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Abstract
Rationale—Preweanling rats exhibit robust one-trial cocaine-induced behavioral sensitization;
however, it is uncertain whether other psychostimulants can also induce sensitization in young rats
using the one-trial procedure.

Objective—The purpose of this study was to determine whether methamphetamine,
methylphenidate, and D-amphetamine are capable of inducing one-trial locomotor sensitization in
preweanling rats.

Methods—In a series of four experiments, rats were pretreated with cocaine (30 mg/kg),
methamphetamine (2–12 mg/kg), methylphenidate (5–20 mg/kg), or amphetamine (5 mg/kg)
before being placed in a novel activity chamber or the home cage on PD 19. Rats were then
challenged with the same psychostimulant (20 mg/kg cocaine, 1–8 mg/kg methamphetamine, 2.5–
7.5 mg/kg methylphenidate, or 1–2 mg/kg amphetamine) on PD 21, with distance traveled being
measured for 180 min. In a separate experiment, rats were pretreated with methamphetamine on
PD 16–19 and challenged with methamphetamine on PD 21.

Results—Only cocaine, but not various dose combinations of other psychostimulants, was able
to produce one-trial behavioral sensitization in preweanling rats. Context-dependent locomotor
sensitization was also evident if rats were pretreated with methamphetamine on PD 16–19 and
tested on PD 21.

Conclusions—It is uncertain why only cocaine was able to induce one-trial locomotor
sensitization in preweanling rats, but it is possible that: (a) the neural circuitry mediating
sensitization differs according to psychostimulant, (b) cocaine is more readily associated with
environmental contexts than other psychostimulants, or (c) affinity and pharmacokinetic factors
may underlie cocaine’s ability to induce one-trial behavioral sensitization in preweanling rats.
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Introduction
There is a growing realization that psychostimulant drugs differentially affect the developing
and mature brains of humans and other animals (Andersen 2005). Although various
developmental stages in the rat have translational relevance to humans, there is a renewed
focus on the late preweanling period because it is approximately analogous to late childhood
in humans (Smith and Morrell 2008). During this developmental stage, a surprising
percentage of children in the United States (~7%) illicitly sample psychostimulants (e.g.,
cocaine, methamphetamine, methylphenidate, and amphetamine) and other drugs of abuse
(Johnston et al. 2005; Smith and Morrell 2008; Wilens et al. 2008). Repeated exposure to
psychostimulant drugs can cause a variety of neural and behavioral changes in young and
adult animals (Laviola et al. 1999; Andersen 2005). One of the most frequently studied of
these phenomena is behavioral sensitization, which is defined as a progressive enhancement
in behavioral responsiveness that occurs after repeated treatment with a psychostimulant
drug (Robinson and Becker 1986; Kalivas and Stewart 1991). Behavioral sensitization has
been studied intensively, in part, because it is hypothesized to be an important component of
the addiction process (Robinson and Berridge 1993, 2008; Wolf and Ferrario 2010).

In a typical behavioral sensitization procedure, adult rats or mice are given repeated
administrations of a psychostimulant drug (e.g., cocaine, amphetamine, methylphenidate,
methamphetamine, etc.) across multiple pretreatment days and sensitized responding to a
challenge injection of the psychostimulant is assessed days, weeks, or months later (Kalivas
et al. 1988; Kuribara and Uchihashi 1994; Browman et al. 1998; Yang et al. 2007). Using
this procedure, adult rats are capable of showing a sensitized locomotor response many
months after initial drug discontinuation (Leith and Kuczenski 1982; Paulson et al. 1991).
Testing sessions often last 2 or more hours and sensitized responding is exhibited across the
breadth of the session (i.e., tolerance-like effects are not evident, although sensitized
stereotypy may be prominent) (Segal and Kuczenski 1987; Kalivas and Duffy 1993).
Interestingly, environmental conditioning factors can modulate the strength of the sensitized
response, since behavioral sensitization is often more robust when drug pretreatment and
testing occur in the same previously novel environment (Post et al. 1981; Carey and Gui
1998). Drug–environment pairings are not necessary for behavioral sensitization, however,
because sensitized responding can be observed in adult rats even when the psychostimulant
is never associated with the testing environment (Vezina and Stewart 1990; Partridge and
Schenk 1999).

Adult rats and mice will also exhibit locomotor sensitization if given a single pretreatment
injection of cocaine or amphetamine (Weiss et al. 1989; McDougall et al. 2005). With this
procedure, sensitized responding is typically assessed 1 or 2 days after drug pretreatment
(Weiss et al. 1989; McDougall et al. 2007), although one-trial sensitization has been shown
to persist for at least 3–4 weeks (Robinson et al. 1982). In adult rats, environmental
conditioning factors appear to gain in importance when the drug pretreatment phase consists
of a single psychostimulant administration (for discussion, see Pert et al. 1990; White et al.
1998). For example, behavioral sensitization was not evident if drug pretreatment and
testing occurred in distinctly different environments or if drug pretreatment occurred in the
home cage (Battisti et al. 1999a, 1999b; McDougall et al. 2009b). In contrast, adult rats and
mice pretreated with cocaine or amphetamine in a novel environmental context showed a
sensitized response when subsequently challenged with a psychostimulant in the same
environment (Jackson and Nutt 1993; Battisti et al. 2000).

Preweanling rats given repeated administrations of cocaine, amphetamine, or
methylphenidate also exhibit behavioral sensitization (McDougall et al. 1994, 1999; Snyder
et al. 1998). As with adult animals, the sensitized responding of young rats is more robust
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when drug pretreatment and testing occur in the same previously novel environment (Wood
et al. 1998; Zavala et al. 2000; see also Fujiwara et al. 1987; Kolta et al. 1990). Although
often viewed as being qualitatively similar, the behavioral sensitization exhibited by
preweanling and adult rats differs in meaningful ways (for a review, see Tirelli et al. 2003).
For example, both the magnitude and persistence of the sensitized response appears to be
reduced in preweanling rats relative to adults (McDougall et al. 1999; Zavala et al. 2000).
More recently, Smith and Morrell (2008) have suggested that preweanling rats do not
exhibit true adult-like behavioral sensitization. Instead, they reported that after three once-
daily cocaine treatments 22-day-old rats exhibit an initial increase in locomotor activity that
lasts for 30 min, followed by a “tolerance-like response” that was apparent for the remainder
of the 3-h testing session (Smith and Morrell 2008). Adult rats, in comparison, showed a
day-dependent increase in cocaine-induced locomotor activity that was evident across the
entire 3-h testing period (Smith and Morrell 2008).

Preweanling rats, like adults, are capable of exhibiting one-trial cocaine-induced behavioral
sensitization, however the sensitized responding of the two age groups differs in at least one
important respect. Specifically, only preweanling rats show robust context-independent
sensitization when tested using the one-trial procedure (McDougall et al. 2009a; Herbert et
al. 2010). This age-dependent difference suggests that either (a) associative processes do not
modulate the one-trial sensitization of young rats or (b) the nature of the cocaine–
environment pairings differs according to age (McDougall et al. 2009b; Herbert et al. 2010).
To further delineate the factors influencing one-trial behavioral sensitization, we attempted
to determine if psychostimulant drugs other than cocaine (i.e., methamphetamine,
methylphenidate, and amphetamine) are capable of inducing one-trial context-specific or
context-independent sensitization during the preweanling period. In order to better describe
the pattern of sensitized responding, locomotor activity was measured across a 3-h testing
session. Lastly, using a standard multitrial sensitization procedure (i.e., incorporating 4
pretreatment days), we examined whether repeated treatment with methamphetamine would
induce behavioral sensitization in preweanling rats (in previous developmental studies only
cocaine-, methylphenidate-, and amphetamine-induced sensitization was assessed using a
multitrial procedure). It was initially hypothesized that (a) all of the psychostimulants tested
(i.e., cocaine, methamphetamine, methylphenidate, and amphetamine) would induce one-
trial context-independent sensitization, and (b) context-dependent behavioral sensitization
would be evident after a 4-day regimen of methamphetamine.

Materials and methods
Subjects

Subjects were 370 male and female rats of Sprague–Dawley descent (Charles River,
Hollister, CA) that were born and bred at California State University, San Bernardino
(CSUSB). Litters were culled to ten pups on PD 4. Except during testing, rat pups were kept
with the dam and littermates in large polycarbonate maternity cages (56×34×22 cm) with
wire lids and Tek-Fresh® bedding (Harlan, Indianapolis, IN). Food and water were freely
available. The colony room was maintained at 22–24°C and kept under a 12 L:12 D cycle.
Testing was done in a separate experimental room and was conducted during the light phase
of the cycle. Subjects were cared for according to the “Guide for the Care and Use of
Mammals in Neuroscience and Behavioral Research” (National Research Council 2003)
under a research protocol approved by the Institutional Animal Care and Use Committee of
CSUSB.
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Apparatus
Behavioral testing was done in commercially available (Coulbourn Instruments, Allentown,
PA) activity monitoring chambers (25.5×25.5×41 cm), consisting of acrylic walls, a plastic
floor, and an open top. Each chamber included an X–Y photobeam array, with 16 photocells
and detectors, that was used to determine distance traveled (locomotor activity). Photobeam
resolution was 0.76 cm, with the position of each rat being determined every 100 ms.

Drugs
(−)-Cocaine hydrochloride, (+)-methamphetamine hydrochloride, methylphenidate
hydrochloride, and D-amphetamine sulfate were purchased from Sigma (St. Louis, MO). All
drugs were dissolved in saline and injected intraperitoneally (IP) at a volume of 5 ml/kg.

Procedure
Experiment 1: One-trial cocaine sensitization—In Experiment 1 (N=24), PD 19 rats
in the Cocaine-Activity group were taken to the testing room and injected with cocaine (30
mg/kg, IP) before being placed in the activity chambers. Distance traveled was measured for
30 min. These rats were then returned to the home cage and injected with saline 30 min
later. Rats in the Cocaine-Home groups were injected with saline before being placed in the
activity chambers and injected with cocaine (30 mg/kg, IP) 30 min after being returned to
the home cage. The Acute Control group received saline in both the activity chamber and
home cage. In all cases, “home” refers to the normal maternity cage that includes both the
dam and littermates.

To determine the occurrence of behavioral sensitization, all rats were given a test day
injection of 20 mg/kg cocaine 48 h after drug pretreatment (i.e., on PD 21). After cocaine
challenge, rats were immediately placed in activity chambers where distance traveled was
recorded. For all experiments, test day performance was measured for 180 min.

Experiment 2: One- and four-trial methamphetamine sensitization—The
procedures were similar to those described for Experiment 1, except that various doses of
methamphetamine were used. In Experiment 2a (N=72), PD 19 rats were injected with
methamphetamine (2, 4, 8, or 12 mg/kg, IP) either before placement in the activity chambers
(i.e., the Methamphetamine-Activity groups) or 30 min after being returned to the home
cage (i.e., the Methamphetamine-Home groups). Saline was administered at the other time
point, so that all rats received two injections on PD 19. Acute control rats were injected with
saline in both the activity chamber and home cage. On PD 21, all rats received a challenge
injection of 2 mg/kg methamphetamine and distance traveled was measured to determine the
occurrence of behavioral sensitization.

In Experiment 2b (N=72), PD 19 rats were injected with methamphetamine (4 mg/kg, IP)
either before being placed in the activity chambers (i.e., the Methamphetamine-Activity
groups) or 30 min after being returned to the home cage (i.e., the Methamphetamine-Home
groups). The 4 mg/kg dose of methamphetamine was based on the results of Experiment 2a.
Acute control rats received saline in both the activity chamber and home cage. On PD 21,
the pretreatment groups were further subdivided and rats received a challenge injection of 1,
4, or 8 mg/kg (IP) methamphetamine prior to behavioral testing. Although adult rats and
mice are typically challenged with a low to moderate dose of methamphetamine (1–4 mg/
kg) on the test day (Suzuki et al. 1997; Ago et al. 2007; Clifford et al. 2009), a broader dose
range of methamphetamine was used in the present experiment to increase the likelihood of
detecting a sensitized response.
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Experiment 2c (N=32) was undertaken in order to determine whether preweanling rats
would exhibit methamphetamine-induced behavioral sensitization if the pretreatment phase
was extended to 4 days. On PD 16–19, rats were injected with methamphetamine (2 or 4
mg/kg, IP) before being placed in the activity chambers (i.e., the Methamphetamine-Activity
groups) and were then injected with saline 30 min after being returned to the home cage. No
groups were treated with methamphetamine in the home cage; however, Acute Control
groups were included. On PD 21, the Methamphetamine-Activity and Acute Control groups
were injected with either 1 or 2 mg/kg methamphetamine and locomotor activity was
measured to determine the occurrence of behavioral sensitization.

Experiment 3: One-trial methylphenidate sensitization—The procedures were
similar to those described for Experiment 2, except that various doses of methylphenidate
were used. In Experiment 3a (N=56), PD 19 rats were injected with methylphenidate (5, 10,
or 20 mg/kg, IP) either before placement in the activity chambers (i.e., the Methylphenidate-
Activity groups) or 30 min after being returned to the home cage (i.e., the Methylphenidate-
Home groups). Acute Control rats were injected with saline in both the activity chamber and
home cage. On PD 21, all rats received a challenge injection of 2.5 mg/kg methylphenidate
immediately prior to placement in the activity chambers.

In Experiment 3b (N=72), PD 19 rats were injected with methylphenidate (10 mg/kg, IP)
either before being placed in the activity chambers (i.e., the Methylphenidate-Activity
groups) or 30 min after being returned to the home cage (i.e., the Methylphenidate-Home
groups). The 10 mg/kg dose of methylphenidate was based on the results of Experiment 3a.
Acute Control rats received saline in both the activity chamber and home cage. On PD 21,
the pretreatment groups were further subdivided and rats received a challenge injection of
2.5, 5, or 7.5 mg/kg (IP) methylphenidate prior to behavioral testing.

Experiment 4: One-trial amphetamine sensitization—In Experiment 4 (N=42), PD
19 rats in the Amphetamine-Activity group were taken to the test room and injected with
amphetamine (5 mg/kg, IP) before being placed in the activity chambers. Because of
amphetamine’s long half-life, distance traveled was measured for 60 min. These rats were
then returned to the home cage and injected with saline 30 min later. Rats in the
Amphetamine-Home group were injected with saline before being placed in the activity
chambers and then injected with amphetamine (5 mg/kg, IP) 30 min after being returned to
the home cage. The Acute Control group received saline in both the activity chamber and
home cage. On PD 21, the pretreatment groups were further subdivided and rats received a
challenge injection of 1 or 2 mg/kg (IP) amphetamine prior to behavioral testing.

Statistics
For all experiments, omnibus repeated-measures analyses of variance (ANOVAs) were used
for the statistical analysis of distance traveled data. Because experiments typically included
distinct subsets of treatment groups, smaller one-and two-way ANOVAs were used when
appropriate. When the assumption of sphericity was violated, as determined by Mauchly’s
test of sphericity, the Huynh–Feldt epsilon statistic was used to adjust the degrees of
freedom (Huynh and Feldt 1976). Corrected degrees of freedom were rounded to the nearest
whole number and are indicated by a superscripted “a”. Post hoc analysis of distance
traveled data was done using Tukey tests (P<0.05).

Litter effects were controlled through both experimental design and statistical procedures. In
most circumstances, no more than one subject per litter was found in a particular group. In
situations where this rule was violated (e.g., analyses of the pretreatment day), a single litter
mean was calculated from multiple littermates assigned to the same group (Holson and
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Pearce 1992; Zorrilla 1997). In all cases, litter was used as the unit of analysis for statistical
purposes (Zorrilla 1997). With this statistical model each litter, rather than each rat, is
treated as an independent observation (i.e., a within analysis using one value/condition/
litter). With only one exception, all experiments were provided with eight litters of rat pups
(n=8 subjects per group). The exception was Experiment 4, in which seven litters were
assigned (n=7 subjects per group). For each experiment, a nearly equal number of male and
female preweanling rats were assigned to each group. Preliminary between-subjects analyses
indicated that distance traveled data did not differ according to sex, so this variable was not
included in subsequent analyses.

Results
Experiment 1: One-trial cocaine sensitization

On the pretreatment day (i.e., PD 19), rats injected with 30 mg/kg cocaine had significantly
greater distance traveled scores than saline controls (Fig. 1a) [Drug main effect, F1,7= 37.90,
P<0.001]. This effect varied according to time block, because cocaine-treated rats exhibited
greater locomotor activity than saline-treated rats on time blocks 1, 3, 5, and 6 [aDrug×Time
interaction, F5,32=4.44, P<0.01 and Tukey tests]. On the test day (i.e., PD 21), behavioral
sensitization was evident because rats in the Cocaine-Activity and Cocaine-Home groups
had significantly greater distance traveled scores than rats given an acute injection of
cocaine on the test day (Fig. 1b) [Condition main effect, F2,14=19.96, P<0.001 and Tukey
tests]. Overall, distance traveled scores declined across the testing session until they
stabilized on time block 13 [aTime main effect, F3,21=31.09, P<0.001 and Tukey tests].

Experiment 2: One- and four-trial methamphetamine sensitization
In Experiment 2a, rats injected with methamphetamine, regardless of dose (2, 4, 8, or 12 mg/
kg), exhibited greater distance traveled scores on the pretreatment day (PD 19) than saline
controls (Fig. 2) [Drug main effect, F4,25=20.86, P< 0.001 and Tukey tests]. The locomotor-
enhancing effects of methamphetamine were evident on all time blocks. The distance
traveled scores of methamphetamine-treated rats did not differ among themselves except for
time block 2, when rats given 4 or 8 mg/kg methamphetamine exhibited more locomotor
activity than rats treated with 12 mg/kg methamphetamine [aDrug×Time interaction,
F8,55=2.32, P<0.05 and Tukey tests]. On the test day (PD 21), sensitized responding was not
evident (Table 1) because rats pretreated and tested with methamphetamine did not exhibit
greater locomotor activity than saline-pretreated rats acutely challenged with 2 mg/kg
methamphetamine (all P>0.05).

In Experiment 2b, rats injected with 4 mg/kg methamphetamine (M=10,175 cm; SEM=775)
had greater distance traveled scores on the pretreatment day (PD 19) than rats injected with
saline (M=2,867 cm; SEM=283) [Drug main effect, F1,7 =104.98, P< 0.001 and Tukey
tests]. Behavioral sensitization was not evident when methamphetamine- and saline-
pretreated rats were injected with various doses of methamphetamine on the test day (PD
21). Specifically, rats pretreated with 4 mg/kg methamphetamine and challenged with 1, 4,
or 8 mg/kg methamphetamine did not exhibit significantly greater locomotor activity than
their acutely challenged controls (Table 2) (all P>0.05).

In Experiment 2c, the two methamphetamine (2 or 4 mg/kg) groups had greater distance
traveled scores than saline controls when collapsed across the pretreatment phase (i.e., PD
16–19) (Fig. 3a) [Drug main effect, F2,14=19.08, P<0.001 and Tukey tests]. Differences
between the methamphetamine and saline groups were statistically significant on all four
pretreatment days [Drug×Day interaction, F6,42=23.28, P< 0.001 and Tukey tests].
Interestingly, repeated treatment with methamphetamine (2 or 4 mg/kg) caused
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progressively more locomotor activity from PD 16 to PD 19, while the saline controls
evidenced a stable level of performance. On the test day (PD 21), rats pretreated with 2 mg/
kg methamphetamine and tested with 1 mg/kg methamphetamine did not exhibit a sensitized
locomotor response (upper graph, Fig. 3b) (all P> 0.05). Behavioral sensitization was
evident if rats were pretreated and tested with higher doses of methamphetamine (lower
graph, Fig. 3b). Specifically, rats pretreated with 4 mg/ kg methamphetamine on PD 16–19
and challenged with 2 mg/kg methamphetamine on PD 21 showed more test day locomotor
activity than rats acutely challenged with 2 mg/kg methamphetamine [Condition main
effect, F1,7=11.22, P< 0.05]. Differences between the Meth-Activity and Acute Control
groups were statistically significant on time blocks 8, 10, and 12–17 [aCondition×Time
interaction, F13,89=3.33, P<0.001 and Tukey tests].

Experiment 3: One-trial methylphenidate sensitization
In Experiment 3a, rats injected with the two lower doses of methylphenidate (5 or 10 mg/kg)
had greater distance traveled scores on the pretreatment day than saline controls (Fig. 4),
with the 20 mg/kg methylphenidate group being intermediate between, and significantly
different from, the other groups [Drug main effect, F3,21=10.76, P<0.001 and Tukey tests].
This effect varied across the pretreatment day, because all of the methylphenidate groups
differed from the saline controls on time blocks 1 and 2; however, on time blocks 3–6 the
distance traveled scores of rats given 20 mg/kg methylphenidate declined to a level that was
not significantly different from the saline controls [aDrug×Time interaction, F4,26= 4.24,
P<0.01 and Tukey tests]. Although all doses of methylphenidate increased locomotor
activity on the pre-treatment day, behavioral sensitization was not apparent on the test day
(Table 3). Specifically, the distance traveled scores of rats pretreated and tested with
methylphenidate did not differ from acutely challenged controls (all P>0.05).

In Experiment 3b, the pretreatment day distance traveled scores of PD 19 rats injected with
10 mg/kg methylphenidate (M=9,295 cm; SEM=948) were significantly greater than rats
injected with saline (M=2,762 cm; SEM=216) [Drug main effect, F1,7=40.78, P<0.001].
Even so, behavioral sensitization was not evident when the two pretreatment groups were
challenged with 2.5, 5, or 7.5 mg/kg methylphenidate on PD 21 (Table 4) (all P>0.05).

Experiment 4: One-trial amphetamine sensitization
In Experiment 4, rats injected with 5 mg/kg amphetamine exhibited significantly greater
distance traveled scores than their saline controls across the first 40 min (i.e., time blocks 1–
4) of the pretreatment phase (Fig. 5) [Drug main effect, F1,6=187.95, P<0.001; Drug×Time
interaction, F5,30= 2.88, P<0.05 and Tukey tests]. The locomotor activity of the
amphetamine-pretreated rats was greatest on time block 1 and declined progressively across
the session. On the test day (PD 21), rats pretreated with 5 mg/kg amphetamine in either the
home cage or activity chambers did not have greater distance traveled scores than saline-
pretreated rats given an acute challenge injection of 1 mg/kg amphetamine (Table 5).
Locomotor sensitization was also not evident if rats were challenged with 2 mg/kg
amphetamine (Table 5) (all P>0.05).

Discussion
It was originally hypothesized that all four psychostimulant drugs tested (i.e., cocaine,
methamphetamine, methylphenidate, and amphetamine) would induce one-trial behavioral
sensitization in preweanling rats. As predicted, robust locomotor sensitization was evident
when cocaine-pretreated rats were given a challenge injection of cocaine on PD 21.
Sensitized responding was observed regardless of whether cocaine pretreatment occurred in
the test chamber (context-specific) or home cage (context-independent). This pattern of
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cocaine-induced effects has been observed multiple times in preweanling rats (McDougall et
al. 2009b; Herbert et al. 2010). In contrast, various dose combinations of methamphetamine,
methylphenidate, and amphetamine were unable to induce one-trial behavioral sensitization
on PD 21. Although these data were presented collapsed across the 3-h testing session,
repeated measures analyses showed that at no time during the testing session did rats
pretreated and tested with methamphetamine, methylphenidate, and amphetamine respond
differently than rats acutely challenged with the same psychostimulant drug. Statistical
analysis of repetitive motor movements (i.e., a measure of stereotypy) indicated that
sensitization was not manifested as an increase in stereotypy on the test day (data not
shown). Therefore, the present results suggest that only cocaine, but not methamphetamine,
methylphenidate, or amphetamine, is capable of inducing one-trial locomotor sensitization
in preweanling rats. Of course, this conclusion is based on the specific treatment conditions
utilized in the present study; moreover, it is uncertain whether the present results are
characteristic of early ontogeny as a whole or are only representative of a restricted
developmental period (i.e., the late preweanling period). It is clear, however, that a different
pattern of behavioral effects is observed in adulthood, because amphetamine will produce
one-trial context-specific sensitization in adult rats and mice (Drew and Glick 1989; Battisti
et al. 2000).

As expected, all psychostimulants enhanced the locomotor activity of preweanling rats on
the pretreatment day (as well as on the test day). Methamphetamine, regardless of dose (2–
12 mg/kg), produced substantial locomotor activity on the single pretreatment day; whereas,
methylphenidate stimulated greater locomotor activity when administered at the two lower
doses (5 and 10 mg/kg) of the drug. Although not quantified, it is likely that the higher dose
of methylphenidate (20 mg/kg) caused a pronounced stereotypic response that partially
masked drug-induced locomotor activity (McDougall et al. 1999). Rats also exhibited
elevated levels of locomotor activity when treated with 30 mg/kg cocaine and 5 mg/kg
amphetamine, but dose–response relationships were not assessed using these compounds.
Based on these data, it is clear that (a) all compounds significantly increased locomotor
activity on the pretreatment day and (b) the subsequent lack of behavioral sensitization
cannot be a consequence of using an ineffective dose of psychostimulant.

That being said, at least four potential explanations could account for the inability of
methamphetamine, methylphenidate, and amphetamine to induce one-trial behavioral
sensitization on PD 21: (1) methamphetamine, methylphenidate, and amphetamine may be
unable to support any form of sensitization in preweanling rats; (2) the neural mechanisms
underlying cocaine-induced behavioral sensitization may differ from the mechanisms
mediating methamphetamine-, methylphenidate-, and amphetamine-induced sensitization;
(3) among the various psychostimulants used, cocaine may be uniquely prepared to support
the development of environment–drug (CS–US) associations; or (4) drug affinity and/or
pharmacokinetic factors may make cocaine uniquely suited to induce one-trial behavioral
sensitization. The first possibility (i.e., that methamphetamine, methylphenidate, and
amphetamine are unable to induce behavioral sensitization in preweanling rats) can be
discounted, because sensitized responding is evident if preweanling rats are given multiple
pretreatment administrations of amphetamine (McDougall et al. 1994; Duke et al. 1997) or
methylphenidate (McDougall et al. 1999). In the present study, we also showed that repeated
treatment with 4 mg/kg methamphetamine on PD 16–19 would induce context-specific
locomotor sensitization if rats were challenged with 2 mg/kg methamphetamine on PD 21.
The somewhat modest sensitized response occurring on PD 21 is typical of behavioral
sensitization exhibited during the preweanling period (Wood et al. 1998; Zavala et al. 2000).

A second explanation of our findings is that only the neural circuitry mediating cocaine
sensitization is capable of becoming sensitized after a single pretreatment trial. This issue
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has not been addressed in the literature, although there is accumulating evidence that the
neural mechanisms mediating amphetamine- and cocaine-induced behavioral sensitization
are not identical (for reviews, see White et al. 1998; Vanderschuren and Kalivas 2000). For
example, D1 receptor stimulation is unnecessary for the induction of cocaine sensitization
(Mattingly et al. 1994; White et al. 1998), but is required for methamphetamine,
methylphenidate, and amphetamine sensitization (Vezina and Stewart 1989; Kuribara 1995;
Meririnne et al. 2001). In a similar vein, cocaine- but not amphetamine-induced behavioral
sensitization is dependent on prefrontal glutamatergic transmission (Li and Wolf 1997;
Pierce et al. 1998). Therefore, it is possible that the lack of methamphetamine-,
methylphenidate-, and amphetamine-induced one-trial sensitization on PD 21 is due to the
immaturity of underlying neural mechanisms. This phenomenon would have to be unique to
young animals, however, because adult rats and mice exhibit one-trial sensitization to both
amphetamine (Drew and Glick 1989; Battisti et al. 2000) and cocaine (Weiss et al. 1989;
McDougall et al. 2009b).

A third explanation is that environment–drug associations may form more readily with
cocaine than other psychostimulants. In preweanling rats, unlike adults, one-trial
sensitization is evident if cocaine pretreatment occurs in either the home cage or a novel
chamber distinct from the testing environment (present study; McDougall et al. 2009b;
Herbert et al. 2010). These findings indicate that either associative processes do not
modulate one-trial behavioral sensitization during the preweanling period or environment–
drug (CS–US) pairings are processed differently in preweanling and adult rats. Consistent
with the latter suggestion, adult rats treat multiple CSs as discrete and often competitive
events (Spear and McKenzie 1994), whereas preweanling rats treat two distinguishable
stimuli as if they were equivalent (i.e., components of a single event) as long as both stimuli
were paired with the same US (Spear et al. 1988; Molina et al. 1991). Thus, preweanling rats
may show context-independent behavioral sensitization because the different environmental
contexts (i.e., the home cage and the activity chamber), although discriminable, are treated
as components of a single CS (i.e., administering cocaine in the home cage on the
pretreatment day has the same associative outcome as administering cocaine in the activity
chamber). For this explanation to account for the present results, cocaine would have to be
more “conditionable” than the other psychostimulants. In other words, it would have to be
assumed that a single exposure to cocaine causes an environment–drug association to form
(i.e., allowing one-trial behavioral sensitization), whereas multiple exposures to
methamphetamine, methylphenidate, or amphetamine are required before the environmental
context becomes associated with the drug.

Lastly, drug affinity and/or pharmacokinetic factors may explain why cocaine was the only
psychostimulant capable of inducing one-trial behavioral sensitization in preweanling rats.
More specifically, cocaine has approximately equal affinity at the dopamine, serotonin, and
norepinephrine transporters, whereas the other three psychostimulants have relatively lower
affinities for the serotonin transporter (for a review, see Howell and Kimmel 2008).
Although cocaine-induced behavioral sensitization is often theorized to be primarily
initiated through dopaminergic mechanisms (Robinson and Becker 1986; Pierce and Kalivas
1997), alterations in serotonergic functioning appear to modulate important components of
the sensitization process (Szumlinski et al. 2004; Ago et al. 2006). In terms of the present
study, it is possible that co-activation of dopaminergic and serotonergic pathways is
necessary for the eventual expression of one-trial behavioral sensitization in preweanling
rats. Pharmacokinetic factors may also be relevant, because cocaine penetrates the brain
quickly and has a shorter half-life than the other psychostimulants tested (Lal and
Feldmüller 1975; Brien et al. 1978; Benuck et al. 1987; Gerasimov et al. 2000). For
example, the brain half-life of intraperitoneally administered cocaine is approximately 15–
30 min (Benuck et al. 1987; Lau et al. 1991), while the half-life of amphetamine is on the
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order of 150 min (Lal and Feldmüller 1975). To compensate for amphetamine’s relatively
longer half-life, a 60-min pretreatment session was used in the present study; even so,
amphetamine did not induce one-trial behavioral sensitization in preweanling rats. Route of
administration may also have been a factor influencing the results because preweanling rats
exhibit greater cocaine-induced locomotor activity after subcutaneous, rather than
intraperitoneal, injection (Smith and Morrell 2008). Thus, the possibility exists that
methamphetamine, methylphenidate, and/or amphetamine would be able to induce one-trial
behavioral sensitization if the drugs were administered subcutaneously. Of course, cocaine
was injected intraperitoneally in the present study and strong one-trial behavioral
sensitization was evident.

In all experiments, test day performance was assessed for an extended 3-h period in order to
better describe the pattern of drug-induced responding. Smith and Morrell (2008) reported
that preweanling rats repeatedly treated with cocaine initially exhibit a sensitization-like
effect for 30 min followed by a tolerance-like response for the remainder of the testing
session. We did not observe a tolerance-like effect after either a 2-day regimen of cocaine or
a 5-day regimen of methamphetamine. Even so, various procedural differences do not allow
for direct comparison between the two studies. First, Smith and Morrell (2008) did not see a
tolerance-like effect until the third consecutive day of cocaine treatment (we only
administered cocaine for 2 days). Second, tolerance was detected when the performance of
the same group of cocaine-treated rats was compared across multiple days (i.e., their
paradigm did not include a separate group of rats acutely treated with cocaine on the test
day; Smith and Morrell 2008). Because our methamphetamine pretreatment sessions lasted
only 30 min (instead of 180 min), we were unable to determine whether repeated
methamphetamine treatment produced a behavioral profile that included a tolerance-like
component. Certainly, tolerance was not evident when the Acute Control groups were
compared to rats repeatedly treated with methamphetamine or cocaine.

As mentioned before, rats pretreated and tested with methamphetamine on PD 19 and PD 21
did not exhibit a sensitized response when compared to saline-pretreated rats challenged
with methamphetamine on the test day. In contrast, sensitization-like responding (i.e., a
progressive increase in methamphetamine-induced locomotor activity) was observed on the
first 2 pretreatment days of Experiment 2c (i.e., PD 16 and PD 17). This day-dependent
increase in locomotor activity may have been due to maturational changes in motoric ability
or the transitory emergence of one-trial behavioral sensitization during a restricted
developmental period. If the latter explanation is correct, then rats are capable of showing
one-trial methamphetamine-induced behavioral sensitization both before and after the late
preweanling period. Additional research will be required to determine the accuracy of this
explanation because the design of Experiment 2c, which lacked an acutely challenged
methamphetamine group on PD 17, made it impossible to disentangle potential drug effects
from ontogenetic changes in motoric ability.

In summary, the present study was undertaken to determine whether psychostimulants other
than cocaine would be capable of inducing one-trial behavioral sensitization in preweanling
rats. Using the same methodology that produces robust cocaine-induced sensitization, we
found that a single pretreatment exposure to methamphetamine, methylphenidate, or
amphetamine did not produce a sensitized response when rats were challenged with the
same psychostimulant on the test day. The reason for this effect is uncertain, but it is
possible that: (a) the neural circuitry mediating behavioral sensitization differs depending on
psychostimulant, (b) cocaine is more readily associated with environmental contexts than
other psychostimulants, or (c) differences in affinity (e.g., relative activity at the serotonin
transporter) and/or pharmacokinetics (e.g., a short half-life) may allow cocaine to induce
one-trial behavioral sensitization in preweanling rats. It is also not known whether the
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pattern of results reported here (i.e., the apparent absence of one-trial methamphetamine
sensitization) is restricted to the late preweanling period or is a more general phenomenon
characteristic of early ontogeny.
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Fig. 1.
a. Mean distance traveled scores (±SEM) of rats injected with saline or 30 mg/kg cocaine
before a 30-min placement in the activity chambers on the pretreatment day (i.e., PD 19). b.
Mean distance traveled scores of rats given a challenge injection of cocaine (20 mg/kg, IP)
before the 180-min testing session on PD 21. Rats in the Cocaine-Activity group had been
pretreated with cocaine (30 mg/kg, IP) before being placed in the activity chamber on PD
19, while rats in the Cocaine-Home group had been injected with cocaine 30 min after being
returned to the home cage. The Acute Control group was injected with saline at both time
points. Right panels show mean distance traveled collapsed across the testing sessions.
*Significantly different from the control group (P<0.05)
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Fig. 2.
Mean distance traveled scores (±SEM) of rats injected with saline or methamphetamine
(Meth; 2, 4, 8, or 12 mg/kg, IP) before a 30-min placement in the activity chambers on the
pretreatment day (i.e., PD 19). The right panel shows mean distance traveled collapsed
across time blocks 1–6. *Significantly different from the saline group (P<0.05)
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Fig. 3.
a. Mean distance traveled scores (±SEM) of rats injected with saline or methamphetamine
(Meth; 2 or 4 mg/kg, IP) before a 30-min placement in the activity chambers during the
pretreatment phase (i.e., PD 16–19). b. Mean distance traveled scores of rats given a
challenge injection of 1 mg/kg (upper graph) or 2 mg/kg (lower graph) Meth before the 180-
min testing session on PD 21. Rats in the Meth-Activity groups had been pretreated with
methamphetamine (2 or 4 mg/kg, IP) in the activity chambers on PD 16–19, while rats in the
Acute Control groups were injected with saline. The right panels show mean distance
traveled collapsed across the pretreatment phase and the test day. *Significantly different
from the control group (P<0.05)
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Fig. 4.
Mean distance traveled scores (±SEM) of rats injected with saline or methylphenidate
(MPH; 5, 10, or 20 mg/kg, IP) before a 30-min placement in the activity chambers on the
pretreatment day (i.e., PD 19). The right panel shows mean distance traveled collapsed
across time blocks 1–6. *Significantly different from the saline group (P<0.05)
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Fig. 5.
Mean distance traveled scores (±SEM) of rats injected with saline or 5 mg/kg amphetamine
(AMPH) before a 60-min placement in the activity chambers on the pretreatment day (i.e.,
PD 19). The right panel shows mean distance traveled collapsed across time blocks 1–6.
*Significantly different from the saline group (P<0.05)
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Table 1

Mean distance traveled scores of rats given a challenge injection of 2 mg/kg methamphetamine (Meth) before
the 180-min testing session on PD 21

Treatment condition Distance traveled (cm)

Pretreatment day (PD 19) Test day (PD 21) Mean SEM

Saline only (acute controls) 2 mg/kg Meth 67,127 5,683

2 mg/kg Meth-Home Cage 2 mg/kg Meth 67,019 5,873

2 mg/kg Meth-Activity Chamber 2 mg/kg Meth 64,333 5,524

4 mg/kg Meth-Home Cage 2 mg/kg Meth 59,631 3,124

4 mg/kg Meth-Activity Chamber 2 mg/kg Meth 61,169 3,827

8 mg/kg Meth-Home Cage 2 mg/kg Meth 63,932 6,028

8 mg/kg Meth-Activity Chamber 2 mg/kg Meth 57,367 4,383

12 mg/kg Meth-Home Cage 2 mg/kg Meth 61,802 6,807

12 mg/kg Meth-Activity Chamber 2 mg/kg Meth 53,231 5,299

Rats had been pretreated with saline or various doses of methamphetamine in either the home cage or activity chamber on PD 19
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Table 2

Mean distance traveled scores of rats given a challenge injection of 1, 4, or 8 mg/kg methamphetamine (Meth)
before the 180-min testing session on PD 21

Treatment condition Distance traveled (cm)

Pretreatment day (PD 19) Test day (PD 21) Mean SEM

Saline only (acute controls) 1 mg/kg Meth 44,387 6,343

4 mg/kg Meth-Home Cage 1 mg/kg Meth 38,767 6,873

4 mg/kg Meth-Activity Chamber 1 mg/kg Meth 45,110 4,603

Saline only (acute controls) 4 mg/kg Meth 50,627 3,612

4 mg/kg Meth-Home Cage 4 mg/kg Meth 59,719 4,329

4 mg/kg Meth-Activity Chamber 4 mg/kg Meth 43,168 4,626

Saline only (acute controls) 8 mg/kg Meth 33,596 3,186

4 mg/kg Meth-Home Cage 8 mg/kg Meth 38,220 4,586

4 mg/kg Meth-Activity Chamber 8 mg/kg Meth 31,496 2,561

Rats had been pretreated with saline or 4 mg/kg methamphetamine in either the home cage or activity chamber on PD 19
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Table 3

Mean distance traveled scores of rats given a challenge injection of 2.5 mg/kg methylphenidate (MPH) before
the 180-min testing session on PD 21

Treatment condition Distance traveled (cm)

Pretreatment day (PD 19) Test day (PD 21) Mean SEM

Saline only (acute controls) 2.5 mg/kg MPH 25,621 3,572

5 mg/kg MPH-Home Cage 2.5 mg/kg MPH 18,026 2,417

5 mg/kg MPH-Activity Chamber 2.5 mg/kg MPH 28,062 4,041

10 mg/kg MPH-Home Cage 2.5 mg/kg MPH 29,415 3,189

10 mg/kg MPH-Activity Chamber 2.5 mg/kg MPH 24,940 4,706

20 mg/kg MPH-Home Cage 2.5 mg/kg MPH 18,463 3,290

20 mg/kg MPH-Activity Chamber 2.5 mg/kg MPH 28,346 4,883

Rats had been pretreated with saline or various doses of methylphenidate in either the home cage or activity chamber on PD 19
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Table 4

Mean distance traveled scores of rats given a challenge injection of 2.5, 5, or 7.5 mg/kg methylphenidate
(MPH) before the 180-min testing session on PD 21

Treatment condition Distance traveled (cm)

Pretreatment day (PD 19) Test Day (PD 21) Mean SEM

Saline only (acute controls) 2.5 mg/kg MPH 31,639 3,608

10 mg/kg MPH-Home Cage 2.5 mg/kg MPH 25,637 3,520

10 mg/kg MPH-Activity Chamber 2.5 mg/kg MPH 31,654 2,833

Saline only (acute controls) 5 mg/kg MPH 46,636 5,034

10 mg/kg MPH-Home Cage 5 mg/kg MPH 43,801 2,431

10 mg/kg MPH-Activity Chamber 5 mg/kg MPH 42,965 4,471

Saline only (acute controls) 7.5 mg/kg MPH 60,010 5,576

10 mg/kg MPH-Home Cage 7.5 mg/kg MPH 59,987 6,803

10 mg/kg MPH-Activity Chamber 7.5 mg/kg MPH 50,184 4,859

Rats had been pretreated with saline or 10 mg/kg methylphenidate in either the home cage or activity chamber on PD 19
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Table 5

Mean distance traveled scores of rats given a challenge injection of 1 or 2 mg/kg amphetamine (Amph) before
the 180-min testing session on PD 21

Treatment condition Distance traveled (cm)

Pretreatment day (PD 19) Test day (PD 21) Mean SEM

Saline only (acute controls) 1 mg/kg Amph 31,049 5,811

5 mg/kg Amph-Home Cage 1 mg/kg Amph 23,102 5,259

5 mg/kg Amph-Activity Chamber 1 mg/kg Amph 35,812 5,465

Saline only (acute controls) 2 mg/kg Amph 57,838 4,144

5 mg/kg Amph-Home Cage 2 mg/kg Amph 59,174 3,464

5 mg/kg Amph-Activity Chamber 2 mg/kg Amph 54,158 3,551

Rats had been pretreated with saline or 5 mg/kg amphetamine in either the home cage or activity chamber on PD 19
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