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ABSTRACT 
Administration of the dopamine receptor agonist apomorphine 

causes a dose-dependent increase in plasma oxytocin concentrations 
and dose-specific behavioral changes in rodents. To investigate whether 
dopamine receptor agonists will elicit similar neuroendocrine and be- 
havioral effects in primates, we administered graded doses of apomor- 
phine and the respective dopamine D, and DP receptor agonists, CY 
208-243 and LY 163502, to monkeys and monitored plasma concentra- 
tions of oxytocin and behavior. Five female rhesus, two male rhesus, 
and two male cynomolgus monkeys had chronic indwelling venous 
catheters implanted and were maintained on standard jacket/tether/ 
swivel systems to allow remote blood sample collection. During exper- 
iments, blood samples were collected 10 and 5 min before drug injection 
and at 2- to 120-min intervals after each injection. Apomorphine (50- 
400 @g/kg) and LY 163502 (lo-100 rg/kg) elicited dose-dependent 

stimulations of oxytocin secretion. CY 208-243 (100-400 fig/kg) did 
not significantly affect oxytocin secretion. Low doses of apomorphine 
(50-100 valke) and LY 163502 (lo-25 rrelke) elicited vawnina. and 
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high doses of apomorphine (200-400 rg/kg) and LY 163502 (56-100 
uelkel elicited stereotvnic behaviors. No behavioral effects of CY 208- 
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243 (100-400 rg/kg) were observed. The magnitude of the oxytocin 
secretory responses varied among animals, but was similar in male and 
female monkeys. In summary, apomorphine and LY 163502 both 
elicited dose-related stimulation of oxytocin secretion coupled with 
dose-specific behavioral changes in male and female monkeys, while 
no effects of CY 208-243 on these parameters were observed. We 
conclude that dopamine receptor agonists, and in particular D2 agonists, 
may be useful tools for studies exploring the physiological and behav- 
ioral actions of oxytocin in primates. (J Clin Endocrinol Metab 75: 
855-860, 1992) 

0 XYTOCIN is a nonapeptide that is synthesized in mag- 
nocellular and parvocellular neurons of the paraven- 

tricular and supraoptic nuclei of the hypothalamus and is 
released from the mammalian neurohypophysis in response 
to appropriate physiological stimuli. The release of oxytocin 
into the peripheral circulation has been associated with a 
variety of reproductive-related behaviors, including milk 
ejection (l), labor and delivery (2), ovulation (3), and coitus 
(4). Moreover, the administration of oxytocin into the central 
nervous system of rodents elicits specific reproductive-re- 
lated behaviors, such as the induction of maternal behavior 
(5) and sexual behavior in male and female rats (6, 7). 

Peripheral administration of the dopamine receptor ago- 
nist apomorphine, which binds to dopamine Di and D2 
receptors (8, 9), causes penile erection and yawning in male 
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rats in conjunction with increases in plasma oxytocin con- 
centrations (10). Moreover, intracerebroventricular (icv) in- 
jection of oxytocin into rats elicits penile erection and yawn- 
ing in male rats (11). Penile erection and yawning induced 
by administration of either icv oxytocin or peripheral apo- 
morphine are antagonized in a dose-dependent manner by 
icv pretreatment with an oxytocin antagonist (12). These 
observations suggest that dopamine facilitates oxytocin re- 
lease in male rats and that oxytocin may mediate these 
behaviors in rodents. 

Although little is known regarding the roles of oxytocin 
and dopamine in sexual behavior in primates, recent studies 
have demonstrated that, similar to rats, apomorphine facili- 
tates male sexual behavior in rhesus monkeys (13) and penile 
erections in normal and impotent men (14, 15). Whether 
these behavioral effects of apomorphine in primates are 
mediated through oxytocin release is unknown. Therefore, 
in the present study we administered dopamine receptor 
agonists to male and female monkeys and monitored both 
the oxytocin secretory responses in peripheral blood and 
behavior in order to correlate neuroendocrine and behavioral 
responses to these agents. 

Materials and Methods 

Animals 

The animals used for this study were five adult female rhesus (no. 
1319, 1479, 1807, 1863, and 2032), two adult male rhesus (no. 1851 
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and 1957), and two adult male cynomolgus monkeys (no. 2051 and 
2077). The female monkeys did not have regular menstrual cycles, but, 
rather, showed intermittent menstrual bleeding; therefore, the experi- 
ments in these animals were performed without regard to the stage of 
the menstrual cycle. The studies were conducted at the Primate Research 
Laboratory of the Center for Research in Reproductive Physiology at the 
University of Pittsburgh. The monkeys were housed individually in a 
temperature-controlled room (24 c 2 C) in which the lights were on 
between 0700-1900 h. The animals were fed daily at 1100 h a standard 
diet of monkey chow supplemented with fresh fruits. Water was given 
to the animals ad libitum. 

At least 2 weeks before initiation of the studies, each monkey had a 
chronic indwelling Silastic catheter placed into either a femoral or jugular 
vein using sterile surgical techniques. The other end of the catheter was 
exteriorized through a cutaneous incision at the midscapular region of 
the back, and the catheter was run through a flexible metal tether to 
attach to a swivel (Alice King Chatham, Inc., Los Angeles, CA) mounted 
on top of the monkey’s cage. Silastic tubing extended from the top of 
the swivel, through a hole in the wall, to an adjacent room to allow 
remote collection of blood samples, The catheter was kept patent with 
a continuous infusion of heparinized (2.5 IU/mL) 0.9% saline at a rate 
of approximately 100 ml/day. The animals were fitted with jackets to 
prevent their access to the catheter (16). 

Experimental protocol 

Each monkey was studied on multiple occasions to test the neuroen- 
docrine and behavioral responses to various doses of several dopamine 
agonists. On the day of each experiment, the following drugs, or the 
vehicle used to solubilize the drug, were administered iv at 0900 h using 
a randomized schedule, with 72 h or more intervening between the test 
paradigms: apomorphine (Research Biomedicals, Inc., Natick, MA; 50, 
100, 200, and 400 rg/kg); (-)-lO,ll-methylenedioxy-N-A-propylnora- 
porphine (MDO-NPA), a long-acting apomorphine derivative (17) (Re- 
search Biochemicals; 200, 400, and 800 rg/kg); LY 163502, a dopamine 
Dz receptor agonist (Eli Lilly Co., Indianapolis, IN; 10, 25, 50, and 100 
fig/kg); and CY 208-243, a dopamine D, receptor agonist (Sandoz 
Pharmaceuticals, Basel, Switzerland; 100-400 fig/kg). Apomorphine and 
MDO-NPA were solubilized in 10% dimethylsulfoxide, CY-208-248 
was solubilized in 0.1 M tartaric acid, and LY 163502 was solubilized in 
saline. Two blood samples were collected at 5-min intervals (-10 and 
-5 min) before administration of the drug, and one blood sample was 
drawn immediately after drug infusion (+2 min). Blood samples were 
then drawn at IO-min intervals for the first hour and at 30.min intervals 
for the second hour after drug administration. Blood was collected into 
sterile heparinized syringes, transferred to sterile tubes, and then centri- 
fuged at 3000 X g for 15 min. The plasma was separated from the red 
blood cells and stored at -20 C until assay. Red blood cells were 
resuspended in 0.9% saline and reinfused into the animals. Oxytocin 
was measured in plasma after acetone-ether extraction, using an anti- 
body specific for intact oxytocin (18-20). The inter- and intraassay 
coefficients of variation for the oxytocin assays were 10%. 

During the experiments, the behavior of the animals was assessed by 
conducting a series of 5-min observations. Behavioral observations were 
initiated 5 min before drug treatment, continued immediately after 
treatment, and repeated at lo-min intervals thereafter. Behaviors that 
were scored included episodes of yawning, signs of oral hyperkinesia 
(e.g. vacuous chewing, licking, and gnawing), and repetitive hypermo- 
bility (e.g. flipping, bobbing, and turning). In males, the occurrence of 
penile erections was also noted. 

Data analysis 

The oxytocin secretory response was calculated as the area under the 
curve. Area under the blood oxytocin concentration-time curves in 
response to apomorphine and other dopamine receptor agonists was 
calculated using an approximate integration formula. Specifically, the 
trapezoidal rule was used (21), in which each segment of the curve 
(between each two adjacent time points) was connected by a straight 
line, allowing the curve to be divided into a series of trapezoids. Areas 
of each trapezoid were calculated and added together, and the baseline 

area was subtracted to give a final area under the curve value. A one- 
way analysis of variance with repeated measures was used to investigate 
between-group comparisons. A significant omnibus test was followed 
by Dunnett’s test, comparing each level with vehicle group values. 

Results 

The administration of apomorphine increased plasma ox- 
ytocin concentrations in a dose-dependent fashion (Figs. l- 
3 and Table 1). The pattern of the oxytocin secretory response 
to increasing doses of apomorphine is shown for one female 
rhesus monkey (no. 1319; Fig. 1) and one male cynomolgus 
monkey (no. 2077; Fig. 2). In most animals, after apomor- 
phine administration (200 and 400 pg/kg), plasma oxytocin 
concentrations increased within minutes of injection of apo- 
morphine and remained elevated above predrug levels for 
30-60 min. However, the magnitude of the oxytocin secre- 
tory response was quite variable among the animals, so that 
a statistically significant (P 5 0.05) oxytocin response for the 
group was only apparent at the 400 pg/kg dose of apomor- 
phine. Within a given monkey, the magnitude of the oxytocin 
secretory response was heightened, and the time period 
between apomorphine injection and peak oxytocin levels 
was decreased as the dose of apomorphine was increased 
(Figs. 1 and 2). 
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FIG. 1. Plasma oxytocin responses to increasing concentrations of 
apomorphine in a female rhesus monkey (no. 1319). The oxytocin 
response to vehicle (dimethylsulfoxide (DMSO)] administration is 
shown in the top panel. 
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FIG. 2. Plasma oxytocin responses to increasing concentrations of 
apomorphine in an adult male cynomolgus monkey (no. 2077). 

MDO-NPA, a long-acting derivative of apomorphine, also 
induced an increase in the plasma oxytocin secretory re- 
sponse in the animals (200, 400, and 800 Fg/kg). The pattern 
of the oxytocin secretory response induced by MDO-NPA 
was similar to that induced by apomorphine (data not 
shown). 

We also tested the effect of administering iv the respective 
dopamine D1 and D2 receptor agonists, CY 208-243 and LY 
163502, on the oxytocin secretory response in these animals. 
The dopamine D2 receptor agonist LY 163502 (lo-100 pg/ 
kg) elicited a dose-dependent increase in plasma oxytocin 
concentrations (Fig. 4 and Table 1). Although, again because 
of variable oxytocin responses among animals, only the 50 
pg/kg dose of LY 163502 caused a statistically significant (P 
< 0.05) increase in the mean oxytocin release for the group. 
However, the overall pattern of the oxytocin secretory re- 
sponse to this dopamine D Z agonist was similar to that 

observed with apomorphine. In contrast, CY 208-243 (loo- 
400 pg/kg) increased plasma oxytocin concentrations only at 
the 400 pg/kg dose (to a mean level of 122 f  54 pU/h.mL), 
and this effect failed to reach statistical significance. There 
was no apparent stimulation in any of the monkeys at lower 
doses of CY 208-243. 

We correlated the behavioral observations in these animals 
with the oxytocin secretory responses to graded doses of 
apomorphine, CY 208-243, and LY 163502. No behavioral 
effects of CY 208-243 (100-400 pg/kg) were observed. Apo- 
morphine and LY 163502 both induced repeated episodes of 
yawning or oral dyskinesia coupled with hypermobility. The 
behaviors had their onset immediately after the injection of 
the drug and persisted throughout the first 15-20 min of the 
60-min observation period. The percentage of animals dis- 
playing yawning (shown in the top panel of Fig. 3) was 
greatest with the lower doses of apomorphine (50-100 pg/ 
kg) and was not observed at the highest dose of apomorphine 
(400 pg/kg). In contrast, the percentage of animals exhibiting 
oral dyskinesia and hypermobility (shown in the middle panel 
of Fig. 3) increased as the dose of administered apomorphine 
increased and was observed infrequently at the lowest dose 
of apomorphine (50 pg/kg). Neither yawning nor oral dys- 
kinesia was observed after the administration of vehicle. 

Similar patterns of behavior were noted in response to the 
various doses of LY 163502. Low doses of LY 163502 (lo- 
25 pg/kg) elicited the highest levels of yawning, and high 
doses (50-100 pg/kg) elicited stereotypy in 100% of the 
monkeys (Fig. 4). At lower doses of apomorphine and LY 
163502, no significant increases in plasma oxytocin concen- 
trations were associated with yawning (Figs. 3 and 4). How- 
ever, at higher doses of apomorphine and LY 163502, in- 
creases in plasma oxytocin concentrations were associated 
with oral dyskinesia and hypermobility (Figs. 3 and 4). Penile 
erections were observed in one, two, one, and zero of the 
four male monkeys administered 50, 100, 200, and 400 pLg/ 
kg apomorphine, respectively. One of the four male monkeys 
exhibited penile erections after 10 pg/kg LY 163502. Emetic 
responses were not observed in any of the animals during 
any of the studies. 

Discussion 

The results of this study in monkeys are in partial agree- 
ment with those of previous studies performed in rats. We 

TABLE 1. Oxytocin secretory response to dopaminergic agonists 

Dose of apomorphine (pg/kg) 

Vehicle 50 100 200 400 

No. of animals 9 6 9 9 8 
Mean + SE 27.2 + 17 44.3 f 34 66.2 + 24 106.2 + 33 157 + 44 

Dose of LY 163502 (pg/kg) 

Vehicle 10 25 50 10 

No. of animals 9 7 4 9 4 
Mean + SE 27.2 + 17 44 f 17 38+32 86 + 33 186 f 96 

Values are microunits of oxytocin per h/mL. 
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FIG. 3. Effects of increasing concentrations of apomorphine on the 
percentage of monkeys displaying yawning (top panel), the percentage 
of monkeys showing stereotypic behaviors (middle panel), and plasma 
oxytocin secretion (bottom panel; reported as total release over the first 
hour after the apomorphine injection). The number of monkeys studied 
at each dose is indicated in the insets in the bottom panel bars. 

found that the dopaminergic receptor agonist apomorphine 
increased the concentration of oxytocin in the peripheral 
circulation of monkeys, as it did in rodents, in a dose- 
dependent fashion (10). In rats, no significant oxytocin se- 
cretory response was seen with an apomorphine dose of 80 
&kg (10). In monkeys, increases in oxytocin were not found 
at low doses (e.g. 50 pg/kg), but were elicited as the dose 
was increased. The oxytocin secretory response to apomor- 
phine was observed in female rhesus monkeys as well as in 
male rhesus and cynomolgus monkeys, indicating that the 
response is not sex related or species specific. The oxytocin 
secretory response was quite variable among the animals, 
with some monkeys displaying marked increases, and others 
displaying minimal increases in plasma oxytocin concentra- 
tions. The cause of the variable oxytocin response to apo- 
morphine among the different animals used in this study is 
not known. However, a similar variability in behavioral 
responses to apomorphine was found (as discussed below). 
Interestingly, within given monkeys there was a strong cor- 
relation between the oxytocin and behavioral responses to 
apomorphine, so that monkeys who showed the most dra- 
matic oxytocin secretory responses to the high doses of 
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FIG. 4. Effects of increasing concentrations of LY 163502. See Fig. 3 
for details. 

apomorphine (e.g. 200 and 400 pg/kg) also showed the 
greatest amount of stereotypic behavior and hypermobility 
at these doses. This finding suggests that these responses to 
dopamine stimulation may be linked to each other and that 
a threshold for responsiveness may exist that is variable 
among animals. Alternatively, the oxytocin and behavioral 
responses to apomorphine may be unrelated to each other, 
and the variable responses among animals may result from 
differences in factors such as dopamine receptor distribution 
or availability. 

Since the effects of apomorphine on the release of neuro- 
hypophysial hormones in rodents are believed to be mediated 
by the dopamine D2 receptor (lo-12), we administered do- 
pamine D1 and D2 receptor agonists to the monkeys to 
evaluate whether one or both of these dopamine receptor 
subtypes were responsible for regulating oxytocin activity. A 
dose-related release of oxytocin was found with the dopa- 
mine Dz receptor agonist LY 163502, whereas only a nonsig- 
nificant increased trend in plasma oxytocin concentrations 
was found with the highest dose (400 pg/kg) of CY 20% 
243. This trend toward an increase in oxytocin concentrations 
by the dopamine D1 receptor agonist CY 208-243 at a dose 
of 400 pg/kg, but not at lower doses, may be explained by 
the moderate affinity of this particular agonist for dopamine 
D2 receptors (22). Importantly, CY 208-243 did not elicit any 
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behavioral effects in these animals, whereas both apomor- 
phine and the dopamine D2 receptor agonist LY 163502 
elicited dose-related stimulations of oxytocin coupled with 
dose-specific behavioral changes in monkeys. Thus, dopa- 
mine D2 receptors, as opposed to D1 receptors, may be 
primarily responsible for regulating oxytocin secretion in 
primates. 

In rodents, there is abundant evidence that apomorphine 
induces penile erection and yawning by releasing oxytocin 
into the central nervous system (11, 12). In rodents low doses 
of apomorphine (40 and 80 pg/kg) elicit yawning and penile 
erections, whereas doses of apomorphine of 100 pg/kg or 
more cause hypermobility and stereotypy (10). In monkeys, 
although low doses of apomorphine (SO-100 pg/kg) elicited 
yawning in the male and female monkeys that were studied 
and penile erections in two of the four male monkeys ad- 
ministered 100 wg/kg apomorphine, only a modest increase 
in oxytocin secretion was observed. In contrast, whereas 
yawning and penile erections were rarely observed at 100 
pg/kg apomorphine, these doses produced a substantial re- 
lease of oxytocin as well as oral dyskinesia and stereotypy in 
all monkeys that we studied. Thus, it seems unlikely that in 
macaques, oxytocin mediates the behaviors of yawning and 
penile erections that are elicited by apomorphine administra- 
tion. Of course, however, final proof of this conclusion will 
only be determined in experiments examining the behavioral 
responses to apomorphine in the presence of an oxytocin 
antagonist or antiserum. 

To the best of our knowledge, dopamine’s influence on 
plasma oxytocin concentrations has not been previously 
tested in monkeys. Apomorphine has been reported to in- 
crease the circulating concentrations of the closely related 
neurohypophysial peptide arginine vasopressin (AVP) in hu- 
mans (23-27). The stimulus for apomorphine release of AVP 
in humans was found to be independent of volume or 
osmolar stimuli and thought to be mediated by the induction 
of nausea (23-27), because pretreatment of humans with an 
antiemetic agent typically abolishes the apomorphine-in- 
duced release of AVP (23). The doses of apomorphine used 
to induce nausea in humans ranged from 5-50 pg/kg BW 
and have produced a brisk AVP release without an associated 
release of oxytocin (25) or with minimal but statistically 
significant increases in plasma oxytocin (24). In addition, 
prior reports by Verbalis and co-workers (28) have indicated 
that other nauseogenic agents, such as lithium chloride, 
copper sulfate, or cholecystokinin, selectively increase AVP, 
but not oxytocin, concentrations in nonhuman primates. 
Based upon these observations, Verbalis and co-workers (28) 
have suggested that there is a specific neurohypophysial 
hormone secretion in response to nauseogenic agents involv- 
ing the release of AVP, but not oxytocin, in primates. 

In contrast to the studies with humans, our findings indi- 
cate that high doses of apomorphine (>50 pg/kg) can elicit 
both AVP and oxytocin release in primates, as shown by our 
recent finding that the same high doses of apomorphine (e.g. 
50-400 pg/kg) used in the present study also elicit AVP 
release in monkeys (29). Oxytocin release in monkeys with 
high doses of apomorphine may or may not be induced by 

nausea. Surprisingly, the doses of apomorphine used in the 
present study did not elicit emetic behavior in any of the 
monkeys, although these were higher doses of apomorphine 
than those that induced nausea and emesis in humans (25). 
However, although no monkeys in this study displayed 
emetic behavior, we have no way of knowing if they were 
feeling nauseated. It is also possible that apomorphine is less 
of a nauseogenic agent in monkeys than in humans and that 
the responses of oxytocin and AVP to apomorphine that we 
found in monkeys are independent of nausea. Further studies 
in which monkeys are pretreated with an antiemetic agent 
could potentially help resolve this issue. 

An important finding from this study is that dopamine 
receptor agonists release oxytocin into the plasma of pri- 
mates. Few stimuli are known to release oxytocin into primate 
plasma. Of these, suckling is the most reproducible physio- 
logical stimulus for oxytocin release (1). However, no phar- 
macological stimulus for oxytocin release has previously been 
identified in primates, although a few pharmacological 
agents are known to release oxytocin in rodents (i.e. chole- 
cystokinin and apomorphine) (10, 28). The lack of a phar- 
macological stimulus to elicit oxytocin secretion in primates 
has made study of this peptide in primate species difficult. 
By identifying dopaminergic agonists, and in particular D2 
receptor agonists, as potent inducers of oxytocin release in 
monkeys, these agonists may become useful pharmacological 
tools for further studies exploring the physiological actions 
of oxytocin in primates as well as for studies examining the 
pharmacological systems influencing oxytocinergic neurons 
in primates. 
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