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Long-Lasting Psychotomimetic Consequences
of Repeated Low-Dose Amphetamine

Exposure in Rhesus Monkeys
Stacy A. Castner, Ph.D., and Patricia S. Goldman-Rakic, Ph.D.

The dopamine hypothesis of schizophrenia posits that
dopamine dysregulation plays a key role in the etiology of
schizophrenia. In line with this hypothesis, repeated
amphetamine (AMPH) exposure has been shown to alter
dopamine systems and induce behaviors reminiscent of
positive-like and negative-like symptoms in both human
and nonhuman primates. The mechanisms by which
AMPH produces disturbances in brain function and
behavior are not fully understood. The present study has
employed a novel AMPH regimen, 12 weeks of intermittent
escalating low doses of AMPPH, to produce a nonhuman
primate model for the purpose of elucidating the behavioral
and neural consequences of excessive dopamine exposure.
Behavioral responses to acute AMPH challenge (0.4-0.46
mg/kg) were assessed prior to and following the chronic 12-
week treatment regimen, and, at present monkeys have been
followed out to 28 months post-treatment. After chronic
treatment, enhanced behavioral responses to AMPH
challenge were readily apparent at 5 days postwithdrawal,
and, were still present at 28 months postwithdrawal. The

enhanced behavioral responses to low-dose AMPH
challenge that were observed in the present study resemble
closely the behavioral profile that has been described for
chronic high-dose AMPH treatment in monkeys; i.e.,
hallucinatory-like behaviors, static posturing, and fine-
motor stereotypies were all exacerbated in response to
AMPH injection. In some animals, acute challenges after
chronic AMPH evoked aberrant behavioral responses that
lasted for 4 days. AMPH-treated monkeys also exhibited a
significant decrease in the incidence of motor stereotypies in
the off-drug periods between challenges. The present results
are the first to document persistent long-term behavioral
effects of intermittent exposure to repeated low-dose AMPH
treatment in nonhuman primates. These findings may lay the
grounduwork for the development of a primate mode of psychosis
with possible positive-like and negative-like symptoms.
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(e.g., Angrist 1994). Chronic AMPH treatment in non-
human primates also induces a characteristic pattern of
behavioral response that has been likened to paranoid
schizophrenia in humans (e.g., Ellison 1994; Ellison et
al. 1981; Ridley et al. 1982). Behaviors typically shown
by monkeys undergoing chronic AMPH treatment in-
clude extreme vigilance, tracking of nonapparent stim-
uli, constant checking, startle responses in the absence
of visible/audible stimuli, grasping in midair, and hy-
per-responsiveness to sensory stimuli (Ridley et al.
1982). This behavioral repertoire is reminiscent of posi-
tive-like symptoms in schizophrenic patients.
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Negative-like symptoms of schizophrenia have
also been observed during chronic AMPH treatment
in monkeys. One hallmark negative symptom of
schizophrenia is the psychomotor poverty syndrome
(Liddle et al. 1992). In monkeys, Schlemmer et al.
(1996) have shown that chronic AMPH treatment re-
sults in a significant decrease in motor stereotypies.
Other studies have found that some monkeys treated
with chronic AMPH exhibit catatonic-like states; for ex-
ample, sitting frozen in one spot while staring off into
space for extended periods of time (Ellison et al.
1981).

The aforementioned studies on the behavioral con-
sequences of AMPH in monkeys were all conducted
during chronic and/or high-dose AMPH exposure.
One of the drawbacks of chronic AMPH animal models
of psychosis is that they induce neurotoxicity of the ni-
grostriatal dopamine system (Ridley et al. 1983; Ellison
and Ratan 1982; Ellison et al. 1978). In rodents, it has
been shown that nigrostriatal neurotoxicity can be
avoided if AMPH treatment consists of repeated, inter-
mittent low-dose exposure to the drug. Compared to
chronic and high-dose regimens, escalation of low
doses permits neuronal adaptation and more closely
models drug use in human AMPH addicts (Robinson
and Becker 1986).

Taking our lead from the rodent literature, and in
light of the fact that there is very little evidence of pro-
found or long-lasting dopamine dysfunction resulting
from repeated, intermittent AMPH use in humans, we
have investigated the long-term behavioral conse-
quences of a similar treatment regimen in rhesus mon-
keys (Wilson et al. 1996). Although there are data from
positron emission tomography (PET) studies in nonhu-
man primates indicating that neuronal depression can
occur in response to acute AMPH injections (Melega et
al. 1997; Villemagne et al. 1998), the starting dose (0.1
mg/kg) of AMPH used in the chronic phase of the
present experiment was 5 to 20 times lower than the
doses used in the imaging studies. Nevertheless, it is
our ultimate intention to examine the brains of the
monkeys in the present study to determine whether
neurotoxicity was produced by the intermittent treat-
ment regimen.

The primary goal of the present manuscript is to de-
termine the psychotomimetic consequences of chronic
AMPH treatment both off drug and in response to
acute, periodic low-dose AMPH challenge. If this regi-
men in nonhuman primates results in enhanced behav-
ioral responses to subsequent AMPH challenge, and
furthermore, these responses resemble those described
above for chronic high-dose AMPH treatments in mon-
keys, then the escalating low-lose AMPH regimen used
in the present study may produce a potentially valuable
animal model of psychosis.
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MATERIALS AND METHODS
Subjects

Subjects included five young adult male and five young
adult female rhesus monkeys (Macaca mulatta) ranging
in age from 4 to 8 years. Two of the females were used
for histology (see below). Monkeys were maintained in
single-unit housing (male cages: 35-in h X 26-in d X 49-in
w; female cages 30-in h X 26-in d X 23.5-in w) on a
12:12 light dark cycle (lights on 7 A.M.—7 P.M.). Monkeys
were provided with typical enrichment devices includ-
ing: monkey-tested dog toys, logs, and plastic chains.
New dog toys and chains were provided with cage ro-
tation every 2 weeks. Logs, on the other hand, remained
unchanged. Water was available ad libitum, and mon-
keys received 30 biscuits of standard high-fiber monkey
chow, fruit, and peanuts each day. Food intake was
monitored daily. Animals were taken care of in accor-
dance with Yale Animal Use and Care Committee
guidelines for nonhuman primates.

Drugs and Antibodies

S(+)-amphetamine sulfate was purchased from RBI
(Natick, MA). For injections, amphetamine was dis-
solved in sterile saline solution. All injections were
given IM AMPH doses referred to below are based on
weight of salt and were administered to monkeys in
mg/kg. Antibodies, a monoclonal mouse antityrosine
hydroxylase (1:1000) and a monoclonal rat antidopam-
ine transporter (1:10,000), were obtained from Chemi-
con (Temucula, CA).

Baseline Behavioral Observations

Monkeys were observed twice daily (Monday-Friday)
in their home cage over a period of 3 to 6 months to es-
tablish a baseline behavioral profile for each monkey
and document early day (10 AM.-2 P.M.) and late day
(5:30-8:00 r.M.) differences in behavior. On average,
three to four monkeys were observed during a given
session. Data were collected using a focal time-sam-
pling procedure (2.5 min per monkey) on a Macintosh
computer with a program, Monkey Watcher, designed
especially for this purpose. For a given session, each
monkey was observed for no less than 10 minutes.
While manually operated, Monkey Watcher allows for
documentation of the total duration, frequency, number
of occurrences, and average duration of a given behav-
ior. Twenty-four behaviors were assigned to keys on
the keyboard; 23 keys were assigned specific behaviors
(for a list of specific behaviors see left side of Table 1).
The 23 behaviors assigned to specific keys on the key-
board were based on several weeks of observations of
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Table 1. Keyboard Behaviors

1. Call 24. Etcetera examples
2. Circle e parasitosis
3. Stand elie on side
4. Eat erepetitive grasp
5. Groom sbuccolingual dyskinesia
6. Side-to-side *hold bars
7. Threaten/challenge svacuous mouth movements
8. Grunt eswat at nothing
9. Lipsmack strack/orient to nothing
10. Drink egrasp at air
11. Present *two or one arm stretch
12. Pace einspect hands/arms
13. Self-bite estare space
14. Reach ecling to bars
15. Sit *one arm twirl
16. Scan efiddle with bars

17. Respond-to-stimulus
18. Watch/stare

19. Crouch

20. Masturbate

21. Scratch

22. Play

23. Cage shake

esniff fingers

monkeys in their home cages prior to the start of data
collection for the present study. The twenty-fourth key
was designated “etcetera,” and behaviors not assigned
to one of the 23 specific keys were recorded by hand
while the etcetera key was depressed. Many etcetera be-
haviors predominated only after AMPH administration
and were unique to each monkey (note: some examples
of etcetera behaviors relevant to the present manuscript
are listed on the right side of Table 1). Behaviors from
Table 1 are categorized in Table 2, and the eight behav-
ioral categories defined in Table 2 are used throughout
this manuscript. Two experimenters conducted obser-
vations during the first 8§ months of the study. How-
ever, because of the extraordinary time demands of this
project, only one observer was available on a daily basis
for the latter stages of the experiment. From the base-
line data, animals were assigned to either the experi-
mental (n = 6) or control group (n = 2). An attempt was
made to ensure that animals exhibiting high levels of
stress behaviors under baseline conditions; for example,
self-biting; self-grasping, and such motor stereotypies
as pacing, circling, side-to-side, were distributed equally
between groups (see Table 3).

Serum Dose Response

Prior to chronic AMPH administration, multiple serial
blood draws were performed to examine possible
group/sex/individual differences in AMPH metabo-
lism. Specifically, monkeys in the experimental or
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AMPH group (n = 6) underwent three serial blood
draw sessions. For the AMPH group, a dose-response
curve was obtained (three doses of AMPH given at 1
month intervals to allow for recovery from phlebot-
omy). Animals first received 0.1 mg/kg AMPH IM, and
serum samples were taken at timed intervals (5; 15; 30;
45; 60; 90; 120; 150; 180 min) postinjection. One month
later, they received 0.8 mg/kg AMPH IM. AMPH con-
centrations in serum tended to peak at approximately
15 minutes postinjection coincident with peak elevation
in heart rate in response to AMPH. The third midrange
dose of AMPH varied (0.4-0.46 mg/kg; IM) based on
the variability between individuals in serum concentra-
tions of AMPH at the 15 minute (peak) time point for
the two previous doses. To control for any untoward ef-
fects of ketamine restraint, isoflurane anesthesia, and
phlebotomy, control animals were restrained once and
subjected to the same procedure, but instead of receiv-
ing an AMPH injection they received saline. During
blood draws, serum samples were also taken to look at
possible effects of AMPH/sex on serum cortisol and
prolactin (PRL) concentrations.

Prechronic Treatment Behavioral Dose Response

Following completion of the serum dose-response
curve, behavioral baseline was re-established for each
monkey. Next, behaviors were recorded as described
above (see baseline behavioral observations) by means
of a computer and on video for each animal at the same
doses of AMPH that were administered in the serum
analysis phase (saline; 0.1; 0.4-0.46; 0.8 mg/kg AMPH;
IM). Focal time-sampling techniques were used to ob-
tain behavioral observations for a minimum of 2 hours
following each injection and at timed intervals thereaf-
ter, including: 6 to 8 hours postinjection; 24 hours post-
injection, and as needed to allow for behavior to return
to baseline. To achieve each curve, doses of AMPH
were administered in ascending order, because there
was the potential for behavioral enhancement with each
subsequent injection of AMPH. During this phase, an
adequate washout time, 2 weeks, was permitted be-
tween AMPH injections. AMPH animals were always
paired with saline-treated controls. On challenge days,
controls received an injection of the vehicle, 0.9% NaCl,
by weight.

Chronic AMPH Treatment

Animals were subjected to an escalating intermittent
low-dose binge regimen of AMPH modified from pro-
tocols that have been used to produce behavioral sensi-
tization in rodents (e.g., Paulson et al. 1991). Monkeys
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Table 2. Behavioral Categories
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Category 1. Motor Sterotypies—repetitive gross locomotor responses. This category includes
pacing (12), circling (2), side-to-side (6), somersaulting (24), and one arm twirl (24).

Category 2. Fine-Motor Stereotypies—focused repetitive motor responses either directed toward
objects in the environment or self-directed; e.g., fiddle with bars (24), rotate toy (24), repetitive
grasping of face (24), and repetitive movements of the hand or foot.

Category 3. Stimulus-Driven Responses—attention or orienting responses to stimuli (including
the observer and other monkeys) either in the monkey room or adjacent hall identifiable by
the observer. This category encompasses watch/stare (18), responses-to-stimuli (17), and

tracking observable stimuli (24).

Category 4. Responses “Independent of Stimuli”—attention or orienting responses made by
monkeys when no stimulus was apparent; e.g., tracking or orienting to nonapparent stimuli
(24), grasp at air (24), stare off into space (24), inspect hands or arms (24).

Category 5. Grooming—Monkeys cleaning their fur with their tongues and fingers. This is the
definition of groom (5). Grooming behavior was considered parasitosis (24) when it was
continuous and involved fixation upon one or two spots on the body resulting in actual skin
lesions. Parasitotic grooming often had a searching quality to it, as if the monkeys were trying
to find something but couldn’t. The exaggerated, fixated parasitotic-like grooming was first
observed in monkeys during chronic AMPH treatment.

Category 6. Static Posturing—Frozen, almost catatonic, positions assumed by the monkeys.
These postures were often held for many minutes. One such posture, the two arm stretch (24)
was shown by monkey Flo and involved full extension of both arms toward the top of the cage
while the stomach was pressed up against the front of the cage with the head tilted backward
or to the side. Other static posturing included clinging to the bars (24) or holding the bars (24)
with the hands and/or feet while staring off into space unmoving.

Category 7. Submissive—The submissive category includes lipsmacking (9) and presenting (11).
Both of these are affiliative behaviors shown by monkeys instead of aggressive behaviors.
These behaviors are often used by subordinate animals in reference to a more dominant

animal or in some cases the investigator.
Category 8. Eating—Consumption of food

received twice daily injections of AMPH or saline 5
days per week (weekends off) for 12 weeks. The dose of
AMPH was increased by increments of 0.1 mg/kg at
approximately regular intervals over the 12-week pe-
riod (starting dose 0.1 mg/kg; ending dose 1.0 mg/kg
AMPH). During chronic AMPH, the monkey’s behav-
iors at each dose were recorded on computer and on
videotape. With the exception of a 10 to 12 day period
when the investigator was out of town, the monkeys
were observed once or twice 5 days per week immedi-
ately following AMPH injection and once daily on the
weekends during the 12 weeks of chronic AMPH treat-
ment. The weekend observations were intended to doc-
ument any signs of withdrawal.

Table 3. Baseline Behavorial Profiles

Postchronic Treatment Behavioral Observations/
Dose Response

Monkeys were observed once or twice daily in their
home cage during the first 21 days postchronic AMPH
treatment for signs of withdrawal, including psycho-
motor depression. Animals in the experimental group
received AMPH challenges (0.4-0.46 mg/kg IM) on
days 5, 11 (or 12, see Results section), and 21 of with-
drawal. After this time, a behavioral dose-response
curve was performed in the same manner as described
above for the prechronic treatment phase. Animals also
received discrete challenges of AMPH (0.4-0.46 mg/kg
IM) at 6, 9, and 12 months postwithdrawal and periodi-
cally thereafter to monitor long-lasting behavioral con-

Stimulus- Responses

Monkey Motor Fine-Motor Driven “Independent Static

Name Stereotypies Stereotypies Responses of Stimuli” Grooming Posturing Submissive Eating
Flo (f) 26.53 + 3.55 0.0 £ 0.0 19.07 = 3.97 0.00 £ 0.00 515387 057031 0.18=*=0.13 24.40=*3.77
Vien (f) 2156 +3.79  0.01*=0.01 14.06 +2.24 042 £ 042 398184 020=*017 0.04=*003 2757 *457
Jag (m) 4359 £3.00 0.08*+0.08 18.00 = 2.38 0.13 £ 0.09 0.32 £0.18 0.00£0.00 0.04=*004 16.65=*2.33
Glas (m) 357136 0.00*0.00 17.20 =2.88 0.00 £ 0.00 195+130 200115 135*0.72 24.64*546
Mad (m) 0.54 £ 050  0.00 = 0.00 7.15 £ 1.59 0.00 * 0.00 046 +0.21 0.08 £0.08 0.00=*0.00 51.67*5.26
Kram (m) 15.77 = 2.55 0.00 =0.00 2112 =283 0.00 = 0.00 269 +122 029*014 0.03*0.02 16.76 £3.12
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sequences of treatment. For all AMPH challenges, be-
havioral responses were recorded on computer and on
video. Additional AMPH challenges are ongoing as
part of a longitudinal study. Following AMPH chal-
lenge, monkeys were observed at regular intervals until
an animal’s behavior returned to its prechallenge “base-
line” level, referred to from here on as prechallenge be-
havior to distinguish it from prechronic treatment
(baseline) behavior.

Four-Week AMPH Pilot Study

One female monkey was subjected to a 4-week escalat-
ing, intermittent, low-dose treatment regimen of AMPH.
This monkey received the same doses of AMPH as the
12-week monkeys, but the doses were escalated more
rapidly. The home cage behavior of this monkey was
recorded before and after chronic treatment in response
to 0.4 mg/kg AMPH challenge for signs of behavioral
enhancement.

Immunocytochemistry

Three months after withdrawal and 1 week post-AMPH
challenge, the 4-week AMPH-treated monkey was re-
strained with ketamine, subjected to an overdose of
pentobarbital anesthesia, and then perfused transcar-
dially with phosphate-buffered saline. During the sa-
line flush, a frontal lobectomy was performed on one
hemisphere to obtain fresh tissue for biochemical analy-
sis. Next, perfusion was continued with a 4% paraform-
aldehyde solution with 0.2% glutaraldehyde and 15%
picric acid. Tissue from an age-matched control
(AMPH-naive) monkey was processed in the same
manner. Immediately following the perfusions, the
brains were removed, blocked, and sunk in 20% sucrose
for several days. Tyrosine hydroxylase (TH) and
dopamine transporter (DAT) immunocytochemistry
were performed on cryostat obtained sections in accor-
dance with previously published protocols from this
laboratory (Krimer et al. 1997).

Serum Analysis

Serum AMPH and cortisol values were determined by
National Psychopharmacology Laboratories (Knoxville,
TX). Prolactin values were obtained from Metro Refer-
ence Labs (St. Louis, MO) in conjunction with National
Psychopharmacology Laboratories.

Data Analysis

For serum data, two-way analysis of variance (ANOVA)
with repeated measures was used where appropriate to
identify sex differences and effects of time postinjection on
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serum concentrations. Factorial ANOVA was employed
to identify sex differences in basal serum hormonal con-
centrations. Psychomotor depression data postchronic
AMPH treatment for individual monkeys were ana-
lyzed by one-way factorial ANOVA.

RESULTS
Baseline Behavioral Observations

Table 3 shows the mean percentage time (= SEM) each
of the six monkeys spent engaged in the eight behav-
ioral categories across 30 to 40 baseline samples (four
monkeys were later assigned to the AMPH group and
two to the control group). Individual differences were
particularly evident in motor stereotypies (Category I).
For example, monkeys Jag, Vien, Flo, and Kram exhib-
ited high levels of motor stereotypies (pacing or cir-
cling) before AMPH (or saline) treatment; whereas, the
two other monkeys, Mad and Glas, rarely displayed
these behaviors. In other behavioral categories, how-
ever, there was more uniformity across individuals. For
example, all animals spent approximately 7 to 21% of
their baseline time engaged in stimulus-driven re-
sponses (Category III, Tables 2 and 3), and none, on the
other hand, exhibited responses “independent of stim-
uli” (Category IV). Submissive behaviors (Category VII,
presenting and lipsmacking) were also displayed rela-
tively infrequently. Similarly, static posturing (Cate-
gory VI) was rarely observed during baseline for any
monkey. Although intersubject variability was high for
motor stereotypies, intrasubject variability in baseline
behaviors was minimal across days/months for all
monkeys (see Means = SEM’s for each monkey for each
behavioral category in Table 3).

Serum Concentrations of Amphetamine

The challenge doses of AMPH used in this study (see
below) were established by data from serum dose-
response studies done before chronic AMPH adminis-
tration. At the 0.1 mg/kg dose of AMPH, time follow-
ing injection was highly significant (F[1,8] = 4.663; p =
.0043; Figure 1A). There was a nonsignificant (F[1,8] =
2.292; p = .0752) trend for serum AMPH concentrations
to peak earlier in females (15-90 min) than in males (120
min). For the second AMPH dose (0.8 mg/kg), AMPH
concentrations in serum peaked at 30 and 45 min
postinjection for females and males, respectively (F[1,8] =
3.15; p = .0242; see Figure 1A). Although females had
higher AMPH serum concentrations across the 1st hour
after injection as compared to males (F[1,2] = 30.876;
p = .0309), the over-all pattern of the serum AMPH re-
sponse across time did not differ for males and females
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Figure 1. Serum AMPH concentrations for males and females across time following injection of three different doses of
AMPH (0.1, 0.4 to 0.46, 0.8 mg/kg). In response to 0.1 mg/kg AMPH, no sex differences were detected, but there was a sig-
nificant effect of time postinjection on AMPH concentrations in serum (effect of sex: F[1,2] = 0.376; p = .6023; effect of time:
F[1,8] = 4.663; p = .0043). Serum AMPH concentrations tended to peak slightly earlier in females than they did in males fol-
lowing 0.8 mg/kg AMPH, 30 and 45 minutes postinjection, respectively. Following the 0.4 to 0.46 mg/kg AMPH injections,
there was a significant sex X time interaction. Although males tended to have lower serum AMPH concentrations during the
first two samples postinjection, they had significantly higher serum AMPH concentrations during the 2nd and 3rd hours
after injection as compared to the females (see text for statistics). Figure 1B shows that intact female rhesus monkeys had sig-
nificantly high basal serum PRL concentrations than did intact males (F[1,4] = 15.85; p = .0164; * indicates significance at an
alpha level of 0.05). The serum cortisol response for AMPH-treated and saline-treated monkeys across time under anesthesia
are shown in Figure 1C. Both groups showed a significant increase in serum cortisol as the time postinduction of anesthesia
increased (effect of time: F[1,7] = 4.853; p = .0059; * indicates significance at an alpha level of 0.05).

(F[1,8] = 1.869; p = .1366). For the third part of the dose-
response curve, the midrange dose, doses were adjusted
between 0.4 and 0.46 mg/kg for each animal based on
their responses to the 0.1 and 0.8 mg/kg AMPH chal-
lenges (see Methods section). Administration of 0.46
mg/kg AMPH did not produce higher serum AMPH
concentrations that did administration of 0.4 mg/kg

.0036; sex X time: F[1,5] = 8.258; p = .0025), but there
was no main effect of sex (F[1,2] = 0.379; p = .6009).

Serum Concentrations of Prolactin and Cortisol

As shown in Figure 1B, females had significantly higher

AMPH. For the adjusted midrange dose (see Figure
1A), the time postinjection was again significant as was
the sex X time interaction (effect of time: F[1,5] = 7.52; p =

basal serum PRL concentrations than did males inde-
pendent of stage of menstrual cycle (F[1,4] = 15.85; p =
.0164). Both males and females, however, showed sig-
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nificant decreases in serum PRL concentrations in re-
sponse to acute AMPH challenge (F[1,4] = 2.98; p =
.0513). For example, in response to the 0.4 to 0.46 mg/
kg AMPH injection, female serum PRL concentrations
decreased from a mean of 64.333 ng/ml at baseline to
15 ng/ml at 180 min postinjection, and male concentra-
tions decreased from 10.667 to 4.667 ng/ml across the
same time period (data not shown).

Serum cortisol concentrations increased with time
under anesthesia whether monkeys received AMPH or
saline injections (see Figure 1C). There was a significant
effect of time from anesthesia induction on cortisol con-
centrations (F[1,3] = 9.812, p = .0008). One of the con-
trols had abnormally high serum cortisol concentra-
tions (F[1,3] = 9.812, p = .0008). One of the controls had
abnormally high serum cortisol concentrations at the
start of the experiment, and therefore little change in se-
rum cortisol across time.

Behavioral Responses to AMPH Challenge Pre- and
Postchronic AMPH Treatment

The left side of Figures 2 to 5 present a sampling of be-
havioral responses to 0.4 to 0.46 mg/kg AMPH chal-
lenges for male monkeys, Jag and Glas, and female
monkeys, Flo and Vien, both before and after AMPH
treatment. Behavioral responses to each dose adminis-
tration during the chronic phase are shown for all mon-
keys on the right side of Figures 2 to 5. Points on
chronic graphs represent the responses given during
the 1st hour following injection on the last early obser-
vation taken at each dose. Male monkey Jag spent sig-
nificantly more time pacing during the 1st hour follow-
ing AMPH challenge postchronic treatment than he did
in response to the same challenge dose prior to treat-
ment (Figure 2A). A much lower dose of AMPH was
sufficient to elicit increased pacing in Jag after treat-
ment than during the chronic treatment phase of the ex-
periment (0.4 mg/kg vs. 0.9 mg/kg; see Figures 2A and
B). As can be seen in Figure 2C, Jag also engaged in
more fine-motor stereotypies in response to AMPH
challenge after, as compared to before, chronic treat-
ment. This behavior was not observed in response to
pretreatment challenge (Figure 2C) and only periodi-
cally during the 1st hour postinjection during the
chronic AMPH period (Figure 2D). Jag’s fine-motor ste-
reotypy characteristically involved an elaborate se-
quence of adept movements of the hands and fingers
(some focused in midair, some focused on the cage
bars), which looked like knitting and were referred to
by the investigator as “fiddle with bars.” This motor
pattern became more elaborate as the number of AMPH
experiences increased. Figure 2E shows that Jag made
significantly more responses “independent of stimuli”
during the post-treatment period than he did prior to
treatment in response to a 0.4 mg/kg AMPH challenge.

NEUROPSYCHOPHARMACOLOGY 1999—VOL. 20, NO. 1

Again, during the chronic period (Figure 2F), only the
higher AMPH doses elicited responses “independent of
stimuli.” These responses most often included check-
ing, vigilance, and staring off into space. Similar to Jag,
the other male monkey, Glas, showed a trend for in-
creased motor stereotypies in response to AMPH chal-
lenge after, but not before, chronic AMPH treatment
(Figure 3A). He rarely displayed this behavior during
chronic AMPH treatment (Figure 3B). Following chronic
AMPH treatment, monkey Glas also spent a greater per-
centage of time engaged in fine-motor stereotypies in
response to AMPH challenge than he did before treat-
ment (Figure 3C). Like Jag, Glas displayed fine-motor
stereotypies variably during the 1st hour postinjection
during the chronic phase (see Figure 3D). Fine-motor
stereotypies shown by Glas encompassed a variety of
behaviors including: toy rotation, “fiddle with squeeze
mechanism,” “pull squeeze mechanism,” “fiddle with
chain,” “fiddle with fastener.” Glas showed signifi-
cantly more responses “independent of stimuli” in re-
sponse to AMPH challenge after chronic AMPH treat-
ment compared to his prechronic treatment challenge at
the same dose (see Figure 3E). These behaviors were
also increased following some of the higher AMPH doses
(0.7-0.9 mg/kg) during the chronic phase (Figure 3F).
Figure 4A shows that monkey Flo exhibited en-
hanced circling behavior in response to a 0.4 mg/kg
AMPH challenge after, but not before, chronic treat-
ment. Circling behavior for monkey Flo was sup-
pressed at the low doses and exacerbated at the high
doses of AMPH during the chronic drug period (Figure
4B). After treatment, Flo also spent more time engaged
in static posturing in response to post-treatment AMPH
challenges (from day 49 on) than she did in response to
her pretreatment AMPH challenge. The static posture
assumed by monkey Flo after AMPH injection con-
sisted of sitting at the front of her cage with her chest
pressed flush against the bars and her arms extended
toward the top of the cage with her head tilted while
staring off into space. In this animal, static posturing be-
came a predominant behavior in response to AMPH
challenge after the chronic phase of the experiment.
During the chronic phase (Figure 4D), her static pos-
ture, two arm stretch, was only displayed occasionally
for very brief intervals in response to 1.0 mg/kg
AMPH. As the postwithdrawal time increased, AMPH
challenge induced Flo to spend a greater percentage of
time engaged in responses “independent of stimuli” in
response to acute AMPH challenge relative to her pre-
treatment challenge (Figure 4E). This behavior most of-
ten consisted of staring off into space. During the
chronic phase of the experiment, responses “indepen-
dent of stimuli” were increased in response to the
midrange AMPH doses (0.4-0.6 mg/kg) and, to a slight
extent, in response to the highest dose (1.0 mg/kg) (see
Figure 4F). Notably, static posturing and responses “in-
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Figure 2. Panels A to F indicate the percentage of the time observed in which Jag engaged in three behaviors (pacing, fine-
motor stereotypy, responses “independent of stimuli”) in response to AMPH injection before and after chronic AMPH treat-
ment (A, C, E), and, across different doses during the chronic phase (B, D, F). Graphs reflect the percentage of time a given
behavior was displayed during the 1st hour following AMPH injection. For most post-treatment challenges (panel A), Jag
showed increased pacing relative to his pretreatment challenge. Pacing was also increased for Jag following the 0.9 mg/kg
AMPH dose during the chronic phase of the experiment (panel B). Chronic phase data indicate the response by Jag to each
dose on the morning of the last day at each AMPH dose. In response to post-treatment AMPH challenges (panel C), Jag showed
fine-motor stereotypies that were not displayed in response to the same challenge dose pretreatment. He also tended to
exhibit his fine-motor stereotypy, “fiddle with bars” variably following different doses during the chronic phase of the
experiment (panel D). Notably, this behavior was shown by Jag for a significant percentage of time during the 1st hour fol-
lowing injection of 1.0 mg/kg. As seen in panel E, monkey Jag spent a significant percentage of his time engaged in
responses “independent of stimuli” after chronic drug treatment as opposed to predrug treatment in response to an AMPH
challenge (0.4 mg/kg). Responses “independent of stimuli” were also significantly augmented at the highest dose of AMPH
(1.0 mg/kg) during the chronic phase for Jag (panel F). Note: The last two post-challenge days, 510 and 850, refer to an
approximate day of challenge.

dependent of stimuli,” which were often exhibited si- The other female monkey, Vien, also showed en-
multaneously, became pronounced responses to acute hanced behavioral responses to AMPH challenge fol-
AMPH challenge for the first time on day 49 of with- lowing chronic treatment. Like Flo and Jag, Vien exhib-
drawal from chronic treatment. ited increased motor stereotypy (pacing; Figure 5A) in
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Figure 3. Panels A, C, and E show the percentage of time observed that monkey Glas engaged in pacing, fine-motor stereo-
typy, and responses “independent of stimuli”, respectively, in response to acute AMPH challenge prior to and following
chronic AMPH treatment. Similar to his baseline behavioral profile (Table 3), Gals also spent little time pacing in response to
acute challenge or during chronic AMPH treatment (A and B). However, like the other monkeys, panel A does show that
there was a slight increase in Glas’s pacing in response to AMPH challenge after as compared to prechronic treatment. Like
Jag, Glas also spent a significantly greater percentage of his time engaging in fine-motor stereotypies in responses to post-
treatment as opposed to pretreatment acute AMPH challenge (panel C). Again similar to Jag’s response, Glas spent a vari-
able percentage of time engaged in fine-motor stereotypies in response to different AMPH doses during the chronic phase
(panel D). Responses “independent of stimuli” were elicited by lower AMPH challenge doses (0.45 mg/kg, panel E) than
during chronic treatment (0.7 to 0.9 mg/kg, panel F).

response to acute challenge after, but not before,
chronic treatment. On the other hand, she rarely paced
in response to AMPH injection during the chronic
phase (see Figure 5B). Vien, like the other female Flo,
spent more time engaged in static posturing in response

to acute AMPH challenge as the time postwithdrawal
increased and as compared to her pretreatment re-
sponse for this behavior (Figure 5C). Vien’s static pos-
tures were sometimes similar to those exhibited by Flo;
that is, she also sat for extended periods at the front of
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Figure 4. Figures 4A to F indicate the mean percentage time spent by female monkey Flo engaged in circling (A and B),
static posturing (C and D), and responses “independent of stimuli” (E and F) during the 1st hour after AMPH injection. The
left panels contain behavioral data for acute AMPH challenges (0.4 mg/kg) before and following chronic AMPH treatment.
Data in the right panels pertain to the chronic phase of the experiment. Similar to monkey Jag, Flo showed a higher incidence
of circling behavior in response to AMPH challenges post-treatment as compared to the same dose challenge prior to chronic
AMPH treatment (A). As seen in panel B, circling was also displayed by Flo in response to the higher doses during the
chronic phase of the experiment. Figure 4C shows that Flo spent a significantly greater percentage of her time engaged in
static posturing in response to acute AMPH challenge following post-treatment challenges from day 49 on than she did prior
to this time. Although it is not detectable in Figure 4D, static posturing was interjected by Flo for brief periods (10 to 15 s)
during the chronic phase in response to 1.0 mg/kg AMPH. Panel E illustrates the significant increases in responses “indepen-
dent of stimuli” for Flo in response to post-treatment as compared to pretreatment AMPH challenge. Responses “indepen-
dent of stimuli” were displayed variably across doses during the chronic phase by Flo (F). Notably these behaviors were
often displayed in conjunction with static posturing in response to post-treatment challenges.

the cage with one arm extended over her head and her clinging to bars with two hands and one foot. Vien spent
chest pressed against the cage bars. However, Vien also  a greater percentage of time engaged in static posturing
displayed a static posture that was more withdrawn in response to 0.9 mg/kg AMPH than she did in re-
and involved cowering in the back corner of her cage sponse to the other doses during chronic treatment (see
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Figure 5. Figure 5 shows the percentage time spent by female monkey Vien engaged in pacing, static posturing, and
responses “independent of stimuli” during the 1st hour following AMPH injection. Figures A, C, an E show these behaviors
in response to acute AMPH challenge before and after chronic AMPH treatment, and Figures B, D, and F show the incidence
of each behavior across doses during the chronic phase. As can be seen by comparing Figures A and B, pacing behavior was
only displayed by monkey Vien in response to AMPH injection following chronic treatment. Vien spent significantly more
time engaged in static posturing in response to 0.46 mg/kg AMPH after chronic treatment than she did prior to treatment
(C). Figure D shows that this behavior was expressed for a longer duration in response to 0.9 mg/kg AMPH than it was in
response to the other AMPH doses during chronic AMPH treatment. Like the other two behaviors, responses “independent
of stimuli” were a prominent behavioral response exhibited by Vien in response to AMPH challenge only after chronic treat-
ment. Vien also spent a significant percentage of time displaying these behaviors during the chronic phase of the experiment
in response to the higher AMPH doses (0.5 to 1.0 mg/kg; see 5F).

Figure 5D). Again, similar to the other AMPH-treated prior to chronic treatment (Figure 5E). During chronic
monkeys. Vien displayed significantly more responses treatment, responses “independent of stimuli” were
“independent of stimuli” including checking, tracking more often displayed by this monkey in response to
nonapparent stimuli, and staring off into space to higher, as compared to lower, doses of AMPH (see Fig-
AMPH challenge after chronic treatment than she did ure 5F).
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Time Course and Progression of Enhanced
Behavioral Responses to AMPH Challenge

Table 4 highlights the time course of responses “inde-
pendent of stimuli” in response to either acute AMPH
challenge (Jag and Vien) or saline challenge (Mad and
Kram). For each monkey, data shown indicate the per-
centage time displaying responses “independent of
stimuli” in response to three acute injections; pretreat-
ment, 21 days post-treatment, and 9 months post-treat-
ment (Kram did not receive his post-treatment chal-
lenges at the same time as the other monkeys because of
his relocation to another monkey room). Neither Jag
nor Vien displayed significant responses “independent
of stimuli” in response to acute AMPH challenge before
chronic treatment. In contrast, following treatment,
both monkeys showed a significant increase in the per-
centage of time engaged in this category of behavior in
response to AMPH challenge. Remarkably, in response
to AMPH challenge at 21 days and 9 months post-treat-
ment, Jag and Vien showed persistence of responses
“independent of stimuli” through 6 hours and, in most
cases, through 72 hours postinjection. In contrast to the
AMPH-treated monkeys, saline challenge almost never
induced responses “independent of stimuli” in the two
control monkeys, Mad and Kram.

Behavioral Changes Off-Drug After Chronic
AMPH Treatment

In contrast to their enhanced responses to AMPH chal-
lenge after chronic treatment, most of the experimental
monkeys showed significant decreases in the time spent
engaged in motor stereotypies in the interim between
challenges. For example, monkey Jag (Figure 6A) spent
significantly less time pacing immediately following
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withdrawal from AMPH, between 3 and 9 months
postwithdrawal, and, subsequently out to 15 months
postwithdrawal as compared to his prechronic treat-
ment baseline behavior (F[3,82] = 23.543; p = .0001).
Monkey Vien also spent significantly less time pacing
across all of her postchronic AMPH observations as
compared to her pretreatment baseline samples (F[3,82] =
8.285; p = .0001; * indicates significant at 95% via Fis-
cher PLSD and Scheffe F-test; Figure 6B). Flo showed a
later onset of behavioral suppression after chronic
AMPH treatment, exhibiting diminished circling only
between 3 and 9 months postchronic AMPH treatment
as compared to her baseline values (F[3,73] = 5.263; p =
.0024; * indicates significant at 95% via Fischer PLSD
and Scheffe F-test; Figure 6C). The other male monkey,
Glas, (see Figure 6D) displayed only minimal motor ste-
reotypies (pacing, one arm twirling, and somersaulting)
before chronic AMPH administration, and, therefore,
did not show a significant decrease in these behaviors
in the months following withdrawal from AMPH
(F[3,78] = 1.391; p = .2517).

Different from motor stereotypies, certain aberrant
behaviors; for example, responses “independent of
stimuli” continued to be expressed by some AMPH-
treated monkeys even in the interim between drug chal-
lenges. For example, Vien showed high levels of re-
sponses “independent of stimuli” including: tracking
nonapparent stimuli, cowering, and staring off into
space. She often spent as much as 30% of her time ob-
served engaging in such responses. The other AMPH-
treated monkeys also showed an increased incidence of
responses “independent of stimuli” after chronic drug
treatment in the absence of additional drug challenges.
In this study, after chronic AMPH administration, both
male monkeys developed buccolingual dyskinesias,
which were exacerbated by acute challenge and some-

Table 4. Timecourse of Responses “Independent of Stimuli” After Acute AMPH or Saline Challenge

Hours Post-injection

(Percentage Time Displaying Responses “Independent of Stimuli”)

Monkey Challenge

Name Time Hour 1 Hour 2 Hour 3 Hour 6 Hour 24 Hour 48 Hour 72

JAG Pretreatment 00.13 00.58 e 01.50 —_— — —

Post-treatment (21 d) 24.10 61.10 95.12 29.00 00.00 00.00 11.00

Post-treatment (9 mo) 2291 23.00 41.19 63.70 24.70 05.15 00.00

VIEN Pretreatment 00.45 00.88 —_— 00.02 00.00 00.09 —_—

Post-treatment (21 d) 66.81 35.40 — 40.45 15.94 09.29 14.00

Post-treatment (9 mo) 47.60 56.00 73.6 04.60 08.67 20.49 03.30

MAD Pretreatment 00.00 —_— —_— 00.00 —_ —_— —_—

Post-treatment (21 d) 00.00 —_— — 00.00 —_— —_— —_—

Post-treatment (9 mo) 00.00 —_— —_— 00.00 —_— —_— —_—

KRAM Pretreatment 00.00 —_ e 00.00 e —_— —_—

Post-treatment” 00.00 —_— e 00.00 —_— —_— —_—

Post-treatment” 00.14 —_— —_— 00.00 —_— —_— —_—

“Kram’s post-treatment challanges varied, because he was transferred to another facility after the chronic period.
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Figure 6. Figure 6 shows the mean (= SEM) percent time the four AMPH-treated monkeys displayed motor stereotypies
off drug at different time points before and after chronic AMPH. Behavioral observations of motor stereotypies off drug were
collected from four different time points: baseline (pretreatment), initial withdrawal from chronic AMPH, 3 to 9 months
post-treatment, 9 to 15 months post-treatment. Monkey Jag, shown in panel A, spent significantly less time pacing immedi-
ately following withdrawal from AMPH, across 3 to 9 months postwithdrawal, and from 9 to 15 months postwithdrawal as
compared to his baseline for this behavior prior to chronic AMPH (F[3,82] = 23.543; p = .0001). Monkey Vien (6B) also spent
significantly less time pacing during all post-treatment time points tested compared to her baseline pacing behavior (F[3,82]
= 8.285; p = .0001). In contrast, monkey Flo (6C) only showed a significant decrease in her circling behavior during the
period between 3 to 9 months post-treatment (F[3,73] = 5.263; p = .0024). Monkey Glas (shown in 6D) showed the same gen-
eral behavioral pattern as did the other AMPH-treated monkeys, but none of the comparisons of data across different time
points for this monkey were significant (F[3,78] = 1.391; p = .2517). All single * indicates significance at 95% via Fischer PLSD
and Scheffe F-test. Jag and Flo showed recovery of pacing and circling, respectively, during 9 and 15 months after chronic
AMPH treatment ().

times persisted for several days. One male, Jag, also dis- Saline-Treated Animals

played self-biting after chronic drug treatment.

The behavioral response of each monkey to the in-
vestigator was recorded on a daily basis. During
chronic AMPH treatment, and in response to acute
AMPH challenges postchronic treatment, normally ag-
gressive monkeys (Jag and Vien) evidenced an in-
creased incidence of submissive behaviors including
presentation, lipsmacking, and reaching out to the in-
vestigator.

There was very little variance in behaviors expressed by
the two male control monkeys either during baseline
observations or in response to saline challenge (see Tables
3 and 4). Neither of the control monkeys showed signif-
icant levels of any behaviors that were found to be en-
hanced in the AMPH-treated monkeys: for example, re-
sponses “independent of stimuli” (Table 4), fine-motor
stereotypies, parasitotic-like grooming, static posturing,
or buccolingual dyskinesias (data not shown).
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Four-Week AMPH Pilot Study

The monkey subjected to the 4-week escalating low-
dose AMPH regimen also displayed enhanced behav-
ioral responses to low-dose AMPH challenge following
chronic treatment as compared to her pretreatment
challenge. Her enhanced behavioral responses were
similar to those described above for the 12-week-treated
monkeys. She continued to display enhanced responses
to acute AMPH Challenge through her final challenge,
which was given at approximately 3 months postchronic
AMPH treatment and 1 week prior to sacrifice. TH and
DAT immunoreactivity in the striatum did not reveal
any apparent differences between the AMPH-treated
monkey and age-matched control (Figures 7A-D).

DISCUSSION

The present study is the first to report on the behavioral
consequences of repeated, intermittent, escalating low-
dose AMPH exposure in the nonhuman primate and to
determine the period of time over which these conse-
quences last. The major findings of this longitudinal
study on repeated low-dose AMPH exposure in rhesus
monkeys are several fold. First, this chronic treatment
regimen induces enhanced behavioral responses to
acute AMPH challenge as long as 28 months postwith-
drawal. Second, the behaviors elicited by acute low-
dose AMPH challenge resembled behavioral responses
that have previously been described only for chronic
and/or high-dose AMPH treatment in monkeys. Third,
aberrant behavioral responses induced by acute low-
dose AMPH challenge tended to persist for several
days following the challenge in monkeys pretreated
with chronic AMPH. Fourth, chronically AMPH-treated
monkeys showed aberrant behavioral responses in the
absence of additional drug challenges. Finally, as exten-
sively documented in rodents, our behavioral and se-
rum data indicate that there may be sex differences in
the biochemical as well as in the behavioral response to
AMPH in rhesus monkeys.

Behavioral Consequences of Repeated AMPH
Exposure in Rhesus Monkeys

Findings from the present study indicate that monkeys
previously exposed to intermittent, repeated, escalating
low-doses of AMPH display enhanced behavioral re-
sponses to subsequent acute low-dose AMPH chal-
lenges. Similar to findings from rodent studies, mon-
keys in the present study showed enhanced behavioral
responses during chronic treatment and in response to
acute low-dose AMPH challenges shortly after with-
drawal as compared to their prechronic AMPH chal-
lenge, and these enhanced responses to acute AMPH
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challenge seemed to be relatively permanent (e.g., Bick-
erdike and Abercrombie 1997; Paulson et al. 1991).

The monkeys in this study also displayed behavioral
depression following withdrawal from chronic AMPH
treatment. Previous studies (e.g., Utera 1966) have
shown that the behavioral depression evident following
withdrawal tends to be transient in nature, with the
length of the depression being positively correlated
with the duration of chronic treatment. In contrast, al-
though the present study in nonhuman primates is
based on a small 1, findings indicate considerable indi-
vidual variability in recovery from behavioral depres-
sion, as is likely to be the case for humans. For example,
while one monkey’s (Flo) circling behavior returned to
baseline by 9 months postchronic AMPH treatment, others
(Jag and Vien) were still showing significantly less pac-
ing behavior between 9 and 15 months post-treatment
than they did before chronic AMPH treatment. One dif-
ference between rats and monkeys exposed to repeated
AMPH is that rats show maximal behavior enhancement
at 1 month postwithdrawal; whereas, behavioral re-
sponses to AMPH challenge in monkeys seem to become
more “intense” as the time postwithdrawal increases.

One possible interpretation of our findings on re-
peated, intermittent low-dose AMPH exposure in mon-
keys is that they developed behavioral sensitization to
AMPH. Behavioral sensitization refers to the enhanced
behavioral response to an acute low-dose drug chal-
lenge shown by individuals having previous intermit-
tent experiences with that drug or a similar agent (in-
cluding stressors) as compared either to their own
predrug baseline or to drug-naive controls (for reviews
see Robinson and Becker 1986; Kalivas and Stewart
1991). The phenomenon of behavioral sensitization to
psychomotor stimulants, such as AMPH and cocaine,
has been extensively studied and well documented in
rodents, but little is known about sensitization in non-
human and human primates. The findings of enhanced
behavioral responses to acute AMPH challenge out to 28
months post-treatment could be the first definitive evi-
dence of long-lasting behavioral sensitization to AMPH
in the nonhuman primate pending postmortem findings.

Another possible interpretation of the alterations in
behavior observed after repeated, intermittent exposure
to AMPH in rhesus monkeys might be neurotoxicity. At
present, little data are available on the long-term neuro-
chemical and biochemical consequences of repeated
low-dose AMPH exposure in nonhuman primates or
humans. Findings from one in vivo imaging study in
humans suggests that neurotoxicity is not present in the
striatum of repeated AMPH abusers (Wilson et al.
1996). Nevertheless, neurotoxicity cannot be ruled out
as an explanation for some of the persistent behavioral
abnormalities in the AMPH-treated monkeys, including
the long-lasting behavioral depression that was ob-
served in some of the monkeys. Several recent PET
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studies in nonhuman primates have found that a long-
lasting reversible depression of the striatal dopamine
system exists in both monkeys and baboons that have
received several injections of AMPH at doses only
slightly higher than those used in the present study
(Melega et al. 1997; Villemagne et al. 1998). In fact, this
type of neuronal depression, sometimes referred to as
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Figure 7. Markers of -cate-
cholamine synthesis and dopa-
mine transport, TH (A and B)
and DAT (C and D), immu-
noreactivities are shown for an
age-matched control (A and C)
and a 4-week AMPH-treated
monkey (B and D). Figures on
the left side are low-magnifica-
tion (scale bar = 1 cm) and those
on the right are high-magnifi-
cation photomicrographs (scale
bar = 10 pm) of the caudate
nucleus of the respective sections
on the left side. No significant
difference in TH immunoreac-
tivity in the caudate nucleus of
the control and AMPH-treated
monkeys could be found (com-
pare A [control] and B [AMPH-
treated]). There were also no
observable differences in the
intensity of DAT immunoreac-
tivity in the caudate of the control
and AMPH-treated monkeys, C
and D, respectively.

reversible neurotoxicity, might help to explain the per-
sistent behavioral effects that were observed over several
days following a low-dose challenge in the AMPH-
treated monkeys in the present study.

However, other pieces of preliminary data from on-
going studies in our laboratory indicate that striatal
neurotoxicity, if it exists at all, may not be pronounced
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in our AMPH-treated animals and, therefore, not a full
explanation of the behavioral consequences of repeated
low-dose AMPH exposure in the present study. First,
histological examination of TH and DAT immunoreac-
tivity in the striatum has not so far revealed any signifi-
cant differences between the 4-week AMPH-treated
monkey and an age-matched control. Although there
was evidence for increased dopamine turnover in the
prefrontal cortex, the AMPH-treated monkey had nor-
mal tissue concentrations of dopamine in both the stria-
tum and prefrontal cortex (unpublished observations,
Castner et al.). Because several parameters of striatal
and cortical dopamine function were not found to be
compromised in the 4-week AMPH-treated monkey,
and this monkey was subjected to the same doses of
AMPH as the 12-week monkeys (albeit the AMPH
doses were escalated more rapidly in the former),
we suspect that the histological data obtained from the
4-week monkey implies that our intermittent low-dose
AMPH treatment regimen may induce neural protec-
tion rather than degeneration of the dopamine system.
Second, we have conducted a single-photon emission
computed tomography (SPECT) imaging study to see if
we could measure potentiation of AMPH-stimulated
dopamine release by examining AMPH’s ability to in-
duce dopamine release and displace, iodine-123 iodo-
benzamide, [1123]-IBZM bound to striatal D2 dopamine
receptors before and after 6 weeks of AMPH treatment
(same AMPH doses used in the present experiment, but
more rapid escalation). Results from four sensitized
monkeys indicate that there are slight decreases in
the percentage displacement at 1 month postchronic
AMPH treatment as compared to pretreatment (Castner
et al., in preparation). Taken together, these findings
suggest that our escalating, intermittent, low-dose AMPH
treatment regimen does not seem to result in frank striatal
neurotoxicity. However, because we have not examined
animals in the present study, striatal neurotoxicity or
toxicity to other brain regions cannot be ruled out in
this group of animals. However, it is important to point
out that evidence of neural damage in these monkeys
would not invalidate their potential value as animal
models of psychosis, because our aim is to determine
how closely their potential pathology resembles that
which has already been described in postmortem stud-
ies of schizophrenic brains (Selemon et al. 1995, 1998;
Benes et al. 1991). Indeed, the ultimate goal of this work
is to produce an animal in whom cortical pathology is
identical to that observed in schizophrenics.

Persistent Behavioral Responses in the Absence of
Additional Drug Challenge

In some respects, the extent to which some monkeys
show enhanced responses to AMPH challenge after
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chronic AMPH treatment was unexpected. Extrapolat-
ing from our serum data, the half-life of AMPH seems
to be about 6 to 8 hours, similar to that in humans.
AMPH'’s metabolic profile accounts for the finding that
treated monkeys continued to exhibit significant drug-
induced behaviors between 6 and 8 hours postinjection.
However, it does not explain the persistence of symp-
tomatology following a single 0.4 mg/kg AMPH chal-
lenge over a period of days, when it seems unlikely that
any drug would remain in the system. Therefore, it may
be the case, as mentioned above for either sensitization
or neurotoxicity, that persistent behavioral abnormali-
ties may reflect long-lasting changes in the system re-
sulting from chronic, repeated AMPH administration.
In addition, or conversely, it is possible that persistence
of AMPH-induced behaviors after AMPH has already
been metabolized in previously AMPH-treated animals
could be explained by long-lasting system changes in
response to an acute challenge, similar to those changes
described in imaging studies in nonhuman primates
(Melega et al. 1997; Villemagne et al. 1998). On the other
hand, it could be the case that even extremely low con-
centrations of AMPH that might be present in the sys-
tem in the days following the challenge are sufficient to
produce the behavioral manifestations of the drug (e.g.,
Chuang et al. 1981). Another possible interpretation of
the data is that the aberrant behaviors that manifest
over a period of days after repeated AMPH treatment
could reflect conditioned responses to the injection
(Jodogne et al. 1994; Cabib et al. 1996; Antelman 1994;
Antelman and Caggiula 1996). This statement does not
imply that a single conditioned stimulus produces the
behaviors, but that the entire context of the experimen-
tal days surrounding the injection contributes to the
continued display of behaviors. In fact, there is consid-
erable data in rodents that indicate that the conditions
present during the induction of behavioral sensitization
may affect expression of the sensitized response (Badi-
ani et al. 1997; Badiani et al. 1995a,b; Post et al. 1992;
Stewart 1992). In the present study, some AMPH-
treated monkeys exhibited AMPH-like behaviors even
in response to a saline challenge (personal observa-
tions). Further study is needed to explore these possibil-
ities.

Putative Sex Differences in the Behavioral
Consequences of Repeated AMPH Administration
in Rhesus Monkeys

In rodents, it has been shown that intact females show a
greater behavioral response to AMPH than do intact
males (Beatty and Holzer 1978; Savageau and Beatty
1981; Robinson et al. 1982a; Becker et al. 1982; Robinson
et al. 1982b). In the same vein, several observations in
the present study are suggestive of sex differences in
behavioral responses to AMPH in nonhuman primates.
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For example, one such difference that emerged in this
study was static posturing. After chronic AMPH treat-
ment, both females spent extended periods of time in
static postures in response to AMPH challenges,
whereas, neither of the males showed static posturing
as a response to AMPH challenge. Conversely, AMPH-
treated male monkeys in this study continued to engage
in movement around the homecage as well as to show
higher levels of fine-motor stereotypies in response to
AMPH challenge than did females following chronic
treatment. In response to AMPH treatment in the
present study, both males and females showed in-
creased submissive responses. However, the two sexes
showed this increase differently; that is, males lips-
macked, the females presented. Based on data from this
study, as well as data from other monkeys exposed to
repeated AMPH in the lab, AMPH-induced appetite
suppression seems to be more pronounced among
young adult females, although some highly responsive
males; for example, Jag, also showed significant appe-
tite suppression both during chronic AMPH and in re-
sponse to acute AMPH challenge post-treatment. In the
rat, decreased ambulation and more focused stereotypy
is considered a more “intense” response to AMPH than
hyperlocomotion, based on dose-response studies (for
discussion see Segal and Kuczenski, 1994). Thus, from
the present findings, it might be tentatively concluded
that females showed a more “intense” behavioral re-
sponse to repeated AMPH treatment and subsequent
AMPH challenge. However, this conclusion is highly
preliminary, because one other male (in another 6-week
AMPH study) has shown a response similar to that of
the AMPH-treated females in this study (personal ob-
servations), and it is possible that sex differences in the
behavioral response to AMPH of nonhuman primates
may be masked by individual differences in AMPH re-
sponsivity. Individual differences may also help to ex-
plain the lack of pronounced sex differences in AMPH
metabolism in the nonhuman primate. Recall that se-
rum AMPH concentrations were obtained to determine
if there were sex differences in AMPH metabolism in
the nonhuman primate similar to those that have been
described for rodents (e.g., Becker et al. 1982). Hepatic
metabolism of AMPH is more rapid in male rats than it
is in females. Thus, it is necessary to administer a
slightly higher dose of AMPH to male rats in order to
equate serum AMPH concentrations in male and fe-
male rats, and thereby, to ensure that behavioral differ-
ences reflect actual sex differences rather than meta-
bolic differences. In the monkey, although there was a
tendency for females to show higher peak serum con-
centrations of AMPH, no significant sex differences
were observed in serum AMPH concentrations. In fact,
at the midrange challenge dose, males tended to show
higher serum concentrations than females during the
2nd and 3rd hours postinjection. Because the midrange
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dose was used for acute challenges, it is possible that
this latter finding might help to explain the different be-
havioral profiles observed in the two sexes.

Repeated, Low-Dose AMPH Exposure in Rhesus
Monkeys as a Model of Psychosis

The longitudinal model of repeated, low-dose AMPH
exposure in rhesus monkeys developed here may pro-
vide insights into the etiology of schizophrenic psycho-
ses. It has been suggested that any valid animal model
of psychosis requires several key features (Liddle et al.
1992). First, it is necessary for such a model to induce
what is classically defined as positive-like symptoms
including hallucinatory-like behaviors. In the present
study, 28 months after chronic AMPH treatment, mon-
keys responded to a low-dose AMPH challenge with
myriad responses “independent of stimuli,” including
checking, tracking or swatting at nothing in the air, and
staring off into space. Possibly even more revelant to
the evaluation of repeated, low-dose AMPH exposure
in monkeys as an animal model of psychosis is the fact
that even at 20 months postdrug treatment, some mon-
keys continued to show aberrant behaviors in the ab-
sence of additional pharmacological challenge. Because
some of the behavioral changes induced by repeated
low-dose AMPH exposure appear to be “permanent,” it
is possible that some of the biochemical and anatomical
changes found in our AMPH-treated monkeys’ brains
might be similar to those found in schizophrenics. Stud-
ies are currently in progress for comparing the cortex of
amphetamine-treated monkeys and schizophrenics.
Second, any potential animal model of schizophrenia
should induce negative-like symptoms. In the repeated,
low-dose AMPH exposure model presented here, some
of the behaviors observed both during the latter stages
of chronic AMPH treatment as well as in response to
low-dose AMPH challenge in previously treated animals
could be viewed as analogous to the increase in nega-
tive symptoms observed in schizophrenic patients over
time (Dollfus and Petit 1995; Kulhara and Chandira-
mani 1990). For example, the static postures assumed
by the females in response to AMPH challenge could be
considered evidence of negative-like symptomatology
stemming from repeated exposure to AMPH (Liddle et
al. 1992). The persistent behavioral depression shown
by some animals for up to 20 months after withdrawal,
in the absence of drug, could be viewed as similar in na-
ture to the psychomotor poverty syndrome that has
been described in schizophrenic patients.

Because it is relatively easy to induce both positive-
like and negative-like behavioral changes with pharma-
cological agents such as AMPH, it seems most impor-
tant that any valid animal model simulate the third and
most difficult-to-treat aspect of the schizophrenic syn-
drome, cognitive deficits. Preliminary results from a
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test of frontal lobe function in primates, the object re-
trieval task, suggest that repeated exposure to AMPH
in monkeys impairs performance on this task (Castner
and Goldman-Rakic, in preparation). The findings for
AMPH-treated monkeys on the object retrieval task are
similar to those that have been shown for subchronic
PCP exposure in nonhuman primates on this task
(Jentsch et al. 1997). Recently, we have shown that mon-
keys treated for 6 weeks with escalating, intermittent
low-doses of AMPH show impairments on the object
retrieval task up through 6 to 7 months postchronic
treatment. Some of these 6-week treated monkeys are
currently undergoing testing on varied spatial delayed
response to see if the frontal lobe deficit suggested by
the results from the object retrieval task extends to the
realm of working memory. In sum, we have shown that
repeated, intermittent exposure to escalating low-doses
of AMPH produces monkeys that exhibit both nega-
tive-like and positive-like symptomatology in the pres-
ence and in the absence of drug. Although our AMPH
treatment regimen cannot induce schizophrenia, it can
establish a chronic condition that includes long-lasting
neurochemical, biochemical, and behavioral changes.
Therefore, repeated exposure to low-dose AMPH in
rhesus monkeys may provide a powerful paradigm for
studying the role of dopamine dysregulation in the in-
duction of psychosis and a possible etiology of schizo-
phrenia.
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