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Abstract Rationale: Social rank has been shown to
influence dopamine (DA) D2 receptor function and
vulnerability to cocaine self-administration in cynomol-
gus monkeys. The present studies were designed to extend
these findings to maintenance of cocaine reinforcement
and to DA D1 receptors. Objective: Examine the effects of
a high-efficacy D1 agonist on an unconditioned behavior
(eyeblinking) and a low-efficacy D1 agonist on cocaine
self-administration, as well as the effects of cocaine
exposure on D2 receptor function across social ranks, as
determined by positron emission tomography (PET).
Methods: Effects of the high-efficacy D1 agonist
SKF 81297 and cocaine (0.3–3.0 mg/kg) on spontaneous
blinking were characterized in eight monkeys during 15-
min observation periods. Next, the ability of the low-
efficacy D1 agonist SKF 38393 (0.1–17 mg/kg) to
decrease cocaine self-administration (0.003–0.1 mg/kg
per injection, IV) was assessed in 11 monkeys responding
under a fixed-ratio 50 schedule. Finally, D2 receptor
levels in the caudate and putamen were assessed in
nineteen monkeys using PET. Results: SKF 81297, but
not cocaine, significantly increased blinking in all mon-
keys, with slightly greater potency in dominant monkeys.
SKF 38393 dose-dependently decreased cocaine-main-
tained response rates with similar behavioral potency and
efficacy across social rank. After an extensive cocaine
self-administration history, D2 receptor levels did not
differ across social ranks. Conclusions: These results
suggest that D1 receptor function is not substantially
influenced by social rank in monkeys from well-estab-

lished social groups. While an earlier study showed that
dominant monkeys had higher D2 receptor levels and
were less sensitive to the reinforcing effects of cocaine
during initial exposure, the present findings indicate that
long-term cocaine use changed D2 receptor levels such
that D2 receptor function and cocaine reinforcement were
not different between social ranks. These findings suggest
that cocaine exposure attenuated the impact of social
housing on DA receptor function.
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Introduction

Evidence from animal studies clearly indicates that the
reinforcing effects of cocaine can be modulated by
environmental variables including rearing conditions,
food restriction, the availability of alternative reinforcers
and the presence of environmental stressors (reviewed in
LeSage et al. 1999). Exposure to social stressors such as
defeat stress can facilitate cocaine self-administration in
rodents (Miczek and Mutschler 1996), an effect that is
particularly prominent during initial exposure to low
(0.25 or 0.32 mg/kg per injection) but not higher
(0.75 mg/kg per injection) doses of the drug (Haney et
al. 1995; Covington and Miczek 2001; Kabbaj et al.
2001). Factors related to vulnerability and maintenance in
human cocaine abusers (Gawin 1991) can be studied in
nonhuman primate models of chronic social stress. In one
such model, socially housed cynomolgus monkeys are
exposed to continuous, inescapable stress resulting from
the agonistic interactions that contribute to formation of
the linear dominance hierarchies that characterize their
social organization (Bernstein 1981). A profound impact
of social status on nonhuman primate physiology has been
consistently reported (e.g. Kaplan and Manuck 1999,
Kaplan et al. 2002). Moreover, it is clear that the effects
of dopaminergic drugs can differ according to social rank.
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For example, in squirrel monkeys, the effects of
d-amphetamine on aggressive behavior were more
profound in dominant monkeys (Miczek and Gold
1983; Martin et al. 1990).

Environmentally induced changes in brain dopamine
(DA) systems are particularly relevant to vulnerability to
the abuse-related effects of cocaine, because considerable
evidence suggests that the ability of cocaine to act as a
reinforcer is due largely to its ability to elevate extracel-
lular DA (e.g. Pettit and Justice 1989, 1991; Bradberry
2000; Czoty et al. 2002). Miczek and colleagues have
demonstrated that the ability of social defeat stress to
increase DA levels in the nucleus accumbens is closely
related to its ability to enhance the reinforcing effects of
cocaine (Tidey and Miczek 1997) and reproduce the
discriminative stimulus produced by cocaine or amphet-
amine (Miczek et al. 1999). In a recent study in
cynomolgus monkeys, positron emission tomography
(PET) was used to measure D2 receptor binding before
and after monkeys were group housed (Morgan et al.
2002). When individually housed, D2 receptor binding did
not differ across monkeys and was not predictive of
eventual social rank. However, after 3 months of social
housing, D2 receptor binding increased significantly in
monkeys who became dominant, but was unchanged in
monkeys that became subordinate. Consistent with a
major role for D2 receptors in cocaine self-administration
(Goldstein and Volkow 2002), cocaine functioned as a
reinforcer in subordinate monkeys. In contrast, cocaine
failed to maintain self-administration in dominant mon-
keys. These findings suggest that exposure to environ-
mental variables associated with the attainment of dom-
inance produced alterations in D2 receptor levels that
impacted the reinforcing effects of cocaine. Consistent
with these findings in monkeys, others have reported
similar alterations in the physiology of brain DA systems
in rats raised in social groups (“enriched” environments)
versus those that were individually housed (“isolated”;
Bowling et al. 1993; Rilke et al. 1995, 1998). Moreover,
“enriched” rodents are less sensitive to the behavioral
effects of cocaine and amphetamine, including locomo-
tor-stimulant (Bardo et al. 1995), discriminative stimulus
(Fowler et al. 1993) and reinforcing effects (Green et al.
2002). Taken together, these results raise the possibility
that social housing of nonhuman primates provides a
continuum of effects from chronic stress in subordinate
monkeys to environmental enrichment in dominant ani-
mals, and that these environmental variables impact
extracellular DA, the function of DA receptors and,
ultimately, vulnerability to cocaine abuse.

Results from our earlier study demonstrated differ-
ences in vulnerability to self-administer cocaine as a
function of social rank. However, continued exposure to
cocaine eventually resulted in the drug functioning as a
reinforcer in dominant monkeys. Data from other studies
demonstrate that environmental variables that influence
vulnerability (e.g. behavioral history) do not influence
rates of responding during maintenance (Nader and
Bowen 1995). In addition, the effects of cocaine on DA

receptor densities can differ in monkeys during initial
versus long-term cocaine exposure (Nader et al. 2002).
One goal of the present study was to examine D2 receptor
binding, with PET, in socially housed cynomolgus mon-
keys after an extensive history of cocaine self-adminis-
tration. Since cocaine has been shown to decrease D2
receptor levels (e.g. Volkow et al. 1990; Nader et al.
2002), we hypothesized that the pharmacology of cocaine
would “reverse” the effects of social housing on D2
receptor levels in dominant monkeys.

While there is a growing database on the role of D2
receptors in modulating the effects of the environment on
cocaine self-administration, little information exists to
address potential involvement of D1 receptors which also
mediate the effects of cocaine. Both D1 and D2 receptor
agonists can maintain self-administration in monkeys
previously trained to self-administer cocaine (Woolverton
et al. 1984; Weed and Woolverton 1995; Grech et al.
1996) and agonists and antagonists at these receptors can
affect rates of cocaine-maintained responding (e.g.
Woolverton and Virus 1989; Bergman et al. 1990; Nader
et al. 1999b; Caine et al. 2000). Furthermore, studies
using rats reared in isolation have demonstrated that
environmental variables can alter D1 receptor number and
function (Guisado et al. 1980; Gariepy et al. 1995). Thus,
D1 receptor systems could potentially play an important
role in the ability of environmental variables to alter the
reinforcing effects of cocaine in monkeys.

To further characterize the neurobiological conse-
quences of social housing in nonhuman primates, the
present studies assessed the unconditioned effects of D1
receptor stimulation (spontaneous blinking) and the abil-
ity of a D1 agonist to decrease cocaine self-administration
in group-housed cynomolgus monkeys. First, the effects
of the high-efficacy D1 receptor agonist SKF 81297 on
spontaneous blinking were studied in dominant and
subordinate monkeys. High-efficacy D1 agonists have
been demonstrated to increase spontaneous blinking in
monkeys (Elsworth et al. 1991). Next, the ability of the
low-efficacy D1 agonist SKF 38393 to alter cocaine self-
administration was examined. Low-efficacy D1 agonists
have been shown to decrease the reinforcing effects of
cocaine in a manner consistent with pharmacological
antagonism (Bergman and Rosenzweig-Lipson 1992;
Katz and Witkin 1992; Platt et al. 2001). These two tools
were used to provide measures of unconditioned and
conditioned effects, respectively, of D1 receptor function
in socially housed monkeys.

Materials and methods

Subjects

Twenty-one adult male cynomolgus monkeys (Macaca fascicu-
laris) served as subjects. Monkeys lived in social groups, with each
pen consisting of a stainless steel cage (Allentown Caging Inc,
Allentown, N.J., USA) with removable wire mesh partitions to
separate the monkeys into quadrants of the cage when necessary.
When the partitions were removed, the living space was approx-
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imately 80 ft3. Each quadrant, which was approximately 12 ft3, was
equipped with a water spout from which water was continuously
available. Monkeys lived in social groups of four monkeys/pen
during experiment 1 (blinking study) and three monkeys/pen during
experiments 2 (cocaine self-administration studies) and 3 (D2 PET
studies). Monkeys were weighed weekly and fed enough food daily
(Purina Monkey Chow and fresh fruit) to maintain body weights at
approximately 95% of free-feeding levels.

Social status was determined for each monkey according to the
outcomes of agonistic encounters as described previously (Kaplan
et al. 1982; Morgan et al. 2000). Initially, aggressive, submissive
and affiliative behaviors were recorded for individual monkeys
during 45-min observation sessions. The animal that aggressed
towards, and elicited submissive behaviors from, all others was
designated the dominant monkey. The subordinate monkey re-
ceived aggression from all others and rarely aggressed. Stability of
the hierarchies in each pen was confirmed daily by visual
inspection. For example, when a peanut was offered by the
technician, the dominant animal typically threatened the other
monkeys in the pen and retrieved the peanut, whereas the
subordinate animal typically moved to the rear of the pen and
engaged in submissive behaviors (e.g. lip-smacking) and vocaliza-
tions. Ranks did not change during each experiment. All procedures
were performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were
approved by the Animal Care and Use Committee of Wake Forest
University.

General procedure

Each monkey was fitted with a nylon collar (Primate Products,
Redwood City, Calif., USA) and trained to approach the front of the
cage when the investigator was present. Monkeys were guided into
a restraint chair (Primate Products) using a specially designed
stainless steel pole (Primate Products). All subjects were acclimat-
ed to this procedure and trained to sit calmly in the chair.

Experiment 1: social rank and SKF 81297-induced eyeblinking

Eight socially housed monkeys (four dominant, four subordinate)
were seated in a primate chair and sessions were videotaped for
later scoring. Following a 30-min baseline period, saline was
administered (IV) and blinking was counted during the last 2.5 min
of the following 15-min period. Subsequently, cumulative doses of
SKF 81297 or cocaine (0.3–3.0 mg/kg IV) were administered.
Blinking was counted in the last 2.5 min of the 15-min period
following each dosing increment and is expressed in terms of
individual monkeys’ blink rates (total blinks/2.5 min). The total
session length was approximately 90 min.

Experiment 2: effects of SKF 38393 on cocaine self-administration

Catheter implantation

Nineteen monkeys were surgically prepared with a chronic in-
dwelling venous catheter and subcutaneous vascular access port
(Access Technologies, Skokie, Ill., USA) under sterile surgical
conditions. Anesthesia was induced with ketamine (15 mg/kg) and
butorphanol (0.025 mg/kg) and maintained with ketamine supple-
ments. A catheter was inserted into a major vein (femoral, internal
or external jugular, brachial) and passed to the level of the vena
cava. The proximal end of the catheter was passed subcutaneously
to a point slightly off the midline of the back, where an incision was
made. The end of the catheter was attached to the vascular access
port, which was placed in a pocket formed by blunt dissection.
Post-operative antibiotics (25 mg/kg kefzol, cefazolin sodium;
Marsam Pharmaceuticals, Cherry Hill, N.J., USA) were adminis-
tered for 5–7 days. To prolong patency, each port was flushed with

a solution of heparinized saline (500 IU/ml) at the end of each
experimental session.

Self-administration procedures

Each day, monkeys were separated by partitioning the cage
into quadrants. Next, each monkey was seated in a restraint
chair and placed into a ventilated, sound-attenuating chamber
(1.5�0.74�0.76 m; Med Associates, East Fairfield, Vt., USA). The
back of the animal was cleaned with 95% ethyl alcohol and
betadine, and the port was connected to an infusion pump (Cole-
Parmer, Inc. Chicago, Ill., USA) located outside the chamber via a
20 gauge Huber Point Needle (Access Technologies). The pump
was operated for approximately 3 s to fill the port and catheter with
the dose of cocaine available for the session. During the session, 50
responses on the operant lever (FR50) activated the pump for 10 s
(during training, completion of an FR50 produced a food pellet).
Sessions lasted until 30 reinforcers had been obtained or 60 min had
elapsed, whichever came first. Several doses of cocaine (saline,
0.001–0.1 mg/kg per injection) were made available; a dose was
studied for at least three consecutive sessions and until responding
was deemed stable (€15% of the mean of three consecutive
sessions). After all sessions had been completed each day, monkeys
were fed and allowed 2 h to eat before partitions were removed and
animals were group housed again. Self-administration sessions
were conducted 5 days per week.

Of the 19 catheterized monkeys, 11 were used in the SKF 38393
study (four dominant, three intermediate and four subordinate).
Following determination of cocaine dose-response curves, animals
received an injection of SKF 38393 (0.1–17.0 mg/kg, IV) 5 min
prior to the cocaine self-administration session in a volume of
approximately 1 ml/10 kg. SKF doses were typically tested on
Tuesdays and Fridays; each dose of SKF 38393 was tested at least
twice in each monkey in combination with several doses of cocaine
(0.003–0.1 mg/kg per injection). For data analysis, cocaine dose-
response curves are presented as mean (€SEM) response rate of all
days before SKF 38393 pretreatment for the respective cocaine
dose, while SKF 38393 pretreatment data are presented as mean of
all determinations.

Drugs

(�)Cocaine HCl (National Institute on Drug Abuse, Bethesda, Md.,
USA) was dissolved in sterile saline. Different doses were studied
by changing the drug concentration; all drug concentrations were
prepared in 250 ml of sterile saline. During sessions, responding on
the lever delivered approximately 1.0 ml of drug solution over 10 s.
SKF 81297 and SKF 38393 (Research Biochemicals International,
Natick, Mass., USA) were diluted in sterile water and sonicated
and/or heated to aid solubilizing if necessary.

Experiment 3: effects of cocaine self-administration
on D2 receptor DVR determined with PET

PET imaging studies were conducted in all 19 monkeys that were
self-administering cocaine and living in social groups. Method-
ological details regarding the data acquisition protocol, blood
sampling and metabolite analysis for [18F]fluoroclebopride (FCP)
have been described previously (Mach et al. 1996; Nader et al.
1999a). Image acquisition occurred on a GE Advance NXi PET
Scanner (General Electric Systems, Milwaukee, Wisc.). This device
has 18 detector rings that provide 35 contiguous image planes over
a 15.2 cm axial field of view and the center-to-center spacing
between slices is 4.25 mm. The spatial resolution of the scanner is
approximately 4.8 mm in all three dimensions and the sensitivity is
approximately 200 kcps/mCi per ml. Twenty-six frames were
acquired over 3 h (5�1 min, 5�2 min, 5�5 min, 8�10 min,
3�20 min). The first five frames of each study’s PET image data
were then added together. This summed image represents tracer
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uptake in the early part of the study and approximates a blood flow
image. This image was then registered to the animal’s MRI (see
below) using the AIR algorithm (Woods et al. 1993) after
extracting the brain from the MRI using the method of Smith
(2002). This method provides excellent registration of cortical and
subcortical regions.

Regions of interest (ROI) for the caudate, putamen and
cerebellum (used as an index of nonspecific binding due to its
low density of D2 receptors) were then drawn on each subject’s
MRI and transferred to their registered PET scans. Time-activity
curves for [18F]FCP were generated, and distribution volumes were
obtained for ROIs in each hemisphere using the linear portion of the
Logan plot (Logan et al. 1990). For all regions, the right and left
sides were averaged and the ratio of distribution volume in caudate
and putamen to the distribution volume in the cerebellum (the
distribution volume ratio, DVR) was calculated. The DVR thus
provided a measure of specific binding to D2 receptors and served
as the dependent measure for data analysis.

Prior to the start of the PET study, monkeys were initially
anesthetized with 8 mg/kg ketamine, intubated and maintained
throughout the scan by inhaled isoflurane (1.5%). This induction
protocol has no effect on [18F]FCP DVRs (Nader et al. 1999a).
Catheters (22-gauge angiocath; Becton Dickinson Vascular Access,
Sandy, Utah, USA) were placed in an external artery and vein by
percutaneous sticks and lactated ringer’s solution (IV) was deliv-
ered to the monkey throughout the study. A paralytic (0.07 mg/kg
vecuronium bromide) was administered and respiration was main-
tained by a ventilator. Supplemental doses of vecuronium bromide
(0.1 mg/hr) were administered throughout the study. At the start of
the scan, approximately 4 mCi [18F]FCP was injected, followed by
3 ml heparinized saline. Arterial blood samples were collected into
preheparinized tubes for analysis.

MRI studies

On separate days, and prior to any PET studies, T1-weighted
volume magnetic resonance images (MRI) were also obtained on
each animal for registration with PET scan images (1.5 T GE Signa;
GE Medical Systems). This type of scan provides excellent tissue
contrast allowing easy identification of the brain regions. Studies
were conducted while the monkey was anesthesized with approx-
imately 15 mg/kg ketamine.

Data analysis

The primary dependent variables examined in the present studies
were: blink rate (expt 1), response rate (responses/s) and cocaine
intake (expt 2) and DVR for [18F]FCP at the D2 receptor (expt 3).
Data were analyzed using repeated-measures one- or two-way
analyses of variance (ANOVA), with post-hoc Dunnett’s or
Bonferroni tests when significant main effects were indicated by
the ANOVA. In all cases, differences were considered significant at
the 95% level of confidence (P<0.05).

Results

Experiment 1

Baseline rates of spontaneous blinking did not differ
between dominant and subordinate monkeys in either the
SKF 81297 or cocaine study, and ranged from group
means of 10.5–12.3 blinks/min. Administration of
SKF 81297 (0.3–3.0 mg/kg) produced dose-dependent
increases in spontaneous blinking in all monkeys (Fig. 1).
Increases in blinking reached statistical significance in
both dominant [F(4,12)=23.07] and subordinate monkeys

[F(4,12)=10.61]. Post-hoc Dunnett’s multiple compar-
isons tests indicated that blink rates were significantly
increased above baseline by 0.3, 1.0 and 3.0 mg/kg
SKF 81297 in dominant monkeys and by 1.0 and 3.0 mg/
kg SKF 81297 in subordinates. A two-way ANOVA
revealed a significant effect of treatment [F(4,15)=15.30]
but not rank, with no significant interaction. Blink rates
were not significantly altered by cocaine in dominant or
subordinate monkeys (data not shown). A two-way
ANOVA indicated no main effects of cocaine treatment
or rank and no significant interaction.

Experiment 2

Cocaine-maintained responding varied significantly
[F(4,24)=5.20] as a function of dose (saline, 0.003–
0.1 mg/kg per injection) and was characterized as an
inverted U-shaped function in most monkeys. The highest
response rates were maintained by 0.01 mg/kg per
injection cocaine in subordinates, while higher rates of
responding were maintained by 0.003 mg/kg per injection
in dominant and intermediate-ranked monkeys (Fig. 2A).
The ANOVA revealed neither a significant effect of rank
nor an interaction between rank and cocaine dose.
Cocaine intake increased monotonically as a function of
dose (Fig. 2B). A two-way ANOVA revealed a significant
effect of cocaine dose [F(3,18)=35.39] but not of rank on
cocaine intakes, with no significant interaction.

Representative data following SKF 38393 admin-
is- tration are shown from a dominant, intermediate
and subordinate monkey (Fig. 3). Administration of
SKF 38393 decreased cocaine-maintained response rates
in ten of 11 monkeys in a manner that was largely dose-
dependent. Prominent effects were observed on respond-
ing maintained by the cocaine dose at the peak of the
individual’s dose-effect curve, whereas SKF 38393 de-

Fig. 1 Effects of SKF 81297 on rate of spontaneous eyeblinking in
individual monkeys (filled symbols, dominant monkeys; open
symbols, subordinate monkeys). Points above B and S represent
blink rates at baseline and following saline administration, respec-
tively
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creased or did not affect rates maintained by higher
cocaine doses. ED50 values for SKF 38393-induced
decreases in responding maintained by the dose of
cocaine at the peak of the dose-effect curve varied across
individuals and did not differ according to social rank
(Table 1). Administration of 17 mg/kg SKF 38393 had

lethal effects in one subject (C-6524), despite previous
exposure to that dose on two occasions.

Experiment 3

Regions of interest were drawn around the caudate and
putamen and DVRs were calculated using the cerebellum
as the reference region. D2 receptor DVRs were not
significantly different between regions (i.e. caudate ver-
sus putamen). Comparisons between ranks indicated that
D2 receptor DVRs did not differ between dominant,
intermediate and subordinate monkeys (Table 2) in the
caudate nucleus or putamen.

Discussion

One purpose of the present studies was to extend earlier
investigations of the neurobiological consequences of
social housing in cynomolgus monkeys by examining D1
receptor function. The sensitivity of monkeys from

Fig. 2 A Mean (€SEM) re-
sponse rates maintained by in-
jection of saline (points above
S) or cocaine. Different symbols
represent social ranks. B Mean
(€SEM) cocaine intake per ses-
sion

Fig. 3 Mean (€SD) response
rates maintained by injection of
saline (�), cocaine alone (l) or
cocaine following administra-
tion of SKF 38393 in a repre-
sentative dominant, intermedi-
ate and subordinate monkey

Table 1 ED50 values (mg/kg) for SKF 38393-induced decreases in
self-administration of doses of cocaine at the peak of the dose-
effect curve. n.d. not determined

Peak dose ED50(mg/kg)

Dominant

C-6523 0.003 5.27
C-5386 0.003 14.98
C-5396 0.003 4.97
C-6629 0.003 0.37
Mean – 6.40
SEM – 3.07

Intermediate

C-6524 0.01 6.70
C-6628 0.01 3.18
C-5378 0.003 9.41
Mean – 6.43
SEM – 1.80

Subordinate

C-5395 0.01 10.09
C-6216 0.01 0.38
C-6529 0.01 n.d.
C-6627 0.003 3.23
Mean – 4.57
SEM – 2.88

Table 2 [18F]FCP distribution volume ratios (mean€SD) in social-
ly housed monkeys

Social rank n Caudate nucleus Putamen

Dominant 7 2.49 (0.34) 2.67 (0.38)
Intermediate 5 2.49 (0.45) 2.70 (0.50)
Subordinate 7 2.91 (0.46) 3.09 (0.46)
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different social ranks to the effects of D1 agonists was
assessed using in vivo assays involving an unconditioned
behavior (spontaneous blinking) and a conditioned be-
havior (cocaine self-administration). These studies were
carried out in monkeys from well-established social
groups and found modest effects of D1 receptor stimula-
tion on blinking. The effects of the low-efficacy D1
agonist SKF 38393 on rates of cocaine self-administration
were not different in dominant, intermediate and subor-
dinate monkeys. Because D1 receptor function was not
assessed prior to group housing, we cannot determine
whether the functional status of D1 receptors was differ-
entially altered as a consequence of social rank. Nonethe-
less, it appears that dominant and subordinate cynomol-
gus monkeys from well-established social groups do not
exhibit profound differences in D1 receptor function. A
second purpose of the present studies was to examine D2
receptor function in monkeys from well-established social
groups that also had an extensive history of cocaine self-
administration. In contrast to our earlier observation that
social rank influenced D2 receptor function and vulner-
ability to self-administer cocaine during initial exposure
(Morgan et al. 2002), there were no significant differences
between social ranks in either D2 function or the
reinforcing effects of cocaine in socially housed cyno-
molgus monkeys with extensive histories of cocaine self-
administration. These findings suggest that continued
exposure to cocaine can reverse or attenuate the powerful
interactions of environmental variables with DA receptor
function.

Initial investigation of the effects of social hierarchy
on D1 receptor function involved examination of increas-
es in spontaneous eyeblinking elicited by SKF 81297.
Under baseline conditions, blink rates did not differ
between dominant and subordinate monkeys. Blink rates
were significantly increased by 0.3 mg/kg SKF 81297 in
dominant monkeys, whereas higher doses were required
to significantly increase blinking in subordinates. These
results suggested that subtle differences in D1 receptor
function may exist between dominant and subordinate
monkeys. In contrast to SKF 81297, cocaine did not
consistently or significantly alter blink rates. These
effects are consistent with previous studies of the effects
of direct and indirect DA agonists on spontaneous
blinking in monkeys (Elsworth et al. 1991; Kleven and
Koek 1996).

To further examine differences in D1 receptor function
in socially housed monkeys, we assessed the effects of
SKF 38393 on rates of cocaine self-administration.
Previously, we had shown that dominant monkeys were
less sensitive to the reinforcing effects of cocaine com-
pared to subordinates (Morgan et al. 2002). Our earlier
study examined initial cocaine exposure, which we
believe models vulnerability to the reinforcing effects of
cocaine in the “acquisition” phase. However, continued
exposure to cocaine resulted in increases in response rates
and cocaine intakes by dominant monkeys to the point
that the drug functioned as a reinforcer in all monkeys
(unpublished observations), thus modeling the “mainte-

nance” phase of drug use. It is certainly possible that
variables that influence vulnerability do not similarly
influence maintenance. In support of this hypothesis,
neuronal adaptations are different in monkeys with a brief
versus extensive history of cocaine self-administration
(Nader et al. 2002; present study).

Regardless of social rank, SKF 38393 dose-depen-
dently decreased response rates maintained by the cocaine
dose at the peak of the cocaine dose-effect curve, and
decreased or did not alter response rates maintained by
doses of cocaine on the descending limb of the cocaine
dose-effect curve. These results are consistent with
previous observations of the effects of SKF 38393 and
other low efficacy D1 agonists on cocaine self-adminis-
tration in individually housed nonhuman primates (Berg-
man and Rosenzweig-Lipson 1992; Katz and Witkin
1992; Caine et al. 2000; Platt et al. 2001). Individual
differences were observed in potency of SKF 38393;
however, similar to the results of the blinking studies,
these differences were unrelated to social rank, as
evidenced by the variability and lack of significant
differences in ED50 values across social rank.

In the present PET studies of D2 receptor function, no
differences were observed between dominant, intermedi-
ate and subordinate monkeys’ D2 receptor DVRs in
specific regions of the basal ganglia (i.e. the caudate and
putamen). In our earlier study using a separate group of
cynomolgus monkeys (Morgan et al. 2002) we found
significant differences between cocaine-naive dominant
and subordinate cynomolgus monkeys in basal ganglia D2
receptor DVRs, with dominant animals having an ap-
proximately 20% higher DVR compared to subordinates.
While quantitative comparisons between studies are not
possible because of the use of different PET scanners,
potential confounding variables include subject factors
(e.g. age, weight, origin), neuroadaptation following long-
term social housing and social group size. Assessment of
the potential influence of subject factors will require
additional research to fully address. However, it is
unlikely that the lack of rank-related differences in D2
DVRs represents differential neuroadaptation to long-
term social housing. Although our earlier study docu-
mented changes in DVRs within 3 months of group
formation while the present study involved well-estab-
lished social groups, a previous study documented dif-
ferences in D2 receptor binding between dominant and
subordinate cynomolgus monkeys from social groups that
had been stable for over 3 years (Grant et al. 1998).
Regarding social group size, it is important to note that
during the self-administration phase of the current studies
monkeys were housed in pens of three as opposed to pens
of four during our previous study. The influence of group
size on environmentally induced alterations in dopami-
nergic physiology and the reinforcing effects of cocaine
has not been studied, but it is possible that social rank
may influence physiology to a lesser degree in a smaller
social group. In a group of three, subordinate monkeys
have fewer opportunities to experience physical and
psychological stress and dominant monkeys have fewer
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opportunities to experience the enrichment associated
with behaviors that reinforce their dominant status. This
hypothesis is supported by a recent meta-analysis of
nonhuman primate species indicating that subordinate
monkeys exhibit relatively higher circulating levels of
cortisol in species which experience higher rates of
exposure to stressors (Abbott et al. 2003).

Notwithstanding the potential influence of these fac-
tors, the most compelling explanation for the present lack
of rank-related differences is the monkeys’ extensive
history of cocaine self-administration, which ranged from
5 to 45 months prior to the start of the present studies.
Chronic elevation of DA produced by long-term self-
administration of cocaine would be expected to cause
down-regulation of D2 receptors to compensate for
chronic hyperstimulation. This assertion is supported by
autoradiographic data in rhesus monkeys demonstrating
that D2 receptors are decreased following an extensive
history of cocaine self-administration (Moore et al.
1998b; Nader et al. 2002). Audioradiographic studies
have also documented a decrease in D1 receptor number
in rhesus monkeys after long-term cocaine self-adminis-
tration (Moore et al. 1998a; Nader et al. 2002). These
results highlight the possibility that differences in D1
receptor function may have existed initially after social
housing, but that cocaine exposure resulted in neurophar-
macological changes that reversed or reduced environ-
mentally induced alterations in D1 receptor function.
Although the present results cannot address this possibil-
ity directly, other reports have suggested that environ-
mental variables can affect D1 receptor number and
function. For example, mice reared in isolation showed
increased densities of D1 receptors in the striatum and
were more sensitive to the behavioral effects of a D1
agonist (Gariepy et al. 1995). Future studies using
individually housed, drug-naive monkeys will be neces-
sary to address whether initial exposure to social housing
can differentially alter D1 receptor function across social
rank.
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