
,. phaflll. Pharmacol. 1993,45: 671-674 
Communicated November 24, 1992 

0 1993 J. Pharm. Pharmacol. 

I( +-Channel blockers and coronary vasoconstriction in guinea-pig perfused 
hearts in-vitro 
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~ ~ ~ a c t - G l i b e n c l a m i d e ,  glipizide and phentolamine, three drugs 
have been reported to block ATP-dependent potassium 

increased the coronary perfusion pressure in guinea-pig 
isolated hearts perfused at constant flow. Blockers of other types of 
pessium channels, 4-aminopyridine and UK-66,914, did not 
,i@ificantly increase perfusion pressure. Exposing hearts to a single 
concentration of 3 pM glibenclamide caused a greater degree of 
,soconstriction than when this was preceded by lower concentra- 
tions. The 3 pM glibenclamide-induced vasoconstriction was reduced 
by prazosin (1 pM), mepyramine (0.1 p ~ )  and ranitidine (10 p ~ )  but 
not by a combination of mepyramine and ranitidine or by ritanserin 
(0.01 p ~ ) .  These results suggest that a component of the vasocon- 
striction induced by glibenclamide may result indirectly from the 
Elease of vasoactive mediators. 

Glibenclamide is known to block potassium channels in a variety 
of tissue types including vascular tissues (Winquist et a1 1989; 
Ksoll et al 1991). In isolated vascular preparations, this blockade 
is manifested as a prevention or reversal of the vasorelaxant 
effects of potassium-channel opening drugs (Cavero et al 1988; 
Winquist et a1 1989; Satoh et al 1991). Glibenclamide itself has 
been observed in some studies to exert little vasoconstrictor 
effect on vascular tone when applied at similar concentrations in 
the absence of potassium-channel openers (Daut et a1 1990; 
Satoh et al 1991; Zhang et al 1991), but some reports (Wolleben 
et al 1989; Wilde et a1 1990; Mitani et a1 1991) have described a 
marked but unexplained coronary vasoconstriction following 
the application of glibenclamide to rat and guinea-pig isolated 
hearts in-vitro. We have investigated this phenomenon in 
guinea-pig isolated hearts perfused at constant flow. The actions 
ofglibenclamide have been compared with those of glipizide and 
phentolamine, as all of these agents have been reported to block 
ATP-sensitive K +  channels ( K A T ~ )  (Fosset et al 1988; Plant & 
Henquin 1990). For comparison, we have also studied other K + -  
channel blockers, UK-66,9 14, which blocks delayed rectifier 
type potassium channels (Gwilt et a1 1991) and 4-aminopyridine, 
a relatively non-selective potassium-channel blocker (Glover 
1982). 

Materials and methods 

Experimental preparation. Hearts were prepared as described 
Previously (Gwilt et a1 1992). Briefly, male guinea-pigs were 
injected with heparin (1000 units, i.p.), and killed 30 rnin later by 
concussion followed by exsanguination. Hearts were excised and 
Placed in well-oxygenated (95% 0 2 - 5 %  CO2) ice-cold physiolo- 
gical buffer solution of the following composition (mM): NaCl 
118, KCI 4.7, MgS04 1 . I  7, NaHCO, 25, KH2PO4 1.2, D-glucose 
2.5, CaC12 2.5. Hearts were cannulated via the aorta (Langen- 
dorff technique), and perfusion (32°C) was started with an initial 
flow of 6 mL min-' to clear hearts of blood (about 5 rnin). 
Gradually the flow rate was increased until the perfusion 
Pressure reached 50 mmHg and was left for the remainder of the 
experiment. Platinum electrodes were implanted into the prep- 
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aration for stimulation (Grass S88, Quincey, MA, USA) a t  5 ms 
duration, 3 x diastolic threshold and 4 Hz. 

Hearts were allowed to equilibrate for 10-15 rnin and the 
actual perfusion pressure at  the start of the experimental 
protocol was noted (see Results). K+-Channel blockers were 
then added to the superfusate and perfusion pressure monitored 
for 30 min. In other experiments, receptor antagonists were 
added to the superfusate and 30 min later glibenclamide (3 p ~ )  
was also added and hearts were perfused with the drug plus 
glibenclamide mixture for a further 30 min. The perfusion 
pressure was measured immediately before the addition of 
glibenclamide and the highest pressure achieved during the 
perfusion with glibenclamide was noted. Alternatively, in other 
experiments, increasing concentrations of glibenclamide were 
added cumulatively to the perfusate at  30 min intervals without 
the addition of other drugs. 

Drugs. Glibenclamide and 4-aminopyridine were from Sigma 
Chemical Co., phentolamine (Rogitine) was purchased from 
Ciba and glipizide was obtained from Carlo Erba; other drugs 
were synthesized in-house. All drugs were dissolved in 80% 
dimethylsulphoxide 20% buffer to form a M stock solution 
which was diluted further in the same solvent as appropriate. 

Presentation qf data. Data are presented as means+s.e. The 
significance of vasoconstrictor effects of glibenclamide were 
determined using t-tests to compare changes in the presence of 
drugs with corresponding changes in vehicle-treated tissues 
(except where indicated) after an exploratory analysis of vari- 
ance to highlight significant differences within each treatment 
group. The level of significance was taken as P < 0.05. 

Results 

The dimethylsulphoxide vehicle used in these experiments did 
not induce significant changes in perfusion pressure (Table I) .  In 
contrast, marked vasoconstriction was observed following the 
application of a single concentration of 3 p~ glibenclamide to  
each heart. The peak of the increase in pressure occurred 
between 7 and 14 min after the addition of glibenclamide and 
slowly declined thereafter. After 30 rnin exposure to glibencla- 
mide, the remaining increase in perfusion pressure was no longer 
significantly different from control. Similar increases in per- 
fusion pressure were observed following the application of other 
putative KATp-Channel blockers. Glipizide, a sulphonylurea 
structurally related to glibenclamide (Fosset et al 1988), 
increased the perfusion pressure at  a concentration of 30 PM, a 
lower concentration of 3 p~ being without significant effect. 
Phentolamine also increased the perfusion pressure at a concen- 
tration of 3 p ~ .  The vasoconstriction due to glipizide was better 
maintained than that due to the other agents, as a significant 
increase in pressure was still present at  the end of the 30-min 
experimental period. UK-66,9 14 and 4-aminopyridine did not 
significantly increase coronary perfusion pressure. 

In further experiments the mechanism of this phenomenon 
was explored using glibenclamide, as this is the most frequently 
studied KATp-channel blocker. Fig. 1 shows the average in- 
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Table I .  Effects of potassium-channel blockers on coronary perfusion pressure. 

E 
E - 40-  s? 
8 30- 
3 In In 

Glipizide Coronary 
perfusion 
pressure Dimeth ylsulphoxide 3 P M  3pM 3 0 p ~  3 PM 10 I1M) 30 p~ 
(mmHn) (7) (10) (4) (5 )  (41 ( 5 )  (6) 

Glibenclamide Phentolamine UK-66,914 4-Aminopyridine 

- 
Pre-drug 51+2 
Peak 55+2  
30 min 51 + 3  

, _  , ,  . I  \ ,  < ,  

50 i 0 . 4  4 4 1 2  51+2 49+ I 5 2 * 5  47*3 
80+4*** 55+4  86+7** 75 + 10* 63f9 50f5 
60+3 55+4 8 1 * 1 1 *  70+ 12 63k9 48*4 

Means & s.e. of coronary perfusion pressure before addition of drugs or vehicle, the highest values during perfusion with drugs and values 

Numbers in parentheses denote number of experiments. 
after 30 min of perfusion. *P<0.05, **P<O.OI,  ***P<O.OOI, compared with pre-drug values. 

creases in perfusion pressure induced by glibenclamide applied 
cumulatively in the perfusate. The application of 0.1 p~ 
glibenclamide induced large changes in perfusion pressure in two 
of the six hearts. The extent of the increases were comparable 
with those observed in the experiments described above in which 
a single concentration of 3 p~ was applied. The responses to 
further concentrations of glibenclamide varied in magnitude, 
but overall perfusion pressure remained elevated by 15-50 
mmHg throughout the experiment in these preparations. In the 
other four hearts, the perfusion pressure was essentially unaf- 
fected, remaining within 4 mmHg of that before glibenclamide 
administration despite the application of concentrations of 
glibenclamide as high as 10 PM. Therefore, in contrast to the 
earlier experiments where the application of a single concentra- 
tion of 3 p~ induced a large change in perfusion pressure in all 
preparations studied, a more gradual increase in the concentra- 
tion of glibenclamide up to and above this concentration usually 
resulted in little or no increase in pressure. 

Potential mechanisms of the vasoconstriction were explored 
using a range of receptor antagonists (Table 2). In contrast to the 
marked and significant effect of glibenclamide alone on per- 
fusion pressure, the increase in this parameter following gliben- 
clamide application in the presence of prazosin (1 PM) was not 
significantly different from changes occurring in the presence of 
vehicle, despite the vasoconstriction previously observed with 
the combination of non-selective a-adrenoceptor blockade and 
KATP block with phentolamine described above. The glibencla- 
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FIG. 1. Changes in coronary perfusion pressure (meansf s.e.) during 
perfusion of six hearts with increasing concentrations of glibencla- 
mide added cumulatively to the superfusate. No increase was 
significantly different from pre-drug controls. 

mide response was also reduced by ranitidine (10 p ~ )  and 
mepyramine (0.1 p ~ )  as the effects of glibenclamide measured in 
the presence of these agents were also not significantly different 
from control. Surprisingly, the vasoconstrictor effect of gliben- 
clamide was preserved in the presence of a mixture of ranitidine 
and mepyramine. While a significant increase in perfusion 
pressure was induced by the combination of mepyramine and 
ranitidine before glibenclamide application in this experiment, 
the increase in perfusion pressure following the addition of 
glibenclamide was significantly elevated to a level comparable 
with the effect of glibenclamide alone. Finally, the perfusion 
pressure was also significantly elevated by glibenclamide in the 
presence of ritanserin to a similar degree to that seen using 
glibenclamide alone. 

Discussion 

The effects of glibenclamide on the mechanical activity of 
vascular preparations in-vitro or in-vivo varies considerably 
between studies. Previous reports have described increases in 
coronary resistance of rat perfused hearts of approximately 25% 
following perfusion with glibenclamide at 1 p~ (Wolleben et al 
1989) and reductions of coronary flow in rat, rabbit and ferret 
perfused hearts of 38-40% following perfusion with glibencla- 
mide at a concentration of 3 PM (Wilde et al 1990). Other studies 
have reported no effect of glibenclamide on the coronary 
vasculature of rat and guinea-pig perfused hearts in-vitro (Daut 
et al1990; Groveret al 1990; Kantor et al 1990). While the reason 
for these differences is unclear, the results of the present study 
indicate that in our hands the exposure of hearts to 3 p~ 
glibenclamide (without prior exposure of hearts to lower 
concentrations) reproducibly induced a marked coronary vaso- 
constriction. The similar effects observed with glipizide and 
phentolamine, and the lack of effect of the other K+-channel 
blockers, suggested that the blockade of a K + channel similar to 
the KATP channel may be involved in this response, although the 
site of this channel is not clear (see below). 

The experiments involving receptor antagonists suggested 
that release of vasoactive amines may also have been involved. 
In guinea-pig hearts H I  receptors may mediate vasoconstriction 
of coronary arteries via HI receptors mainly on the vascular 
smooth muscle, while endothelial HZ receptors mediate vasodila- 
tation (Broadley 1975; Kang et a1 1987; Wiest et a1 1989). 
although in some circumstances H I  receptors may also mediate 
vasodilation (Broadley 1975). In the present study, the suppres- 
sion of the glibenclamide-induced vasoconstriction by hista- 
mine-receptor antagonists indicated that histaminergic mechan- 
isms may have been involved. 

Antagonists of both types of histamine receptor, however, 
reduced the glibenclamide-induced vasoconstriction, whereas 
the combination of these agents left the glibenclamide-induced 
vasoconstriction essentially unaffected. These results suggest 
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Table 2. Effects of drugs on glibenclamide-induced increases in perfusion pressure in perfused hearts. 
/ 

Glibenclamide (3 p ~ ) +  

Prazosin Ranitidine Mepyramine Ranitidine + Mepyramine Ritanserin 
Dimethylsulphoxide (1 pf)  (10 PM) (0.1 W )  (10 PM) (0.01 pM) 

(7) (7) (8) (7) (5) ( 5 )  
pre-dmg 51 +2  51+1 5 1 2 1  50f2 52& 1 49k2 
pre-glibenclamide 51&3 51+1 5 1 + 1  53k4 65 f 2** 59+ 1 
peak 56*4 66*8 66k6 63k9 87 f 5** 79+6* 

Figures (means+s.e.) represent coronary perfusion pressure (mmHg) before addition of drugs or vehicle, 30 min after addition of 
antagonists and immediately before glibenclamide administration and the highest pressure attained after subsequent addition of 
dibenclamide. * P <  0.05, **P< 0.01 compared with pre-drug values. 

Numbers in parenthesis denote number of experiments. 

that the situation was considerably more complex than merely 
Elease of histamine by glibenclamide; in such a scenario, based 
on the effects of exogenous histamine, it would have been 
expected that the effects of mepyramine and ranitidine would 
have been opposite in direction, while a combination of these 
agents would have been expected to suppress the glibenclamide 
response. 

In addition, the glibenclamide-induced vasoconstriction was 
also reduced by prazosin, an al-adrenergic-receptor antagonist. 
This suggests that release of noradrenaline within the hearts may 
have also mediated a component of the vasoconstriction. 
Finally, vasoconstriction mediated by 5-HT did not appear to 
play an important role in these experiments, as the 5-HT2 
antagonist ritanserin (Janssen 1985) was also without effect. 

The actions of histamine and noradrenaline on the coronary 
vasculature are known to be complex. Histamine has been 
shown to modulate the release of noradrenaline and prosta- 
glandins from vascular preparations in-vitro (Juan & Sametz 
1980; Gross et al 1984) while, conversely, noradrenaline in- 
creases histamine release from guinea-pig perfused hearts (Gross 
et al 1984). A number of other vasoconstrictor and vasodilator 
substances, such as neuropeptide Y, calcitonin gene-related 
peptide, endothelin, prostaglandins, endothelium-derived relax- 
ing factor and other mediators, are contained within cardiac 
nerves and the vascular endothelium (Juan & Sametz 1980; 
Burnstock 1990; Heller & Regal 1990) and may be released by 
the application of drugs, neurotransmitter substances and other 
vasoactive substances (Haass et al 1991). 

These results argue against a direct effect of glibenclamide via 
the blockade of potassium channels in the vascular smooth 
muscle. Such a mechanism would require the pharmacological 
blockade of this effect by these different agents, which is 
unlikely. In addition, it would be difficult to explain the lack of 
effect of glibenclamide on perfusion pressure in most prepara- 
tions when the concentration of glibenclamide was raised 
gradually if a direct effect on vascular smooth muscle was 
Involved. The common vasoconstrictive effect of three agents 
described as K A T ~  blockers, however, suggests that the effect 
may be linked in some way to the blockade of K A T ~  or similar 
channels. Potassium-channel blockade is known to induce 
exocytosis and secretion from a number of secretory cell types so 
that the stimulation of mediator release from the blockade of 
Potassium channels in nerve or other secretory cells remains a 
Possibility. 

In conclusion, these results suggest that the vasoconstrictor 
effects of glibenclamide are probably, a t  least in part, mediated 
indirectly via the release of endogenous vasoactive substances in 
or near the vessel wall. Further studies will1 be required to  
elucidate the precise site of action of K A T ~  blockers in producing 
these effects. Blockers of K A T ~  channels have attracted much 
interest as putative antifibrillatory agents (Wolleben et al 1989; 

Kantor et a1 1990), where vasoconstrictor responses are 
obviously inappropriate to the therapy of myocardial ischaemia. 
If the glibenclamide-induced vasoconstrictive effect is indeed 
linked to KATP blockade then this phenomenon may have 
important implications for the development and use of such 
agents. 
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Sequential changes of [3H]cyclic AMP binding in the gerbil brain 
following transient cerebral ischaemia 
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Abstract-Sequential alterations in the binding of ['Hlcyclic AMP 
(CAMP) as an indicator of CAMP-dependent protein kinase (CAMP- 
DPK) binding activity following transient cerebral ischaemia were 
studied in the gerbil brain using receptor autoradiography. Tran- 
sient ischaemia was induced for 10 min. ['HICAMP binding in the 
stratum oriens and pyramidale of the hippocampal CAI sector 
significantly decreased in the early post-ischaemic stage and showed 
severe reduction 7 days and 1 month after recirculation. By contrast, 
['HICAMP binding showed no significant alterations in the stratum 
radiatum of the hippocampal CAI secter and the stratum pyrami- 
dale of the hippocampal CA3 sector up to 48 h after ischaemia. 
However, the binding in these areas significantly decreased 7 days 
and I month after ischaemia. The stratum lacunosum-moleculare of 
the hippocampal CAI sector and dentate gyrus showed no signifi- 
cant changes in ['HICAMP binding throughout the recirculation 
period. However, in the dorsolateral part of the striatum, where 
severe neuronal damage was seen morphologically, ['HICAMP 
binding was significantly reduced only one month after ischaemia. 
These results indicate that marked alteration of intracellular signal 
transduction precedes neuronal damage in the hippocampal CAI 
sector, but not in the striatum. Furthermore, our autoradiographic 
data suggest that post-ischaemic alteration in ['HICAMP binding 
between the hippocampal CAI sector and striatum may be prod2ced 
by different mechanisms. 

Transient cerebral ischaemia leads to neuronal damage in 
selectively vulnerable areas. The hippocampal CA 1 pyramidal 
neurons and hilar neurons of dentate gyrus are most vulnerable 
to brief ischaemia, followed by the striatal neurons, cortical 
neurons, and thalamic neurons (Pulsinelli et al 1982; Johansen et 

* Present address and correspondence: T. Araki. Pharmacological 
Research Laboratory, Research Laboratories. Tokyo Tanabe Co. 
Ltd, 33-3 Akabanekita 2-chome, Kita-ku, Tokyo 115, Japan. 

al 1987; Benveniste & Diemer 1988; Araki et al 1989). Several 
studies have demonstrated that intracellular second messengers 
are involved in the pathogenesis of ischaemic brain damage 
(Jorgensen et al 1989; Onodera et al 1989; Cardell et al 1990) and 
in neurotransmitter release (Malenka et al 1986; Nishizuka 
1986). We have reported that transient ischaemia caused post- 
ischaemic alteration in the binding sites of protein kinase C. 
inositol 1,4,5-triphosphate, and forskolin in selectively vulner- 
able areas (Araki et al 1992a). Furthermore, we have demon- 
strated that transient ischaemia produced marked reduction in 
['HICAMP binding in the gerbil hippocampus 7 days after 
recirculation (Araki et al 1992b). Therefore, alterations in 
binding of cyclic (c) AMP as well as protein kinase C, inositol 
triphosphate and forskolin are considered to play a vital role in 
the development of ischaemic neuronal damage. The purpose of 
the present study was to investigate regional alterations in 
[3H]cAMP binding after transient ischaemia in the gerbil using 
receptor autoradiography. 

Materials and methods 

Animals and operutiw procedures. Male Mongolian gerbils 
(Seiwa Experimental Animals, Fukuoka, Japan), 65- 95 g, were 
anaesthetized with 2% halothane in a mixture of 70% NlO and 
30% 0 2 .  The bilateral common carotid arteries were exposed, 
anaesthesia was discontinued, and the arteries were clamped 
with aneurysmal clips for 10 min. The animals adopted a 
squatting posture without moving their limbs for at  least 1 h. 
enabling the following procedures to be carried out without 
causing pain. After occlusion. the clips were removed and the 
gerbils were allowed to survive for I .  5. 24 and 48 h. 7 days and I 


