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POTENTIATION OF VASOCONSTRICTOR
RESPONSES BY 3- AND 4-AMINOPYRIDINE

W. E. GLOVER

School of Physiology and Pharmacology, University of New South Wales,
PO Box 1, Kensington N.S.W. 2033, Australia

1 In concentrations that are known to reduce potassium conductance in many excitable membranes,
3 and 4-aminopyridine (3-AP, 4-AP) potentiate vasoconstrictor responses of the isolated ear artery
of the rabbit to noradrenaline and histamine.
2 3- and 4-AP have no effect on the responses of potassium-depolarized arteries to noradrenaline,
histamine or calcium.
3 The results suggest that the aminopyridines have no direct effect on the contractile machinery
or on pharmacomechanical coupling, but cause potentiation by influencing electrical events at the
cell membrane.
4 4-AP causes a greater potentiation of the response to electrical stimulation than of the response
to noradrenaline. This suggests that the aminopyridines may also cause an increase in the amount
of noradrenaline released in response to sympathetic nerve stimulation.

Introduction

Tetraethylammonium (TEA) potentiates the contrac-
tile responses to a variety of agonists in isolated vas-
cular preparations such as the carotid artery of the
cat (Lum & Rashleigh, 1961), rabbit aorta (Kelkar,
Gulati & Gokhale, 1964; Kalsner, 1973) and rabbit
ear artery (Carroll & Morgans, 1978). Finding that
the potentiation was reduced or abolished in a low-
calcium medium or when calcium influx was inhi-
bited, Kalsner (1973) concluded that TEA increases
the utilization of extracellular and/or superficially
bound calcium. TEA is well known to have a specific
effect on potassium conductance in a number of excit-
able membranes (Hille, 1967; Volle, 1970), and
Kalsner did not rule out the possibility that TEA had
a primary effect on a potassium binding site that in
turn altered calcium permeability. However, he
referred to evidence which indicates that responses
in the rabbit aorta are mediated not by action poten-
tials but by non-electrical means (Waugh, 1962; Su,
Bevan & Ursillo, 1964; Hinke, 1965; Hiraoka, Yama-
gishi & Sano, 1968; Somlyo & Somlyo 1968a,b; Axels-
son, 1970), and pointed out that there is no evidence
of a direct coupling of sodium or potassium to the
contractile state and that potassium efflux does not
appear to be an essential part of vascular smooth
muscle contraction (Headings & Rondell, 1962; Hir-
aoka et al., 1968; Somlyo & Somlyo, 1968b).

It has recently been shown that the aminopyridines,

like TEA, also cause a selective block of potassium
channels in a number of preparations including the
axons of the cockroach (Pelhate & Pichon, 1974) and
squid (Yeh, Oxford, Wu & Narahashi, 1976), mye-
linated nerve of the frog (Ulbricht & Wagner, 1976)
and the presynaptic terminal of the squid giant
synapse (Llin'as, Walton & Bohr, 1976). These sub-
stances have now become indispensible tools for
studying the behaviour of ionic channels in nerve and
skeletal muscle. As yet there have been no reports
of their effect on isolated preparations of vascular
smooth muscle, although it has been shown that 2-,
3- and 4-aminopyridine (2-, 3- and 4-AP) have a pres-
sor action in the cat and cause vasoconstriction in
the perfused hindquarter of the rat (Fastier &
McDowall, 1958), and 2-AP potentiates the vasocon-
strictor action of adrenaline in the latter preparation
(Fastier & Reid, 1948).
The present results show that the aminopyridines,

like TEA, cause a potentiation of vasoconstrictor re-
sponses to electrical stimulation, noradrenaline and
histamine in the ear artery of the rabbit. However,
the aminopyridines have no effect on the responses
of potassium-depolarized arteries to noradrenaline,
histamine or calcium. The results are compatible with
the hypothesis that the aminopyridines have no direct
effect on the contractile machinery or on the pharma-
comechanical pathway, but cause potentiation by in-
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fluencing electrical events at the cell membrane. A
brief account of some of the results has been pub-
lished (Glover, 1977).

to deliver trains of square wave pulses of supramaxi-
mal voltage (30 to 60 V) and 0.5 ms duration, each
lasting 5 s. Graded responses were obtained by vary-
ing the frequency of stimulation (1 to 40 Hz).

Methods

Crossbred New Zealand-Himalayan rabbits of either
sex weighing 2.5 to 4.0 kg were killed by cervical dis-
location. A short segment of the central artery of each
ear was cannulated, and the paired segments were
simultaneously perfused with Krebs bicarbonate solu-
tion of the following composition (mmol/l): NaCl 118,
NaHCO3 25, NaH2PO4 1.33, KCI 4.7, CaCl2 3.7,
MgCl2 1.44 and glucose 5.5, aerated with 5% CO2
in 02 at a pH of 7.4. In some experiments arteries
were perfused with a 'high-K Krebs' solution in which
K2SO4 99.5 and KHCO3 25 were substituted for
NaCl and NaHCO3, and in others, calcium-free solu-
tions containing 1,2 bis, 2 aminoethoxyethane-
NNN'N'-tetra-acetic acid (EGTA) 1 mmol/l were
used.
The flow rate through the arteries was kept at a

constant value in the range 5 to 10ml/min, giving
a perfusion pressure of 20-30 mmHg. Care was taken
to ensure that the cannula contributed negligible re-
sistance. Perfusion pressure was measured with a
Statham P23AC pressure transducer and recorded on
a Grass Polygraph. Drugs were injected rapidly in
a volume of 0.05 ml through a rubber connection
close to the cannula or added directly to the perfu-
sate. In the case of calcium, a 0.5 mol/l solution was
used and injected in volumes of 0.05 to 0.2 ml, thus
the doses injected were 25, 50 and 100 pmol. All drugs
were dissolved in 0.9% w/v NaCl solution (saline)
containing ascorbic acid 50 1tg/ml and all experiments
were carried out at 37°C.

Drugs

The following drugs were used: 3-aminopyridine and
4-aminopyridine (Sigma), guanethidine sulphate
(Ciba-Geigy), histamine diphosphate (Fluka, AG),
5-hydroxytryptamine creatinine sulphate (NBC), nor-
adrenaline acid tartrate (Winthrop), phentolamine
mesylate (Ciba), and tetrodotoxin (Calbiochem). The
amounts stated in the text refer to these compounds
with the exception of noradrenaline where the
amount stated refers to the base.

Electrical stimulation

The method used was that described by de la Lande
& Rand (1965) as transmural stimulation. One plati-
num electrode was inserted into the rubber tubing
close to the perfusion cannula and another was placed
in the organ bath. A Grass SD9 stimulator was used

Results

3-Aminopyridine

In 15 experiments, the addition of 3-AP (1 mmol/l)
to the perfusate had no effect or caused a small in-
crease in perfusion pressure (mean increase
1.5 mmHg ± 1.6 s.d.), but produced an immediate
marked increase in the contractile response to injec-
tions of noradrenaline or histamine. Part of a typical
record is shown in Figure 1. This shows the effect
of 3-AP first added to one artery (at time 2 min) and
later to the other artery (45min) on the otherwise
constant constrictor response to the injection of nor-
adrenaline (2 ng). Allowing for the dead space in the
perfusion system, potentiation was usually evident
within 90 s, reached a maximum in about 3 min and
was well sustained for periods of an hour or more.

In 10 experiments, dose-response relationships of
the 2 arteries were established for noradrenaline
before, during and after the addition of 3-AP to the
solution perfusing one artery. Three doses of norad-
renaline (4, 8 and 16 ng or, in the presence of 3-AP,
2, 4 and 8 ng) which were found to cause responses
on the linear part of the log dose-response curve were
used, and each dose was tested twice under each set
of conditions in each artery. In these and in all sub-
sequent experiments responses in the presence of
aminopyridines were measured after at least 10 min
exposure. The results were used to construct the mean
log dose-response curves shown in Figure 2. The
parallel shift to the left of the mean log dose-response
curve of the experimental arteries corrected for the
small shift to the left of the mean log dose-response
curve of the control arteries indicates that 3-AP
caused a 2.03 fold increase in sensitivity to noradrena-
line. This figure also shows that the effect was rever-
sible, and responses usually returned to control values
within 5 min. The effect was reproducible, and in 5
experiments a second exposure to 3-AP resulted in
a 1.7-fold increase in sensitivity.

Other concentrations of 3-AP were not studied sys-
tematically, but in 5 arteries 3-AP, 100 jmol/l, caused
a small increase in the response to a constant dose
of noradrenaline, and in 2 arteries there was no
further potentiation on increasing the concentration
from 1 to 2 mmol/l.

Qualitatively similar results were obtained in 5 ex-
periments in which histamine was used as the con-
strictor agent.
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Figure 1 Effect of 3-aminopyridine (3-AP, 1 mmol/l) on responses of a pair of simultaneously perfused
rabbit ear arteries to injections of noradrenaline (2 ng). Perfusion was stopped for the periods indicated
by the brief falls in perfusion pressure. 3-AP was added to each perfusate at the time indicated l, otherwise
perfusion continued with Krebs-bicarbonate solution.

4-Aminopyridine

Noradrenaline. Qualitatively similar results were
obtained with 4-AP, but in 5 experiments potentiation
of responses to noradrenaline was seen at a concen-
tration of 10 jmol/l, and the optimum concentration
was 100 jmol/l. In 4 experiments, 4-AP (100 gmol/l)
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Figure 2 Effect of 3-aminopyridine (3-AP, 1
mmol/l) on the responses of rabbit ear arteries to
noradrenaline. Each point is the mean of 2 observa-
tions on each of 10 arteries and vertical bars indicate
s.e. mean. (a) (0) Before, (o) during, (f) after
addition of 3-AP (1 mmol/l) to perfusate; (b) simul-
taneous observations on paired control arteries.

had a direct vasoconstrictor action on the preparation
and caused an increase in perfusion pressure of 12
to 30 mmHg. However, in another 10 arteries, the
effect of this concentration on perfusion pressure was
comparable to that of 3-AP (1 mmol/l), producing a
mean increase of 2.2 mmHg + 2.0 s.d. In these 10
arteries, this concentration of 4-AP caused a 2.38 fold
increase in sensitivity to noradrenaline. As before, this
was calculated from the parallel shift of the mean
log dose-response curve corrected for any non-speci-
fic change in sensitivity by reference to the control
artery. In 2 arteries, doubling the concentration of
4-AP to 200 imol/l did not produce any additional
potentiation, while increasing it further to 500,mol/1
caused a slight shift to the right of the log dose-
response curves.

Histamine. 4-AP (100 g.mol/l) also caused marked
potentiation of the responses to histamine. As with
3-AP, the onset of potentiation was rapid, and on
return to perfusion with Krebs bicarbonate solution
responses quickly returned to near the initial level.
The results of 5 experiments are summarized in
Figure 3. The mean log dose-response curve for hista-
mine was slightly but not significantly steeper in the
presence of 4-AP and the increase in sensitivity calcu-
lated from the shift to the left of the curve was x 4.2
to 5.25.

Electrical stimulation. In 6 arteries, 4-AP
(100 gmol/l) potentiated the responses to electrical
stimulation. In each experiment the voltage was
supramaximal (30 to 60 V), pulse duration (0.5 ms)
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Figure 3 Effect of 4-aminopyridine (4-AP) on the
responses of rabbit ear arteries to histamine. Each
point is the mean of 2 observations on each of 10
arteries and vertical bars indicate s.e. mean. (0)
Before, (0) during, (U) after addition of 4-AP (100
j.mol/l) to perfusate.

and train length (5 s) were kept constant, and graded
responses obtained by varying the frequency of stimu-
lation, using 3 frequencies in the range 1 to 40 Hz.
The arteries varied in their sensitivity to electrical
stimulation and it was not possible to construct a

mean log frequency-response curve, hence the indivi-
dual results are summarized in Figure 4.

In experiments 1 to 3 the log frequency-response
curves in the range covered were straight and 4-AP
produced nearly parallel shifts to the left indicating
respective increases in sensitivity of x 4.0, 2.8 and 5.2.
The increase in sensitivity in experiments 4 and 5 was

approximately x 4 to 5, while in experiment 6 it was
in the range x 1.8 to 4.4.

In 4 experiments the effect of 4-AP (100 jmol/l) on

the response to electrical stimulation was compared
with its effect on the response to noradrenaline. In
each case 4-AP caused a greater potentiation of the
responses to electrical stimulation than of the re-

sponses to noradrenaline. The mean increase in sensi-
tivity to electrical stimulation calculated from the
shift of the log frequency-response curves was
x 4.5 + 0.26 while the mean increase in sensitivity to
noradrenaline was x 2.5 + 0.13 (P < 0.001).

In all experiments the response to electrical stimu-
lation was subsequently shown to be abolished by
tetrodotoxin (1 jig/ml), guanethidine (1 ig/ml) or

phentolamine (1 gig/ml).

2.

2 4 8 16 32 2 4 8 16

Stimulation frequency (Hz)
Figure 4 Effect of 4-aminopyridine (4-AP, 100
pmol/l) on the responses of 6 rabbit ear arteries
to electrical stimulation. Each point is the mean of
2-3 observations. Pulse duration and voltage were

kept constant in each experiment and graded re-
sponses (ordinate scales: increase in perfusion
pressure, mmHg) were obtained by varying the fre-
quency (abscissa scales: Hz). (0) Control; (0) in
presence of 4-AP.

'Depolarized' arteries

Noradrenaline. In 6 experiments, after an initial
period of perfusion with the normal Krebs-bicar-
bonate solution, the arteries were perfused with a

high-K Krebs solution, that is a solution in which
the sodium chloride and sodium bicarbonate were re-

placed iso-osmotically with potassium sulphate and
potassium bicarbonate. This produced an immediate
increase in perfusion pressure of more than
200 mmHg, but after several hours the perfusion pres-
sure progressively fell. Perfusion was continued for
5 to 6 h and the arteries stored overnight at 4°C in
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Figure 5 Effect of 4-aminopyridine (4-AP, 100 jimol/l) on the responses of a rabbit ear artery to
noradrenaline (dose shown in ng) before (a) and during (b) depolarization by perfusion with high-K
Krebs. Each panel shows typical responses to graded doses before, during and after the addition of 4-AP
to the perfusate.

a solution of the same composition. Perfusion was

resumed the next day with high-K Krebs, and after
1 to 2 h perfusion pressure was in the range 40 to
60mmHg and the arteries responded well to injec-
tions of noradrenaline. However in each of the 6 ex-

periments the addition of 4-AP (100 mol/l) to the
perfusate at this time had no effect on perfusion pres-

sure or on the responses to noradrenaline.
Figure 5 illustrates a typical experiment. When the

artery was initially perfused with normal Krebs, 4-AP
produced the usual reversible increase in sensitivity
to noradrenaline; in this case it was x4. After the
artery had been perfused with or exposed to high-K
Krebs for approximately 24h and was presumably
depolarized, constrictor responses comparable to
those seen initially could be obtained by increasing
the dose of noradrenaline 5-fold, but 4-AP had no
effect on these responses. In the 2 experiments in

which it was tested, the potentiating effect of 4-AP
was restored when perfusion was again resumed with
normal Krebs solution.

In 2 further experiments 3-AP (1 mmol/1) had no

effect on the responses of depolarized arteries to nor-
adrenaline.

Histamine. In 2 experiments 4-AP (100 mol/l) and
in a further 2 experiments 3-AP (1 mmol/l) had no
effect on the responses of depolarized arteries to hista-
mine.

Calcium. Injections of calcium chloride had no effect
on perfusion pressure when the arteries were perfused
with normal Krebs. In 6 experiments arteries were
perfused for 30 to 60 min with calcium-free Krebs and
then with calcium-free high-K Krebs. In the absence
of calcium, the high-K Krebs had no effect on per-
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Figure 6 Effect of 4-aminopyridine (4-AP, 100 lmol/l) on the responses of a rabbit ear artery to
calcium (a) and noradrenaline (b). (a) Artery perfused with calcium-free high-K Krebs; calcium doses
shown in pmol; (b) 15 min after return to normal Krebs; noradrenaline doses shown in ng.

fusion pressure, but the arteries now gave graded re-

sponses to injections of calcium. However, under
these conditions 4-AP (100 jimol/l) had no effect on

perfusion pressure and did not have any effect on

the responses to calcium. Part of a typical experiment
is illustrated in Figure 6. In this experiment the re-

sponses to noradrenaline which were abolished when
the artery was perfused with calcium-free high-K
Krebs showed only a partial recovery when perfusion
was resumed with normal Krebs. However, it can be
seen that the addition of 4-AP now caused a greater
than usual (approximately 8 fold) increase in sensi-
tivity to noradrenaline.

In a further 2 experiments 3-AP (1 mmol/l) had no

effect on the responses of depolarized arteries to cal-
cium.

Discussion

The results show that 3- and 4-AP potentiated vaso-

constrictor responses to both noradrenaline and his-

tamine in the isolated ear artery of the rabbit. The
potentiation occurred rapidly, it lasted for as long
as the aminopyridine was present in the perfusate and
was readily reversible. 4-AP was approximately ten
times more potent than 3-AP in that potentiation
occurred at a threshold concentration of about
lOmol/l with 4-AP compared with lOO1lmol/l for
3-AP, and concentrations of 100 gmol/l and 1 mmol/l
respectively caused comparable shifts of the log dose-
response curves for noradrenaline. The concentrations
used are in the range which have been shown to cause

a selective block of potassium channels in a number
of excitable membranes (Pelhate & Pichon, 1974;
Llinas et al., 1976; Ulbricht & Wagner, 1976; Yeh
et al., 1976).
TEA is also known to cause potentiation of vaso-

constrictor responses in isolated arterial preparations
in concentrations that reduce current through potas-
sium channels in other excitable tissues (Kalsner,
1973), and in similar experiments to the present using
the ear artery of the rabbit, Carroll & Morgans (1978)
showed that TEA potentiated the constrictor response
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to histamine. It therefore seems possible that since
the aminopyridines and TEA have similar potentiat-
ing effects, the mechanism whereby they produce
potentiation may be related to their well-known
actions on potassium conductance in other tissues.
However, before concluding that the aminopyri-

dines cause potentiation by influencing electrical
events at the cell membrane it is necessary to consider
other possibilities.
The aminopyridines have a weak vasoconstrictor

action, with again 4-AP being more potent than 3-AP,
but in many of the present experiments both drugs
caused potentiation without having any effect on per-
fusion pressure. The potentiation was non-specific
since responses to both noradrenaline and histamine
were potentiated, and it seems unlikely that it was
due to interference with the inactivation of norad-
renaline or histamine.

It is generally accepted that the contraction of vas-
cular smooth muscle is initiated by a rise in the con-
centration of intracellular free or activator calcium,
and that the resting plasma membrane is imper-
meable to calcium. However, vascular smooth muscle
incubated in a calcium-free high-potassium solution
contracts on exposure to calcium, presumably
because calcium passes through the membrane which
has been made highly permeable by the potassium-
induced depolarization (Bohr, 1973). In the present
experiments, 4-AP had no effect on the responses of
such a 'depolarized' preparation to calcium. This sug-
gests that the aminopyridines have no effect on the
contractile machinery itself, nor do they have any
effect on calcium permeability or on the subsequent
sequestration or extrusion of calcium in at least a
depolarized artery. Rather, this result suggests that
the aminopyridines may cause potentiation by an
effect on the chain of events which follows stimulation
of the ac-adrenoceptor or histamine receptor and leads
to an increase in the activator calcium, that is, the
excitation-contraction pathway.
Two types of excitation-contraction coupling have

been described, electromechanical and pharmaco-
mechanical (Somlyo & Somlyo, 1968a). In the present
experiments, the artery contracted in response to nor-
adrenaline and histamine even when it was perfused
with a high-potassium solution and was presumably
completely depolarized. However, under these condi-
tions the aminopyridines did not cause any potentia-
tion, and it seems reasonable to conclude that they
have no effect on the pharmacomechanical pathway
which is responsible for excitation-contraction
coupling in the potassium-depolarized artery. There
is no reason to suppose that the pathway for such
non-electrical activation is any different when the cells
are polarized, hence the results suggest that the
aminopyridines cause potentiation by influencing
electrical events.

Casteels & Droogmans (1976) have shown that the
doses of noradrenaline used in this work do not cause
depolarization of the smooth muscle cell but TEA
does. If TEA achieves this by suppressing the rectify-
ing properties of the cell by blocking potassium con-
ductance then the aminopyridines could have a simi-
lar effect. The following hypotheses concerning the
mechanism of the potentiating action of the amino-
pyridines and TEA are therefore consistent with the
present results and the previous electrophysiological
observations. The cell membrane of the smooth-
muscle cell in the isolated artery is highly rectified
and has a stable membrane potential. Noradrenaline
does not cause depolarization, but brings about an
increase in activator calcium by means of the pharma-
comechanical pathway only. In the presence of an
aminopyridine or TEA, the potassium conductance
of the membrane is reduced and the rectifying proper-
ties are suppressed. Noradrenaline still activates the
pharmacomechanical pathway but, in addition, causes
depolarization or may even produce action potentials.
Activator calcium is thus provided by the electrical
as well as the non-electrical pathway and hence the
contractile response is enhanced.

Alternatively, the amount of activator calcium
made available by the pharmacomechanical pathway
might be dependent on the membrane potential. TEA
in high concentrations (10mmol/l) certainly causes
depolarization in the rabbit ear artery and induces
action potentials which are accompanied by phasic
contractions (Casteels & Droogmans, 1976). We have
no information on the effect of the aminopyridines
on membrane potential, but they have a weak vaso-
constrictor action, and it seems likely that the amino-
pyridines also cause depolarization. Activator calcium
may come from either intracellular or extracellular
sources, and it is well known that membrane permea-
bility to calcium is increased as the membrane poten-
tial is decreased. It is therefore possible that the
aminopyridines depolarize the cell membrane to an
extent that may or may not be sufficient to produce
a contraction, but which in either case enhances an
increase in calcium permeability brought about by
the pharmacomechanical action of noradrenaline or
histamine. The aminopyridines had no effect on the
contractile responses of the depolarized arteries to
calcium, but presumably these arteries were com-
pletely depolarized and hence calcium permeability
may have reached its maximum.
The conclusion therefore is that the aminopyridines

and TEA have a common effect on the membrane
of the vascular smooth muscle cell which is related
to their known action on potassium conductance in
other tissues. Whether or not they act by enabling
noradrenaline to cause depolarization or by altering
the resting membrane potential requires an electro-
physiological investigation.
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Finally, the present results show that 4-AP poten-
tiated the responses of the rabbit ear artery to electri-
cal stimulation. The pulse duration was short (0.5 ms)
and the responses were abolished by tetrodotoxin,
guanethidine or phentolamine indicating that they
were mediated by release of the sympathetic transmit-
ter and not by direct electrical stimulation of the
smooth muscle. It is therefore not suprising that these
responses were also potentiated by 4-AP. However,
in each of 4 experiments 4-AP caused a greater poten-
tiation of the responses to electrical stimulation than
of the responses to noradrenaline. It has been pro-
posed that the aminopyridines facilitate the release
of acetylcholine in response to nerve stimulation in

a number of preparations including the chick biventer
cervicis (Bowman, Harvey & Marshall, 1977) and also
facilitate adrenergic transmission in the rabbit vas
deferens (Johns, Golko, Lauzon & Paton, 1976). The
results therefore suggest that the aminopyridines
cause an increase in the amount of noradrenaline
released in response to nerve stimulation in the rabbit
ear artery.
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Health and Medical Research Council of Australia. I am
grateful to Miss R. Diprose and Mrs M. de Detrich for
technical assistance and to Professor P. W. Gage for help-
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