British Journal of Pharmacology (1997) 121, 1383-1391

O 1997 Stockton Press ~ All rights reserved 0007 -1188/97 $12.00

Alterations in endothelium-dependent hyperpolarization and
relaxation in mesenteric arteries from streptozotocin-induced

diabetic rats
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1 The aim of this study was to determine whether endothelium-dependent hyperpolarization and
relaxation are altered during experimental diabetes mellitus. Membrane potentials were recorded in
mesenteric arteries from rats with streptozotocin-induced diabetes and age-matched controls. The resting
membrane potentials were not significantly different between control and diabetic mesenteric arteries
(—553+0.5 vs —55.6+0.4 mV). However, endothelium-dependent hyperpolarization produced by
acetylcholine (ACh; 107®-107° M) was significantly diminished in amplitude in diabetic arteries
compared with that in controls (maximum —10.44+1.1 vs —17.2+0.8 mV). Furthermore, the
hyperpolarizing responses of diabetic arteries were more transient.

2 ACh-induced hyperpolarization observed in control and diabetic arteries remained unaltered even
after treatment with 3 x 10~* M NS-nitro-L-arginine (L-NOARG), 10> M indomethacin or 60 u ml~'
superoxide dismutase.

3 Endothelium-dependent hyperpolarization with 107 M A23187, a calcium ionophore, was also
decreased in diabetic arteries compared to controls (—8.3+1.4 vs —18.0+1.9 mV). However,
endothelium-independent hyperpolarizing responses to 107® M pinacidil, a potassium channel opener,
were similar in control and diabetic arteries (—20.0+1.4 vs —19.2+ 1.1 mV).

4 The altered endothelium-dependent hyperpolarizations in diabetic arteries were almost completely
prevented by insulin therapy. Endothelium-dependent relaxations by ACh in the presence of 107* M L-
NOARG and 10~° M indomethacin in diabetic arteries were also reduced and more transient compared
to controls.

5 These data indicate that endothelium-dependent hyperpolarization is reduced by diabetes, and this
would, in part, account for the impaired endothelium-dependent relaxations in mesenteric arteries from

diabetic rats.

Keywords: Diabetes mellitus; acetylcholine; membrane potential; hyperpolarization; vascular smooth muscle; vasodilatation

Introduction

Vascular deterioration is one of the complicating features of
human and experimental diabetes (Garcia et al., 1974; Tom-
linson et al., 1992). Some of the vascular changes in diabetes
may be related to alterations in endothelial function (Ruder-
man & Haudenschild, 1984). In this regard, the vascular re-
sponsiveness to endothelium-dependent relaxant agents has
been extensively investigated in animal models of diabetes
mellitus. Impaired endothelium-dependent relaxations have
been consistently demonstrated in blood vessels from strepto-
zotocin-induced diabetic rats (Oyama et al., 1986; Pieper &
Gross, 1988; Kamata et al., 1989), spontaneously diabetic BB
rats (Meraji et al., 1987, Durante et al., 1988) and alloxan-
induced diabetic rabbits (Tesfamariam & Cohen, 1992).

The endothelium-dependent relaxant responses to agents
such as acetylcholine (ACh) are largely due to release of en-
dothelium-derived relaxing factor (EDRF; Furchgott & Za-
wadzki, 1980). EDRF is now considered to be identical to
nitric oxide (NO; Ignarro et al., 1987; Palmer et al., 1987) or to
a related nitroso compound (Myers et al., 1990). Endothelial
cells also mediate hyperpolarization of vascular smooth muscle
cells in response to ACh (Chen & Suzuki, 1989; Feletou &
Vanhoutte, 1988). Several lines of evidence strongly suggest
that this hyperpolarizing response is generated by an endo-
thelium-derived substance that is distinct from EDRF-NO
(Bény & Brunet, 1988; Komori et al., 1988; Brayden, 1990).
Thus, the existence of an endothelium-derived hyperpolarizing
factor (EDHF) has been proposed by some investigators (Chen
et al., 1991; Vanhoutte, 1989), though it remains unidentified.

! Author for correspondence.

Membrane hyperpolarization of vascular smooth muscle cells
by EDHF can contribute to arterial relaxation by blunting
voltage-dependent mechanisms (Nelson ef al., 1990). Whereas
EDHF may provide a secondary system to NO in large ar-
teries, EDHF appears to be a major determinant of vascular
tone in small arteries (Garland et al., 1995). Recently, it has
been shown that endothelium-dependent hyperpolarization is
depressed in aorta from renal hypertensive rats (Van de
Voorde et al., 1992) and in mesenteric artery from sponta-
neously hypertensive rats (Fujii et al., 1992). However, the
effect of diabetic state on endothelium-dependent hyperpolar-
ization of vascular smooth muscle has not yet been
investigated.

The present study was designed to evaluate EDHF-medi-
ated responses in mesenteric arteries from rats with strepto-
zotocin-induced diabetes. Initially, we characterized ACh-
induced hyperpolarization in rat mesenteric artery. Then, we
determined whether endothelium-dependent hyperpolarization
and the associated relaxation are altered in diabetes. A preli-
minary account of these data was presented to the First In-
ternational Symposium devoted to endothelium-derived
hyperpolarizing factor, in Vaux de Cernay, France (Fukao et
al., 1996).

Methods

Induction of diabetes

Eight week old male Wistar rats (180—200 g) were divided
randomly into two groups. The rats were lightly anaesthetized
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with diethyl ether and the diabetic group received a single in-
jection of streptozotocin (45 mg kg~') dissolved in a citrate
buffer solution into the tail vein. The control group received an
equivalent volume of the citrate buffer solution alone. Control
and diabetic rats were caged separately but housed in a similar
environment. Both groups of animals were given the same diet
and water ad libitum. Six diabetic rats were treated daily with
subcutaneous injections of ultralente insulin (8 u day~!; Novo
Nordisk, Copenhagen, Denmark). Insulin therapy was begun 1
day after streptozotocin injection, and was continued up to the
day before the animals were sacrificed.

On the day of the experiment, a blood sample was collected
from the renal vein and serum glucose level was determined by
Rapid Blood Analyzer Super using Uni-Kit (Chugai, Tokyo,
Japan).

Membrane potential recording

Eight to 12 weeks after treatment with streptozotocin or the
buffer, rats were anaesthetized with diethyl ether. The main
branch of the superior mesenteric artery was carefully excised
and placed on a plate containing oxygenated physiological salt
solution (PSS) at room temperature. The arteries were then
cleaned of adherent connective tissues, cut into rings of 3 mm
length, and opened longitudinally. Care was taken to ensure
that the endothelial layer was not damaged during processing
of the tissue preparation. Where indicated, the endothelial cells
was removed by gently rubbing the intimal surface of the vessel
with a moistened cotton ball. The tissue was pinned down,
intimal side upward, on the bottom of an organ chamber
(capacity 3 ml), and superfused at a constant flow rate of 7 ml
min—' with PSS aerated with 95% O, and 5% CO,. The
temperature of perfusate was kept constant at 37°C. The
composition of PSS was as follows (in mM); NaCl 118.2, KCl
4.7, CaCl, 2.5, MgCl, 1.2, KH,PO, 1.2, NaHCO; 25.0 and
glucose 10.0. After the preparations had been equilibrated for
60 min, glass microelectrodes filled with 3 M KCI (tip resis-
tance 40—80 MQ) were inserted into the smooth muscle cells
from the intimal side. After a stable recording of membrane
potential for at least 2 min had been obtained, changes in
membrane potential produced by ACh, A23187, pinacidil and
sodium nitroprusside (SNP) were recorded by use of a high-
impedance amplifier (Nihon Kohden, MEZ-8201, Tokyo, Ja-
pan) from the continuous recordings. When N€-nitro-L-argi-
nine (L-NOARG) or indomethacin was used, each agent was
applied 15 min before the addition of ACh. Superoxide dis-
mutase (SOD) was applied 10 min before the addition of ACh.
Electrical signals were continuously monitored on a oscillo-
scope (Nihon Kohden VC-10, Tokyo, Japan) and recorded on
a chart recorder (Watanabe Sokki WR3101, Tokyo, Japan).
Further details of the experimental procedure have been de-
scribed elsewhere (Fukao et al., 1995).

Measurement of relaxant responses

Rat mesenteric arterial rings were prepared as described above.
Each ring was suspended by a pair of stainless steel pins in a
water-jacketed bath filled with 6 ml of normal PSS. The so-
lution in the bath was gassed with 95% O, and 5% CO,
(pH 7.4) and its temperature was maintained at 37°C. The
rings were stretched until an optimal resting tension of 1.0 g
was loaded and then allowed to equilibrate for at least 60 min.
Force generation was monitored by an isometric transducer
(Unique Medical UMTB-1, Tokyo, Japan) and a carrier am-
plifier (Nihon Kohden AP-621G, Tokyo, Japan). The output
of the force transducer was registered on a pen recorder (Ri-
kadenki R-64, Tokyo, Japan). After the equilibration period,
the rings were exposed several times to high K* PSS (80 mm
[K*]o) until reproducible contractile responses were obtained.
High K* PSS was made by substituting NaCl with equimolar
KCl. The vessels were precontracted with 1077 M pheny-
lephrine 15 min after the treatment with 10~* M L-NOARG
and 10~ M indomethacin in order to exclude the involvement

of EDRF-NO and prostanoids. After the contraction had
reached a plateau level, ACh was applied in a cumulative
manner. To examine the time course of relaxant response to
ACHh, the single concentration of ACh (10~ ° and 10> M) was
applied to the arteries precontracted with 10~7 M phenylphrine
in the presence of 10~* M L-NOARG and 10~° M indome-
thacin. We estimated the ACh responses in the presence of L-
NOARG and indomethacin as EDHF-mediated relaxations,
since our preliminary experiments showed that L-NOARG-
and indomethacin-resistant relaxations were markedly reduced
in 20 mM K™ PSS and completely abolished in 30 mm K™
PSS. Relaxations were expressed as a percentage of the height
of the contraction induced by phenylephrine.

Drugs

The following drugs were used: ACh chloride (Wako, Osaka,
Japan), A23187 (Calbiochem, San Diego, CA, U.S.A.), pinaci-
dil (Shionogi, Osaka, Japan), L-NOARG, indomethacin, SOD
(from human erythrocytes; 20004000 u mg ' protein), SNP,
streptozotocin, tetraethylammonium (TEA), tetrabutylammonium
(TBA), charybdotoxin (CTX), apamin and glibenclamide (Sig-
ma Chemical, St. Louis, MO, U.S.A.). A23187 was prepared in
dimethyl sulphoxide and diluted in ethanol. Indomethacin was
prepared in 50 mM Tris. Pinacidil and L-NOARG were pre-
pared in 0.2 N HCI and glibenclamide in 0.05 N NaOH. Other
drugs were dissolved in distilled water. PSS was used for further
dilution to the proper concentrations. Solvents used to dissolve
drugs did not, themselves, affect electrical and mechanical re-
sponses at their final bath concentrations.

Statistical analysis

All values are expressed as means+s.e.mean. Two-way ana-
lysis of variance (ANOVA) was used to compare concentra-
tion-response curves of hyperpolarization and relaxation
between control and diabetic groups, followed by Scheffé’s
multiple comparison test. Other variables were compared by
use of paired and unpaired Student’s ¢ test. Values of P<0.05
were accepted as indicating a significant difference.

Results

General characteristics

Eight to 12 weeks after injection, all rats treated with strep-
tozotocin exhibited severe hyperglycaemia and their serum
glucose levels (651+14 mg dl~!, n=57) were approximately
3.8 fold (P<0.001) higher than the levels of age-matched
control animals (173+4 mg dl~', n=237). The body weights of
diabetic rats (159+2 g, n=068) were significantly lower than
those of control rats (348 +5 g, n=159, P<0.001). In addition,
the wet weights of arterial preparations from diabetic rats
(0.1440.01 mg mm 2, n=18) were significantly lighter than
those from control animals (0.174+0.01 mg mm~2 n=17,
P<0.01). Serum glucose levels (169+43 mg dl~!, n=6) and
the body weights (341 +13 g, n=06) in insulin treated diabetic
rats were not significantly different from those of controls.

Characteristics of membrane hyperpolarization by ACh

As shown in Figures la and 2, ACh produced sustained hy-
perpolarization of the smooth muscle membrane in control
rats. When the endothelium was removed, ACh did not pro-
duce significant changes in the resting membrane potentials
(—0.240.7 mV, n=35; Figure la). The hyperpolarizing re-
sponse to ACh was reduced in 20 mM K* PSS and enhanced
in 1 mm K* PSS (Figure 1b). TBA (5 x 10~* M), a non-specific
K" channel blocker, and apamin (3x 10~ M), a specific
blocker of small conductance Ca’*-activated K™ channel,
significantly inhibited ACh-induced hyperpolarization (Figure
Ic). TEA, a relatively specific blocker of large conductance
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Figure 1 Effects of endothelium removal and various interventions
on membrane hyperpolarization of smooth muscle cells induced by
107 M ACh in mesenteric arteries from control rats. (a) Effect of
endothelium removal. (b) Effects of 20mM K* and 1 mm K™
solution. Concentrations of K were modified by replacing NaCl with
KCI. The membrane was depolarized by about 11 and 1 mV in the
presence of 20 mm K and 1 mm K ™ solution, respectively. (c) Effects
of 5% 10~* M tetrabutylammonium (TBA), 3 x 10~ M apamin, | mm
tetracthylammonium (TEA), 5x10"%® M charybdotoxin (CTX),
3x107° M glibenclamide and 107> M ouabain. TBA, apamin and
TEA depolarized the membrane by about II, 3 and 3 mV,
respectively. CTX, glibenclamide and ouabain had almost no effect
on the membrane potential. ACh was applied during the period
indicated by horizontal bars. All agents were applied to the bath 15—
30 min before the addition of ACh.

Ca?"-activated K" channels, inhibited ACh-induced hyper-
polarization only at a high concentration (10 mm) (Figure Ic
and Table 1). However, charybdotoxin (5x 10~8 M), a specific
blocker of large conductance Ca’"-activated K™ channels,
glibenclamide (10> M), an ATP-sensitive K" channel blocker,
and ouabain (1073 M), a Na,K-ATPase inhibitor, were without
effect on membrane hyperpolarization by ACh (Figure Ic).
The summarized data are shown in Table 1.

Altered endothelium-dependent hyperpolarization in
diabetic rats

The average resting membrane potential of smooth muscle
cells in mesenteric arteries obtained from diabetic rats
(—55.6+0.4 mV, n=283) did not differ from that from age-
matched control rats (—55.3+0.5 mV, n=_80). However, the

peak amplitude of endothelium-dependent hyperpolarization
by ACh was significantly diminished in diabetic arteries com-
pared to controls (Figure 2). In addition, diabetic arteries ex-
hibited a transient hyperpolarization with the membrane
potential returning to near-basal levels despite continuation of
the ACh infusion (Figure 2). The concentration-response
curves for the peak amplitude of hyperpolarization induced by
ACh in control and diabetic rat mesenteric arteries are shown
in Figure 3.

Pretreatment with L-NOARG (3 x 10~* M), a compound
that inhibits the formation of NO from L-arginine, did not
affect the hyperpolarizing response to ACh in either control or
diabetic arteries (Figure 4). The hyperpolarizing responses of
both control and diabetic arteries were also not affected by
pretreatment with indomethacin (1073 M), a cyclo-oxygenase
inhibitor (Figure 4). Furthermore, pretreatment with SOD
(60 u ml~"), a specific scavenger of superoxide anions, had no
effect on the hyperpolarizing effect of ACh in either control or
diabetic arteries. Thus, the peak hyperpolarizing responses of
control arteries to 107°*M ACh were —16.34+0.7 and
—16.0+1.0 mV (n=23) before and 10 min after exposure to
60 u ml~! SOD, while the responses of diabetic arteries were
—10.7+1.5 and —11.0+1.7 mV (n=3) before and after the
treatment, respectively. In addition, the transient nature of
ACh-induced hyperpolarization observed in diabetic arteries
remained unchanged with L-NOARG, indomethacin or SOD.

A23187 (10~° M) produced endothelium-dependent hyper-
polarization in both control and diabetic arteries. Hyperpo-
larizations by A23187 were abolished by the removal of the
endothelium (data not shown). The hyperpolarizing effect of
A23187 in diabetic arteries was smaller in magnitude and was
more transient than that in control arteries (Figure 5a). The
summarized data are shown in Figure 5b.

Pinacidil, an ATP-sensitive K* channel opener, elicited
endothelium-independent hyperpolarization of the smooth
muscle membrane, which was virtually abolished by 107> M
glibenclamide (data not shown). The hyperpolarizing respon-
ses to pinacidil (107° M) were identical between control and
diabetic arteries (Figure 6a). The concentration-response
curves for the peak amplitude of hyperpolarization by pina-
cidil in control and diabetic rat mesenteric arteries are shown
in Figure 6b.

SNP, a cyclic GMP-generating substance, caused small
hyperpolarization in a concentration-dependent manner in
both control and diabetic arteries. Thus, SNP at 107> and
10~* M hyperpolarized the membrane potential by —2.7+0.4
(n=6) and —4.5+0.8 mV (n=6) in control arteries and by
—27403 (n=3) and —4.3+0.3 mV (n=3) in diabetic ar-
teries, respectively. The difference in SNP-induced hyperpo-
larization between control and diabetic arteries was not
statistically significant.

Effect of insulin treatment

Treatment with insulin prevented the alterations in endothe-
lium-dependent hyperpolarization observed in diabetes. En-
dothelium-dependent hyperpolarizations by ACh and A23187
were not decreased and were sustained in arteries from diabetic
rats treated with insulin (Figure 7a). The summarized data of
membrane hyperpolarization by ACh (107° M) and A23187
(107® M) in insulin-treated rats are shown in Figure 7b.
Membrane hyperpolarizations induced by ACh and A23187 in
insulin-treated rats were not significantly different from those
in controls.

Decreased endothelium-dependent relaxation induced by
ACh in diabetic rats

The concentration-response curves for the peak amplitude of
endothelium-dependent relaxation by ACh in the presence of
10* M L-NOARG and 107> M indomethacin in control and
diabetic rat mesenteric arteries are shown in Figure 8a. The
peak amplitude of relaxation was significantly reduced in
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Figure 2 Actual recordings of the hyperpolarizing responses to ACh at various concentrations in mesenteric arteries from control
and diabetic rats. ACh was applied during period indicated by horizontal bars. Recordings were from different preparations.

Table 1 Effects of K channel blockers and other agents on resting membrane potential and membrane hyperpolarization by

ACh (10~° m)
Changes in membrane potential (mV)

ACh (before) Treatment ACh (after) n
20K " —16.5+0.2 10.7+1.5 —2.540.5%** 6
IK* —16.240.3 0.6+0.4 —29.34 1.1%** 6
TBA (5x10~* M) —158+1.1 11.3+3.3 —3.240.9%** 6
Apamin 3x 1077 M) —15.240.3 2.6+0.6 — 8.0+ [.1*** 6
TEA (1 mm) —15.0+04 3.0+0.3 —14.240.7 5
TEA (10 mm) —158+14 8.8+1.8 —5.3+1.6%** 6
CTX (5x107% m) —16.7+0.9 1.0+1.0 —16.0+1.2 6
Glibenclamide (3 x 107> m) —17.5+£0.9 1.840.7 —17.540.9 6
Ouabain (107> M) —17.240.9 0.6+0.8 —17.240.9 5

**%P<0.001, vs the respective ACh response before treatment.

diabetic rat mesenteric arteries compared with controls. Figure
8b shows the time courses of relaxations by 107¢ and 107> M
ACh in control and diabetic rat mesenteric arteries. Diabetic
arteries exhibited a reduced and more transient relaxation
compared to controls.

Discussion

This study demonstrated that endothelium-dependent hyper-
polarization produced by ACh is altered in mesenteric ar-
teries from rats with streptozotocin-induced diabetes. First,
the amplitude of the hyperpolarizing response was signifi-
cantly diminished in diabetic arteries. Second, the hyperpo-
larization was of transient nature in diabetic arteries, while
being sustained in controls. Endothelium-dependent relaxa-
tion in the presence of L-NOARG and indomethacin was also
decreased and transient in diabetic arteries. The alterations in
endothelium-dependent hyperpolarizations were nearly com-
pletely preserved by insulin therapy, suggesting that the al-
tered hyperpolarizing responses are indeed due to diabetes.
Thus, the results with insulin treatment essentially eliminate
the possibility that the alterations observed in diabetic rats

were a result of a direct effect of streptozotocin on the
arteries.

Recent studies provide evidence that endothelium-depen-
dent hyperpolarization by ACh may be mediated by EDHF
(Chen et al., 1991; Feletou & Vanhoutte, 1988; Vanhoutte,
1989) and its ionic mechanism is likely to be an increase in
outward current, attributable to an opening of K* channels
located on arterial smooth muscle cells (Chen & Suzuki, 1989).
Our results also suggest that the hyperpolarizing response to
ACh in rat mesenteric arteries is mediated by an opening of
K™ channels. It was observed that ACh-induced hyperpolari-
zation was reduced in high K* (20 mM) solution and enhanced
in low K* (I mMm) solution, which will modulate the K*
equilibrium potential of smooth muscle cells (Casteels &
Kuriyama, 1966). The lack of effect of ACh on the membrane
potential in high K™ solution is in good agreement with pre-
vious results obtained by other investigators (Waldron &
Garland, 1994). In addition, we found that TBA, a nonspecific
K™ channel blocker, almost completely eliminated ACh-in-
duced hyperpolarization. Several types of K™ channels have
been shown to mediate EDHF responses in different arteries
from different species (Garland et al., 1995). However, in our
preparations, the K* channel, which is involved in membrane
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hyperpolarization by EDHF, may be mainly a small conduc-
tance Ca’"-activated K™ channel, because the small conduc-
tance Ca®*-activated K* channel specific blocker apamin
significantly attenuated ACh-induced hyperpolarization. Our
findings are in agreement with other experimental results in rat
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Figure 3 Concentration-response curves for ACh-induced hyperpo-
larization in mesenteric arteries with intact endothelium from control
and diabetic rats. Data are means of 6—10 experiments; vertical lines
show s.e.mean. ***P <(.001, vs respective control values.

Control
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(Adeagbo & Triggle, 1993), rabbit (Murphy & Brayden, 1995)
mesenteric and porcine coronary (Hecker et al., 1994) arteries.
Large conductance Ca’"-activated K* channels have been
described in most types of vascular smooth muscle (Nelson,
1993) and also shown to be involved in EDHF responses
(Chen et al., 1991; Eckman et al., 1992; Cowan et al., 1993).
However, large conductance Ca®*-activated K* channels are
unlikely to contribute to membrane hyperpolarization in rat
mesenteric arteries, because TEA (1 mM), a moderately selec-
tive inhibitor of the large conductance Ca’*-activated K™
channel, and CTX (5x 107® M), a specific blocker of large
conductance Ca’*-activated K™ channel, had no effect on
membrane hyperpolarization by ACh. The blocking effect of
the high concentration of TEA (10 mM) may be due to a
nonspecific action on other K* channels and/or indirect ac-
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Figure 4 Effects of L-NOARG (3x10~* M) and indomethacin

(107° M) on hyperpolarization induced by ACh (107°M) in
mesenteric arteries from control (open columns) and diabetic
(hatched columns) rats. Data are means+s.e.mean of 5-10
experiments. ***P <(.001, vs respective control values.
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Figure 5 Effects of A23187 (10~® M) on membrane potentials of smooth muscle cells in mesenteric arteries with intact endothelium
from control and diabetic rats. (a) Actual recordings of the hyperpolarizing responses to A23187 in control and diabetic rats. (b)
Summarized data of membrane hyperpolarization by A23187 in mesenteric arteries from control (open column) and diabetic
(hatched column) rats. Data are means+s.e.mean of 6 experiments. ***P <0.001, vs corresponding control.
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tions such as antagonism of muscarinic receptors (Cook &
Haylett, 1985). Consistent with other many studies (Fujii et al.,
1992; Garland & McPherson, 1992), glibenclamide, a specific
blocker of ATP-sensitive K" channel, had no effect on the
hyperpolarization, indicating a lack of involvement of ATP-
sensitive K™ channel in EDHF responses. Stimulation of

Control 108 m

Diabetic 10% m

Na,K-ATPase has been suggested to contribute to EDHF re-
sponses in canine coronary artery (Feletou & Vanhoutte,
1988). However, we found that ouabain, a Na,K-ATPase in-
hibitor, did not affect ACh-induced hyperpolarization. The
same results have been obtained in rabbit ear artery (Suzuki,
1988). Small conductance Ca?"-activated K* channels have
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Figure 6 Effects of pinacidil on membrane potentials of smooth muscle cells in mesenteric arteries without endothelium from
control and diabetic rats. (a) Actual recordings of the hyperpolarizing responses to pinacidil (10~® M) in control and diabetic rats.
(b) Concentration-response curves for pinacidil-induced hyperpolarization in mesenteric arteries from control and diabetic rats.
Data are means of 6— 10 experiments; vertical lines shows s.e.mean. The difference in concentration-response curves between control

and diabetic arteries was not statistically significant.
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Figure 7 Effect of insulin treatment of diabetic rats on membrane hyperpolarization by ACh (10~° M) and A23187 (10~ ° m) in rat
mesenteric artery. (a) Actual recordings of the hyperpolarizing responses to ACh and A23187 in insulin-treated diabetic rats. (b)
Summarized data of membrane hyperpolarization by ACh and A23187 in mesenteric arteries from insulin-treated diabetic rats. Data

are means+s.e.mean of 6 experiments.
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Figure 8 Relaxations produced by ACh in the presence of L-

NOARG (107* M) and indomethacin (107° M) in control and
diabetic rat mesenteric arterial rings precontracted with phenylephr-
ine (10*7 M). L-NOARG and indomethacin were added to the bath
15 min before application of phenylephrine. (a) Concentration-
response curves for ACh in control (@) and diabetic (W) rat
mesenteric arteries. ACh was added to the bath cumulatively. The
points shown are means of 7 experiments; vertical lines show
s.e.mean. (b) Time courses of endothelium-dependent relaxations
induced by ACh at gi) 10~° and (ii) 10~° M during contractions to
phenylephrine (10~ " M) in control (@) and diabetic () rat
mesenteric arterial rings. Data are means of 10 experiments; vertical
lines show s.e.mean. Responses are expressed as % relaxation of
phenylephrine-induced contraction. *P<0.05 and ***P<0.001, vs
corresponding control.

been shown to exist in both endothelium (Groschner et al.,
1992) and vascular smooth muscle cells (Van Renterghem &
Lazdunski, 1994). It is thus a possibility that apamin might
have inhibited membrane hyperpolarization of endothelial
cells and reduced the influx of Ca?*, thereby reducing the re-
lease of EDHF and membrane hyperpolarization of smooth
muscle cells. However, small conductance Ca®*-activated K™
channels appear to be on the vascular smooth muscle cells.
Chen & Cheung (1992) have shown that the hyperpolarizing
responses of endothelial cells to endothelium-dependent va-
sodilators such as ACh are not inhibited by apamin.

Even in mesenteric arteries from diabetic rats, ACh did not
affect the membrane potential when the endothelium was ab-
sent. Thus, a direct depolarizing effect of ACh is unlikely to be
a cause of decreased membrane hyperpolarization in diabetes.
Since the resting membrane potentials were not different be-
tween control and diabetic arteries and the responsiveness of
smooth muscle cells to pinacidil was preserved, it appears that
the impaired hyperpolarizing responses to ACh are not due to
the altered K™ channels of smooth muscle cells in diabetic
arteries. However, it should be noted that K* channels re-
sponsible for hyperpolarization by ACh are distinct from those
activated by pinacidil.

The initial step of endothelium-dependent hyperpolariza-
tion would be activation of the receptor mechanism which is
triggered by agonist-binding of muscarinic receptors in endo-
thelial cells. The decreased hyperpolarizing response to ACh
might reflect a reduced number of muscarinic receptors in
endothelial cells during chronic diabetic conditions. Alterna-
tively, coupling of muscarinic receptors to transduction me-
chanisms involved in the release of EDHF might be impaired
in diabetes. However, disturbances of both muscarinic recep-
tors and their coupling to transduction mechanisms are unli-
kely to be a cause of the diminished hyperpolarizing effect of
ACh in diabetic mesenteric arteries. We found that the Ca**
ionophore A23187, which is known to cause endothelium-de-
pendent hyperpolarization by bypassing any receptor me-
chanisms (Chen & Suzuki, 1990), also produced a diminished
hyperpolarizing response in diabetic mesenteric arteries.

NO has been shown to be involved in ACh-induced hy-
perpolarization of smooth muscle cells of guinea pig uterine
(Tare et al., 1990), coronary (Parkington et al., 1993) and
rabbit mesenteric (Murphy & Brayden, 1995) arteries. In-
creased production of oxygen-derived free radicals and de-
creased free radical scavenger systems have been described in
diabetes (Wolff & Dean, 1987). A great deal of evidence
strongly suggests that increased production of oxygen-derived
free radicals could readily destroy EDRF-NO, thereby im-
pairing endothelium-dependent relaxation in diabetic vessels
(Pieper & Gross, 1988; Hattori et al., 1991; Tesfamariam &
Cohen, 1992; Diederich et al., 1994). If endothelium-dependent
hyperpolarization in rat mesenteric arteries is mediated by
EDRF-NO, attenuated endothelium-dependent hyperpolari-
zation in diabetic arteries could be explained by enhanced
destruction of EDRF-NO. This does not appear to be the case,
since pretreatment with L-NOARG, an inhibitor of NO syn-
thase, did not affect ACh-induced hyperpolarization in either
control or diabetic arteries. We (Fukao et al., 1997) and others
(Chen et al., 1988) have confirmed that oxyhaemoglobin,
which inhibits NO-mediated responses by scavenging NO, has
no effect on ACh-induced hyperpolarization. In addition, there
are several studies showing that exogenous NO is unable to
produce hyperpolarization in blood vessels in which endothe-
lium-dependent hyperpolarization is observed (Bény & Brunet,
1988; Brayden, 1990; Komori et al., 1988). In this study, to our
surprise, SNP, a guanosine 3":5'-cyclic monophosphate (cyclic
GMP)-generating agent, caused hyperpolarization in a con-
centration-dependent manner. However, the extent of hyper-
polarization produced by SNP was small and far less than that
produced by ACh. Furthermore, SNP-induced hyperpolari-
zation was blocked by glibenclamide (unpublished observa-
tions). Finally, SNP-induced hyperpolarization did not exhibit
a difference between control and diabetic arteries. Hence, the
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present findings are in agreement with the concept that endo-
thelium-dependent membrane hyperpolarization cannot be
explained by EDRF-NO but by another factor, presumably
EDHF (Chen et al., 1991). We also found that pretreatment
with SOD, a specific scavenger of superoxide anions, had no
effect on ACh-induced hyperpolarization in either control or
diabetic arteries, suggesting that superoxide anions or free-
radicals derived from superoxide anions are not involved in
decreased endothelium-dependent hyperpolarization in dia-
betic arteries.

There have been observed significant increases in prosta-
noids, including thromboxane A, and prostaglandin F,, in
diabetic vessels (Tesfamariam et al., 1989). However, it seems
unlikely that an increased release of prostanoids is able to
produce depolarization of the membrane potentials and
thereby counteract endothelium-dependent hyperpolarization
in diabetic arteries. In this study, pretreatment with indome-
thacin did not affect the hyperpolarizing response to ACh in
either control or diabetic arteries, therefore, it appears unlikely
that prostanoids are involved in this response. We cannot ex-
clude the possibility that other endothelium-derived substan-
ces, such as endothelin, may produce membrane
depolarization and reduce the hyperpolarizing response to
ACh. Indeed, it has been shown that the plasma concentra-
tions of endothelin-1 (Takahashi et al., 1990; Collier et al.,
1992) and of big endothelin-1 (Tsunoda et al., 1991), a pre-
cursor of endothelin-1, are elevated in patients with diabetes
mellitus. Furthermore, increased production of endothelin-1
from mesenteric arteries has been demonstrated in streptozo-
tocin-induced diabetic rats (Takeda et al., 1991). However, we
have found that the decreased response in diabetic arteries was
not affected by BQ-123, a selective ET, receptor antagonist,
which has been shown to block the arterial smooth muscle
depolarization by endothelin-1 (Nakashima & Vanhoutte,
1993) (unpublished observations).

Endothelium-dependent relaxation by ACh in the presence
of L-NOARG and indomethacin, which is considered to be
mediated exclusively by membrane hyperpolarization of vas-
cular smooth muscle cells by EDHF, was also significantly
impaired in diabetes. The maximum hyperpolarizing and re-
laxant responses of diabetic arteries to ACh were about 61 and
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