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ORIGINAL ARTICLE

ADENOSINE-INDUCED DILATION OF CORONARY RESISTANCE VESSELS
IS IMPAIRED IN RATS WITH TYPE 2 DIABETES MELLITUS: POSSIBLE
ROLE OF ATP-SENSITIVE POTASSIUM CHANNELS AND NITRIC OXIDE

Ikko Yoshida, Hiroshi Ishizaka, Kazushi Hasegawa, Kiyohiko Satoh, Tomohiro Osanai,
Shigeru Motomura® and Ken Okumura

Abstract Objectives The purpose of this study was to test the hypothesis that adenosine-induced coronary
microvascular dilation is blunted in the animals with diabetes mellitus (DM) through the impairment of K, channel
function.

Background Adenosine-induced coronary vasodilation is demonstrated to be mediated by activation of ATP-
sensitive potassium (K,pp) channels and nitric oxide (NO).

Methods The hearts of Otsuka Long-Evans Tokushima fatty rats (OLETF, type 2 DM rats), and control Long-
Evans Tokushima fatty rats (LETO) at the ages of 32 and 8 weeks were perfused using a Langendorff system with
constant perfusion pressure (80 mmHg). Changes in coronary flow to adenosine, plnaadll and sodium nitroprusside
(SNP) were examlned before and after administration of glibenclamide (107 M), or N°nitro-L-arginine methyl ester
(L-NAME, 10" M).

Results At the age of 32 weeks, adenosine- and pinacidil-induced increases in coronary flow were blunted in OLETF
as compared with those in LETO (both p<0.05). Glibenclamide attenuated adenosine-induced increase in coronary
flow in LETO (p<0.05), but not in OLETF. In contrast, L NAME attenuated adenosine-induced increase in coronary
flow in OLETF (p<0.05), but not in LETO. SNP-induced increases in coronary flow in LETO and OLETF were
comparable and were not affected by glibenclamide. In 8-week-old OLETF and LETO, no difference was observed in
adenosine-, pinacidil- and SNP-induced increases in coronary flow between OLETF and LETO.

Conclusions In this type 2 DM model, K rp channel function in coronary microcirculation is impaired. Adenosine-
induced increase in coronary flow is mediated mainly by NO mechanism.
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Abbreviations and Acronyms

ATP = adenosine triphosphate

CF = coronary flow
DM = diabetes mellitus
Kuarp = ATP-sensitive potassium

LETO = Long-Evans Tokushima Otsuka

L-NAME = NC-nitro-L-arginine methyl ester

LVP = left ventricular pressure

NO = nitric oxide

OLETF = Otsuka Long-Evans Tokushima fatty rats
SNP = sodium nitroprusside

Introduction

Diabetes mellitus (DM) is a devastating
disease with a 2- to 4-fold increase in the risk
of coronary heart disease, cerebrovascular
disease, congestive heart failure, and other
cardiovascular complications”. Impairment of
vasodilator responses has been demonstrated in
experimental DM models. It was shown that the
coronary dilator response to adenosine is reduced
in rats with alloxan-induced type 1 DM.? Recent
observations have indicated that vasodilator
response through nitric oxide (NO)** or ATP-
sensitive potassium (K,rp) channels® are impaired
in animals with DM.

Coronary blood flow is primarily determined by
coronary microvascular resistance® and is closely
matched to the metabolic demand of the heart”.
Recent studies in the coronary circulation indicate
that K,rp channels play an important role in the
metabolic vasodilation. It has been demonstrated
that glibenclamide, a selective inhibitor of K rp
channels®, attenuates vasodilation to metabolic

' and

factors including hypoxiag), acidosis™
hyperosmolaritym. Adenosine is known to be a
potent dilator of coronary arterioles and has been
proposed as a factor responsible for the metabolic
regulation of coronary blood flow'*". Adenosine
causes glibenclamide-sensitive hyperpolarization
of coronary arteries Glibenclamide attenuates

. . . . 15
adenosine-induced vasodilation of large' and

%19 indicating that

small coronary vessels
adenosine regulates coronary resistance via the
activation of K,rp channels. Recently Hein and
Kuo'” demonstrated that adenosine-induced
coronary arteriolar dilation is partially mediated
by NO released from the endothelium via the
opening of endothelial K ,rp channels.

Although K,1p channels are involved in the
regulation of coronary blood flow'”, the effect of
chronic hyperglycemia on K,p channel function
in coronary circulation is poorly understood. The
first goal of the present study was to examine
the K,rp channel function in an animal model
with type 2 DM. The second goal was to explore
the role of the NO pathway in adenosine-induced
dilation of coronary resistance vessels in animals
with type II DM.

Methods

Preparation of DM and Control rats

Thirty-five male Otsuka Long-Evans
Tokushima fatty (OLETF) rats aged 30 to 32
weeks (6-8 weeks after the onset of DM) and
five male OLETF rats aged 8 to 10 weeks were
used as the experimental animals. OLETF rats
have been established as long-term hyperglycemic
rats with type 2 DM Thirty-three male Long-
Evans Tokushima Otsuka (LETO) rats aged
30 to 32 weeks and four LETO rats aged 8 to
10 weeks, which were developed from the same
colony by selective mating but did not develop
DM, were used as control animals. All rats were
kept at the specific pathogen-free facility under
controlled temperature (23+1°C) and humidity
(60%) with a 12-hour artificial light and dark
cycle in the Institute for Animal Experiments of
our Institution. Animals were given free access to
standard laboratory rat chow and tap water. All
procedures were carried out in accordance with
the Guidelines for Animal Experiment in Hirosaki
University.
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Experimental protocols

The occurrence of DM in OLETF rats was
confirmed by an oral glucose tolerance test at 24
weeks in age. Blood glucose level in tail capillary
blood was measured after 16 hours of fasting
with a glucose test meter (MediSense Precision
Plus, Bedford, MA). Oral glucose tolerance test
was performed by administering 2 g/kg body
weight of glucose. Blood was drawn from a tail
vein at baseline, 30, 60, and 120 minutes after
glucose administration. The rats which showed
the peak plasma glucose level > 300 mg/dl and
plasma glucose level at 120 min > 200 mg/
dl were diagnosed as DM. OLETF and LETO
were anaesthetized with sodium pentobarbital
(50 mg/kg, IP) and heparinized (2000 IU, IP).
The hearts of OLETF and LETO were excised
and promptly bathed in 4°C saline. The ascending
aorta was cannulated for perfusion of the coronary
arteries. The hearts were then perfused using a
Langendorff system with Krebs-Henseleit solution
containing (in mM) NaCl 118, KCl 4.7, CaCl, 1.2,
MgSO, 1.2, NaHCO,; 25, KH,PO, 1.2 and D(+)
-glucose 11.5. Coronary perfusion pressure was
maintained at 80 mmHg. Heart rate was kept
constant (330 beats/min) by atrial pacing during
the experiment. A thin fluid-filled high-density
polyethylene balloon connected to a 1 mm caliber
polyethylene tube was inserted in the left ventricle
via the left atrium to monitor isovolumetric left
ventricular pressure (LVP) and its first derivative
(dP/dt). Balloon volume was adjusted to set the
left ventricular diastolic pressure at 10 mmHg at

¥ Once a stable

the beginning of the experiment
LVP level was attained, no further volume change
was made. Aortic pressure and coronary flow
(CF) were continuously monitored. After the
instrumentation, at least 20 minutes were allowed
for stabilization of the monitored variables. All
drugs were dissolved in the perfusate and were
infused into the coronary arteries through the
aortic perfusion cannula. Glibenclamide and N°-

nitro-L-arginine methyl ester (L-NAME, 100 uM)

were perfused for 20 minutes and their effects on
vasodilators were examined. In the preliminary
study, we confirmed that CF responses to the
vasodilators used were reproducible in the absence
of inhibitors.

Effects of adenosine and pinacidil on CF:
Adenosine (10® to 10° M in coronary perfusate)
or pinacidil (10® to 10° M), a specific Kpp
channel openerg), was infused into the coronary
arteries and the peak changes in CF were
observed. Glibenclamide (0.1 pM) was then
administered to the perfusate and adenosine-
and pinacidil-induced increases in CF were
reexamined. To study the involvement of NO
pathway in adenosine- and pinacidil-induced
vasodilation, the change in CF in response to
adenosine (10® to 10° M) or pinacidil (10°® to
10° M) was examined before and after L-NAME
(100 uM).

Effect of sodium nitroprusside: Sodium
nitroprusside (10® to 10° M) was perfused
and its effect on CF was studied in LETO
and OLETF rats. To verify the specificity of
glibenclamide as a K,rp channel blocker, sodium
nitroprusside-induced change in CF was again
examined after administration of glibenclamide
(0.1 uM). This concentration of glibenclamide is
enough to block K,rp channel without affecting
cardiac function (3).

To determine the influence of the genetic
factors of this animal model to adenosine-,
pinacidil- and sodium nitroprusside-induced
vasodilation, the changes in CF by adenosine (10*®
to 10° M), pinacidil (10® to 10° M) and sodium
nitroprusside (10® to 10° M) were examined in
LETO and OLETTF rats at the age of 8-10 weeks.

Drug preparation

Drugs and chemicals were obtained from
Sigma Chemical (St. Louis, MO), except for
pinacidil which was purchased from Research
Biochemicals International (Natick, MA).
Glibenclamide and pinacidil were dissolved in



Coronary Flow regulation in Diabetes Model 11

dimethyl sulfoxide. The final concentration of
dimethyl sulfoxide in the perfusate was 0.05%
or less and had no effect on hemodynamic
parameters. Adenosine and sodium nitroprusside
were dissolved in Krebs-Henseleit solution. pH of
the solution was maintained at 7.4 by bubbling
with a mixture of 95% oxygen and 5% carbon
dioxide. The perfusate was maintained at 37
°C by a circulating water bath with an external
heat exchanger.

Measurements

At the beginning of the experiment, body
weight was measured in the conscious state. An
electromagnetic flow probe (FF-O45F, Nihon
Kohden, Tokyo, Japan) was attached to the
middle portion of the tube connected to the
aorta and CF was continuously measured with
a flowmeter (Model MFV-3100, Nihon Kohden,
Tokyo, Japan). Coronary perfusion pressure was
measured with a pressure transducer connected
to a side arm of the aortic perfusion cannula.
All data including LVP and dP/dt were recorded
continuously on a polygraph system (Model
RMP-6008M, Nihon Kohden, Tokyo, Japan). At
the end of the experiment, the left ventricle was
separated from the right ventricular free wall,
the atria and the great vessels, and wet weights
were then measured.

Statistics

All data are shown as mean £ SEM. Body
weight, blood glucose level and baseline
hemodynamic parameters were compared between
LETO and OLETF rats with an unpaired t-test.
The changes in CF were quantified by computing
percent changes from the baseline. Comparison of
the changes in CF in response to various drugs
between LETO and OLETF rats, and those
in response to various drugs before and after
glibenclamide or L-NAME were analyzed with
two-way ANOVA. Significance was accepted at
P<0.05.

Results

At the age of 30-32 weeks, the body weight
in OLETF (665*9 g) was greater than that in
LETO (513+4 g) (p<0.01). The heart weight
in OLETF (1.66 +0.02 g) was greater than that
in LETO (147=0.02 g) (p<0.01). Blood glucose
level measured in the conscious state before the
experiment was higher in OLETF (20810 g/
dl) than in LETO (108 =3 g/dl) (p<0.01). Under
the constant perfusion pressure (80 mmHg) and
heart rate (330 beats/minute), no hemodynamic
parameter differed significantly between LETO
and OLETF rats at baseline. The hemodynamic
parameters before and after glibenclamide
and L-NAME are summarized for LETO and
OLETF in Table 1.

Adenosine-induced vasodilation in LETO and OLETF
rats

A representative trace of the effects of
adenosine on CF, LVP and dP/dt in LETO and
OLETF is shown in Figure 1. Adenosine produced
dose-dependent increases in CF in LETO (n=7)
and OLETF (n=15) (Figure 2). The adenosine-
induced increase in CF in OLETF was smaller
than that in LETO (p<0.05). Glibenclamide
attenuated adenosine-induced increase in CF in
LETO, but did not attenuate it in OLETF (Figure
2). Adenosine did not affect either LVP or dP/dt
in both LETO and OLETF rats.

Pinacidil-induced vasodilation in LETO and OLETF
rats

Pinacidil produced dose-dependent increases
in CF in LETO and OLETF rats. The pinacidil-
induced change in CF in OLETF (n=7) was
significantly smaller than that in LETO (n=6)
(p<0.05) (Figure 3). Glibenclamide (0.1 pM)
attenuated pinacidil-induced change in CF both
in LETO (n=6) and OLETF (n=7) rats.
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Table 1 Comparison of hemodynamic parameters between LETO and OLETF at the age of 30-32 weeks

LETO OLETF LETO OLETF
(n=21) (n=29) (n=12) (n=6)
Baseline Baseline
+dP/dt (mmHg/sec) 912+55 983 £ 66 +dP/dt (mmHg/sec) 981 £76 982 £99
-dP/dt (mmHg/sec) 611 =34 597 =33 -dP/dt (mmHg/sec) 565 + 29 607 =28
CF (ml/min) 13706 136 05 CF (ml/min) 134 +0.3 142 %10
CR (mmHg/ml/min) 6.1+03 6.0*0.2 CR (mmHg/ml/min) 6.0 0.2 57+05
After glibenclamide After LLNAME
+dP/dt (mmHg/sec) 799 =82 746 +£49* +dP/dt (mmHg/sec) 869 =96 645+75*
-dP/dt (mmHg/sec) 457 =31°* 426 +29°* -dP/dt (mmHg/sec) 374 +35* 328 =17
CF (ml/min) 10£04* 99+03" CF (ml/min) 88=04* 9.0+0.7"
CR (mmHg/ml/min) 83+03% 82+02"% CR (mmHg/ml/min) 93+05% 90+08"*

Values are mean = SEM. *p<0.05 vs Baseline

sLVP; systolic left ventricular pressure, +dP/dt; maximum dP/dt, -dP/dt; minimum dP/dt, CF; coronary flow,
CR; coronary resistance
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Fig. 1 A representative trace of the effect of adenosine on coronary flow, LV pressure and LV dP/dt in the presence and
absence of glibenclamide in LETO (top panel) and OLETF (bottom panel).

Role of NO pathway in adenosine-and pinacidil- pinacidil-induced increase in CF in LETO (n=3,
induced vasodilation data not shown)

L-NAME attenuated adenosine-induced
increase in CF in OLETF, but did not attenuate Sodium nitroprusside-induced vasodilation in LETO

in LETO (Figure 4). L-NAME did not affect and OLETF rats
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Fig. 2 Graph showing the effect of adenosine (10® to 10° M) on coronary flow and the effect of glibenclamide (0.1 uM)
on adenosine-induced increase in coronary flow in LETO (n=7) and OLETF (n=15) rats.
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Fig. 3 Graph showing the effect of pinacidil (10® to 10° M) on coronary flow in and the effect of glibenclamide (0.1 pM)
on pinacidil-induced increase in coronary flow LETO (n=7) and OLETF (n=38) rats.

Sodium nitroprusside produced dose-dependent
increases in CF in LETO (n=7) and OLETF (n=6).
The change in CF in OLETF was similar to that
in LETO (p=NS) (Figure 5). Glibenclamide (0.1
uM) showed no effect on sodium nitroprusside-
induced vasodilation in LETO and OLETF rats
(Figure 5). Similarly, L-NAME showed no effect on
sodium nitroprusside-induced change in CF (n=3,

data not shown).

Vasodilation in LETO and OLETF rats before the
onset of DM

The effects of adenosine, pinacidil and sodium
nitroprusside on CF in LETO and OLETF rats
before the onset of DM (at the age of 8-10 weeks)
were examined. Blood glucose level was 108 =
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Fig. 4 Graphs showing the effect of L-NAME (100 uM) on adenosine-induced increase in coronary flow in LETO (left
panel, n=6) and OLETF (right panel, n=6) rats.
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Fig. 5 Graph showing the effect of sodium nitroprusside (10 to 10° M) on coronary flow and the effect of glibenclamide
(0.1 uM) on sodium nitroprusside-induced increase in coronary flow in LETO (n=7) and OLETF (n=6) rats.

5 mg/dl in LETO and 125+3 mg/dl in OLETF

(p<0.05). There was no significant difference Discussion

between LETO and OLETF rats in the changes The major findings of the present study
in CF in response to adenosine, pinacidil or sodium were as follows. 1) Adenosine- and pinacidil-
nitroprusside (Figure 6). induced increases in CF were blunted in OLETF.

2) Glibenclamide attenuated adenosine-induced
increase in CF in LETO but not in OLETF. 3)
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Fig. 6 Graphs showing the effect of adenosine (left panel), pinacidil (center panel) and sodium nitroprusside (right panel)
on coronary flow in LETO (n=4) and OLETF (n=5) rats before the onset of DM (at the age of 8-10 weeks).

L-NAME attenuated adenosine-induced increase
in CF in OLETF but not in LETO. These
findings indicate that adenosine-induced dilation
of coronary resistance vessels is blunted through
the impairment of K,rp channels in the rats with
type II DM, and that adenosine-induced increase
in CF in this DM model is mediated by a NO
mechanism. To our best knowledge, this is the
first report that evaluated the changes in the
coronary microcirculation responses to vasodilators
in genetically defined type 2 DM model.

Methodological considerations

Previous studies have shown that the coronary
dilator effect of adenosine is reduced in animals
with alloxan-induced DM, ie., type I DM*?. Since
little research on endothelial dysfunction has been
conducted in animal models of type 2 diabetes, it is
unknown whether hyperglycemia, in the presence
of hyperinsulinemia and insulin resistance, has
the same deleterious effects on endothelial cell
metabolism as in type 1 diabetes. In the present
study, we used OLETF as a type 2 DM model.
The characteristic features of OLETF rats include
1) late onset of hyperglycemia (after the age of

18 weeks), 2) a chronic course of disease, 3) mild
obesity, 4) hyperinsulinemia, 5) inheritance by
males, 6) hyperplastic foci of pancreatic islets,
and 7) renal complicationm). Histologically, the
changes of pancreatic islets can be classified into
three stages: 1) an early stage (6-20 weeks in
age) of cellular infiltration and degeneration: 2)
a hyperplastic stage (20-40 weeks); and 3) an
end stage (at > 40 weeks). These clinical and
pathological features of disease in OLETF rats are
genetically defined and resemble those of human
type 2 DM. It was shown that the elevation of
blood glucose at oral glucose tolerance test became
marked after 24 weeks in age. In the present
study, the occurrence of DM was confirmed
by oral glucose tolerance test at 24 weeks, and
the study was performed at 30-32 weeks. Thus,
the animals were exposed to hyperglycemia
for 6-8 weeks after the onset of DM. Compared
with the experiments using isolated vessels,
studies on isolated perfused organs yield
additional information, since vascular resistance
and reactivity were determined by the whole
circulation, including the smallest arterioles.

The period of experimental hyperglycemia
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appears to be an important determinant of
the observed effects of diabetes on vascular
Krp channel function®” because responses to
Karp channel activation were reported to be
enhanced in the early diabetic state?*. On
the other hand, Bouchard et al.*¥ reported
that vasorelaxant responses to lemakalim are
impaired in coronary resistance vessels after 2
months of hyperglycemia. Therefore, the present
study was performed 6 to 8 weeks after the
diagnosis of DM.

Impairment of adenosine-induced dilation and the
role of K, channels in OLETF

Adenosine is known to depress cardiac contrac-
tility via the activation of cardiac A, receptor'?,
In the present study, adenosine depressed neither
LVP nor dP/dt in both OLETF and LETO,
indicating that the effect of adenosine on cardiac
contractility was absent or minimum in the
concentrations used. At these concentrations,
adenosine produced a dose-dependent increase
in CF in both OLETF and LETO. However,
the increase in CF in OLETF was significantly
blunted as compared with that in LETO. On the
other hand, sodium nitroprusside-induced coronary
dilation in OLETF did not differ from that in
LETO. These results suggest that attenuation of
adenosine-induced dilation in OLETF is not caused
by the impairment of vascular smooth muscle
cells due to long-term state of type 2 DM. Since
adenosine-induced dilation has been demonstrated

to be mediated by K,rp channels”!1117%5:26)

we
examined the function of K,p channels in OLETF
and LETO. As shown in Figure 3, the vasodilator
effect of pinacidil in OLETF was smaller than
that in LETO, suggesting that K,;p channel-
mediated coronary dilation is impaired in OLETF.
Glibenclamide attenuated the vasodilator response
of coronary resistance vessels to pinacidil but
not to sodium nitroprusside, indicating that
the present dose of glibenclamide selectively

inhibited vasodilation via K,rp channels in our

preparation. This concentration of glibenclamide
attenuated adenosine-induced increase in CF in
LETO but not in OLETF. These results suggest
that adenosine-induced dilation mediated by Karp
channels is impaired in OLETEF. After inhibition
of K,rp channel by glibenclamide, adenosine
produced a comparable increase in CF in LETO
and OLETF rats.

The adenosine- and pinacidil-induced increases
in CF in OLETF were similar to thoes in LETO
before the onset of type 2 DM. In contrast,
they were decreased in OLETF compared with
LETO after the onset of type 2 DM, indicating
that K,rp channels are impaired under the long-
term state of type 2 DM. Although the precise
mechanism that results in the impairment of
Karp channels under the state of type 2 DM is
unclear, it is possible that K,;p channel density
or function in coronary endothelial cells is
reduced after long-term state of type 2 DM.

The role of NO pathway in OLETF

Most studies examining the impairment of
endothelial vasodilator function associated with
diabetes have focused on the role of NO*”. Recent
observations indicate that NO production is
reduced and NO-dependent coronary vasodilation

is impaired in animals with DM***®)

Hein and
Kuo"” recently reported that porcine coronary
arteriolar dilation to adenosine is mediated by the
opening of endothelial K,rp channels followed by
NO production/secretion (NO-dependent) and the
opening of smooth muscle K,pp channels (NO-
independent). In the present study, L-NAME
attenuated the adenosine-induced increase in CF
in OLETF, suggesting that the adenosine-induced
increase in CF is partially mediated by a NO
mechanism in the animals with DM. In contrast,
L-NAME did not attenuate the adenosine-
induced increase in CF in LETO, suggesting that
NO mechanism is absent or minimum in the
adenosine-induced increase in CF in healthy
animals. In the mesenteric arteries, L-NAME
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showed greater reduction of both maximum
relaxation and maximum hyperpolarization in
diabetic rats compared with those in control
rats®. This suggests that NO has a greater
contribution to vasodilation in diabetic rats or
that adenosine can activate both NO-dependent
and -independent pathways in LETO. Inhibition
of the NO-dependent pathway by L-NAME may
be compensated by the NO-independent pathway
when K,p channels are intact. In OLETF, the
impairment of the NO-dependent mechanism is
unmasked since the NO-independent mechanism
is diminished as a result of K,;p channel
dysfunction. This interpretation appears to be
supported by the previous evidence that there is
a cross-talk between NO and K rp channels®.

It has been shown that endogenous adenosine
is involved in the coronary vasodilation during
reactive’” and functional® hyperemia, hypoxia%),
and ischemia®™. In these conditions, the activation
of K,rp channels is important for vasodilation
since adenosine causes vasodilation via the
activation of Kpp channels”"* "% Tn addition,
Krp channels play an important role in coronary
microvascular autoregulation® and coronary

" and

microvascular dilation to hypoxia%), acidosis"
hyperosmolarity'. Since these play crucial roles
in the regulation of coronary blood flow", the
dysfunction of K,rp channels in DM would result
in an inadequate oxygen supply during ischemia,
hypoxia and intense metabolic demand of the
heart. Thus, it is conceivable that myocardial
ischemia is produced during exercise or emotional
changes through the impairment of metabolic
regulation in DM. In light of the current findings,
it appears that K,rp channel opener may be
beneficial to patients with DM even though they
do not show any significant stenotic lesion in the
large epicardial coronary arteries.

Acknowledgment

The authors thank Otsuka Pharmaceutical
Research Laboratory for its providing LETO and

OLETE.

References

1)Kannel WB, McGee DL. Diabetes and cardiovas-
cular disease. The Framingham Study. JAMA
1979;241:2035-2038.

2)Downing SE. Restoration of coronary dilator
action of adenosine in experimental diabetes. Am J
Physiol 1985;249:H102-H107.

3)Matsunaga T, Okumura K, Ishizaka H, Tsunoda
R, Tayama S, Tabuchi T, Yasue H. Impairment of
coronary blood flow regulation by endothelium-
derived nitric oxide in dogs with alloxan-induced
diabetes. ] Cardiovasc Pharmacol 1996;28:60-67.

4)Zhao G, Zhang X, Smith CJ, Xu X, Ochoa M,
Greenhouse D, Vogel T et al. Reduced coronary NO
production in conscious dogs after the development
of alloxan-induced diabetes. Am ] Physiol 1999;
277:H268-H278.

5) Zimmermann PA, Knot HJ, Stevenson AS, Nelson
MT. Increased myogenic tone and diminished re-
sponsiveness to ATP-Sensitive K channel openers
in cerebral arteries from diabetic rats. Circ Res

1997;81:996-1004.

6)Chilian WM, Eastham CL, Marcus ML. Micro-
vascular distribution of coronary vascular resis-

tance in beating left ventricle. Am ] Physiol 1986;
251:H779-H788.

7)Olsson RA, Bunger R. Metabolic control of coronary
blood flow. Prog Cardiovasc Dis. 1987;29:369-387.

8)Nelson MT, Quayle JM. Physiological roles and
properties of potassium channels in arterial smooth
muscle. Am ] Physiol 1995;268:C799-C822.

9)Daut J, Maier-Rudolph W, von Beckerath N,
Mehrke G, Gunther K, Goedel-Meinen L. Hypoxic
dilation of coronary arteries is mediated by ATP-
sensitive potassium channels. Science 1990;16:1341-
1344.

10)Ishizaka H, Kuo L. Acidosis-induced coronary
arteriolar dilation is mediated by ATP-sensitive
potassium channels in vascular smooth muscle.
Circ Res 1996;78:50-57.

11)Ishizaka H, Kuo L. Endothelial ATP-sensitive
potassium channels mediate coronary microvascular



18 1. Yoshida, et al.

dilation to hyperosmolarity. Am ] Physiol 1997;273:
H104-H112.

12) Belardinelli L, Linden J, Berne RM. The cardiac
effects of adenosine. Prog Cardiovasc Dis 1989;32:
7397.

13) Berne, RM. The role of adenosine in the regulation
of coronary blood flow. Circ Res 1980;47:807-813.

14) Daut J, Standen NB, Nelson MT. The role of the
membrane potential of endothelial and smooth
muscle cells in the regulation of coronary blood
flow. J Cardiovasc Electrophysiol 1994;5:154-181.

15)Merkel LA, Lappe RW, Rivera LM, Cox BF,
Perrone MH. Demonstration of vasorelaxant
activity with an Aj-selective adenosine agonist in
porcine coronary artery: involvement of potassium
channels. J Pharmacol Exp Ther 1992;250:437-443.

16)Kuo L, Chancellor JD. Adenosine potentiates flow-
induced dilation of coronary arterioles by activating
KATP channels in endothelium. Am J Physiol
1995;269:H541-H549.

17)Hein TW, Kuo L. cAMP-independent dilation of
coronary arterioles to adenosine: role of nitric

oxide, G proteins, and K,;p channels. Circ Res
1999:85:634-642.

18) Kawano K, Hirashima T, Mori S, Saitoh Y, Kurosumi
M, Natori T. Spontaneous long-term hyperglycemic
rat with diabetic complications. Otsuka Long-
Evans Tokushima Fatty (OLETF) strain. Diabetes
1992:41:1422-1428.

19)Nakagawa C, Asayama J, Tatsumi T, Matoba S,
Kobara M, Tanaka T, Ohta B et al. Effects of glib-
enclamide and nicorandil in post-ischaemic contrac-
tile dysfunction of perfused hearts in normotensive
and spontaneously hypertensive rats. ] Hypertens
1996;14:921-926.

20) Tesfamariam B, Palacino JJ, Weisbrod RM, Cohen
RA. Aldose reductase inhibition restores endothelial

cell function in diabetic rabbit aorta. J] Cardiovasc
Pharmacol 1993;21:205-211.

21)Sobey CG. Potassium channel function in vascular
disease. Arterioscler Thromb Vasc Biol 2001;21:28-
38.

22)Kersten JR, Brooks LA, Dellsperger KC. Impaired

microvascular response to graded coronary
occlusion in diabetic and hyperglycemic dogs. Am ]
Physiol 1995;268:H1667-H1674.

23)Ikenaga H, Bast JP, Fallet RW, Carmines PK.
Exaggerated impact of ATP-sensitive K' channels
on afferent arteriolar diameter in diabetes mellitus.
J Am Soc Nephrol 2000;11:1199-1207.

24)Bouchard JF, Dumont EC, Lamontagne D. Modi-
fication of vasodilator response in streptozotocin-

induced diabetic rat. Can J Physiol Pharmacol
1999;77:980-985.

25)Nakhostine N, Lamontagne D. Adenosine con-
tributes to hypoxia-induced vasodilation through
ATP-sensitive K channel activation. Am ] Physi-
ol 1993;265:H1289-H1293.

26)Kitakaze M, Hori M, Kamada T. Role of adenosine
and its interaction with a adrenoceptor activity in
ischaemic and reperfusion injury of the myocar-
dium. Cardiovasc Res 1993;27:18-27.

27)De Vriese AS, Verbeuren TJ, Van de Voorde ],
Lameire NH, Vanhoutte PM. Endothelial dysfunc-
tion in diabetes. Br ] Pharmacol 2000;130:963-974.

28)Oyama Y, Kawasaki H, Hattori Y, Kanno M. At-
tenuation of endothelium-dependent relaxation in
aorta from diabetic rats. Eur ] Pharmacol 1986;
132:75-78.

29)Ishibashi Y, Duncker D], Zhang J, Bache R]J.
ATP-Sensitive K” Channels, Adenosine, and nitric
oxide-mediated mechanisms account for coronary

vasodilation during exercise. Circ Res 1998;82:346-
359.

30) Yamabe H, Okumura K, Ishizaka H, Tsuchiya T,
Yasue H. Role of endothelium-derived nitric oxide
in myocardial reactive hyperemia. Am ] Physiol
1992;263:H8-H14.

31)Martin SE, Lenhard SD, Schmarkey LS, Offen-
bacher S, Odle BM. Adenosine regulates coronary
blood flow during increased work and decreased
supply. Am ] Physiol 1993;264:H1438-H1446.

32)Komaru T, Lamping KG, Eastham CL, Dellsperger
KC. Role of ATP-sensitive potassium channels in
coronary microvascular autoregulatory responses.
Circ Res 1991;69:1146-1151.



