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Abstract

Early life stress has effects on behavior and stress reactivity which are linked to enhanced sensitivity
to stimulants in rodents. The present study investigated whether rhesus monkeys that experienced
early life stress would show altered sensitivity to the reinforcing effects of stimulants as compared
to controls. Control (n=5) and maternally-separated (n=4) monkeys were trained to self-administer
cocaine (0.1mg/kg/injection) under a second order schedule of i.v. drug delivery. The rate of
acquisition and subsequent dose-effect determinations for cocaine (0.01-1.0 mg/kg/injection) and
amphetamine (0.003-0.3 mg/kg/injection) provided complementary measures of reinforcing
effectiveness. In addition, stimulant-induced increases in home cage activity and dopamine D,
receptor binding potential were quantified with positron emission tomography (PET) neuroimaging.
Compared to controls, maternally-separated monkeys showed lower responding during the
acquisition of self-administration and in the dose-response curves for both stimulants and
significantly lower response rates during maintenance of cocaine self-administration. Maternally-
separated monkeys also failed to exhibit stimulant—induced increases in motor activity. Groups did
not differ in dopamine D, receptor binding potential in the caudate nucleus or the putamen. Taken
together the results of the present study do not provide support for early life stress leading to enhanced
vulnerability to stimulant use in the nonhuman primate model employed.
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Introduction

Drug addiction is among the leading public health concerns in the United States. In 2007 it
was estimated that 1.6 million Americans could be classified as dependent on or abusing
cocaine (NSDUH, SAMHSA 2007). With no effective treatments currently available, much
focus has been directed toward identifying vulnerability factors and developing prevention
strategies. Epidemiological studies have shown that early life events can serve to define
populations at high or low risk of drug abuse during adulthood (Dobkin et al., 1997). Clinical
studies have also pointed to stress as being an important variable in the initiation and
maintenance of cocaine self-administration and in triggering relapse (Johanson and Fischman
1989; Gawin 1991).
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Methods
Subjects

Early life stress has been shown to have profound, long lasting effects on behavior and
hypothalamic-pituitary-adrenal (HPA) axis function in animal models. Periodic maternal
separation has been used in both rodents and nonhuman primates as an animal model of early
life stress. Studies in rodents undergoing maternal separation have shown conflicting results
depending on the timing and duration of the separations (van Oers et al.,1998, 1999; Plotsky
and Meaney 1993). Squirrel monkeys that have experienced periodic maternal separations in
infancy show robust increases in cortisol following the separation challenges, but exhibit
decreased stress response following a social isolation challenge at 2-3 years of age (Levine and
Mody 2003). When tested 3-5 years after the separations, maternally-separated squirrel
monkeys have also shown an enhanced sensitivity to glucocorticoid negative feedback (Lyons
et al., 2000). Recent studies in the rhesus monkey have demonstrated that repeated maternal
separations, as employed in the present study, produce increased cortisol release in response
to acute separation challenges; the same monkeys showed a flattened diurnal cortisol rhythm
when tested at a later age (Sanchez et al., 2005). Flattened diurnal cortisol rhythms later in life
have also been seen in humans exposed to early life stressors (Gunnar and Vazquez 2001).

Studies in rodent models have consistently shown that acute exposure to stressors can enhance
the acquisition of drug self-administration and can induce reinstatement of previously
extinguished drug seeking behaviors (Goeders and Guerin 1994, 1996; Goeders 2002).
Research examining repeated maternal separation as a stressor has also shown enhanced drug
effects in rodents. Maternally-separated rats exhibited increased dopamine release in the
nucleus accumbens in response to psychostimulant drug challenges (Hall et al., 1999) and these
effects were long lasting and persisted into adulthood (Kehoe et al., 1996). Maternally-
separated rats also exhibited greater acquisition of cocaine self-administration than control
animals (Kosten et al., 2000). While these data implicate exposure to early life stress as a
possible factor that increases the propensity to abuse psychostimulant drugs, it has not been
explored outside of the rodent model. Research in the nonhuman primate is particularly lacking.
Accordingly, the present study investigated whether rhesus monkeys that experienced early
life stress associated with maternal separation would show altered sensitivity to the reinforcing
effects of stimulants as compared to controls.

A group of nine female rhesus monkeys (Macaca mulatta) comprised of 5 controls (RJj-7,
RUj-7, RRg-7, RFj-7, RRKk-8) and 4 maternally-separated monkeys (RMg-8, RWp-8, RZo-7,
RJu-7) served as subjects. Three of the 5 control monkeys were involved in drug self-
administration experiments due to catheter problems in subjects RFj-7 and RRKk-8. Four of the
5 control monkeys were involved in imaging experiments due to complications with isoflurane
anesthesia in subject RFj-7. Monkeys were housed in individual home cages with access to
food (monkey chow, Ralston Purina, St. Louis, MO) and water between experimental sessions.
Animal care procedures strictly followed the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use
Committee of Emory University.

Maternal separation paradigm

The group of maternally-separated monkeys experienced repeated, periodic maternal
separations as infants, as described previously (Sanchez et al., 2005). Briefly, the infants were
born in stable social groups consisting of 4-7 adult females and 1 adult male sire per group.
These social groups were maintained in indoor/outdoor run-type facilities at the Yerkes
National Primate Research Center Field Station. Maternal separations took place between 3
and 6 months postpartum and consisted of repeated separations of systematically varied
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Surgery

Apparatus

durations (0.5, 3.0 and 6.0 hours) following a counterbalanced design. Separations occurred
once per day between 08:00 and 11:00h (onset of separation was variable/unpredictable within
this time window), 2-3 times per week, to yield a total of 36 separations per infant in 90 days.
Separations were achieved by herding the entire social group into a small pre-capture area and
then releasing individuals back into their home run through a capture tunnel. Every member
of the social group was disturbed during separation, but only one animal (mother) was removed
from the group at a time.

Monkeys were implanted with chronic indwelling venous catheters under sterile surgical
conditions, as described previously (Howell and Wilcox 2001). Preoperative antibiotics
[Rocephin (ceftriaxone, 25 mg/kg i.m.)] were given on the day of the surgery to prevent
infection. A silicone catheter (0.65 mm i.d., 1.75 mm o.d.; Access Technologies, Skokie, IL)
was implanted under a combination of Telazol (tiletamine hydrochloride and zolazepam
hydrochloride, Fort Dodge Animal Health, Fort Dodge, 1A; 4.0 mg/kg i.m.) and isoflurane
anesthesia, using aseptic techniques. The proximal end of the catheter was implanted into the
femoral or external jugular vein and terminated at the vena cava above the right atrium, and
the distal end was routed under the skin and attached to a subcutaneous vascular access port
(Access Technologies) located in the center of the lower back. After surgery, the monkey was
returned to its home cage and received Banamine (flunixin meglumine, 1.0 mg/kg i.m.) every
6 h for 24 h postoperatively to reduce pain and discomfort associated with surgery. Catheters
were flushed daily with 1.0 ml of heparinized (100 U/ml) saline to maintain patency.

Monkeys were seated in a commercially available primate chair (Primate Products, Miami,
FL) with a panel outfitted with a response lever and stimulus lights attached to the front of the
chair. A Huber needle infusion set was inserted into the vascular access port. The polyvinyl
chloride tubing of the infusion set was attached to a motor driven syringe pump (Harvard
Apparatus PhD 2000) containing the drug solution located outside of the chamber (Med
Associates, St. Albans, VT). The pump delivered a volume of 2 ml/infusion over 7s. Daily
sessions took place in a ventilated, sound-attenuating chamber.

Drug self-administration

Monkeys were trained to respond on a second-order schedule of drug reinforcement.
Responding was initiated using a 1-response fixed-ratio schedule (FR 1) such that each
response in the presence of the red light produced an i.v. drug injection and a 15 s illumination
of a white light. There was a 2 h limited hold in which the subject could complete the ratio
requirement. The ratio value was increased gradually as responding increased, from the initial
FR1toFR 2, FR 5, FR 10 and ultimately FR 20. When the schedule value reached FR 20,
drug injections no longer followed the completion of each FR but instead followed an
increasing number of FR components during an initial fixed interval (FI) duration of 30 s. A
2 swhite light was presented upon completion of each FR 20 component. Once response criteria
were met at this duration, the FI was increased to 60 s, and from that point on, increased in 60
s intervals until the FI duration reached 600 s. Ultimately, the schedule was a second-order
schedule of FR 20 components, with drug injection following the first ratio requirement
completed after 600 s had elapsed (FI 600 s [FR 20:S]). Monkeys had the opportunity to take
10 injections in each daily session and the unit dose of cocaine remained constant at 0.1 or 0.03
(RMg-8) mg/kg/infusion. All subjects progressed through the same acquisition paradigm with
set criteria for moving on to the next level. The criterion for the initial phase of the training
(FR 1) was set such that the monkeys were required to take 9 of 10 infusions for 5 consecutive
sessions before the ratio requirement was increased. For subsequent FR and FI values the
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monkey had to take all 10 infusions for 3 consecutive sessions before schedule parameters
were changed.

Following acquisition, subjects were maintained on the terminal schedule (FI 600 s [FR 20:S]).
However, the limited hold was reduced to 300s and a 30s time out, in which the stimulus lights
were extinguished and responding had no consequence, was scheduled after each component
until behavior was stable (<20% variance in response rates with animals taking all 10 infusions)
for 10 consecutive sessions. Responding was then extinguished by substituting saline for
cocaine and eliminating the presentation of the drug-paired stimulus (white light) that
accompanied both the completion of an FR and the drug infusion. Otherwise, extinction
sessions were identical to those described for the terminal second-order schedule. Extinction
sessions continued until responding decreased to <20% of the response rate maintained by
cocaine self-administration for 3 consecutive sessions. Subsequently, cocaine-maintained
responding was reinitiated on the second-order schedule, and the number of components within
a session was reduced from 10 to 5. The unit dose of cocaine was then manipulated in random
order to establish a dose-response curve that encompassed 0.01-1.0 mg/kg/infusion. Each dose
was tested until responding was stable (<20% variance in response rates over 5 consecutive
sessions). Upon completion of the dose-response function for cocaine, stable responding was
re-established (<20% variance in response rates over 5 consecutive sessions) with the
maintenance dose of cocaine. A dose-response curve for amphetamine was then established
by manipulating the unit dose in random order to encompass 0.003-0.3 mg/kg/infusion. Each
dose was tested until responding was stable.

Locomotor Activity

To quantify locomotor activity, the monkey's collars were outfitted with Actiwatch (Mini
Mitter, Bend, OR) activity monitors for a period of one week. The Actiwatch contains an omni-
directional sensor that records motion in all directions. Monkeys were anesthetized with
Ketaset (ketamine hydrocholride Fort Dodge Animal Health, Fort Dodge, 1A; 3-10.0 mg/kg
i.m.) in order to attach the Actiwatch to the collar and were given the day to recover and
acclimate to the change. Normal baseline activity was measured for the next two days. On the
third day, an i.m. injection of cocaine (1.0 mg/kg), amphetamine (0.3 mg/kg) or saline was
administered in the home cage and the locomotor response to the drug challenge was recorded.
All injections were given at the same time of day (0900h Sunday) in order to minimize
disturbances from routine animal care and maintenance. The monkeys were anesthetized with
Ketaset (3-10.0 mg/kg i.m.) again and the Actiwatch was removed from the collar at the end
of the week.

Radiochemistry

[18F]fallypride is a selective, high affinity D,/D3 PET radioligand that is readily taken up in
the striatum and is rapidly cleared from the cerebellum (Christian et al. 2000). [*8F]fallypride
was synthesized according to published methods (Mukherjee et al. 1995). Briefly, the tosylate
precursor (S)-N-[(1-Allyl-2-pyrrolidinyl) methyl]-5-(3-toluene-sulfonyloxypropyl)-2,3-
dimethoxybenzamide was prepared following general procedures described previously
(Mukherjee 1991). The yield of the DCC coupling reaction of 2,3-dimethoxy-5-(3-
hydroxypropyl)benzoic acid and (S)-2-(aminomethyl)-N-allylpyrrolidine to provide the
alcohol (S)-N-[(1-Allyl-2-pyrrolidinyl)methyl]-5-(3-hydroxy-propyl)-2,3-
dimethoxybenzamine was moderate (Mukherjee et al. 1995). Compound (S)-N-[(1-Allyl-2-
pyrrolidinyl) methyl]-5-(3-hydroxy-propyl)-2,3-dimethoxybenzamine was converted to the
tosylate in 70% yield. Radiolabelling was carried out by nucleophillic displacement of the
tosylate precursor by no-carrier-added 18F to provide [18F]fallypride (Mukherjee et al. 1995).
Purification was carried out by reverse phase HPLC to yield radiochemically pure [18F]
fallypride (Mukherjee et al. 1995).
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PET Imaging

Drugs

On the day of the PET study, monkeys were anesthetized in their home cage with Telazol (4.0
mg/kg) and transported to the Yerkes Imaging Center to be scanned on the MicroPET Focus
scanner. Subjects were intubated and anesthesia was maintained with isoflurane (1-2%).
Monkeys were positioned in the tomograph and a 10-20 minute transmission scan was obtained
for attenuation detection. Once the transmission scan was complete and verified a slow bolus
of approximately 6 mCi [18F]fallypride was injected over 5 min at a rate of 1.0 ml/min. A
dynamic PET sequence was obtained over the 2 h following injection of the radioligand. At
the conclusion of the scan, monkeys were returned to their home cage to recover.

Cocaine HCI (National Institute on Drug Abuse, Bethesda, MD) and d-amphetamine H,SO4
(Sigma Aldrich, St. Louis, MO) were dissolved in 0.9% saline, and all doses are reported as
salts.

Data Analysis

For acquisition studies, the mean total number of responses for each monkey was averaged
from the three days (5 days for the FR1) in which they met the criteria set for the schedule
parameter. Mean rates of responding for the maintenance phase of cocaine self-administration
were determined for each monkey by averaging the data from the last five days of the ten-day
maintenance phase. Mean rates of responding for each dose in the dose-response functions
were determined for each monkey by averaging the data from the five days in which responding
was stable. Acquisition data were analyzed using a two-way analysis of variance (ANOVA)
with repeated measures on one factor. Response rate data during maintenance, days to meet
extinction criteria, and response rate data at the peak dose on each dose response function were
analyzed using a two-tailed Student's t test for unpaired samples. Group comparisons of dose-
response functions for cocaine and amphetamine data did not meet the assumptions required
for t-tests or ANOVA (equal variance and normally distributed data) so the Mann-Whitney U
test was used. For activity measures the Actiwatch was programmed to record activity with an
epoch length of 15 sec. The order of the experimental sessions was randomized across monkeys.
Drug-induced locomotor activity is represented as a % of the activity level during the same
time period following a saline injection. Time-course of stimulant-induced activity is shown
for the 60 minutes following the injection. Group comparisons of locomotor activity following
stimulant challenge did not meet the assumptions required for t-tests or ANOVA (equal
variance and normally distributed data) so the Mann-Whitney U test was used.

PET images were co-registered to a standard adult rhesus monkey MRI image. Regions of
interest (ROIs) were manually drawn over the striatum (caudate and putamen) and cerebellum
on the frames where these structures could be seen clearly. The cerebellum was used as a
reference region (representing a concentration of free and non-specifically bound [18F]
fallypride with negligible specific binding). The regions of interest were then transferred to all
frames to obtain time activity curves (TACs) decay-corrected to time of [18F]fallypride
injection. Logan analysis was used to determine binding potential (Logan et al.,1990, 1996).
Binding potentials for the caudate nucleus and putamen were derived for each monkey. Group
comparisons for dopamine D, binding potential were analyzed using the two-tailed Student's
t-test for unpaired samples.

For all comparisons, probability of significance was set at p<0.05. All statistical analyses were
conducted using Sigma Stat 3.0 for Windows.
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Results

Drug self-administration

Rate of acquisition was determined by the number of days needed to meet specific acquisition
criteria for each schedule parameter. After the initial FR 1 sessions, all subjects completed the
criteria of the schedule condition (10 out of 10 infusions) in the minimal amount of time
required (3 consecutive sessions). There was nosignificant group difference in rate of
acquisition. However, maternally-separated monkeys consistently demonstrated less
behavioral output as compared to control animals once the FI schedule was introduced. Figure
1 presents the mean total number of responses per session for each schedule condition during
the acquisition phase. Due to the long limited hold during acquisition and variability in session
length, response rate was not the appropriate dependent measure in this experiment so total
number of responses was examined. No significant group difference was found for responding
during acquisition (F(10,50)= 1.50, NS). Subsequently, subjects were maintained on the
terminal schedule (FI 600 s [FR 20:S]) and these sessions continued until response rates were
stable (<20% variance) for ten consecutive sessions. The mean response rate for the last five
days of the maintenance phase was 0.35 * 0.08 responses/sec for controls and 0.17 £ 0.02
responses/sec for maternally-separated monkeys and the group difference was statistically
significant (t(5)=2.69 p=0.04). Following acquisition and maintenance of cocaine self-
administration, subjects underwent a series of extinction sessions, which continued until
responding was less than 20% of cocaine maintained responding for 3 consecutive sessions.
On average, control monkeys reached extinction criteria in 10.7+ 6.2 days while the average
for experimental monkeys was 7.0+ 1.5 days. The group difference was not statistically
significant (t(5)=.67, NS). When response rates were stable, groups did not differ in their
responding for saline.

When a range of cocaine doses (0.01-1.0 mg/kg/injection) was substituted for the maintenance
dose of cocaine, maternally-separated subjects demonstrated lower rates of responding at all
doses tested compared to controls (Figure 2A). However, the dose that maintained peak rates
of responding was the same in both groups. Control and maternally-separated groups differed
significantly in responding across a range of doses of cocaine (Mann-Whitney U= 0, p=0.03).
When a range of amphetamine doses (0.003-0.3 mg/kg/injection) was substituted for the
maintenance dose of cocaine, maternally-separated monkeys demonstrated reduced rates of
responding across all doses tested, compared to controls (Figure 2B). However, the dose that
maintained peak rates of responding was the same for both groups. Control and maternally-
separated groups showed a strong trend towards a difference in responding across a range of
doses of amphetamine (Mann-Whitney U=1.0, p=0.06).

Locomotor Activity

Gross motor activity was recorded following an i.m. injection of saline, cocaine (1.0 mg/kg)
and amphetamine (0.3 mg/kg). Activity following drug injection was normalized to % of
activity following saline injection (Figure 3). Maternally-separated animals showed smaller
drug effects than controls. Control and maternally-separated groups differed significantly for
cocaine-induced (Figure 3A) increases in motor activity (Mann- Whitney U=1.0, p=0.004) and
there was a strong trend towards a difference for amphetamine-induced (Figure 3B) increases
in motor activity (Mann-Whitney U=6.0, p=0.06). The onset of the increase in activity in
control monkeys occurred approximately 30 minutes post-injection, reached peak levels within
60 minutes (Figure 3A,B) and returned to baseline by 120 minutes post-injection (data not
shown).
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Dopamine D, Receptor Binding Potential

PET imaging with the dopamine D, receptor radioligand [18F]fallypride was used to determine
dopamine D, receptor binding potential in the caudate nucleus and putamen of each monkey.
Mean binding potential in the caudate nucleus for controls was 47.99 + 7.38 and 50.29 + 3.48
for maternally-separated monkeys. In the putamen, mean binding potential for controls was
42.92 £ 6.20 and 46.09 * 3.04 for maternally-separated monkeys. These differences were not
statistically significant (caudate t(6)=0.28, p=0.78; putamen t(6)=0.46, p=0.66).

Discussion

Early life stress has been shown to have profound effects on the HPA axis and stress reactivity.
A large body of literature derived from rodent studies has also shown that stressors early in
life can lead to an increase in self-administration of psychostimulants and other drugs of abuse.
The current set of experiments determined whether early life stress in nonhuman primates
influenced the sensitivity to cocaine and amphetamine, including the propensity to self-
administer each drug. Measures of D5 receptor binding potential with PET imaging did not
reveal group differences. However, the behavioral effects of these psychostimulants were
blunted in maternally-separated monkeys compared to controls. These results do not provide
support for early life stress leading to enhanced vulnerability to stimulant use in the nonhuman
primate model employed.

All monkeys acquired cocaine self-administration at the same rate, as they all met the
acquisition criteria in the minimum amount of time required. However, the maternally-
separated monkeys showed less behavioral output throughout the acquisition of cocaine self-
administration as compared to controls. This reduced behavioral output was also seen during
the maintenance phase of cocaine self-administration. Maternally-separated monkeys
exhibited significantly lower rates of responding as compared with controls during the last 5
days of the 10 day self-administration maintenance period. When saline was substituted for
cocaine and the cocaine-paired stimuli were removed in extinction sessions, there was no
significant group difference in the average number of days to meet extinction criteria. When
a range of drug doses of cocaine and amphetamine was substituted for the maintenance dose
of cocaine, maternally-separated monkeys demonstrated reduced behavioral output and
response rates across drug doses for both cocaine and amphetamine compared to controls.
Hence, although maternally-separated monkeys did not differ significantly from controls on
measures of acquisition and extinction, they consistently demonstrated reduced behavioral
output during drug self-administration as compared to control monkeys, and they did not appear
to be sensitive to changes in the unit dose of cocaine or amphetamine. In addition, control
monkeys exhibited stimulant-induced increases in motor activity but maternally-separated
monkeys did not, with activity in the latter group not increasing beyond that induced by an
injection of saline. This lack of sensitivity to the motor effects of cocaine substantiates the
attenuated responding found in the maternally-separated monkeys during drug self-
administration and the lack of sensitivity to a change in unit dose for both cocaine and
amphetamine. In fact, the results are consistent with an extensive literature showing a close
correspondence between the behavioral-stimulant and reinforcing effects of psychomotor
stimulants. It is reasonable to speculate that the group differences in reinforcing effectiveness
observed in the current study were due, in part, to differences in sensitivity to the motor effects
of cocaine and amphetamine.

Both the reinforcing and motor stimulating effects of psychostimulants have been attributed

to their actions on dopamine. Given the diminished reinforcing and motor effects found in the
maternally-separated monkeys, it is possible that their dopaminergic system is altered in some
way. Therefore additional studies specifically designed to examine the dopamine system were
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performed in these animals in an attempt to elucidate the source of the blunted reinforcing and
motor stimulating effects of psychostimulants.

Dopamine D, receptors are thought to be involved in both the reinforcing effects (Volkow et
al., 1999; Morgan et al., 2002; Nader et al., 2006) and motor stimulating effects (Baker et al.,
1996) of cocaine and amphetamine. There appears to be an inverse relationship between D,
receptor availability and sensitivity to stimulant reinforcement. In humans, levels of dopamine
D, receptors were found to be associated with the subjective responses to methylphenidate
(Volkow et al., 1999). In cynomolgus monkeys, dominant animals, with high levels of D,
receptors showed very little cocaine self-administration behavior and lower cocaine intake as
compared to subordinate animals with lower D5 levels (Morgan etal., 2002). To assess whether
differences in D5 receptors could explain the differences seen in drug sensitivity in the present
study, PET imaging with the dopamine D, receptor radioligand [*8F]fallypride was used.
Control and maternally-separated monkeys did not differ in dopamine D, receptor binding
potential in the caudate nucleus or the putamen. Therefore, D5 receptor levels cannot explain
the group differences seen in behavioral output during acquisition of cocaine self-
administration, in response rates during maintenance and across a range of doses of cocaine or
amphetamine, or in drug-induced increases in locomotor activity.

Although the majority of literature derived from rodent studies has reported enhanced
sensitivity to psychostimulants following early life stress, the results of the present study do
not support an increase in sensitivity to cocaine or amphetamine in rhesus monkeys that
underwent maternal separation. Maternally-separated monkeys showed a reduced behavioral
output during the maintenance phase of self-administration and in response to a wide range of
doses of both cocaine and amphetamine. One interpretation of the reduced behavioral output
is that the maternally-separated group was less sensitive to psychostimulants. The blunted
response to the locomotor-stimulant effects of cocaine and amphetamine is consistent with the
latter interpretation. However the maternally-separated monkeys showed no increase in
responding at the higher end of the dose range for cocaine and amphetamine, as would be
expected if they had a reduced sensitivity to psychostimulants. Alternatively, these monkeys
may have a reduced motivation that is leading to the overall lower behavioral output on all
measures. It has been suggested that vertical downward shifts in the dose-response function
predict a lower motivation to self-administer the drug (Piazza et al., 2000). Testing the
maternally-separated monkeys on a progressive ratio schedule might provide more direct
evidence of the reinforcing efficacy of cocaine and amphetamine. Operant tasks with
alternative reinforcers may be another way to target the reinforcing efficacy of
psychostimulants in this group of monkeys.

Reinforcing effectiveness is thought to be mediated to some extent by the level of dopamine
D, receptors (Volkow et al., 1999; Morgan et al., 2002; Nader et al., 2006). However, there
were no differences in D, receptor levels between control and maternally-separated monkeys
so this cannot explain the differences in reinforcing effects seen in self-administration studies.
The PET imaging studies were performed after the monkeys had participated in drug self-
administration experiments, so it is possible that inherent differences in D, levels did exist and
were in some way normalized by stimulant exposure. Nader et al., (2006) demonstrated that
cocaine self-administration decreased dopamine D5 receptor availability in rhesus monkeys.
That study also found a marked inverse relationship between D, receptor availability in drug-
naive rhesus monkeys and future rates of cocaine self-administration, suggesting that low D,
receptor availability is a predisposing trait to cocaine abuse (Nader et al., 2006). Therefore,
future experiments would benefit from the determination of dopamine D, levels in drug-naive
monkeys prior to drug self-administration experiments. Future studies would also benefit from
examination of other aspects of the dopamine system, as well as other neurotransmitter systems
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such as serotonin and norepinephrine which have also been implicated in the effects of
psychostimulants.

Studies demonstrating a link between early life stress and increased sensitivity to
psychostimulants have primarily used rodent models. However, the present study utilized a
stress and testing paradigm that is quite different from those commonly described in the
literature derived from rodent studies. Rodents are typically only a few months old when tested
for acquisition of drug self-administration, and thus only a few months removed from the
stressors. In the present study, the monkeys were 5-6 years removed from the maternal
separations when the acquisition of cocaine self-administration sessions began. Therefore, any
differences observed in sensitivity to stimulants would be related to enduring changes in
neurobiology and it is possible that whatever effects maternal separation may have had on these
monkeys in the short-term have normalized with the passage of time.

Substantial individual differences were seen in responding during acquisition of cocaine self-
administration and in dose-response functions for both cocaine and amphetamine, particularly
in the control group. It is possible that group differences may have been overshadowed by this
individual variability given the small group sizes. Another limitation in the present study was
the use of only female subjects. As a result, effects of gender or the interaction of rearing and
gender on self-administration of psychostimulants were not evaluated.

Overall, significant differences between maternally-separated monkeys and controls were not
observed in the rate of acquisition for cocaine self-administration or in days to reach extinction
criteria. However, rates of responding during the maintenance phase of self-administration
were significantly lower in maternally-separated monkeys. Maternally-separated monkeys also
consistently showed reduced behavioral output as compared to controls across the range of
doses tested for cocaine and amphetamine, and failed to exhibit stimulant-induced motor
activity to cocaine or amphetamine injection. However, these differences cannot be explained
by dopamine D5, receptor binding potential in the caudate nucleus or the putamen. Collectively,
these data do not provide support for early life stress, in the form of maternal separation,
increasing sensitivity or vulnerability to the reinforcing effects of psychostimulants in the
nonhuman primate model employed.
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Figure 1.

Mean total number of responses per session for each schedule condition by schedule parameter
for control (n=3) and maternally-separated (n=4) monkeys during the acquisition of cocaine
self-administration. No significant differences between groups were found for responding
during acquisition of cocaine self-administration (F(10,50)=1.50, NS).
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Figure 2.

(A) Doses of cocaine (0.01-1.0 mg/kg/injection) and (B) amphetamine (0.003-0.3 mg/kg/
injection) were substituted for the maintenance dose of cocaine. Each dose was tested until
response rates were stable for 5 consecutive sessions. Groups differed significantly in
responding for a range of doses of cocaine (Mann-Whitney U=0, p=0.03) and there was a strong
trend towards a difference in responding across a range of doses of amphetamine (Mann
Whitney U=1.0, p=0.06).
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Figure 3.

Gross motor activity following injection of (A) cocaine (1.0 mg/kg) or (B) amphetamine (0.3
mg/kg) was measured and data normalized to a % of motor activity following saline injection.
Control and maternally-separated groups differed significantly in cocaine-induced increases
in motor activity (Mann Whitney U=1.0, p=0.004) and there was a strong trend towards a
difference for amphetamine-induced increases in motor activity (Mann Whitney U=6.0,

p=0.06).
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