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ABSTRACT

Spontaneous eye blink rate was assessed in cynomolgus
monkeys treated intramuscularly with the high-efficacy dopa-
mine (DA) agonists, (—)-apomorphine, naxagolide, PD 128,907,
2-(N-phenylethyl-N-propyl)Jamino-5-hydroxytetralin (*)-PPHT,
quinpirole, SKF 81297 and SKF 82958; the low-efficacy DA
agonists, (—)-3-PPP, roxindole, SDZ 208-912, SKF 75670 and
terguride; and the indirect DA agonists, d-amphetamine, co-
caine, GBR 12935 and methylphenidate. All of the direct DA
agonists, with the exception of the partial agonists SDZ 208-
912 and terguride, produced significant, dose-related eleva-
tions in blink rate. In contrast, none of the indirect agonists
increased blink rates when administered over a relatively wide,

behaviorally active dose range. These differences suggest ei-
ther that indirect agonists do not interact with mechanisms
involved in eye blinking, or that they have other effects which
prevent blink-rate increases. The latter does not appear to be
the case because cocaine failed to alter the blink rate-increas-
ing effects of the D, agonist, SKF 81297, which suggests that
indirect agonists do not mask their own ability to induce blink-
ing. Overall, the results further characterize the involvement of
DA receptors in the mediation of spontaneous eye blinks, reveal
differential effects of direct and indirect agonists and suggest
new directions for research into the neuroanatomical basis of
DA-mediated spontaneous eye blinks.

Spontaneous eye blinks, which occur at a rate in excess of
that needed to maintain the corneal tear film, are thought to
reflect central dopaminergic functioning (Karson, 1983,
1989). This hypothesis is supported by 1) clinical observa-
tions in patients with DA-related dysfunctions, e.g., in-
creased blinking in schizophrenia (Karson et al., 1981; Kar-
son, 1983; Ferrier et al., 1984; Kitamura et al., 1984;
Lieberman et al., 1987; Klein et al., 1993) and reduced blink-
ing in Parkinson’s disease (Karson et al., 1984), and 2) phar-
macological studies in both man and nonhuman primates
(Karson, 1983; Blin et al., 1990; Peacock et al., 1990; Colpaert
et al., 1991; Elsworth et al., 1991; Lawrence et al., 1991)
showing that direct DA agonists increase, whereas DA an-
tagonists decrease blink rates in primates (Elsworth et al.,
1991; Lawrence and Redmond, 1991; Lawrence et al., 1991)
and in humans (Karson, 1983). Thus, both clinical and ex-
perimental findings indicate that dopaminergic mechanisms
mediate spontaneous eye blinks. Although the brain regions
involved have not yet been determined, on the basis of de-
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creased rates of blinking in Parkinsonian patients (Karson et
al., 1982; Karson, 1983) and monkeys treated with MPTP
(Colpaert et al., 1991; Lawrence and Redmond, 1991), it is
likely that spontaneous eye blinks are regulated by mesos-
triatal pathways. Taken together, the evidence suggests that
spontaneous blink rate may offer a useful, noninvasive, in
vivo measure of DA functioning in humans and in nonhuman
primates.

Pharmacological studies in primates indicate that both D,
and D, DA receptor subtypes are involved in blinking
(Elsworth et al., 1991). Selective D, or D, agonists increase
blink rates and this effect can be reversed by antagonists
that are relatively selective for their respective receptors. For
example, blink-rate increases induced by the D,-like agonist
naxagolide are blocked by the D, antagonist remoxipride,
whereas the effects of the D, agonist dihydrexidrine are
blocked by the D, antagonist SCH 23390 (Elsworth et al.,
1991). Furthermore, spontaneous eye blinks are apparently
regulated independently by both D, and D, receptors
(Elsworth et al., 1991), because SCH 23390 does not alter the
effects of naxagolide, whereas it blocks the effects of the D,

ABBREVIATIONS: DA, dopamine; naxagolide, (+)-4-propyl-9-hydroxynaphthoxazine; (*)-PPHT (also designated N-0434), (+)-2-(N-phenylethyl-
N-propyl)amino-5-hydroxytetralin; PD 128,907, (+)-(4aR,10bR)-3,4,4a,10b-tetrahydro-4-propyl-2H,5H-[1]benzopyrano-[4,3-b]-1,4-oxazin-9-ol;
(—)-3-PPP (also designated preclamol), S(—)-3-(3-hydroxyphenyl)-N-propylpiperidine; EMD-49980 (also designated roxindole), 5-hydroxy-3-{4-
(4-phenyl-1,2,3,6-tetrahydropyridin-1-yl)butyl}-1H-indole; SDZ 208-812, {N-[(8-a)}-2-chloro-6-methylergoline-8-yl]-2,2-dimethylpropanamide};
SKF 81297, (+)-6-chloro-7,8-dihydroxy-1-phenyi-2,3,4,5-tetrahydro-1H-3-benzazepine; SKF 82958, (+)-6-chloro-7,8-dihydroxy-3-altyl-1-phenyl-
2,3,4,5-tetrahydro-1H-3-benzazepine; SKF 75670, [R,S-7,8-dihydro-1H-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine]; GBR 12935,
1-[2-(diphenyimethoxy)ethyl]-4-(3-phenylpropyl)-piperazine; MPTP, N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; ANOVA, analysis of variance.
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agonist, dihydrexidine (Elsworth et al., 1991). This finding is
in contrast to results in a variety of other paradigms in rats
and primates in which effects of either direct D, agonists and
indirect DA agonists are blocked by D, receptor antagonists
(Mailman et al., 1984; Waddington, 1986; Walters et al.,
1987; Kleven et al., 1990). Apart from studies demonstrating
the involvement of D, and D, receptor subtypes, there are no
systematic studies of the effects of different classes of dopa-
minergic agonists on blink rate.

The purpose of the present study was to characterize fur-
ther the effects of direct D,-like (i.e., D,/Dg) and D, agonists
on eye blinking in the cynomolgus monkey and to compare
their effects with those of indirect DA agonists. Because it
has been suggested that low-efficacy D, agonists are unable
to increase blink rate (Elsworth et al., 1991), the effects of D,
agonists varying in efficacy were examined. Further, to ex-
amine the effects of compounds with low D, efficacy, the
partial agonists (—)-3-PPP, terguride, roxindole and SDZ
208-912 (Seyfried et al., 1989; Arnt and Hyttel, 1990; Cow-
ard et al., 1990; Svensson et al., 1991; Bartoszyk et al., 1996)
were examined and compared with the effects of higher effi-
cacy D,-like agonists such as (~)-apomorphine and quinpi-
role. We report here that, whereas direct DA agonists readily
increased spontaneous eye blinks, the indirect DA agonists
cocaine, d-amphetamine, GBR 12935 and methylphenidate
did not have comparable effects, even at doses that were
evidently behaviorally active. Further, the finding that co-
caine did not alter the blink rate-increasing effects of the D,
agonist, SKF 81297, suggests that indirect agonists may be
unable to increase DA activity at the site(s) that mediate the
blink rate-increasing effects of direct DA agonists.

Methods

Animals. Four young adult female cynomolgus (Macaca fasicu-
laris) monkeys weighting from 4.9 to 6.4 kg were obtained from
Charles River France. All of the monkeys were drug naive at the
start of the present experiments; however, testing of DA agonists
was interrupted by several periods during which animals received
low doses of neuroleptics alone or in combination with (—)-apomor-
phine. Animals were housed individually in stainless steel cages
(floor area: 1 m?) soon after arrival and were habituated to intra-
muscular injections and to the observation procedure (see below)
over a period of approximately 2 months before the acute adminis-
tration of drugs used in the present study. Animals were housed in
an air-conditioned and controlled room (21 * 1°C and relative hu-
midity 55 + 5%) under a 12 h:12 h light:dark cycle (lights on at 7:00
A.M.) with filtered (0.2 u) water continuously available. Animals were
fed standard monkey chow (Singe Croquettes: Extralabo, Provins,
France), supplemented by fresh fruit daily and vitamins (Prima-
Treats: BioServ; Frenchtown, NJ). Monkeys were handled and cared
for in accordance with guidelines set by the U.S. Department of
Health and Human Services for humane treatment of animals
(Guide for the Care and Use of Laboratory Animals, U.S. DHHS,
PHS, NIH publication 85-23, revised 1985) and the protocol (No.
138) was carried out in compliance with local ethical committee
guidelines for animal research.

Behavioral procedure. The measurement of blinks was essen-
tially as described previously (Elsworth et al., 1991; Lawrence and
Redmond, 1991). A blink was defined as a closure of the eyelids
lasting no longer than approximately 0.5 sec as judged by the ob-
server. Animals were observed in their home cages during consecu-
tive 2.5-min periods, and the number of blinks and the duration of
time that the eyes were visible to the observer were recorded during
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each period (if this duration was less than 1.5 min, the eye blink
counts for that period were not used in subsequent analyses).

Animals were observed at 12.5-min intervals during three epochs:
1) base line (—90 to —60 min), consisting of three observation periods
before injection of saline or vehicle; 2) control (—30 to 0 min), con-
sisting of two periods after the injection of saline or vehicle; 3)
treated (0-62.5 min), consisting of five periods after the injection of
agonists or vehicle. Each of the four animals was observed twice
weekly (Tuesday and Thursday or Monday and Wednesday) between
2:00 and 5:00 P.M.. During each session, some animals were treated
with drug, and others with vehicle, and a control session, during
which saline or vehicle was injected at both the —45 and 0 min time
points, was conducted at least once every four sessions.

On the basis of observations of blink rates during the adaptation
period before drug testing began, criteria for testability were imple-
mented to ensure that within-session variability was minimal during
test sessions. Thus, testing took place only when blink rates during
each of the observation periods of the preceding control session
deviated less than + 2 S.D. from the mean of the three initial control
periods (base line). Control sessions were continued until the crite-
rion for testability was met. Because control sessions were conducted
a minimum of once every four sessions, this allowed frequent assess-
ment of the stability of eye blink rates within a session.

Data analysis. Each session generated data on two variables: the
number of blinks and the time that blinks could be observed, during
each 2.5-min period. Drug effects on blink rate were evaluated for
significance by: 1) a two-factor ANOVA (dose vs. period) on data
obtained during the entire session, with post hoc comparisons made
among doses with Duncan’s New Multiple Range test, and 2) a
two-factor ANOVA of data obtained immediately before and after
agonist treatment, followed by contrasts comparing the pooled con-
trol with each of the dose groups, with the per experiment level of
significance corrected for multiple comparisons (Winer, 1971) and a
P < .06 deemed statistically significant. Maximal effects were com-
pared by a one-factor ANOVA of only data from the doses of each
drug which produced the highest mean increase in blink rate and
post hoc comparisons made among the drugs by use of the Newman
Keuls test. Although most of the drugs were tested with four mon-
keys per dose, because of the death of one of the monkeys in another
experiment, some of the drugs and/or doses were not completed in all
four monkeys.

Comparisons between potency estimates and binding affinities at
D, and D, receptors were made by the method described by Bergman
et al. 1995. The ED,, (defined as the dose which increased blink rates
to 50% of the maximum) values were determined by linear interpo-
lation of the ascending portion of the dose-response functions, and
values of individual monkeys were averaged for each drug. Binding
affinities relative to (—)-apomorphine, with the exception of roxin-
dole, were taken from published radioligand-binding experiments in
which (—)-apomorphine and at least four other D,-like agonists were
also studied (Madras et al., 1988; Seeman and Van Tol, 1993; Chio et
al., 1994; Freedman et al., 1994; Sautel et al., 1995). Because binding
studies directly comparing roxindole and (—)-apomorphine were not
available, the relative affinity of roxindole was derived with pub-
lished results for (—)-apomorphine and D, and D, affinities from
Bartoszyk et al. (1996).

Drugs. The compounds used were (—)-apomorphine HCl (MW
304), GBR 12935 HCI, (-)-quinpirole HCl (MW 256), PD 128,907
HCl (MW 286), (—)-3-PPP HC1 (MW 256), (+)-PPHT HC! (MW 346),
SKF 81297 HC]l (MW 371; (*)-6-chloro-PB, SKF 82958 HCl (MW
411; chloro-APB), terguride maleate (all from Research Biochemicals
Intl., Natick, MA), d-amphetamine HC] (Calaire Chimie, Calais,
France), cocaine HCI (coopération pharmaceutique frangaise, Melun,
France), methylphenidate HC] (Ciba-Geigy Co., Basle, Switzerland),
naxagolide (MW 247; Merck Sharp & Dohme Research Laboratories,
Rahway, NJ), SKF 75670 (MW 350; Smith Kline Beecham, King of
Prussia, PA), roxindole mesylate (MW 443; EMD 49980; E. Merck,
Darmstadt, Germany) and SDZ 208-912 mesylate (Sandoz Pharma
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Fig. 1. Time course of effects of the direct DA agonist, (—)-apomor-
phine (APO; 0.01-0.16 mg/kg i.m.) on spontaneous blink rate in cyno-
molgus monkeys. Values represent the mean * S.E.M. blinks/min (n =
4/dose). Arrows indicate the injection times of injection of saline (T-45)
and drug (T-0). Where absent, error bars are contained by the symbols.

‘P < .05 vs. the lowest dose, 0.01 mg/kg, ™P < .05 vs. the intermediate
dose, 0.04 mg/kg.

AG, Basle, Switzerland). Drugs, with the exception of GBR 12935,
(+)-PPHT, terguride, SKF 75760, roxindole and SDZ 208,912, which
were prepared as suspensions in aqueous Tween 80 (2 drops/10 ml
distilled water), were dissolved in distilled water and injected i.m. in
a volume of 1 ml/10 kg. Doses of all drugs refer to the free base.

Results

Under control conditions, eye blinks occurred at mean
rates ranging from approximately 7 to 10 blinks/min and
were relatively stable after administration of saline (i.e., the
within-session coefficient of variation usually ranged be-
tween 10 and 20%). Observation times during control ses-
sions ranged from 110 to 120 sec and there were no system-
atic differences among the 10 observation periods comprising
a session. Overall, data were excluded from fewer than 10%
of total observation periods as a result of observation times
smaller than the criterion 90 sec.

Effects of D,-like agonists. Administration of direct DA
agonists produced significant, dose- and time-related in-
creases in spontaneous blink rate as represented in figure 1
by the results obtained with the nonselective DA agonist,
(-)-apomorphine. Significant increases in blink rate were

Dopamine Agonist-Induced Blinking 1213

generally found, as in the case of (—)-apomorphine, during
the first two observation periods after drug administration,
and diminished as a function of time thereafter. Data from
the first two periods after drug administration were analyzed
separately and averaged for each of the direct-acting DA
agonists and are shown in figure 2. None of the direct ago-
nists had systematic effects on observation times (data not
shown).

Average blink rates increased in a dose-related manner
after administration of all of the DA agonists shown in figure
2A. There were few apparent differences in potency, with the
exception that naxagolide was more potent than the other
compounds in that lower doses produced significant in-
creases in eye blinks (table 1) and the upper 95% confidence
limit of its EDg, was lower than the ED,, values of the
remaining compounds (table 2). In general, the lowest doses
of the direct agonists did not significantly increase blink rate
in comparison with rates observed during the control periods
when saline was injected, whereas significant increases were
found after administration of intermediate and high doses
(table 1). Differences in maximal blink-rate increases were
also apparent in that (—)-apomorphine and quinpirole pro-
duced increases in blink rate which were significantly higher
(P < .05) than the maximal effects produced by naxagolide,
(x)-PPHT or PD 128,907.

Effects of D,-like partial agonists. As shown in figure
2B, the partial DA agonist (—)-3-PPP produced significant
dose-related increases in blink rate, with a maximal effect
similar to that produced by the 0.16 mgkg dose of (—)-
apomorphine. In contrast, the partial agonist, roxindole pro-
duced maximal effects which were significantly lower than
those of (—)-apomorphine, but not (—)-3-PPP, whereas the
remaining compounds, terguride and SDZ 208-912, were not
effective even when tested at doses up to 2.5 mg/kg. The
highest dose of SDZ 208-912 was tested in only two monkeys
because it produced brief sedation and subsequent lethargy,
which lasted for several days after the injection.

The comparison of ED;, values of D,-like agonists to in-
crease blink rates (table 2) and results from previously pub-
lished binding studies (fig. 3) revealed a significant positive
correlation between D, receptor binding affinities relative to
(—)-apomorphine (Madras et al., 1988; Chio et al., 1994;
Freedman et al., 1994; Sautel et al., 1995) and the behavioral

30
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~

PD128,907
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b b $D2 208,912

Fig. 2. Effects of DA agonists on spon-
a taneous blink rate in cynomoigus mon-
keys. Values are the mean * SEM.,
blinks/min (n = 3-4/dose, with the ex-
ception of 2.5 mg/kg SDZ 208-912 and
SKF 75670, n = 2), and represent data
obtained during two, 2.5-min observa-
tion periods starting 12.5 and 25 min
after drug administration. (A) D,-like ago-
nists; (B) D,-like partial agonists; (C) D,
agonists. The closed circle and dashed
line represent the mean blink rate ob-
served during the control period before
drug injection. Different letters above
z maximal effects of individual drugs indi-
1 cate that their maximal effects differed

C

SKF 81297
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significantly from other groups that do
not share the same letters (P < .05). See
table 1 for doses with significant effects
on blink rate.
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TABLE 1
Doses of direct and indirect DA agonists with significant effects on blink rates in cynomolgus monkeys
Drug Base Line Blinks/min Dose Drug Treated Blinks/min P
(—)-Apomorphine 95+09 0.04 171 +1.2 .0003
9.0+07 0.16 211 +13 .0003
Quinpirole 75+07 0.01 114 =08 .03
8.7+05 0.04 196+ 1.8 .0003
7606 0.16 262+23 .0003
Naxagolide 8.6 0.5 0.0025 12119 .05
9.0+ 0.5 0.01 159+ 14 .0003
78 +0.9 0.04 16.6 = 1.1 .0003
(x)-PPHT 92*1.0 0.04 134 = 21 .03
8.2 + 0.6 0.16 165+ 24 .0003
PD 128,907 8.2*07 0.16 171+ 25 .0003
(—)-3-PPP 102+ 1.0 0.63 178+ 25 .0003
83 *05 25 204 +1.8 .0003
Roxindole 80*08 0.04 138 1.1 .0003
8.6 £ 0.6 0.16 144 +1.2 .0003
SKF 81297 7.0x07 0.63 168 +1.2 .0003
8.1 0.5 25 258 £ 2.0 .0003
SKF 82958 8.1+06 0.63 145+23 .0003
8.0+08 25 212+ 1.7 .0021
SKF 75670 74+ 05 0.16 1.0+ 11 .024
9.0+0.8 0.63 133+1.2 .0012
Cocaine 8.0x05 0.63 6.0 0.5 .029
9.1 *0686 25 57+1.2 .04

Values are mean + S.E.M., n = 3 to 4 animals/dose.

TABLE 2

Comparison of ED,, values for blink rate-increasing effects of D,-like and D, agonists

Drug EDgo 95% Confidence Limit Relative Potency

D,-like agonists wmol/kg vs. (—)-apomorphine

1. Naxagolide 0.011 0.004-0.030 0.11

2. Roxindole 0.056 0.020~0.16 0.56

3. (-)-Apomorphine 0.10 0.055-0.20 1.0

4. (x)-PPHT 0.11 0.032-0.36 1.1

5. Quinpirole 0.14 0.10-0.21 14

6. PD128,907 0.23 0.037-1.4 23

7. (-)-3-PPP 21 0.95-4.6 21
D, agonists vs. SKF75670

SKF 75670 0.66 0.34-1.3 1.0

SKF 81297 2.1 14-33 3.2

SKF 82958 2.7 2.1-3.5 4.1

potencies relative to (—)-apomorphine (r = .87, P < .008). The
correlation between relative D, receptor affinity (Seeman
and Van Tol, 1993; Chio et al., 1994; Freedman et al., 1994;
Sautel et al., 1995) and behavioral potencies failed to reach
significance (r = .71, P > .07).

Effects of D, agonists. Each of the D, agonists produced
significant, dose-related increases in blink rates (fig. 2C;
table 1), with SKF 75670 showing the highest potency rela-
tive to SKF 81297 or SKF 82958 (table 2). However, the
estimated EDg, value of SKF 75760 may not be compared
easily with the other D, agonists, because a significantly
lower maximal effect was obtained after administration of
the intermediate dose, 0.63 mg/kg (13.3 *+ 1.2 blinks/min) in
comparison with the effects of the 2.5 mg/kg dose of SKF
81297 (25.8 + 2.0) or SKF 82958 (21.2 * 1.7). The highest
dose of SKF 75670 (2.5 mg/kg) did not produce elevations in
blink rates. Although insufficient drug was available to test
more than two monkeys at this dose, the results suggest that
this dose produced rate-decreasing effects.

Effects of indirect agonists. Unlike the results obtained
with the direct agonists, none of the indirect agonists caused
significant increases in blink rate at any time during the

60-min period during which animals were observed, repre-
sented in figure 4 by cocaine. The analysis of data obtained
during the first two observation periods after drug adminis-
tration (fig. 5) revealed significant overall decreases after
administration of cocaine and methylphenidate, whereas d-
amphetamine and GBR 12935 did not significantly alter
blink rates. Post hoc analysis showed that only administra-
tion of the 0.63 and 2.5 mg/kg doses of cocaine produced
significant decreases in blink rate (table 1).

Although the indirect DA agonists failed to increase blink
rate, they significantly increased the amount of time during
which blinks could be observed, not only immediately after
drug administration (fig. 6), but also during the remainder of
the session. Post hoc analysis showed that significant in-
creases occurred immediately after administration of each of
the doses of cocaine and the highest doses of methylpheni-
date, amphetamine and GBR 12935. It is important to note
that these effects represent a marked increase in the amount
of time that the animals faced the observer. For example,
after administration of the 2.5 mg/kg dose of cocaine, mon-
keys spent almost the entire 150-sec period facing the ob-
server, whereas under control conditions, in general, the eyes
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could not be observed for a period of approximately 30 to 35
sec.

Effects of pretreatment with cocaine. Because the dif-
ferential effects of direct and indirect agonists suggested
either that indirect agonists are unable to produce increases
or that they produce other effects that mask blink-rate in-
creases, monkeys (n = 3) were treated with saline or cocaine
(0.16-2.5 mg/kg; T-45 min) before administration of SKF
81297 (2.5 mg/kg; T-0 min). The results obtained during the
entire session are shown in figure 7. Although the highest
dose of cocaine appeared to inhibit blinking after SKF 81297
treatment at certain time points, dose-related effects were
not consistently obtained over the entire session. Examina-
tion of the effects obtained during the periods immediately
before and after SKF 81297 treatment (table 3) showed only
a small decrease in blink rate after treatment with the 2.5
mg/kg dose of cocaine (19.8 + 1.8 vs. 14.2 + 2.6, saline vs.
cocaine, respectively). As in the previous experiment in
which cocaine was administered at T-0 min, cocaine pretreat-
ment increased observation times, which, because of high
variability, did not reach significance (P > .20); observation
times were not different from control after the administra-
tion of SKF 81297 (table 2).

Discussion

The most important finding of this study is that direct and
indirect DA agonists have differential effects on eye blink
rate in cynomolgus monkeys. All of the high-efficacy direct
DA agonists reliably produced significant increases in blink
rate, confirming and extending previous findings (Karson,
1983; Lewis et al., 1990; Elsworth et al., 1991; Lawrence and
Redmond, 1991), whereas a variety of indirect agonists failed
to increase blink rate when tested over a wide range of doses.
The finding that indirect agonists significantly increased the
amount of time that animals faced the observer shows that
the failure to obtain eye blink increases after high doses of
psychomotor stimulants is not caused by a reduced opportu-
nity to observe the animals. Finally, the rate-increasing ef-
fects of a D, agonist, SKF 81297, were not significantly
reduced by pretreatment with cocaine, which suggests that
the absence of blink-rate increases is not due to a general
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Fig. 5. Effects of indirect DA agonists on spontaneous blink rate in
cynomolgus monkeys. Values represent the mean blink rate in four
monkeys. Other details are as in figure 2.

masking effect of the indirect agonists. The present results
therefore indicate that indirect and direct DA agonists differ
in their ability to increase spontaneous eye blink rate in
cynomolgus monkeys.

The effects of direct-acting D, agonists in the present study
replicate a number of previously reported results and extend
the pharmacological characterization to include the high-
efficacy, D,-like agonists (+)-PPHT and PD 128,907. The
finding that the nonselective D,/D,/Dg agonist, (—)-apomor-
phine, significantly increased blink rate, with more than a
doubling of rate observed at the highest dose tested in the
present study (0.16 mg/kg i.m.), is in complete agreement
with results reported previously in human and nonhuman
primates (e.g., Blin et al., 1990; Lawrence and Redmond,
1991; Migler et al., 1993). The effects obtained in the present
study with the relatively selective D,-like agonists quinpirole
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Fig. 7. Time course of effects of SKF 81297 (SKF; 2.5 mg/kg i.m.} in
combination with cocaine (COC; 0.16-2.5 mg/kg) on spontaneous blink
rate in cynomolgus monkeys. Values are the mean + S.E.M. blinks/min
(n = 3/dose). Arrows indicate the time of injection of cocaine (T-45), and
SKF 81297 (T-0). Where absent, error bars are contained by the sym-
bols.

and naxagolide are also consistent with previous findings in
monkeys (Peacock et al., 1990; Elsworth et al., 1991). Overall,
the concordance between results of the present study and the
literature indicates that the effects of direct D, agonists on
blink rate are highly replicable across different laboratories
and primate species.

In this study, the partial D,-like agonist (—)-3-PPP pro-
duced increases in eye blinks comparable to those obtained
with the higher efficacy DA agonists (—)-apomorphine and
quinpirole, whereas roxindole produced relatively lower ef-
fects and terguride and SDZ 208-912 were not effective. The
rank order of the magnitude of blink-rate increases obtained
with these partial D,-like agonists, i.e., (—)-3-PPP > roxin-
dole > terguride = SDZ 208-912, is consistent with their
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reported relative intrinsic activity in vivo (Seyfried et al.,
1989; Arnt and Hyttel, 1990; Coward et al., 1990; Svensson et
al., 1991; Lahti et al., 1992). Although the intrinsic activity of
D, agonists can vary among assays, terguride and SDZ 208
912 uniformly exhibit lower intrinsic activity relative to (—)-
3-PPP. For example, under conditions in which (—)-apomor-
phine and quinpirole produce significant decreases in rat
striatal homovanillic acid levels, (—)-3-PPP is ineffective
(Lahti et al., 1992), whereas SDZ 208-912 and terguride
produce increases (Coward et al., 1990; Lahti et al., 1992). By
also using electrophysiological techniques in rats, (—)-3-PPP
reportedly has intrinsic activity of approximately 50% that of
(—)-apomorphine, whereas terguride is approximately 25%
and SDZ 208-912 is negative (Lahti et al., 1992). Thus, in
comparison with agonists with high intrinsic activity, (—)-3-
PPP has intermediate activity, whereas terguride and SDZ
208-912 exhibit effects that may be indistinguishable from
antagonists like haloperidol. Because (—)-3-PPP was as ef-
fective in the present study as (—)-apomorphine, the results
indicate that blinking can be produced by compounds show-
ing intermediate to high levels of intrinsic activity. Nonethe-
less, low-efficacy agonists such as terguride or SDZ 208-912
did not produce effects on eye blink rate, and roxindole,
which reportedly also has lower efficacy than (—)-3-PPP (Sey-
fried et al., 1989) produced both low effects and an inverted
U-shaped dose-response function, which suggested that in-
termediate intrinsic activity may be required for the induc-
tion of eye blink increases.

The results obtained with D, agonists in this study are also
in agreement with previous results obtained in monkeys
(Peacock et al., 1990; Elsworth et al., 1991). The present
finding that the partial agonist SKF 75670 caused relatively
small effects on eye blink rate is consistent with a prelimi-
nary report that SKF 38393 does not produce increases in
blinking in the monkey (Karson, 1988), whereas SKF 81297
and SKF 82958 (present results; Peacock et al., 1990) and
dihydrexidine (Elsworth et al., 1991) produce relatively
larger blink-rate increases. With respect to stimulation of
adenylyl cyclase in rat and monkey brain tissue, SKF 81297,
SKF 82958 and dihydrexidine generally exhibit higher effi-
cacy than SKF 38393 and SKF 75670 (Arnt et al., 1988;
O’Boyle et al., 1989; Andersen and Jansen, 1990; Izenwasser
and Katz, 1993). Thus, the present findings suggest that
relatively high intrinsic activity at D, receptors may be
needed to produce blink-rate increases (Elsworth et al.,
1991).

Together, the results obtained with partial D, and D,
agonists indicate that spontaneous eye blinks are sensitive
with respect to intrinsic efficacy of DA agonists; however, it
should be noted that naxagolide and (*)-PPHT produced
effects of a significantly lower magnitude than quinpirole,
whereas they reportedly possess high efficacy (Freedman et
al., 1994). Additionally, preliminary results obtained with
higher doses of several drugs examined in this study (nax-
agolide, (—)-apomorphine and PD 128,907) suggested that
high-efficacy agonists may exhibit inverted U-shaped dose-
response functions. These effects could not be systematically
investigated because of behavior-disrupting effects which ac-
company high doses of stimulants; however, it is conceivable
that high intrinsic activity may be incompatible with large
increases of blink rate. Further studies will be necessary to
determine whether this behavioral assay can resolve differ-
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TABLE 3

Dopamine Agonist-induced Blinking 1217

Pretreatment with cocaine does not alter the effects of the D, agonist SKF 81297 (2.5 mg/kg) on blink rate and observation time
. Values are mean * S.E.M. (n = 3 monkeys per group) obtained from the first two periods after saline or SKF 81297 administration (see “Methods” for details).

Blink Rate Observation Time
Cocaine
+Saline +SKF 81297 +8aline +SKF 81297
blinks/sec sec
Saline 7.9*x10 198 = 1.8 135+ 3.5 130 + 9.6
0.16 76 x07 178+ 26 132+ 76 135 +83
0.63 75x03 186 =19 149 = 0.7 122 + 9.2
25 7008 142+ 27 147 = 1.7 142 + 40

ences among compounds with intermediate to high efficacy.
Nonetheless, because terguride and SDZ 208-912 were inac-
tive, and roxindole and SKF 75670 produced both low maxi-
mal effects and inverted U-shaped dose-response functions,
this study demonstrates that DA agonists with little intrinsic
activity can be distinguished from higher efficacy com-
pounds.

In this study, the D,-like agonist, PD 128,907 (Akunne et
al., 1995; Pugsley et al., 1995; Sautel et al., 1995) produced
dose-related increases in eye blinks. Taken together with
reports that other compounds examined in this study, such
as (—)-3-PPP and the remaining compounds shown in the left
panel of figure 2, also have high affinity for the D, receptor
(Freedman et al., 1994; Sautel et al., 1995), our findings raise
the possibility that D4 receptors may be involved in blinking.
Although controversial, it is currently believed that Dy re-
ceptors are primarily located somatodendritically (Waters et
al., 1993; Svensson et al., 1994), with a high density in limbic
areas of the brain (Gehlert et al., 1992). Pharmacological
studies suggest that the Dg receptor functions as an autore-
ceptor (Pugsley et al., 1995). Although autoreceptor media-
tion of eye blinks cannot be ruled out entirely on the basis of
the present results, a more important consideration is that,
with the possible exception of PD 128,907, in vivo preference
for D; receptors is problematic (see Seabrook et al., 1995).
That is, D,:Dj, selectivity is often based on the comparison of
binding to low-affinity D, agonist sites with binding to high-
affinity D; sites, whereas comparisons of functional effects
indicate that, of the compounds examined in this study, only
PD 128,907 exhibits more than a 2- to 3-fold preference for
the D, receptor (Pugsley et al., 1995; Sautel et al., 1995). In
this respect, quinpirole and (-)-apomorphine can be consid-
ered nonselective with respect to D,:Dg affinity; findings that
these compounds, in addition to the more D, selective ago-
nist, bromocriptine (Sautel et al., 1995), increase eye blinks
(Karson, 1983) implicate the involvement of D, receptors.

The significant correlation between behavioral potencies
and D, binding affinities relative to (—)-apomorphine offers
additional evidence to support the idea that D, receptors
mediate increases in eye blinks. However, the correlation
between Dg binding and relative behavioral potencies ap-
proached significance (P < .10), making it difficult to exclude
the involvement of D, receptors on the basis of the set of
compounds examined in this study. Given that high-efficacy
D, agonists also exhibit high affinity for D, receptors (Freed-
man et al., 1994), a correlational approach to this question
may not be sufficient to rule out a possible role for D, recep-
tors. Thus, definitive evidence may only be obtained when
selective Dy antagonists become available.

The present results demonstrate that indirect agonists do

not have effects on eye blinks that are similar to those ob-
tained with direct DA agonists. It is unlikely that inadequate
doses were tested because the indirect and direct DA agonists
have behavioral effects in primates at doses similar to those
used in the present study (see e.g., Melia and Spealman,
1991; Bergman et al., 1995). Furthermore, the finding that
observation times were significantly increased indicates not
only that behaviorally active doses were used, but also that
the indirect agonists increased the opportunity to detect
changes in blink rate. Although to our knowledge these are
the first such results in monkeys, methylphenidate has been
reported to increase blink rate in schizophrenics either with-
drawn from or undergoing neuroleptic treatment (Lieberman
et al., 1987). Although species differences are a possible ex-
planation, there is generally good agreement between behav-
ioral effects of psychomotor stimulants in monkeys and hu-
mans (see Woods et al., 1987), and there is otherwise
agreement between human and monkey eye blink studies
(Karson, 1983, 1989). It is possible that the augmented blink
rate reported to accompany schizophrenia may facilitate
rate-increasing effects of methylphenidate, or, alternatively,
prolonged neuroleptic treatment may induce sensitization to
the effects of methylphenidate on blink rate. Unfortunately,
the effects of methylphenidate or other indirect agonists on
blink rate in a nonschizophrenic population do not appear to
have been studied. In contrast, the present results clearly
demonstrate that indirect dopamine agonists do not increase
eye blinks in the monkey.

The differential effects of direct and indirect agonists found
in the present study complement several previously reported
findings in other behavioral models (Rosenzweig-Lipson et
al., 1994; Katz et al., 1995; Tirelli and Witkin, 1995). For
example, the present results are similar, albeit opposite in
direction, to those of a recent study in which the effects of
direct and indirect DA agonists on gnawing in C57BL/6J mice
were compared (Tirelli and Witkin, 1995). In this case, indi-
rect agonists, but not direct agonists, induced gnawing and,
furthermore, this behavior could not be elicited by combina-
tions of D, and D, agonists. In squirrel monkeys, the indirect
agonists cocaine and GBR 12909 have effects on directly
observable behaviors that resemble those of D,, but not D,,
agonists (Rosenzweig-Lipson et al., 1994). Conversely, indi-
rect agonists and D, agonists produce characteristic in-
creases in Fl-responding in squirrel monkeys, whereas D,
agonists produce only decreases (Bergman et al., 1995; Katz
et al., 1995). Although differential effects of indirect- and
direct-acting agonists were found in the aforementioned
studies, it should be emphasized that increases in eye blinks
are produced by both D, and D, agonists, as well as nonse-
lective DA agonists such as (—)-apomorphine.
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Drug discrimination studies in primates also indicate that
direct and indirect DA agonists have differential effects. For
example, the direct DA agonists SKF 81297, SKF 82958,
quinpirole, naxagolide and (—)-apomorphine and the indirect
agonist methylphenidate substitute either completely or at
least partially for the discriminative stimulus effects of co-
caine (Kleven et al., 1990; Spealman et al., 1991) or the DA
reuptake blocker, GBR 12909 (Melia and Spealman, 1991).
In contrast, neither cocaine nor d-amphetamine substitute in
monkeys trained to discriminate (—)-apomorphine (Woolver-
ton et al., 1987; Tang and Code, 1989). Additionally, cocaine,
GBR12909 and d-amphetamine do not substitute in monkeys
trained to discriminate SKF 81297 (Rosenzweig-Lipson and
Bergman, 1993). The existence of this asymmetry in discrim-
inative stimulus effects makes it clear that behavioral effects
elicited by direct DA agonists cannot be entirely mimicked by
indirect agonists, and offers another precedent for differen-
tial effects of direct and indirect agonists on spontaneous eye
blinks.

The differential effects of direct and indirect agonists indi-
cate either that indirect agonists do not act at sites involved
in spontaneous eye blinks or that they produce other effects
which prevent the expression of DA-mediated blinking. Be-
cause indirect agonists also bind to other monocamine re-
uptake sites with high affinity (Taylor and Ho, 1978), it is
conceivable that indirect enhancement of noradrenergic or
serotoninergic neurotransmission may mask DA-induced in-
creases in eye blinking. However, the finding that the rela-
tively DA-selective reuptake blocker GBR 12935 was not
effective suggests that 5-HT does not play a role in limiting
eye blink increases. In this study, the possibility that a com-
mon effect of the indirect agonists masks their ability to
increase eye blinking in the monkey was examined by pre-
treating monkeys with cocaine before the administration of a
behaviorally active dose of SKF 81297. Although a small
reduction was observed after pretreatment with the highest
dose of cocaine (2.5 mg/kg), overall, cocaine did not alter the
blink-increasing effects produced by SKF 81297. Nor was
there an augmentation of blink rate, as has been reported
after combined treatment with SKF 81297 and quinpirole in
Cebus monkeys withdrawn from haloperidol (Peacock et al.,
1990). Therefore, our results suggest that it is unlikely that
another effect of indirect agonists prevents blink-rate in-
creases.

An explanation for the findings that indirect agonists nei-
ther increase blink rate nor inhibit D, agonist-induced blink-
ing is that DA reuptake sites are absent at the site(s) medi-
ating DA-induced increases in spontaneous eye blinks. One
possible site is the superior colliculus, a region that 1) is
strongly implicated in spontaneous blinking (Karson, 1989),
2) contains low, but distinctly measurable populations of D,
and D, receptors (Chivers et al., 1984; Weller et al., 1987;
Camps et al., 1989; Cortes et al., 1989; Yokoyama et al., 1994)
and 3) has not been demonstrated to have DA transporters
(Weller et al., 1987). Evidence for the involvement of the
superior colliculus in blinking is based on a decreased spon-
taneous blink rate in patients with progressive supranuclear
palsy or tumors that affect the superior colliculus and a study
in nonhuman primates showing that ablation of the superior
colliculus causes long, blinkless staring spells (see Karson,
1989). Although it has been cited as an example of an area
with mismatch between receptors and innervation
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(Yokoyama et al., 1994), there is anatomical evidence for a
DA-containing substantia nigra-superior colliculus pathway
(Takada et al., 1988; Moriizumi et al., 1992). [With respect to
the reduced blink rate in Parkinson’s disease (Karson et al.,
1984) and in animal models (Colpaert et al., 1991; Lawrence
and Redmond, 1991), this pathway is destroyed by MPTP
(Takada et al., 1988)]. However, DA concentrations in the
superior colliculus are extremely low (Weller et al., 1987)
and, possibly as a result of sparse innervation, transporter-
mediated uptake of [*Hldopamine cannot be demonstrated
(Weller et al., 1987). The apparent absence of reuptake sites
in a highly implicated region such as the superior colliculus
could explain our findings, yet it remains to be determined
whether differential effects might be observed after the ap-
plication of indirect- and direct-acting DA agonists in this
site or in other regions implicated in spontaneous eye blink-
ing (Karson, 1983).

In summary, this study reveals differential effects of direct
and indirect DA agonists on spontaneous eye blinks in cyno-
molgus monkeys. The pharmacological characterization of
DA-induced increases in blinking demonstrates that both
selective and nonselective D, and D, agonists are effective
and that low-efficacy agonists generally produced effects of a
lower magnitude than those observed after (—)-apomorphine
or quinpirole; in contrast, none of the indirect agonists pro-
duced increases in eye blinks. Differences between direct and
indirect agonists could be expected based on previous studies
comparing their discriminative stimulus and observable be-
havioral effects and the pharmacological mechanisms by
which these compounds exert their actions. The findings of
this study extend such differences to a behavior that is easily
quantifiable in humans and in nonhuman primates.

Acknowledgments

We thank Drs. Eric P. M. Prinssen and F. C. Colpaert for helpful
comments and discussion of previous versions of this manuscript,
Martine Alquier for technical assistance, Joél Besnard for data man-
agement and Dr. Anne Degryse for veterinary assistance. We also
thank the drug companies listed under “Methods” for their generous
gifts of drugs used in these studies.

References

AXUNNE, H. C., ToweRs, P., ELLis, G. J., DUKSTRA, D., WIKSTROM, H., HEFFNER, T.
G., Wisg, L. D. anp Pugsiey, T. A.: Characterization of binding of [*HIPD
128907, a selective dopamine D3 receptor agonist ligand, to CHO-K1 cells.
Life Sci. 87: 1401-1410, 1995.

ANDERSEN, P. H. AND JaNsEN, J. A.: Dopamine receptor agonists: selectivity and
dopamine D1 receptor efficacy. Eur. J. Pharmacol. 188: 3356-347, 1990.

ARNT, J., Bogeso, K. P., HYTTEL, J. AND MEIER, E.: Relative dopamine D1 and D2
receptor affinity and efficacy determine whether dopamine agonists induce
hyperactivity or oral stereotypy in rats. Pharmacol. Toxicol. 82: 121-130,
1988.

ARNT, J. AND HYTTEL, J.: Dopamine D-2 agonists with high and low efficacies:
Differentiation by behavioral techniques. J. Neural. Transm. 80: 33-50,
1990.

Barroszyk, G. D., HARTING, J. AND MINCK, K. O.: Roxindole: Psychopharmaco-
logical profile of a dopamine D2 autoreceptor agonist. J. Pharmacol. Exp.
Ther. 276: 4148, 1996.

BERGMAN, J., ROSENZWEIG-LIPSON, S. AND SPEALMAN, R. D.: Differential effects of
dopamine D1 and D2 receptor agonists on schedule-controlled behavior of
squirrel monkeys. J. Pharmacol. Exp. Ther. 278: 40-48, 1995.

BLIN, O., MaAssoN, G., AzuLaY, J. P., FONDARAI, J. AND SERRATRICE, G.: Apomor-
phine-induced blinking and yawning in healthy volunteers. Br. J. Clin.
Pharmacol. 30: 769-773, 1990.

Camps, M., Cortes, R., GUEYE, B., ProBsT, A. AND PaLacios, J. M.: Dopamine
receptors in human brain: Autoradiographic distribution of D2 sites. Neu-
roscience 28: 275-290, 1989.

CHio, C. L., Laymess, M. E. anp Hurr, R. M.: Activation of heterologously
expressed D3 dopamine receptors: comparison with D2 dopamine receptors.
Mol. Pharmacol. 45: 51-60, 1994.



1996

CHIVERs, J. K., HaLi, M. D., KeLLY, E., JENNER, P. AND MarsDEN, C. D.: Dopa-
mine receptor binding sites in the rat superior colliculus. J. Pharm. Phar-
macol. 36; 484488, 1984.

CoLPAERT, F. C., DEGRYSE, A. D. AND VAN CRAENENDONCK, H.: Effects of an alpha
2 antagonist in a 20-year-old Java monkey with MPTP-induced parkinso-
nian signs. Brain Res. Bull. 28: 627-631, 1991.

CorTES, R., GUEYE, B., Pazos, A., PRoBST, A. AND PaAracios, J. M.: Dopamine
receptors in human brain: Autoradiographic distribution of D1 sites. Neu-
roscience 28: 263273, 1989.

Cowarp, D. M., DixoN, A. K., URWYLER, S., WHITE, T. G., ENz, A., KAROBATH, M.
AND SHEARMAN, G.: Partial dopamine-agonistic and atypical neuroleptic prop-
erties of the amino-ergolines SDZ 208-911 and SDZ 208-912. J. Pharmacol.
Exp. Ther. 252: 279-285, 1990.

ELSWORTH, J. D., LAWRENCE, M. S., RotH, R. H., TAYLOR, J. R., MaiLMaN, R. B.,
Nicuors, D. E., LEwis, M. H. ano Repmonp, D. J.: D1 and D2 dopamine
receptors independently regulate spontaneous blink rate in the vervet mon-
key. J. Pharmacol. Exp. Ther. 259: 595-600, 1991.

FERRIER, I. N., JOUNSTONE, E. C. AND Crow, T. J.: Clinical effects of apomorphine
in schizophrenia. Br. J. Psychiatry 144: 341-348, 1984.

FREEDMAN, S. B., PaTEL, S., MARWOOD, R., EMMS, F., SEABROOK, G. R., KNOWLES,
M. R. AND MCALLISTER, G.: Expression and pharmacological characterization
of the human D3 receptor. J. Pharmacol. Exp. Ther. 268: 417426, 1994.

GEHLERT, D. R., GACKENHEIMER, S. L., SEEMAN, P. AND ScHaus, J.: Autoradio-
graphic localization of [*H]-quinpirole binding to dopamine D2 and D3
receptors in rat brain. Eur. J. Pharmacol. 211: 189-194, 1992.

1ZENWASSER, S. AND KaTz, J. L.: Differential efficacies of dopamine D1 receptor
agonists for stimulating adenylyl cyclase in squirrel monkey and rat. Eur.
J. Pharmacol. 248: 39-44, 1993.

KarsoN, C. N.: Spontaneous eye-blink rates and dopaminergic systems. Brain
108: 643-653, 1983.

KarsoN, C. N.: Physiology of normal and abnormal blinking. Adv. Neurol. 48:
25-37, 1988.

Karson, C. N.: Blinking. Bull. Soc. Belge Ophtalmol. 237: 443-457, 1989.

KarsoN, C. N., Burns, R. S., LEWrrT, P. A, FosTeR, N. L. AND NEWMAN, R. P.:
Blink rates and disorders of movement. Neurology 34: 677-678, 1984.

Karson, C., Freep, W. J., KLEmnMaN, J. E,, BiceLow, L. B. anD Wyarr, R. J.:
Neuroleptics decrease blinking in schizophrenic subjects. Biol. Psychiatry
16: 679-682, 1981.

KarsoNn, C. N., LEWrrT, P. A., CaLNE, D. B. AND WyarT, R. J.: Blink rates in
parkinsonism. Ann. Neurol. 12: 580-583, 1982.

Kartz, J. L., ALLING, K., SHORES, E. AND WITKIN, J. M.: Effects of D1 dopamine
agonists on schedule-controlled behavior in the squirrel monkey. Behav.
Pharmacol. 8: 143-148, 1995.

KitaMURa, T., KAHN, A., KUMAR, R. AND MACINTOSH, J. H.: Blink rate and blunted
affect among chronic schizophrenic patients. Biol. Psychiatry 19: 429-434,
1984.

KLEIN, C., ANDRESEN, B. AND THoM, E.: Blinking, alpha brain waves and smok-
ing in schizophrenia. Acta Psychiatr. Scand. 87: 172-178, 1993.

KLEVEN, M. S., ANTHONY, E. W. AND WooLVERTON, W. L.: Pharmacological
characterization of the discriminative stimulus effects of cocaine in rhesus
monkeys. J. Pharmacol. Exp. Ther. 254: 312-317, 1990.

Laum, R. A, XiGuUre, L. L. M., PiErcey, M. F., RuppEL, P. L. anD Evans, D. L.:
Intrinsic activity determinations at the dopamine D2 guanine nucleotide-
binding protein-coupled receptor: Utilization of receptor state binding affin-
ities. Mol. Pharmacol. 42: 432438, 1992.

LAWRENCE, M. S. AND REDMOND, D. J.: MPTP lesions and dopaminergic drugs
alter eye blink rate in African green monkeys. Pharmacol. Biochem. Behav.
38: 869-874, 1991.

LAWRENCE, M. S., REpMoND, D. J., ELsworTH, J. D., TAYLOR, J. R. aND RoTH, R.
H.: The D1 receptor antagonist, SCH 23390, induces signs of parkinsonism
in African green monkeys. Life Sci. 49: 229-234, 1991.

Lewis, M. H., GLUCK, J. P., BEAUCHAMP, A. J., KERESZTURY, M. F. AND MAILMAN,
R. B.: Long-term effects of early social isolation in Macaca mulatta: Changes
in dopamine receptor function following apomorphine challenge. Brain Res.
513: 67-73, 1990.

LiEBERMAN, J. A., KANE, J. M., SARANTAKOS, S., GADALETA, D., WOERNER, M.,
ALVIR, J. AND Ramos, L. J.: Prediction of relapse in schizophrenia. Arch. Gen.
Psychiatry 44: 597-603, 1987.

Mabras, B. K., FaHEY, M. A, CANFIELD, D. R. AND SpEALMAN, R. D.: D1 and D2
dopamine receptors in caudate-putamen of nonhuman primates (Macaca
fascicularis). J. Neurochem. 51: 934-943, 1988.

Manman, R. B., Scuurz, D. W., Lewis, M. H,, StariEs, L., RoLLEMA, H. aND
DEHAVEN, D. L.: SCH-23390: A selective D1 dopamine antagonist with potent
D2 behavioral actions. Eur. J. Pharmacol. 101: 159160, 1984.

MEeLis, K. F. anp Spearman, R. D.: Pharmacological characterization of the
discriminative-stimulus effects of GBR 12909. J. Pharmacol. Exp. Ther. 258:
626-632, 1991.

MIGLER, B. M., Warawa, E. J. AND MALICK, J. B.: Seroquel: Behavioral effects in
conventional and novel tests for atypical antipsychotic drug. Psychopharma-
cology 112: 299-307, 1993.

Morizumi, T., LEbuc, C. B.,, Wu, J. Y. AND HaTroRl, T.: Separate neuronal
populations of the rat substantia nigra pars lateralis with distinct projection
sites and transmitter phenotypes. Neuroscience 48: 711-720, 1992.

Dopamine Agonist-Induced Blinking 1219

O’'BovLg, K. M., GarranopouLous, D. E., BRENNER, M. AND WADDINGTON, J. L.:
Agonist and antagonist properties of benzazepine and thienopyridine deriv-
atives at the D1 dopamine receptor. Neuropharmacology 28: 401405, 1989.

PEACOCK, L., LUuBuiN, H. AND GERLACH, J.: The effects of dopamine D1 and D2
receptor agonists and antagonists in monkeys withdrawn from long-term
neuroleptic treatment. Eur. J. Pharmacol. 188: 49-59, 1990.

PuasiLey, T. A., Davis, M. D., Akunng, H. C., Mackenzig, R. G, Sum, Y. H,,
DamsMa, G., WikstroM, H., WHETZEL, S. Z., GEORGIC, L. M., CoOKE, L. W,
Dematros, S. B., CorBIN, A. E., GLASE, S. A., Wisg, L. D., DWksTtrA, D. aND
HerrNER, T. F.: Neurochemical and functional characterization of the pref-
erentially selective dopamine D3 agonist PD 128907. J. Pharmacol. Exp.
Ther. 275: 1355-1366, 1995.

ROSENZWEIG-LIPSON, S. AND BERGMAN, J.: Dopamine D1 receptor involvement in
the discriminative-stimulus effects of SKF 81297 in squirrel monkeys.
J. Pharmacol. Exp. Ther. 287: 765-775, 1993.

ROSENZWEIG-LiPSoN, S., HESTERBERG, P. AND BERGMAN, J.: Observational studies
of dopamine D1 and D2 agonists in squirrel monkeys. Psychopharmacology
116: 9-18, 1994.

SauteL, F., GriFroN, N., LEVESQUE, D., P1LoN, C., SCHWARTZ, J. C. AND SOKOLOFF,
P.: A functional test identifies dopamine agonists selective for D3 versus D2
receptors. Neuroreport 6: 329-332, 1995.

SeaBROOK, G. R., PATEL, S., Hutson, P. H,, Ragan, C. 1. aNp Bristow, L. J.:
Functional relevance of dopamine receptors. Trends Pharmacol. Sci. 16:
406407, 1995.

SEEMAN, P. anp VaN ToL, H. H. M.: Dopamine receptor pharmacology. Curr.
Opin. Neurol. Neurosurg. 6: 603608, 1993.

SEYFRIED, C. A., GREINER, H. E. AND HaasEg, A. F.: Biochemical and functional
studies on EMD 49 980: a potent, selectively presynaptic D-2 dopamine
agonist with actions on serotonin systems. Eur. J. Pharmacol. 160: 31-41,
1989.

SpeaLMaN, R. D., BErGMAN, J., MADRAS, B. K. AND MELIA, K. F.: Discriminative
stimulus effects of cocaine in squirrel monkeys: Involvement of dopamine
receptor subtypes. J. Pharmacol. Exp. Ther. 258: 945-953, 1991.

SveNnsson, K., CARLSSON, A. AND WATERS, N.: Locomotor inhibition by the D3
ligand R~(+)-7-OH-DPAT is independent of changes in dopamine release.
J. Neural. Transm. 95: 71-74, 1994,

Svensson, K., EkMan, A., Prercey, M. F., Horruann, W. E., Lum, J. T. anp
CARLSSON, A.: Effects of the partial dopamine receptor agonists SDZ 208-
911, SDZ 208,912 and terguride on central monoamine receptors. Naunyn-
Schmiedeberg’s Arch. Pharmacol. 288: 263-274, 1991.

TaxADA, M., L1, Z. K. anp Harrori, T.: Dopaminergic nigrotectal projection in
the rat. Brain Res. 487: 165-168, 1988.

TANG, A. H. aND CoDE, R. A.: Studies on the discriminative stimulus properties
of apomorphine in rhesus monkeys. Psychopharmacology 87: 418422, 1989.

TavYLoR, D. aND Ho, B. T.: Comparison of inhibition of monoamine uptake by
cocaine, methylphenidate and amphetamine. Res. Commun. Chem. Pathol.
Pharmacol. 21: 67-75, 1978.

TiReLLI, E. AND WITKIN, J. M.: Differential effects of direct and indirect dopa-
mine agonists on the induction of gnawing in C57Bl/6J mice. J. Pharmacol.
Exp. Ther. 273: 7-15, 1995.

WADDINGTON, J. L.: Behavioral correlates of the action of selective D-1 dopa-
mine receptor antagonists. Impact of SCH 23390 and SKF 83566, and
functionally interactive D-1:D-2 receptor systems. Biochem. Pharmacol. 35:
3661-3667, 1986.

WALTERS, J. R., BERGSTROM, D. A, CARLSON, J. H., CHasE, T. N. AND BRAUN, A. R.:
D1 dopamine receptor activation required for postsynaptic expression of D2
agonist effects. Science 236: 719-722, 1987.

WAaTERS, N., SvenssoN, K., HaADsMA, S. S., SmrtH, M. W. AND CARLSSON, A.: The
dopamine D3-receptor: A postsynaptic receptor inhibitory on rat locomotor
activity. J. Neural. Transm. 94: 11-19, 1993.

WELLER, M. E., Rosk, S., JENNER, P. AND MARSDEN, C. D.: In vitro characterisa-
tion of dopamine receptors in the superior colliculus of the rat. Neurophar-
macology 26: 347-354, 1987.

WINER, B. J.: Statistical Principles in Experimental Design, McGraw-Hill Book
Company, New York, 1971.

Woobs, J. H., WINGER, G. D. AND FrancE, C. P.: Reinforcing and discriminative
stimulus effects of cocaine: Analysis of pharmacological mechanisms. In
Cocaine: Clinical and Biobehavioral Aspects, ed. by S. Fisher, A. Raskin and
E. H. Uhlenhuth, pp. 21-65, Oxford University Press, New York, 1987.

WooLVERTON, W. L., KAMIEN, J. B. AND GOLDBERG, L. I.: Pharmacological anal-
ysis of the apomorphine discriminative stimulus in rheaus monkeys. J. Phar-
macol. Exp. Ther. 241: 213-217, 1987.

Yoxovama, C., OkaMuRra, H., NakayMa, T., TagucHl, J.-1. AND YasuHiko, 1.
Autoradiographic distribution of [*H]YM-091561-2, a high-affinity and se-
lective antagonist ligand for the dopamine D2 receptor group, in the rat
brain and spinal cord. J. Comp. Neurol. 344: 121-136, 1994.

Send reprint requests to: Mark S. Kleven, Ph.D., Centre de Recherche
Pierre Fabre, 17 avenue Jean Moulin, 81106 Castres Cedex France.



https://www.researchgate.net/publication/14240120

