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Abstract Previous investigations indicate that dimin-
ished functional expression of voltage-dependent K* (Ky)
channels impairs control of coronary blood flow in obesity/
metabolic syndrome. The goal of this investigation was to
test the hypothesis that Ky channels are electromechani-
cally coupled to Cayl.2 channels and that coronary
microvascular dysfunction in obesity is related to sub-
sequent increases in Cay 1.2 channel activity. Initial studies
revealed that inhibition of Ky channels with 4-aminopyri-
dine (4AP, 0.3 mM) increased intracellular [Ca2+], con-
tracted isolated coronary arterioles and decreased coronary
reactive hyperemia. These effects were reversed by
blockade of Cay 1.2 channels. Further studies in chronically
instrumented Ossabaw swine showed that inhibition of
Cay1.2 channels with nifedipine (10 pg/kg, iv) had no
effect on coronary blood flow at rest or during exercise in
lean swine. However, inhibition of Cayl.2 channels sig-
nificantly increased coronary blood flow, conductance, and
the balance between coronary flow and metabolism in
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obese swine (P < 0.05). These changes were associated
with a ~50 % increase in inward Cay1.2 current and
elevations in expression of the pore-forming subunit (o,c)
of Cay1.2 channels in coronary smooth muscle cells from
obese swine. Taken together, these findings indicate that
electromechanical coupling between Ky and Cayl.2
channels is involved in the regulation of coronary vaso-
motor tone and that increases in Cay1.2 channel activity
contribute to coronary microvascular dysfunction in the
setting of obesity.
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Introduction

Ion channels play a critical role in the regulation of
microvascular resistance and consequently coronary blood
flow. Multiple channels function in dynamic equilibrium to
effect changes in coronary smooth muscle membrane
potential (Ey) and vascular tone in response to metabolic
needs of the surrounding myocardium. Thus, modulation of
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key coronary ion channels preserves the balance between
myocardial oxygen delivery and consumption (MVO,)
[17]. Although the mechanisms by which this balance is
regulated are not fully understood, previous investigations
implicate voltage-gated Ca®" (Cay1.2) channels as a pre-
dominant mediator of extracellular Ca** influx and coro-
nary vascular resistance [17, 26, 33]. Activation of Cay1.2
channels occurs in response to various stimuli, including
changes in smooth muscle Ey, elicited by voltage-depen-
dent Kt (Ky) channels, which have been shown to con-
tribute to the regulation of coronary blood flow at rest [16],
during increases in MVO, [5, 40], and following myocar-
dial ischemia [8]. However, the extent to which this
“electromechanical coupling” between Ky and Cayl.2
channels modulates coronary microvascular tone and
reactivity has not been specifically examined.

Recent studies indicate that obesity and the metabolic
syndrome (MetS) markedly attenuate coronary vascular
function and the ability of the coronary circulation to
adequately balance blood flow with myocardial metabo-
lism [6]. We recently documented that this impairment is
related, at least in part, to diminished expression and
activity of coronary Ky channels [5]. These findings are
intriguing in relation to earlier studies which demonstrated
that inhibition of Ky channels depolarizes smooth muscle
within the activation threshold for Cay1.2 channels and
elevates cytosolic [Ca2+] [35], an effect abolished by
removal of extracellular Ca®" [29]. Accordingly, we
hypothesize that diminished functional expression of Ky
channels in obesity impairs coronary microvascular func-
tion, at least in part, via increases in Cayl.2 channel
activity. This hypothesis is supported by recent data from
our laboratory which found that obesity increases intra-
cellular [Ca?'] in coronary smooth muscle, augments
coronary vasoconstriction to the Cayl.2 channel agonist
BayK 8644 and increases coronary vasodilation in response
to the Cay1.2 channel antagonist nicardipine [10, 26]. Our
findings provide novel insight into the physiologic regu-
lation of the coronary circulation and mechanisms of
obesity-induced microvascular dysfunction.

Materials and methods
Ossabaw swine model of obesity

All experimental procedures and protocols used in this
investigation were approved by the Institutional Animal
Care and Use Committee in accordance with the Guide for
the Care and Use of Laboratory Animals. Lean control
swine were fed ~ 2,200 kcal/day of standard chow (5L80,
Purina Test Diet, Richmond, IN, USA) containing 18 %
kcal from protein, 71 % kcal from complex carbohydrates,
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and 11 % kcal from fat. Obese swine were fed an excess
~ 8,000 kcal/day high fat/fructose, atherogenic diet con-
taining 16 % kcal from protein, 41 % kcal from complex
carbohydrates, 19 % kcal from fructose, and 43 % kcal
from fat (mixture of lard, hydrogenated soybean oil, and
hydrogenated coconut oil), and supplemented with 2.0 %
cholesterol and 0.7 % sodium cholate by weight (KT324,
Purina Test Diet, Richmond, IN, USA) [5, 11]. Both lean
and obese castrated male swine were fed their respective
diets for 16 weeks prior to surgical instrumentation.
Additional lean animals were also utilized for acute open-
chest and coronary functional/molecular experiments.

Isolated vessels

Epicardial coronary arteries were isolated, cleaned of
adventitia, cut into 3 mm rings, and mounted in organ
baths containing Krebs buffer (37 °C) for isometric tension
studies as previously described [36]. Coronary segments
were adjusted to optimal length (~3.5 g tension) as
determined by <10 % change in active tension in response
to 60 mM KCl before administration of either BayK 8644
(10 uM, n = 6 lean) or KCl (20 mM, n = 4 lean/obese)
directly to the organ bath. Following a wash, administra-
tion of respective drugs was then repeated in the presence
of the selective Ky channel antagonist 4-aminopyridine
(4AP, 0.3 mM). Active tension development was measured
using Tox software (Emka, Falls Church, VA, USA).
Remaining coronary arteries not used for tension studies
were enzymatically digested to disperse smooth muscle
cells or frozen for subsequent molecular experiments.

Subepicardial coronary arterioles (n = 3; 50-150 uM
diameter) were also isolated from the left ventricular apex
of lean swine, cannulated, and pressurized to 60 cmH,O, as
described previously [4]. Intraluminal diameter was mea-
sured continuously with a video micrometer and recorded
on a MacLab workstation. Arterioles that were free from
leaks were allowed to equilibrate for ~1 h at 37 °C with
the bath solution changed every 15 min. Arterioles that did
not develop at least 20 % spontaneous tone were excluded.
Following development of tone, arterioles were treated
with 4AP (0.3 mM). Once a stable diameter was achieved
with 4AP, the Cayl.2 channel antagonist nifedipine
(10 uM) was added to the vessel bath. Diameter responses
were normalized to maximal arteriolar diameter deter-
mined at the end of each experiment by changing the bath
solution to Ca**-free physiological salt solution.

Cellular and molecular studies
Coronary myocytes were isolated as described previously

[10, 44] for microfluorimetry, patch-clamp, flow cytometry
and fluorescent microscopy. Cells from lean animals were
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loaded with Fura-2 (2.5 uM, n = 59 cells from three ani-
mals), placed in a superfusion chamber and observed with a
monochromator-based imaging system (TILL Photonics,
Martinsried, Germany) equipped with a DU885 charge-
coupled device camera (Andor Technology plc, South
Windsor, CT, USA) used to monitor Fura-2 wavelengths.
Fura-2 fluorescence was excited at 345 and 380 nM.
Emitted light was collected using a 510-nm long-pass filter.
Data were analyzed using TILLvisION software (TILL
Photonics, Hillsboro, OR) and reported as the change in
baseline F345/380 in response to KCl (120 mM) or
KCI1 + 4AP (0.3 mM).

Coronary smooth muscle cells from lean and obese
swine were isolated from proximal segments of the LAD
and patch-clamp recordings were performed within 8 h of
cell dispersion. Whole-cell Cay1.2 currents were measured
at room temperature with the conventional dialyzed con-
figuration of the patch-clamp technique. Bath solution
contained (in mM) 138 NaCl, 5 KCl, 2 BaCl,, 1 MgCl,, 10
glucose, 10 HEPES, and 5 Tris (pH 7.4). Pipettes had tip
resistances of 2—4 MQ when filled with solution containing
(in mM) 140 CsCl, 3 Mg-ATP, 0.1 Na-GTP, 0.1 EGTA, 10
HEPES, and 5 Tris (pH 7.1). After whole-cell access was
established, series resistance and membrane capacitance
were compensated. Current voltage relationships were
assessed by 400-ms step pulses from —60 to +60 mV in
10-mV increments from a holding potential of —80 mV.

Viable samples (as determined by trypan blue) of dis-
persed coronary myocytes from lean (n = 2) and obese
(n = 3) swine were also fixed and permeabilized using the
cytofix/cytoperm kit (BD). Cells were blocked in perm-
wash containing 10 mg/ml BSA and stained for smooth
muscle actin (SMA, R&D, 10 pl/sample) and Cay1.2 o,c
(Santa Cruz, 0.4 ng/sample) or concentration matched
isotype controls (R&D, Calbiochem, respectively) fol-
lowed by AlexaFluor 488 donkey anti-goat secondary
antibody (Invitrogen) if required. Samples were run using
CellQuest Pro software on a FACSCalibur (BD) and viable
SMA+ cells were gated and analyzed for Cayl.2 oyc
expression with approximately 10,000 total events col-
lected per sample. Samples were uniformly gated (viability
and SMA+) and analyzed with FlowJo (Tree Star Inc.)
flow cytometry software. Remaining cells were cytospun
onto slides, mounted with prolong (Invitrogen), perme-
abilized and stained for o;c using the same primary anti-
body as above (1:50 dilution for 1 h). Cells were
subsequently washed, conjugated with AlexaFluor 488 and
imaged using epifluorescence.

Cay1.2 ayc expression was also obtained from homog-
enized lean (n = 5) and obese (n = 5) coronary arteries
using a previously described Western blot technique [5].
Equivalent amounts of protein (40 ng) were loaded onto
7.5 % acrylamide gels and transferred to nitrocellulose

membranes. Membranes were blocked for 1 h at ambient
temperature prior to 24 h incubation at 4 °C with rabbit
polyclonal antibodies (Santa Cruz Biotech) directed against
the Cay1.2 oyc (1:150) subunit. The primary antibody was
added to blocking buffer containing 0.1 % Tween 20 and
mouse anti-actin antibody (MP Biomedicals, 1:20,000).
Blots were washed and incubated for 1 h with IRDye 800
donkey anti-goat (1:10,000) and IRDye 700 donkey anti-
mouse (1:20,000) secondary antibodies. Immunoreactivity
for Cay 1.2 channel subunits was determined with the Li-
Cor Odyssey system (Li-Cor Biosciences) and expressed
relative to actin (loading control).

Using a previously described technique [31], total RNA
was isolated from lean (n = 5) and obese (n = 5) coronary
arteries and mRNA expression changes assessed using
gRT-PCR. Aliquots (5.0 pl of 1:50 dilutions) of reverse
transcription reactions (0.5 pg total RNA) were combined
with the appropriate primers (human) for o, c or the beta-
actin endogenous control (TagMan® Gene Expression
Assays; Applied Biosystems, Foster City, CA) in the
presence of PCR reagents (FastStart Universal Probe
Master Mix; Roche, Indianapolis, IN, USA). Reactions
were run in triplicate on an Applied Biosystems 7500 Real-
Time PCR System using relative quantification (ddCt) with
dual-labeled (FAM/MGB) probes as the detection method.
Standard cycling conditions were used with amplification
extended to 50 cycles. Differences in PCR product yields
between lean and obese were determined by normalizing
data to a lean control and comparing fold changes of beta-
actin normalized samples.

In vivo coronary blood flow studies

Lean Ossabaw swine (n = 5) utilized for reactive hyper-
emia experiments were prepared as described previously
[9]. Blood pressure was monitored via catheters in the right
femoral artery. Arterial blood samples were analyzed to
maintain blood gas parameters within physiologic limits
via ventilatory adjustments and/or intravenous sodium
bicarbonate administration. Following thoracotomy, the
LAD was isolated to measure coronary blood flow using a
perivascular flow transducer (Transonic Systems Inc.) and
a snare was used for occlusions of the LAD. Once hemo-
dynamics were stabilized (~15-30 min) and baseline
measurements acquired, reactive hyperemia was assessed
via 15-s coronary occlusions in the presence/absence of
diltiazem (0.3 mg/kg, iv) to inhibit Cay1.2 channels and/or
4-aminopyridine (0.3 mg/kg iv) to block Ky channels.
Lean (n = 7) and obese (n = 6) Ossabaw swine were
instrumented as previously reported for exercise experi-
ments [5]. Briefly, utilizing a sterile technique, a left lateral
thoracotomy was performed in the fifth intercostal space.
Pressure monitoring catheters (Edwards LifeSciences)
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were implanted in the descending thoracic aorta for blood
pressure measurements and arterial blood sampling.
Another catheter was placed in the coronary interventric-
ular vein for coronary venous blood sampling and intra-
venous drug infusions. A perivascular flow transducer
(Transonic Systems Inc.) was placed around the left ante-
rior descending (LAD) coronary artery to measure coro-
nary blood flow. Catheters/wires were externalized, the
chest closed in layers, and appropriate post-operative
analgesics/antibiotics administered. Following recovery
from surgery, experiments were conducted in lean (n = 7)
and obese (n = 6) Ossabaw swine under resting conditions
and during graded treadmill exercise (~2 and ~5 mph)
before and during inhibition of Cayl.2 channels with
nifedipine (10 pg/kg, iv). Arterial and coronary venous
blood samples were collected simultaneously in heparin-
ized syringes when hemodynamic variables were stable
and analyzed in duplicate with an automatic blood gas
analyzer (Instrumentation Laboratories GEM Premier
3000) and associated CO-oximeter (682) system. Each
exercise period was ~2 min in duration, and the animals
were allowed to rest sufficiently between each level for
hemodynamic variables to return to baseline.

Statistical analyses

Data are presented as mean =+ SE. Statistical comparisons
were made by unpaired 7 test (phenotype data) or by two-way
analysis of variance (ANOVA) for within-group analysis
(Factor A: drug treatment; Factor B: exercise level) and
between-group analysis (Factor A: diet with drug treatment;
Factor B: exercise level) as appropriate. When significance
was found with ANOVA, a Student—Newman—Keuls mul-
tiple comparison test was performed to identify differences
between groups and treatment levels. Multiple linear
regression analysis was used to compare slopes of coronary
blood flow plotted vs. MVO,. If the slopes of the regression
lines were not significantly different, an analysis of covari-
ance (ANCOVA) was used to adjust response variables for
linear dependence on MVO,. Hyperemic volume was
determined by calculating the area under the curve using
Prism software (GraphPad). For all statistical comparisons,
P < 0.05 was considered significant.

Results

Phenotype of Ossabaw swine

Phenotypic characteristics of lean and obese swine are
given in Table 1. Consistent with our recent studies [5, 10,

14], we found that obese swine exhibited significant
increases in body weight, glucose, total cholesterol, and
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Table 1 Phenotypic characteristics of lean and obese Ossabaw swine

Lean Obese

Body weight (kg) 47 £ 2 72 + 3%
Heart wt./body wt. (x 100) 0.37 + 0.02 0.40 £ 0.03
Glucose (mg/dl) 75+ 3 87 £+ 5%
Insulin (pU/ml) 21 £ 4 30 £ 8
HOMA index 394+0.8 62+12
Total cholesterol (mg/dl) 85+ 6 439 + 74%*
LDL/HDL ratio 1.6 £ 0.1 4.5 + 0.4*
Triglycerides (mg/dl) 41 £ 5 70 £ 15

Values are mean =+ SE for lean (n = 7) and obese (n = 5) swine
* P < 0.05 vs. lean

LDL/HDL ratio, relative to their lean counterparts. In
particular, relative to their lean counterparts, obese swine
exhibited significant increases in body weight, glucose,
total cholesterol, and LDL/HDL ratio. Blood samples
obtained from swine at the time of exercise experiment
(non-fasted) revealed modest increases in triglyceride lev-
els and insulin concentrations. Homeostatic model assess-
ment (HOMA) index values were also 1.6-fold higher in
obese swine (P = 0.13).

Ky-dependent modulation of coronary Cay 1.2 channels

Activation of Cay1.2 channels by KCI (120 mM) increased
baseline F345/380 ~20 % in coronary smooth muscle
myocytes from lean animals (P < 0.05). This response was
elevated ~twofold by subsequent addition of 4AP
(Fig. 1b, P < 0.01). Isometric tension experiments in epi-
cardial coronary artery segments support that inhibition of
Ky channels increases Cayl1.2-mediated constriction as
active tension development in response to the selective
Cayl.2 channel agonist BayK 8644 (10 uM) was also
increased ~twofold following the administration of 4AP
(Fig. 1c, P < 0.01). The contribution of functional cou-
pling between coronary Ky and Cayl.2 channels to the
control of coronary microvascular resistance is demon-
strated in Fig. 2. Inhibition of Ky channels in isolated
coronary microvessels (pressurized diameter 102 4 8 pum)
resulted in a ~twofold increase in arteriolar tone (Fig. 2b,
P < 0.01), as evidenced by a significant reduction in
arteriolar diameter (Fig. 2a). Subsequent administration of
the Cay 1.2 channel antagonist nifedipine (10 pM) reversed
arteriolar constriction to 4AP (Fig. 2b, P < 0.01).

To examine the potential for coupling between Ky and
Cay1.2 channels in vivo in lean swine, coronary reactive
hyperemia experiments were performed before and after
the inhibition of Ky channels with 4AP and/or Cay1.2
channels with diltiazem. A representative tracing demon-
strating the marked reduction in coronary reactive
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Fig. 1 Ky channel inhibition increases intracellular Ca*" and
coronary active tension. a Time course tracing of Fura-2 experiments
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Fig. 2 Functional coupling between coronary Ky and Cayl.2
channels. a Protocol tracing of isolated subepicardial coronary
microvessels during 4AP and nifedipine treatments (scale bar 2 min).
b Elevations in microvascular tone by 4AP were abolished by
inhibition of Cayl.2 channels with nifedipine. ¢ Representative
tracing from reactive hyperemia experiments in open-chest anesthe-
tized swine showing effects of additive Cayl.2 and Ky channel

hyperemia following 4AP administration is shown in
Fig. 2¢ [9]. We found that diltiazem alone did not signifi-
cantly alter the reactive hyperemic response relative to
untreated control hearts (tracing not shown; P value for
repayment to debt ratio = 0.24). In agreement with data
from isolated coronary microvessels (Fig. 2b), we deter-
mined that administration of diltiazem prior to the inhibi-
tion Ky channels completely prevented 4AP-mediated
reductions in coronary reactive hyperemia (Fig. 2c).

significantly increased KCl-mediated elevations in intracellular
Ca** (P < 0.05). ¢ Active tension development in isolated coronary
artery segments in response to the Cay 1.2 channel agonist BayK 8644
(10 uM) was significantly increased by 4AP (*P < 0.01)
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blockade with diltiazem and 4AP on ischemic vasodilation (scale
bar 20 s). d Addition of diltiazem to 4AP abolished the decrease in
the hyperemia peak and repayment to debt responses relative to
treatment with 4AP alone (data from [9]). Diltiazem administration
did not significantly influence the reactive hyperemic response
relative to untreated controls. *P < 0.05 vs. control, TP < 0.05 vs.
4AP and control

Specifically, diltiazem abolished 4AP-induced reductions
in both the peak hyperemic response and the overall
repayment of coronary flow debt (Fig. 2d).

Alterations in Ky and Cay1.2 channels in obesity
Additional isometric tension studies were performed on

isolated coronary arteries from lean and obese swine.
Active tension development in response to KCl (20 mM)
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Fig. 3 Ky and Cay1.2 coupling in lean and obese swine. a Active
tension development in response to KCI (20 mM) is elevated in
arteries from obese relative to lean swine. 4AP increased this response
in arteries from lean but not obese swine. b Baseline coronary

was elevated ~twofold in arteries from obese relative to
lean swine under untreated control conditions (Fig. 3a,
P = 0.02). In lean swine, the response to 20 mM KCl was
augmented ~40 % by the administration of 4AP (Fig. 3a,
P < 0.05). Importantly, inhibition of Ky channels had no
effect on active tension development to KCI in arteries
from obese swine (Fig. 3a, P = 0.83). In agreement with
these results, we found that 4AP significantly increased
baseline coronary vascular resistance in conscious, instru-
mented lean but not obese swine (Fig. 3b, P < 0.05).
Furthermore, inhibition of Cay1.2 channels with nifedipine
(10 pg/kg, iv) had no effect on baseline vascular resistance
in lean animals, but significantly reduced resistance in
obese swine (Table 2; Fig. 3b, P < 0.02).

Coronary and cardiovascular response to exercise

Hemodynamic and blood gas data for lean and obese
Ossabaw swine at rest and during exercise are summarized
in Table 2. Systolic, diastolic and mean aortic pressure
were not significantly different in obese vs. lean swine
under baseline/resting conditions in either treated or
untreated groups. However, the systemic pressure response
to exercise was elevated in obese swine as both systolic and
mean aortic pressure were significantly increased during
exercise relative to their lean counterparts, a finding that
occurred in the absence of differences in heart rate. Despite
this increase in arterial pressure, absolute coronary blood
flow was similar in lean vs. obese swine. However, coro-
nary venous PO, (index of myocardial tissue PO,) was
significantly decreased at rest and during exercise in obese
swine (Table 2). Obesity also reduced coronary conduc-
tance (flow/pressure) ~25 % at the highest level of exer-
cise. Evaluation of coronary vascular resistance revealed
that obesity significantly increased vascular tone relative to
lean swine with increasing exercise levels (Fig. 4a vs. b).
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resistance is increased by 4AP in lean swine while the change in
response to nifedipine is markedly elevated in obese swine. *P < 0.05
vs. lean, TP < 0.05 vs. control

Role of Cay1.2 channels in coronary and cardiovascular
response to exercise

Effects of Cayl.2 channel inhibition with nifedipine
(10 pg/kg, iv) on hemodynamic and blood gas variables at
rest and during exercise are also summarized in Table 2.
Administration of nifedipine significantly reduced systolic
and mean aortic pressure during exercise in obese, but not
lean swine. Similar to untreated conditions, heart rate was
unaffected by nifedipine in either group. Coronary vas-
cular resistance and coronary blood flow were not signif-
icantly altered by nifedipine administration in lean swine
at rest or during exercise (Table 2; Fig. 4a, c¢). In contrast,
nifedipine markedly increased coronary blood flow and
reduced resistance during exercise in obese swine
(Table 2; Fig. 4b, d). Regression analysis demonstrated
that nifedipine significantly increased the slope of the
relationship between coronary blood flow and MVO, in
obese (P = 0.03), but not lean swine (P = 0.46) (Fig. 4c,
d). Importantly, no differences in slope were noted
between obese swine treated with nifedipine and untreated
control lean swine, i.e., inhibition of Cay 1.2 channels in
obese swine restored exercise-mediated increases in cor-
onary blood flow to levels similar to that observed in lean
swine. These findings are further supported by significant
increases in the relationship between myocardial oxygen
delivery vs. MVO, and coronary venous PO, vs. MVO, in
obese swine treated with nifedipine (Supplemental
Figure).

Functional and molecular expression of coronary
Cay1.2 channels in obesity

Whole-cell patch-clamp recordings (Fig. 5a) demon-
strated a significant 35-60 % increase in native coronary
Cayl.2 currents at 0-30 mV potentials (Fig. 5b,



Basic Res Cardiol (2013) 108:370

Page 7 of 13

Table 2 Hemodynamic and blood gas variables at rest and during
graded treadmill exercise in lean and obese Ossabaw swine with and
without Nifedipine

Rest Exercise
Level 1 Level 2
Systolic blood pressure (mmHg)
Lean 116 £ 7 114 £ 3 126 + 4
Lean + nifedipine 109 + 4 113+ 4 119 £ 4
Obese 126 £ 6 136 £ 77 151 £ 17
Obese + nifedipine 116 + 4 125 £ 47 133 + 4*F
Diastolic blood pressure (mmHg)
Lean 76 £ 5 76 £ 2 84 +4
Lean + nifedipine 73+ 4 74 £3 78 £3
Obese 88 + 11 82+ 4 922 £5
Obese + nifedipine 76 £ 3 76 £ 3 80 £ 6
Mean aortic pressure (mmHg)
Lean 98 +6 97 £ 3 106 + 3
Lean + nifedipine 91+3 95 +3 100 £ 3
Obese 102 + 3 109 + 5 125 £ 107
Obese + nifedipine 97 £ 4 101 £3 107 £ 5*
Heart rate (beats/min)
Lean 148 £ 11 187 £ 8 201 + 18
Lean + nifedipine 145 £ 11 183 £ 8 205 £ 7
Obese 149 £ 6 201 £ 19 194 £ 9
Obese + nifedipine 145 + 5 186 £ 8 203 £ 8
Coronary blood flow (ml/min/g)
Lean 1.01 £0.11 135+£0.11 1.64+£0.13
Lean + nifedipine  1.01 £0.12  1.39 £ 0.14  1.60 £ 0.15
Obese 096 +0.07 125+£0.10 1.41+0.10
Obese + nifedipine 1.11 = 0.11  1.39 £ 0.11  1.62 £+ 0.15*
Coronary conductance (pl/min/g/mmHg)
Lean 103 £ 1.0 13.9 £ 0.9 157 £ 1.5
Lean + nifedipine  11.3 + 1.4 147+t 14 16.1 £ 1.5
Obese 95+£09 11.6+£09 115+ 1.0
Obese + nifedipine 11.5 + 1.1 13.8 £ 1.1* 153 £+ 1.4%
Myocardial O, consumption (pl Op/min/g)
Lean 116 + 14 176 + 24 231 £ 24
Lean + nifedipine 111 £ 13 163 £ 17 201 + 26*
Obese 126 £+ 14 165 £ 14 182 £ 21
Obese + nifedipine 111 + 13 178 £ 12 185 £ 11
Arterial pH
Lean 7.57 £001 7.55+£001 7.56+£0.02
Lean + nifedipine ~ 7.59 4+ 0.02* 7.60 &+ 0.01* 7.57 £ 0.02
Obese 754 +£002 7.52+0.01 7.51+£0.01f
Obese + nifedipine 7.52 + 0.017 7.52 £ 0.021 7.50 &+ 0.02F
Coronary venous pH
Lean 747 £001 749 +£0.01 748 £0.01
Lean + nifedipine  7.49 £ 0.01 7.51 £0.01 7.50 &+ 0.01
Obese 744 £0.02 745+ 0017 7.45 £ 0.01
Obese + nifedipine 7.47 £ 0.01 748 £0.02 7.47 &+ 0.01

Arterial PCO, (mmHg)

Table 2 continued

Rest Exercise
Level 1 Level 2
Lean 31 +1 31 £2 29 + 2
Lean + nifedipine 29+3 28 £ 2 30+ 2
Obese 31+2 302 29 +£2
Obese + nifedipine 33+£2 31 £2 30£2
Coronary venous PCO, (mmHg)
Lean 511 43 +3 45+ 2
Lean + nifedipine 44 + 2% 42 +£2 44 £ 2
Obese 46 £3 44 £ 2 41 £3
Obese + nifedipine 41 + 2* 41 +£3 40 £2
Arterial PO, (mmHg)
Lean 97 £3 100 + 3 101 £5
Lean + nifedipine 102 + 4 105 + 4 9 +5
Obese 92 +4 91 +£3 93 +£3
Obese + nifedipine 88 =+ 27 90 + 3% 94 +2
Coronary venous PO, (mmHg)
Lean 17.8 £ 0.8 17.1 £ 1.1 162 £ 1.0
Lean + nifedipine 179 £ 1.4 164 £ 1.1 164 + 1.1
Obese 142 £ 141 123 £ 137 124 £ 117
Obese + nifedipine 15.4 + 1.9 13.6 £ 1.3* 140 £ 1.2*
Arterial hematocrit (%)
Lean 34 +1 38+ 1 39+ 1
Lean + nifedipine 33+2 33 4 2% 37+ 1
Obese 36 + 2 38 +2 37 +£1
Obese + nifedipine 32+2 35+2 33+ 1

Values are mean + SE for lean (n = 7) and obese (n = 6) swine
* P < 0.05 vs. untreated control, same diet/condition

T P < 0.05 vs. lean, same treatment

P < 0.05) over a voltage range consistent with Cay1.2
channel activity [12, 13]. Western blotting revealed a
~70 % increase in expression of the oyc pore-forming
subunit of the Cay1.2 channel in obese coronary arteries
(Fig. 6b, P < 0.05). Additional flow cytometry studies
indicate that this increase in oc expression was located
in vascular smooth muscle cells as there were statisti-
cally significant increases in both the percentage of cells
that stained positive for both o;c and o-smooth muscle
actin as well as in the mean fluorescence intensity of
expression levels in obese vs. lean coronary arteries
(Fig. 6¢c, d, P < 0.05). Fluorescence imaging suggests
that the increased expression of the o;c subunit was
localized to the plasma membrane of obese smooth
muscle cells (Fig. 6e). While marked elevations in pro-
tein expression were observed, no differences in coronary
o;c mRNA expression were noted in obese arteries
(88 = 15 % vs. lean, P = 0.79).

@ Springer
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Fig. 4 Effects of Cayl.2 channel inhibition on exercise-mediated
coronary vasodilation. a Inhibition of Cay1.2 channels with nifedi-
pine did not decrease coronary vascular resistance in lean swine.
b Nifedipine significantly reduced coronary vascular resistance in

Discussion

The goal of this investigation was to examine the functional
significance of electromechanical coupling between coro-
nary Ky and Cayl.2 channels and the contribution of
Cay 1.2 channels to the regulation of coronary blood flow at
rest and during physiologically induced increases in myo-
cardial metabolism. In addition, we assessed the influence
of obesity on the interaction between coronary Ky and
Cay 1.2 channels, the role of Cay1.2 channels in metabolic
control of coronary blood flow as well as Cay1.2 channel
current and expression in health and disease. Specifically,
we hypothesized that diminished functional expression of
Ky channels contributes to increased Cayl1.2 channel
activity and coronary dysfunction in obesity. This hypoth-
esis is supported by previous investigations in our labora-
tory demonstrating that the contribution of Ky channels to
local-metabolic control of coronary blood flow and

@ Springer

Myocardial Oxygen Consumption
(ul/O,/min/g)

obese swine at rest and during exercise. Administration of nifedipine
produced a significant upward shift in the slope relationship between
coronary blood flow and MVO, in obese (d) but not lean swine (c).
*P < 0.05 vs. control

ischemic coronary vasodilation is impaired by obesity [5, 8]
and that these alterations are associated with increases in
intracellular [Ca®"] in coronary artery smooth muscle cells
of obese swine [10]. However, whether increases in Cay1.2
channel activity in obesity are attributable to reductions in
Ky channel function or result from alterations in Cay1.2
channel expression/localization is unclear. The major find-
ings of this study are: (1) increases in coronary smooth
muscle [Ca2+]i and vascular tone in response to Ky channel
inhibition are attributable to activation of Cay1.2 channels;
(2) attenuated Ky channel function in obesity is associated
with elevated Cay 1.2 channel activity; (3) enhanced Cay 1.2
channel activity in obesity is accompanied by increased
expression of the o;c pore-forming subunit of the Cay1.2
channel; (4) inhibition of Cayl.2 channels significantly
augments exercise-mediated coronary vasodilation in obese
but not lean swine. Taken together, these data demonstrate
that electromechanical coupling between Ky and Cayl.2
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Fig. 5 Whole-cell voltage-dependent Cay1.2 current in coronary
smooth muscle of lean and obese swine. a Representative current
tracings from lean and obese coronary myocytes. Voltage template is

channels is involved in the regulation of coronary vaso-
motor tone and that increases in Cay1.2 channel activity
contribute to coronary microvascular dysfunction in the
setting of obesity.

Functional coupling of coronary Ky and Cay1.2
channels

Evidence to date supports a prominent role for Ky channels
in the control of smooth muscle Ey; and coronary blood
flow [7, 17]. In addition, Cay1.2 channels represent a sig-
nificant source of extracellular Ca** influx and coronary
smooth muscle contraction [33, 42]. Since Cay1.2 channels
are activated within the range for smooth muscle Ey;, we
hypothesized that alterations in Ey; elicited by Ky channels
modulate Cay1.2 channel activity and control coronary
blood flow. The potential for functional interactions
between these channels is important given the ability for
modest alterations in smooth muscle Ey; to have large
effects on Cay1.2-mediated Ca** conductance and vascu-
lar tone. Opening of only a few Cayl.2 channels during
depolarization in the presence of large transmembrane
Ca”" gradients can cause significant (~ 10-fold) increases
in [Ca2+]i [25]. Thus, even modest fluctuations in Ey;
(~3 mV) are capable of producing ~ twofold changes in
[Ca®"]; [33, 34]. Accordingly, potential voltage-dependent
interactions between Ky and Cay1.2 channels may have
profound consequences on the control of coronary vascular
resistance and blood flow.

In agreement with the premise of coupling between Ky
and Cayl1.2 channels, administration of 4AP has been
shown to markedly increase [Ca*"]; in various cell types

2 |
\
-6 - —@— Lean J‘c ? f
— O — Obese *
| %
8L ‘ ‘ | ‘ ‘ ‘
-60 -40 -20 0 20 40 60

Voltage (mV)

400 ms. b Group I-V data demonstrate a significant increase in
inward Cay1.2 channel current at potentials greater than —10 mV.
*P < 0.01 vs. lean, same voltage

[15, 21, 39, 46]. Although we now demonstrate this in
coronary smooth muscle (Fig. 1a), discrepancies exist as to
whether increases in [Ca2+]i from 4AP are the result of
voltage-dependent activation of Cayl1.2 channels or IPs3-
mediated mobilization of SR stores and subsequent open-
ing of store-operated calcium channels [2, 20, 29, 45].
Specifically, previous studies have shown that 4AP can
increase [Ca”]i in the absence of extracellular Ca>* in
isolated neurons, astrocytes, and skeletal muscle [21].
While a parallel role for 4AP-induced SR Ca’" release in
smooth muscle cannot be disregarded [19], it is unlikely
that this mechanism contributes to coronary vasoconstric-
tion given that SR Ca’" release mainly functions as a
negative feedback mechanism to contraction, i.e., spark-
induced activation of calcium-sensitive K channels [24,
43]. Importantly, our data demonstrate that the increase in
[Ca®™]; during Ky channel inhibition potentiates Cay1.2-
mediated coronary vasoconstriction in response to BayK
8644 (Fig. 1b). In addition, administration of 4AP alone is
sufficient to induce marked Cay1.2-sensitive vasocon-
striction in isolated microvessels (Fig. 2a), thus supporting
that increases in [Ca2+]i and arteriolar tone are the direct
result of Ky-dependent modulation of extracellular Ca®"
influx via Cay1.2 channels.

These data are the first to demonstrate that the influence
of Ky and Cay1.2 channel interactions on the regulation of
[Ca®"); and vascular tone shown in vitro also play an
important role in the control of coronary blood flow
in vivo. Our laboratory findings have previously demon-
strated that inhibition of Ky channels significantly impairs
coronary reactive hyperemia as the repayment to debt ratio
is reduced ~30 % by 4AP (representative tracing, Fig. 3c)

@ Springer
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pore-forming subunit. ¢ Representative flow cytometry contour plots
for percent double positive smooth muscle actin and o;c stained cells.

[16]. Experiments performed in the present study in lean
swine show that these reductions in the hyperemic response
during Ky channel inhibition are abolished by prior inhi-
bition of Cay1.2 channels with diltiazem (Fig. 3d). Taken
together, these findings indicate that reductions in coronary
blood flow induced by Ky channel inhibition are attribut-
able to the activation of Cay1.2 channels and thus support
the functional importance of the coupling between Ky and
Cayl.2 in the regulation of coronary vasomotor tone
in vivo.

Pathophysiologic implications of the coupling between
Ky and Cayl.2 channels are particularly important given
the growing body of evidence indicating that K™ channel
function is altered in various disease states [5, 9, 17].
Findings from our laboratory demonstrate that obesity/
MetS reduce Ky channel current, expression of coronary
Ky 1.5 channels, and the contribution of Ky channels to
local-metabolic coronary vasodilation [5]. Based on these
previous studies and our current findings, we hypothe-
sized that decreases in Ky channel function in obesity
may contribute to the impairment of coronary blood flow

@ Springer

d Flow cytometry for Cay1.2 demonstrating significant increases in
oyc subunit expression (mean fluorescence intensity) in coronary
arteries from obese vs. lean swine. e Overlay of bright field and
corresponding fluorescence images of ojc subunit from lean and
obese smooth muscle cells. *P < 0.05 vs. lean

control via increases in Cay1.2 channel activity. This
hypothesis is supported by significant increases in coro-
nary active tension and diminished effects of 4AP in
obese vs. lean coronary artery segments (Fig. 3a). Like-
wise, coronary vascular resistance was not increased by
4AP but was significantly reduced by nifedipine in obese
swine, results which are opposite to lean counterparts and
indicative of impaired Ky and elevated Cay1.2 channel
function (Fig. 3b). The specific Ky channel subtypes
responsible for this coupling requires further investigation.

Effects of obesity on function and expression
of coronary Cay1.2 channels

Findings from the present investigation demonstrate that
obesity impairs the regulation of coronary blood flow via a
Cay1.2 channel-dependent mechanism. These results are
consistent with previous studies on individual components
of the MetS (i.e., obesity, hypertension, dyslipidemia)
which documented that elevations in vascular tone are
associated with increases in intracellular [Ca®"] and
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calcium channel current [3, 27, 28, 30, 37, 38]. However,
the extent to which potential alterations in Cay1.2 channel
function contribute to impaired coronary vasomotor
responses to physiologic stimuli in obesity has not been
previously studied. In agreement with findings from Bache
et al. [1], we found that nifedipine did not alter coronary
blood flow or resistance in lean animals at rest or during
exercise, nor were these variables altered relative to
changes in MVO, (Fig. 4a, c). In contrast to the lack of
coronary and cardiovascular responses to Cay1.2 channel
inhibition during exercise in lean swine (at a dose that did
not affect blood pressure or heart rate in lean swine),
nifedipine significantly decreased microvascular resistance
(Fig. 4b) and increased the slope of the relationship
between coronary blood flow and MVO, in obese swine
(Fig. 4d). These findings indicate that the functional con-
tribution of Cay1.2 channels to the regulation of coronary
blood flow is augmented in the setting of obesity. Although
the precise mechanisms responsible for this increased
contribution remain to be elucidated, we propose that
therapies targeted at diminishing coronary vasoconstrictor
pathways such as alpha-adrenoceptors [22], which we have
documented to be upregulated in obesity and diabetes [18,
41], decrease the incidence and severity of myocardial
ischemia [23] in this at-risk patient population.

In order to determine whether increases in Cayl.2
channel function are the result of alterations in Cay1.2
regulatory pathways (i.e., Ky channels) or intrinsic to
changes within the channels themselves, we evaluated the
effects of obesity on Cay1.2 channel current and expres-
sion. Obesity significantly increased inward Cay1.2 chan-
nel current 35-60 % without altering thresholds for
activation/inactivation (Fig. 5). Accordingly, we specu-
lated that increases in Cay1.2 channel current in obese
swine are likely the result of augmented expression of
channel subunits in vascular smooth muscle. This conten-
tion is supported by data from our Western blot analyses
which noted that expression of the oc pore-forming sub-
unit was increased ~70 % in coronary arteries from obese
swine (Fig. 6). Our flow cytometry and immunocyto-
chemistry studies also suggest that this increase in oc
expression is localized in the membrane of coronary vas-
cular smooth muscle cells. However, because no change at
the transcriptional level was observed, alterations in sub-
unit-dependent membrane trafficking or degradation may
underlie the observed increases in o,c expression and
warrants further investigation.

Limitations of the investigation
We acknowledge that the use of conduit arteries for patch-

clamp, Western and mRNA analyses, as opposed to coro-
nary arterioles which were functionally assessed for

reactivity studies, is a limitation. However, this concern is
moderated by our directionally consistent findings regard-
ing augmented Cayl.2-mediated constriction in the coro-
nary microcirculation and increased Cayl1.2 channel
current and o,c expression in large coronary arteries. In
addition, it is also important to recognize that the specific
subtypes of K™ and Ca®" channels implicated in this
investigation are limited to those effectively inhibited by
the antagonists utilized in this investigation, i.e., channels
sensitive to 4AP and nifedipine. Thus, further studies are
needed to determine the precise voltage-dependent chan-
nels responsible for smooth muscle electromechanical
coupling in the coronary circulation.

Implications and conclusions

Results obtained from this investigation demonstrate that
the coupling between Ky and Cay1.2 channels is an
important mechanism by which coronary blood flow is
regulated in health and disease. Given the prominent role
of Ky channels and the effect diminished coronary Ky
channel function can have on the regulation of coronary
blood flow, establishing the functional consequences of
coupling between these channels is vital to our under-
standing of coronary (patho-)physiology. The overall rel-
evance of this coupling is further supported by the effects
of obesity on Cayl.2 channel activity and expression
which occurs independent of alterations in other K*
channels, i.e., K¢, channels [10, 11]. We propose that
future studies to elucidate the mechanisms underlying
alterations in the functional expression of voltage-depen-
dent K™ and Ca®" channels could significantly improve
cardiovascular outcomes in obese patients. The potential
need for such studies is directly supported by a recent
clinical trial by Murthy et al. [32] which demonstrated
coronary vasodilator dysfunction to be a powerful, inde-
pendent correlate of cardiac mortality among diabetics
and non-diabetics.
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