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Looft-Wilson, Robin C., Geoffrey W. Payne, and Steven S.
Segal. Connexin expression and conducted vasodilation along arteriolar endothelium in mouse skeletal muscle. J Appl Physiol 97:
1152–1158, 2004. First published May 28, 2004; 10.1152/
japplphysiol.00133.2004.—Functional hyperemia requires the coordination of smooth muscle cell relaxation along and between branches
of the arteriolar network. Vasodilation is conducted from cell to cell
along the arteriolar wall through gap junction channels composed of
connexin protein subunits. Within skeletal muscle, it is unclear
whether arteriolar endothelium, smooth muscle, or both cell layers
provide the cellular pathway for conduction. Furthermore, the constitutive profile of connexin expression within the microcirculation is
unknown. We tested the hypothesis that conducted vasodilation and
connexin expression are intrinsic to the endothelium of arterioles
(17 ⫾ 1 m diameter) that supply the skeletal muscle fibers in the
cremaster of anesthetized C57BL/6 mice. ACh delivered to an arteriole (500 ms, 1-A pulse; 1-m micropipette) produced local dilation of 17 ⫾ 1 m; conducted vasodilation observed 1 mm upstream
was 9 ⫾ 1 m (n ⫽ 5). After light-dye treatment to selectively disrupt
endothelium (250-m segment centered 500 m upstream, confirmed
by loss of local response to ACh while constriction to phenylephrine
and dilation to sodium nitroprusside remained intact), we found that
conducted vasodilation was nearly abolished (2 ⫾ 1 m; P ⬍ 0.05).
Whole-mount immunohistochemistry for connexins revealed punctate
labeling at borders of arteriolar endothelial cells, with connexin40 and
connexin37 in all branches and connexin43 only in the largest
branches. Immunoreactivity for connexins was not apparent in smooth
muscle or in capillary or venular endothelium, despite robust immunolabeling for ␣-actin and platelet endothelial cell adhesion molecule-1, respectively. We conclude that vasodilation is conducted along
the endothelium of mouse skeletal muscle arterioles and that connexin40 and connexin37 are the primary connexins forming gap
junction channels between arteriolar endothelial cells.
microcirculation; muscle blood flow; gap junctions

through changes in vascular
resistance. Within the muscle, arteriolar networks govern the
distribution and magnitude of regional blood flow to muscle
fibers. In response to muscle contraction, vasodilation originating in distal arterioles can “ascend” into proximal arterioles
and their feeding arteries, thereby increasing total blood flow
into the muscle (14, 28). This coordinated behavior of resistance networks is attributable to the conduction of vasoactive
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signals (e.g., hyperpolarization) from cell to cell through gap
junction channels along the vessel wall (11, 23, 33, 36).
A key physiological determinant of conducted vasodilation
is which layer of the arteriolar wall, endothelium or smooth
muscle, provides the cellular pathway for cell-to-cell signal
transmission (2, 23, 33). The gap junction channels that couple
adjacent cells are composed of connexin proteins, and at least
three connexin isoforms (Cx) have been identified in the
vasculature: Cx37, Cx40, and Cx43 (8, 17, 25). Connexinknockout mice have provided some insight into the role of
respective connexin molecules in the conduction of vasomotor
responses (7, 13). However, little is known of the constitutive
expression profile for connexins in arterioles of the mouse.
Furthermore, because respective connexin isoforms differ in
their biophysical properties and mechanisms of regulation (8,
24), identifying which connexins are expressed in respective
branches and cell types may provide new insight into regional
differences in vasomotor control (1, 14, 31).
The present experiments used the thin, flat cremaster preparation to study the intact microcirculation of mouse skeletal
muscle (7, 13, 18). Using light-dye treatment (LDT) to selectively damage cells of the arteriolar wall in vivo (2), we tested
the hypotheses that conducted vasodilation requires an intact
endothelium. In complementary experiments, immunohistochemistry was performed on whole-mount muscles to define
the distribution and cellular localization of Cx37, Cx40, and
Cx43.
MATERIALS AND METHODS

Animal Care and Surgery
All procedures were approved by the Institutional Animal Care and
Use Committee of the John B. Pierce Laboratory and were performed
in accordance with the Institute for Laboratory Animal Research
Guide for the Care and Use of Laboratory Animals. Male C57BL/6
mice (⬃30 g and 9 wk old, n ⫽ 29) were housed at ⬃24°C on a
12:12-h light-dark cycle with free access to food and water. Each
mouse was anesthetized with pentobarbital sodium (50 mg/kg ip),
which was supplemented as needed to prevent withdrawal from toe
pinch. At the end of an experiment or after muscle tissue was
obtained, the mouse was euthanized with an intraperitoneal overdose
injection of pentobarbital sodium.
The anesthetized mouse was placed supine on a transparent acrylic
platform. The left cremaster muscle was prepared as described (18).
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superfused continuously (5 ml/min) with a bicarbonate-buffered physiological salt solution (PSS; 34°C, pH 7.4) of the following composition (in mM): 137 NaCl, 4.7 KCl, 1.2 MgSO4, 2 CaCl2, and 18
NaHCO3. The PSS was equilibrated with 5% CO2-95% N2 unless
noted. Chemicals and reagents were purchased from Sigma-Aldrich
(St. Louis, MO) and J. T. Baker (Phillipsburg, NJ), unless otherwise
indicated.
Intravital Microscopy

Fig. 1. Disruption of conducted vasodilation with light-dye treatment (LDT;
darkened region in inset above A) of arteriolar endothelium. Top: longitudinal
section through one edge of vessel wall (not to scale), indicating sites along
arteriole where diameter was observed (local vasodilation was at stimulus site,
conducted vasodilation was 1,000 m upstream). SMC, smooth muscle cells;
EC, endothelial cells. A: representative traces illustrating that LDT had no
effect on local vasodilation to ACh (left traces) but inhibited conducted
vasodilation (right traces). Arrows in each trace indicate delivery of ACh
stimulus at local site; scale bar, 5 s. B: summary data for local and conducted
vasodilation following LDT (mean ⫾ SE; n ⫽ 5). *Significant difference in
response to ACh (i.e., loss of conducted vasodilation) before and after LDT
observed 1,000 m from local site of stimulation, P ⬍ 0.05.

Briefly, a midline incision was made along the ventral surface of the
left scrotal sac, and the exposed cremaster muscle was opened
longitudinally and separated from the testis, which was repositioned in
the abdominal cavity. The muscle was spread radially and pinned onto
a pedestal of transparent Sylgard (Dow Corning, Midland, MI) while

The preparation was transferred to the stage of a microscope
(modified model 20T, Zeiss), equilibrated for at least 60 min, and
viewed with brightfield illumination [Zeiss ACH/APL condenser,
numerical aperture (NA) ⫽ 0.32]. Esophageal temperature was maintained at 37–38°C with radiant heat. A second-order arteriole was
located in the central region of the tissue, which we observed using a
Zeiss UD40 objective (NA ⫽ 0.41) coupled to a video camera
(Hamamatsu model C2400); total magnification on the video monitor
(Sony model PVM-132) was ⫻950. We determined vessel diameter
from the edges of the lumen using a video caliper with spatial
resolution of ⱕ1 m. We acquired data at 40 Hz using a PowerLab
system (model 8S, ADI Instruments, Castle Hill, Australia) coupled to
a personal computer.
One arteriole was studied in each mouse. Only vessels that exhibited spontaneous vasomotor tone and constricted during 10-min exposure to elevated oxygen (21% with 5% CO2-74% N2) were examined. To measure conducted responses, ACh was applied to a discrete
site on the downstream end of the arteriole with microiontophoresis
(18). A micropipette (internal tip diameter of 1–2 m) was positioned
with its tip adjacent to the arteriole, and a brief pulse (500 ms, 1 A)
of ACh was delivered. Retain current was ⱕ200 nA. The local change
in internal diameter was recorded at the site of ACh delivery, and
conducted vasodilation was evaluated at 1,000 m upstream.
Light-Dye Treatment
The carotid artery was cannulated with PE-10 tubing for injection
of FITC conjugated to dextran (70 kDa, 1.0% solution, 1 ml/kg;
Sigma Chemical) to retain the fluorochrome within the vascular
compartment (2, 4). Midway between the original “local” site of ACh
delivery and the upstream site for evaluating conducted vasodilation,
a segment (⬃250 m long) of the arteriole was illuminated (excitation
of 450 – 490 nm, emission of ⬎520 nm; Zeiss filter 487709) through
an immersion objective (⫻40, NA ⫽ 0.75; Zeiss) with a 75-W Xenon
lamp. Illumination was continued until vasodilation was observed to
begin (4 – 6 min), indicating disruption of the endothelium. The
arteriole then recovered for ⬃5 min. In arterioles of the hamster cheek
pouch, if illumination continues beyond this point, damage proceeds
into the smooth muscle layer and vasoconstriction occurs (2). To

Fig. 2. Dye labeling of endothelial cell nuclei after prolonged LDT. Duration of illumination was extended until vasoconstriction
was observed (⬃20 min). Propidium iodide was then perfused through the vessel lumen (see MATERIALS AND METHODS for details).
This nuclear dye is excluded from healthy cells and taken up by those cells in which the permeability barrier of the plasma
membrane has been compromised. Illumination for the duration required to disrupt conduction (4 – 6 min) did not produce dye
labeling. Endothelial cell nuclei orient along the axis of the arteriole. Image was acquired with ⫻20 objective (field width ⫽ 125
m, height ⫽ 40 m).
J Appl Physiol • VOL
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Fig. 3. Expression of connexin isoforms
Cx37 and Cx40 in mouse cremaster muscle.
A–D: Cx40. E–H: Cx37. A and E: images of
large arterioles acquired with ⫻20 objective
(field width ⫽ 445 m, height ⫽ 350 m).
B and F: images of large arterioles acquired
with ⫻60 objective (field width ⫽ 145 m,
height ⫽ 115 m). C, D, G, H: images of
intermediate arterioles acquired with ⫻60
objective. Note consistent punctate labeling
around endothelial cell borders. See WholeMount Immunohistochemistry in MATERIALS
AND METHODS for explanation of “large” and
“intermediate.”
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evaluate such an effect here, additional experiments (n ⫽ 3) were
performed in which LDT was continued until vasoconstriction occurred in the region of illumination. At this time, the aorta was
cannulated and the vasculature was perfused with propidium iodide (1
M in PSS; Molecular Probes, Eugene, OR). Although propidium
iodide is excluded from healthy cells, it becomes permeant after
disruption of membrane integrity (2).
To evaluate the effect of LDT on endothelial cell integrity, the ACh
micropipette was repositioned at the site of illumination, where the
loss of local responses to ACh delivery confirmed disruption of the
endothelium (2, 4). We evaluated smooth muscle cell integrity at the
site of LDT using microiontophoresis of phenylephrine (0.5 M, 500
ms). The ACh micropipette was repositioned at the original downstream site, and the ability of vasodilation to conduct through the site
of LDT was reevaluated 1,000 m upstream. Maximal diameter was
then recorded at the site of LDT during topical application of 10 M
sodium nitroprusside (SNP). Time controls verified that local and
conducted responses to ACh remained stable for the duration of these
experiments (2–3 h).
Whole-Mount Immunohistochemistry
For immunolabeling experiments, cremaster muscles were dissected bilaterally (as above) from each mouse and superfused with
PSS containing SNP. Using a stereomicroscope (magnification of
⫻7– 40), we drew detailed maps of principal arteriolar and venular
networks to identify respective vessel branches during subsequent
analysis. Vessel branch orders were generally classified according to
diameter: “large” refers to arterioles and venules ⬎30 m, and
“intermediate” refers arterioles and venules 12–30 m (26). A muscle
was then severed from its origin and fixed with 4% formaldehyde in
PBS for 10 min, washed with PBS (1.0 mM NaH2PO4, 8.1 mM
Na2HPO4, and 154 mM NaCl, pH 7.4) (2 ⫻ 15 min), blocked, and
permeabilized for 1 h in 2% BSA-0.2% Triton X-100-PBS. It was
then incubated in 0.05% Chicago Sky Blue in PBS for 5 min (to
reduce background fluorescence), washed 3 ⫻ 10 min in PBS, and
incubated in primary antibody [all from rabbit; Cx43 at 1:200 (Sigma
Chemical), Cx40 at 1:400 (Chemicon International, Temecula, CA),
and Cx37 at 1:400 (Alpha Diagnostic International, San Antonio,
TX)] overnight at 4°C. Each preparation was labeled for one connexin
isoform. Tissues were washed 2 ⫻ 30 min in 1% Triton X-100-PBS
and for 30 min in PBS and then incubated in secondary antibody (goat
anti-rabbit Alexa-488, Molecular Probes, diluted 1:800) for 1 h at
room temperature.
Controls were performed with identical procedures to confirm the
integrity and accessibility of antibodies to endothelium and smooth
muscle of microvessels embedded in the cremaster muscle. For
endothelial cells, cremaster muscles were incubated with platelet
endothelial cell adhesion molecule (PECAM)-1 antibody (from rabbit,
1:500; a generous gift from J. Madri) followed by goat anti-rabbit
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Alexa-488. For smooth muscle cells, cremaster muscles were incubated with smooth muscle ␣-actin antibody (Dakocytomation, Capenteria, CA; mouse MAb, 1:200), followed by goat anti-mouse
Alexa-488 (1:800). To confirm the lack of nonspecific labeling for
secondary antibodies, additional muscles were treated identically as
connexin-labeled muscles, except for the omission of primary antibody.
After exposure to the secondary antibody, specimens were washed
2 ⫻ 30 min in 1% Triton X-100-PBS and 30 min in PBS and mounted
on a slide with Vectashield (Vector Laboratories, Burlingame, CA).
We examined each preparation visually in detail at different magnifications by following microvascular networks and focusing through
the tissue. We used a fluorescence microscope (E800, Nikon,
Melville, NY; ⫻20/0.50 plan fluor and ⫻60/1.40 oil objectives) to
obtain representative images, which were prepared using Adobe
Photoshop (Adobe Systems, San Jose, CA). The pattern of labeling
clearly identified whether the endothelium (axial orientation) or the
smooth muscle (circumferential orientation) cell type expressed immunoreactive protein (25). Specificity of primary antibodies for connexins was verified with the use of cultured cells expressing specific
connexin isoforms (25).
Data Analysis
Vasomotor responses to ACh, phenylephrine, and SNP were calculated as follows: diameter change ⫽ (peak response diameter ⫺
resting diameter) at respective sites of observation. Data were analyzed with one-way repeated-measures ANOVA with Tukey’s post
hoc comparisons (Sigma Stat 2.03; SPSS, Chicago, IL). Differences
between groups were accepted as statistically significant at P ⬍ 0.05.
Summary data are presented as means ⫾ SE. Values of n for intravital
microscopy refer to the number of arterioles studied in vivo from as
many mice. For immunohistochemistry, n refers to the number of
whole-mount muscle preparations analyzed with the designated antibody. For a given antibody, each muscle was taken from a different
mouse.
RESULTS

Conduction of Vasodilation Along Arteriolar Endothelium
Arterioles studied for conduction had an in vivo resting
diameter of 17 ⫾ 1 m (n ⫽ 5) and constricted reversibly by
⬃5–10 m during the 10-min equilibration with 21% oxygen.
Local vasodilation to ACh under control conditions was consistently ⬎15 m (Fig. 1). With ACh delivered at the site of
LDT, local dilation was 1 ⫾ 1 m, confirming endothelial cell
disruption. The conducted response increased the diameter by
⬃50% under control conditions and was nearly abolished after
LDT (Fig. 1). Conduction was eliminated in two experiments

Fig. 4. Expression of Cx43 in mouse cremaster muscle. A: large arteriole. Note diffuse autofluorescence of adventitia surrounding punctate labeling of endothelial cell borders (arteriole is oriented vertically in middle
of field). B: mesothelial cell layer. Note
punctate labeling around mesothelial cell
borders and diffuse labeling throughout nuclei. See Whole-Mount Immunohistochemistry in MATERIALS AND METHODS for explanation of “large.” Images were acquired with
⫻60 objective (field width ⫽ 145 m,
height ⫽ 115 m).
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and attenuated by ⬎70% in three experiments. These residual
conducted responses may be attributed to incomplete disruption of the endothelium as a conduction pathway (4), as care
was taken to minimize damage to surrounding smooth muscle
cells. We confirmed integrity of smooth muscle cell function
after selective disruption of the endothelium by the preservation of basal tone at the site of LDT (17 ⫾ 2 m resting
diameter) while vasoconstriction to phenylephrine (control:
10 ⫾ 1 m, post-LDT: 9 ⫾ 1 m) and dilation to SNP (15 ⫾
1 m) remained intact. With illumination continued until
endothelial cells labeled with propidium iodide (Fig. 2, n ⫽ 3),
smooth muscle cells contracted and no longer responded to
phenylephrine.
Connexin Protein Expression
Endothelium. Labeling for Cx37 (n ⫽ 10) and for Cx40 (n ⫽
9) was apparent in endothelial cells of all branch orders of
arterioles (Fig. 3) in each respective tissue. In contrast, relatively weak labeling for Cx43 (n ⫽ 9) was present in the
endothelium of large arterioles (Fig. 4) in six of nine preparations but not in the smaller branches. Remarkably, Cx43
labeled clearly at the borders of mesothelial cells (which line
the ventral surface of the cremaster muscle) in all nine of these
tissues (Fig. 4), confirming the consistency and efficacy of the
Cx43 antibody in the mouse cremaster muscle. Immunoreactivity was not apparent in capillary or venular endothelium for
Cx37, Cx40, or Cx43. Nevertheless, robust labeling for
PECAM-1 in arterioles, capillaries, and venules verified that
antibodies had similar access to all microvessels (Fig. 5A).
Smooth muscle. There was no evidence of connexin immunoreactivity in either arteriolar or venular smooth muscle.
However, immunolabeling with smooth muscle ␣-actin confirmed that smooth muscle cells were intact and accessible to
antibodies (Fig. 5B; n ⫽ 3). Background fluorescence was
negligible in the absence of primary antibodies (Fig. 5C).
DISCUSSION

Muscle blood flow increases with the metabolic demand of
active muscle fibers. Although the role of vasodilator metabolites in promoting functional hyperemia has long been a focus
of research efforts, much less is known about how the relaxation of smooth muscle cells is coordinated within microvascular resistance networks. In skeletal muscle of the mouse, the
present study demonstrates that selective disruption of the
endothelium midway along arterioles effectively compromised
conducted vasodilation. Furthermore, Cx37, Cx40, and (occasionally) Cx43 were expressed at the borders of arteriolar
endothelial cells but not in smooth muscle cells or in capillary
or venular endothelium. These findings indicate an integral role
for the arteriolar endothelium in coordinating the distribution
and magnitude of muscle blood flow.

Fig. 5. Control experiments for whole-mount immunohistochemistry in mouse
cremaster muscle. A: platelet endothelial cell adhesion molecule-1 labeling in
microvascular network. B: smooth muscle ␣-actin labeling smooth muscle
cells in an arteriole curving in and out of focal plane. C: negligible labeling in
the absence of a primary antibody. Images were acquired with ⫻60 objective
(field width ⫽ 145 m, height ⫽ 115 m).

Cellular Pathway(s) for Conduction
The arteriolar network is composed of resistance segments
arranged in series and in parallel. When vasodilation is constrained to the vicinity of a stimulus, there is little increase in
blood flow to the affected region. In contrast, the conduction of
vasodilation along and between arteriolar branches promotes
increases in flow through the region from which the signal
originated (20). In the hamster cheek pouch, the conduction of
J Appl Physiol • VOL

vasodilation reflects the initiation of hyperpolarization and its
transmission from cell to cell along the vessel wall (27, 33, 35).
Experiments with LDT (2, 4) and intracellular recording (33)
in cheek pouch arterioles have revealed that an intact endothelium is essential for initiating vasodilation with ACh but that
either smooth muscle or the endothelium can provide the
conduction pathway.
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The present experiments are the first to investigate the
cellular pathway for conduction in skeletal muscle of the
mouse. Both functional studies with LDT and whole-mount
immunolabeling for connexin expression indicate that the endothelium serves as the cellular pathway for conduction. Unlike the cheek pouch (an epithelial tissue), the presence of
skeletal muscle fibers presents a barrier to LDT of arteriolar
smooth muscle. Nevertheless, our finding that selective disruption of the endothelium interrupted conduction further supports
the conclusion that the smooth muscle layer did not provide an
effective alternative pathway. In feed arteries supplying the
hamster retractor muscle, integrity of the endothelium is also
essential for the conduction of vasodilation in response to ACh
as well as ascending vasodilation in response to muscle contraction (12, 28). As indicated by labeling with propidium
iodide (Fig. 2), disruption of conduction can occur well before
exogenous dye can permeate endothelial cell membranes.
For vasodilation to occur in response to conduction along the
endothelium, a mechanism is required for transmitting a signal
for relaxation to the surrounding smooth muscle cells. As
shown in other models, this heterocellular signaling can occur
through myoendothelial gap junction channels (9, 11, 25) or
via the release of vasodilator autacoids as the signal spreads
(4). The nature of coupling between the smooth muscle and
endothelium remains to be defined in arterioles in the mouse.
Immunohistochemical Localization of Connexin
Isoform Expression
Each of the connexins examined here have been reported to
be expressed in the endothelium of conduit and resistance
arteries in a variety of mammalian species (16, 17, 25). Arterioles of the hamster cheek pouch also express all three
connexin isoforms in the endothelium (25). In contrast, arterioles in the rat mesentery express Cx40, Cx43, and (occasionally) Cx37 in endothelium, but these proteins are not expressed
in smooth muscle (16). Others have reported sparse immunolabeling for Cx43 and Cx40 in rat pial and cremaster arterioles
(22), Cx43 labeling in endothelium of human fetal telencephalon microvessels (32), and Cx40, but not Cx37 or Cx43,
labeling in mouse kidney arterioles (19). Collectively, the
limited information regarding connexin expression in the microcirculation indicates that heterogeneity can exist in the
pattern of isoform expression between tissues and species.
The roles of respective connexin isoforms in cardiovascular
function have been investigated by genetic knockout using the
mouse as a model system (7, 13, 21). Nevertheless, there is
little information regarding the constitutive profile of connexin
isoform expression in the mouse microcirculation. The present
study is the first to characterize the constitutive expression
profile of multiple connexins in the microcirculation of mouse
skeletal muscle. We show that both Cx40 and Cx37 are
expressed throughout arteriolar branches, whereas Cx43 expression is constrained to the larger, proximal arterioles. In the
mouse cremaster muscle, a key role for Cx40 has been implicated in the conduction of vasodilation (7, 13). However, roles
for Cx37 and Cx43 remain to be defined.
The restriction of Cx43 expression to proximal arterioles
(Fig. 4A) is unlikely to affect electrical coupling but may result
in regional differences in gap junctional permeability (e.g., to
second messengers) and the regulation of cell-to-cell coupling
J Appl Physiol • VOL
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by physiological stimuli (5, 15). Although the functional significance of Cx43 in the microcirculation has not yet been
established, endothelial cell-specific knockout of Cx43 indicates a role for Cx43 in cardiovascular homeostasis (21). For
mice in which the coding region of Cx43 was replaced with a
LacZ reporter gene, expression was restricted largely to capillaries and small vessels in all adult organs examined; however,
skeletal muscle was not examined (30). The consistency of
Cx43 expression in the mesothelium lining the internal surface
of the cremaster muscle (Fig. 4B) is consistent with previous
evidence for its expression in epithelial tissues (6, 10) and
implies functional coupling within this cell layer that also
remains to be defined.
The apparent lack of connexin labeling in capillaries found
here is notable, given the evidence that capillaries conduct
vasomotor stimuli (3, 29). This inconsistency may be explained
by a level of connexin expression that is below the limit of
visual detection, as cells can be coupled electrically through
isolated gap junction channels that are not apparent with
immunolabeling (34). Indeed, the smooth muscle cell layer of
hamster cheek pouch arterioles can be highly effective as a
conduction pathway (2, 4, 33) despite the extremely low
incidence of gap junction plaques within this layer (25).
In summary, the present study demonstrates that arterioles of
the mouse cremaster muscle conduct vasodilation along the
endothelial cell layer but not the smooth muscle cell layer.
Conduction of vasodilation along the endothelium coincides
with the expression profiles of Cx37 and Cx40 in all arteriolar
branches, whereas Cx43 is expressed with variable consistency
in the endothelium of the larger, proximal arteriolar branches
but not in smaller, distal branches. Connexin expression was
not apparent in smooth muscle cells or in capillary and venular
endothelium. This pattern of connexin expression implies an
integral role for the conduction of vasodilation along arteriolar
endothelium in coordinating the magnitude and distribution of
muscle blood flow in accord with the local demands of skeletal
muscle fibers.
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