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Abstract

Coordination of vascular smooth muscle cell tone in resistance arteries plays an essential role in
the regulation of peripheral resistance and overall blood pressure. Recent observations in animals
have provided evidence for a coupling between adrenoceptors and Panx1 (pannexin-1) channels in
the regulation of sympathetic nervous control of peripheral vascular resistance and blood pressure;
however, evidence for a functional coupling in humans is lacking. We determined Panx1
expression and effects of treatment with the pharmacological Panx1 channel inhibitor probenecid
on the vasoconstrictor response to a.1- and a2-adrenergic receptor stimulation in the human
forearm and leg vasculature of young healthy male subjects (2343 years). By use of
immunolabeling and confocal microscopy, Panx1 channels were found to be expressed in vascular
smooth muscle cells of arterioles in human leg skeletal muscle. Probenecid treatment increased
(P<0.05) leg vascular conductance at baseline by ~15% and attenuated (A<0.05) the leg
vasoconstrictor response to arterial infusion of tyramine (a1- and a.2-adrenergic receptor
stimulation) by ~15%, whereas the response to the a.1-agonist phenylephrine was unchanged.
Inhibition of a.1-adrenoceptors prevented the probenecid-induced increase in baseline leg vascular
conductance, but did not alter the effect of probenecid on the vascular response to tyramine. No
differences with probenecid treatment were detected in the forearm. These observations provide
the first line of evidence in humans for a functional role of Panx1 channels in setting resting tone
via a.l-adrenoceptors and in the constrictive effect of noradrenaline via a2-adrenoceptors, thereby
contributing to the regulation of peripheral vascular resistance and blood pressure in humans.
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Coordination of vascular smooth muscle cell (VSMC) tone in resistance arteries plays an
essential role in the regulation of peripheral resistance and blood flow and thus overall blood
pressure.1 VSMC tone is mainly determined by myogenic tone and the activity of the
sympathetic nervous system? where norepinephrine released from sympathetic nerve
endings acts on a1- and a.2-adrenergic receptors on VSMCs leading to vasoconstriction.
Recent studies from several research groups conducted in vitro and in genetically modified
animals have provided evidence that stimulation of a-adrenoceptors leads to opening of the
Panx1 (pannexin-1) channel and efflux of ATP from VSMCs.3~7 ATP released through
Panx1 induces vasoconstriction in an autocrine manner via purinergic receptors, thereby
regulating the effect of norepinehrine.>® This vasoconstrictor effect of ATP acting directly
on VSMCs is in contrast to the endothelium-dependent vasodilator effect of intravascular
ATP mediated via formation of NO and prostanoids and activation of inwardly rectifying
potassium channels.8 The divergent vasoactive property of ATP exemplifies the dual role of
purinergic signaling in the cardiovascular system.19 Importantly, evidence for a functional
role of the Panx1 channel in human vasculature is lacking, and its presence and role in
skeletal muscle tissue resistance vessels in general have not been established.

Here, we examined the effect of treatment with the pharmacological Panx1 channel inhibitor
probenecid on the vasoconstrictor response to a.1- and a2-adrenergic receptor stimulation in
the human forearm and leg vasculature. We hypothesized that Panx1 channels would be
expressed in VSMCs of skeletal muscle arterioles and that probenecid would attenuate a.1-
adrenergic receptor—-mediated vasoconstriction. The effect of probenecid on the adrenergic
receptor—-mediated vasoconstriction was expected to be lower in the arm because of the

lower vascular hydrostatic pressure and lower adrenergic responsiveness in arm than leg.
11,12

A total of 15 healthy recreationally active males, aged 23+3 years, participated in the study
(Table S1 in the online-only Data Supplement). The subjects underwent screening by means
of a medical examination, 12-lead ECG, and blood sampling from an antecubital vein. On
the day of screening, subjects also performed an incremental bicycle ergometer exercise test
in which pulmonary (L/min) was determined (Oxycon Pro, Intramedic, Denmark; VOomax
Table S1). Exclusion criteria were history or symptoms of cardiovascular disease, renal
dysfunction, insulin resistance, diabetes mellitus, or hypercholesterolemia. All subjects were
nonsmokers and were not taking prescription medicine. The study was approved by the
Ethics Committee of the Capital Region of Copenhagen (H-15014050) and conducted in
accordance with the guidelines of the Declaration of Helsinki. Written informed consent was
obtained from all subjects before enrollment into the study.

Experimental Protocol 1: Role of Panx1 in Total a-Adrenergic and al-Adrenergic Mediated
Vasoconstriction in the Upper and Lower Extremities

The study was conducted as a double-blinded, placebo-controlled, balanced crossover study.
Subjects (n=10) reported to the laboratory on 2 different days separated by a washout period
of 14 to 21 days (Figure S1). Subjects refrained from caffeine, alcohol, and exercise for 24
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hours before each experimental day, and the subjects were instructed to eat the same
breakfast. An oral dose of either probenecid (3000 mg; Meda, Denmark) or calcium as
placebo (800 mg; Orkla Health, Denmark) was given at ~08:00 AM, and the first arterial
infusion was started 4 hours later as probenecid has been shown to reach maximal plasma
concentration after this period of time.13 On the basis of the literature, 3000 mg probenecid
should result in plasma concentrations of ~700 pmol/L,3 which has been shown to
effectively inhibit 614 Intake of the present dose of Panx1 channels (1C50=150 pmol/
L).calcium tablets did not change the vascular response to various stimuli (tyramine
infusion, passive and active limb movement) as evidenced from a series of pilot experiments.
Under aseptic conditions and local anesthesia, catheters (20 gauge; Arrow, Reading, PA)
were placed in the femoral artery and vein of the experimental leg 2 cm below the inguinal
ligament (lidocaine, 20 mg/mL; Astra Zeneca, Denmark). A catheter was also placed in the
brachial artery (20 gauge, arterial cannula; BD) and cephalic vein (20 gauge, venflon; BD)
of the experimental arm. A 3-port connector was placed in series so that infusion and blood
pressure measurements could be performed simultaneously. Subjects were positioned in the
supine position with the experimental arm extended laterally at heart level where they
received continuous brachial artery infusion of tyramine (Sigma-Aldrich, St. Louis, MO) for
3 minutes at each dose (0.3 and 1.0 pmol min~1 L forearm volume™1), and measurements
(blood flow, blood pressure and blood samples) were performed during the last minute at
each dose. After 30 minutes of rest, subjects received continuous femoral arterial infusion of
tyramine for 3 minutes at each dose (0.3 and 1.0 umol min~1 L leg volume™1) in the supine
position. Tyramine evokes norepinephrine release from neuronal vesicles and consequent
release of norepinephrine out of nerve terminals, thus resulting in stimulation of al1- and a2-
adrenergic receptors, without having any intrinsic vasoconstrictor properties.1® After 30
minutes of rest, subjects then received continuous brachial artery infusion of phenylephrine
(selective a.l-adrenergic receptor agonist; SAD, Denmark) for 3 minutes at each dose (0.75,
1.5, and 3.0 pg min~1 L forearm volume™1) followed by additional 30 minutes of rest and
femoral arterial infusion of phenylephrine (0.75, 1.5, and 3.0 ug min~ L leg volume™1). The
order of the infusions was kept similar during both experimental days. This approach was
used to minimize any potential influence of diurnal variations in vascular function as the
protocol ensured that infusions were performed at the same time of day during each visit. To
avoid residual systemic effects of the prior compound infusion, blood pressure and blood
flow were measured frequently to ensure that these variables had returned to baseline level
before initiation of the next infusion.

A biopsy was obtained from the middle portion of m. vastus lateralis of the experimental leg
using the percutaneous needle biopsy technique with suction 15 minutes before initiating
femoral arterial tyramine infusion. Muscle biopsies were quickly embedded in mounting
medium (TissueTek OCT, Sakura), frozen in precooled isopentane and stored at —80° until
further analysis.

Experimental Protocol 2: Role of Panx1 in a2-adrenergic Mediated Vasoconstriction in the
Lower Extremity

Similar to protocol 1, a double-blinded, balanced crossover placebo approach was used.
Subjects (n=5) reported to the laboratory on 2 different days separated by a washout period
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of ~14 days (Figure S2). Subjects refrained from caffeine, alcohol, and exercise for 24 hours
before each experimental day, and the subjects were instructed to eat the same breakfast. An
oral dose of either probenecid (3000 mg; Meda) or placebo (800 mg calcium; Orkla Health)
was given at ~08:00 AM. Under aseptic conditions, catheters (20 guage; Arrow, Reading)
were placed in the femoral artery and vein of the experimental leg 2 cm below the inguinal
ligament under local anesthesia (lidocaine, 20 mg/mL; Astra Zeneca). An oral dose of
terazosin (selective a.1-adrenergic receptor antagonist, 0.05 mg kg~1; Amdipharm Limited,
Ireland) was then given 2 hours after intake of placebo/probenecid. This dosage of terazosin
provides ~80% a.1 blockade.1® After additional 2 hours, subjects were placed in the supine
position where they received continuous femoral arterial infusion of tyramine (Sigma-
Aldrich) for 3 minutes at each dose (0. 15, 0.3, and 1.0 umol min~1 L leg volume™1). After
30 minutes of rest, continuous femoral arterial infusion of phenylephrine (0.75, 1.5, and 3.0
g min~1 L leg volume™; SAD) was performed.

Measurements and Calculations

Avrterial blood flow (femoral arterial [leg] blood flow and brachial arterial blood flow) was
measured with ultrasound Doppler (Vivid E9; GE Healthcare) equipped with a linear probe
operating at an imaging frequency of 4.0/8.0 MHz and Doppler frequency of 4.3 MHz. The
site of measurements in the common femoral artery was distal to the inguinal ligament but
above the bifurcation into the superficial and deep femoral branches to avoid turbulence
from the bifurcation. For measurements in the brachial artery, the probe was placed
approximately half way up the upper arm. All recordings were obtained at the lowest
possible insonation angle and always <60°. Sample volume maximized according to the
width of the vessel and kept clear of the vessel walls. Doppler traces and B-mode images
were recorded continuously, and Doppler traces were averaged over ~30 s. Arterial diameter
measures (in triplicate) were assessed during systole from arterial B-mode images with the
vessel parallel to the transducer after each Doppler recording. Intra-arterial and intravenous
pressure and heart rate were monitored with transducers (Pressure Monitoring Set; Edwards
Lifesciences, Irvine, CA) positioned at the level of the tip of the catheters. Leg and forearm
volumes were estimated by anthropometry and vascular conductance (leg vascular
conductance [LVC] and forearm vascular conductance) as arterial blood flow/(mean arterial
[femoral/brachial] blood pressure-mean venous [femoral/brachial] blood pressure).
Norepinephrine was analyzed by enzyme immunoassay (LDN, Nordhorn, Germany),
hemoglobin by color absorption photometry (Sysmex XN, Sysmex, Denmark), CRP by
turbidimetry (Cobas 8000, c702 module; F. Hoffmann-La Roche Ltd, Rotkreuz,
Switzerland), glycated hemoglobin by absorption photometry (Tosoh G7 and G8, Tosoh,
Japan), total cholesterol, low-density lipoprotein, and high-density lipoprotein were analyzed
by enzymatic absorption photometry (Cobas 8000, c702 module; F. Hoffmann-La Roche
Ltd, Rotkreuz, Switzerland).

Fluorescence Immunolabeling

Sections (10 um) from m. vastus lateralis muscle biopsies were fixed with ice-cold acetone
for 10 minutes, air-dried for 10 minutes, and blocked for 30 minutes with 5% fish skin gel,
0.5% BSA, and 0.25% Triton X-100 in PBS. Colocalization of Panx1 with VSMCs was
visualized using an affinity-purified custom-made rabbit anti-human Panx1 polyclonal
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antibody (1:500, PANX1 CT-412, 0.5 pg/mL; Genemed Synthesis, San Francisco, CA) and
mouse anti—a-smooth muscle actin (1:250; Sigma-Aldrich) antibody diluted in blocking
solution at 4°C overnight. Secondary antibodies were Alexa Fluor 594 (1:400, goat anti-
rabbit 19G, A-11012; Thermo Fisher, Waltham, MA) and Alexa Fluor 568 (1:400, goat anti-
mouse, A-11019; Thermo Fisher) incubated at room temperature for 1 hour. Finally, sections
were mounted with Prolong Gold Antifade with DAPI (4”,6-diamidino-2-phenylindole;
P36931; Thermo Fisher) and stored at 4°C until image acquisition. Negative controls were
performed by staining without primary antibodies. Confocal images were collected on a
Zeiss LSM 880 Axio Observer microscope through a DIC M27 Plan-Appchromat 63/1.40
Oil objective (Carl Zeiss, Oberkochen, Germany).

Statistical Analysis

Results

Differences in baseline hemodynamics were detected using paired Student ¢tests. A linear
mixed-model approach was used to investigate differences within and between treatments.
Fixed factors were intervention (placebo, probenecid), infusion dose, and extremity (leg,
forearm). Subjects were specified as a repeated factor and identifier of random variation.
Homogeneity of covariance and normal distribution were confirmed through residual and Q-
Q plots. Pairwise differences were identified using Tukey honestly significant difference
post hoc procedure. The number of subjects was selected on the basis of detecting a 15%
difference in tyramine-induced vasoconstriction with intake of probenecid. Statistical
analyses were performed with R version 3.2.2 (R Foundation for Statistical Computing,
Vienna, Austria) through the interface R studio (R Foundation for Statistical Computing).
Data are reported as means+SE unless otherwise stated. £ <0.05 was considered statistically
significant.

Panx1 Is Expressed in VSMCs of Skeletal Muscle Arterioles

By use of immunohistochemistry and confocal microscopy, colocalization of Panx1
channels with VSMCs was confirmed in arterioles in muscle samples obtained from m.
vastus lateralis of human subjects (Figure 1).

Role of Panx1 in al-Adrenergic Mediated Vasoconstriction in the Upper and Lower

Extremities

Baseline—At baseline, leg blood flow and LVC were ~15% higher (~£<0.05) with
probenecid compared with placebo (Table 1). When normalized to tissue volume, leg blood
flow and LVC were ~55% lower (/A<0.05) compared with brachial arterial blood flow and
forearm vascular conductance with both placebo and probenecid. Mean blood pressure was
higher (P<0.05) in the brachial artery compared with femoral artery. Although probenecid
did not affect femoral arterial blood pressure or brachial arterial blood pressure, it
significantly increased heart rate (£<0.05).

Leg and Forearm Vasoconstrictor Responses to Tyramine—In the leg, the
vasoconstrictor response to the lowest dose of tyramine (0.3 pmol min~ L leg volume™)
was ~15% lower (P<0.05) with probenecid compared with placebo, whereas probenecid
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failed to attenuate vasoconstriction at the higher dose of tyramine (Figure 2; Table 2). The
tyramine-induced increase in femoral arterial blood pressure was blunted (P<0.05) with
probenecid compared with placebo during both infusion rates. In the forearm, no differences
were detected between placebo and probenecid in the vasoconstrictor response to tyramine.

The vasoconstrictor response to both infusion rates of tyramine was higher (£<0.05) in the
leg compared with forearm with placebo and probenecid (Table 2).

Leg and Forearm Vasoconstrictor Responses to Phenylephrine—In the leg and
forearm, no differences were detected between placebo and probenecid in the
vasoconstrictor response to phenylephrine (Figure 3; Table 2). Similarly, no differences in
the vasoconstrictor response to phenylephrine were detected between the leg and forearm.

Role of Panx1 in a2-Adrenergic Mediated Vasoconstriction in the Lower Extremity

Baseline—leg blood flow, femoral arterial blood pressure, LVC, and heart rate were
similar with placebo and probenecid (Table 3).

Leg Vasoconstrictor Responses to Tyramine and Phenylephrine—The
vasoconstrictor response to the 2 lowest doses of tyramine (0.15 and 0.3 pmol min™1 L leg
volume™1) was ~24% lower (£<0.05) with terazosin+probenecid compared with terazosin
+placebo (Figure 4; Table 4). During al-adrenoceptor blockade, phenylephrine increased
rather than decreased LV C, and although this effect was numerically lower after probenecid
treatment, no differences were detected between terazosin+placebo and terazosin
+probenecid in the vascular response to phenylephrine.

Discussion

The primary novel findings were (1) Panx1 channels were expressed in VSMCs of arterioles
in human leg skeletal muscle, (2) probenecid treatment increased baseline LVC and
attenuated the leg vasoconstrictor response to arterial infusion of tyramine, whereas the
response to the a.1-agonist phenylephrine was unchanged, and (3) inhibition of a1-
adrenoceptors prevented the probenecid-induced increase in baseline LVVC but did not alter
the effect of probenecid on the vascular response to tyramine infusion. Taken collectively,
these observations provide the first line of evidence in humans for a functional role of Panx1
channels in setting resting tone via a1-adrenoceptors and in the constrictive effect of
noradrenaline via a.2-adrenoceptors, thereby contributing to the regulation of peripheral
vascular resistance and blood pressure in humans.

First Evidence for a Functional Coupling Between Adrenoceptors and Panx1 Channels in

Humans

Tyramine induces vascular constriction by inducing a release of norepinephrine and
stimulation of a1- and a2-adrenoceptors on VSMCs. Hence, the present finding that the
Panx1 channel inhibitor probenecid attenuated the leg vasoconstrictor response to tyramine
provides the first evidence of a coupling between these receptors and Panx1 in the
sympathetic control of vascular tone in humans. Although this coupling is in general
agreement with observations made in vitro and in animal models, it has been clearly
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demonstrated that this complementary vasoconstrictor mechanism is coupled to a 1-
adrenoceptor activation in these models.>~7 In the present study, we did not find evidence for
this coupling as probenecid did not affect the vasoconstrictor response to the a.1-agonist
phenylephrine. Furthermore, inhibition of a1l-adrenoceptors did not alter the attenuating
effect of probenecid on the vasoconstrictor response to tyramine infusion. This discrepancy
may be a consequence of differences in the investigated vessels as previous studies have
used large thoracodorsal arteries®6 and mesenteric arterioles,” whereas the present findings
are likely to primarily reflect arterioles of skeletal muscle. In addition, species differences,
degree of baseline stimulation of Panx1 channels, degree of a.1-adrenoceptor stimulation
caused by phenylephrine, or the targeting of different receptor populations by mode of
agonist administration may explain the discrepancy with previous findings.>~’ Along these
lines, as probenecid increased LVC at baseline and because this effect was absent when
blocking a.1-adrenoceptors, it could be argued that the Panx1-mediated a1-response was
already fully stimulated. If so, further stimulation of a.1-receptors not coupled to Panx1
would be insensitive to probenecid treatment. On the other hand, outcome may also depend
on the mode of agonist delivery as the adrenoceptor subtype composition at the
neuroeffector junction is likely different from that outside.17-18 Because tyramine releases
norepinephrine (as well as ATP and neuropeptide Y) at the neuroeffector junction, it may
well target a different population of receptors compared with phenylephrine delivered
through the blood stream. As a consequence, exogenous phenylephrine may predominately
activate receptors that do not couple to Panx1 and therefore the response would be
insensitive to probenecid.

Smaller resistance vessels play a major role in the regulation of vascular resistance and the
distribution of blood flow within skeletal muscle.1® Data from various animal models
suggest that a1-adrenoceptors are primarily located upstream in larger arterioles and conduit
arteries, whereas a2-adrenoceptors are primarily located in the smaller resistance vessels.
20.21 | the current study, we were able to show that Panx1 channels are present in smaller
arterioles in human skeletal muscle supporting the proposition of a coupling between Panx1
channels and a.2-adrenoceptors in leg skeletal muscle vasculature for the regulation of
peripheral vascular resistance in this tissue. Such an interaction between Panx1 channels and
a-adrenoceptors would allow for a point of amplification and integration through which
other signaling pathways could effectively modify the contractile response. With regard to
the latter, skeletal muscle can increase blood flow during contractile activity substantially
despite large increases in sympathetic outflow,22 a phenomenon known as functional
sympatholysis.23 Hence, Panx1 channels may provide 1 point of intercept for vasodilator
substances in contracting skeletal muscle.24 As the mechanisms underlying the
sympatholytic properties of intravascular ATP remain undisclosed, 2 it is tempting to
speculate that ATP acting on luminal endothelial purinergic receptors may ultimately lead to
reduced Panx1 activity and a-adrenergic mediated vasoconstriction. One such mode of
action could be hyperpolarization of endothelial and adjacent smooth muscle cells, thus
leading to altered smooth muscle Panx1 conformation and activity.2

At rest, Panx1 channel inhibition increased LVC and heart rate, effects that were not
detected during a1-adrenoceptor antagonism. These findings are in accordance with
experiments performed in vitro and in gene modified animals demonstrating a coupling
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between Panx1 channels and a.1-adrenoceptors*-6 and suggest a functional role of Panx1
channels in setting resting tone via a.l-adrenoceptors in humans. The increase in heart rate
probably represents a baroreflex-mediated effect to maintain MAP at a reduced total
peripheral resistance, but direct cardiac effects cannot be excluded.2’

Probenecid only reduced the vasoconstriction to the low and intermediate doses of tyramine,
whereas the response to the highest dose was unaffected. This finding may relate either to
differential effects of a-adrenergic receptors inside and outside the neuroeffector junctions
or to nonlinearity in the mechanism underlying signal transduction. As noted above, the
population of al-adrenoceptor subtypes is different in the neuroeffector junction, which
means that lower levels of tyramine may selectively activate the receptors in this region. In
contrast, neurotransmitters could spill over to extrajunctional regions at higher
concentrations and signal via receptors that act independent of Panx1. In addition, and not
mutually exclusive, the underlying signaling may be nonlinear and thus allow high levels of
stimulation to overcome partial inhibition of any step in the chain. For example, if a-
adrenoceptor stimulation releases more ATP than needed for maximal vasoconstriction, then
a reduction in the maximal release capacity (by Panx1 inhibition) right shifts the tyramine-
to-vasoconstriction dose—response curve rather than reducing the maximum response.

Because of its characterization as a selective a.1l-agonist, phenylephrine has commonly been
used to study the pharmacology and physiology of a1-mediated vasoconstrictor effects in
both animal models and humans. Interestingly, femoral arterial infusion of phenylephrine
was in the present study found to induce a vasodilator response during concomitant
inhibition of al-adrenoceptors. This vasodilator effect of phenylephrine may have been
mediated via p2-receptors2829 as phenylephrine-induced vasodilation during nonselective
a-adrenoceptor inhibition was shown to be abrogated by the nonselective p-blocker
propranolol in the human forearm.30 This potential B-mediated vasodilation induced by
phenylephrine deserves further investigation.

Differences in Vascular Responsiveness in the Upper and Lower Extremities

Unlike quadrupeds, the legs of humans are subjected to marked changes in hydrostatic
pressure relative to the arms.11 Thus, it is not surprising that the legs display greater arterial
wall thickness,3! enhanced adrenergic responsiveness,2 and a reduced vascular responses to
vasodilator substances.32 In accordance, vascular conductance and blood flow per volume of
tissue were found to be higher in the forearm during baseline conditions, and the
vasoconstrictor response to tyramine was lower in the forearm compared with the leg. In
contrast, no difference between the extremities was detected in the vascular response to
phenylephrine, indicating a similar responsiveness to a.1-adrenoceptor but a less pronounced
role of a2-adrenoceptors in the arm than the leg. This evidence for a more pronounced
overall role of a2-adrenoceptors in the leg compared with the arm is in line with the
previous findings of overall greater adrenergic responsiveness in the lower extremities.12
The greater importance of vasoconstriction for the regulation of vascular resistance,
combined with the greater role of the a.2-adrenoreceptors in the lower than the upper
extremities, could explain the apparent coupling between this receptor subtype and Panx1
channels specifically in the lower limbs of humans.
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Experimental Considerations

In the present study, we chose to inhibit Panx1 channels with probenecid as this compound
has been successfully used in vitro and in vivo in animal models to target Panx1-mediated
signaling processes®6:14 and is approved for use in humans (gout remedy).33 Probenecid
also lists the mildest and most acceptable side effects compared with mefloquine which is
the other approved pharmaceutical known to inhibit Panx1 channels. In addition to its well-
known inhibitory effect on Panx1 channels, probenecid has been shown to have inhibitory
effects on other proteins such as anion transporters.3# Specifically, probenecid also inhibits
the MRP4 and MRP5 (multidrug resistance proteins 4 and 5),3% which have been implicated
in the export of cCAMP from arterial smooth muscle cells.36 If cAMP secretion plays a role in
the response to tyramine, the effect of blocking it is difficult to predict. On one hand,
reduced cAMP secretion could increase intracellular cAMP37 and cause vasodilation, but on
the other hand, reduced cAMP secretion would also reduce the formation of the vasodilator
adenosine (from extracellular cAMP breakdown).38 As our study does not address the
possible role of CAMP, we are unable to evaluate its possible involvement at present. More
specific inhibitors of VSMC Panx1 should be developed for human use to fully elucidate the
physiological function of this channel.

Perspectives

In the resistance vessels, sympathetic nervous activity plays an essential role in the control
of blood pressure by regulating peripheral vascular resistance.! In a recent study, knockout
mice deficient in VSMC Panx1 channels were shown to display hypotension, and in wild-
type mice, intraperitoneal infusion of a Panx1 channel inhibitor induced an acute reduction
in blood pressure.® In the present study, we provide evidence for a similar importance of
Panx1 channels for regulation of vascular tone and thereby blood pressure in humans. It
should be noted, that the reduction in blood pressure at rest with probenecid treatment did
not reach statistical significance; however, given the initially low mean arterial blood
pressure in the young healthy subjects, this lack of effect may reflect a baroreceptor-
mediated compensation to preserve blood pressure and sufficient perfusion of vital organs.
Such preservation of blood pressure is supported by the higher heart rate with probenecid
treatment as this chronotropic response is indicative of a higher cardiac output, which would
serve to increase blood pressure. Collectively, our results suggest that Panx1 channels may
be a target for therapeutic interventions aimed at lowering blood pressure in disease states
characterized by increased blood pressure or in conditions where muscle function is
compromised by lack of functional sympatholysis.3® Targeting Panx1 channels with
interfering peptides that recognize a part of intracellular amino acid sequence may be 1
approach.® Future research should also aim at investigating the effect of Panx1 channel
inhibition in individuals with essential hypertension.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What Is New?

. This is the first study to explore the potential functional coupling between
adrenoceptors and Panx1 (pannexin-1) channels in the regulation of
sympathetic nervous control of peripheral vascular resistance and blood
pressure in humans.

What Is Relevant?

. Panx1 channels may be a target for therapeutic interventions aimed at
lowering blood pressure in disease states characterized by increased blood
pressure.

Summary

The present observations provide the first line of evidence in humans for a functional role
of Panx1 channels in setting resting tone via a1l-adrenoceptors and in the constrictive
effect of norepinephrine via an interaction with a2-adrenoceptors, thereby contributing to
the regulation of peripheral vascular resistance and blood pressure in humans.
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o-SMactin mer|e
Figure 1.

Panx1 (pannexin-1) is expressed in vascular smooth muscle cells in human skeletal muscle.
A, Representative immunofluorescence micrographs showing colocalization of Panx1 (red)
and a-smooth muscle cell actin (a-SMactin; green) in sections of arterioles isolated from
human vastus lateralis muscle. Nuclei are stained with DAPI (4’ ,6-diamidino-2-
phenylindole; blue). B, Negative controls were performed by staining with secondary
antibody only. C, Positive controls were performed by staining with primary and secondary
antibody for Panx1 only.
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Figure 2.

Leg and forearm vasoconstrictor responses to tyramine. Percentage changes in leg and
forearm vascular conductance (A, B) and blood pressure (C, D) with arterial tyramine
infusion without placebo (PLA) and with probenecid (PROB). n=10. *Significantly different
from PLA (/<0.05), Tsignificantly different from leg within same condition (/<0.05).
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Leg and forearm vasoconstrictor responses to phenylephrine. Percentage changes in leg (A)
and forearm (B) vascular conductance with arterial phenylephrine infusion without placebo
(PLA) and with probenecid (PROB). n=10.
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Leg a2-adrenergic mediated vasoconstrictor responses to tyramine. Percentage changes in

leg vascular conductance with arterial tyramine infusion with terazosin+placebo (TER

+PLA) and with terazosin+probenecid (TER+PROB). n=5. *Significantly different from

PLA (P<0.05).
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Table 1
Baseline Hemodynamics—Protocol 1
Leg Forearm

Variable PLA PROB PLA PROB
Blood flow, mL min~t 37748 | 43339 | 103+137 | 126+157
Blood flow, mL min~t Lt 36+4 42+3" 81127 96107
Mean arterial blood pressure, mm Hg 84+2 82+1 g2+27 80+07
Vascular conductance, mL min~t mm Hg™! 4.80+0.67 | 5544053 | 1.3620.177 | 1.70+0.247
Vascular conductance, mL min™t L2 mm Hg™? | 0.4620.05 | 0.53+0.04™ | 1.07+0.177 | 1.28+0.147
Heart rate, bpm 58+2 6142~ 5642 60+2~
Venous norepinephrine, nmol L1 22404 1.7+0.3 1.8+0.3 1.6+0.4

Values are meansSE. n=10. PLA indicates placebo; and PROB, probenecid.

*
Significantly different from PLA (/<0.05).

fSignificantIy different from leg within same condition (/<0.05).
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Table 3
Baseline Hemodynamics—Protocol 2
Leg

Variable TER+PLA | TER+PROB
Blood flow, mL min~t 558+111 556+132
Blood flow, mL min~t L™! 46+7 46+9
Mean arterial blood pressure, mm Hg 75+1 75+1
Vascular conductance, mL min™t mm Hg™! 7.6x£1.5 7.6+1.8
Vascular conductance, mL min™? L2 mm Hg™! | 0.63+0.09 0.63+0.12
Heart rate, bpm 56+1 55+1
Venous norepinephrine, nmol L™t 3.8+0.9 4.8+1.2

TER+PLA indicates terazosin+placebo; and TER+PROB, terazosin+probenecid.

Hypertension. Author manuscript; available in PMC 2018 March 30.

Page 20



Page 21

Nyberg et al.

(S0°0>d) V1d Wl Jiaayp Ajjued

Bis

*

"P193UBQ0Id+UISOZRIA) ‘GOYd+HT L PUB 0g80e|d-+UISOZEIs) S81edIpUl W d+YT 1 "G=U "JSFSULaL aJe Sanfen

8'2¥0'8 G180 6'TF7'0 §TFO'S 0¢¥80 | 9TF'T- 1-1 lowu ‘auniydauidaiou sNouaA
T%C T¥T %0 %€ T%0 T#T Az %0 %1 T%G 0FT 0FT wdgq ‘eye) LeaH
vOTFLey | €TT¥8°LC | ¢9FV'9 | ¥'OTFS'8T | L0TFOTZ | TLFT'8 | 6'GF09.— | L CCFSCr— | 6TFCEC- | 62FGLL- | €€F5'SS- | ¥'¢F00¢E- 9% ‘80UBIONPUOJ JB[NISEA
1% 170 T%0 T%C TF1- 170 1% %7 %1 T%G %0 0FT W “ainssaid poojq [eLiaLe cmmm_\d
0'8T¥G'9y | v'6¥982 | 8GFT9 | ¥6FrTC | T6F6T | v'9¥6°L | TL¥evL- | LOEFSTY- | LTFETCC- | 62FT9L- | TEFCSS- | €2FT62- % ‘MOJ} poo|g
0€3d §T3d | S.03d | 0€3d GT3d | SL03d | OTHAL | €0YAL | STOHAL | OTHAL | €0¥AL | STOHAL a|qelren

a04d+y3L Vd+d3l g04d+y3L Vid+d3l

Ba

Author Manuscript

Z 1000101d—>aunydajAuayd pue aulwelAlL JO uoISNju| [eLIBLY YNAA SolwruApowsaH ul sabuey)d

¥ alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Hypertension. Author manuscript; available in PMC 2018 March 30.



	Abstract
	Methods
	Experimental Protocol 1: Role of Panx1 in Total α-Adrenergic and α1-Adrenergic Mediated Vasoconstriction in the Upper and Lower Extremities
	Experimental Protocol 2: Role of Panx1 in α2-adrenergic Mediated Vasoconstriction in the Lower Extremity
	Measurements and Calculations
	Fluorescence Immunolabeling
	Statistical Analysis

	Results
	Panx1 Is Expressed in VSMCs of Skeletal Muscle Arterioles
	Role of Panx1 in α1-Adrenergic Mediated Vasoconstriction in the Upper and Lower Extremities
	Baseline
	Leg and Forearm Vasoconstrictor Responses to Tyramine
	Leg and Forearm Vasoconstrictor Responses to Phenylephrine

	Role of Panx1 in α2-Adrenergic Mediated Vasoconstriction in the Lower Extremity
	Baseline
	Leg Vasoconstrictor Responses to Tyramine and Phenylephrine


	Discussion
	First Evidence for a Functional Coupling Between Adrenoceptors and Panx1 Channels in Humans
	Differences in Vascular Responsiveness in the Upper and Lower Extremities
	Experimental Considerations
	Perspectives

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1
	Table 2
	Table 3
	Table 4

