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Differential Effects of Potassium Channel Blockers on 
Dopamine Release from Rat Striatal Slices 
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Abstract-The effects of different potassium channel blockers on tritiated dopamine ([3H]DA) release were 
investigated in rat striatal slices in the presence of pargyline and nomifensine (10 p~ each). CAminopyridine 
(4-AP; 10 and 30 p ~ )  and 3,4-diaminopyridine (3,4-DAP; 30 p ~ )  markedly increased the basal tritium 
outflow, whereas tetraethylammonium (TEA; 100-1000 p ~ )  was without effect. The facilitating effect of 4- 
AP (10 p ~ )  on spontaneous release was Ca2+- and K+-dependent. Moreover, the 4-AP-induced increase in 
spontaneous release was abolished in the presence of tetrodotoxin, indicating that voltage-dependent N a +  
channels were involved in the release mechanism. 4-AP (1 0 and 30 p ~ )  induced a dose-dependent decrease in 
K+-evoked [3H]DA release. This effect was confirmed with 3,4-DAP (30 p ~ ) .  When striatal slices were 
depolarized with veratridine (5 p ~ ) ,  these two aminopyridines increased the evoked release of [3H]DA. TEA 
increased both K + -  and veratridine-evoked [)H]DA release. These biochemical results are consistent with 
electrophysiological differences between the mechanism of action of aminopyridines and that of TEA. 

It has now been clearly demonstrated that aminopyridines 
and tetraethylammonium (TEA) are selective blockers of K + 

channels in excitable membranes (for reviews, see Glover 
1982; Cook 1988). At various synaptic junctions, 4-amino- 
pyridine (4-AP) and TEA are known to potentiate the release 
of neurotransmitter evoked by nerve stimulation (Lundh & 
Thesleff 1977; Lamarca & Collier 1983; Kumamoto & Kuba 
1985). A recent electrophysiological investigation (Tepper et 
al 1986) has suggested that, in urethane-anaesthetized rats, 
TEA and 4-AP decrease neuronal excitability by increasing 
the release of dopamine (DA) from striatal nerve terminals. 
The present experiments were carried out in an attempt to 
demonstrate the facilitation of ['HIDA release by K + 

channel blockers in rat striatal slices in-vitro. Depolarization 
of nerve cell membranes can be induced in-vitro by reducing 
the concentration gradient of potassium between the intra- 
cellular and the extracellular space with hypertonic KCI, or 
alternatively with veratridine, which elicits depolarization by 
increasing the permeability of the cell membrane to  N a +  ions 
(Shanes 1958). Both depolarizing agents stimulate calcium 
uptake by synaptosomes (Blaustein 1975) and provoke 
exocytosis from sympathetic nerve terminals (Thoa et al 
1975). We thus studied the effects of 4-AP, 3,4-diaminopyri- 
dine (3,4-DAP) and TEA on spontaneous or evoked [3H]DA 
release using K+ or veratridine as depolarizing agents. In this 
study, newly uptaken DA from striatal terminals was used, 
since Herdon & Nahorski (1987) and Hetier et al(1988) have 
recently reported that, despite some differences between the 
K+-evoked release of [3H]DA and release of endogenous 
DA, their regulation appears to be similar. 

Materials and Methods 

Male Sprague-Dawley rats (CD, C.O.B.S. from Charles 
River, Saint-Aubin-Its-Elbeuf, France), 190-230 g, were 

Correspondence: A. Boireau, RhBne-Poulenc Santt, Centre de 
Recherche de Vitry-Alfortville, Dtpartement Biologie, Lab0 8/374, 
I3 quai Jules Guesde, F-94403 Vitry-sur-Seine, Cedex, France. 

used. Striatal slices of0.3 mm thickness were obtained with a 
McIlwain tissue chopper and immediately incubated for 15 
min with [3H]DA (Amersham, 40-50 Ci mmol-') a t  a final 
concentration of 0.1 PM in a modified Krebs medium 
(composition in mM: NaCl 118; KCI 5; NaHC03 25; 
NaH2P04 I ;  MgS04 1.2; CaC12 1.9; glucose 11.1; ascorbic 
acid 0.1 I ;  pargyline 0.01) continuously gassed with 95% 02- 
5% C02. The slices were then rinsed with Krebs medium, 
deposited in superfusion chambers (cylindrical plexiglass, I0 
mm diameter, vol 0.2 mL; 10 mg original tissue in each 
chamber) and superfused at a rate of 0.8 mL min-' with 
Krebs medium containing nomifensine (10 p ~ ) ,  a potent DA 
uptake inhibitor (Hunt et al 1974). The superfusate was 
collected over several 5 rnin periods. Depolarizing agents, 
either 25 mM KCI (the Na+ concentration was lowered 
correspondingly to maintain isotonic conditions) or veratri- 
dine (5 p ~ )  was added to the superfusion medium for one min 
at  the 60th (SI) and 85th (S2) rnin after the beginning of the 
superfusion. For each depolarization, the major part (90- 
95%) of the evoked release of radioactivity was recovered in 
the SI or S2 fraction. Potassium channel blockers were 
added 15 rnin before S2 and maintained until the end of the 
experiment. In control samples, both SI and S2 were carried 
out in the absence of drugs. Tritium radioactivity was 
measured in the superfusates and in tissue slices by liquid 
scintillation counting. Spontaneous and evoked release rates 
were calculated for each 5 min fraction as a percentage of the 
total tissue radioactivity present a t  the beginning of each 
fraction. The effects of the drugs on the depolarization- 
induced J3H]DA release were evaluated by calculating the 
ratio of the overflow evoked by S2 to that evoked by S1 (S2/ 
S1). In the same way, the effects on basal tritium outflow 
were expressed as the ratios of the fractional rate of tritium 
release immediately before S2 to that in the fraction before 
S1 (Sp2/Sp1). The results are presented as the meansf 
s.e.m., n is the number of experimental samples. Statistical 
difference between the means was analysed using Student's 
f-test. 
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FIG. 1. Effects of 4-AP (3, 10, 30 p ~ )  (left), 3,4-DAp (3, 30 p ~ )  
(centre) and TEA (100, loo0 p ~ )  (right) on spontaneous release of 
[)H]DA, Results are sp2/spl ratios expressed as %, of respective 
control values. Each data point represents themean +s.e.m. of4 to 6 
determinations. *** P <0.001. 

FIG. 3 .  Effects o f 4 - M  on evoked [)H]DA release. A: K +  depolariza- 
tion (25 mM). B: Veratridine depolarization (5 p ~ ) .  Results are S2/S1 
ratios expressed as % of respective control values. Each data point 
represents the mean* s.e.m. Of to 15 determinations. *P<0'05; 
** P < 0.0 I ;  *** P < 0.001. 

c- 400 

Results C 

Control results 
The percent release of [)H]DA in the 5 min samples before the 
first depolarization averaged 1.039fO.018 (n= 197). During 
the first period of stimulation, potassium (25 mM) depolari- 
zation induced an outflow of 3.302f0.135 (n= 135) whilst 
veratridine (5 p ~ )  induced an outflow of 3.914k0.301 
(n=62). Control S2/S1 ratios were0.565f0.017 (n=71; K +  
depolarization) and 0.395 f0.023 (n = 30; veratridine depo- 
larization). Control SpZ/Spl ratios were 0.820 f 0.01 1 
(n=71; K +  depolarization) and 0.823k0.019 (n=30; vera- 
tridine depolarization). Approximately 86-87% of the 
radioactivity in the basal, K + or veratridine-stimulated 
fractions was recovered as ['H]catechols from alumina 
chromatography. Since dopamine metabolism was pre- 
vented, the major part of [3H]catechols retained on alumina 
could be assumed to  be [)H]DA. Under our experimental 
conditions, this K +-  and veratridine-induced release of 
labelled dopamine was found to be dependent on the 
presence of Ca2+ ions (data not shown). Moreover, the S2/SI 
ratio when using K +  as a depolarizing agent was not 
modified with tetrodotoxin as previously reported (Hetier et 
al 1988). 
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FIG. 2. Effects of calcium-free (- - - -) and low ( I  mM) K +  (. . . .) on 4- 
AP-induced [)H]DA release (-1. Slices previously labelled with 
[3H]DA were superfused with different media. At t =40 min, 5 min 
fractions were collected; 4-AP (20 pM) was added at t = 55 min and 
maintained until the end of the superfusion. Each result is the 
mean & s.e.m. of 4 individual determinations. 
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FIG. 4. Effects of 3,4-DAP on evoked ['HIDA release. A: K +  
depolarization (25 mM). B: Veratridine depolarization (5 p ~ ) .  
Results are S2/S1 ratios expressed as %I of respective control values. 
Each data point represents the meanks.e.m. of 4 to 6 determina- 
tions. ** P <  0.01; *** P<0401. 
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FIG. 5. Effects of tetrodotoxin (100 nM) on 4-AP-induced increase in 
spontaneous [3H]DA release. 4-AP, 20 PM (arrow) was introduced 
two fractions after tetrodotoxin and maintained until the end of the 
superfusion. Tetrodotoxin 100 p~ (. . ,), 4-AP 20 p~ (-) and the 
combination (- - - -). Each datum represents the mean s.e.m. of 3 to 
4 determinations. 

Eflects of 4-AP and 3,4-DAP on ( jHJDA release 
As shown in Fig. I ,  4-AP and 3,4-DAP induced a marked 
increase in basal tritium outflow (Sp2/Spl ratio). When 
calcium was removed from the superfusion medium (1.9 mM 
MgC12), the increase in spontaneous [3H]DA release induced 
by 4-AP was completely abolished (Fig. 2). In the presence of 
low (1 mM) potassium levels, 4-AP produced a modest 
increase in ['HIDA release (Fig. 2). Complete removal of K +  
ions from the superfusion medium induced a more pro- 
nounced increase (5 times) in spontaneous (3H]DA release. In 
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FIG. 6. Effects of TEA on evoked t3H]DA release. A: K +  depolariza- 
tion (25 mM). B: Veratridine depolarization (5 p ~ ) .  Results are S2/S1 
ratios expressed as % of respective control values. Each datum 
represents the mean & s.e.m. of 4 to 6 determinations. * P < 0.05; 
**p<o.o1; ***P < o m 1 .  

the absence of K + ,  4-AP (10 p ~ )  was not able to increase the 
spontaneous outflow of ['HIDA to a significant extent (data 
not shown). 

When added to the superfusion medium, 4-AP induced a 
dose-dependent decrease of K + -evoked [3H]DA release (Fig. 
3). Similar results were obtained with 3,4-DAP (Fig. 4). 

As shown in Fig. 3, veratridine-evoked [7H]DA release was 
increased by 4-AP in a dose-dependent manner. The effects 
observed with 4-AP were also observed with 3,4-DAP in 
slices (Fig. 4). 

In the presence of 100 nM tetrodotoxin (TTX), the 
veratridine-induced increase in [)H]DA release was com- 
pletely abolished (data not shown). When added to the 
superfusion medium, TTX (100 nM) markedly antagonized 
the increase in [3H]DA release induced by 4-AP (Fig. 5 ) .  

Eflects qf TEA on [ - 'H]DA release 
TEA ( O . I , I  mM) was devoid ofeffect on spontaneous ['HIDA 
release (Fig. I) ,  but markedly increased both the K + -  and the 
veratridine-evoked ['HIDA release (Fig. 6). 

Discussion 

This paper reports the effects of different blockers of voltage- 
sensitive K +  channels on the spontaneous and evoked release 
of newly-uptaken ['HIDA in rat striatal slices. Since voltage- 
sensitive potassium channels participate in nerve terminal 
excitability, the application of potassium channel blockers 
would be expected to increase the release of dopamine from 
these terminals. The electrophysiological results reported by 
Tepper et al (1986) suggest that 4-AP and TEA cause the 
release of endogenous dopamine from striatal terminals. The 
main objective of the present study was to  determine directly 
whether potassium channel blockers modulate dopamine 
release in-vitro. 

In 5 mM KCI, 4-AP (10 and 30 p ~ )  markedly increased the 
spontaneous release of ['HIDA. In a calcium-free medium 
(MgCI2 = 1.9 mM), the 4-AP-induced increase in spontaneous 
['HIDA release was completely abolished. In a low ( 1  mM) 
potassium medium, 4-AP exerted a less marked increase in 
[3H]DA outflow. These results suggest that in rat striatal 
slices, 4-AP releases DA via a Ca2+ and K +  dependent 
mechanism. A possible direct effect on Caz+ influx cannot be 
ruled out, although the effect of 4-AP seems primarily due to  

the blockade of potassium channels (Huang et al 1989; 
Fredholm 1990). The facilitatory effect of 4-AP was signifi- 
cantly decreased in the presence of TTX, suggesting that the 
induction and propagation of action potentials carried by 
voltage-dependent N a +  channels are necessary steps in the 
excitatory action of 4-AP. These observations are compar- 
able with those of Dolezal & Tucek (1983), Huang et al 
(1989) and Tibbs et al(1989b) who studied the effect of TTX 
on 4-AP- or 3,4-DAP-evoked acetylcholine, noradrenaline 
and glutamate release. Moreover, the sensitivity of 4-AP to 
TTX indicates that opening of voltage-sensitive Ca2+ chan- 
nels is not the primary event in 4-AP-evoked D A  release, as 
suggested in the case of noradrenaline (Huang et al 1989). 

In the presence of4-AP (3-30 p ~ ) ,  [3H]DA release was less 
sensitive to  potassium depolarization, consistent with a 
potassium channel blocking action of this compound, 
though a competitive interaction between 4-AP and K +  
cannot be ruled out. Our results are in good agreement with 
those of Dolezal & Tucek (1983) and Tibbs et al (l989a), who 
reported that 4-AP decreased the K+-evoked release of 
acetylcholine or glutamate from cortical slices or synapto- 
somes, respectively. By contrast, when [)H]DA release was 
evoked by the sodium channel activator veratridine ( 5  p ~ ) ,  4- 
AP (3-30 p ~ )  increased the overflow in a dose-dependent 
manner, indicating a synergy between these two different 
mechanisms. The effects of 3,4-DAP (3, 30 p ~ )  were 
essentially the same as those of 4-AP. 

The facilitating effects of aminopyridines on striatal 
dopamine release are similar to those observed in the 
peripheral nervous system at  micromolar concentrations 
(Lundh 1978; Kumamoto & Kuba 1985). 

In contrast to the results obtained with 4-AP and 3,4- 
DAP, TEA (0.1 and 1 mM), which interacts with a different 
population of potassium channels (Thompson 1977), had no 
effect on spontaneous [3H]DA release, but markedly 
increased K+-evoked ['HIDA release. However, like 4-AP, it 
did potentiate veratridine-evoked [.'H]DA release. It is 
noteworthy that the concentrations which increase the 
release of ['H]DA are very close to  those used by Kirpekar et 
al(l972). The finding that spontaneous release is not affected 
by TEA could be explained in two ways. Firstly, that the 
delayed channels which it blocks (Ikv) are not active under 
resting conditions (Cook 1988) and secondly, that these 
channels are remote from the areas of the synapse at  which 
depolarization-evoked exocytosis occurs. Since TEA 
enhances [)H]DA release evoked by both potassium and 
veratridine, it is possible that the TEA-sensitive channels 
may regulate the action potential invasion of the nerve 
terminals. It is noteworthy that micromolar concentrations 
(as opposed to  millimolar concentrations) of 4-AP d o  not 
prolong the neuronal action potential (Burley & Jacobs 
1981), whilst TEA causes a very large increase in the action 
potential duration (Glover 1982). A similar segregation of 
function has been proposed on the basis of release experi- 
ments for the different types of voltage- sensitive calcium 
channel, where the N channel seems to be involved in 
exocytosis and the T channel in nerve terminal invasion 
(Miller 1987). 

The results reported in the present study are somewhat 
different to those of Wemer et al(1981), who showed that 4- 
AP (0.03-3 mM) can enhance K +  (13 mM)-induced [3H]- 
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noradrenaline release from cortical slices. However, those 
authors reported that the enhancing effect of 4-AP was 
greatly reduced when 30 mM K +  was used. Moreover, Burley 
&Jacobs (I98 1) have demonstrated in the peripheral nervous 
system that, whilst low concentrations of aminopyridines 
can enhance neurotransmitter release without broadening 
the neuronal action potential, higher concentrations will 
produce both effects. The comparison of the effects observed 
by Wemer et a1 (1981) with our data for TEA may be more 
appropriate. 

In conclusion, we have shown that both aminopyridines 
and TEA can modulate the evoked release of ['HIDA, 
consistent with the hypothesis that potassium channels play 
a role in neurotransmitter release. However, major differ- 
ences were observed between the effects of the aminopyri- 
dines and those of TEA, according to the conditions under 
which ['HIDA release was measured. This may reflect 
differences in the specificity of these blockers for the various 
subtypes of potassium channel which have been observed in 
electrophysiological experiments (Ikv being most sensitive to 
TEA and Ia (A-current) to aminopyridines). Recent reports 
concerning the effect of aminopyridine on the activation of 
protein kinase C (Huang et a1 1989; Heemskerk et al 1990) 
support the hypothesis that blockade of Ia current may lead 
to a facilitation of neurotransmitter release. Moreover, from 
our own results, we could speculate that the aminopyridine- 
sensitive channel is tightly coupled to the release process, 
whereas the TEA-sensitive channel controls the action 
potential invasion of the nerve terminals. 

References 
Blaustein, M. P. (1975) Effects of potassium, veratridine and 

scorpion venom on calcium accumulation and transmitter release 
by nerve terminals in vitro. J. Physiol. (London) 247: 617-655 

Burley, E. S., Jacobs, R. S. (1981) Effects of 4-aminopyridine on 
nerve terminal action potentials. J .  Pharmacol. Exp. Ther. 219: 

Cook, N. S. (1988) The pharmacology of potassium channels and 
their therapeutic potential. Trends Pharmacol. Sci. 9: 21-28 

Dolezal, V., Tucek, S. (1983) The effects of 4-aminopyridine and 
tetrodotoxin on the release of acetylcholine from rat striatal slices. 
Naunyn Schmiedebergs Arch. Pharmacol. 323: 90-95 

Fredholm, B. B. (1990) Differential sensitivity to blockade by 4- 
aminopyridine of presynaptic receptors regulating ['Hlacetylcho- 
line release from rat hippocampus. J. Neurochem. 54: 1386-1390 

Glover, W. E. (1982)Theaminopyridines. Gen. Pharmacol. 13: 259- 
285 

Heemskerk, F. M. J., Schrama, L. H., Gianotti, C., Spierenburg, H., 
Versteeg, D. H. G., De Graan, P. N. E., Gispen, W. H. (1990) 4- 
Aminopyridine stimulates B-50 (GAP43) phosphorylation and 
(3H]noradrenaline release in rat hippocampal slices. J. Neuro- 
chem. 54: 863-869 

268-273 

Herdon, H., Nahorski, S. R. (1987) Comparison between radiola- 
belled and endogenous dopamine release from rat striatal slices: 
effects of electrical field stimulation and regulation by D2- 
autoreceptors. Naunyn Schmiedebergs Arch. Pharmacol. 335: 
238-242 

Hetier, E., Boireau, A,, Dubedat, P., Blanchard, J. C. (1988) 
Neurotensin effects on evoked release of dopamine in slices from 
striatum, nucleus accumbens and prefrontal cortex in rat. Ibid. 
337: 13-17 

Huang, H. Y., Hertting, G., Allgaier, C., Jackish, R. (1989) 3,4- 
Diaminopyridine-induced noradrenaline release from CNS tissue 
as a model for action potential-evoked transmitter release: effects 
of phorbol ester. Eur. J. Pharmacol. 169: 115-123 

Hunt, P., Kannengiesser, M.-H., Raynaud, J.-P. (1974) Nomifen- 
sine: a new potent inhibitor of dopamine uptake into synapto- 
somes from rat brain corpus striatum. J. Pharm. Pharmacol. 2 6  

Kirpekar, S. M., Prat, J. C., Puig, M., Wakade, A. R. (1972) 
Modification of the evoked release of noradrenaline from the 
perfused cat spleen by various ions and agents. J. Physiol. 
(London) 221: 601-615 

Kumamoto, E., Kuba, K. (1985) Effects of K+-channel blockers on 
transmitter release in bullfrog sympathetic ganglia. J. Pharmacol. 
Exp. Ther. 235: 241-247 

Lamarca, M. V., Collier, B. (1983) Effects of4-aminopyridine on the 
cat superior cervical ganglion. Ibid. 226: 249-256 

Lundh, H. (1978) Effects of 4-aminopyridine on neuromuscular 
transmission. Brain Res. 153: 307-3 18 

Lundh, H., Thesleff, S. (1977) The mode of action of 4-aminopyri- 
dine and guanidine on transmitter release from motor nerve 
terminals. Eur. J. Pharmacol. 42: 41 1-412 

Miller, R. B. (1987) Multiple calcium channels and neuronal 
function. Science 235: 46-52 

Shanes, A. M. (1958) Electrochemical aspects of physiological and 
pharmacological action in excitable cells. Pharmacol. Rev. 10: 59- 
164 

Tepper, J. M., Sawyer, S. F., Young, S. J., Groves, P. M. (1986) 
Autoreceptor-mediated changes in dopaminergic terminal excita- 
bility: effects of potassium channel blockers. Brain Res. 367: 230- 
237 

Thoa, N. B., Wooten, G. F., Axelrod, J., Kopin, I. J. (1975) On the 
mechanism of release of norepinephrine from sympathetic nerves 
induced by depolarizing agents and sympathomimetic drugs. Mol. 
Pharmacol. 11: 10-18 

Thompson, S. H. (1 977) Three pharmacologically distinct potassium 
channels in molluscan neurones. J. Physiol. (London) 265: 465- 
488 

Tibbs, G. R., Dolly, J. O., Nicholls, D. G. (1989a) Dendrotoxin, 4- 
aminopyridine, and B-bungarotoxin act at common loci but by 
two distinct mechanisms to induce Ca2+-dependent release of 
glutamate from guinea-pig cerebrocortical synaptosomes. J. 
Neurochem. 52: 201-206 

Tibbs, G. R., Barrie, A. P., Van Mieghem, F. J. E., McMahon, H. T., 
Nicholls, D. G. (1989b) Repetitive action potentials in isolated 
nerve terminals in the presence of 4-aminopyridine: effects on 
cytosolic free Ca2+ and glutamate release. Ibid. 53: 1693-1699 

Wemer, J., Schoffelmeer, A. N. M., Mulder, A. H. (1981) Studies on 
the role of Na+, K +  and CI- ion permeabilities in K +  -induced 
release of 'H-noradrenaline from rat brain slices and synapto- 
somes and in its presynaptic a-adrenergic modulation. Naunyn 
Schmiedebergs Arch. Pharmacol. 3 17: 103-109 

370-371 


