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1 The selective carbonic anhydrase inhibitor acetazolamide is known to increase blood ¯ow in
several organs. Acetazolamide directly dilates isolated resistance arteries associated with activation
of calcium-activated potassium (KCa) channels. We examined both the presence and mechanism of
the direct vascular action of acetazolamide in vivo in humans.

2 Forearm vasodilator responses of 30 healthy volunteers to infusion of placebo and increasing
doses of acetazolamide (1-3-10 mg min71 dl71) into the brachial artery were recorded by venous
occlusion plethysmography, before and after local administration of L-NMMA (0.2 mg min71 dl71,
an inhibitor of NO-synthase, n=6), indomethacin (5.0 mg min71 dl71, an inhibitor of prostaglandin
synthesis, n=6), glibenclamide (10 mg min71 dl71, an inhibitor of KATP channels, n=6),
tetraethylammonium (0.1 mg min71 dl71, an inhibitor of KCa channels, n=6) or placebo (NaCl
0.9%, n=6). Lower dosages of acetazolamide did not a�ect vascular tone (n=6).

3 Acetazolamide infusions increased forearm blood ¯ow from 2.41+0.17 to 2.99+0.18, 4.09+0.26
and 6.77+0.49 ml min71 dl71 in the infused forearm (P50.001), with no signi®cant changes in the
non-infused forearm, blood pressure or heart rate. Acetazolamide-induced vasodilation was not
inhibited by L-NMMA, indomethacin, or glibenclamide but was signi®cantly attenuated by TEA
(vasodilation: 23+6, 82+19, 241+38% versus 27+8, 44+22, 42+35%).

4 We conclude that acetazolamide exerts a direct vasodilator e�ect in vivo in humans mediated by
vascular KCa channel activation. This makes acetazolamide the ®rst drug known that speci®cally
modulates this channel.
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Introduction

Acetazolamide has been used widely as a selective inhibitor of
carbonic anhydrase (Maren, 1991). A number of studies has

been published on vascular properties of acetazolamide,
mostly concentrating on the cerebral (Wang et al., 1993;
Krasney et al., 1973; Faraci et al., 1990) and retinal (Rassam

et al., 1993) circulation. All studies used systemic adminis-
tration of the drug, which limits the possibility to interpret
the results as a direct interaction with the vascular wall or an

indirect systemic metabolic or counter-regulating e�ect.
However, we have recently found that acetazolamide exerts
a direct vasodilator e�ect in isolated guinea-pig resistance

arteries. This e�ect is associated with a change in smooth
muscle cell pH and subsequent opening of calcium-activated
potassium (KCa) channels, as acetazolamide-induced vasodi-
lation is inhibited by charybdotoxin, a highly selective

blocker of this channel (Pickkers et al., 1999). Opening of

vascular potassium channels hyperpolarizes the cell mem-
brane, leading to closure of voltage-operated calcium

channels. A blunted calcium in¯ux results in a decrease in
cytoplasmic calcium levels and vasorelaxation (Pickkers et al
1995).

In the past few years there has been an increasing interest
in the role of potassium channels in the cardiovascular system
(Brayden & Nelson, 1992). The KCa channel is present in

human vascular smooth muscle and the physiological
importance of the channel in the regulation of arterial tone
is emerging as it is now clear that myogenic tone (Nelson &

Quayle, 1995) and ¯ow-mediated vasodilation (Cooke et al.,
1991) are regulated by the KCa channel in many tissues.
In view of the presence of the enzyme carbonic anhydrase

in vascular smooth muscle cells (Geers & Gros, 1991), aim of

the present study was to determine if acetazolamide induces
vasodilation in vivo in humans due to a direct action on the
vascular wall, and if so, whether the mechanism of action is

similar as found in isolated vessels. Since systemic adminis-
tration does not permit one to distinguish between direct and
indirect vascular e�ect of a drug, we used the perfused
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forearm model to examine the direct e�ect and mechanism of
action of acetazolamide on forearm vascular tone.

Methods

Subjects

After the approval of the Ethics Committee of our hospital
and the written informed consent of each subject we studied a

total of 42 (21 males) non-smoking, non-obese healthy
volunteers, aged 18 ± 33 years. Their demographic character-
istics are summarized in Table 1. Volunteers who were taking

prescription drugs (except for oral contraceptives) or
acetylsalicylic acid or other non-steroidal anti-in¯ammatory
drugs were excluded.

Procedures

The experiments were performed with subjects in the supine

position in a quiet, temperature controlled room (23 ± 248C).
Under local anaesthesia (xylocaine HCl 20 mg ml71) a 20-
gauge catheter (Angiomat, Deseret Medical, Becton Dick-

inson, Sandy UT, U.S.A.) was inserted into the left brachial
artery connected with an arterial pressure monitoring line
(Viggo Spectramed, 5269-129) to a Hewlett Packard 78353B

monitor (GmbH, BoÈ blingen, Germany). The arterial line was
kept patent with saline infusion (3 ml h71 with 2 U heparin
ml71 added) and was used for infusion of drugs and for

blood pressure recordings. Mean arterial pressure (MAP) was
determined by the electronically integrated area under the
brachial arterial pulse-wave curve and averaged per FBF
measurement.

With the arm elevated just above heart level, blood ¯ow
was measured simultaneously in the infused and non-infused
forearm three times per minute by electrocardiography-

triggered venous occlusion plethysmography (Hokanson E20
rapid cu� in¯ator) using mercury-in-silastic strain gauges
(Hokanson EC4, D.E. Hokanson, Washington, D.C., U.S.A.)

as previously described (Whitney, 1953). To ensure that
forearm blood ¯ow (FBF) recordings were due predomi-
nantly to the forearm skeletal muscle resistance arteries, the
hand circulation was occluded during all FBF-recordings by

a wrist cu� in¯ated 100 mmHg above the systolic blood
pressure (Lenders et al., 1991). FBF and drug administration
(automatic syringe infusion pump, type STC-521, Terumo,

Tokyo, Japan) were normalized to forearm volume (FAV) as
measured with the water displacement method, and was
expressed in ml min71 dl71.

Measurements were started at least 30 min after i.a.
cannulation and 1 min after occlusion of the hand circula-
tion. The FBF measurements during the last 2 min of each

infusion period were taken as the response and used for
further analysis.

Protocols

Low dose acetazolamide experiments In six subjects, baseline
forearm blood ¯ow was measured for 5 min. Hereafter,

increasing dosages of acetazolamide (0.1-0.3-1.0-3.0-10-30-
100-300-1000 mg min71 dl71) were administered for 4 min
each. Each measurement period lasted 8 to a maximum of

10 min and was alternated by a 5 min pause during which the
wrist cu� was de¯ated to allow recovery of the hand
circulation.

High dose acetazolamide experiments The second series of
experiments were conducted as described above, and
intrabrachial infusion of acetazolamide at rates of 1-3-

10 mg min71 dl71 were administered to 30 subjects. After
termination of the last infusion period, extinction of the
vasodilator blood ¯ow response was measured after 10, 20

and 30 min. At t=45 min, the protocol was repeated after
and during infusion of one of the antagonists or without a
pharmacological intervention (NaCl 0.9%, to obtain time-

control values) in ®ve groups of six subjects each.

Time control experiments After the ®rst part of the

experiment as descibed above, the second part of the
experiment was started with local infusion of NaCl 0.9%.
After obtaining baseline measurements for 5 min, the
acetazolamide dose-response curve was repeated during

concomitant NaCl 0.9% infusion.

Involvement of vascular prostaglandin- and nitric oxide-release

in acetazolamide-induced vasodilation Cerebral vasodilation
after systemic administration of acetazolamide was inhibited
by indomethacin (Wang et al., 1993), but not by NOLAG

(Wang et al., 1992), an inhibitor of NO-synthesis. To study
the role of vascular release of prostaglandins and nitric oxide
in acetazolamide-induced vasodilation, we performed the

following experiments: In the second and third subgroup of
six subjects, the second part of the experiment was initiated
by a 10 min intra-arterial infusion period of indomethacin
(5.0 mg min71 dl71) or L-NMMA (0.2 mg min71 dl71) after

which the acetazolamide dose-response curve was repeated
during concomitant infusion of the blocker. Equipotent
dosages of L-NMMA have been used before and have been

shown to su�ciently attenuate vasodilation due to vascular
NO synthesis (Smits et al., 1995). In a set of previous
experiments adequate cyclo-oxygenase inhibition was con-

®rmed by the absence of thromboxane B2 formation in vitro
in blood drawn from an antecubital vein of the indometha-
cin-infused forearm, determined by a RIA using 3H-TxB2 as
tracer (de Hoon and Pickkers, unpublished data).

Involvement of potassium channel activation in acetazolamide-
induced vasodilation It has been shown that in isolated

resistance vessels, acetazolamide-induced vasodilation is
inhibited by charybdotoxin, a selective blocker of KCa

channels, but not by glibenclamide, a selective antagonist of

KATP channels (Pickkers et al., 1999), indicating that
acetazolamide-induced vasoactivity is mediated by KCa

channel activation. Since charybdotoxin cannot be adminis-

tered to man because of its toxicity, we used intraarterial
administration of the potassium channel blocker tetra-ethyl
ammonium (TEA) to investigate the role of KCa channel
activation in the vascular e�ects of acetazolamide. TEA has

been administered parenterally to man before, as a ganglion
blocker in a total dose of 500 mg (i.v.) in patients su�ering
from peripheral vascular disease (Berry et al., 1946) and in

normal subjects (Hoobler et al., 1949). TEA antagonizes
di�erent types of potassium channels with varying degrees
of potency (Stan®eld, 1983), but the compound has been
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shown to block single KCa channels of arterial smooth
muscle and to be relatively selective for this channel at

concentrations below 1 mM (Half-block, Ki &200 mM)
(Stan®eld, 1983; Langton et al., 1991; Inone et al., 1985).
In six subjects, we used intra-arterial administration of TEA

at an infusion rate of 0.1 mg min71 dl71, calculated to lead
to a local plasma concentration of approximately
0.5 mM l71 (Bruning et al., 1998). In the second part of
the experiment, after 10 min of TEA infusion, measurements

of FBF and subsequent infusions of acetazolamide were
started. TEA administration was continued during the
acetazolamide infusions.

Two series of control experiments were conducted to
exclude a non-speci®c inhibition of vasodilation by TEA and
to address possible non-selective actions of TEA on KATP

channels. Firstly, to investigate if TEA is a non-speci®c
inhibitor of vasodilation we examined its e�ect on vasodila-
tion induced by a drug that exerts its e�ect independent from
vascular potassium channels: sodium nitroprusside. In a group

of six subjects the increase of FBF to intrabrachial
administration of SNP (0.2-2.0-6.0 mg min71 dl71) was as-
sessed in the absence and presence of TEA

(0.1 mg min71 dl71), in a fashion similar as described above
for the acetazolamide experiments. Secondly, we have found
that the vasodilation to ATP-dependent K+ channel opener

diazoxide is also partly inhibited by TEA (Pickkers,
unpublished data), indicating that TEA might also block
vascular KATP channels in the perfused forearm. To con®rm

that the acetazolamide-induced vasodilation is solely mediated
by the KCa channel, we used intra-arterial administration of
the KATP selective blocker glibenclamide (10 mg min71 dl71)
as a negative control for the acetazolamide-induced vasodila-

tion. The dose of glibenclamide we used was three times higher
than the dose that has been demonstrated to signi®cantly
attenuate the responses to the KATP channel opener diazoxide

in the forearm vascular bed (Bijlstra et al., 1996).

Drugs and solutions

Acetazolamide (Diamox 500 mg ampoule, AHP Pharma),
NGmonomethyl-L-arginine (L-NMMA)-acetate (Clinalpha),

indomethacin (Indocid PDA 1 mg, Merck Sharp and Dome)
and glibenclamide (2 mg vial, Hoechst) were diluted in NaCl
0.9% immediately prior to the experiments. The pH of the
solution with the highest acetazolamide concentration was

9.05. For the other potassium channel antagonist experiments
we used sterile tetra-ethyl ammonium (TEA). On the day of

the experiment TEA was reconstituted from a sterile powder
(Sigma), diluted in NaCl 0.9% to a concentration of
1 mg ml71 and passed through a 0.22 mm Millipore (Milford,

Massachusetts, U.S.A.) ®lter. Sodium nitroprusside (Nipride,
50 mg, Roche) was dissolved in 2 ml glucose 5%, further
diluted in NaCl 0.9% just before the experiments and
protected from light. Saline was used as placebo infusion.

All drugs and placebo infusions were administered at the
same infusion rate of 100 ml min71 dl71.

Data analysis, calculations and statistics

The e�ects of acetazolamide were analysed by comparing the

haemodynamic variables at baseline and at the increasing
dosages by one-way analysis of variance (ANOVA) with
repeated measures. Post hoc comparisons between the
di�erent dosages were made by Sche�eÂ -F-tests including

Bonferroni correction. Paired Student t-test was used for the
assessment of the e�ects of L-NMMA, indomethacin, TEA
and glibenclamide on baseline parameters. In order to

evaluate the e�ect of the intervention (NO-synthase
blockade, prostaglandin synthesis blockade and potassium
channel blockade) on the acetazolamide or sodium nitro-

prusside responses, two-way repeated measures ANOVA was
performed on the changes from baseline. Since the mean
arterial blood pressure was not a�ected by either drug

infusion (see Results), FBF-changes were assumed to
represent changes in forearm vascular tone, and forearm
vascular resistance was not calculated (Benjamin et al.,
1995). The mean FBF of the last 2 min recorded at each

infusion rate was taken as the response. Changes in FBF
were compared with values obtained during baseline
measurements and expressed as absolute values or as

percentage change in ratio of the infused and non-infused
arm compared to the baseline ratio to correct for small
baseline di�erences between the ®rst and second part of the

experiments with the various inhibitors. By using the ratio of
the FBF measurements, the non-infused arm can be
concerned as a contemporaneous control for the infused

arm (Benjamin et al., 1995).
All data are expressed as means+s.e.mean of n experi-

ments, unless indicated otherwise. A P-value 50.05 was
taken as statistically signi®cant.

Table 1 Demographic data for all participants

Total group Acetazol Acetazol Acetazol Acetazol Acetazol Acetazol SNP
(mean+s.d. [range]) low dose Time-contr +L-NMMA +indometh +TEA +glibencl +TEA

Age (years) 23+3 [18 ± 33] 25+4 26+2 24+3 21+2 23+3 21+2 22+2
Male/Female 21/21 3/3 3/3 3/3 3/3 3/3 3/3 3/3
Height (cm) 180+9 [158 ± 197] 183+1.2 178+10.6 177+7 178+9 181+6 180+5 182+9
Weight (kg) 68.5+10.5 [50 ± 85] 69.5+11.6 68.2+9.4 66.0+11.2 64.1+10.6 71.9+7.9 68.7+9.7 71.7+10.0
BMI (kg/m2) 21.1+2.0 [17.6 ± 25.1] 20.6+1.4 21.4+1.3 21.0+2.6 20.0+1.6 22.0+1.9 21.3+2.7 21.5+1.3
FAV (ml) 957+190 [700 ± 1300] 967+239 908+137 925+208 883+134 992+164 983+201 1060+163
SBP (mmHg) 124.5+9.5 [100 ± 148] 125.6+9.4 122.4+4.1 124.0+5.3 128.0+12.2 125.4+8.6 123.7+15.1 121.7+2.3
DBP (mmHg) 65.1+6.6 [53 ± 80] 64.8+5.6 69.1+6.9 65.8+5.1 63.4+5.0 66.9+7.4 63.4+8.1 62.1+4.4
MAP (mmHg) 84.7+7.1 [69 ± 98] 84.2+7.0 87.2+6.7 86.3+4.5 84.5+7.0 85.8+6.5 82.5+9.8 81.5+4.9
HR (b.p.m.) 64.4+7.8 [51 ± 81] 61.5+8.2 64.6+7.9 60.2+5.7 63.2+7.7 69.2+6.2 68.8+8.7 63.4+3.6

Values are presented as mean+s.d.. BMI indicates body mass index; FAV, forearm volume; SBP, systolic blood pressure (measured
intra-arterially); DBP, diastolic blood pressure (measured intra-arterially); HR, heart rate (measured by ECG).
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Results

Baseline characteristics

Baseline characteristics of all studied groups are presented in
Table 1.

Cardiovascular responses to local acetazolamide
administration

In the ®rst series of experiments, intrabrachial administration
of acetazolamide 0.01 mg min71 dl71 to 1 mg min71 dl71

(n=6) did not change blood ¯ow in the infused forearm

(3.2+0.4 ml min71 dl71 at baseline to 3.0+0.4 ml min71 dl71

at the last dose, P=N.S.). There were also no changes in
FBF in the contralateral arm (2.6+0.5 to 2.3+0.5 ml

min71 dl71), nor in blood pressure and heart rate (data not
shown).
To assess the vascular response to graded infusion of

higher acetazolamide concentrations, the data of the ®rst

dose-response curve for all experiments with the higher
acetazolamide dosages were pooled (n=30). Table 2
summarizes the results of this analysis. High dose acetazo-

lamide infusions induced a dose dependent increase in FBF
from 2.4+0.2 at baseline to 3.0+0.2, 4.1+0.3 and
6.8+0.5 ml min71 dl71, which was signi®cantly di�erent

from baseline for all three dosages. The dose-dependency
was supported by signi®cant di�erences between dosages
(Sche�eÂ -F-tests: P50.05). After cessation of the last infusion

of acetazolamide, FBF decreased (from 6.8+0.5 ml
min71 dl71 at the last acetazolamide infusion) to 2.3+0.2,
1.8+0.2 and 1.9+0.2 at t=10, 20 and 30 min, respectively.
Thus, within 20 to 30 min the FBF was identical to the

baseline level, indicating total extinction of the vasodilator
response. As shown in Table 2, there were no changes in
blood ¯ow in the non-infused forearm (from 2.2+0.2 at

baseline to 2.1+0.2 ml min71 dl71 during the last dose) or
changes in blood pressure or heart rate during acetazolamide
infusion, arguing against an acute systemic vascular e�ect of

the dosages used.

Time control experiments

Before conducting experiments where the acetazolamide dose-
response curve was repeated after and in the presence of one of
the inhibitors, time control experiments were carried out to

investigate the repeatability of the vasodilator response. In the
subset of experiments where the acetazolamide infusions were
repeated after 45 min using NaCl 0.9% as the pharmacologi-

cal intervention, acetazolamide led to a maximum vasodilation
of 228+56% at the ®rst and 286+49% at the second dose
response-curve. There was no signi®cant di�erence between
the percentage vasodilation between this ®rst and second series

of measurements (Figure 1, right panel), indicating good
repeatability of the dose-response curve. During both
acetazolamide experiments, there were no signi®cant changes

in contralateral FBF, blood pressure or heart rate.

Involvement of vascular autocoid release in
acetazolamide-induced vasodilation-Nitric oxide

Figure 2 (left panel) illustrates the percentage vasodilation to

the three increasing acetazolamide dosages in the absence and
presence of L-NMMA infusions. In this group acetazolamide
increased the ratio of FBF at a maximum of 219+38% in the
absence of L-NMMA. Administration of L-NMMA reduced

FBF from 2.0+0.5 to 1.2+0.1 ml min71 dl71 (paired t-test,
P50.05) with no signi®cant change in the contralateral FBF
(from 1.7+0.4 to 1.6+0.4 ml min71 dl71), blood pressure

(123+2/66+2 to 123+2/69+2 mmHg) or heart rate (61+3
to 60+2 b.p.m.). Compared to this new baseline, the
maximum percentage vasodilation induced by acetazolamide

was 253+21%, not signi®cantly di�erent when compared
with the ®rst dose response curve.

Prostaglandins

The right panel of Figure 2 demonstrates the interaction of
acetazolamide and indomethacin. Maximum vasodilation to

acetazolamide was 219+27% in this group. Indomethacin
did not change FBF (1.8+0.3 to 1.8+0.3 ml min71 dl71) or
other hemodynamic parameters signi®cantly, and the vasodi-

lator response to acetazolamide was also unchanged (max-
imum: 199+34%, P=N.S.).

Involvement of potassium channel activation in
acetazolamide-induced vasodilation

Figure 1 (left panel) demonstrates the e�ect of TEA on the

forearm vasodilator response to acetazolamide. Baseline FBF
after 10 min of TEA administration was 1.9+0.4, compared
to 1.9+0.4 ml min71 dl71 at the start of the experiment

Table 2 The results of graded intra-arterial acetazolamide infusion on haemodynamic parameters

Acetazolamide FBFinfused FBFnon-infused Vasodilation SBP DBP HR
dose (mg min-1 dl-1) (ml min-1 dl-1) (ml min-1 dl-1) (%) (mmHg) (mmHg) (b.p.m.)

Baseline 2.2+0.2 2.2+0.2 ± 124+2 66+1 65+2
1.0 3.0+0.2* 2.4+0.2 36+7* 124+2 66+1 67+2
3.0 4.1+0.3* 2.0+0.2 116+12* 125+2 67+1 64+2
10.0 6.8+0.5* 2.1+0.2 244+9* 125+2 71+1 64+2
After 30 min 1.9+0.2 1.6+0.1 10+4 126+1 69+1 60+2

Values are presented as mean+s.e. (n=30). FBFinfused: Forearm blood ¯ow in the infused arm. FBFnon-infused: Forearm blood ¯ow in
the non-infused arm. Vasodilation: Percentage vasodilation calculated as 100% multiplied by (FBF ratio during acetazolamide infusion
minus FBF ratio at baseline), divided by FBF ratio at baseline. SBP: Systolic blood pressure (measured intra-arterially). DBP: Diastolic
blood pressure (measured intra-arterially). HR: Heart rate (measured via ECG). *P50.05 post hoc Sche�eÂ F-tests (signi®cantly di�erent
versus baseline, versus wash out value as well as versus previous dose). `FBFinfused' and `Vasodilation' had P50.0001 by repeated
measures ANOVA, all other parameters were not signi®cant by repeated measures ANOVA.
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(P=N.S.). Acetazolamide-induced vasodilation averaged

23+6, 82+19 and 241+38% in the absence of TEA and
27+8, 44+22, and 42+35% in the presence of TEA
(P50.02). The concomitant infusion of acetazolamide and

TEA elicited no signi®cant changes in contralateral FBF
(from 1.7+0.3 at baseline to 1.3+0.2 ml min71 dl71 at
the highest acetazolamide dose), blood pressure (from

125+3/71+3 to 128+4/77+4 mmHg) or heart rate (from
65+3 to 68+4 b.p.m.).
The intra-arterial infusion of TEA did not change the

forearm vasodilator response to sodium nitroprusside (Figure
3, right panel). In the absence of TEA, the percentage
increase in ratio of the infused and non-infused arms for the
three increasing dosages SNP averaged 75+11, 366+38 and

740+78%, while these values were 78+23, 485+66 and
991+190% during concomitant TEA administration
(P=N.S.). No signi®cant e�ects on systemic haemodynamics

were observed during the combined infusion of SNP and
TEA. (The contralateral FBF was 2.1+0.3 before and
2.0+0.4 during the highest SNP dose.)

As demonstrated in Figure 3 (left panel), the vasodilator

response to acetazolamide was not attenuated by local
glibenclamide infusion. In this last series of experiments,
maximum acetazolamide-induced vasodialtion were 209+33

and 292+44%, in the absence and presence of glibenclamide,
respectively (P=N.S.). Local glibenclamide infusion itself did
not change FBF in either arm (infused arm: from 1.8+0.3 to

2.0+0.4 ml min71 dl71; non-infused arm: from 2.2+0.3 to
2.4+0.5 ml min71 dl71), blood pressure (from 125+6/67+4
to 126+6/68+3 mmHg) or heart rate (from 63+3 to

65+3 b.p.m.).

Discussion

Our study is the ®rst to demonstrate that acetazolamide
exerts a directs vascular e�ect in vivo. We showed that local

administration of acetazolamide induces rapid vasodilation in
the human forearm, without a�ecting blood pressure, heart
rate and blood ¯ow in the non-infused arm. This indicates a

Figure 2 Percentage increase in the ratio of the infused and non-infused arms during graded acetazolamide infusion, both in the
absence (*/solid line) as well as during concomitant infusion (*/dashed line) of L-NMMA (left panel) or indomethacin (right
panel) is presented as mean+s.e.mean. The P-value refers to the statistical di�erence between conditions for these responses as
analysed by repeated measures ANOVA.

Figure 1 Percentage increase in the ratio of the infused and non-infused arms during graded acetazolamide infusion, both in the
absence (*/solid line) as well as during concomitant infusion (*/dashed line) of TEA (left panel) or placebo (right panel) is
presented as mean+s.e.mean. The P-value refers to the statistical di�erence between conditions for these responses as analysed by
repeated measures ANOVA.
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direct local vascular e�ect of the drug, independent of its

renal e�ects and possible actions on other organs. Although
an interaction between acetazolamide and prostaglandin and
nitric oxide production has been found in di�erent tissues

(Puscas & Coltau, 1995; GutieÂ rrez-Cabano, 1994), acetazola-
mide-induced vasodilation appeared to be independent of
these autocoids in the human forearm, since local indo-

methacin and L-NMMA administration had no inhibitory
e�ect on the acetazolamide-induced vasodilation. Conse-
quently, our data support the conclusion that vascular
autocoid release does not attribute to the vasodilatory

response to intra-arterial acetazolamide infusion in man. In
contrast, vasodilation was almost totally abolished by the
potassium channel blocker TEA.

Role of potassium channel activation

From data obtained in experiments in isolated arteries
(Pickkers et al., 1999) we postulated that activation of
vascular KCa channels may represent the mechanism of

vascular action of acetazolamide in vivo. In the absence of a
highly selective KCa channel inhibitor that can be adminis-
tered to man, we used the less selective blocker TEA.
Tetraethylammonium has been administered parenterally to

humans before (Berry et al., 1946; Hoobler et al., 1949). The
vascular e�ects of KCa channel inhibition in isolated arteries
is variable, as some studies reported an increase in basal tone

for instance in cerebral arteries (Brayden & Nelson, 1992),
but others found no change for example in human and
guinea-pig resistance arteries (Pickkers & Hughes, 1995;

Calder et al., 1994). Recently, it was published that TEA
decreased coronary blood ¯ow in ischemic heart, but not in
non-ischemic hearts in open-chest dogs (Node et al., 1997),

indicating that TEA is a vasoconstrictor only when the KCa

channel is activated. Systemic administration in humans
increases peripheral blood ¯ow due to ganglion blockade
(Berry et al., 1946; Hoobler et al., 1949), but in our

experiments, intra-arterial administration (distal from gang-
lia) of TEA had no signi®cant e�ect on baseline FBF.
Despite its lack of e�ect on baseline FBF, TEA almost

totally abolished acetazolamide-induced vasodilation in the

human forearm. Control experiments showed that acetazola-

mide-induced vasodilation was not inhibited by the KATP

channel antagonist glibenclamide. Studies with nitroprusside
excluded non-speci®c inhibitory e�ects of TEA. From these

results we conclude that acetazolamide-induced vasodilation
in the human forearm is mediated by KCa channel opening.
Up to now, no other agent that speci®cally opens the KCa

channel is known. NS-004, a putative opener of the KCa

channel, has recently been shown not to be speci®c nor
selective for the KCa channel (Sargant et al., 1993). Thus
acetazolamide could be the ®rst speci®c KCa channel opener.

Clearly, electrophysiologic studies in isolated vascular smooth
muscle cells need to be performed to de®ne the mechanism of
acetazolamide-induced modulation of KCa channels.

Besides the possibilty of a direct interaction with the KCa

channel, it is also possible that acetazolamide acts via an
indirect e�ect, e.g. through a second messenger or through a

metabolic e�ect. Inhibition of carbonic anhydrase reduces the
capacity of the red blood cells to carry CO2, thereby
increasing tissue pCO2 (Bickler et al., 1988). The autoregu-

latory response to local hypercapnia is vasodilation (Kontos
et al., 1967; Daugherty et al., 1967), in order to increase
tissue blood ¯ow, washing out the excess of CO2. From our
studies, we cannot exclude that a build-up of tissue CO2 is

responsible for K-channel activation (Taki et al., 1993).
Interestingly, it has been reported that increasing pCO2

hyperpolarizes the plasma membrane of isolated small

arteries (Jensen et al., 1993), and we have found that CO2

induces vasodilation and that this response is inhibited by
blockers of KCa channels (Pickkers & Hughes, 1996). The

role of K-channel activation in the interaction between pCO2

and vascular tone has been insu�ciently studied and requires
more attention.

Also, in in vitro experiments, we have demonstrated that the
vasorelaxant e�ect of several carbonic anhydrase inhibitors
and thiazide diuretics is triggered by a rise in intracellular pH
due to the carbonic anhydrase-inhibiting activity of the drug,

leading to KCa channel activation and relaxation (Pickkers et
al., 1999). These observations make it plausible that acetazo-
lamide activates the KCa channel through an indirect metabolic

e�ect and not via a direct interaction with the channel.

Figure 3 Percentage increase in the ratio of the infused and non-infused arms during graded acetazolamide infusion (left panel),
both in the absence (*/solid line) as well as during concomitant infusion of glibenclamide (*/dashed line) and during graded
sodium nitroprusside infusion (right panel), both in the absence (*/solid line) as well as during concomitant infusion of TEA (*/
dashed line) are presented as mean+s.e.mean. The P-value refers to the statistical di�erence between conditions for these responses
as analysed by repeated measures ANOVA.
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Although the action of acetazolamide appears to be similar
to previous ®ndings in isolated resistance arteries (Pickkers et
al., 1999), the calculated acetazolamide concentration needed

to exert a comparable e�ect in vivo is much higher. Besides
the possible barrier function of the endothelium in our
experiments (in the in vitro experiments the drug is
administered from the outside of the vessel directly onto

the vascular smooth muscle cells), the di�erence in species
and vascular beds could play an important role. It is known
that carbonic anhydrase activity varies between species and

from organ to organ (E�ros & Weissman 1979; Muhleisen &
Kreye, 1985, O'Brasky & Crandall, 1980). Isolated vessels
were obtained from mesenteric or subcutaneous fat tissue,

whereas forearm blood ¯ow predominantly re¯ects forearm
muscle perfusion. Other di�erences between in vivo and in
vitro condition may also be important. We have recently

found that, independent of the route of administration (from
the outside of the vessel or via the luminal space) vasodilation

induced by KCa channel activation is less in isotonic
pressurized vessels than in unpressurized vessels in a
conventional wire myograph (Ruijtenbeek & Hughes, 1997).

At present, the origin of this disparity is not clear, but it
could also explain the di�erence between the in vitro and in
vivo results.
In conclusion, we report that intra-arterial infusion of

acetazolamide directly dilates resistance arteries in the human
forearm, and that this vasodilation is not dependent on local
prostaglandin or NO release, but mediated by vascular KCa

channels. This novel mechanism of action of acetazolamide
deserves further attention, since no other drug is known that
speci®cally modulates the vascular KCa channel.

This study was supported by the Dutch Heart Foundation, grant
no. 94.059
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