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Abstract Methamphetamine (METH) addiction is preva-
lent among individuals with HIV infection. We hypothesize
that HIV-positive individuals are more prone to METH use
and to the development of METH dependence. To test this
hypothesis, we examined the effects of METH (daily
intraperitoneal injection 2.5 mg/kg for 6 days) on rearing
and head movement in 12–13-week-old male HIV-1
transgenic (HIV-1Tg) rats compared to F344 control rats
as an indicator of behavioral sensitization, also representing
neural adaptation underlying drug dependence and addic-
tion. Body and brain weights were also recorded. The
involvement of the dopaminergic system was investigated

by examining dopamine receptors 1 (D1R) and 2 (D2R)
and dopamine transporter (DAT) expression in the striatum
and prefrontal cortex. METH increased rearing number and
duration in both F344 and HIV-1Tg rats. Rearing number
was attenuated over time, whereas rearing duration
remained constant. METH also induced a progressive
increase in stereotypical head movement in both F344 and
HIV-1Tg rats, but it was greater in the HIV-1Tg rats than in
the F344 animals. The brain to body weight ratio was
significantly lower in METH-treated HIV-1Tg rats com-
pared to F344 controls. There was no significant difference
in striatal D1R, D2R, or DAT messenger RNA in HIV-1Tg
and F344 rats. However, D1R expression was greater in the
prefrontal cortex of HIV-1Tg rats than F344 rats and was
attenuated by METH. Our results indicate that METH-
induced behavioral sensitization is greater in the presence
of HIV infection and suggest that D1R expression in the
prefrontal cortex may play a role in METH addiction in
HIV-positive individuals.
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Introduction

The use of methamphetamine (METH), a highly addictive
stimulant drug, is prevalent in the USA, especially among
homosexual men, where its use is reportedly 30 times
greater than in the general US population (Rhodes et al.
2007). Male homosexuals are also at a higher risk for HIV
infection, up to 19 times more likely to be infected than the
general population globally (Baral et al. 2007). Conversely,
HIV-positive individuals are more likely to use METH than
HIV-negative individuals (Molitor et al. 1998). One
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possible motivation for METH use by HIV-positive
individuals is that the drug might help them to cope with
their diagnosis and make them feel better physically
(Semple et al. 2002). HIV patients may self-medicate with
METH to overcome their HIV-related depression, fatigue,
and neuropathic pain (Robinson and Rempel 2006). Since
METH use is associated with more risky sexual behavior,
some researchers have even suggested that treatment for
METH abuse should be an essential part of HIV prevention
(Colfax and Shoptaw 2005). Thus, there appears to be a
bidirectional link between METH use and HIV infection.
The possibility that HIV infection may enhance an
individual’s addictive behavior, including the use of
addictive drugs such as METH, has not been explored.

METH is similar in chemical structure to dopamine. It
can be taken up by the dopamine transporter (DAT), enter
dopamine neurons, and cause massive release of dopamine
into the synaptic cleft (Coutinho et al. 2008). The effects of
dopamine are mediated by at least two receptor subtypes,
D1 and D2, which are coupled to the activation and
inhibition of adenylate cyclase (Stoof and Kebabian 1981;
Pollack 2004), respectively. Both the D1 receptor (D1R)
and D2 receptor (D2R) are involved in METH-induced
behavioral sensitization (BS; Ujike et al. 1989; Hamamura
et al. 1991; Kelly et al. 2008). An altered striatal
dopaminergic tone, such as that induced by recurrent or
chronic METH use, may change the “reward circuitry.”
When these circuits are “overloaded,” the increase in
synaptic dopamine reinforces reward-seeking behavior,
leading to addiction. HIV-1 infection or exposure to HIV
viral proteins leads to damages in the dopaminergic
terminals and dopaminergic deficits (Gelman et al. 2006;
Chang et al. 2008) with decreased dopamine release (Ferris
et al. 2009), which may lead to abuse of psychostimulant
drugs that would increase dopamine release. Thus, based on
various clinical and preclinical reports that HIV infection
may alter dopaminergic pathways, we hypothesize that
HIV-positive individuals are more prone to METH use than
HIV-negative persons and that alterations in the expression
of the dopamine receptors and dopamine transporters in the
brain may be involved in the mechanisms underlying such
reward-seeking behavior.

In rodents, repeated exposure to METH causes increased
locomotor activity (such as rearing) and stereotypic behavior
(such as repeated head movements). These behavioral
changes are termed BS, which is thought to reflect some
aspects of neuronal adaptation underlying drug dependence
and addiction (Robinson and Berridge 1993, 2008). To test
our hypothesis, we treated HIV-1 transgenic (HIV-1Tg) rats
and F344 background control rats with METH and then
compared BS (including rearing and repetitive head move-
ment). The HIV-1Tg rat is a useful model since it carries the
gag-pol deleted HIV-1 provirus and expresses seven of the

nine HIV-1 genes, which mimics the persistent low level of
infection and exposure to HIV viral proteins in individuals
stably treated with antiretroviral medications (Reid et al.
2001, 2004; Ray et al. 2003). Both the brain and body
weights of the rats were recorded. In addition, we assayed
D1R, D2R, and DAT messenger RNA (mRNA) expression in
the striatum and prefrontal cortex of the HIV-1Tg and F344
control rats with and without METH treatment to investigate a
possible mechanism underlying addictive behavior.

Materials and methods

Animals

HIV-1Tg rats, derived from the Fisher 344/NHsd Sprague-
Dawley background, were generated using a construct
derived from the infectious HIV-1 provirus, pNL4-3, after
deletion of a 3.1-kb Sph1-Bal1 fragment that overlaps the
gag and pol genes (pNL4-3:d1443; Reid et al. 2001). These
rats are commercially available (Harlan, Indianapolis, IN,
USA). Nontransgenic Fisher 344/NHsd Sprague-Dawley
rats (F344) were used as controls. The animals were housed
in a temperature-controlled environment (21–22°C) with
standard rat diet and water available ad libitum in a
12-h light/dark cycle. The experimental procedures were
approved by the Institutional Animal Care and Use
Committee at Seton Hall University.

METH administration and behavioral observations

METH ([+]methamphetamine hydrochloride, catalog # M-
8750, Sigma-Aldrich Co., St. Louis, MO, USA) was
dissolved in saline (1.25 mg/mL) for intraperitoneal (i.p.)
injection. Eight male HIV-1Tg rats and eight male F344 rats
(12 weeks old) were double-caged and allowed to adapt to
the environment for 5 days. After 2 days of habituation to
the injection procedure (saline, 2 mL/kg per day, i.p.), each
group of animals was randomly subdivided into two groups
and treated for 6 days with either 2.5 mg/kg per day METH
or 2 mL/kg per day saline. The four groups of animals (n=4
ea) were designated as HIV-1Tg+METH, HIV-1Tg+saline,
F344+METH, and F344+saline. Following each injection,
locomotor activity (rearing) and stereotypic behavior
(repeated head movement) were scored for 2 min at 45,
90, 135, and 180 min. The rearing event was defined as
both front paws raised from the ground with the rat
standing on its hind paws. The repeated head movements
were operationalized as lateral or circular motion; strictly
vertical head movements were excluded. This time frame
was chosen because the blood level of METH in the
METH-treated rats is reported to be the highest within this
time interval (Cho et al. 2001).
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Brain dissection

Approximately 24 h following the last METH administration,
the rats were sacrificed by decapitation; the brain from each
animal was collected and weighed using a top load balance
(Mettler PM 600 Electronic Balance, Mettler Instrument Corp.,
Hightstown, NJ, USA), and the ratio of the brain weight to the
whole body weight prior to sacrifice was calculated. The brain
was dissected on wet ice into various areas, including the
striatum and prefrontal cortex, frozen on dry ice, and stored
at −80°C until RNA isolation for real-time reverse-transcriptase
polymerase chain reaction (RT-PCR) analysis.

RNA isolation, reverse transcription of RNA,
and SYBR-green-based real-time PCR

Total RNA from the striatum and prefrontal cortex was
extracted using TRIzol reagent according to the manufac-
turer’s protocol (cat. # 15596-018, Invitrogen, Carlsbad, CA,
USA). One microgram of total RNA was reverse-transcribed
into complementary DNA (cDNA) in a GeneAmp PCR
System 2400 (Perkin Elmer, Waltham, MA, USA) for 1 h at
37°C and then for 10min at 67°C. Real-time PCR assays were
performed to compare D1R, D2R, and DAT mRNA expres-
sion in the striatum and prefrontal cortex of the four groups of
rats. The primer sequences of the forward and reverse primers
used in this study are listed in Table 1. A 2-μL aliquot of the
cDNA was amplified in a 25-μL reaction system, including
12.5μL of 2× SYBRGreen PCRMasterMix (cat. # 4364346,
Applied Biosystems, UK) and 0.35 μL of each 20-μM primer
(Integrated DNATechnologies, Coralville, IA, USA) using an

ABI 7000. The glyceraldehyde-3-phosphate dehydrogenase
gene was used as an internal standard to normalize the Ct
value of each sample. The relative level of gene expression
was recorded as the fold of F344+saline control by using the
2−ΔΔCT method.

Statistical analysis

Behavioral data were analyzed using three-way analysis of
variance (ANOVA) with repeated measures over time,
followed by a Student’s t test for comparing METH-induced
locomotor and stereotypic increments between the F344 and
HIV-1Tg rats on each day. Group differences in relative brain
weights and relative gene expression levels in the striatum and
prefrontal cortex were compared using a one-way ANOVA.
All data were analyzed by SPSS 15.0 software and expressed
as the mean ± SEM. Differences were considered significant
at P<0.05.

Results

Behavioral observations

Rearing Rearing behavior has been used previously as a
measure of locomotor effects (Neubert et al. 2007). The
number and duration of rearings were scored for 2 min at 45,
90, 135, and 180 min following treatment with either 2.5 mg/
kg per day METH or 2 mL/kg per day saline for 6 days. Total
number and cumulative duration of rearing events were then
calculated in each group. Before METH treatment, HIV-1Tg
rats showed a trend for lower rearing counts compared to F344
rats (F(1, 6)=4.658, P=0.074). The number of rearings was
increased following METH treatment in both the F344 and
HIV-1Tg rats compared to saline-treated animals (Fig. 1a,
F(1, 13)=64.095, P<0.01). However, the METH-induced
rearings became attenuated over time (Fig. 1a, F(5, 65)=
8.128, P<0.01), especially in the F344 group but not in the
HIV-1Tg group. The difference in the METH-induced
attenuation led to a greater increase in the number of
rearings in the HIV-1Tg rats than in the F344 animals on
days 4 (P<0.05), 5 (P<0.05), and 6 (P<0.01; Fig. 1b).
There was also a significant increase in the cumulative
duration of rearings following METH treatment in both
the F344 and HIV-1Tg rats compared to saline-treated
animals (Fig. 1c, F(1, 13)=82.769, P<0.01) but no
significant change in the cumulative duration of rearings
over time (Fig. 1c, F(5,65)=0.954, P=0.453) or in the
cumulative duration of rearings between the HIV-1Tg rats
and the F344 animals on those days (Fig. 1d, P>0.05).

Head movement The number of head movements was scored
for 2 min at 45, 90, 135, and 180min after treatment for 6 days

Table 1 Primer sequences used for SYBR green-based real-time RT-
PCR

Gene
Name

Sequence

D1R Forward primer 5-
CAGTCCATGCCAAGAATTGCCAGA-3

Reverse primer 5-
AATCGATGCAGAATGGCTGGGTCT-3a

D2R Forward primer 5-CCAAGCGCAGCAGTCGAG-3

Reverse primer 5- ATTCTCCGCCTGTTCACTGG-3b

DAT Forward primer 5-TCAGAGCTGAAGCCTGACG-3

Reverse primer 5- CGGAGCATTTGCTCTTACTCA-3c

GAPDH Forward primer 5-GAACATCATCCCTGCATCCA-3

Reverse primer 5-CCAGTGAGCTTCCCGTTCA-3

a Spangler et al. 2003
b Proudnikov et al. 2003
c Roche Applied Science Real-Time PCR Assay Design Center:
https://www.roche-applied-science.com/sis/rtpcr/upl/acenter.jsp?
id=030000
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with either 2.5 mg/kg per day METH or 2 mL/kg per day
saline. With saline treatment, HIV-1Tg rats showed nonsig-
nificantly fewer head movements than the F344 rats. With
METH treatment, head movement counts were significantly
higher in both the F344 and HIV-1Tg rats than in the saline-
treated controls (Fig. 2a, F(1, 13)=281.550, P<0.01); however,
the HIV-1Tg+METH rats had even greater head movements
than the F344 control animals (Fig. 2a, F(1, 13)=5.529, P<
0.05). In addition, there was a significant progressive
augmentation of head movement in both F344 and HIV-
1Tg rats over time compared to saline-treated controls
(Fig. 2a, F(5, 65)=28.710, P<0.01 and F(5, 65)=29.632,
P<0.01, respectively), with the greater increase occurring
in the HIV-1Tg rats on days 2, 3, 4, 5, and 6 (Fig. 2b).

The above behavioral assessments were repeated three
times (with four animals per group) and we found similar
results with each experiment.

Relative brain weights

The relative brain weights were obtained by calculating the
ratio of brain weight to body weight. There was no significant
difference in the relative brain weight of F344+saline rats and

HIV-1Tg+saline rats; however, the relative brain weight was
significantly lower in the HIV-1Tg+METH rats than in the
F344+METH rats (P<0.05; Fig. 3). The above difference
was due to a trend for increase in the mean relative brain
weight in METH-treated F344 rats (the ratio of brain weight
to body weight is from 0.00728 to 0.00762, P=0.083) and a
nonsignificant decrease in the mean relative brain weight in
METH-treated HIV-1Tg rats (the ratio is from 0.00713 to
0.00705, P=0.813).

Reverse transcription of RNA and SYBR-green-based
real-time RT-PCR

Striatum RNA from the striata of METH-treated HIV-
1Tg rats and F344 rats was extracted and subjected to
real-time RT-PCR analysis for D1R, D2R, and DAT
expression. Striatal D1R, D2R, and DAT expressions
were not different between the four groups of rats. As
for the D1R to D2R ratio, there was no significant
effect of either METH (F344+METH rats) or HIV-1
infection alone (HIV-1Tg+saline rats), but there was a
trend toward a higher D1R to D2R ratio in the HIV-
1Tg+METH rats compared to the F344+saline control
animals (P=0.066), which resulted from a slightly higher

Fig. 1 a Rearing counts in HIV-1Tg and F344 rats. The daily number
of rearings in the four groups of rats (F344+saline, HIV-1Tg+saline,
F344+METH, HIV-1Tg+METH) was determined for 6 days within
3 h following administration of 2.5 mg/kg per day METH or 2 mL/kg
per day saline. b Comparison of METH-induced rearing in F344 and
HIV-1Tg rats. *P<0.05, **P<0.01. c Rearing duration in HIV-1Tg

and F344 rats. The daily rearing duration in the four groups of rats
(F344+saline, HIV-1Tg+saline, F344+METH, HIV-1Tg+METH)
was determined for 6 days within 3 h following administration of
2.5 mg/kg per day METH or 2 mL/kg per day saline. d Comparison of
METH-induced rearing duration in F344 and HIV-1Tg rats
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D1R, but no change in D2R (Fig. 4), which may be due to
a synergistic effect of HIV-1 and METH.

Prefrontal cortex The D1R expression level and the D1R to
D2R ratio were greater in the prefrontal cortex of the HIV-
1Tg rats than in the F344 rats, and the elevated D1R
expression level was attenuated by METH. There was no
significant difference in D2R and DAT expression in the
prefrontal cortex between the four groups of rats (Fig. 5).
Due to large individual variations in the HIV-1Tg+saline

rats, the higher mean DAT expression did not reach
significance in comparison with the other groups.

Discussion

In rodents, a low-to-moderate dose of a psychostimulant
such as METH produces an increase in locomotor activity
(such as rearing). A higher dose results in the emergence of
focused stereotypic behavior (such as repetitive head
movements) and a resultant decrease in locomotion,

Fig. 2 a Head movement in HIV-1Tg and F344 rats. The daily head
movement in the four groups of rats (F344+saline, HIV-1Tg+saline,
F344+METH, HIV-1Tg+METH) was determined for 6 days within
3 h following administration of 2.5 mg/kg per day METH or 2 mL/kg
per day saline. b Comparison of METH-induced head movement in
F344 and HIV-1Tg rats. *P<0.05, **P<0.01

Fig. 3 Effect of METH on relative brain weights in HIV-1Tg and
F344 rats. The ratio of brain to body weight was determined in the
four groups of rats (F344+saline, HIV-1Tg+saline, F344+METH,
HIV-1Tg+METH) following administration of 2.5 mg/kg per day
METH or 2 mL/kg per day saline. *P<0.05

Fig. 4 Dopamine receptors 1 and 2 and dopamine transporter expression
in the striatum of HIV-1Tg and F344 rats. Expression of dopamine
receptor 1 (D1R), dopamine receptor 2 (D2R), and dopamine transporter
(DAT), and the ratio of D1R to D2R in the striatum were determined in
the four groups of rats (F344+saline, HIV-1Tg+saline, F344+METH,
HIV-1Tg+METH) following administration of 2.5 mg/kg per day
METH or 2 mL/kg per day saline. P=0.066

Fig. 5 Dopamine receptors 1 and 2 and dopamine transporter
expression in the prefrontal cortex of HIV-1Tg and F344 rats. The
expression of dopamine receptor 1 (D1R), dopamine receptor 2 (D2R),
and dopamine transporter (DAT), and the ratio of D1R/D2R in the
prefrontal cortex were determined in the four groups of rats (F344+
saline, HIV-1Tg+saline, F344+METH, HIV-1Tg+METH) following
administration of 2.5 mg/kg per day METH or 2 mL/kg per day saline.
*P<0.05, **P<0.01
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including rearing. The gradual and incremental increase in
drug-induced locomotion and stereotypic behavior is
usually referred to as BS. BS induced by a psychostimulant
in rodents has been considered as a model of drug addiction
and is accompanied by adaptations in neural circuits that
include those in the prefrontal cortex and striatal regions.
Repetitive drug exposure induces incremental adaptive
changes in the brain that may eventually lead to patholog-
ical craving and addictive behavior (compulsive drug
seeking and drug taking; Schenk and Partridge 1997;
Robinson and Kolb 2004; Brady et al. 2005; Jedynak et
al. 2007; Robinson and Berridge 1993, 2008).

In our study, the HIV-1Tg+saline rats showed less
rearing than the F344+saline rats, which is consistent with
possible damages to the dopaminergic terminals that were
associated with psychomotor slowing in patients with HIV-
1 infection (Wang et al. 2004; Chang et al. 2008). With
METH treatment, rearing (locomotive) activity initially
increased in both the HIV-1Tg and F344 control rats, but
this increased rearing attenuated over time with continued
METH administration in the F344 rats but not in the HIV-
1Tg rats. These findings suggest the development of
tolerance to the dose of METH administered in the F344
rats but not in the HIV-1Tg rats. At the same time, METH
induced a progressive increase in stereotypical head
movement in both F344 and HIV-1Tg rats. These results
indicate that BS occurred in all animals as a result of
chronic exposure to METH over time. However, the greater
METH-induced locomotive activity and stereotypical head
movement in the HIV-1Tg rats than in the F344 rats
suggests that METH may induce greater BS in the presence
of HIV infection.

Previous studies have shown that brain dopaminergic
pathways play an important role in the development and
expression of BS (Robinson and Berridge 1993, 2008).
Repeated exposure to drugs such as to METH or cocaine
causes dopaminergic systems to become hypersensitive,
which is coupled to BS and the motivational incentive
properties of drugs (Robinson and Berridge 1993, 2008).
The effects of HIV infection and METH on the central
nervous system are distinct, but they may converge on
common pathways, particularly those involving the dopa-
minergic system (Ferris et al. 2008). Patients with HIV/
AIDS often present with Parkinsonian symptoms, such as
motor or psychomotor slowing, that reflect decreased
dopaminergic synaptic transmission (Chang et al. 2008).
Acutely, the HIV viral protein, TAT, has been shown to be
toxic to the dopaminergic system by evoking an overflow
of dopamine in the striatum of rats (Cass et al. 2003).
However, with chronic exposure to HIV viral proteins, the
damages to the dopaminergic neurons and their terminals
would lead decrease dopamine release and possibly an
upregulation of the postsynaptic dopaminergic receptors to

compensate for the decreased dopaminergic transmission.
This upregulation of the postsynaptic dopaminergic recep-
tors, in turn, may lead to an enhanced responsiveness to
METH, and produce greater sensitization in the HIV-
infected individual, similar to our findings of greater BS
in our HIV-1Tg rats.

METH is chemically similar to dopamine. Both dopa-
mine receptors, D1R and D2R, are involved in METH-
induced BS (Ujike et al. 1989; Hamamura et al. 1991; Kelly
et al. 2008). In our study, dopamine receptor expression in
the striatum was not affected by either METH (F344+
METH) or by HIV-1 effects alone (HIV-1Tg+saline rats),
but there was a trend toward a higher D1R to D2R ratio in
the HIV-1Tg+METH rats compared to the F344+saline
control animals, which resulted from the slightly higher
(upregulated expression of) D1 receptors in the HIV-1Tg+
METH group. Furthermore, both D1R expression and the
D1R to D2R ratio were higher in the prefrontal cortex of
the HIV-1Tg rats compared to F344 rats without exposure
to METH, and these elevations were attenuated by METH.
The differences in dopamine receptors between the striatum
and prefrontal cortex may be one of the reasons that HIV-
1Tg rats show greater BS and that attenuated D1R
upregulation in the prefrontal cortex may be an adaptive
response to repetitive METH stimulation. Drug abuse can
alter mesolimbic dopamine reward pathways and result in
uncontrolled cravings (“go” signals). Drug abuse can also
alter the decision-making prefrontal cortex, which sup-
presses inappropriate reward responses (“stop” signals).
Alterations in the signals in these two brain regions may
lead to uncontrolled use despite severe consequences (Clay
et al. 2008).

There have been some reports that the METH-induced
changes in D1R, D2R, and DAT are not due to changes in
the level of expression but, rather, changes in the function
of these proteins. For example, in METH-sensitized
animals, there is an increase in high-affinity states of D1R
and D2R in the striatum but no change in density (Shuto et
al. 2008), and, while there is no change in DAT protein
level in the striatum, the kinetics of DAT are changed
(Bjorklund et al. 2008; Ferris et al. 2008). Our results
suggest that elevated D1R expression in the prefrontal
cortex of HIV-positive individuals may play a role in the
development of drug addiction. However, many more
studies are needed to further clarify the involvement of
the dopaminergic pathways in METH addiction in HIV-
infected individuals.

BS induced by a psychostimulant is accompanied by
neuroadaptation in the brain. In addition to changes in the
dopamine system, we also showed that the relative brain
weight was significantly lower in the HIV-1Tg+METH rats
than in the F344+METH rats. The higher mean relative
brain weight in METH-treated F344 rats may reflect
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METH-mediated neuroinflammation, while the lower mean
relative brain weight in METH-treated HIV-1Tg rats may
reflect brain atrophy due to ongoing brain injury. These
findings are also consistent with magnetic resonance
imaging studies which found larger striatal and parietal
brain volumes in METH users (Chang et al. 2005; Jernigan
et al. 2005), whereas those with chronic HIV infection
typically showed smaller brain volumes, primarily in
striatal structures but also in cortical regions (Thompson
et al. 2005; Ances et al. 2006).

METH can induce behavioral effects and neurotoxicity,
depending on dosage and duration of METH administra-
tion. The neurotoxic dose is approximately 20 to 30 times
higher than the dose that produces behavioral effects, such
as locomotion and stereotypy (Seiden and Ricaurte 1987).
Several studies have reported that various addictive drugs,
especially METH, may synergize with HIV proteins such as
TAT to cause dopaminergic neurotoxicity in the striatum
(Gurwell et al. 2001; Theodore et al. 2006a, b). However,
the treatment regimen in our study which resulted in
behavioral effects was nonneurotoxic, and no obvious
pathological changes were seen (data not shown). Possible
explanations include: (1) a nonneurotoxic METH dosage
regimen was used; (2) the transgenic rats can only express
very low HIV-1 viral protein levels; and (3) these rats are
still young, so the duration of exposure to the viral proteins
may not be long enough to cause pathological changes.
Nevertheless, the data from this study clearly demonstrate
that the HIV-1Tg rat can be a useful model to study METH-
induced BS, as well as to explore the mechanisms of drug
addiction in HIV-positive individuals. Further studies on
the expression levels of viral proteins, such as gp120 and
TAT, in the brain, and any pathological changes that occur
in the brain of the HIV-1Tg rat at different ages are being
conducted.
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