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Repeated intermittent exposure to stimulants progressively increases a drug's effect, with stressors capable
of producing cross-sensitization to stimulants. Studies examining such sensitization during development are
few, however, with results mixed. In Experiment 1, juvenile (P22) and adult (P64) female Sprague–Dawley
rats were administered (daily for 4 days) 1.5 mg/kg or 3.0 mg/kg amphetamine (1.5A and 3.0A groups), or
saline (SAL group). In a second experiment, rats were exposed to either repeated restraint (60 min/day for
4 days; RS group) or were left non-manipulated in the home cage (NM group). Animals from both
experiments were then challenged with 1.5 mg/kg of amphetamine and sensitization assessed via
locomotion and stereotypy after a 2-day and 3-wk washout period. When compared to SAL animals, 3.0A
juveniles and adults exhibited evidence of locomotor sensitization 2 days post-drug exposure, but this
sensitization did not persist to the 3-week challenge. Compared to NM animals, RS animals showed stress-
induced locomotor sensitization both 2 days and 3 weeks post-stress exposure, regardless of age. These
results demonstrate that repeated drug/stress exposures prior to stimulant challenge are sufficient to induce
behavioral sensitization among both juveniles and adults, with these effects particularly long-lasting
following repeated stressor exposure.
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Behavioral sensitization is defined as a progressive increase in the
behavioral response to a drug following repeated administration (for
review, see Robinson and Becker, 1986; Robinson and Berridge, 1993),
and is evident following exposure to stimulants such as amphetamine
(Battisti et al., 1999; Robinson et al., 1998; for review see Robinson and
Becker, 1986) and cocaine (Erb and Brown, 2006; Frantz et al., 2007;
Laviola et al., 1995), aswell as other drugs such as ethanol (Cunningham
and Noble, 1992; Masur and Boerngen, 1980; Masur et al., 1986) and
nicotine (Benwell and Balfour, 1992; Kita et al., 1992). Sensitization has
been argued to be an important contributor to the development of drug
addiction (Robinson and Berridge, 1993). Locomotor sensitization in
particular has been associated with alterations in neural reward
substrates and hence thought to serve as a marker for increased
rewarding value of drugs (Robinson and Berridge, 2003, 2008).

While numerous studies have reported the development of cocaine
and amphetamine sensitization in preweanling, juvenile, adolescent,
and adult animals (for review see Tirelli et al., 2003), differences in the
expression and longevity of such sensitization have been observed
across ontogeny. For instance, repeated exposure to amphetamine or
other stimulants during the late preweanling period induced context-
dependent sensitization of both locomotor activity and stereotypy at
post-drug intervals of approximately 7–9 days following drug termina-
tion (see Tirelli et al., 2003 for review and references). In contrast,
repeated exposure to stimulants during adolescence has often been
found to induce relatively long-lasting sensitization (e.g. see Tirelli et al.,
2003). Such sensitization, however, was most often expressed in terms
of locomotion, with little evidence of sensitization of stereotypy (e.g.,
see Adriani et al., 1998). Yet, evidence for the relatively early emergence
of sensitization is not ubiquitous, with some researchers reporting little
evidence of sensitization following repeated exposure to stimulants
during development (e.g. Collins and Izenwasser, 2002; Kolta et al.,
1990; Laviola et al., 2001; Niculescu et al., 2005). For example, when P1,
P7, P21 and P49 rats were exposed to amphetamine two times daily for
5 days and challenged 15 days later, Kolta and colleagues (1992)
observed amphetamine sensitization only in the oldest group.

Methodological differences across labs likely play a role in some of
these contrasting developmental findings. One potentially important
contributor could be differences across laboratories in basal stressor
conditions or the amount of stress associated with the repeated
exposure protocol, given evidence that sensitization can be induced
not only by prior exposure to drugs, but also by exposure to stress.
Animals subjected to a variety of stressors often exhibit an enhanced
behavioral response to a later stimulant challenge, at least in adult
rodents (for review see Sorg andKalivas, 1995). For example, both acute
and repeated restraint stress (Deroche et al., 1992; Diaz-Otanez et al.,
1997; Reid et al., 1998; Robinson et al., 1985), as well as repeated
footshock (Herman et al., 1984;MacLennanandMaier, 1983), tail-pinch
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(Antelman et al., 1980; Piazza et al., 1990) and social defeat (Nikulina
et al., 2004) have been found to augment later responsiveness to an
acute amphetamine challenge in adult rats.

The role of prior stressors in inducing sensitization to drugs during
development has received limited attention, and there is little consensus
in thefindings to date. For instance, evidence for stress cross-sensitization
to the locomotor stimulant effects of cocainewas seen in adolescentmale
rats exposed to either chronic variable stress or restraint (Lepsch et al.,
2005). Likewise, bothmale and female adolescent rats exposed to chronic
social stress (Mathews et al., 2008) showed augmented locomotor
sensitization to amphetamine when tested in either late adolescence or
adulthood. Conversely, however, another study reported that a social but
not a physical stressor was found to inhibit later emergence of
amphetamine sensitization in adulthood (Kabbaj et al., 2002). These
fewstudies suggest that, under somecircumstances, exposure to stressors
during development may potentiate later emergence of stimulant
sensitization. These studies, however, have largely focused on stressor
exposures at only one age, precluding conclusions regarding potential age
differences in stress/drug cross-sensitization.

Thepurpose of this study, therefore,was to investigate potential age-
related differences in both drug- and stress-induced sensitization to an
amphetamine challenge, with sensitization examined following repeat-
ed exposure to amphetamine or restraint during either the post-
weanling/juvenile period or in adulthood. Sensitization of both
locomotor behavior and stereotypy were examined, given evidence
discussed above suggesting potential developmental differences in
behavioral mode of expression of sensitization (Adriani et al., 1998).
Assessment of sensitization was conducted 48 h after the exposure
period, as well as 3 weeks later, in order to explore possible age
differences in the time-course of drug- and stress-induced sensitization.
Evidence for behavioral sensitization among adults has been seen
followinga48-hdrug-free phase (Kolta et al., 1985; LeithandKuczenski,
1982; McPherson and Lawrence, 2006; Robinson, 1984; Schmidt et al.,
1999; Vanderschuren et al., 1999) as well as 3 or more weeks
later (Kolta et al., 1985; Leith and Kuczenski, 1982; McPherson and
Lawrence, 2006; Robinson, 1984; Schmidt et al., 1999; Vanderschuren
et al., 1999)—and even up to a year in some cases in rodents (Paulson
et al., 1991). Female rats were used in this study given evidence that
both adult and adolescent females may be more likely than males to
express behavioral sensitization to drugs or stressors (McCormick et al.,
2004, 2005)

1. General methods

1.1. Subjects

80 female Sprague–Dawley rats (n=8 per group) used in these
experiments were bred and reared in our colony. Rats were
maintained in a temperature-controlled vivarium on a 14:10 h light:
dark cycle (lights on at 0700h), with ad libitum food (Purina Rat
Chow, Lowell, MA) and water. On the day after birth, P1, litters were
culled to 8–10 pups, with 6 animals of one sex and 4 animals of the
other retained whenever possible. Female offspring were weaned at
P21 and housed in same-sex littermate pairs, with male animals used
in other studies in our laboratory. At all times, rats used in these
experiments were maintained and treated in accordance with the
National Institutes of Health Guide for Animal Care (1996), using
protocols approved by the Binghamton University Institutional
Animal Care and Use Committee (IACUC). In order to minimize litter
effects (see Holson and Pearce, 1992), no more than one animal per
litter was placed into any given experimental group.

1.2. Testing apparatus

The test context consisted of Plexiglas chambers (Binghamton Plate
Glass, Binghamton, NY) (30×20×20 cm for juveniles; 45×30×30 cm
for adults) containing clean pine shavings. Each apparatus was divided
into two compartments by a clear Plexiglas partition containing an
aperture (7×5 cm for juveniles; 9×7 cm for adults) to allowmovement
of animals between compartments. Exposure to this context was
conducted under low light, with a white noise generator used to reduce
extraneous sounds and the experimenter not present in the room.

1.2.1. Behavioral analysis
Cameras mounted directly above each apparatus were used to

monitor and record the behavior of the animals. An experimenter blind
to the treatment of the subjects scored behavioral data. Crossovers
between the two compartments (defined by an animal's two hind feet
passing through the aperture) were scored from the videotapes as an
index of general locomotion, and were assessed in six consecutive 10-
min bins. Measures of stereotypy included repetitive vertical or
horizontal weaving or bobbing movements of the head, sniffing at the
sides or floor of the chamber, and repetitive focus on the aperture
(included sniffing and head scanning focused towards the aperture).
These behaviors were quantified using a time-sampling procedure
whereby each animal's behavior was scored continuously for 30 s at 5,
15, 25, 35, 45 and 55min into the session. Each of these30-s observation
periods was divided into ten 3-s blocks during which the presence or
absence of each measure of stereotypy was noted, with each measure
receiving a score ranging from 0 (denoting that the behavior never
occurred) to 10 (reflecting that the behavior occurred in all 10 blocks)
for each 30s observation period. These scores were summed to provide
an overall stereotypy score for each observation period.

1.3. Experiment 1

The design of this project was a 2 age [juvenile (P21–22) or adult
(P64–66)]×3 exposure [repeated saline exposure (SAL), repeated
1.5 mg/kg amphetamine (1.5A), or repeated 3.0 mg/kg amphetamine
(3.0A)] factorial, with 8 animals tested in each of the 6 experimental
groups.

1.3.1. Procedure
Daily for 4 days (P22–26 for juveniles; P65–68 for adults), animals

received an intraperitoneal (i.p.) injection of either saline (0.9% NaCl
w/v), 1.5 or 3.0 mg/kg/ml D-amphetamine sulfate (Sigma, St. Louis,
MO) between 0900 and 1100h, immediately followed by placement
into the test context for 60 min. Two days following the last of the
daily injections (P28 and P71 for juveniles and adults, respectively)
and approximately 3 weeks later (i.e., P49–51 or P92–94) all animals
were challengedwith amphetamine. On these challenge days, animals
were weighed, injected with 1.5 mg/kg amphetamine and immedi-
ately placed in the test apparatus for 60 min. A 1.5 mg/kg dose was
used given evidence that sensitization is more robustly expressed
when the challenge dose is the same or lower than the inducing dose
(see Robinson and Becker, 1986). Given that animals exposed as
juveniles had reached a relativelymature size by the second challenge
day, this test was conducted in adult-sized chambers for all animals.

1.4. Experiment 2

The design of this project was a 2 age [juvenile (P21–22) or adult
(P64–66)]×2 exposure [repeated restraint stress (RS) or non-
manipulated (NM)] factorial, with 8 animals tested in each of the 4
experimental groups.

1.5. Procedure

Animals in the RS group were restrained for 4 consecutive days
(P22–26 for juveniles; P65–68 for adults) for 60 min daily in adjustable
Plexiglas cylinders [18×4.7 cm for juveniles; 20.5×7.0 cm for adults]
(Braintree Scientific, Braintree, MA). Rats in the NM group were left
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undisturbed during this stress phase. Animals were then given two
amphetamine challenges as outlined in Experiment 1: one 2 days post-
stress exposure, and the other approximately 3 weeks later. For these
challenges, animals were weighed, injected with 1.5 mg/kg amphet-
amine and immediately placed in the test apparatus for 60 min.

1.6. Data analysis

Before analysis, behavioral measures were checked for homoge-
neity of variance. Behaviors were analyzed using analysis of variance
(ANOVA) procedures organized around specific questions of interest,
with targeted ANOVAs and Fisher's Least Significant (LSD) post hoc
tests used to identify the locus of significant main effects and
interactions arising from these analyses.

Two animals (one 1.5A and one 3.0A adult) were not included in the
analysis of Experiment 1 because their video recordswere lost on two of
the four days of behavioral observation. Data from the 3-week challenge
in Experiment 1 from one juvenile (in the SAL group) and five adults (1
SAL, 2 1.5A, 2 3.0A) were lost due to experimenter error and technical
problems; 3-week challenge data from 3 animals at each age were
similarly lost in Experiment 2 (juveniles: 2NM, 1 RS; adults: 1NM, 2 RS).

2. Results

2.1. Body weight gain (Table 1)

Percent body weight gains from the first day of the experiment, as
well as the 2-day and 3-week amphetamine challenge days were
analyzed separately at each age, because of the marked age
differences in body weight gain. No significant differences among
the exposure conditions emerged in these analyses (Table 1).

2.2. Experiment 1

2.2.1. Amphetamine-induced sensitization

2.2.1.1. Exposure period analyses. Significant baseline age differences in
activitywerepresent amonganimals injectedwith saline,with juveniles
exhibiting fewer crosses overall [25.0±2.55 (mean±SEM)] than adults
(79.88±8.93) [F(1,14)=34.89, p≤ .0001] (Fig. 1). Baseline indices of
the behavioral measure collectively defined as stereotypy also differed
with age among saline animals, with juveniles again exhibiting
significantly less stereotypy (12.25±2.68) than adults (44.38±3.50)
[F(1,14)=53.05, p≤ .00001] (data not shown). Because of these
baseline differences in both measures, as well as the persistent lack of
activity in saline-exposed animals during the latter half of the testing
sessions, responses to amphetamine during the exposure period were
examined using difference scores from the saline group. In these and all
subsequent analyses, the focus was on data summed across the final 4
bins of the session (i.e., from 20–60min. post-injection) during which
drug exposure-related effects were most pronounced.
Table 1
Percent body weight gain of juvenile and adult rats (mean±standard error).

Conditiona

NM RS

Juveniles 2-dayb 68.1±3.8 57.6±3.6
3-weekc 231.0±11.0 254.4±13.4

Adults 2-day 5.4±1.1 4.1±1.7
3-week 15.8±2.1 14.1±1.8

a Conditions were as follows: animals remained non-manipulated (NM); animals were exp
injection each day for 4 days (SAL); rats were administered 1.5 mg/kg (1.5A) or 3.0 mg/kg

b Body weight gain was calculated as a percentage change from the first day of the experim
juveniles and adults analyzed separately at each age.

c Bodyweight gainwas calculatedasapercentage change fromthefirst dayof theexperiment
juveniles and adults again analyzed separately at each age.
Analysis of the activity data on days 1 and 4 of the exposure
period (Fig. 2a) revealed a significant day×age×exposure interaction
[F(2, 40)=5.69, p≤ .01], as well as significant main effects of age [F
(1,40)=32.48, p≤ .000001], exposure [F(2,40)=38.40, p≤ .000001],
and day [F(1,40)=13.76, p≤ .001]. The three-way interaction of these
variables showed that, on Day 1, juveniles in both the 1.5A and 3.0A
groups exhibited significant elevations in number of crosses following
an acute administration of amphetamine. In contrast, 1.5A and 3.0A
adults failed to show an elevation in crossing behavior beyond that of
saline control adults. Indeed, on this day juveniles showed significantly
greater elevations in crosses over saline control animals in response to
1.5A and 3.0A than adults, with their response to 3.0A also greater than
adults on Day 4 as well. Post-hoc analyses conducted to compare
increases in the amphetamine response fromday 1 to 4 of the exposure
period as an index of sensitization revealed significant sensitization of
number of crosses only in juveniles in the 3.0A group and adults in the
1.5A group.

For the stereotypy data (Fig. 2b),main effects of day [F(1,40)=17.33,
p≤ .001] and exposure [F(2, 40)=100.97, p≤ .000001] were observed,
as well as a significant interaction of these two variables [F(2,40)=5.62,
p≤ .01]. At both ages and on both test days, animals given 1.5A and 3.0A
showed significantly more stereotypy than saline control animals.
Significant sensitization of stereotypy also emerged at both doses of
amphetamine, with both 1.5A and 3.0A animals showing significantly
greater levels of stereotypy on day 4 compared to day 1. Although this
effect was seemingly driven by adults (especially at the 1.5A exposure
dose — see Fig. 2b), no significant interactions with age emerged in the
analysis of these data.

2.2.1.2. Amphetamine challenge 2 days and 3 weeks post-exposure. Data
from the SAL, 1.5A and 3.0A groups were analyzed with repeated
measures ANOVAs for both locomotor activity (Fig. 3a) and stereotypy
(Fig. 3b), with day (2-day and 3-week challenge) as the repeated
measure. When all animals were challenged with 1.5 mg/kg amphet-
amine on these days, animals in the 3.0A group showed significantly
more crosses than the 1.5A and SAL groups two days following the
last exposure day, regardless of test age [day×exposure interaction: F
(2, 36)=4.73, p≤ .05]. Three weeks post exposure, however, these
significant group differences in amphetamine-induced activity were
no longer apparent. Although similar trends were seen for stereotypy
(see Fig. 3b), no significant main effects or interactions involving age,
day or drug exposure emerged in the analysis of this behavior.

2.3. Experiment 2

2.3.1. Stress-induced sensitization
Possible evidence of stress-drug cross sensitization was analyzed

for locomotor crosses and stereotypy via repeated measure ANOVAs
of data from the RS and NM groups, with day (2-day and 3-week
amphetamine challenges) as the repeated measure. Analysis of
number of crosses (Fig. 4a) revealed significant stress sensitization,
SAL 1.5A 3.0A

58.3±3.5 62.5±2.7 62.2±4.0
249.9±10.6 247.0±9.5 269.7±17.3

5.8±1.7 7.5±.8 6.4±1.5
15.0±2.2 17.5±1.2 15.4±3.5

osed to daily 60-min sessions of restraint stress (for 4 days; RS); rats were given a saline
(3.0A) of amphetamine once a day over 4 days.
ent to the first 1.5 mg/kg amphetamine challenge at 2 days post-exposure (2-day) with

to the second1.5 mg/kgamphetamine challenge at3 weekspost-exposure (3-week),with



Fig. 1. Crossovers exhibited during the 60-min observation period in the test chamber were examined across six 10-min bins in (A) juveniles and (B) adults given saline (SAL),
1.5 mg/kg amphetamine (1.5A), or 3.0 mg/kg amphetamine (3.0A) on the first (day 1) and fourth day (day 4) of amphetamine injections.

Fig. 2. (A) Number of crosses and (B) stereotypy exhibited during the final 40 min of a 60-min observation period in juveniles and adults given saline, 1.5 mg/kg amphetamine
(1.5A), or 3.0 mg/kg amphetamine (3.0A) on the first (D1) and fourth (D4) day of amphetamine exposure. Data are expressed as the mean difference score from the saline group at
each age, with bars representing standard error of the mean. Asterisks (*) indicate a significant difference from the saline controls (p≤ .05); Plus signs (+) denote a significant age
difference within exposure condition and day; dollar signs ($) signify a significant increase from day 1 to day 4 of drug exposure within a particular age and dose condition. For figure
(B), asterisks and dollar signs denote significant changes, collapsed across age group.
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Fig. 3. (A) Number of crosses and (B) stereotypy behavior exhibited in response to challenge with 1.5 mg/kg amphetamine two days and 3 weeks after juveniles (JUV) or adults were
exposed to repeated saline (SAL), 1.5 mg/kg amphetamine (1.5A), or 3.0 mg/kg amphetamine (3.0A). Data represent group means of the sum of behaviors exhibited during the final
40 min of a 60-min observation period, with bars depicting the standard error of the mean. In this figure, asterisks (*) indicate a significant increase in the 3.0A condition (collapsed
across age) compared to the 1.5A and SAL groups (p≤.05).
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with RS animals showing significantly more crosses than the NM
controls (main effect of pre-exposure: F(1,24)=4.45, p≤ .05). No
main effects or interactions involving day or age were observed in this
analysis, suggesting that stress/amphetamine cross-sensitization to
the locomotor stimulant effects of amphetamine was present at both
ages, and when tested either 2 days or 3 weeks following stressor
termination. In contrast, only a main effect of day [F(1,22)=22.45,
p≤ .001] emerged in the analysis of stereotypy (Fig. 4b), with the
overall amount of stereotypy exhibited in response to challenge with
1.5A being slightly but significantly higher at the 3-week compared to
the 2-day post-stressor challenge.
3. Discussion

In these experiments, possible age-related differences in the acute
effects of amphetamine, as well as the development of amphetamine-
and stress-induced sensitization, were examined among juvenile and
adult female rats. The results showed that juvenilesweremore sensitive
to the locomotor activating effects of an acute amphetamine challenge
compared to adults. Animals of the two ages also differed in the pattern
of behavioral sensitization exhibited during the induction phase.
Specifically, when comparing the first and last induction days, evidence
for locomotor sensitizationwas seen in adults at the 1.5 mg/kg dose and
sensitization of stereotypy at both doses. In contrast, juveniles generally
expressed behavioral sensitization during the induction phase only at
the 3.0 mg/kg dose. When all animals were challenged with 1.5 mg/kg
amphetamine two days later, locomotor sensitization was evident
among the 3.0A groups but not the 1.5A groups at both ages. Three
weeks later, no evidence of sensitization was seen in response to a
second amphetamine challenge in any of the amphetamine exposure or
age groups. In contrast, evidence of stress-drug cross-sensitization was
seen in terms of amphetamine-induced locomotor stimulation when
both juveniles and adults were challengedwith amphetamine 2 days as
well as 3 weeks following repeated restraint stress.

That adults did not demonstrate locomotor activation when
initially exposed to the lower dose of amphetamine during the
induction period was unexpected, given previous studies reporting
that low to moderate doses of amphetamine result in marked
increases in locomotor behavior among adult rodents (e.g. Dietz
et al., 2008; Fiorino and Phillips, 1999; McCormick and Ibrahim, 2007;
Rasmussen et al., 2010). There are a number of possibilities as to why
adult females in the present study did not respond to initial injection
of 1.5 mg/kg amphetamine with enhanced locomotion when indexed
via crosses between sides of the apparatus. Particularly likely is the
nature of the testing apparatus used in the current experiment.
Specifically, the aperture between the two sides of the test apparatus
was an unusual feature, and animals often appeared to direct their
stereotypic behavior to this portion of the chamber. It is possible that
the aperture induced more stereotypy than commonly observed,
especially among adult animals. Indeed, adults exhibited more
stereotypic-type behavior (including aperture sniffing and head
scanning of the aperture) than juveniles even under baseline
conditions, with this enhanced stereotypy perhaps competing with
the expression of locomotor behavior. It is also possible that the
scaling of apparatus dimensions to equate relative body-to-apparatus
size across age may have somehow fostered greater basal levels of
locomotor activity among adults than adolescents, perhaps obscuring
further increases in activity when initially challenged with amphet-
amine. This possibility seems counter-intuitive, though, and is
inconsistent with recent data reporting similar age effects on
locomotion and novelty-seeking regardless of whether animals
were tested in the same apparatus or apparatuses scaled to animal
size (Philpot and Wecker, 2008).

Consistent with prior findings, locomotor sensitization emerged in
adulthood during the induction phase at the 1.5 mg/kg dose in adults.



Fig. 4. (A) Number of crosses and (B) stereotypy behavior exhibited in response to challenge with 1.5 mg/kg amphetamine two days and 3 weeks after juveniles (JUV) and adults
were previously exposed to either repeated restraint sessions (RS) (60 min per day for 5 days) or were left non-manipulated (NM). Data represent group means of the sum of
behaviors exhibited during the final 40 min of a 60-min observation period, with bars denoting the standard error of themean. In this figure, asterisks (*) signify a significant increase
in the RS groups compared to the NM controls, collapsed across age and day of testing (p≤ .05).
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Previous studies have reported that, while locomotor sensitization is
often evident at relatively low doses, at higher doses of psychosti-
mulants, adult rodents are more likely to exhibit sensitization of
stereotypy at the expense of locomotor activation (for review see
Robinson and Becker, 1986; Tirelli et al., 2003). Indeed, the 3.0A adults
in this study showed marked increases in stereotyped behavior
relative to 1.5A adults and their SAL controls, perhaps precluding
expression of locomotor sensitization. In contrast to the adult data,
however, juvenile animals in the 1.5A condition did not exhibit
locomotor sensitization during the exposure period. One possibility is
that the 1.5 mg/kg dose was not large enough to induce the neural
adaptations underlying sensitization among juveniles. While age
differences in sensitization of stereotypy were not significant during
the exposure phase, the lack of an increase in stereotypy from day 1 to
day 4 among 1.5A juveniles further supports this possibility.
Alternatively, developmental differences in general responsiveness
to amphetamine could be responsible for these results. Since across
day (and hence, age) comparisons were necessary to infer emergence
of sensitization during the exposure period, differences in the
response to the 1.5 mg/kg dose across days could reflect emergence
of an adolescent-associated attenuation in response to stimulant
drugs that is often (e.g., Bolanos et al., 1998; Laviola et al., 1995;
Snyder et al., 1998; Spear and Brake, 1983; Zombeck et al., 2009) but
not always (e.g. Badanich et al., 2008; Caster et al., 2005) observed.

The similar degree of sensitization seen in both juvenile- and
adult-exposed animals when challenged with amphetamine two days
following the induction period suggests that age differences in
sensitization were not likely under these circumstances. While some
experiments have reported no age differences in expression of
stimulant sensitization (e.g. Collins and Izenwasser, 2002), others
have shown that younger animals (in most cases, adolescents) are
more vulnerable to the development of sensitization than comparably
exposed adults (for review see Laviola et al., 1999; Tirelli et al., 2003)
when indexed via locomotor activity (Adriani et al., 1998; Laviola
et al., 1999; Laviola et al., 1995) or stereotypy (Laviola et al., 2001).
Methodological differences across studies such as dose, length and
pattern of drug exposures, age at the time of exposure, and exposure-
to-test intervals have often been invoked as likely contributors to
these mixed results (e.g. Collins and Izenwasser, 2002).

The lack of persistence of the sensitized amphetamine response after
3 drug-freeweekswas unexpected, at least in adults, given evidence for
the persistence of stimulant sensitization for up to a year in adult rats
under some test circumstances (e.g. Paulson et al., 1991). In this study,
however, relatively low doses of amphetamine were used during the
exposure phase. Previous studies have shown that higher doses of
amphetamine (e.g. 5.0 mg/kg or more) are likely to induce intense
stereotyped behavior that lasts for extended periods of time (for review
see Robinson and Becker, 1986). The intent here was to administer
relatively low doses of amphetamine over a limited exposure period to
avoid a possible ceiling effect that could obscure potential ontogenetic
differences. These doses, however, may not have provided sufficient
exposure to induce long-lasting sensitization at either age.

It is not simply the case, however, that these test circumstances
were insufficient to reveal sensitization over this time interval in
females at the two ages, as evidenced by significant stress-induced
cross-sensitization to challenge with 1.5 mg/kg amphetamine at both
2 days and 3 weeks following stressor termination. Stress/drug cross-
sensitization by restraint stress has previously been observed among
adults (Deroche et al., 1992; Reid et al., 1998), and occasionally, but
not always in developing animals (Lepsch et al., 2005; Trzcinska et al.,
2002). It is intriguing that the stress/stimulant cross-sensitization
observed in this study was more robust than that seen following
stimulant sensitization per se, with this stress-stimulant cross-sensitiza-
tion lasting a full 3 weeks post-stressor, regardless of age. In a previous
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study thatdirectly comparedbehavioral sensitization inducedby stressors
versus stimulants, both stimulant- and stress-induced sensitization were
shown to persist for 10 days following the induction phase (Yap and
Miczek, 2008). In contrast, another report found that stimulant-induced
sensitization endured longer than stress-induced sensitization, with
repeated amphetamine but not a single exposure to footshock stress
resulting in behavioral sensitization to an amphetamine challenge
3 weeks later (Schmidt et al., 1999). While the latter experiment would
suggest that stress-induced sensitization does not persist as long as drug-
induced sensitization, it is likely that the single stressor exposure used in
the above study may have only induced short-term sensitization, with
similar results reported elsewhere (de Jong et al., 2005). Instead, repeated
applicationof the samestressor (as in the current study)maybenecessary
to induce long-lasting sensitization, as other have also demonstrated
stress-induced cross-sensitization to amphetamine for up to 2 months
after a repeated stress application (Nikulina et al., 2004). The present
results add to this diverse literature by demonstrating that under at least
some test circumstances, juveniles and adults are equally vulnerable to
theeffectsof repeated stressor exposureon later amphetamine sensitivity,
with expression of this cross-sensitization persisting longer among
females at both ages than following sensitizing exposures to relatively
low doses of amphetamine per se.

Taken together, the results of the present study demonstrate that a
history of repeated drug or stressor exposure during the juvenile period
or in adulthood can induce sensitization to a later amphetamine
challenge, effects that persisted longer under these test conditions
following repeated restraint than repeated amphetamine exposure per
se. Age-related differences in the current study were not marked, with
juveniles differing from adults only upon acute exposure to amphet-
amine and during the exposure period.While these results suggest that
female juveniles andadults donot differ notably in their susceptibility to
develop sensitization to amphetamine, they highlight the importance of
stress history on drug responsiveness. An individual's stress historymay
be a particularly important variable when considering a person's
vulnerability to addiction, even if that stressor occurs during the
juvenile period and long before exposure to drugs.
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