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Abstract
The present experiment assessed whether preadolescent exposure to methamphetamine would alter
adult behavioral responses to cocaine and dopamine transporter immunoreactivity in the striatum
of male and female rats. Juvenile rats were injected once daily with 0 or 2 mg/kg
methamphetamine from postnatal days 21 – 35 and tested in adulthood. Male rats, but not female
rats, exposed to methamphetamine showed an increase in responsiveness to cocaine in the open
field and an increase in dopamine transporter immunoreactivity in the striatum. These findings
suggest that early exposure to methamphetamine can lead to sex-specific altered responses to
psychostimulants in adulthood, which may contribute to later vulnerability to drug use.
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Stimulant exposure in young children occurs frequently in the United States and around the
world [7,24]. In the US, Australia and Asia exposure to methamphetamine (MA) has been
documented both prenatally and during early childhood [7,9,10,24,28]. Although this early
contact with MA is known to occur, little is known about its potential impact on brain
development and behavior. In humans, one risk factor for drug addiction later in life is early
experience with illicit drugs [19]. Individuals exposed to MA during early developmental
periods may have altered brain development, which may contribute to greater vulnerability
for drug abuse as adults.

Methamphetamine causes the release and accumulation of dopamine in the cytosol and
synapse via its actions at the dopamine terminal [14]. Given the pharmacological actions of
MA, exposure to MA during development may lead to alterations in brain development and
functioning. In humans, prenatal exposure to MA is associated with altered creatine levels in
the striatum and smaller putamen and caudate [9,28]. These changes were associated with
increased cognitive difficulties, including impairments in attention and visual motor
integration when assessed during childhood. Likewise, long-term changes in dopaminergic
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markers in the striatum were reported in a rodent model of neonatal MA exposure [11].
However, it is unknown if similar changes occur when MA exposure occurs during
childhood or if these changes will lead to behavioral and/or neurochemical modifications
associated with drug abuse later in life.

Dopaminergic systems begin to form early in prenatal development and continue to change
into adulthood [18]. Dopaminergic neurons appear during the first trimester of human fetal
development [1], however, dopaminergic markers continue to modify into adulthood
[17,20]. In both humans and rats, the dopamine transporter (DAT) peaks before adulthood
and then decreases as the animal ages into early adulthood [17,25]. Likewise, dopamine
receptors peak during adolescence in the rat and human and then decline into early
adulthood [4,20]. It is unknown if early exposure to stimulant drugs that act on dopamine
terminals, such as MA, will alter the development of dopaminergic systems in the brain.

There are dynamic changes in the brains of both males and females during preadolescence,
[2] however the magnitude of these alterations is greater in males, especially in regions
associated with reward and drug abuse. In the striatum, dopamine D1 and D2 receptors are
overproduced during preadolescence in the juvenile male rat and then subsequently
eliminated during early adulthood. In the female rat, however, these receptors gradually
increase to adult levels during preadolescence and adolescence with no subsequent
elimination [4]. Furthermore in humans, the striatum decreases in size during adolescence in
males but not females [15]. Since males tend to undergo more dramatic changes in their
dopaminergic systems during development, it is likely that they may be more vulnerable to
the long-term effects of stimulant drugs during preadolescence compared to females.

The purpose of the current study was to assess whether early repeated exposure to MA in the
rat alters their behavioral response to cocaine as adults. Since DAT in the striatum is
changing during preadolescent development and cocaine works in part by blocking DAT
[14,25], the current study also tested whether DAT is changed in the striatum of adult rats
treated with MA during preadolescence. Sex differences exist both in the development of the
dopaminergic system and in adult drug abuse [4,5,21] and may be an important
consideration in examining these effects. Therefore, this study tested whether early exposure
to MA leads to sex specific changes in adult responses to cocaine.

Male and female Sprague Dawley (Charles-River derived; Indianapolis, IN) rats were bred
in the Psychology Department's animal colony at Northern Illinois University. Lights were
maintained on a 12 hr light/dark cycle (lights on at 6:00 hr) with temperature maintained at
22±2° C. Food and water were provided ad libitum. The procedures in the current study
were approved by the local Institutional Animal Care and Use Committee and followed
National Institute of Health's Guide for the Care and Use of Laboratory Animals (NIH
Publication No. 80-23, revised 1996).

Pregnant dams' cages were checked twice daily to determine any births (PD1). The pups
were left undisturbed with their mothers until the day of weaning (PD21) and then pair
housed with a same sex littermate in polycarbonate cages (46 × 25 × 21cm). Pups from a
total of 17 litters were used for the experiments. The pups were pseudo-randomly assigned
to a treatment group in pairs at weaning (2 pups received MA, 2 pups received saline and 2
received no injection) resulting in the following treatment groups: MA (8 males and 8
females for open field; 13 males and 11 females for DAT immunoreactivity), saline (8 males
and 8 females for open field; 11 males and 8 females for DAT immunoreactivity), and not
handled (9 males and 7 females for open field; 8 males and 7 females for DAT
immunoreactivity). Therefore, the treatments were counter-balanced across each litter and
sex.
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MA-injected and saline-injected rats were weighed daily from PD21-35 and received an i.p.
injection of 0.1% of their body weight of 2 mg/kg (+)-methamphetamine HCl (Sigma
Laboratories, St. Louis, MO, USA) dissolved in 0.9% NaCl saline or 0.9% NaCl saline
alone. The selection of dosage and developmental window was based on previous research
in our laboratory [23] and on comparable dosages of other stimulants administered during
similar developmental windows [2,3,8]. During PD21-35, the not handled group was left
undisturbed. From PD36-80, all rats were left undisturbed except for routine cage
maintenance. At 80 days old, rats were handled for 5 min per day for 5 days. The estrous
cycle was not tracked in female rats because vaginal lavage has been shown to attenuate
cocaine induced locomotion, which would potentially confound the behavioral measures for
this study [31].

At approximately 90 days old, a subset of rats began testing in the open field. A large
plywood box (75 × 75 × 29 cm) painted green was used for open field testing. For the first 4
days of testing, each rat was placed into a randomly chosen corner of the open field and
allowed to explore the open field for 30 min. On the fifth day, an injection of 7.5 mg/kg
(i.p.) cocaine ((-)-Cocaine HCl, RTI International, Research Triangle Park, North Carolina,
USA) was given [16]. Immediately after the injection, each rat was allowed to explore the
open field for 60 min. The apparatus was cleaned thoroughly between rats with a
disinfectant solution. All testing sessions were recorded using a DVD-recorder attached to
an overhead camera for analysis of the total horizontal distance traveled during each testing
session using Noldus Ethovisions 3.0 (Noldus Information Technology, Wageningen,
Netherlands).

A separate group of rats was killed via decapitation and their brains were rapidly removed at
approximately 130 days old. The striata were dissected, frozen on dry ice, and stored at
-80°C until Western blots for DAT was conducted [27]. Briefly, the left striatum was
homogenized in 0.5mL of ice-cold 0.32M sucrose and centrifuged at low speed (800 × g,
17min, 4°C). The supernatant (S1) was removed and centrifuged at high speed (22,000 × g,
17min, 4°C) to yield pelleted (P2) synaptosomes. The pellet was resuspended in 150μL of
ice-cold dH20 and an aliquot (75μL) was centrifuged at high speed (22,000 × g, 17min,
4°C). The supernatant (S3) was removed and the pellet was resuspended in ice-cold dH20 to
form the membrane fraction. Protein values were determined via the Bradford method.
Protein samples were then mixed with 2 × Tris-glycine- loading buffer (Invitrogen,
Carlsbad, CA, USA), heated at 85°C for 5 min and stored at -80°C until assayed. Western
Blot analysis was performed using Tris-glycine (10%) 10 lane gels in a Novex mini cell
apparatus (Invitrogen, Carlsbad, CA, USA). Protein (5 μg) was loaded into each lane and the
gel run at 150V for 90min (running buffer: 25mM TRIS; 192mM Glycine; 0.02% SDS).
Gels were transferred at 120V for 2h to a polyvinylidene difluoride (PVDF) membrane
(transfer buffer: 25mM TRIS; 192mM Glycine; 20% Methanol; 0.02% SDS). The
membranes were then blocked for 1h at room temperature in blocking buffer (10mM TRIS;
150mM NaCl; pH 8.0; 5% non-fat dry milk and 0.05% Tween-20) and probed with DAT
primary antibody (dilution 1:1250; sc 1458, Santa Cruz, CA, USA) overnight at 4°C. The
following day, membranes were rinsed 3 × in TBST, probed with HRP-conjugated anti-goat
secondary antibody (dilution 1:2500, sc 2768, Santa Cruz, CA, USA) for 1h at room
temperature and visualized via enhanced chemiluminescence (ECL) (Amersham
Biosciences, NJ, USA). The net band intensity was measured using a Kodak Gel Logic 100
imaging system (Rochester, NY, USA).

Saline and unhandled control groups did not significantly differ from each other at any time
point during open field testing or in western blot analysis. Therefore, these groups were
collapsed into one control group for the reported statistical analyses and presentation of
results.
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The open field habituation data were analyzed using a 2 (group—control or MA
pretreatment) × 2 (sex-male or female) × 4 (day) repeated measures ANOVA. The cocaine
challenge data were blocked by litter and analyzed using a 2 (group) × 2 (sex) × 3 (time-
habituation day 4, first 30 min following cocaine, last 30 min following cocaine) repeated
measures ANOVA. Separate 2 (group) × 3 (time) ANOVA's were conducted for each sex
based on the a priori hypothesis that treatment could affect each sex differently. The western
blot immunoreactivity was analyzed using a one-way ANOVA blocked by litter. Male and
female rats were run on separate gels; therefore gender differences could not be calculated
for DAT. Significant group differences (p<0.05) were further analyzed using Tukey's post
hoc analysis. All statistical analyses were performed on SAS 9.2 software using the GLM
procedure (Cary, NC, USA). Data are expressed as the mean ± SEM.

All groups habituated to the open field as indicated by a decrease in distance traveled as the
number of habituation sessions increased (Main Effect of Day: F(3,132)=31.31, p<0.01;
Table 1). There was a significant 3 way interaction with female rats exposed to MA during
preadolescence traveling greater distances during the first day of habituation compared to
control male rats (F(3,132)=3.18, p<0.05; Table 1). However, no overall group effect was
found (F(1,44)=0.69, ns), nor did group interact with habituation day (F(3,132)=1.05, ns).
Furthermore, no overall effect of sex was found (F(1,44)=0.46, ns), nor were sex differences
seen across days of habituation (F(3,132)=1.76, ns).

An acute injection of cocaine increased the distance traveled in all groups (Time:
F(2,82)=226.84, p<0.01; Figure 1). Rats exposed to MA during preadolescence traveled a
significantly greater distance in the open field during the first 30 min following the cocaine
challenge compared to the control group (Time × Group Interaction: F(2,82)=5.67, p<0.05),
but not at any other time point. However, no differences were found between groups in the
overall distance traveled (Main Effect of Group: F(1,41)=3.34, ns).

Female rats traveled a greater distance following the cocaine challenge than males (Time ×
Sex: F(2,82)=5.36, p<0.01). The overall gender by treatment interaction did not reach
significance (F(2,82)=1.32, ns). When the sexes were analyzed separately based on the a
priori hypothesis that drug exposure would affect each gender differently, male but not
female rats exposed to MA during preadolescence had significantly increased locomotion
compared to sex matched control rats during the first 30 min following the cocaine injection
(Time × Group: Male F(2,46)=6.56, p<0.05; Female F(2,36)=1.18, ns).

Male rats exposed to MA from PD21-35 had a 55% increase in DAT protein
immunoreactivity in the striatum compared to male control rats (F(1,19)=14.22, p<0.05;
Figure 2). However, female rats exposed to MA had similar DAT immunoreactivity
compared to female control rats (F(1,15)=0.12, ns).

Overall, the findings of the current study suggest that early exposure to MA can alter adult
responses to another stimulant, cocaine, in a sex specific manner. Male rats exposed to
chronic low doses of MA had an increased locomotor response to cocaine that may be
related to the observed increase in DAT immunoreactivity in the striatum. However, female
rats exposed to the same MA dosing regimen from PD21-35 showed no changes in their
locomotor response to cocaine as adults or in DAT levels in the striatum.

The enhanced behavioral responsiveness to cocaine in male rats treated with MA during
preadolescence may be due to the action of cocaine on DAT. Cocaine blocks catecholamine
transporters including the dopamine transporter, therefore the increase in DAT observed in
MA exposed male rats may contribute to greater dopamine-stimulated behavior [14]. The
spontaneous hypertensive rat also has been shown to have increased DAT expression in the

McFadden et al. Page 4

Behav Brain Res. Author manuscript; available in PMC 2012 January 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



striatum and increased responsiveness to stimulant drugs [6,32]. Furthermore, human
cocaine drug abusers also show increased DAT densities in the caudate [12].

However, the increase in DAT densities should be interpreted cautiously for it may be a
compensatory response due to less functional DAT. Mice lacking the orphan G protein-
coupled receptor 37 have increased striatal dopamine uptake and DAT expression on the
plasma membrane, but decreased overall striatal DAT protein and locomotor response to
cocaine compared to wild-type mice [22]. These findings suggest that the localization and
function of the transporters may play a greater role in the regulation of dopamine and
stimulant-induced activity than the total amount of DAT protein. In the current study, male
rats exposed to MA during preadolescence differed only in the distances traveled after the
cocaine challenge but not during habituation. Our behavioral data are similar to data from
DAT knockdown mice with 90% reduction of DAT who showed an increased locomotion to
low doses cocaine but not to saline compared to wild-type mice [30]. Thus, the increased
locomotion and the increased DAT protein found in the male rats treated with MA during
preadolescence may be indicative of reduced striatal DAT function rather than changes in
density.

The sex difference that was observed following the cocaine challenge supports previous
research. Kuhn and colleagues found that adult male rats have a reduced locomotor response
to cocaine compared to adult female rats [21]. Interestingly, adult males showed an
attenuated response to cocaine compared to juvenile rats, but adult females showed similar
levels of activity regardless of the developmental period [21]. The attenuated locomotor
response in the adult males may be due to the decrease in DAT densities observed in male
rats as they age into adulthood [21,25]. In the current study, male rats exposed to MA during
preadolescence had a similar locomotor response to cocaine as female rats but an increased
locomotor response compared to the control male rats. Coupled with the increased DAT
densities in the striatum, these findings may suggest that the dopaminergic systems in adult
male rats exposed to MA earlier in development may be in a similar functional state as that
of male juvenile rats.

In summary, the findings in the current study suggest that males may be more vulnerable to
the enduring effects of early exposure to MA. These male rats had an increased locomotor
response to cocaine and increased DAT immunoreactivity compared to control male rats, but
female rats showed no changes in either measure. The increased DAT immunoreactivity in
the striatum of MA treated male rats may be indicative of an increased potential of drug
abuse. Increased DAT densities in the caudate are also seen in humans with cocaine
dependence [12] and in medication naive patients with attention/deficit hyperactivity
disorder who also have higher rates of substance abuse disorders [13,29]. Overall, the
current study suggests that juvenile MA exposure may lead to altered responses to drugs of
abuse as adults.
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Figure 1.
Distance traveled during the cocaine challenge in the open field. An acute injection of
cocaine significantly increased the distance traveled in all groups as expected. Rats exposed
to MA during preadolescence traveled significantly greater distances during the first 30 min
following the cocaine challenge compared to the control group. The increased locomotion
during the first 30 min following the cocaine challenge (COC30) was greater in MA
exposed males compared to male controls (* p<0.05).
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Figure 2.
Western blot analysis of striatal DAT. Representative blots of striatal tissue (5 μg of protein/
lane) taken from female (A) or male (B) rats. C. Male rats exposed to MA during
preadolescence had significantly higher striatal DAT immunoreactivity compared to control
male rats (* p<0.05). Female rats had no significant changes in striatal DAT
immunoreactivity.
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