
Pergamon 

Pharmacology Biochemistry and Behavior, Vol. 51, No. 4, pp. 843-848, 1995 
Copyright 0 1995 Elsevier Science Ltd 

Printed in the USA. All rights reserved 
0091-3057/95 $9.50 + .oo 

009%3057(95)00056-9 

K-Channel Blockers Attenuate the 
Presynaptic Effects of the D,/D, 
Agonist Quinpirole in Monkeys’ 

SHARON ROSENZWEIG-LIPSON’ AND JAMES E. BARRETT 

Lederle Laboratories, Central Nervous System Research, 
American Cyanamid Company, Pearl River, NY 10965 

Received 16 August 1994 

ROSENZWEIG-LIPSON, S. AND J. E. BARRETT. K-Channel blockers attenuate the presynaptic effects of the D/D3 
agonist quinpirole in monkeys. PHARMACOL BIOCHEM BEHAV 51(4) 843-848, 1995.-The present study investigated 
whether potassium channel blockade could modify the behavioral effects of the dopamine D2/D3 receptor agonist quinpirole 
in squirrel monkeys. The duration of immobility and/or unusual postures indicative of catalepsy-associated behavior or the 
duration of scratching, known to be related to the effects of low and high doses, respectively, of quinpirole, were scored 
during 5-min observation periods in three squirrel monkeys. Saline or incremental doses of quinpirole were administered 10 
min before each observation period. Administration of saline did not increase the durations of catalepsy-associated behavior 
(8% of the observational period) or scratching (< 1% of the observational period). Low doses of quinpirole (0.003-0.03 mg/ 
kg) dose dependently increased the duration of catalepsy-associated behavior to approximately 54% of the observational 
periods. Higher doses of quinpirole (0.1-0.3 mg/kg) did not increase the duration of catalepsy; rather, these doses increased 
the duration of scratching to approximately 57qo of the observational periods. The differential induction of catalepsy- 
associated behavior or scratching is believed to be related to, respectively, pre- and postsynaptic activity of quinpirole on 
dopamine D,/D, receptors. Pretreatment with the potassium channel blockers apamin, Caminopyridine, and amodiaquin 
attenuated the effects of quinpirole (0.03 mg/kg) on catalepsy-associated behavior, with cataleptic postures maintained for 
27, 21, and 24% of the observational periods, respectively. In contrast, pretreatment with potassium channel blockers did not 
consistently affect the scratching induced by quinpirole. In addition, apamin did not attenuate the catalepsy-associated 
behavior induced by the postsynaptic D2 receptor antagonist haloperidol (0.01-0.1 mg/kg). The present results suggest that 
potassium channel blockade can differentially modify the presynaptic (catalepsy-associated behavior) behavioral effects of the 
dopamine Dr/D, agonist quinpirole in monkeys while not affecting the postsynaptic (scratching) actions of this drug or those 
of haloperidol. In view of the linkage between D, receptors and potassium channels, the behavioral effects induced by low 
doses of quinpirole are likely mediated by presynaptic activation of D2 rather than D, receptors. 

Potassium channels Dopamine D2 receptors Dopamine D, receptors Quinpirole Apamin Amodiaquin 
4-aminopyridine Haloperidol Squirrel monkeys 

BIOCHEMICAL , electrophysiologic, and behavioral studies 
have provided evidence for both pre- and postsynaptic local- 
izations for dopamine D, and D, receptors on ascending dopa- 
minergic pathways (1,32,35&t). Presynaptic Dz and DS recep- 
tors are thought to be autoreceptors that modulate synthesis 
and release of dopamine (3,20,40,41&l). Several studies have 
suggested that the effects of D, agonists at presynaptic recep- 
tors occur at doses or concentrations that are three- to IO-fold 

lower than the doses or concentrations necessary to produce 
postsynaptic effects (7,19,27,34,43). However, with the recent 
cloning of the dopamine DJ receptor, many of the agonists eval- 
uated previously have heen shown to he approximately two- to 
SO-fold more potent at D, than DZ receptors (10,35,36). The 
apparent Dg selectivity of these agonists may confound the origi- 
nal interpretation of the results in some of these studies as being 
due to pre- vs. postsynaptic receptor activation. 

’ Portions of this work were presented at the 23rd annual meeting of the Society for Neuroscience, Washington, D.C. (Sot. Neurosci. Abstr. 
19:1179; 1993). 

* To whom requests for reprints should be addressed. 
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Recent studies have linked the effects of D,, but not D,, 
receptors to the opening of potassium channels (10,33,39). As 
a result, studies that demonstrate that the effects of nonselec- 
tive D,/D, agonists can be modified by drugs that act at potas- 
sium channels may be able to attribute those effects to D, 
receptors. Along these lines, several studies have demon- 
strated that the D/D, agonists such as quinpirole, pergolide, 
or N-0437 can induce hyperpolarization of dopaminergic neu- 
rons and inhibition of dopamine release; potassium channel 
blockers such as 4-aminopyridine (4-AP), tetraethylammo- 
nium (TEA), and quinine can reverse these effects (2,5,6, 
15,26). These results suggest that the effects of these D,/D, 
agonists on neuronal hyperpolarization and dopamine release 
are due primarily to their actions at presynaptic dopamine D, 
receptors. 

Low doses of D2/DJ agonists such as quinpirole and (+ )- 
PHNO inhibit locomotor activity in rodents and induce cata- 
lepsy in rats and monkeys, effects that are more commonly 
observed with dopamine antagonists (7,18,19,23,24,27). These 
antagonist-like effects may result from activation of presynap- 
tic receptors resulting in decreased dopamine release and de- 
creased availability of dopamine at postsynaptic receptors. 
Higher doses of quinpirole and (+ )-PHNO do not inhibit 
locomotor activity or produce catalepsy; rather, these doses 
increase locomotor activity in rodents and increase vigorous 
and repetitive scratching in squirrel monkeys (7,18,19,27). 

The present studies were conducted to investigate the rela- 
tionship between potassium channel blockade and the differ- 
ential effects of the D2/DI agonist quinpirole on observable 
behavior in squirrel monkeys. Observable effects of quinpirole 
(catalepsy-associated behavior and scratching) were deter- 
mined alone and after pretreatment with the small conduc- 
tance Ca*+-dependent potassium channel blocker apamin 
(14,16) and the voltage-gated potassium channel blockers 4- 
aminopyridine and amodiaquin (13,25,30). The results indi- 
cate that potassium channel blockers attenuate the effects of 
low doses of quinpirole on catalepsy-associated behavior, but 
have limited effect on the scratching induced by higher doses 
of quinpirole. In addition, apamin had a limited effect on the 
catalepsy-associated behavior induced by haloperidol. These 
results suggest that the effects of quinpirole on catalepsy- 
associated behavior are primarily due to presynaptic actions 
at dopamine D2 receptors. 

METHOD 

Subjects 

Three adult male squirrel monkeys (Saimiri sciureus), 
weighing 0.90-1.2 kg, lived in individual home cages except 
during experimental sessions. Each monkey had unlimited ac- 
cess to water and received a nutritionally balanced diet of 
Purina Monkey Chow (St. Louis, MO) and fresh fruits and 
vegetables. Animals used in this study were maintained in 
accordance with the guidelines of the American Association 
for Laboratory Animal Care (AALAC). 

Apparatus 

Experimental sessions were conducted with monkeys seated 
in a Plexiglas chair. A closed-circuit camera (Motorola) was 
positioned approximately 3 ft in front of the chair. A 1Zinch 
monitor was positioned outside the experimental room. 

Drug Experiments 

Experimental sessions lasted 80 min. Each session began 
with an IM injection of saline or one of the potassium channel 

blockers (pretreatment). Saline or cumulative doses of quin- 
pirole were administered IM 50 and 65 min after the pretreat- 
ment injection. The effects of saline or drugs were determined 
60 and 75 min after the pretreatment injection. Thus, effects 
of quinpirole alone or in combination were assessed for a 
5-min observation period, 10 min after the administration of 
each dose of quinpirole. Drugs were studied once or twice a 
week. Doses of quinpirole (0.001-0.3 mg/kg) were based on 
those studied in previous experiments involving observable 
and schedule-controlled behavior in squirrel monkeys. Effects 
of quinpirole were redetermined three times during the course 
of the study to ensure that the effects of quinpirole were con- 
sistent. Doses of apamin and 4-aminopyridine were chosen 
based on previous studies in rodents (11,12,45). Doses of the 
potassium channel blockers higher than those that modified 
quinpirole’s effects in an individual monkey were not studied 
to avoid the convulsant effects associated with potassium 
channel blockade (11,12,45). All drugs were administered 
IM into either the thigh or calf muscle at 5 0.5 ml/kg body 
weight. 

Analysis of Results 

During the 5-min observational periods, experimental ses- 
sions were viewed on a monitor by a trained observer. The 
duration of immobility and/or unusual postures indicative of 
catalepsy (e.g., rigid limb extension, twisted torso) and the 
duration of repetitive scratching (defined by vigorous and 
rhythmic manipulation of the fur and skin) were scored during 
the 5-min observational periods. The effects of each dose or 
dose combination were determined by calculating the time that 
static and unusual postures were maintained or the time en- 
gaged in repetitive scratching as a percentage of the total time. 
Effects of quinpirole across the different determinations were 
averaged for individual monkeys. Drug interactions are de- 
picted for each of the monkeys. 

Drugs 

Quinpirole, apamin (Research Biochemicals, Inc., Natick, 
MA), amodiaquin, and 4-aminopyridine (Sigma Chemical 
Co., St. Louis, MO) were dissolved in saline. Haloperidol 
(McNeil Laboratories, Fort Washington, PA) was diluted to 
the desired concentration with saline. A small amount of lactic 
acid was added to 4-aminopyridine to bring the pH to approxi- 
mately 7. 

RESULTS 

Effects of Saline and Quinpirole 

Catalepsy-associated behavior and repetitive scratching 
generally were not evident after the administration of saline. 
During short segments (7.7 + 4.0%, mean + SEM) of the 
observational periods, however, the monkeys sat quietly in 
postures that could not be characterized definitively and hence 
were scored as catalepsy-associated behavior. Repetitive 
scratching was almost never evident (< 1%). 

Low doses of quinpirole (0.001-0.03 mg/kg) produced 
dose-dependent increases in catalepsy-associated behavior 
(Fig. 1). The catalepsy-associated behavior produced by 0.03 
mg/kg quinpirole was evident for 54 f 11% (range 42-75%) 
of the observational period and was characterized by immobil- 
ity and unusual posturing of the limbs. Compared to lower 
doses, higher doses of quinpirole (0.1-0.3 mg/kg) produced a 
reduction in catalepsy-associated behavior, and also produced 
dose-dependent increases in repetitive scratching (Fig. 1). At 
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FIG. 1. Catalepsy-associated behavior and scratching induced by 
quinpirole in squirrel monkeys. Abscissa: dose quinpirole, log scale; 
ordinate: duration (percent of total observation period duration). 
Points above saline represent the effects of saline administered alone. 
Points are means based on data from three determinations in three 
monkeys. Bracketed symbols represent mean f SEM. 

the highest dose (0.3 mg/kg) repetitive scratching was evident 
for 57 f 12% (range 44-81%) of the observational period. 

Effects of Quinpirole After Pretreatment With Apamin, 
4_Aminopyridine, and Amodiaquin 

In individual monkeys, doses of 0.01 mg/kg (S-86, S-160) 
or 0.03 mg/kg (S-158) apamin attenuated the catalepsy- 
associated behavior induced by 0.01 or 0.03 mg/kg quinpirole 
(Fig. 2, top). When administered alone, these doses of apamin 
had little or no effect on catalepsy-associated behavior or 

FIG. 2. Catalepsy-associated behavior (top panels) and scratching 
(bottom panels) induced by quinpirole alone and after pretreatment 
with apamin in individual monkeys. Abscissae: dose quinpirole, log 
scale; ordinate: duration (percent of total observation period dura- 
tion). 
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scratching. Following pretreatment with apamin, catalepsy- 
associated behavior induced by 0.03 mg/kg quinpirole was 
maintained for an average of 27 + 11 Vo (range 3-48%) of the 
observational period. Differences between the effects of 0.03 
mg/kg quinipirole alone and the effects of quinpirole follow- 
ing pretreatment with apamin ranged from lS-30% of the 
total time. In contrast, with the exception of S-86, pretreat- 
ment with apamin had little effect on the repetitive scratching 
induced by quinpirole (Fig. 2, bottom). Following pretreat- 
ment with apamin, repetitive scratching induced by 0.3 mg/kg 
quinpirole was evident for 62 f 9% (range 47-86%) of the 
observational period, compared to 57% when this dose of 
quinpirole was studied alone. 

Pretreatment with 4-aminopyridine also modified the in- 
duction of catalepsy-associated behavior by quinpirole (Fig. 
3, top). In individual monkeys, doses of 0.03 mg/kg (S-160) 
and 0.1 mg/kg (S-86, S-158) Caminopyridine attenuated cata- 
lepsy-associated behavior induced by 0.01 mg/kg quinpirole 
in two of three monkeys (S-158, S-160) and 0.03 mg/kg quin- 
pirole in all three monkeys. For monkey S-86, however, cata- 
lepsy-associated behavior induced by 0.01 mg/kg quinpirole 
appeared to be enhanced rather than reduced. Following pre- 
treatment with 4-aminopyridine, catalepsy-associated behav- 
ior induced by 0.03 mg/kg quinpirole was maintained for an 
average of 21 -e 8% (range lo-39%) of the observational pe- 
riod. Differences between the effects of 0.03 mg/kg quinpirole 
alone and the effects of quinpirole following pretreatment 
with 4-aminopyridine ranged from 29-38% of the total time. 
Pretreatment with 4aminopyridine appeared to enhance the 
repetitive scratching induced by 0.03 or 0.1 mg/kg quinpirole 
in two of three monkeys and to attenuate the repetitive 
scratching induced by 0.3 mg/kg quinpirole in all monkeys. 
Following pretreatment with 4-aminopyridine, repetitive 
scratching induced by 0.3 mg/kg quinpirole was evident for 
an average of 33 5 14% (range 12-66%) of the observational 
period, compared with 57% when this dose of quinpirole was 
studied alone. 

Pretreatment with amodiaquin also modified the induction 
of catalepsy-associated behavior by quinpirole (Fig. 4, top). 
In individual monkeys, 17.8 mg/kg amodiaquin attenuated 

1 
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FIG. 3. Catalepsy-associated behavior (top panels) and scratching 
(bottom panels) induced by quinpirole alone and after pretreatment 
with 4-aminopyridine in individual monkeys. Other details as in Fig. 2. 
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FIG. 4. Catalepsy-associated behavior (top panels) and scratching 
(bottom panels) induced by quinpirole alone and after pretreatment 
with amodiaquin in individual monkeys. Other details as in Fig. 2. 

the catalepsy-associated behavior induced by 0.01 mg/kg 
quinpirole in two of three monkeys (S-158, S-160) and 0.03 
mg/kg in all three monkeys. Following pretreatment with 
amodiaquin, catalepsy-associated behavior induced by 0.03 
mg/kg quinpirole was maintained for an average of 24 f 
4% (range 17-34%) of the observational period. Differences 
between the effects of 0.03 mg/kg quinipirole alone and the 
effects of quinpirole following pretreatment with amodiaquin 
ranged from 24-41070 of the total time. Pretreatment with 
amodiaquin had little effect on the repetitive scratching in- 
duced by 0.1 mg/kg quinpirole; however, amodiaquin ap- 
peared to attenuate the repetitive scratching induced by 0.3 
mg/kg quinpirole. It should be noted that one of three mon- 
keys (S-158) convulsed immediately before (clonic) and during 
(tonic) the observational period, resulting in reduced activity 
and consequently, reduced scratching. 

Effects of Haloperidol Alone and After Pretreatment 
With Apamin 

Haloperidol (0.01-0.1 mg/kg) produced dose-dependent 
increases in catalepsy-associated behavior (Fig. 5). At the 
highest dose (0.1 mg/kg) monkeys maintained cataleptic pos- 
tures for 100% of the observational period. Haloperidol did 
not induce repetitive scratching (< 1 olo) at any dose studied. 
Pretreament with apamin did not attenuate haloperidol- 
induced catalepsy-associated behavior in any monkey. Apa- 
min appeared to slightly enhance the effects of haloperidol, 
with a dose of 0.1 mg/kg haloperidol inducing catalepsy- 
associated behavior for 95 & 2% (range 93-99%) of the ob- 
servational period in the presence of apamin compared to 77 
f 4% (range 67-84%) of the observational period when ad- 
ministered alone. 

DISCUSSION 

The present results show that the behavioral effects associ- 
ated with low doses (0.01-0.03 mg/kg) of the dopamine D,/ 
DJ agonist quinpirole differ qualitatively from those of high 
doses (0.1-0.3 mg/kg) in squirrel monkeys. Low doses of 
quinpirole induce catalepsy-associated behavior, whereas high 

doses of quinpirole induce vigorous and repetitive scratching. 
As scratching induced by high doses of quinpirole is incompat- 
ible with catalepsy-associated behavior, catalepsy-associated 
behavior does not occur at high doses of quinpirole. It is likely 
that the effects of high doses of quinpirole mask the effects of 
lower doses of quinpirole. The induction of catalepsy- 
associated behavior by quinpirole is consistent with previous 
reports that low doses of quinpirole induce catalepsy in ro- 
dents and that low doses of the D/D, agonist (+)-PHNO 
induce catalepsy-associated behavior in primates (23,24,27). 
The vigorous and repetitive scratching induced by high doses 
of quinpirole is consistent with previous studies showing that 
high doses of D,/D3 agonists increase scratching in squirrel 
monkeys (22,27,29,31). The doses of quinpirole that induced 
catalepsy-associated behavior were approximately IO-fold 
lower than those that induced scratching. Differences in the 
effects of low and high doses of D2/D3 agonists also have been 
shown in rats. For example, low doses of DJD, agonists have 
been shown to inhibit locomotor activity, whereas doses ap- 
proximately IO-fold higher increase locomotor activity and 
sniffing (7,18,19). 

There are several possible explanations for the differing 
behavioral effects associated with low and high doses of quin- 
pirole. In radioligand binding studies, quinpirole has been 
shown to be 30-100 times more potent at dopamine D, than 
D, receptors (10,35,36). Thus, it is possible that the behavioral 
effects associated with low doses of quinpirole may reflect 
selective actions of quinpirole at dopamine D3 receptors, 
whereas the effects of higher doses may reflect actions at D2 
or both D, and DJ receptors. Alternatively, the differing be- 
havioral effects may reflect pre- vs. postsynaptic activation of 
D, and/or D, receptors. In this regard, the behavioral effects 
associated with low doses of the D/D, agonists in rodents 
and primates are comparable to those produced by dopamine 
antagonists. For example, dopamine antagonists have been 
shown to inhibit locomotor activity in rodents and to induce 
catalepsy in rodents and primates (21,27,28,38,42). In addi- 
tion, quinpirole has been shown to hyperpolarize dopaminer- 

loo- 

80- 

20- 

0 I I I 
0.01 0.03 0.1 

Haloperidol (mg/kg, im) 

0.3 

FIG. 5. Catalepsy-associated behavior induced by haloperidol alone 
and after pretreatment with apamin. Abscissa: dose haloperidol, log 
scale; ordinate: duration (percent of total observation period dura- 
tion). Points are means based on data from three monkeys. Bracketed 
symbols represent mean + SEM. 
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gic neurons and to inhibit dopamine release, which results in 
limited dopamine availability at postsynaptic dopamine recep- 
tors (15,26,37). Taken together, these results suggest that the 
antagonist-like effects of low doses of DJD, agonists may be 
due to selective actions at presynaptic autoreceptors that in- 
hibit synthesis and release of dopamine. 

The linkage of D2, but not D3, receptors to the opening of 
potassium channels (10,33,39) allows the differing interpreta- 
tions of quinpirole’s low- vs. high-dose actions to be distin- 
guished pharmacologically. The present results show that the 
behavioral effects of low doses of quinpirole are attenuated 
by the potassium channel blockers apamin, 4aminopyridine, 
and amodiaquin. These results are consistent with a role for 
presynaptic D2 receptors in mediating the catalepsy-associated 
behavior induced by quinpirole and are inconsistent with a 
role for either pre- or postsynaptic D, receptor mediation of 
these effects. Despite differences in the potassium channels 
blocked by apamin, 4-aminopyridine, and amodiaquin (13,14, 
16,25,30), all three potassium channel blockers had qual- 
itatively similar effects on quinpirole-induced catalepsy-asso- 
ciated behavior. These results are consistent with previous 
studies showing that potassium channel blockers such as 
4-aminopyridine, tetraethylammonium, quinine, and tolbuta- 
mide attenuate the hyperpolarization of dopaminergic neu- 
rons and the inhibition of dopamine release induced by quin- 
pirole, pergolide, or N-0437 (2,5,6,15,26). Taken together, the 
present results provide further evidence for a linkage between 
presynaptic D2 receptors and potassium channels. 

The behavioral effects induced by high doses of quinpirole 
were not consistently affected by pretreatment with the po- 
tassium channel blockers. The voltage-gated blockers 4-ami- 
nopyridine and amodiaquin, but not the small conductance 
Ca’+-activated blocker apamin, appeared to attenuate the ef- 
fects of the highest dose of auindrole (0.3 mn/ka). It is possi- 
ble that there-are voltage-gated-potassium chart&s linked to 
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postsynaptic D, receptors and that blockade of these channels 
may limit the effects of high doses of quinpirole. In this re- 
gard, several studies have demonstrated that quinpirole- 
induced activation of potassium channels in acutely dissoci- 
ated striatal neurons can be reversed by potassium channel 
blockers such as quinine and tolbutamide (8,9,17). However, 
the increased scratching associated with a lower dose of quin- 
pirole (0.1 mg/kg) was not attenuated by any of the potassium 
channel blockers studied. When amodiaquin was administered 
in combination with the highest dose of quinpirole, one mon- 
key convulsed before and during the observational period. It 
is possible that the combination of a high dose of a potassium 
channel blocker and a high dose of quinpirole results in a 
preconvulsant or convulsant state, thus limiting the pharma- 
cologic effects of quinpirole. 

Catalepsy-associated behavior in monkeys is commonly as- 
sociated with blockade of postsynaptic dopamine receptors. 
In order to determine if catalepsy-associated behavior induced 
by postsynaptic blockade of D2 receptors would be attenuated 
by potassium channel blockade, apamin was administered as a 
pretreatment before the administration of haloperidol. When 
administered alone, haloperidol produced dose-dependent in- 
creases in catalepsy-associated behavior, which is consistent 
with previous reports of haloperidol-induced catalepsy in 
monkeys (4,28). Pretreatment with apamin did not attenuate 
haloperidol-induced catalepsy. The lack of effect of apamin 
on catalepsy-associated behavior induced by postsynaptic D2 
receptor blockade is consistent with the lack of effect of 
apamin on postsynaptic Dz receptor stimulation. These results 
provide further support for the idea that pre- but not postsyn- 
aptic effects of D, receptors are linked to potassium channels. 
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