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of Sympathetic Vasoconstriction in Rat Skeletal Muscle

Gail D. Thomas, Jim Hansen, and Ronald G. Victor

Department of Internal Medicine, Molecular Cardiology Laboratories, The University of Texas Southwestern Medical Center, Dallas,

Texas 75235

Abstract

Sympathetic vasoconstriction is sensitive to inhibition by
metabolic events in contracting rat and human skeletal
muscle, but the underlying cellular mechanisms are un-
known. In rats, this inhibition involves mainly «,-adrener-
gic vasoconstriction, which relies heavily on Ca’*" influx
through voltage-dependent Ca®>" channels. We therefore hy-
pothesized that contraction-induced inhibition of sympa-
thetic vasoconstriction is mediated by ATP-sensitive potassium
(Karp) channels, a hyperpolarizing vasodilator mechanism
that could be activated by some metabolic product(s) of
skeletal muscle contraction. We tested this hypothesis in
anesthetized rats by measuring femoral artery blood flow
responses to lumbar sympathetic nerve stimulation or in-
traarterial hindlimb infusion of the specific o,-adrenergic
agonist UK 14,304 during K, channel activation with diaz-
oxide in resting hindlimb and during K,rp channel block
with glibenclamide in contracting hindlimb. The major new
findings are twofold. First, like muscle contraction, pharma-
cologic activation of K rp channels with diazoxide in resting
hindlimb dose dependently attenuated the vasoconstrictor
responses to either sympathetic nerve stimulation or intra-
arterial UK 14,304. Second, the large contraction-induced at-
tenuation in sympathetic vasoconstriction elicited by nerve
stimulation or UK 14,304 was partially reversed when the
physiologic activation of K ,1p channels produced by muscle
contraction was prevented with glibenclamide. We conclude
that contraction-induced activation of K,pp channels is a
major mechanism underlying metabolic inhibition of sym-
pathetic vasoconstriction in exercising skeletal muscle. (J.
Clin. Invest. 1997. 99:2602-2609.) Key words: sympathetic
nervous system e o, adrenergic vasoconstriction « muscle
contraction » muscle blood flow . glibenclamide

Introduction

Activation of the sympathetic nervous system produces many
of the cardiovascular adjustments during exercise, including
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increases in blood pressure, heart rate, and regional vascular
resistance. Although these adjustments match blood flow to
the metabolic demands of exercising skeletal muscle, the un-
derlying mechanisms by which this matching occurs remain
poorly understood.

In quiescent skeletal muscle, sympathetic activation pro-
duces vasoconstriction, which is thought to optimize blood
flow to the active muscles. However, the functional conse-
quence of sympathetic activation in contracting skeletal mus-
cle has been difficult to define. In isolated arterioles and in the
microcirculation of quiescent skeletal muscle, a-adrenergic
vasoconstriction is sensitive to metabolic inhibition, such as
that produced by experimental decreases in pH or O, (1-4).
We recently provided evidence that sympathetic vasoconstric-
tion is also very sensitive to inhibition by metabolic events in
contracting rat and human skeletal muscle (5, 6). This phe-
nomenon, termed functional sympatholysis (7), negates an
otherwise deleterious effect of sympathetic activation on skel-
etal muscle perfusion (5) and oxygenation (6). However, little
is known about the cellular mechanisms involved in functional
sympatholysis.

Our previous study in rats demonstrated that functional
sympatholysis results from inhibition of mainly a,-adrenergic
vasoconstriction, while a;-adrenergic vasoconstriction is well
preserved (5). The reasons for this increased sensitivity of a,-
mediated vasoconstriction to metabolic inhibition are not
known, but may be linked to the underlying signal transduc-
tion pathway activated by a,-adrenergic receptors. In vascular
smooth muscle, activation of a;-adrenergic receptors increases
intracellular Ca?* by releasing Ca?* from internal stores as
well as increasing membrane Ca’>* flux (8-10). In contrast, ac-
tivation of a,-adrenergic receptors promotes influx of Ca?*
through voltage-dependent Ca?* channels (8-10). Thus, mem-
brane hyperpolarization and the consequent reduction in Ca*
influx would be predicted to have a greater inhibitory effect on
a,- rather than on o;-adrenergic vasoconstriction.

In general, hyperpolarization of vascular smooth muscle
can be produced by the opening of membrane potassium chan-
nels (11). The ATP-sensitive potassium (K,7p) channel, one
class of potassium channels found in vascular smooth muscle,
is a particularly attractive candidate for mediating functional
sympatholysis because the activity of this channel is sensitive
to metabolic regulation (11, 12). Pharmacologic activation of
Karp channels has been shown to increase potassium efflux,
causing membrane hyperpolarization and relaxation of vascu-
lar smooth muscle (13). There also is increasing evidence that
endogenous vasodilators, such as adenosine (14-18), nitric ox-
ide (19, 20), and prostacyclin (21, 22), act at least in part by
opening K,1p channels. In addition to producing vasodilation,
Ktp channel activation has been shown to attenuate a-adren-
ergic vasoconstriction in intact coronary arteries (23) and in
isolated vascular smooth muscle (24, 25). This inhibitory effect



of K,pp channel activation was more effective on o,- rather
than on a;-mediated vasoconstriction (25).

We therefore hypothesized that activation of K,yp chan-
nels by some metabolic product of skeletal muscle contraction
is a key mechanism by which sympathetic vasoconstriction, es-
pecially that mediated by «,-adrenergic receptors, is attenu-
ated in exercising skeletal muscle. We tested this hypothesis in
anesthetized rats by determining if () pharmacologic activa-
tion of K,rp channels with diazoxide attenuates sympathetic
vasoconstriction in resting skeletal muscle; and (b) pharmaco-
logic inhibition of K,pp channels with glibenclamide restores
sympathetic vasoconstriction in contracting skeletal muscle.

Methods

Experimental preparation

All the surgical and experimental protocols used in this study were
approved by the Institutional Animal Care and Research Advisory
Committee at the University of Texas Southwestern Medical Center.
Female Sprague-Dawley rats (206-304 g; Charles River Laboratories,
Wilmington, MA) were anesthetized with ketamine (80 mg/kg i.p.)
and a-chloralose (60 mg/kg i.v. followed by 10 mg/kg i.v. per h). Atro-
pine sulfate (0.5 mg/kg s.c.) was administered, and a jugular vein and
carotid artery were cannulated. The latter was used to measure arte-
rial pressure. The cervical trachea was cannulated, and the rats were
ventilated with room air and supplemental oxygen. Arterial blood
gases were measured periodically (ABL-3; Radiometer, Copenhagen,
Denmark) and kept within normal limits. Core temperature was
maintained at 37°C with an external heat source.

A Doppler flow probe was placed around the left femoral artery
to measure changes in blood flow velocity by recording the pulsatile
and mean Doppler shifts in kilohertz using a VF-1 pulsed Doppler
flow system (Crystal Biotech, Holliston, MA). Femoral vascular con-
ductance was calculated as the mean Doppler shift divided by mean
arterial pressure.

The left lumbar sympathetic chain was exposed via an anterior
abdominal incision, isolated inferior to the renal artery, placed on bi-
polar platinum electrodes, and covered with silicone rubber (SilGel
604; Wacker-Chemie, Munich, Germany). The lumbar nerve was
electrically stimulated (model S88; Grass Instruments, Quincy, MA)
for 1 min at 2 or 5 Hz with 1-ms pulses of 5 V. In some experiments, a
small nonocclusive catheter was placed in the abdominal aorta, where
it was situated proximal to the iliac bifurcation and was used for in-
traarterial hindlimb infusions of the selective a;-adrenergic agonist
phenylephrine (0.4-0.7 pwg/min) or the selective a,-adrenergic agonist
UK 14,304 (0.5-1.5 pg/min).

The left sciatic nerve was exposed in the region of the sciatic
notch, covered with warm mineral oil, and affixed to stimulating elec-
trodes. The left gastrocnemius-plantaris muscles were dissected free
of surrounding muscles and connected to a force-displacement trans-
ducer (FT-10; Grass Instruments) via the calcaneal tendon. To pro-
duce intermittent, tetanic contractions, the sciatic nerve was stimu-
lated (model S88; Grass Instruments) at two to three times the motor
threshold voltage with 100-ms trains of pulses (100 Hz, 0.2 ms dura-
tion) at a rate of 30 trains/min. Contraction periods of 10-20 min were
separated by rest periods of at least 20 min.

Drugs

UK 14,304 (5-bromo-N-(4,5-dihydro-1H-imidazol-2-yl)-6-quinoxalin-
amine; RBI, Natick, MA) was dissolved initially in DMSO to make a
10 mg/ml stock solution, and then further diluted to 10 pg/ml in 0.9%
saline. Final DMSO concentration was 0.1%. Phenylephrine hydro-
chloride was dissolved in 0.9% saline. Diazoxide (Sigma Immu-
nochemicals, St. Louis, MO) was dissolved in 1 M NaOH at a concen-
tration of 83 mg/ml, and was diluted to final concentration in 0.9%
saline. Glibenclamide (RBI) was dissolved in 0.1 M NaOH under

continuous sonication at a concentration of 25 mg/ml, and was then
diluted to 5 mg/ml in 5% dextrose solution.

Experimental protocols

Protocol 1: Effect of pharmacologic activation of K,rp channels in
resting skeletal muscle on sympathetic vasoconstriction. To determine
whether activation of K ,tp channels in resting hindlimb could attenu-
ate a-adrenergic vasoconstriction, we measured the mean arterial
pressure and femoral blood flow velocity responses to lumbar sympa-
thetic nerve stimulation at 2 and 5 Hz (n = 6) and to intraarterial
hindlimb infusion of the a,-adrenergic agonist UK 14,304 (n = 6) or
the a;-adrenergic agonist phenylephrine (n = 4) during infusion of
cumulative doses (5, 10, 15, 20, and 25 mg/kg i.v.) of the Krp channel
opener diazoxide. Each dose of diazoxide was infused in a volume of
1 ml during 15 min. To control for a possible nonspecific effect of va-
sodilation per se on sympathetic vasoconstriction, in a separate group
of six rats, we measured the mean arterial pressure and femoral blood
flow velocity responses to lumbar sympathetic nerve stimulation (5 Hz)
during intraarterial hindlimb infusion of isoproterenol (0.12 wg/min)
and during the peak reactive hyperemia after release of a 60-s occlu-
sion of the left iliac artery.

Protocol 2: Effect of pharmacologic blockade of K 47p channels on
the contraction-induced attenuation of sympathetic vasoconstriction.
To determine whether blocking K, rp channels in contracting skeletal
muscle could restore the vasoconstrictor response to sympathetic
stimulation, we measured the mean arterial pressure and femoral
blood flow velocity responses to lumbar sympathetic nerve stimula-
tion (5 Hz) in one group of rats (n = 7) or to intraarterial hindlimb in-
fusion of the a, agonist UK 14,304 in another group of rats (n = 6)
during hindlimb contraction before and after infusion of the Karp
channel blocker glibenclamide (20 mg/kg i.v.). Sympathetic nerve
stimulation and UK 14,304 infusions were performed when the force
produced by the contracting muscles had declined to ~ 50% of the
initial value. Glibenclamide was infused in a volume of ~ 1 ml during
15 min. Control experiments using the same protocol were performed
in five more rats before and after infusion of the vehicle for glibencla-
mide.

Protocol 2a: Comparison of functional sympatholysis during two
consecutive contractions. In Protocol 2, because of the long-lasting
effects of glibenclamide, the first contraction was always performed
in the absence of glibenclamide, while the second contraction was al-
ways performed in the presence of glibenclamide. The aim of this
protocol was to determine if any changes that we observed after glib-
enclamide could be explained simply by an order effect. To do so, we
measured the mean arterial pressure and femoral blood flow re-
sponses to lumbar sympathetic nerve stimulation (5 Hz) in eight rats
during two consecutive contraction periods in the absence of any in-
tervention.

Protocol 2b: Effect of attenuated active hyperemia on functional
sympatholysis. To determine if the attenuated functional sympathol-
ysis that we observed after glibenclamide could be explained by the
effect of glibenclamide to reduce active hyperemia, we measured the
mean arterial pressure and femoral blood flow responses to lumbar
sympathetic nerve stimulation (5 Hz) in six rats during two consecu-
tive contraction periods. Blood flow was allowed to increase normally
in response to contraction during the first contraction period, but was
reduced by ~ 50% by partial mechanical occlusion of the left iliac ar-
tery during the second contraction period.

Data analysis

Statistical analysis was performed using repeated measures ANOVA
with Dunnett’s post hoc test to compare responses to baseline values.
To detect differences within each group in the responses to sympa-
thetic nerve stimulation (or UK 14,304 infusion) and to hindlimb con-
traction, performed alone and in combination, two-factor repeated
measures ANOVA was performed. Differences were considered
statistically significant when P < 0.05. Results are expressed as
mean=*SE.

K, 7p Channels and Sympathetic Vasoconstriction in Exercising Muscle 2603



Table I. Hemodynamic Responses to Infusion of Diazoxide

Diazoxide
0 5 10 15 20 25
mg/kg i.v.
MAP, mmHg 82+4 67+£3* 60£3* 55+2% 51x2% 50*£2%
FBFV, kHz 1.90+0.26 2.23+0.10 2.61+£0.20* 2.80+0.17* 2.75+0.15% 2.51£0.14*
FVC, kHz/mmHg 0.024+0.003 0.033+0.002* 0.044x0.003* 0.051x0.003* 0.054=0.003* 0.051x0.002*

Values are mean=*SE; n = 12 rats. MAP, mean arterial pressure; FBFV, femoral blood flow velocity; FVC, femoral vascular conductance. *P < 0.05

vs. 0 mg/kg.

Results

Pharmacologic activation of K,rp channels with diazoxide at-
tenuates sympathetic vasoconstriction in resting skeletal muscle
(Protocol 1). The hemodynamic responses to infusion of the
Katp channel opener diazoxide are presented in Table 1. Diaz-
oxide dose dependently decreased MAP, increased femoral
blood flow velocity, and increased vascular conductance. In
the absence of diazoxide, infusion of the o, agonist UK 14,304
or the o, agonist phenylephrine elicited robust decreases
in femoral blood flow velocity and vascular conductance
(=51%3%, UK 14,304; —59+2%, phenylephrine). A moder-
ate dose of diazoxide (15 mg/kg) significantly attenuated the
decrease in vascular conductance in response to UK 14,304
(—23%5%, P < 0.05 vs. before diazoxide) (Fig. 1), but not to
phenylephrine (—43+8%). In contrast, a high dose of diazox-
ide (25 mg/kg) significantly attenuated the decreases in vascu-
lar conductance in response to both UK 14,304 (—13+4%, P <
0.05 vs. before diazoxide) and phenylephrine (—21+6%, P <
0.05 vs. before diazoxide).

The decreases in femoral vascular conductance elicited by
sympathetic nerve stimulation also were significantly attenu-
ated by diazoxide at doses of 15 mg/kg and greater (Fig. 2). In
contrast, the vasoconstrictor responses to sympathetic nerve
stimulation were well preserved during comparable hindlimb
vasodilation produced by intraarterial infusion of isoprotere-
nol, as well as during peak reactive hyperemia after a 60-s oc-
clusion of the iliac artery, which were used as internal vasodila-
tor controls (Fig. 3). Although K,rp channels have been

implicated in the vasodilator responses to isoproterenol (15,
26, 27) and during reactive hyperemia (28, 29), we determined
in preliminary experiments that in our rat model, gliben-
clamide (20 mg/kg i.v.) did not attenuate the increases in fem-
oral blood flow velocity during intraarterial isoproterenol
(+1.27+0.34 kHz before vs. +1.35=0.55 kHz after glibencla-
mide, P > 0.05, n = 5) or the peak reactive hyperemic re-
sponse to release of a 60-s iliac artery occlusion (+1.89=0.72
kHz before vs. +1.83+0.64 kHz after glibenclamide, P > 0.05,
n = 5). However, the overall duration of the reactive hypere-
mic response was reduced by glibenclamide (116+16 s before
vs. 84*21 s after, P < 0.05).

Pharmacologic blockade of K,rp channels with glibencla-
mide partially restores sympathetic vasoconstriction in contract-
ing skeletal muscle (Protocol 2). The hemodynamic responses
to unilateral, intermittent tetanic contractions of the gastroc-
nemius-plantaris muscles before and after infusion of the Ky1p
channel blocker glibenclamide (20 mg/kg i.v.) are presented in
Table II. In the absence of glibenclamide, hindlimb contrac-
tion significantly increased femoral blood flow velocity and
vascular conductance. Glibenclamide increased baseline mean
arterial pressure by 144 mmHg (P < 0.05), but had no signif-
icant effect on baseline femoral blood flow velocity or conduc-
tance. In contrast, in these same rats, glibenclamide signifi-
cantly attenuated the contraction-induced increases in femoral
blood flow velocity (+151£14% before vs. +93+18% after,
P < 0.05) and conductance (+148+12% before vs. +82+18%
after, P < 0.05). The force produced by the contracting mus-
cles was similar before and after glibenclamide (peak force

. . 10 mg/kg
3.5 - 0mg/kg Diazoxide 5 mg/kg
Femoral Blood V\/‘"’M W
Flow Velocity | =" \
(kHz) W \ 30 sec
1L
a5 15 mg/kg 20 mg/kg 25 mg/kg
- W
Femoral Blood R OSSN e et
Flow Velocity
(kHz) - _
1L UK 14,304 UK 14,304 UK 14,304

Figure 1. Segments of an original record showing the mean femoral artery blood flow velocity responses to intraarterial hindlimb infusion of the
a,-adrenergic agonist UK 14,304 during intravenous infusion of increasing doses of the K1p channel opener diazoxide. In resting skeletal mus-
cle, the vasoconstrictor response to UK 14,304 was significantly attenuated by doses of diazoxide = 15 mg/kg.
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Figure 2. Summary data showing the effect of increasing doses of di-
azoxide on the decreases in femoral vascular conductance elicited by
intraarterial hindlimb infusion of the a,-adrenergic agonist UK
14,304 (n = 6) and by two different intensities of lumbar sympathetic
nerve stimulation (2 Hz, n = 4; 5 Hz, n = 6) in resting skeletal muscle.
At doses of 15 mg/kg and greater, diazoxide significantly inhibited the
vasoconstrictor responses to UK 14,304 and to sympathetic stimula-
tion. *P < 0.05 vs. 0 mg/kg diazoxide.

1.8+0.1 kg before vs. 1.7£0.1 kg after glibenclamide, P >
0.05). The vehicle for glibenclamide had no effect on the he-
modynamic responses to contraction (Table II).

In resting skeletal muscle, both intraarterial hindlimb infu-

-40 |

A Femoral -60

Vascular
Conductance
(%)

-80 -

sion of the ay-adrenergic agonist UK 14,304 and lumbar sym-
pathetic nerve stimulation elicited robust vasoconstrictor re-
sponses that were similar before and after glibenclamide (see
Fig. 5). UK 14,304 decreased femoral vascular conductance
by 0.015%0.001 and 0.013%0.002 kHz/mmHg before and after
glibenclamide (P > 0.05), respectively, while sympathetic stimu-
lation decreased conductance by 0.016+0.002 and 0.012%0.002
kHz/mmHg before and after glibenclamide (P > 0.05), respec-
tively. Contraction of the gastrocnemius-plantaris muscles
greatly attenuated these vasoconstrictor responses before
glibenclamide (Figs. 4 and 5). The magnitude of this contrac-
tion-induced attenuation of sympathetic vasoconstriction was
significantly reduced after glibenclamide (Figs. 4 and 5). Com-
pared to resting muscle, contraction attenuated the decreases
in femoral vascular conductance in response to UK 14,304 and
to sympathetic stimulation by 65 and 50%, respectively, before
glibenclamide and by 31 and 35%, respectively, after glibencla-
mide (P < 0.05 vs. before glibenclamide). The vehicle for glib-
enclamide had no effect on the contraction-induced attenua-
tion of sympathetic vasoconstriction (Fig. 6).

Sympathetic vasoconstriction is attenuated similarly during
two consecutive contraction periods in the absence of any inter-
vention (Protocol 2a). Unilateral hindlimb contraction elicited
similar increases in femoral blood flow velocity and vascular
conductance during two consecutive contraction periods (Ta-
ble II). The contraction-induced attenuation of sympathetic
vasoconstriction was also similar during the two contraction
periods (Fig. 6).

Attenuated active hyperemia does not restore sympathetic
vasoconstriction in contracting skeletal muscle (Protocol 2b).
Sympathetic vasoconstriction was significantly attenuated in
the contracting hindlimb when femoral blood flow velocity in-
creased normally in response to muscle contraction (+160=*
14%; Fig. 6). In these same rats, sympathetic vasoconstriction
also was attenuated when the hyperemic response to contrac-
tion was reduced by ~ 50% with partial vascular occlusion
(femoral blood flow velocity increased by 71+£15%; Fig. 6).

Discussion

We have previously demonstrated that sympathetic vasocon-
striction is very sensitive to metabolic inhibition during volun-
tary forearm exercise in conscious humans (6) and during elec-
trically induced hindlimb contractions in anesthetized rats (5).

Diazoxide

Figure 3. Summary data illustrating the
decreases in femoral vascular conductance
elicited by lumbar sympathetic nerve stim-
ulation in resting skeletal muscle before
and during comparable vasodilation pro-
duced by diazoxide infusion (n = 6), reac-
tive hyperemia (n = 6), and isoproterenol
infusion (n = 6). Of the three vasodilator

Isoproterenol

Reactive Hyperemia

-100

Sympathetic Stimulation
Alone
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Sympathetic Stimulation

+
Vasodilation

stimuli used, diazoxide was the only one
that significantly attenuated sympathetic
vasoconstriction. *P < 0.05 vs. sympathetic
stimulation alone.
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Table II. Hemodynamic Responses to Unilateral Contractions of the Gastrocnemius-Plantaris Muscles before and after Treatment
with Glibenclamide

Contraction alone

Contraction + intervention

Group Rest Contraction A Rest Contraction A
Mean arterial pressure
mmHg
Glibenclamide 78+4 78+2 +0x3 92+4* 984+ +6+2F
Vehicle 69+6 81+10 +12*4 68+8 81+9 +12*3
No intervention 70x4 75+4 +6+2 704 774 +7+2
Femoral blood flow velocity
kHz
Glibenclamide 2.00%0.23 4.73+0.41%* +2.73+0.25 2.00%+0.22 3.58+0.28%** +1.58+0.20*
Vehicle 1.26£0.35 3.13%0.58* +2.02+0.34 1.36+0.26 3.14%0.37* +1.99+0.15
No intervention 1.65+0.20 4.49+0.48* +2.85+0.39 2.24+0.24* 4.71£0.35* +2.47+0.28
Femoral vascular conductance
kHz/mmHg
Glibenclamide 0.025+0.002 0.060%0.005* +0.035+0.003 0.022+0.002 0.0360.002+% +0.015+0.002*
Vehicle 0.020=0.006 0.041x0.009* +0.021+0.003 0.022+0.005 0.041£0.007* +0.019+0.003
No intervention 0.0240.003 0.060=0.007* +0.0360.005 0.032£0.003* 0.0610.003* +0.029+0.003

Values are means=SE. Glibenclamide, n = 13; vehicle, n = 5; no intervention, n = 8. In all groups, the first contraction period was performed in the
absence of any intervention. The second contraction period was performed in the presence of glibenclamide (20 mg/kg, i.v.) or an equivalent volume
of the vehicle for glibenclamide, or in the absence of both glibenclamide and vehicle. *P < 0.05 vs. rest; P < 0.05 vs. contraction alone.

We now implicate a major role for K,p channel activation in
this process. The major new findings are twofold. First, like
muscle contraction, pharmacologic activation of K,rp channels
in resting hindlimb with diazoxide attenuated sympathetic vaso-
constriction in a dose-dependent manner. Second, the large
contraction-induced attenuation of sympathetic vasoconstric-
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tion was partially reversed when the physiologic activation of
Ktp channels produced by muscle contraction was prevented
with glibenclamide. From these observations, we conclude that
contraction-induced activation of K,rp channels is a major
mechanism underlying metabolic inhibition of sympathetic
vasoconstriction in exercising skeletal muscle.

Figure 4. Segments of an origi-
nal record from one rat showing
the arterial pressure and femo-
ral blood flow velocity re-
sponses to lumbar sympathetic
nerve stimulation during hind-
limb contractions before (top)
and after (bottom) blockade of
Krp channels with glibencla-
mide. Before glibenclamide,
sympathetic vasoconstriction in
the contracting muscles was
greatly attenuated (i.e., func-
tional sympatholysis), as indi-
cated by the increase, rather
than decrease, in femoral blood
flow velocity elicited by sympa-
thetic nerve stimulation. In this
same rat, after glibenclamide,
sympathetic nerve stimulation
elicited a decrease in femoral
blood flow velocity, indicating
that sympathetic vasoconstric-
tion was partially restored in the
contracting muscles.
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Figure 5. Summary data showing the decreases in femoral vascular
conductance in response to lumbar sympathetic nerve stimulation
(n = 7) and to the a,-adrenergic agonist UK 14,304 (n = 6) in resting
and contracting hindlimb before and after glibenclamide (GB). Sym-
pathetic stimulation and UK 14,304 both produced robust vasocon-
strictor responses in resting muscle that were significantly attenuated
during muscle contraction. While glibenclamide did not affect these
vasoconstrictor responses in resting muscle, it did significantly en-
hance the vasoconstrictor responses to sympathetic nerve stimulation
and UK 14,304 in contracting muscle.

In resting skeletal muscle, the diazoxide-induced attenua-
tion of sympathetic vasoconstriction appears to be a specific
effect of Kypp channel activation, because sympathetic vaso-
constriction was well preserved during either peak reactive hy-
peremia or isoproterenol infusion, which were used as internal
vasodilator controls. Although K,rp channel activation has
been implicated in these latter two responses by other investi-
gators (15, 26-29), we found in the present study that the peak
vasodilation achieved during reactive hyperemia and isopro-
terenol infusion was not attenuated by K,pp channel block
with glibenclamide. In contrast, the vasodilation produced by
diazoxide was significantly attenuated by the same dose of
glibenclamide. Furthermore, we demonstrated previously that
in the resting rat hindlimb, sympathetic vasoconstriction is un-
affected by intraarterial hydralazine (5), a vasodilator that is
not thought to open K,1p channels (30, 31).

Activation of K,rp channels could attenuate sympathetic
vasoconstriction either by reducing prejunctional release of
norepinephrine or by interfering with the postjunctional ac-
tions of norepinephrine on vascular a-adrenergic receptors.
While there is precedent for both mechanisms of action (23,
32, 33), the present finding that diazoxide attenuated the vaso-
constrictor responses to intraarterial hindlimb infusion of the
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Figure 6. Summary data showing the changes in femoral vascular
conductance in response to lumbar sympathetic nerve stimulation in
resting (fop) and contracting (bottom) hindlimb during two consecu-
tive contraction periods in the absence of any intervention (n = 8),
before and after infusion of the vehicle for glibenclamide (n = 5), and
when active hyperemia was attenuated by ~ 50% by partial occlusion
of the iliac artery (n = 6). None of these interventions had any effect
on sympathetic vasoconstriction in resting hindlimb. In all three
groups, the sympathetically mediated decreases in vascular conduc-
tance were attenuated similarly during hindlimb contraction before
and after each intervention.

ay-adrenergic agonist UK 14,304, as well as to sympathetic
nerve stimulation, points to a postjunctional site of action. This
is important because we previously demonstrated that a post-
junctional mechanism also mediates the metabolic inhibition
of sympathetic vasoconstriction in contracting hindlimb mus-
cle, mainly by attenuating a,-mediated vasoconstriction (5).
Consistent with this previous data is our finding in the present
study that diazoxide also has a greater inhibitory effect on a,-
than on a;-adrenergic vasoconstriction.

Indeed, the salient feature of the present experiments is the
demonstration that such contraction-induced metabolic inhibi-
tion of sympathetic vasoconstriction is quite sensitive to modu-
lation by changes in the activity of K,rp channels. The same
intensity of muscle contraction led to much less metabolic inhi-
bition of sympathetic vasoconstriction when K,p channel acti-
vation was prevented with the K,rp channel blocker glibencla-
mide. This was the case, regardless of whether sympathetic
vasoconstriction was elicited by lumbar nerve stimulation or by
intraarterial infusion of an «, agonist, which localizes this ef-
fect of glibenclamide to a postjunctional site of action. In rest-
ing skeletal muscle, however, sympathetic vasoconstriction was
unaffected by glibenclamide, suggesting that blocking Kurp
channels has a greater effect on sympathetic vasoconstriction
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when the open probability of the channels is high, as in con-
tracting muscle, than when the open probability is low, as in
resting muscle.

This latter observation may provide some important clues
as to the mechanism underlying the observed interaction be-
tween K rp channel activation and a,-adrenergic vasoconstric-
tion. Studies in isolated arterioles have advanced the hypothe-
sis that a,-adrenergic receptors are directly coupled to Kyrp
channels such that K,rp channel closure is an integral step in
the process of a,-adrenergic vasoconstriction (25). Pretreat-
ment with glibenclamide completely occluded the vasocon-
strictor response to subsequent challenge with UK 14,304 (25).
Our data, however, do not support this hypothesis. In resting
rat hindlimb muscle, glibenclamide pretreatment did not at-
tenuate the vasoconstrictor response to subsequent challenge
with UK 14,304. In contracting hindlimb muscle, glibencla-
mide pretreatment augmented the vasoconstrictor response to
subsequent challenge with UK 14,304. Even if a,-adrenergic
vasoconstriction and K,rp channel activation are not directly
coupled, the two processes could exert opposing influences on
vasomotor tone. The hyperpolarizing effect of K,pp channel
activation may, for example, act to reduce Ca*>" influx through
voltage-dependent Ca?* channels in vascular smooth muscle.
This would be expected to have a particularly potent inhibi-
tory effect on a,-mediated vasoconstriction, which is thought
to rely heavily on Ca?' influx through the cell membrane
rather than on release of Ca?* from intracellular stores (8-10).
Experimental evidence for a greater inhibitory effect of Kyrp
channel activation on vasoconstrictor agents that use extracel-
lular rather than intracellular calcium has previously been pro-
vided in isolated, endothelial-denuded coronary arteries (34).

In our experiments, glibenclamide also attenuated active
hyperemia, which is consistent with previous studies in the ca-
nine diaphragm (35, 36) and hamster cremaster muscle (37).
We therefore considered the possibility that the attenuated ac-
tive hyperemia may have contributed to the enhanced sympa-
thetic vasoconstrictor response in the glibenclamide-treated
animals. However, this was not the case because sympathetic
vasoconstriction was not enhanced (i.e., functional sympathol-
ysis persisted) when we used partial mechanical occlusion of
the iliac artery to mimic the glibenclamide-induced attenua-
tion in active hyperemia. This additional finding suggests that
functional sympatholysis is not simply a matter of contraction-
induced metabolic vasodilation overwhelming sympathetic
vasoconstriction, but rather, that it is linked specifically to acti-
vation of K,pp channels.

While the glibenclamide-sensitive potassium channels me-
diating functional sympatholysis are most likely those located
in vascular smooth muscle (38), K,rp channels in other tissues
such as skeletal muscle (39) and vascular endothelium (40)
could also be involved. Glibenclamide also blocks K,rp chan-
nels in pancreatic  cells (41), resulting in the increased release
of insulin. In the present experiments, we negated the insulin-
induced hypoglycemia with 5% dextrose (42). In humans,
however, euglycemic hyperinsulinemia has been shown to
cause vasodilation in skeletal muscle (43, 44) and to attenuate
sympathetic vasoconstriction by interfering primarily with o,-
adrenergic vasoconstriction (45). During rat hindlimb muscle
contraction, however, glibenclamide-induced augmentation of
sympathetic vasoconstriction was a robust phenomenon de-
spite any potentially confounding effect of insulin-mediated
vasodilation.
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The precise metabolic events in contracting skeletal muscle
that activate K,rp channels are not known. In pancreatic 8
cells, K,pp channels are activated by decreases in intracellular
ATP (46). However, changes in the intracellular concentration
of ATP are unlikely to play a primary role in contraction-
induced inhibition of sympathetic vasoconstriction, since ATP
concentrations are well maintained, even during ischemic con-
traction (47). In contrast, contracting skeletal muscle produces
a number of metabolites that have been postulated to act at
least in part by opening K,1p channels. These include hydro-
gen ion (48), lactate (49), adenosine (14-18), prostacyclin (21,
22), and nitric oxide (19, 20). In addition, skeletal muscle
hypoxia also could play an important role in K,p channel acti-
vation during contraction. The vasodilator response in intact
animals to systemic hypoxia (17), as well as to local hypoxia in-
duced by ischemia (50), has been shown to be sensitive to inhi-
bition by glibenclamide.

In conclusion, we have shown that blockade of K,rp chan-
nels with the antidiabetic sulphonylurea glibenclamide exerts a
detrimental effect on blood flow to exercising skeletal muscles
by both (a) reducing active hyperemia and (b) potentiating the
vasoconstrictor response to sympathetic activation, which nor-
mally is greatly attenuated in contracting muscles. Thus, Krp
channels appear to play a central role in the precise regulation
of blood flow to contracting muscles in the rat. It is not known
whether a similar role for K,rp channels exists in humans.
However, a single therapeutic dose of oral glibenclamide has
been shown to decrease baseline calf blood flow in normal hu-
man subjects (51). Based on our experimental findings in rats,
we speculate that in the clinical setting, the use of sulphonyl-
urea derivatives in patients with non—insulin-dependent diabe-
tes mellitus may exert detrimental effects on the regulation of
peripheral blood flow during exercise, and in so doing, poten-
tially contribute to diabetic vasculopathy.
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