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Abstract

Rationale—There is suggestive evidence that the neural mechanisms mediating one-trial and
multi-trial behavioral sensitization differ, especially when the effects of various classes of
dopamine (DA) agonists are examined.

Objective—The purpose of the present study was to determine the role of the D2 receptor for the
induction of one-trial and multi-trial methamphetamine sensitization in preweanling rats.

Methods—In a series of experiments, rats were injected with saline or raclopride (a selective D2
receptor antagonist), either alone or in combination with SCH23390 (a selective D1 receptor
antagonist), 15 min prior to treatment with the indirect DA agonist methamphetamine. Acute
control groups were given two injections of saline. This pretreatment regimen occurred on either
postnatal days (PD) 13-16 (multi-trial) or PD 16 (one-trial). On PD 17, rats were challenged with
methamphetamine and locomotor sensitization was determined.

Results—Blockade of D2 or D1/D2 receptors reduced or prevented, respectively, the induction
of multi-trial methamphetamine sensitization in young rats, while the same manipulations had
minimal effects on one-trial behavioral sensitization.

Conclusions—DA antagonist treatment differentially affected the methamphetamine-induced
sensitized responding of preweanling rats depending on whether a one-trial or multi-trial
procedure was used. The basis for this effect is uncertain, but there was some evidence that
repeated DA antagonist treatment caused nonspecific changes that produced a weakened
sensitized response. Importantly, DA antagonist treatment did not prevent the one-trial behavioral
sensitization of preweanling rats. The latter result brings into question whether DA receptor
stimulation is necessary for the induction of psychostimulant-induced behavioral sensitization
during early ontogeny.
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Introduction

Behavioral sensitization is a form of neural plasticity in which repeated treatment with
certain psychoactive compounds (e.g., cocaine, methamphetamine, or apomorphine) causes
an augmented behavioral response after a challenge injection with the same drug (Robinson
and Becker 1986). The neural mechanisms underlying behavioral sensitization have been
studied intensively (for reviews, see Pierce and Kalivas 1997; Vanderschuren and Kalivas
2000), yet it remains uncertain whether D1 and/or D2 receptor stimulation is necessary for
the induction (i.e., development) of behavioral sensitization (e.g., see White et al. 1998).

Complicating interpretation are studies showing that the dopamine (DA) receptor subtypes
underlying the induction process differ in importance depending on both the sensitizing
agent being used and the number of drug-environment pairings (i.e., whether the
pretreatment phase consists of single or multiple drug exposures). For example, selective D1
and D2 receptor antagonists do not block the induction of multi-trial cocaine-induced
behavioral sensitization in adult rats and mice (Kuribara and Uchihashi 1993; Mattingly et
al. 1994; White et al. 1998); whereas, the induction of one-trial cocaine sensitization is
prevented by both D1 (Fontana et al. 1993; Valjent et al. 2010) and D2 receptor antagonists
(Weiss et al. 1989; Fontana et al. 1993; but see Valjent et al. 2010). In contrast, the
sensitized responding evident after repeated daily injections of amphetamine-like
compounds is prevented by pretreatment administration of either a D1 or D2 receptor
antagonist (Kuczenski and Leith 1981; Kuribara and Uchihashi 1993, 1994; Kuribara 1995a;
Kelly et al. 2008; but see Vezina 1996). In adult animals, studies assessing
methamphetamine and amphetamine sensitization have almost exclusively relied on the
multi-trial procedure.

Young rats also exhibit one-trial and multi-trial behavioral sensitization, but the sensitized
responding of preweanling rats differs from adults in some key respects (for a review, see
Tirelli et al. 2003). Most importantly, the sensitized responding of preweanling rats appears
to be weaker and less persistent than in older animals (Smith and Morrell 2008; McDougall
et al. 2009b). As with adults, the multi-trial behavioral sensitization of preweanling rats is
stronger if drug pretreatment and testing occur in the same environmental context (i.e.,
context-dependent sensitization) (Wood et al. 1998; Zavala et al. 2000). Unlike adults,
however, the one-trial behavioral sensitization of preweanling rats is context-independent
(McDougall et al. 2009b; Herbert et al. 2010; Kozanian et al. 2012); whereas, the one-trial
behavioral sensitization of adult rats is completely context-dependent (Weiss et al. 1989;
Jackson and Nutt 1993; Battisti et al. 19993, b). The relative importance of associative
learning processes may explain why adult rats show a sensitized response for many months
after a single exposure to a psychostimulant (Leith and Kuczenski 1982; Robinson et al.
1982; Valjent et al. 2010), while the one-trial behavioral sensitization of preweanling rats
persists for only a few days (McDougall et al. 2009a).
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When considered together, these age-dependent differences in sensitized responding may be
reflective of ontogenetic changes in the neural mechanisms underlying behavioral
sensitization. Few studies have examined the receptor systems mediating behavioral
sensitization in preweanling rats (for an exception, see Duke et al. 1997), but those that have
report some interesting ontogenetic differences. For example, pretreatment with the D1
receptor antagonist SCH23390 does not prevent the methamphetamine- or cocaine-induced
one-trial behavioral sensitization of preweanling rats (Mohd-Yusof et al. 2014); whereas,
SCH23390 blocks the one-trial behavioral sensitization of cocaine-treated adults (Fontana et
al. 1993; Valjent et al. 2010). The importance of the D2 receptor for the one-trial and multi-
trial behavioral sensitization of preweanling rats has not been assessed.

The purpose of the present study was to determine whether pretreating young rats with the
D2 receptor antagonist raclopride, or a cocktail of raclopride+SCH23390, would prevent the
induction of one-trial or multi-trial methamphetamine sensitization. On postnatal day (PD)
16 or PD 13-186, rats received daily pretreatment injections of the DA antagonist(s) 15 min
prior to methamphetamine administration. Locomotor sensitization was assessed on PD 17.
In a separate experiment, a one-trial procedure was conducted as just described, with the
exception that rats were injected with D1 and/or D2 receptor antagonists in their home cage
on PD 13-15. This general methodology (i.e., administering antagonists 15 min prior to DA
agonist treatment and testing rats 24 hr later) is similar to studies reported by Fontana et al.
(1993) and Mohd-Yusof et al. (2014). Lower doses of DA agonists were administered on the
test day, relative to the pretreatment day, in order to preferentially induce locomotor activity
rather than stereotypy (for a fuller discussion, see Robinson and Becker 1986).

Materials and methods

Subjects

Apparatus

Subjects were 168 (n = 8 subjects per group) young male and female rats of Sprague-
Dawley descent (Charles River, Hollister, CA) that were born and raised at California State
University, San Bernardino (CSUSB). Litters were culled to 10 pups on PD 3. Rats were
housed in large polycarbonate maternity cages (30.5 x 43 x 19 cm) on a ventilated rack.
Food and water were freely available. The colony room was maintained at 22—-23°C and kept
under a 12:12 light/dark cycle. Except during testing, rats were kept with the dam and
littermates. 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 Laboratory Animals” (National Research Council 2010) under a research protocol
approved by the Institutional Animal Care and Use Committee of CSUSB.

Behavioral testing was done in activity monitoring chambers (25.5 x 25.5 x 41 c¢m) that
consisted of acrylic walls, a plastic floor, and an open top (Coulbourn Instruments,
Whitehall, PA). Each chamber included an X-Y photobeam array, with 16 photocells and
detectors, that was used to determine distance traveled (a measure of locomotor activity).
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(+)-Methamphetamine hydrochloride, S(=)-raclopride (+)-tartrate salt, and R(+)-SCH23390
hydrochloride were dissolved in saline. Drugs were purchased from Sigma-Aldrich (St.
Louis, MO) and injected intraperitoneally (IP) at a volume of 5 ml/kg.

Experiment 1: Effects of D2 receptor blockade on methamphetamine-induced
multi-trial behavioral sensitization—During the pretreatment phase (PD 13-16), rats
were injected with raclopride (0, 0.1, 0.5, or 1 mg/kg) followed, 15 min later, by an injection
of 4 mg/kg methamphetamine. Rats in the acute control groups were given two injections of
saline. After the second injection, rats were placed in activity chambers and distance
traveled was measured for 30 min. On the test day (PD 17), all rats (N = 40) were injected
with 2 mg/kg methamphetamine and placed in activity chambers for 90 min. These doses of
methamphetamine produce robust one-trial behavioral sensitization in preweanling rats
(Kozanian et al. 2012).

Experiment 2: Effects of D1/D2 receptor blockade on methamphetamine-
induced multi-trial behavioral sensitization—The procedures for this experiment are
essentially the same as those described for Experiment 1, with the exception that during the
pretreatment phase (PD 13-16) rats were injected with either saline or a cocktail of
raclopride+SCH23390 (0.5 mg/kg each). After 15 min, rats were injected with 4 mg/kg
methamphetamine (acute controls received a second saline injection) and behavior was
assessed for 30 min. On the test day (PD 17), all rats (N = 24) were injected with 2 mg/kg
methamphetamine and placed in activity chambers for 90 min.

Experiment 3: Effects of D2 receptor blockade on methamphetamine-induced
one-trial behavioral sensitization—On the pretreatment day (PD 16), rats were
injected with raclopride (0, 0.1, 0.5, or 1 mg/kg) followed, 15 min later, by an injection of 4
mg/kg methamphetamine. Rats in the acute control group were given two injections of
saline. On the test day (PD 17), all rats (N = 40) were injected with 2 mg/kg
methamphetamine. Behavioral testing on the pretreatment and test days was the same as
described in Experiments 1 and 2.

Experiment 4: Effects of D1/D2 receptor blockade on methamphetamine-
induced one-trial behavioral sensitization—The procedures for this experiment are
the same as those described for Experiment 2, with the exception that the pretreatment phase
occurred on a single day (PD 16). Specifically, rats (N = 24) were injected with saline or a
cocktail of raclopride+SCH23390 (0.5 mg/kg each) followed, 15 min later, by an injection
of 4 mg/kg methamphetamine. Rats in the acute control groups were given two injections of
saline. Distance traveled was measured for 30 min. The test day was the same as described
in Experiments 1-3.

Experiment 5: Effects of raclopride and SCH23390 preinjections on
methamphetamine-induced one-trial behavioral sensitization—An inherent
concern when screening antagonist compounds using a multi-trial sensitization procedure is
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that the DA antagonist must be given repeatedly across the pretreatment phase. In addition
to transiently blocking the acute effects of agonist drugs, repeatedly administering a DA
antagonist can cause DA receptor upregulation, DA supersensitivity, and persistent
alterations in second messenger systems (Seeger et al. 1982; Staunton et al. 1982; Oda et al.
2015). Any of these antagonist-mediated effects could impact the induction process and
make data interpretation difficult (White et al. 1998; Valjent et al. 2010). The purpose of
Experiment 5 was to determine whether repeated treatment with a D1 and/or D2 receptor
antagonist, with no agonist being present, would have a persistent inhibitory effect on the
one-trial methamphetamine-induced behavioral sensitization of preweanling rats.

On PD 13-15, rats were injected with saline, raclopride (0.5 mg/kg), SCH23390 (0.5 mg/
kg), or a cocktail of raclopride+SCH23390 and immediately returned to the home cage. On
the pretreatment day (PD 16), rats were again treated with saline, raclopride (0.5 mg/kg),
SCH23390 (0.5 mg/kg), or a cocktail of raclopride+SCH23390, but this time the first
injection was followed, 15 min later, by an injection of 4 mg/kg methamphetamine. Rats in
the acute control group were given two injections of saline. After the second injection, rats
were placed in activity chambers and distance traveled was measured for 30 min. On the test
day (PD 17), rats (N = 40) were injected with 2 mg/kg methamphetamine and placed in
activity chambers for 90 min.

Data analysis

To minimize litter effects, no more than one subject per litter was assigned to a given group
(for a discussion of litter effects, see Zorrilla 1997). To statistically analyze the pretreatment
and test day data both single and multifactor analyses of variance (ANOVASs) were used.
Typically, distance traveled scores on the pretreatment day were analyzed using either
Group x Day repeated measures ANOVAs or Group ANOVAs; whereas, test day data were
analyzed using Group x Time Block repeated measures ANOVAs. When informative, test
day data were also analyzed using Treatment x Time Block repeated measures ANOVAs, in
which the scores of saline-pretreated rats were compared to methamphetamine-pretreated
rats (i.e., collapsed across the individual methamphetamine groups). In all cases, if the
assumption of sphericity was violated, as determined by Mauchly’s test of sphericity, the
Greenhouse-Geisser epsilon statistic was used to adjust degrees of freedom (Geisser and
Greenhouse 1958). Corrected degrees of freedom were rounded to the nearest whole number
and are indicated by a superscripted “a”. When further analyzing statistically significant
higher order interactions, the mean square error terms (i.e., MSyyor) Used for the Tukey
calculations were based on separate one-way ANOVAs at each time block.

Unlike adult rodents, prepubescent rats do not typically exhibit sex differences after
treatment with DA agonists (Frantz et al. 1996; Bowman et al. 1997; Snyder et al. 1998;
McDougall et al. 2013). Consistent with these past studies, preliminary analyses indicated
that distance traveled data did not differ according to sex, therefore this variable was not
included in the final statistical analyses.
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Results

Experiment 1: Effects of D2 receptor blockade on methamphetamine-induced multi-trial
behavioral sensitization

Pretreatment phase—During the pretreatment phase (Fig. 1, upper graph),
methamphetamine-pretreated rats (filled symbols) exhibited greater distance traveled scores
than saline controls (i.e., SAL-SAL group; open circles) [Group main effect, F4 35 =35.67,
P<0.001; and Tukey tests, P<0.05]. Differences between the methamphetamine- and saline-
pretreated rats were statistically significant on all four pretreatment days [2Group x Day
interaction, F1q gg =5.16, P<0.001; and Tukey tests, P<0.05]. On no pretreatment day did
raclopride (0.1, 0.5, or 1 mg/kg) significantly reduce methamphetamine-induced locomotor
activity, although 0.1 and 0.5 mg/kg raclopride did potentiate the distance traveled scores of
methamphetamine-treated rats on PD 15 and PD 16 (Tukey tests, P<0.05).

Test day—Overall, methamphetamine-pretreated rats (filled symbols) had greater distance
traveled scores than the acute control group (open circles), which is indicative of a sensitized
response (Fig. 1, lower graph) [Treatment main effect, F1 35 =30.70, P<0.001]. The two
highest doses of raclopride (0.5 and 1 mg/kg) significantly reduced distance traveled scores
relative to rats pretreated with methamphetamine alone (i.e., the 0 mg/kg RAC-METH
group) [Group main effect, F4 35 =13.00, P<0.001; and Tukey tests, P<0.05]. The latter
result indicates that D2 receptor antagonism attenuated the sensitized responding of
preweanling rats. Conversely, rats pretreated with both raclopride (0.1-1 mg/kg) and
methamphetamine had significantly greater distance traveled scores than the acute control
group, thus showing that the D1 antagonist did not fully attenuate methamphetamine
sensitization (Tukey tests, P<0.05). Many of these effects varied across the testing session.
On time blocks 2—4, all rats given methamphetamine, regardless of raclopride treatment, had
greater distance traveled scores than the acute control group [2Group x Time Block
interaction, F11 g2 =4.13, P<0.001; and Tukey tests, P<0.05]. On time block 5, rats in the 1
mg/kg RAC-METH group no longer differed significantly from the acute controls. On time
blocks 6-9, only rats in the 0 mg/kg RAC-METH or 0.1 mg/kg RAC-METH groups
exhibited significantly more locomotor activity than the acute control group; whereas, rats
pretreated with the higher doses of raclopride (0.5 or 1 mg/kg) had significantly reduced
distance traveled scores when compared to the methamphetamine alone group (Tukey tests,
P<0.05).

Experiment 2: Effects of D1/D2 receptor blockade on methamphetamine-induced multi-trial
behavioral sensitization

Pretreatment phase—When given alone, methamphetamine significantly increased the
distance traveled scores of rats on all four days of the pretreatment phase (Fig. 2, upper
graph) [Group main effect, F; 51 =52.98, P<0.001; @Group x Day interaction, Fs 47 =4.81,
P<0.01; and Tukey tests, P<0.05]. Administering a cocktail of raclopride+SCH23390 prior
to agonist treatment completely blocked methamphetamine-induced locomotor activity.

Test day—Rats pretreated with methamphetamine alone (i.e., the 0 mg/kg RAC+SCH-
METH group), had greater distance traveled scores than the acute control group on time
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blocks 2-9 (Fig. 2, lower graph) [Group main effect, F5 51 =84.70, P<0.001; 2Group x Time
Block interaction, Fg g9 =13.07, P<0.001; and Tukey tests, P<0.05]. Pretreating rats with
raclopride+SCH23390 blocked sensitized responding, as the 0.5 mg/kg RAC+SCH-METH
group did not differ from the acute control group on time blocks 4-9; whereas, the
methamphetamine alone group had greater distance traveled scores on time blocks 3-9 than
rats pretreated with the D1 and D2 antagonists (Tukey tests, P<0.05).

Experiment 3: Effects of D2 receptor blockade on methamphetamine-induced one-trial
behavioral sensitization

Pretreatment day—On the single pretreatment day, rats given methamphetamine alone
(i.e., the 0 mg/kg RAC-METH group) or raclopride (0.1 and 0.5 mg/kg) plus
methamphetamine had significantly greater distance traveled scores than the saline control
group (Fig. 3, upper graph) [Group main effect, F4 21 =7.61, P<0.001; and Tukey tests,
P<0.05].

Test day—A single pretreatment injection of methamphetamine was sufficient to induce
behavioral sensitization (Fig. 3, lower graph), because the distance traveled scores of
methamphetamine-pretreated rats were greater than the acute controls [Treatment main
effect, Fq 35 =17.20, P<0.001]. Although raclopride produced a slight diminution in
locomotor activity, differences between the methamphetamine alone group (i.e., the 0 mg/kg
RAC-METH group) and the raclopride groups did not approach statistical significance (Ps
= 0.62-0.44); instead, rats pretreated with both methamphetamine and 0, 0.1, or 1 mg/kg
raclopride had greater distance traveled scores than the acute control group when collapsed
across the testing session [Group main effect, F4 35 =5.30, P<0.01; and Tukey tests,
P<0.05]. On time blocks 3-8, all of the methamphetamine-pretreated groups, regardless of
raclopride dose (0, 0.1, 0.5, or 1 mg/kg), had greater distance traveled scores than the acute
control group [2Group x Time Block interaction, F12 19 =5.10, P<0.001; and Tukey tests,
P<0.05]. On time block 9, only the methamphetamine alone group differed from the acute
controls (Tukey tests, P<0.05).

Experiment 4: Effects of D1/D2 receptor blockade on methamphetamine-induced one-trial
behavioral sensitization

Pretreatment day—On the single pretreatment day, rats treated with methamphetamine
alone (i.e., the 0 mg/kg RAC+SCH-METH group) had greater distance traveled scores than
the saline controls (Fig. 4, upper graph) [Group main effect, F5 1 =18.06, P<0.001; and
Tukey tests, P<0.05]. Administering a cocktail of raclopride+SCH23390 fully attenuated
methamphetamine-induced locomotor activity.

Test day—Analysis of the session totals showed that methamphetamine-pretreated rats,
regardless of raclopride+SCH23390 condition, had greater distance traveled scores than the
acute control group (Fig. 4, lower graph) [Group main effect, F5 51 =22.75, P<0.001; and
Tukey tests, P<0.05]. A somewhat different picture emerges when the analysis takes into
account time block, because rats pretreated with raclopride+SCH23390 exhibited less
locomotor activity than the methamphetamine alone group on time blocks 7 and 8 [2Group x
Time Block interaction, F7 79 =7.24, P<0.001; and Tukey tests, P<0.05]. All of the
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methamphetamine-pretreated rats had greater distance traveled scores than the acute controls
on time blocks 3-9 (Tukey tests, P<0.05).

Experiment 5: Effects of raclopride and SCH23390 preinjections on methamphetamine-
induced one-trial behavioral sensitization

Pretreatment day—On the single pretreatment day (Fig. 5, upper graph), rats treated with
methamphetamine alone (i.e., the SAL-METH group) had greater distance traveled scores
than rats injected with only saline (i.e., the SAL-SAL group) [Group main effect, F4 35
=11.44, P<0.001; and Tukey tests, P<0.05]. Neither raclopride, SCH23390, nor a cocktail of
raclopride+SCH23390 reduced methamphetamine-induced locomotor activity.

Test day—All methamphetamine-pretreated groups (filled symbols) had greater distance
traveled scores than the acute control group (Fig. 5, lower graph) [Group main effect, F4 35
=39.88, P<0.001; and Tukey tests, P<0.05]. Unlike what was observed when DA
antagonists were administered acutely (see Experiment 3), rats given four pretreatment
injections of SCH23390 or raclopride+SCH23390 exhibited less locomotor activity than the
methamphetamine alone group (i.e., the SAL-METH group) on time blocks 7-8 and time
blocks 3-9, respectively [2Group x Time Block interaction, F1g 137 =8.98, P<0.001; and
Tukey tests, P<0.05]. Conversely, methamphetamine-treated rats given multiple
preinjections of saline, raclopride, or SCH23390 (i.e., the SAL-METH, RAC-METH, and
SCH-METH groups) had greater distance traveled scores than the acute controls on time
blocks 3-9. Rats pretreated with raclopride+SCH23390 (i.e., the RAC+SCH-METH group)
exhibited more locomotor activity than the acute controls on time blocks 5, 8, and 9 (Tukey
tests, P<0.05).

Discussion

Although the characteristics of behavioral sensitization vary substantially across ontogeny,
age-dependent changes in the neural mechanisms responsible for sensitized responding have
gone largely uninvestigated. During adulthood, D2 and D1 receptor antagonists block the
induction of multi-trial methamphetamine sensitization in both rats and mice (Kuribara and
Uchihashi 1993, 1994; Kuribara 1995a; Kelly et al. 2008). We now report that D2 or D1/D2
receptor antagonism has similar actions during early ontogeny as raclopride partially
attenuated, while raclopride+SCH23390 fully attenuated, the induction of multi-trial
methamphetamine sensitization in preweanling rats. A different pattern of effects was
observed when using a one-trial procedure, as D2 or D1/D2 receptor antagonism did not
prevent the induction of methamphetamine-induced behavioral sensitization. These results
suggest that the neural mechanisms mediating the initial induction of behavioral
sensitization in young rats differ depending on whether a one-trial or multi-trial procedure is
used (see also Mohd-Yusof et al. 2014). Consistent with this possibility, researchers using
adult rodent models have proposed that one-trial and multi-trial behavioral sensitization
varies in terms of second messenger signaling mechanisms, associative learning factors, and
the role of DA receptors (Fontana et al. 1993; White et al. 1998; Battisti et al. 2000; Valjent
et al. 2010).
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Why DA antagonists differentially affect the one-trial and multi-trial behavioral
sensitization of preweanling rats is uncertain, but one possibility is that D2 receptors may
partially mediate the associative components of methamphetamine behavioral sensitization.
If true, raclopride pretreatment should attenuate multi-trial behavioral sensitization, which
relies on contextual conditioning (Wood et al. 1998; Zavala et al. 2000), but not affect the
one-trial behavioral sensitization of preweanling rats, which is context-independent (Herbert
et al. 2010; McDougall et al. 2011). Since D1 receptor stimulation is often necessary for the
full expression of D2-mediated behaviors (Clark and White 1987), it is not surprising that
co-administration of raclopride+SCH23390 would have an exaggerated inhibitory effect on
the multi-trial methamphetamine sensitization of preweanling rats. An alternative
explanation for these findings is that repeated exposure to DA antagonists may cause
nonspecific neural changes (i.e., changes unrelated to modifying the acute effects of
psychostimulant drugs) that weaken the sensitized response. Experiment 5 provides
evidence for this possibility since three daily preinjections of raclopride+SCH23390
intensified the inhibitory effects of a subsequent raclopride+SCH23390 injection given prior
to methamphetamine treatment. This explanation leaves open the possibility that the neural
mechanisms underlying one-trial and multi-trial behavioral sensitization are the same; and
the impaired sensitized responding, which was evident when using the multi-trial procedure,
may have been an artifact of repeated antagonist administration. If the latter explanation
proves to be correct then the one-trial procedure would be a superior methodology for
assessing the acute effects of DA antagonists on psychostimulant-induced behavioral
sensitization.

When relevant adult rodent sensitization studies are considered together, one of the most
perplexing questions is why do the DA receptor subtypes appear to have different roles in
behavioral sensitization depending on the DA agonist being administered? As an example,
neither D1 nor D2 receptor antagonists prevent the induction of cocaine sensitization in
adult rats (one-trial sensitization is an exception), while both antagonists block
methamphetamine sensitization. No such dichotomy exists when the one-trial behavioral
sensitization of preweanling rats is assessed, as neither D1 nor D2 receptor antagonists block
the induction of cocaine- or methamphetamine-induced behavioral sensitization. This
pattern of results suggests that for one-trial behavioral sensitization, at least, other receptor
systems may be responsible for mediating the induction process during the preweanling
period.

To explain the inconsistent actions of selective DA antagonists on the behavioral
sensitization of adult rats, White et al. (1998) speculated that redundant DA and serotonin
(5-HT) pathways may be capable of triggering the induction process after cocaine treatment.
Consistent with this line of reasoning, antagonists of various serotonergic (e.g., 5-HT1a, 5-
HT,c, and 5-HT3) and adrenergic (a.1B) receptors prevent the induction of cocaine-induced
sensitization in adult rats and mice (King et al. 1997; Ago et al. 2006a; Craige and
Unterwald 2013). In terms of the present study, it is also possible that redundant pathways,
perhaps involving the 5-HT or adrenergic system, may mediate the induction of one-trial
behavioral sensitization in preweanling rats. Such redundant pathways would explain why
neither SCH23390 (Mohd-Yusof et al. 2015) nor raclopride (present study) blocked the
initial induction of methamphetamine-induced one-trial behavioral sensitization in
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preweanling rats. On first appraisal, methamphetamine’s mechanism of action and
selectivity at monoamine transporters may seem to argue against a ‘redundant pathway’
explanation. Specifically, methamphetamine enhances neurotransmitter release through
actions at plasma membrane transporters and the vesicular monoamine transporter type 2
(for reviews, see McMillen 1983; Fleckenstein and Hanson 2003). Methamphetamine has an
approximately equal affinity for DA and norepinephrine transporters, but a much lesser
affinity for the 5-HT transporter (Howell and Kimmel 2008). Despite the relatively low
affinity for 5-HT transporters, methamphetamine and amphetamine sensitization is blocked
by 5-HT1 4 and 5-HT, receptor antagonists (Auclair et al. 2004; Ago et al. 2006b, 2007),
suggesting that the induction process is not exclusively mediated by DA pathways.

Data gathered during the pretreatment phase are also informative. When administered across
a one- or four-day pretreatment phase, raclopride (0.1-1 mg/kg) was unable to block the
acute locomotor activating effects of methamphetamine in preweanling rats. Indeed, co-
administration of raclopride and methamphetamine caused a potentiated locomotor response
on the final two days of the pretreatment phase. Similar effects have been observed in adult
rats and ascribed to DA supersensitivity (White et al. 1998), which at times is
indistinguishable from a sensitized response (see also Mattingly et al. 1996). Unlike
raclopride alone, combined treatment with raclopride+SCH23390 fully attenuated the acute
locomotor activating effects of methamphetamine, regardless of whether the pretreatment
phase lasted one or four days (Fig. 2 and 4). The only exception occurred when rats had
been given pretreatment injections of raclopride+SCH23390 in the home cage (Fig. 5). In
this circumstance neither raclopride, SCH23390, nor raclopride+SCH23390 attenuated the
acute stimulatory effects of methamphetamine. Although an adequate explanation for this
effect remains elusive, these results show that the home injection procedure caused
persistent alterations in DA receptor functioning and behavior.

Importantly, the ability (or inability) of each antagonist to block agonist-induced locomotor
activity on the pretreatment day did not determine whether a sensitized response was
expressed on the test day. For example, co-administration of raclopride+SCH23390 fully
attenuated methamphetamine-induced locomotion on the pretreatment day, but did not
prevent sensitization from being expressed on the test day (Fig. 4). Conversely, raclopride
(0.1 and 0.5 mg/kg) actually potentiated methamphetamine-induced locomotor activity by
the end of the pretreatment phase, yet the sensitized response was reduced on the test day
(Fig. 1). Other lines of research also suggest that the occurrence or non-occurrence of
agonist-induced locomotor activity on the pretreatment day does not determine whether a
sensitized response will be evident on the test day. As examples, preweanling and adult rats
anesthetized during the pretreatment phase (i.e., no locomotor activity was possible)
exhibited behavioral sensitization on the test day (Wang and Hsiao 2003; Herbert et al.
2010), while adult mice injected with SCH23390 up to 5 h after methamphetamine
pretreatment (i.e., a full locomotor response was evident on the pretreatment day) did not
exhibit behavioral sensitization (Kuribara 1995b). Therefore, the induction of behavioral
sensitization is independent of the overt manifestation of drug-induced locomotor activity
during the pretreatment phase (see also Fontana et al. 1993).
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Valjent et al. (2010) proposed that the one-trial sensitization procedure, which they call a
two-injection protocol (TIPS), has some important advantages when compared to traditional
multi-trial sensitization procedures. For example, the one-trial procedure largely
circumvents issues of tolerance and dependence, while permitting an unbiased measure of
both the induction and expression of behavioral sensitization (Valjent et al. 2010). If DA
antagonists are tested, interpretive problems involving receptor up-regulation and DA
supersensitivity are also avoided. The one-trial procedure provides special advantages to
researchers examining the ontogeny of behavioral sensitization because the entire procedure
can be accomplished in as little as two days. As a consequence, sensitized responding is less
likely to be confounded with maturational changes in motoric ability or programmed
alterations in CNS functioning. Unlike with adult rats, the sensitized response of
preweanling rats shows little persistence (McDougall et al. 2009a), so the one-trial
procedure is not appropriate when long-term sensitization is of interest.

Conclusion

In conclusion, we believe that the one-trial procedure is ideally suited for assessing the
effects of antagonist drugs on the induction of behavioral sensitization. Using a one-trial
protocol, researchers testing adult rats and mice have reported that D1 (Fontana et al. 1993,;
Valjent et al. 2010) and D2 receptor antagonists (Weiss et al. 1989; Fontana et al. 1993)
block psychostimulant-induced behavioral sensitization. Conversely, neither D1 nor D2
receptor antagonists prevent the induction of methamphetamine sensitization in preweanling
rats (present study; Mohd-Yusof et al. 2014). This pattern of results suggests that the neural
mechanisms underlying the induction of behavioral sensitization, perhaps including the
availability of ‘redundant pathways’, differs between early ontogeny and adulthood.
Additional “downstream” neuroadaptations involving glutamate and DA neurotransmission
are necessary for both the induction and expression of behavioral sensitization in adult rats
(for a review, see Vanderschuren and Kalivas 2000). Whether similar neural mechanisms
mediate the behavioral sensitization of preweanling rats has yet to be determined.
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Fig. 1.

Mean distance traveled scores (+SEM) of rats (n = 8 per group) during the pretreatment
phase (upper graph) and on the test day (lower graph) of Experiment 1. The right panel
represents total distance traveled collapsed across the testing session. Open circle = SAL—
SAL (acute control group); filled circle = 0 mg/kg RAC-METH (methamphetamine alone
group); filled inverse triangle = 0.1 mg/kg RAC-METH; filled triangle = 0.5 mg/kg RAC-
METH; and filled square = 1 mg/kg RAC-METH. (a) Significantly different from the SAL-
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SAL group (acute control group; open circles); (b) Significantly different from the 0 mg/kg
RAC-METH group (methamphetamine alone group; filled circles).
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Mean distance traveled scores (+SEM) of rats (n = 8 per group) during the pretreatment
phase (upper graph) and on the test day (lower graph) of Experiment 2. The right panel
represents total distance traveled collapsed across the testing session. Open circle = SAL—
SAL (acute control group); filled circle = 0 mg/kg RAC+SCH-METH (methamphetamine
alone group); filled triangle = 0.5 mg/kg RAC+SCH-METH. (a) Significantly different
from the SAL-SAL group (acute control group; open circles); (b) Significantly different
from the 0 mg/kg RAC+SCH-METH group (methamphetamine alone group; filled circles).
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Mean distance traveled scores (+SEM) of rats (n = 8 per group) on the single pretreatment
day (upper graph) and test day (lower graph) of Experiment 3. The right panel represents
total distance traveled collapsed across the testing session. Open circle = SAL-METH (acute
control group); filled circle = 0 mg/kg RAC-METH (methamphetamine alone group); filled
inverse triangle = 0.1 mg/kg RAC-METH; filled triangle = 0.5 mg/kg RAC-METH; and
filled square = 1 mg/kg RAC-METH. (a) Significantly different from the SAL-SAL group

(acute control group; open circles).
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Fig. 4.

Mgan distance traveled scores (xSEM) of rats (n = 8 per group) on the single pretreatment
day (upper graph) and test day (lower graph) of Experiment 4. The right panel represents
total distance traveled collapsed across the testing session. Open circle = SAL-SAL (acute
control group); filled circle = 0 mg/kg RAC+SCH-METH (methamphetamine alone group);
and filled triangle = 0.5 mg/kg RAC+SCH-METH. (a) Significantly different from the
SAL-SAL group (acute control group; open circles); (b) Significantly different from the 0
mg/kg RAC+SCH-METH group (methamphetamine alone group; filled circles).
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Mean distance traveled scores (+SEM) of rats (n = 8 per group) on the single pretreatment

day (upper graph) and test day (lower graph) of Experiment 5. The right panel represents

total distance traveled collapsed across the testing session. Open circle = SAL-SAL (acute
control group); filled circle = SAL-METH (methamphetamine alone group); filled inverse

triangle = RAC-METH; filled triangle = SCH-METH; and filled square = RAC+SCH-
METH. (a) Significantly different from the SAL-SAL group (acute control group; open
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circles); (b) Significantly different from the SAL-METH group (methamphetamine alone
group; filled circles).
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