelium.

Though cell–cell movement of Ca21 and IP3 are relatively
slow in confluent populations of cells in culture (10, 11), the

FIG. 3. Image analysis of arteriolar endothelial cell [Ca21]i responses to agonists. In these experiments the plane of focus was lowered to the
layer of endothelial cells lining the bottom surface of the arteriole (hence no diameter responses were obtained). (A) Analysis of recorded video
images allowed determination of nuclear and cytosolic changes in fluorescence intensity. (Left) Endothelial cells are orientated longitudinally along
the arteriole (top to bottom) and are readily distinguished from smooth muscle cells (not visible). Small boxes were positioned in the two
compartments (three cells per image) and relative intensity (RI) over time was recorded. Note: In all experiments only a short segment of arteriole
was exposed to epi-illumination. (Bar 5 10 mm.) (Right) Each agonist increased both nuclear (Nuc) and cytosolic (Cyt) fluorescence intensity in
equal proportions. ACh (n 5 6), PE (n 5 4), and KCl (n 5 4) were applied at the same concentration and for the same duration as described in
Fig. 1. After a response to ACh was obtained, PE andyor KCl was applied at the same arteriolar location. Values are means 6 SE; å denotes time
at which agonist application commenced. (B) Pseudocolor images of arteriolar endothelial cells before (Control) and 1 sec after (PE) stimulation
with 1024 M PE. Bottom panels are profiles of the corresponding top panel images.
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unique geometry of the arterioles would favor a very rapid
diffusional coupling of a change in smooth muscle solute
concentration to a change in endothelial cell solute concen-
tration for two reasons. First, the volume of endothelial cells
is estimated to be ,10% of smooth muscle cells, and the
maximum number of smooth muscle cells each endothelial cell
could be coupled to is estimated to be 20 (24). The relatively
small endothelial cell volume would reduce the dilution in-
curred by a solute diffusing from smooth muscle to endothe-
lium and facilitate the heterocellular radial transfer of ions.
Second, based on a 2 mm diffusion distance (i.e., twice the
thickness of an endothelial cell) and on the diffusion coeffi-
cient for Ca21 in cytosolic extracts (25), an estimate for the
diffusion time from a smooth muscle cell to an adjacent
endothelial cell is ,100 ms, a period within our present
detection limit. It must be noted that the reported diffusion
coefficient for IP3 is even greater (25), but since we were
unable to determine either the presence of Ca21 waves or the
buffering capacity for Ca21 within the cells, we could not
accurately estimate the diffusion time for Ca21 relative to IP3.

If such transfer of Ca21 from smooth muscle to endothelium
via myoendothelial gap junctions does occur, it would be
expected to cause the generation of various endothelium-
derived vasoactive materials including a hyperpolarizing factor
and NO (1, 2, 26). To test the latter possibility, NO synthase
activity during vasoconstriction was assessed pharmacologi-
cally using Nv-nitro-L-arginine methyl ester (L-NAME) block-

ade. Exposure to L-NAME did not affect the resting level of
spontaneous tone in these isolated arterioles (at 40 mmHg), a
finding consistent with an earlier report (13). Stimulation of
arterioles with ACh, KCl, and PE each increased NO synthase
activity as shown by a partial blockade of the ACh-mediated
vasodilation, and an augmentation of KCl and PE-mediated
vasoconstrictions by L-NAME (Fig. 5A).

Previous work has shown that there is an L-NAME-sensitive
and an L-NAME-insensitive component to the ACh response
(13). Therefore, since L-arginine analogs are reported to be
without effect on ACh-mediated endothelial cell hyperpolariza-
tion (27), it was predictable that L-NAME would attenuate, but
not fully block, the vasodilatory response to ACh (13). Inhibitors
of NO synthase have been previously reported to augment KCl-
and norepinephrine-induced vasoconstriction both in vivo and in
vitro (3, 4, 28–30). The observation with KCl had remained
unexplained until now, whereas the response to norepinephrine
was attributed to the presence of a2-adrenoreceptors on endo-
thelial cells (3). In the present study, the use of the relatively
selective a1-adrenoreceptor agonist PE limited the stimulation to
smooth muscle cells, and thereby unmasked what we believe to be
Ca21 signaling between smooth muscle and endothelial cells. The
possibility that stimulation with PE and KCl caused a rapid
formation of endothelium-derived hyperpolarizing factor was not
assessed in this study. It is possible that the endothelium-derived
hyperpolarizing factors released after stimulation with ACh (31,
32) are also released after addition of the vasoconstrictors and
may further modulate vascular tone.

It is also important to note that the magnitude of the effect of
L-NAME on vasoconstriction mediated by KCl and PE was
time-dependent. There was no discernible effect of L-NAME
during the first minute of constriction, consistent with a previous
report using Nv-nitro-L-arginine against PE in the same prepa-
ration (17). The delayed appearance of the L-NAME inhibitable
component is largely predicable from the known behavior of
Ca21 and NO synthase. ACh-mediated stimulation of NO pro-
duction appears to be small during the early period of stimulation
(Fig. 5A; ref. 13), despite a rapid increase in endothelial cell
[Ca21]i (Fig. 1). The delayed development of L-NAME sensitivity
may also reflect the pattern of changes in smooth muscle [Ca21]i
in response to stimulation. Agonist stimulation typically causes a
transient peak in [Ca21]i followed by a smaller, sustained plateau
phase (21), and since the vasodilatory action of NO involves a
decrease in smooth muscle [Ca21]i (33) an effect of NO would
more likely be manifest after the early, transient elevation of
smooth muscle [Ca21]i. In attempting to synthesize this informa-
tion, it is important to recognize that the response of NO synthase
to a change in Ca21 is also complex. ACh stimulation is known
to cause a biphasic [Ca21]i response in endothelial cells despite
steady vasodilation during the period of agonist application (15).
The biphasic Ca21 response to ACh is also reported in cultured
endothelial cells (34), and may involve Ca21 release from intra-
cellular stores, which triggers tyrosine kinase-dependent hyper-
polarization and a maintained influx of Ca21 (35). Thus, it can be
inferred that other mechanisms maintain the signal during the
later phases, perhaps a Ca21-sensitization of NO synthase involv-
ing protein kinase C, or as reported by Fleming et al. (26),
stimulation of NO synthase by a Ca21-independent mechanism.

In summary, we find that changes in smooth muscle [Ca21]i can
influence the level of Ca21 in adjacent endothelial cells and
secondarily stimulate the synthesis of vasodilators. We hypothe-
size that the cell–cell signaling involves diffusion of solute from
smooth muscle to the endothelium through myoendothelial gap
junctions, and though there are other possibilities, the most likely
candidate appears to be radial movement of Ca21 (Fig. 5B).

However, in the absence of a specific blocker of gap
junctional transfer (6) we cannot test the hypothesis directly
until new experimental approaches are developed. We note
that our findings have profound implications with regard to
vasomotor responses in arterioles, the portion of the vascula-

FIG. 4. (A) Effect of endothelium-specific damage on the diameter
and fluorescence responses to agonists. Perfusion of air bubbles
through the lumen of arterioles changed resting diameter from 64.9 6
4.9 to 60.5 6 10.5 mm (n 5 4). The responses to ACh were abolished
(n 5 4), whereas PE-mediated vasoconstriction was unaffected, yet the
increase in fluorescence was markedly attenuated (n 5 4). (B) Effect
of nifedipine on changes in vessel diameter and endothelial cell [Ca21]
in response to agonists. Addition of nifedipine (1026 M) to the
superfusion solution resulted in near maximal dilation of the arteriole
(D diameter 64 6 4 to 84 6 5 mm, n 5 8). In the presence of nifedipine,
the rise in [Ca21]i in response to ACh was not affected (106.3 6 27.6%
of control) despite an absence of vasodilation (28.1 6 8.1% of control,
n 5 5). In contrast, both the rise in [Ca21]i and vasoconstriction in
response to PE were reduced (30.9 6 14.8%, 37.1 6 9.6% of control,
respectively, n 5 4) and were markedly reduced in response to KCl
(23.4 6 9.2%, 25.7 6 10.4% of control, respectively, n 5 5). For all
agents, values are means 6 SE of paired responses before and after
each treatment. The stimulation pipette was positioned at the same
arteriolar location to obtain each pair of responses.
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ture where myoendothelial junctions are especially prevalent
and control of f low predominates. Any vasoconstrictor that
increases smooth muscle [Ca21]i has the potential to induce the
counterregulatory response in endothelial cells. Signaling orig-
inating in smooth muscle and acting on endothelium must be
considered when attempting to understand the complex mech-
anisms involved in the regulation of vessel diameter, blood
pressure, and flow distribution within the microcirculation.
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FIG. 5. (A) Effect of L-NAME on the time course of changes in vessel diameter in response to agonists. ACh (1024 M, n 5 5), PE (1025 M,
n 5 5), and KCl (250 mM, n 5 5) were pressure-pulse ejected adjacent to a segment of the arteriole for a period of 2 min (■). L-NAME (1025

M) was added to the superfusion solution and allowed to equilibrate for 20 min, and had no effect on vessel diameter (D Diameter from 64.5 6
3.4 to 66.8 6 3.4 mm, n 5 15). Without changing the stimulation pipette position, the time course for each agonist was repeated in the presence
of L-NAME. Values are means 6 SE of paired responses before and after L-NAME. (B) Schematic of the proposed heterocellular Ca21 diffusion
pathway. Increases in smooth muscle [Ca21]i stimulated by either PE or KCl diffuse radially to underlying endothelial cells through myoendothelial
gap junctions. The secondary increase in endothelial cell [Ca21]i stimulates NO synthase to generate NO and modulate smooth muscle [Ca21]i and
hence contraction. The extent of homocellular Ca21 diffusion is limited by cell volume and distance.
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