
Signalling pathways in bradykinin- and nitric oxide-induced
hypotension in the normotensive rat; role of K+-channels

1Torill Berg & éyvind Koteng

Department of Physiology, Institute for Basic Medical Sciences, The Medical Faculty, University of Oslo, Norway

1 Bradykinin and nitric oxide (NO) are potent hypotensive agents. In the present study, the role of K+-
channels in the signalling pathways responsible for their hypotensive action was investigated in
normotensive, anaesthetized rats. The rats were treated with ion-channel inhibitors before administration
of bradykinin (2.8, 5.6, 28 and 56 nmol kg71, i.v.) followed in some of the protocols by nitroprusside
(1.1, 3.5, 7, 14, and 28 nmol kg71, i.v.).

2 No attenuation of the hypotensive response to bradykinin was detected for inhibitors of the
Na-K-Cl-cotransporter (30 mmol kg71 furosemide), the ATP-sensitive K+-channel (40 mmol kg71

glibenclamide), high conductance Ca2+-activated K+-channel (180 mmol kg71 tetraethylammonium,
54 mmol kg71 tetrabutylammonium, 35 nmol kg71 iberiotoxin, 35 nmol kg71 charybdotoxin) or the low
conductance Ca2+-activated K+-channel (74 nmol kg71 apamin).

3 However, the voltage-sensitive K+-channel (IA) inhibitor 4-aminopyridine (4.05 ± 40.5 mmol kg71)
induced a concentration-dependent (P50.0001) attenuation of the hypotensive response (P50.0001).
Bradykinin had no e�ect on heart rate in anaesthetized rats and this observation was not altered by
pretreatment with 4-aminopyridine.

4 4-Aminopyridine (53 mmol kg71) also signi®cantly attenuated the hypotensive response to nitroprus-
side (P50.0003) without altering the heart rate concentration-response curve. Of the two Ca2+-activated
K+-channel inhibitors tested on nitroprusside-induced hypotension, tetrabutylammonium induced a
slight attenuation (P50.0101), whereas iberiotoxin had no e�ect.

5 We therefore concluded that, although the acute hypotensive response to bradykinin in the
normotensive rat is not mediated through nitric oxide synthesis, the hypotensive response to both agents
was mediated through opening of voltage-sensitive K+-channels (IA), resulting in a decrease in peripheral
vascular resistance.
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Introduction

Bradykinin is a highly potent vasorelaxant peptide. The va-
sodilator and, thus, the hypotensive response to bradykinin, is
endothelium-dependent. Bradykinin has been shown to induce
endothelial nitric oxide (NO)-synthesis in vitro (Palmer et al.,
1987; Kelm & Schrader, 1988) and NO has been suggested as a
mediator for bradykinin-induced hypotension (Rees et al.,
1990). However, we have recently shown that a NO-synthase
inhibitor did not attenuate the acute fall in mean arterial blood
pressure (MBP) induced by exogenous bradykinin in the an-
aesthetized, normotensive rat (Bjùrnstad-éstensen & Berg,
1994). However, the hypotensive response was found to be of
shorter duration due to a stronger compensatory adrenergic
response, which after NO-synthase inhibition was no longer
counteracted by continuous NO-synthesis (Bjùrnstad-éstensen
& Berg, 1994). On the other hand, in spontaneously hyper-
tensive rats, the hypotensive response to bradykinin was am-
pli®ed in part due to a mechanism involving activation of NO-
synthesis (Bjùrnstad-éstensen et al., 1997). Taken together,
these studies indicated that bradykinin has the capacity to
activate two vasodilator signalling systems, i.e., an unidenti®ed
system present in normotensive and hypertensive rats as well as
the NO-system, the latter being present in enhanced hyper-
tension and in in vitro systems.

Bradykinin has been shown to induce endothelium-depen-
dent hyperpolarization in human coronary arteries (Nakashi-
ma et al., 1993) and the release of an endothelium-derived
hyperpolarizing factor (EDHF) has been suggested (Vanhoutte

et al., 1986). EDHF is an, as yet, unidenti®ed substance re-
leased from endothelial cells that induces hyperpolarization of
the underlying smooth muscle cells, most probably through
opening of a K+-channel (Nagao & Vanhoutte, 1993). The
hyperpolarization in turn causes voltage-dependent Ca2+-
channels to close, thus causing a reduction in Ca2+-entry and
consequently relaxation. NO, on the other hand, has in most
studies been shown not to hyperpolarize artery membranes
(Komori et al., 1988; Beny & Brunet, 1988; Brayden, 1990),
further suggesting a di�erentiation between mechanisms re-
sponsible for bradykinin- and nitroprusside-induced vasore-
laxation. However, nitroprusside has also been shown to
induce relaxation through opening of vascular smooth muscle
cell K+-channels (Archer et al., 1994; 1996).

Several studies have indicated an e�ect of bradykinin on ion
channels, most of these investigated di�erent types of K+-
channels (Cuthbert & Margolius, 1982; Yano et al., 1984;
Brock et al., 1986; Higashida & Brown, 1986; Den Hertog et
al., 1988; Sauve et al., 1990; Peres et al., 1990; Colden-Stanfeld
et al., 1990; Hall & Morton, 1991; Griesbacher, 1992; Rusko et
al., 1992; Jackson et al., 1993; Fulton et al., 1994). However,
these studies were all performed in vitro on cultured cells or
isolated organs and only a few included studies on regulation
of vascular resistance. The purpose of the present study was to
investigate the role of K+-channels as a participant in the in-
tracellular signalling pathways in the hypotensive response to
bradykinin. In some of the experiments, studies on the role of
K+-channels in the hypotensive e�ect of the NO-donor ni-
troprusside were included. The changes in mean arterial blood
pressure (MBP) in response to bradykinin and nitroprusside
were measured in anaesthetized, normotensive rats after
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pharmacological blockade of di�erent K+-channels. The re-
sults show that the acute hypotensive response to bradykinin
as well as NO was attenuated by blockade of the 4-amino-
pyridine-sensitive voltage-sensitive K+-channel (IA).

Methods

Male Wistar rats (280 ± 320 g body weight) were anaesthetized
with pentobarbitone (Nembutal, 70 mg kg71 body weight,
i.p.), and the femoral artery and vein were cannulated with a
polyethylene catheter. The arterial catheter was ¯ushed with
heparin (0.2 ml, 500 iu ml71 in phosphate bu�ered saline (PBS;
0.01 M Na-phosphate, pH 7.4, 0.14 M NaCl)), and connected
to a pressure transducer for continuous monitoring of arterial
blood pressure. A Statham P23 De pressure transducer and a
Hewlett Packard 7402A recorder was used in Protocols 1 ± 3,
and MBP ((systolic BP-diastolic BP)/3+diastolic BP) was
calculated from the graphs. In Protocols 4 ± 9, a SensoNor 840
transducer (SensoNor a/s, Horten, Norway) was used, con-
nected to an ampli®er and computer for storage and compu-
tation of MBP and heart rate (HR). Drugs were administered
through the femoral vein catheter, which was ¯ushed with
0.1 ml PBS after each injection. All drugs were dissolved in PBS
unless otherwise indicated. MBP-baseline was registered for a
control period of 5 min before administration of blocking
agents in the experimental groups or a sham-injection of an
equal volume of PBS in the control groups (0.6 ± 1.7 ml kg71).
All rats subsequently received bolus injections of bradykinin
(2.8, 5.6, 28 and 56 nmol kg71, 0.6 ml kg71, spaced 5 min
apart). In Protocols 4, 6 and 8, bradykinin was followed 5 min
later by sodium nitroprusside (1.1, 3.5, 7, 14, and
28 nmol kg71, 1 ml kg71, spaced 5 min apart). The response to
bradykinin and nitroprusside was recorded for each dose as the
maximum fall in MBP, i.e., from the MBP measured immedi-
ately before to MBP nadir immediately after their administra-
tion. HR-response to pretreatment (averaging 1 min) was
recorded in protocols in which the computer-connected trans-
ducer was used. HR-response to bradykinin and nitroprusside
(averaging 7 heart beats) was recorded at the same times as
MBP. Each group consisted of 6 ± 10 rats (Table 1).

Experimental protocols

The Na-K-Cl-cotransporter (Protocol 1) The experimental
group was pretreated with furosemide (30 mmol kg71,
0.6 ml kg71). The concentration of furosemide was 7 times

higher than that used in in vivo studies by Sechi et al. (1990).
Bradykinin was administered 5 min later.

ATP-sensitive K+-channel (Protocol 2) The experimental
group was pretreated with glibenclamide (40 mmol kg71,
1 ml kg71) (75 min). Five min after the last bradykinin-in-
jection, both the experimental and the control groups received
cromakalim (0.26 mmol kg71, 1.0 ml kg71), an opener of
ATP-sensitive K+-channels, to test the e�ciency of glibencla-
mide in channel inhibition. Glibenclamide was dissolved in
0.1 N NaOH, pH was adjusted to 7.4 with 0.1 N HCl, and
volume was adjusted with PBS. The concentrations of gliben-
clamide and cromakalim were obtained from in vivo studies of
Buckingham et al. (1989).

Voltage-sensitive K+-channel (Protocols 3 ± 4) Three experi-
mental groups were included in Protocol 3, pretreated with
4.5, 13.5 or 40.5 mmol kg71 4-aminopyridine (4-AP), respec-
tively (1.7 ml kg71, injected over a period of 4 min). Brady-
kinin (5.6, 28 and 56 nmol kg71) was administered 6 min
later. The 40.5 mmol kg71 4-AP-concentration was in preli-
minary experiments tested to be the highest dose tolerated.
However, by the use of tracheotomy which prevented deaths
due to the copious salivation seen with high doses of 4-AP,
the maximum 4-AP dose was somewhat higher. Thus, in a
separate group of rats (Protocol 4), 53 mmol kg71 4-AP
(1 ml kg71) was injected as above and was followed by bra-
dykinin and nitroprusside.

Ca2+-activated K+-channels (Protocols 5 ± 9) The experi-
mental groups were pretreated with inhibitors of the high
conductance Ca2+-activated K+-channel (K-max type), tetra-
ethylammonium (TEA) (180 mmol kg71, 715 min) (Protocol
5) or tetrabutylammonium (TBA) (54 mmol kg71, 715 min)
(Protocol 6), or the more speci®c channel inhibitors charyb-
dotoxin (35 nmol kg71, 75 min) (Protocol 7) or iberiotoxin
(35 nmol kg71, 75 min) (Protocol 8). The low-conductance
Ca2+-activated K+-channel was inhibited with apamin
(74 nmol kg71, 715 min) (Protocol 9). Bradykinin was fol-
lowed by nitroprusside in Protocols 6 and 8. The doses of TEA
and TBA were selected after preliminary experiments to ®nd
the maximum dose tolerated. The dose of charybdotoxin was
the same as that used in in vivo studies by Tominaga et al.
(1988), and the same dose was used for iberiotoxin since in
vitro studies indicated these to be of approximately the same
potency. The concentration of apamin was obtained from in
vivo studies performed by Cook & Hof (1988).

Table 1 Mean arterial blood pressure (MBP) and heart rate (HR) response to ion channel inhibitors

Signalling Concentration MBP before DMBP Hr before DHR
Inhibitor pathway (mmol kg71) n (mmHg) (mmHg) (beats min71) (beats min71)

Furosemide
Control

Glibenclamide
Control

Na-K-Cl-cotransporter

ATP-sensitive K+-channel

30

40

6
6
8
8

106+3
100+6
105+6
97+4

0+2
4+3
1+1

72+1

Not recorded
Not recorded
Not recorded
Not recorded

4-Aminopyridine
Control

Tetraethylammonium
Control

Tetrabutylammonium
Control

Charybdotoxin
Control

Iberiotoxin
Control

Apamin
Control

Voltage-sens. K+-channel

High cond. K+
Ca-channel

High cond. K+
Ca-channel

High cond. K+
Ca-channel

High cond. K+
Ca-channel

Low cond. K+
Ca-channel

53

180

54

0.035

0.035

0.074

8 (1)
8
6
7

10 (3)
6
6
10
7 (1)
6
6
7

120+5
125+4
99+6
83+2
98+8
85+3
84+4
79+3
97+4
104+8
91+5
83+2

1+4
6+1
9+3
13+2
3+7
3+2
27+5*
0+2
7+3
0+2
9+5
13+2

404+13
431+25
413+23
374+22
376+33
319+13
323+22
338+11
327+27
393+25
322+23
374+22

11+12
4+5
7+13
13+7
74+33
0+4
91+43*
72+11
10+4
4+7
34+27
13+7

Basal MBP and HR, and DMBP and DHR in response to pretreatment with channel inhibitor and the corresponding vehicle control
group were compared by two-sample Student's t test. Di�erences other than those indicated were not detected. *P<0.05. n, number of
rats per group; the number in parentheses indicates the number of rats that died due to the pretreatment and were not included in the
results.

K+-channels in bradykinin- and NO-hypotension1114 T. Berg & é. Koteng



Materials

Nembutal was obtained from The National Hospital (Oslo,
Norway) and heparin from Nycomed (Oslo, Norway). Bra-
dykinin acetate salt, 4-aminopyridine, apamin, charybdotoxin,
iberiotoxin, tetraethylammonium, tetrabutylammonium, glib-
enclamide, and cromakalim were from Sigma Chemical Co.
(St. Louis, MO, U.S.A.) and furosemide from The Norwegian
Medical Depot (Oslo, Norway).

Statistical analysis

The results are expressed as means+s.e.mean. Di�erences
between the experimental and the corresponding vehicle con-
trol groups in basal MBP and HR, DMBP and DHR in re-
sponse to pretreatment, DMBP in response to cromakalim,
and MBP before administration bradykinin or nitroprusside
were compared by two-sample Student's t-tests. Analyses of
variance and covariance with repeated measures (ANCOVA)
was used to evaluate a concentration-response relationship of
the DMBP- and DHR-response to bradykinin or nitroprusside
for each group, to determine the statistical signi®cance of the
changes in MBP and HR, and to evaluate group di�erences or
interactions between concentration-response curves. When
more than one experimental group was run against the same
control, ANCOVA was ®rst run as an over-all test (P50.05),
then for individual groups when a di�erence was indicated.
When a group di�erence was con®rmed, two-sample Student's
t tests were used to locate di�erences with concentration.
When more than one comparison was made within a set of
results for any of the tests, the P value limit was modi®ed by
Bonferroni adjustment.

Results

E�ect of pretreatment on MBP and HR

Although some of the pretreatment drugs caused transient
changes in the baseline MBP, only charybdotoxin produced a
lasting increase in MBP and HR that did not recover before
administration of bradykinin (Table 1).

MBP-response to bradykinin

Bradykinin induced an immediate fall in MBP in all groups
(P50.0001) which was concentration-dependent in all control
groups (P50.0001) as well as in the experimental groups
(P50.0045). The fall in MBP reached a maximum within
1 min and then returned to about pre-bradykinin levels be-
fore the next dose of bradykinin was given 5 min later.
Bradykinin induced no signi®cant change in HR (data not
shown).

Inhibition of the Na-K-Cl-cotransporter by furosemide
(Figure 1) or the ATP-sensitive K+-channel by glibenclamide
(Figure 2), had no e�ect on the bradykinin concentration-re-
sponse curve. In glibenclamide-treated rats, successful channel
inhibition was con®rmed at the end of the experiment by its
ability to attenuate the fall in MBP in response to the ATP-
sensitive K+-channel opener cromakalim (DMBP=724+4
and 79+2 mmHg in the control and the glibenclamide-trea-
ted group, respectively, P50.0043). Inhibition of the voltage-
sensitive K+-channel (IA) by 4-AP signi®cantly reduced the
hypotensive response to bradykinin (Figures 3 and 5a). The
inhibitory e�ect of 4-AP was dose-dependent (P50.0001) and
an attenuation of the bradykinin response was seen only
for the two higher 4-AP concentrations, i.e., 13.5 and
40.5 mmol kg71 (P50.008 and 0.0008, respectively) (Figure 3).
No signi®cant change in HR in response to bradykinin was
observed in 4-AP-pretreated rats. The high conductance Ca2+-
activated K+-channel inhibitors charybdotoxin (Figure 4a),
iberiotoxin (Figure 4b), TEA and TBA (Figure 4c) had no
e�ect on the bradykinin concentration-response curve, neither

did the low conductance Ca2+-activated K+-channel inhibitor
apamin (Figure 4d).

MBP-response to nitroprusside

Like bradykinin, nitroprusside induced a concentration-de-
pendent (P50.0161 ± 0.0001) immediate fall in MBP in all
control and experimental groups. The fall in MBP reached a
maximum within 1 min and then returned to about pre-injec-
tion values before the next dose was given 5 min later. Nitro-
prusside induced no signi®cant changes in HR, an observation
which was not altered by any of the channel inhibitors tested
(data not shown).

Inhibition of the voltage-sensitive K+-channel (IA) by 4-AP
attenuated the hypotensive response to nitroprusside
(P50.0003) (Figure 5b). Of the two high conductance Ca2+-
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Figure 1 Change in mean arterial blood pressure (DMBP) in
response to bradykinin after pretreatment with the Na-K-Cl-
cotransporter inhibitor furosemide (30 mmol kg71) in the experi-
mental group or PBS in the vehicle control group. Basal MBPs
before administration of bradykinin were 106+3 mmHg and
104+6 mmHg in the experimental and control groups, respectively.
Vertical lines show s.e.mean. NS±P40.05.
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Figure 2 Change in mean arterial blood pressure (DMBP) in
response to bradykinin after pretreatment with the ATP-sensitive
K+-channel inhibitor glibenclamide (40 mmol kg71) in the experi-
mental group or PBS in the vehicle control group. Basal MBPs
before administration of bradykinin were 106+5 mmHg and
94+5 mmHg in the experimental and control groups, respectively.
Vertical lines show s.e.mean. NS±P40.05.
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activated K+-channel inhibitors tested, TBA induced a slight
attenuation of DMBP (P50.0101) (Figure 6a), whereas the
highly speci®c inhibitor iberiotoxin had no e�ect on nitro-
prusside-induced hypotension (Figure 6b).

Discussion

In the present study, a dose-dependent inhibitory e�ect on the
hypotensive response to bradykinin was observed in response
to 4-AP. 4-AP also attenuated the hypotensive response to
nitroprusside. 4-AP is primarily an inhibitor of voltage-sensi-
tive K+-channels (IA), but may also inhibit high-conductance
Ca2+-activated and to some extent also ATP-sensitive K+-
channels (Herman & Gorman, 1981; Nelson & Quayle, 1995).
The involvement of a high-conductance Ca2+-activated or
ATP-sensitive K+-channel in the bradykinin-induced hypo-
tension was excluded since the hypotensive e�ect of bradykinin
was found to be insensitive to any of the high conductance
KCa-channel inhibitors tested, i.e., charybdotoxin, iberiotoxin,
TBA and TEA, as well as to the ATP-sensitive K+-channel
inhibitor glibenclamide. The hypotensive response to nitro-
prusside was slightly, but signi®cantly, attenuated by the non-
speci®c high conductance KCa-channel inhibitor TBA but not
by the selective inhibitor iberiotoxin. On the other hand, in in
vitro studies, charybdotoxin has been demonstrated to have an
e�ect on bradykinin-induced vasodilatation in the rat isolated
heart (Fulton et al., 1994) and hyperpolarization in human
glomerular epithelial cells (PavenstaÈ dt et al., 1993). Also, an
attenuating e�ect of charybdotoxin and 4-AP was detected in
rat glioma cells (Reiser et al., 1990). However, charybdotoxin
has been shown to inhibit voltage-sensitive K+-channels in
lymphocytes as well other K+-channels in other cells (for re-
view, see Garcia et al., 1991). Thus, the ability of charybdo-
toxin to attenuate bradykinin-induced responses in vitro, may
possibly re¯ect the non-selectivity of this inhibitor and may
thus not be in contradiction to the present in vivo results.
Di�erences in channel speci®city may also be the reason why
charybdotoxin was the only high conductance KCa-channel
inhibitor which in the present study induced a signi®cant in-

crease in basal HR, since the same observation was made for 4-
AP at medium (32 mmol kg71) (data not shown) but not high
(53 mmol kg71) 4-AP concentrations. Moreover, charybdo-
toxin but not any of the other KCa-inhibitors induced an in-
crease in basal MBP, although this could have been due to the
fact that the starting MBP in the charybdotoxin experimental
and control groups was lower than in most of the other groups.

Since many of the channel inhibitors tested were found to
have no e�ect on the parameters included in the present study,
it could be argued that this was due to insu�cient concentra-
tions of inhibitor. E�cient channel inhibition was in the pre-
sent study directly veri®ed only for the ATP-sensitive K+-
channel, which is the only channel for which a selective
channel opener, i.e., cromakalim, with an e�ect on MBP or
HR to our knowledge is available. However, an in vivo e�ect
was demonstrated for TBA, 4-AP and charybdotoxin: 4-AP
and TBA attenuated the hypotensive responses to bradykinin
or nitroprusside; 4-AP caused salivation and muscular con-
tractions; charybdotoxin had a direct e�ect on basal MBP and
HR. Moreover, the same concentration of charybdotoxin was
previously shown to be e�cient at reducing formation of
ischaemic brain oedema in the rat (Tominaga et al., 1988). It
seems reasonable to assume that the concentration of iberio-
toxin was also su�cient, since it, like charydbotoxin, is a
polypeptide KCa-channel inhibitor and in vitro studies have
indicated the two to be of about the same potency. TEA was
used at a concentration three times that of TBA, and, more-
over, since both TEA and TBA were used at a close to lethal
dose, at least some attenuating e�ect would have been expected
if a high-conductance KCa-channel was a major mediator in the
hypotensive response. Although an inhibitory e�ect was not
veri®ed for furosemide and apamin, furosemide was employed
at a concentration 7 times higher than that shown to a�ect
MBP in anephric rats (Sechi et al., 1990), and the same dose of
apamin was shown to potentiate the pressor response to an-
giotensin II (Cook & Hof, 1988). It was therefore concluded
that for those channel inhibitors where attenuation of the
hypotensive response to bradykinin or nitroprusside was not
detected, this was most unlikely to be due to an insu�cient
channel inhibitor concentration.

In the present study, we only measured changes in the acute
fall in MBP since we have previously shown that di�erences in
the duration of the hypotensive response for bradykinin re-
¯ected changes in mechanisms compensating for the fall in
MBP (Bjùrnstad-éstensen & Berg, 1994). Moreover, brady-
kinin and nitroprusside had no signi®cant e�ect on HR in
anaesthetized rats, and this observation was not altered by 4-
AP. We therefore concluded that the inhibitory e�ect of 4-AP
on the acute fall in MBP in response to bradykinin and ni-
troprusside was due to an inhibitory e�ect on mechanisms
responsible for mediating a decrease in peripheral vascular
resistance, involving a voltage-sensitive K+-channel (IA).

The e�ect of bradykinin on MBP depends on changes in
vascular resistance in resistance vessels in toto. The mechan-
isms involved in relaxation of these smaller vessels are most
probably di�erent from those activated in large conduit ar-
teries, and may thus explain discrepancies between the present
in vivo results and observations made in vitro, and also on the
con¯icting data on the role of NO as a mediator in bradykinin-
induced responses. Cultured endothelial cells from coronary
arteries but not aorta are hyperpolarized in response to acet-
ylcholine (Mehrke et al., 1991). In endothelial cells from the
porcine aorta, hyperpolarization in response to bradykinin was
found to be mediated by opening of a Ca2+-activated, TBA-
sensitive K+-channel, resulting in guanosine 3':5'-cyclic
monophosphate (cyclic GMP) and NO synthesis (Groschner et
al., 1992). Also in bovine aortic endothelial cells activation of a
KCa-channel in response to bradykinin was described (Colden-
Stanfeld et al., 1990; Sauve et al., 1990). However, in the
porcine coronary artery, both a NO-dependent and a NO-
independent relaxation have been demonstrated, distinguished
by pre-contraction with potassium and a thromboxane A2

mimetic, respectively (Cowan & Cohen, 1991). A high con-
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Figure 3 Change in mean arterial blood pressure (DMBP) in
response to bradykinin after pretreatment with the voltage-sensitive
K+-channel (IA) inhibitor 4-aminopyridine (4-AP) or PBS (vehicle
control group). ANCOVA revealed signi®cant di�erences between the
vehicle control and the 4-AP treated groups as indicated (brackets:
NS ±P40.0167, *P50.008, **P50.0008), located by two-sample
Student's t tests (*near symbol; P50.0167). Basal MBPs before
administration of bradykinin were 87+4, 105+7 and 94+5 mmHg
(n=6, 7 and 6) in the 4.5, 13.5 and 40.5 mmol kg71 4-AP groups,
respectively, and 102+7 mmHg (n=7) in the control group (NS
compared to the control group). Vertical lines show s.e.mean.
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Figure 4 Change in mean arterial blood pressure (DMBP) in response to bradykinin after pretreatment with the high conductance
Ca2+-activated K+-channel inhibitors charybdotoxin (35 nmol kg71) (a), iberiotoxin (35 nmol kg71) (b), TEA (180 mmol kg71) (c)
and TBA (54 mmol kg71) (c), or the low conductance Ca2+-activated K+-channel inhibitor apamin (74 nmol kg71) (d)
(experimental groups) or PBS (corresponding vehicle control groups). Basal MBPs before administration of bradykinin were
111+5 mmHg in the charybdotoxin group, 79+3 mmHg in the charybdotoxin control group (P50.0007), 101+4 mmHg in the
iberiotoxin group, 103+8 mmHg in the iberiotoxin control group (NS), 103+8 mmHg in the TEA group, 96+2 mmHg in the TEA
control group (NS), 101+7 mmHg in the TBA group, 88+3 mmHg in the TBA control group (NS), 100+8 mmHg in the apamin
group, and 96+2 mmHg in the apamin control group (NS). NS ±P40.05; NS' ±P40.025. Vertical lines show s.e.mean.
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Figure 5 Change in mean arterial blood pressure (DMBP) in response to bradykinin (a) and nitroprusside (b) after pretreatment
with 4-aminopyridine (4-AP) or PBS (control group). ANCOVA revealed signi®cant di�erences between the vehicle control and the
4-AP treated groups (brackets; **P50.0003, ***P50.0001), located at concentration by two-sample Student's t tests as marked
(*near symbol; P50.0125). Basal MBPs before administration of bradykinin were 121+5 mmHg and 130+4 mmHg in the 4-AP
treated and control groups, respectively (NS). Basal MBPs before administration of nitroprusside was 104+10 and 121+10 mmHg
in the 4-AP-treated and control groups, respectively (NS). Vertical lines show s.e.mean.
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centration of extracellular K+ would be expected to clamp
K+(IA)-channels, thus allowing activation of other, not nor-
mally activated mechanisms to take place, such as induction of
NO-synthesis. Moreover, in endothelial cells from large con-
duit arteries, the ratio between NO-dependent and NO-inde-
pendent relaxation is shifted in favour of NO, as compared to
smaller vessels (Nagao et al., 1992). It is therefore possible that
bradykinin has the potential to activate both Ca2+-activated
and voltage-sensitive K+-channels in endothelial cells: opening
of KCa-channels may be responsible for activation of NO-
synthesis as observed in endothelial cells from large conduit
arteries, whereas opening of a voltage-sensitive K+-channel in
smaller resistance vessels may be responsible for the hypoten-
sive response to bradykinin in normotensive rats. Moreover, it
may be speculated that the ability of bradykinin to activate
KCa-channels and thus NO-synthesis in resistance vessels may
be altered in hypertension, since the hypotensive response to
bradykinin was found to be potentiated by additional activa-
tion of NO-synthesis in spontaneously hypertensive rats
(Bjùrnstad-éstensen et al., 1997). Discrepancies on the role of
KCa and KIA is further clari®ed by the distribution of K+-
channels in vascular smooth muscle cells throughout the vas-
cular tree. Smooth muscle cells with a predominance of KCa

channels were found in large conduit arteries, whereas cells
with a predominance of K+-channels of the delayed recti®er
type sensitive to 4-AP (KIA) were found in resistance vessels
(Archer et al., 1996). Although NO induced relaxation in large
conduit arteries through opening of Ca2+-activated K+-
channels (Archer et al., 1996), NO-induced relaxation of sec-
ond order pulmonary arteries was also inhibited by 4-AP
(Archer et al., 1994). This is in full agreement with the present
demonstration that the hypotensive response to nitroprusside
was found to be inhibited by pretreatment with 4-AP.

In deoxycorticosterone-treated rats a kinin-dependent fall
in MBP was observed in response to the Na-K-Cl-cotran-
sporter inhibitor furosemide (Maddedu et al., 1992), and in
converting enzyme inhibitor-treated rats with uretral ligation,
furosemide, at a concentration 7 times less than that used in
the present study, induced an acute fall in MBP (Sechi et al.,
1990). However, furosemide has been shown to increase urin-
ary kallikrein excretion in man (Lall et al., 1990). Thus, these
e�ects on MBP are probably due to an increase in the activity
of the kallikrein-kinin system. In the rat colon, bradykinin has
been shown to increase chloride secretion, attenuated by fur-

osemide (Cuthbert &Margolius, 1982). A potentiating e�ect of
bradykinin on the Na-K-Cl-cotransporter has also been found
in Ehrlich ascites tumour cells (Jensen et al., 1993). However,
the inability of furosemide to a�ect bradykinin-induced hy-
perpolarization and 86Rb+-e�ux was shown in studies on en-
dothelial cells (Brock et al., 1986; Colden-Stan®eld et al.,
1990), in agreement with the present results showing that the
Na-K-Cl-cotransporter was not involved in mediating the
hypotensive response to bradykinin.

The hypotensive e�ect of bradykinin was also found to be
independent of ATP-sensitive K+-channels. The present re-
sults are in agreement with results obtained from in vitro ex-
periments where the vasodilator e�ect of bradykinin in the rat
and guinea-pig heart (Daut et al., 1990; Fulton et al., 1994),
canine coronary artery relaxation (Illiano et al., 1992) and
endothelium-dependent smooth muscle membrane hyperpo-
larization (Nakashima et al., 1993) were not blocked by glib-
enclamide. However, in the isolated heart and cerebral vessels
of the rabbit (Standen et al., 1989; Brayden, 1990; Jackson et
al., 1993) the vasodilator response to bradykinin was inhibited
by glibenclamide. It is possible that these discrepancies may be
species or vessel-related as reviewed by Nagao & Vanhoutte
(1993).

In conclusion, the hypotensive response to bradykinin was
found to depend on opening of a voltage-sensitive K+-channel
(IA). Other types of K

+-channels were found not to play a role.
Voltage-sensitive K+-channels were also found to be the main
mediator in hypotension induced by nitroprusside, although
some attenuation was also seen after pretreatment with TBA,
mainly a KCa-channel inhibitor. Although these in vivo studies
do not allow us to di�erentiate between e�ects on endothelial
and smooth muscle cells, the data comply with the hypothesis
that bradykinin-induced hypotension is initiated by the release
of EDHF and that EDHF as well as NO act as a signal to open
a 4-aminopyridine-sensitive, voltage-sensitive K+-channel,
probably located in the underlying smooth muscle cells in re-
sistance vessels. Opening of K+-channels will induce hyper-
polarization with subsequent reduction in entry of Ca2+ and
thus cause relaxation.

We are grateful for the support given by The Norwegian Research
Council and The Norwegian Council on Cardiovascular Diseases.
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