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Abstract
Rationale—The coordination of vascular smooth muscle cell (VSMC) constriction plays an
important role in vascular function such as regulation of blood pressure. However, the mechanism
responsible for VSMC communication is not clear in the resistance vasculature. Pannexins (Panx)
are purine releasing channels permeable to the vasoconstrictor ATP and thus may play a role in the
coordination of VSMC constriction.

Objective—We investigated the role of pannexins in phenylephrine (PE) and KCl mediated
constriction of resistance arteries.

Methods and Results—Western blot, immunohistochemistry and immunogold labeling
coupled to scanning and transmission electron microscopy revealed the presence of Panx1 but not
Panx2 or Panx3 in thoracodorsal resistance arteries (TDA). Functionally, the contractile response
of pressurized TDA to PE was significantly decreased by multiple Panx inhibitors (mefloquine,
probenecid and 10Panx1), ectonucleotidase (apyrase) and purinergic receptor inhibitors (suramin
and reactive-blue-2). Electroporation of TDA with either Panx1-GFP or Panx1 siRNA showed
enhanced and decreased constriction respectively in response to PE. Lastly, the Panx inhibitors did
not alter constriction in response to KCl. This result is consistent with co-immunoprecipitation
experiments from TDA, which suggested an association between Panx1 and α1D-adrenoreceptor.

Conclusions—Our data demonstrate for the first time a key role for Panx1 in resistance arteries,
by contributing to the coordination of VSMC constriction and possibly regulation of blood
pressure.
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Introduction
In resistance arteries, the coordination of vascular smooth muscle cell (VSMC) constriction
helps to regulate blood flow and peripheral resistance, and thus overall blood pressure1.
Although it has been hypothesized that gap junctions link VSMC in resistance arteries to
provide this coordination, the gap junctional coupling of VSMC is controversial3, and the
presence of gap junctions and the gap junction proteins (connexins) are difficult to observe4.
Thus, VSMC may use other mechanisms to communicate and coordinate their responses.

Pannexins (Panx) are tetra-spanning membrane proteins that mediate paracrine intercellular
communication via release of purines such as ATP or UTP 5, 6. The physiological function
of Panx remains poorly documented in the vasculature where there is currently no indication
of Panx expression or function. We thus hypothesized that pannexins may coordinate VSMC
constriction through the release of purines and activation of purinergic receptors.

Materials and Methods
See supplemental material for expanded methods.

Mice
Male mice (12–16 weeks) were used according to the University of Virginia Animal Care
and Use Committee guidelines.

Electron microscopy
Thoracodorsal resistance arteries (TDA) were immunolabeled using Panx1 antibody and 10
nm gold beads and imaged using a JEOL 6400 scanning electron microscope.

Vessel transfection
The VSMC of TDA were transfected either with a plasmid containing Panx1-GFP or Panx1
siRNA and cultured for 16 to 18 hours.

Co-immunoprecipitation
Panx1 or α1D-adrenoreceptor antibody were conjugated to Dynabeads, incubated with TDA
lysates and run on a SDS-PAGE gel.

Statistics
1-way or 2-way ANOVA followed by Bonferroni’s post-test were used for comparisons
between treatments. A P value of <0.05 was significant.

Results
Panx1 is expressed in VSMC of TDA

Using transmission electron microscopy (TEM), we could not observe gap junctions
between VSMC in TDA but could clearly identify tight junctions between endothelial cells
(EC; Fig 1A). The absence of membrane apposition was confirmed in other resistant arteries
while gap junctions could be observed between VSMC in mouse aorta (Suppl Fig I).
Therefore, we tested for the presence of the three Panx isoforms in TDA. Using western blot
(Fig 1B) and immunolabeling, we could only identify Panx1 both in EC and VSMC, and
between VSMC (Fig 1C-D-E). In mouse aorta, we could not detect any Panx isoform in the
VSMC (Suppl Fig I). Immuno-SEM on TDA using an extracellular loop Panx1 antibody
revealed the presence of the protein on the VSMC plasma membrane (Fig 1F).
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Phenylephrine-induced constriction is mediated by Panx
The data above clearly demonstrate that Panx1 is expressed in VSMC, however its
functional role in the resistance arteries is unknown. We therefore performed dose response
curves using the α1-adrenoreceptor agonist phenylephrine (PE) in the presence of three Panx
inhibitors: mefloquine7 (Fig 2A), 10Panx1 peptide8, 9 (Fig 2B), and probenecid6, 9 (Fig 2C).
Panx inhibitors all significantly reduced PE-induced vasoconstriction (Fig 2A-C, Suppl Fig
II-III) but did not affect ATP-induced vasoconstriction (Suppl Fig IV).

The Panx channels release purines5, 6, which induce constriction when applied to TDA
(Suppl Fig IV). We thus tested the effect of apyrase, an ectonucleotidase that degrades
purines. Both 1U/mL and 10U/mL significantly reduced TDA constriction in response to PE
(Fig 2D, Suppl Fig II-III). Purines such as ATP and UTP are known to bind purinergic
receptors present on VSMC. Therefore we treated the vessel with suramin, a purinergic
receptor inhibitor (Fig 2E, Suppl Fig II-III), and Reactive Blue-2 (RB-2; Fig 2F, Suppl Fig
II-III), which inhibits the P2Y subfamily of purinergic receptors. Both antagonists
significantly inhibited PE-induced constriction. To test whether PE-induced constriction was
due to Panx1 localized on EC, we perfused probenecid, apyrase and RB-2 in the lumen of
TDA and found no changes of PE responses, a result consistent with experiments on
endothelium-denuded TDA where probenecid inhibit PE-induced constriction to the same
extent as observed on intact TDA (Suppl Fig V). Lastly, cultured VSMC from coronary
resistance arteries (express both α1D-adrenoreceptor and Panx1) had significant increases in
ATP release after PE stimulation that was inhibited by 10Panx1, whereas cultured aortic
VSMC (only express α1D-adrenoreceptor) and NRK cells (do not express α1D-
adrenoreceptor or Panx1) did not have any increase in ATP release upon PE stimulation
(Suppl Fig VI).

Modulation of Panx1 expression modifies PE-induced constriction of TDA
The TDA were transfected either with Panx1-GFP or with Panx1 siRNA (Suppl Fig VII).
When Panx1 was overexpressed, the response of TDA to PE was increased by
approximately 30%, whereas underexpression of Panx1 induced a decreased constriction to
PE by 45% (Fig 3A, Suppl Fig VIII). Transfection of TDA with control siRNA did not
affect PE-induced constriction (Suppl Fig VII). Immunolabeling of transfected TDA
revealed that Panx1 expression was only modified in VSMC and not in EC (Fig 3B), which
was confirmed using an anti-GFP antibody (Suppl Fig VII). Endothelial and smooth muscle
function were not altered by transfection (Suppl Fig IX).

Panx1 is associated with α1-adrenoreceptor and is not involved in KCl constriction
We investigated whether Panx inhibitors could alter a receptor independent stimulus such as
KCl. We tested the three different Panx inhibitors as well as the purinergic inhibitors and
found that none of them affected TDA constriction to KCl (Fig 4A). We thus hypothesized
that a specific interaction may occur between Panx1 and α1D-adrenoreceptor, the primary
adrenoreceptor responsible for VSMC constriction (Suppl Fig X). Immunolabeling of TDA
using Panx1 and α1D-adrenoreceptor antibodies revealed co-localization of the two proteins
(Fig 4B-C). The association between Panx1 and α1D-adrenoreceptor was confirmed by co-
immunoprecipitation from TDA lysates (Fig 4D).

Discussion
In the microcirculation, coordination of VSMC contraction is essential for the regulation of
blood flow distribution and peripheral vascular resistance. Gap junctions are likely
responsible for VSMC coordination in conduit arteries, however their role in VSMC
coordination in resistance arteries remains unclear4. Our TEM results indicate that VSMC of
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TDA are unlikely to be coupled exclusively via gap junctions since the VSMC are separated
by relatively large intercellular spaces. The close apposition of EC plasma membranes,
characteristic of gap junctions, indicates that the intercellular space observed between
VSMC was not an artifact of fixation. Our demonstration of Panx1 expression could suggest
a mechanism allowing for VSMC to coordinate their responses independent of gap
junctions.

Pannexin channels release purines in response to different stimuli5. In the vasculature, the
concentration of purines is finely regulated by ectonucleotidase at the surface of VSMC and
contribute to local regulation of vascular tone10. Our findings suggest that Panx1, purines
and purinergic receptors are involved in TDA constriction in response to PE. However, we
also found staining for Panx1 in EC, which are known to release ATP11 but our data show
that the inhibition of PE responses was not due to Panx1 on EC. Nevertheless, Panx1
expression in EC suggests that Panx1 could be involved in EC functions such as
vasodilation or inflammatory cell adhesion.

Our data implies that Panx1 is specifically involved in PE- ,but not KCl-induced
constriction. This suggests that Panx1 is not activated solely by the rise of intracellular
calcium concentrations or mechanical stretch5. Reports from cell culture have suggested that
purine release through Panx1 may occur after activation of Gq/11-coupled α1-adrenoreceptor
but not after stimulation of Gi/o-coupled α2-adrenoreceptors or Gs-coupled β-
adrenoreceptors12. Thus, Panx1 could also be involved in TDA constriction in response to
other Gq/11-coupled receptors agonists such as serotonin, endothelin-1 or angiotensin II.
However, our evidence indicates that Panx1 and α1D-adrenoreceptor are closely associated
at the protein level, suggesting Panx1 and α1-adrenoreceptor may be part of a signaling
microdomain.

Our data provides the first demonstration of Panx expression in the vasculature and its
function in the control of vasoconstriction. Our results suggest that the release of purines
through Panx1 channels on VSMC is triggered by PE stimulation and participates in control
of vascular tone through purinergic receptors (Fig 4D). Thus, Panx1 could contribute to the
coordination of VSMC constriction and the regulation of blood pressure via catecholamines
released by sympathetic nerves.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

EC Endothelial Cells

NRK Normal Rat Kidney
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PE Phenylephrine

Panx Pannexin

RB-2 Reactive Blue-2

SEM Scanning Electron Microscopy

TDA Thoracodorsal Artery

TEM Transmission Electron Microscopy

VSMC Vascular Smooth Muscle Cells
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Novelty and significance

What is known?

• Intercellular communication between smooth muscle cells (SMC) within the
vascular wall is essential for the control of vasoreactivity but the mechanism
remains unclear.

• Pannexin channels participate in intercellular communication through the
release of purines such as ATP, a potent vasoconstrictor.

What new information does this article contribute?

• Pannexin1 (Panx1) is present in the SMC of resistant arteries and play a role in
phenylephrine (PE)-induced vasoconstriction.

• Panx1 and the α1D-adrenoreceptor are part of the same protein complex.

• When PE binds to the α1D-adrenoreceptor, Panx1 opens to release purines that
can act on purinergic receptors present on SMC to enhance PE-induced
vasoconstriction.

Intercellular communication between SMC serves to regulate the vasoconstriction of
resistance arteries, a fundamental process for the control of blood flow and peripheral
resistance. However, the exact mechanisms of SMC communication remain unclear.
Here we focused on Panx1, a protein known to participate in the release of ATP which
has not been described in the vasculature. Our data indicate that Panx1 releases ATP
during contraction of resistance arteries in response to PE, therefore controlling the
intensity of vasoconstriction. These data are the first to describe the presence, and a role
for, Panx1 in the vascular wall providing a novel mechanism for SMC communication.
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Figure 1. Panx1 is expressed in the membrane of VSMC in TDA
(A) Representative TEM image of TDA demonstrates close apposition (arrow) between EC,
whereas VSMC are separated by a large intercellular space (arrowheads). (B) Duplicate
western blots of TDA lysates for the three Panx isoforms (Panx1, Panx2 and Panx3) and
Panx1 antibody incubated with cognate peptide. (C) immunofluorescence of a transverse
section of TDA labeled for Panx1 (red), nuclei are stained with DAPI (blue). (D)
Immunofluorescence of a lateral view of VSMC of a TDA labeled for Panx1 (red), arrow
indicates direction of blood flow. (E) Immuno-TEM labeling of TDA for Panx1;
enlargement of red box is shown on right. (F) Left: representative SEM of a TDA. Right:
enlarged images of VSMC from immuno-SEM labeled for Panx1 (gold beads were
pseudocolored in pink). Samples were labeled with antibodies against the extracellular loop
of Panx1 (EL-Panx1) or the C-terminal of Panx1 (CT-Panx1); VSMC without labeling or
primary antibodies are also shown. Scale bar is 1μm in (A) and (E), 5μm in (D), 10μm in (C)
and (F). Asterisks indicate vessel lumen.
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Figure 2. Panx is involved in PE constriction of TDA
The effect of cumulative concentrations of PE on internal diameter of pressurized TDA was
significantly decreased after treatment with Panx inhibitors: (A) mefloquine (10 μmol/L),
(B) 10Panx1 peptide (200 μmol/L) and (C) probenecid (2 mmol/L and 500μmol/L). (D),
effect of apyrase (1 U/mL and 10 U/mL). We also inhibited purinergic receptors with
suramin (100 μmol/L and 300 μmol/L), (E) and P2Y receptors with RB-2 (75 μmol/L); (F).
n indicates the number of vessels and the value in parentheses is the number of mice.
*P<0.05.
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Figure 3. Modulation of Panx1 expression in VSMC modifies PE-induced constriction of TDA
The VSMC of TDA were transfected with either a plasmid containing Panx1-GFP or Panx1
siRNA. (A) The effect of cumulative concentrations of PE was investigated in each
condition. (B) Immunofluoresence of TDA transfected with Panx1-GFP (upper panel),
untransfected TDA (middle panel) and TDA transfected with Panx1 siRNA (lower panel)
labeled for Panx1. Scale bar is 5μm. The asterisks in A indicates P<0.05 and in B, the
asterisks indicates vessel lumen. In B, arrows point to IEL, arrowheads point to EC.
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Figure 4. Panx1 is associated with α1D -adrenoreceptor and is not involved in KCl constriction
(A) Previously used inhibitors (mefloquine (10 μmol/L); 10Panx1 (200 μmol/L), probenecid
(2 mmol/L) apyrase (10 U/mL), suramin (300 μmol/L) or RB-2 (75 μmol/L)) had no effect
on 40 mmol/L KCl-induced constriction. However, the L-type Ca2+ channel inhibitor
diltiazem (10 μmol/L) significantly inhibited the KCl-induced constriction. *P<0.05. (B)
Immunolabeling of transverse sections of TDA labeled for Panx1 (red) and α1D-
adrenoreceptor (green). Nuclei are stained in blue and asterisks indicate the lumen. Arrows
point to colocalized labeling for Panx1 and α1D-adrenoreceptor. Scale bar is 10μm. (C)
Immunogold labeling of TDA for Panx1 (arrows) and α1D-adrenoreceptors (arrowheads).
Scale bar is 1 μm. (D) Interaction between Panx1 with α1D-adrenoreceptors was revealed
when lysates from TDA were immunoprecipitated (IP) either with α1D-adrenoreceptor
(α1D, upper left panel) or Panx1 (lower left panel) and blotted (WB) with Panx1 or α1D-
adrenoreceptor antibodies, respectively. Panx1 and α1D-adrenoreceptor pull down were
verified by blotting with Panx1 or α1D-adrenoreceptor antibodies (middle panels) and the
absence of IgG was also controlled (right panels). (E) Summary of PE-induced
vasoconstriction: application of PE stimulates α1D-adrenoreceptor (1) followed by the
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activation of Panx1 channel (2) leading to the opening of the Panx1 channel and the release
of purines in the extracellular space (3). Purines bind to P2Y receptors (4) reinforcing the
α1D-adrenoreceptor constriction (5).
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