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A B S T R A C T

Antipsychotic drug prescriptions for pediatric populations have increased over the past 20 years, particularly the
use of atypical antipsychotic drugs such as risperidone. Most antipsychotic drugs target forebrain dopamine
systems, and early-life antipsychotic drug exposure could conceivably reset forebrain neurotransmitter function
in a permanent manner that persists into adulthood. This study determined whether chronic risperidone
administration during development modified locomotor responses to the dopamine/norepinephrine agonist, D-
amphetamine, in adult rats. Thirty-five male Long-Evans rats received an injection of one of four doses of
risperidone (vehicle, .3, 1.0, 3.0 mg/kg) each day from postnatal day 14 through 42. Locomotor activity was
measured for 1 h on postnatal days 46 and 47, and then for 24 h once a week over the next two weeks. Beginning
on postnatal day 75, rats received one of four doses of amphetamine (saline, .3, 1.0, 3.0 mg/kg) once a week for
four weeks. Locomotor activity was measured for 27 h after amphetamine injection. Rats administered
risperidone early in life demonstrated increased activity during the 1 and 24 h test sessions conducted prior
to postnatal day 75. Taking into account baseline group differences, these same rats exhibited significantly more
locomotor activity in response to the moderate dose of amphetamine relative to controls. These results suggest
that early-life treatment with atypical antipsychotic drugs, like risperidone, permanently alters forebrain
catecholamine function and increases sensitivity to drugs that target such function.

1. Introduction

Antipsychotic drugs have been commonly used to treat psychotic
disorders in adults for several decades (Olfson et al., 2012). More
recently, a variety of disorders in children have been increasingly
managed with prescriptions of newer, second-generation antipsychotic
drugs (Lohr et al., 2015; Olfson et al., 2012, 2015). Over the last two
decades throughout Europe and North America, the number of
antipsychotic drug prescriptions to children under the age of 14 has
increased at a greater rate than that reported for adults (Bachmann
et al., 2014; Kalverdijk et al., 2008; Murphy et al., 2013; Olfson et al.,
2012). At the same time, the average duration of antipsychotic drug
treatment in children has become significantly longer (Kalverdijk et al.,
2008).

The most commonly prescribed antipsychotic drug for children is
risperidone, which predominantly targets serotonin 5-HT2A and dopa-
mine D2 receptors, along with dopamine D3, D4, adrenergic α1 and α2,
and histamine H1 receptors (Mailman and Murthy, 2010). Animal
studies have revealed alterations in neural and behavioral functions,
especially those linked to dopamine, due to early-life risperidone

administration. For example, daily risperidone administration for four
weeks up-regulates dopamine D2 and D4 receptors in several forebrain
regions in juvenile and adult rats but only elevates dopamine D1

receptors in the nucleus accumbens and caudate putamen in the
younger group (Moran-Gates et al., 2007). At a behavioral level, daily
risperidone administration between postnatal days 14–42 leads to
hyperactivity that lasts for several months after cessation of treatment
(Bardgett et al., 2013). These findings raise concerns that early-life
risperidone administration could lead to an enhancement in behavioral
sensitivity to drugs that target dopamine synapses during adulthood.

This study evaluated the effects of early-life risperidone adminis-
tration on the locomotor activity produced by the well-characterized
psychostimulant, amphetamine, in young adult rats. At a neurochem-
ical level, amphetamine increases dopamine release, blocks dopamine
and norepinephrine reuptake, and inhibits monoamine oxidase from
disintegrating dopamine in the synapse (see Iversen et al., 2008 for
review). Amphetamine is believed to stimulate motor activity via its
action in the nucleus accumbens and caudate putamen, with low doses
elevating locomotion and higher doses eliciting stereotypy, due to drug
effects in each respective brain region (Kelly et al., 1975). Additionally,
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White and White (2006), using moderate to high doses of ampheta-
mine, revealed a time- and dose-dependent pattern of amphetamine-
induced activity, with an increase in locomotor activity observed for 6 h
post-administration, succeeded by a temporary hypoactivity that was
most marked in their study at 20 h post-administration.

Since risperidone administration during postnatal development
elevates forebrain dopamine receptor density (Moran-Gates et al.,
2007), it was hypothesized that early-life risperidone administration
would significantly augment both the hyper- and hypo-locomotor
effects of amphetamine later in life. It was also expected that the
administration of the higher doses of amphetamine would elicit
stereotypy over the first few hours post-injection, and that this effect
would be magnified in rats administered risperidone early in life.

2. Materials and methods

2.1. Subjects

Thirty-five Long-Evans male rats were used. Nine pregnant
mothers were purchased from Harlan Bioproducts (Indianapolis, IN)
and arrived in the animal facility on gestational day 14. On postnatal
day 8, pups were identified by sex, and litters culled to four males. Rats
were weaned on postnatal day 21. Upon weaning, rats were housed 2–3
per cage with continuous access to food and water. A schedule of all of
the experimental events and corresponding postnatal ages is presented
in Table 1. The lights in the housing room were on between 6:00 a.m.
and 6:00 p.m. The Northern Kentucky University Institutional Animal
Care and Use Committee approved all of the proposed procedures and
animal care.

2.2. Drugs

Each of the four risperidone dose groups (vehicle, .3, 1.0, and
3.0 mg/kg of body weight; n = 9, 9, 9, and 8, respectively) contained
one male rat from each of the nine litters (one of the rats from the
3.0 mg/kg dose group died at postnatal day 21 due to a failure to gain
weight). The doses of risperidone were based on our previous
behavioral work (Bardgett et al., 2013; Gannon et al., 2015; Stevens
et al., 2016) and reports from others demonstrating the effects of early-
life risperidone on neurotransmitter receptor levels (Choi et al., 2009,
2010; Moran-Gates et al., 2007). Beyond these precedents, the 1.0 mg/
kg dose was selected because it acutely reduces amphetamine-induced
hyperactivity by 50% (a powerful preclinical predictor of antipsychotic
drug activity) (Arnt, 1995) and occupies 60–80% of dopamine D2

receptors in rat forebrain – a degree of receptor blockade associated
with antipsychotic drug efficacy in humans (Kapur et al., 2003).

Nonetheless, this dose does not consistently produce drug blood levels
in adult rats that approximate those observed in adult humans
maintained on risperidone (Kapur et al., 2003). With this concern in
mind and cognizant that some children undoubtedly receive doses
above those recommended even for adults, a 3.0 mg/kg of risperidone
was included for study.

Rats were weighed and administered subcutaneous injections of
risperidone daily from postnatal day 14 through 42. This develop-
mental period in the rat corresponds to the time between early
childhood and late adolescence in humans (Andersen, 2005; Spear,
2000) – ages at which pediatric populations are likely to receive
antipsychotic drug treatment (Constantine et al., 2011; Olfson et al.,
2012). Given that many young children receive antipsychotic drugs
continuously over long periods of time (Constantine et al., 2012;
Kalverdijk et al., 2008), the approach used here in rats was intended
to mimic prolonged antipsychotic drug exposure during development
in humans.

Risperidone was dissolved in a small volume of 10% glacial acetic
acid, brought to volume with .9% saline, and adjusted to a pH ~ 6.2
with 1 M sodium hydroxide. Injections were administered at a volume
of 2.0 ml/kg of body weight. The National Institute of Mental Health's
Chemical Synthesis and Drug Supply program kindly provided the
risperidone.

D-amphetamine (Sigma) was dissolved in .9% saline. Amphetamine
was injected subcutaneously once a week for four weeks as described
below. Four doses of amphetamine were used (saline, .3, 1.0, and
3.0 mg/kg of body weight) at a volume of 1 ml/kg. These doses were
based on the work of White and White (2006) that showed respective
hyper- and hypo-activating effects of these doses over a 33-h session.

2.3. Locomotor activity

Locomotor activity was measured in a clear polypropylene cage
(51 cm long × 26.5 cm wide × 32 cm high) with a wire top and inserted
into a SmartFrame Cage Rack (Kinder Scientific, Poway, CA). Prior to
testing, rats from the four treatment groups were equally divided into
three testing squads. Locomotor activity was defined as the number of
photobeam breaks recorded during each time bin, which varied from
5 min to one h depending on the experiment.

Locomotor activity was tabulated every 5 min over a 60-min period
on postnatal days 46 and 47. Testing occurred between noon and
4:00 p.m. each day. These tests determined if rats administered
risperidone early in life were more active several days after the end
of the risperidone administration on postnatal day 42, as reported
previously (Bardgett et al., 2013).

Over the next two weeks, rats were tested over 24 h to assess

Table 1
Experimental timetable.

Postnatal day Activity Description

8 Each litter culled to four males.
14 Begin daily subcutaneous injections with vehicle or risperidone (.3, 1.0 or 3.0 mg/kg). n = 9, 9, 9, or 8 rats per respective

group.
21 Wean litters, house rats 2–3 per cage
42 Last injection of risperidone or vehicle
46 and 47 Spontaneous locomotion Test locomotor activity in each rat for one h each day.
55, 56, or 57 Circadian locomotion Test locomotor activity in each rat for 24 h on one of the three days listed. Same procedure is repeated one week later on

day 62, 63, or 64.62, 63, or 64 Circadian locomotion
75, 77, or 79 Locomotor response to

amphetamine
Test activity for 30 min prior to and 27 h after subcutaneous injection of saline or one of three doses (.3, 1.0, or 3.0 mg/
kg) of amphetamine. During each of the four weeks, each rat tested on only one of the three days listed. On each of the
four weeks, the same procedure is conducted except that each rat receives a different amphetamine dose than it did on
any of the other weeks.

82, 84, or 86 Locomotor response to
amphetamine

89, 91, or 93 Locomotor response to
amphetamine

95, 97, or 99 Locomotor response to
amphetamine
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circadian patterns of locomotor activity, as well as to habituate the rats
to the testing environment prior to amphetamine administration. On
either postnatal day 55, 56, or 57, each squad of 11–12 rats was tested
once for 24 h. Testing began at 1:00 p.m. each day, and activity was
tabulated every h. Lights in the locomotor testing room were auto-
matically turned off and on at 6:00 p.m. and 6:00 a.m. respectively.
One week later on either postnatal day 62, 63, or 64, each squad of rats
was tested once again for 24 h.

Locomotor responses to amphetamine were tested separately in
each of the three squads of rats beginning on either postnatal day 75,
77, or 79 (see Table 1). On one of those days and once a week for three
weeks thereafter, rats were placed in the locomotor activity chambers
for 30 min, and the number of photobeam breaks was recorded. Each
rat was then removed from the chamber, received a subcutaneous
injection of one of four amphetamine doses, and returned to the
chamber for 27 h. By the end of the four weeks of testing, each rat had
received all four doses of amphetamine. The order of the amphetamine
doses across the four weeks was counterbalanced within each risper-
idone dose group, such that 2–3 rats from each risperidone group
received each amphetamine dose during a given week. The 27 h test
period was chosen since White and White (2006) used it to reveal
delayed hypolocomotive effects of acute amphetamine administration.
Testing began at 1:00 p.m. each day. Locomotor activity was tabulated
every h during each 27 h session.

Stereotypy was also assessed for 2 h after amphetamine adminis-
tration. Each rat was observed for one min every 30 min. The scale
reported by Kelly et al. (1975) was used to grade the level of stereotypy
observed during each one-min recording period:

0 — asleep or stationary
1 — active
2 — predominantly active with bursts of stereotyped sniffing or
rearing
3 — stereotyped activity predominantly sniffing and rearing over a
large area of the cage
4 — stereotyped behavior maintained in one location
5 — stereotyped behavior in one location with bursts of gnawing or
licking
6 — continual gnawing or licking of the cage bars

The 2-h assessment session was chosen since White and White
(2006) reported that stereotypy was most prevalent during the initial
two h after administration of a high amphetamine dose.

2.4. Statistical analyses

The data collected over 1 h on postnatal days 46 and 47 were
summed and analyzed using a one-way analysis of variance (ANOVA)
with risperidone dose serving as a between-subjects factor. For the 24-
h locomotor data generated between postnatal days 55–57 and 62–64,
the number of photobeam breaks generated every h for the first 5 h was
compared using a three-way ANOVA with risperidone dose serving as a
between-subjects factor and week of testing and time as within-subjects
factors. The locomotor activity generated during the dark phase (6–
17 h) and remaining light phase (18–24 h) were summed respectively
and the data compared using a two-way ANOVA with risperidone dose
and week of testing as respective between- and within-subjects factors.

The total locomotor activity generated over the 30 min prior to
amphetamine injection was analyzed using a two-way ANOVA with
risperidone dose and week of testing as respective between- and
within-subjects factors. The locomotor data gathered over the 27 h
after amphetamine injection were first analyzed only in the rats
administered vehicle using a two-way ANOVA with amphetamine dose
and time serving as respective between- and within-subjects factors. As
mentioned above, in an attempt to control for baseline differences in
activity between the risperidone groups when analyzing responses to

amphetamine, the activity observed in each rat over the first five h after
saline injection was subtracted from the activity observed over the
same period after injection of each amphetamine dose. These differ-
ence scores were compared separately for each amphetamine dose
using a two-way ANOVA with risperidone dose and time as respective
between- and within-subjects factors. Locomotor data gathered be-
tween 6 and 17 h, and 18 and 27 h post-amphetamine were summed
over each time period and compared using a two-way ANOVA with
risperidone and amphetamine dose as respective between- and within-
subjects factors. The stereotypy data recorded after amphetamine
injection were summed across the 2 h testing session and compared
using a two-way ANOVA with risperidone and amphetamine dose as
respective between- and within-subjects factors. All post-hoc testing
was performed using Fishers Protected Least Significant Difference test
(two-tailed). Significant differences were accepted for P < .05.

3. Results

3.1. Locomotor activity on postnatal days 46 and 47

After the cessation of risperidone administration on postnatal day
42, locomotor activity was recorded every 5 min for 1 h on postnatal
days 46 and 47. On postnatal day 46, locomotor activity was sig-
nificantly greater in rats administered the highest dose of risperidone,
F(3, 31) = 2.94, P = .05 (Fig. 1). Rats administered the highest
risperidone dose early in life demonstrated greater activity relative to
rats administered vehicle or the lowest risperidone dose (Fishers
Protected Least Significant Difference test used in this and all
subsequent post-hoc analyses, P = .01 for each comparison).

3.2. Circadian locomotor activity

Locomotor activity was recorded for 24 h once for each rat between
postnatal days 55–57 and once again between postnatal days 63–65 to
assess whether early-life risperidone altered the circadian pattern of
locomotor activity during adulthood. Each week, activity was analyzed
as a function of three distinct periods across the 24-h test cycle – initial
light phase (0–5 h), dark phase (6–17 h), and remaining light phase
(18–24 h). This approach allowed for taking into account the effects of
the initial novelty of the test cage on activity as well as for allowing for
consistent comparisons with the 27-h amphetamine testing, which was
analyzed as a function of the same three time periods.

During the first week of 24-h testing, there was a significant
interaction between risperidone administration and time across the
first five h of the session, F(12, 124) = 2.62, P = .004 (Fig. 2A). Post-hoc

Fig. 1. Locomotor activity summed over 1 h on postnatal days (PND) 46 and 47. For
PND 46, the differences between risperidone (Risp) 3.0 group relative to the vehicle and
Risp .3 groups are indicated by *. n = 9 per group except Risp 3.0 where n = 8. Data
represent means ± S.E.M.
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analyses revealed the risperidone 3.0 group was significantly more
active than the vehicle group during the first and fourth h of testing (P
= .05 and .04, respectively), while the latter group was significantly
more active than the risperidone .3 and 3.0 groups during the fifth h (P
= .006 for each post-hoc comparison). During the second week of
testing, there was no interaction between risperidone administration
and h, or main effect of risperidone administration, but there was a
significant time effect, F(4, 124) = 118.14, P < .0001 (Fig. 2B).

During the dark phase of testing between six and 17 h, there was no
significant interaction between risperidone administration and time
found in either week's data. Therefore, the data were collapsed into
total activity for each risperidone dose group as a function of week of
testing. This data analysis revealed a significant group by week
interaction, F(3, 31) = 3.02, P = .04 (Fig. 2C). In the dark phase
during the first week, rats in the risperidone 3.0 group were signifi-
cantly more active than rats in all other groups (P = .001, .0009, and
.03, in comparison to the respective vehicle, risperidone .3, and
risperidone 1.0 groups). During the second week of testing, rats in
the risperidone 1.0 group were significantly more active than rats in the
vehicle and risperidone .3 groups (P = .007 .03, respectively), and rats
in the risperidone 3.0 group were more active than the vehicle rats (P =
.02). The vehicle and risperidone 3.0 groups were significantly less
active during the second week of testing as compared to the first week
(P = .03 and .007, respectively).

In the remaining light phase (18–24 h) of the 24-h tests, there were

no significant time by risperidone dose interactions – accordingly, the
data were summed over time and compared between the risperidone
groups. This approach revealed significant main effects of risperidone
administration, F(3, 31) = 3.29, P = .03, and week, F(1, 31) = 20.68, P
< .0002, but not a risperidone administration × week interaction
(Fig. 2D). Rats in the risperidone 1.0 and 3.0 groups were significantly
more active than the vehicle rats during the first week of testing (P =
.004 and .05, for each respective comparison). In the second week, the
risperidone 1.0 group was significantly more active than the vehicle
group (P = .02), with a trend towards greater activity in the risperidone
3.0 group relative to vehicle group (P = .06). Rats in every group except
the risperidone 3.0 group demonstrated significant declines in activity
across the two weeks of testing (P = .01, .03, and .04 for the respective
vehicle, risperidone .3, and risperidone 1.0 comparisons).

3.3. Locomotor responses to amphetamine

During the four subsequent weeks, locomotor activity was tested for
30 min prior to amphetamine injection. Analysis of these pre-injection
data did not reveal main effects of week or risperidone administration,
or an interaction between these two variables (Fig. 3). However, there
was a statistical trend towards an effect of risperidone administration,
F(3, 31) = 2.51, P = .08. Rats that received the higher doses of
risperidone early in life had greater mean levels of locomotor activity
than vehicle controls.

Fig. 2. Locomotor activity recorded during the first 5 h between postnatal days 55–57 (A.) and 62–64 (B.). Differences between vehicle and risperidone (Risp) .3 groups are indicated by
^ and between vehicle and risperidone 3.0 groups by *. Locomotor activity during the dark phase of testing between 6 and 17 h (C.) and remaining light phase between 18 and 24 h (D.).
In C. and D., differences between indicated group and vehicle noted by *, between indicated group and vehicle and Risp .3 groups by #, and between Risp 3.0 group and all other groups
by +. n = 9 per group except Risp 3.0 where n = 8. Data represent means ± S.E.M.
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After this 30-min acclimation period, all rats received an injection
of saline or one of three amphetamine doses (.3, 1.0, and 3.0 mg/kg)
and were returned to the activity cages for 27 h. To gain a better sense
of how amphetamine alone affected locomotor activity over the 27-h
test period, the effects of each amphetamine dose were compared over
time in the vehicle group only. This analysis revealed statistically
significant main effects of amphetamine, F(3, 32) = 4.17, P = .01, and
time, F(26, 832) = 54.79, P < .0001, and an amphetamine x time
interaction, F(78, 832) = 4.10, P < .0001. The significant effects of
amphetamine were mainly observed over the first five h post-injection
(Fig. 4). Over this time period, amphetamine increased locomotor
activity in a dose-dependent manner, with statistically significant
differences found in the comparisons of the activity seen after each
amphetamine dose (P < .05 for all post-hoc comparisons). Over the
remaining 22 h, there were no dramatically different effects of amphe-
tamine dose on activity.

Since the elevating effect of amphetamine on locomotor activity was
greatest during the first 5 h post-injection, the analyses of the effects of
early-life risperidone on amphetamine-induced hyperactivity focused
mainly on this period. After saline injection, there were no significant
effects of early-life risperidone on activity levels across the 5-h post-
injection period, nor was there an interaction between risperidone
administration and time (Fig. 5A). There was a significant time effect,
F(4, 124) = 65.96, P < .0001, with animals in each group exhibiting
much higher activity during the first post-injection h.

Being mindful that early-life risperidone led to increased activity in
some of the previous testing, the locomotor responses to amphetamine
were assessed by subtracting the hourly activity levels observed in each
rat after saline injection from the hourly activity levels observed after
each amphetamine dose. When analyzed in this manner, there were
still significant effects of risperidone on the locomotor activity elicited

by amphetamine. Main effects of risperidone on locomotor activity
were not observed after injection of the .3 or 3.0 mg/kg doses of
amphetamine (Fig. 5B and D), although there was a main effect of time
observed after each injection, F(4, 124) = 20.32 and 2.87, P ≤ .0001
and .03 for each respective dose. However, after injection of the
1.0 mg/kg dose of amphetamine, there was a significant interaction
between risperidone administration and time, F(12, 124) = 2.40, P =
.008 (Fig. 5C). One h after injection of this amphetamine dose, rats in
the risperidone 3.0 group were significantly more active than rats in the
other three groups (P = .01, .03, and .01 relative to vehicle, risperidone
.3, and risperidone 1.0 respectively). At 2 h post-amphetamine injec-
tion, rats in the risperidone 1.0 and 3.0 groups were significantly more
active than rats in the vehicle group (P = .05 and .002, respectively).

The data generated over the remaining 22 h of locomotor testing
post-amphetamine injection were broken down into two periods
corresponding to the dark phase (6–17 h) and the remaining light
phase of testing (18–27 h). The analysis of total activity generated
between 6 and 17 h by each risperidone group after each amphetamine
dose indicated that there were significant effects of risperidone, F(3,
31) = 8.41, P = .0003, and amphetamine, F(3, 93) = 9.52, P < .0001,
but no interaction between these variables (Fig. 6). Regardless of
amphetamine dose, rats in the risperidone 3.0 group were significantly
more active than rats in the vehicle group (P = .0001, .007, .003, and
.0004 for comparisons between these groups after injections of saline,
or .3, 1.0, and 3.0 mg/kg of amphetamine respectively) and rats in the
risperidone .3 group (P = .01, .02, .03, and .003, respectively for each
amphetamine dose). Similarly, rats in the risperidone 1.0 group were
more active than vehicle rats (P = .003, .003, .03, and .01 for between
group comparisons at each dose, respectively), and more active than
those in risperidone .3 group after injection of the .3 mg/kg dose of
amphetamine (P = .02). Finally, rats in the risperidone .3 group were
more active after saline injection than those in the vehicle group (P =
.02).

Amphetamine administration was associated with a dose-depen-
dent decrease in activity between 6 and 17 h post-injection (Fig. 6).
Collectively, rats administered the 1.0 mg/kg dose of amphetamine
were less active than rats injected with saline (P = .02), but significantly
more active that rats injected with the 3.0 mg/kg dose of amphetamine
(P = .02). Rats in the latter group were also less active than rats
injected with saline or .3 mg/kg of amphetamine (P < .0001 for each
comparison).

Activity levels during the remaining light phase of testing (18–27 h)
did not differ significantly between the groups that received different
doses of amphetamine or different doses of risperidone early in life.

Stereotypy scores were recorded during the first two h after
amphetamine injection. Amphetamine increased stereotypy in a dose-
dependent manner, F(3, 124) = 245.68, P < .0001; all doses different
from one another at P < .0001 (Fig. 7). However, there was no effect of
risperidone alone or an interaction between risperidone administration
and amphetamine on stereotypy.

4. Discussion

The main purpose of this study was to determine if early-life
risperidone administration altered locomotor responses to the psy-
chostimulant drug amphetamine during adulthood. As previously
shown (Bardgett et al., 2013; Stevens et al., 2016), rats administered
risperidone early in life displayed greater activity levels within the first
week after cessation of daily risperidone injection. Over the following
two weeks, locomotor activity remained elevated in rats administered
risperidone early in life during the light and dark phases of two 24-h
test sessions. Finally, rats administered risperidone early in life
exhibited higher activity levels after amphetamine injection even when
baseline activity was taken into account. These findings indicate that
developmental exposure to risperidone alters the neural mechanisms
that initiate and maintain locomotor activity, and increases their

Fig. 3. Locomotor activity recorded for 30 min prior to amphetamine injections during
each of the four weeks of amphetamine administration. Data represent photobeam
breaks for each risperidone (Risp) group during each week ± S.E.M. There were no
significant effects of risperidone or time. n = 9 per group except Risp 3.0 where n = 8.

Fig. 4. Total locomotor activity observed in the vehicle rats for 5 h after injection of
different doses (mg/kg) of amphetamine. The activity score represented by each bar is
significantly different from all others. Data represent means ± S.E.M. n = 9 per group.
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sensitivity to amphetamine.
Past work has considered the effects of early-life antipsychotic drug

administration on locomotor activity. Daily haloperidol injections
across the first three weeks of development do not alter spontaneous
activity in adulthood (Cuomo et al., 1981), whereas daily injections of
somewhat larger doses of haloperidol between postnatal days 30–37
have been associated with higher activity levels (Soiza-Reilly and
Azcurra, 2009). Others have reported that spontaneous locomotor

activity during adulthood is not modified in rats that received the
atypical antipsychotic drugs, clozapine, during the first three weeks of
life (Cuomo et al., 1983a) or olanzapine from postnatal day 28–49
(Milstein et al., 2013). Consistent with the effects reported by Soiza-
Reilly and Azcurra (2009), but contrary to the others, daily risperidone
administration between postnatal days 14–42 elicited higher levels of
locomotor activity during early adulthood. Specifically, when tested
four days after the cessation of daily injections, rats that received
risperidone during development were more active on the first day of
testing. This effect may simply reflect withdrawal from the sedative
effects of risperidone, but it should be noted that this effect is not seen

Fig. 5. Locomotor activity observed for 5 h after injection of different amphetamine (Amph) doses (in mg/kg). Data in A. represent mean photobeam breaks observed after saline
injection ± S.E.M. Data in B., C., and D. represent the mean photobeam breaks ( ± S.E.M.) observed after injection of .3, 1.0, or 3.0 mg/kg of Amph respectively minus the photobeam
breaks generated by each group after saline injection. Differences between vehicle and risperidone (Risp) 1.0 groups are indicated by ^, and between vehicle and Risp 3.0 groups by *. n =
9 per group except Risp 3.0 where n = 8.

Fig. 6. Locomotor activity observed over the dark phase of testing between 6 and 17 h
after injection of different amphetamine doses (in mg/kg). Differences between any
risperidone (Risp) group and vehicle are indicated by *, and between any group and the
Risp .3 rats by #. n = 9 per group except risperidone 3.0 where n = 8.

Fig. 7. Stereotypy recorded for 2 h after injection of different amphetamine doses (in
mg/kg). Data represent mean total scores for each group generated over the 2-h post-
amphetamine injection period ± S.E.M. The scores for each dose group were significantly
different from one another. n = 9 per group except risperidone (Risp) 3.0 where n = 8.
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in adult rats that receive the same daily dose of risperidone for four
weeks (Stevens et al., 2016). That the elevated activity is only observed
on the first day of testing and not the second suggests an enhanced
sensitivity to novelty (i.e., the locomotor testing cage) in the risper-
idone-treated rats, although some of the group differences seen later in
the 24-h testing argue against novelty as the sole explanation for these
effects. Since previous studies of early-life haloperidol, clozapine, or
olanzapine (Cuomo et al., 1981, 1983a; Milstein et al., 2013) did not
find differences in adult locomotor behavior, the effects of early-life
risperidone reported here may be related to design and procedural
differences, such as the timing and route of drug administration, rat
strain, housing, or methods of monitoring locomotor behavior. But the
difference may also stem from unique elements of risperidone's
pharmacology relative to haloperidol, clozapine, and olanzapine, such
as slightly greater affinities for adrenergic α1 and 5HT1A, 5HT1D, or
5HT2A receptors (Richelson and Souder, 2000). Perhaps, blockade of
these receptors early in development ultimately modifies the tonic state
of neural mechanisms that initiate and maintain locomotor activity in
adulthood.

In all rats, amphetamine increased locomotor activity in a dose-
dependent manner for five h after injection. Rats that received
risperidone early in life were significantly more active over this same
period after injection of the moderate dose of amphetamine. This effect
could not be accounted for by baseline differences in locomotion since
the hourly activity scores recorded for each rat after saline injection
were subtracted from the activity scores recorded after injection of each
amphetamine dose. This enhanced sensitivity to amphetamine is
consistent with the potentiation of the rewarding effects of ampheta-
mine in rats administered olanzapine between postnatal days 28–49
(Vinish et al., 2013).

On the other hand, rats exposed to the typical antipsychotic drug,
haloperidol, during gestation and through nursing do not demonstrate
dramatic differences in locomotor responses to amphetamine in
comparison to controls (Spear et al., 1980), indicating that long-term
consequences of early-life antipsychotic drug administration can
depend on the type or timing of antipsychotic drug exposure. That
early-life risperidone did not alter the ability of amphetamine to elevate
stereotypy further suggests that only certain behaviors linked to
amphetamine may be susceptible to modification by such administra-
tion. A final caveat is that, based on the present data, one can not be
certain if chronic antipsychotic drug administration regardless of age
would have produced the same effects as our developmental regimen of
administration. But as mentioned above, we (Stevens et al., 2016) have
recently shown that adult rats administered daily risperidone for four
weeks, unlike similarly-treated periadolescent rats, do not demonstrate
altered locomotor activity one week after the cessation of such
treatment. This outcome could be viewed as evidence of a critical
developmental period for risperidone's long-term effects on activity,
including locomotor responses to amphetamine.

Our work does not provide direct insight into the neurobiological
changes that might account for the increased sensitivity to ampheta-
mine seen in rats administered risperidone early in life (or even the
effects of early-life risperidone on baseline locomotor activity). It is well
established that amphetamine reverses monoamine transporters, but it
is not clear whether there are specific changes in noradrenergic or
dopaminergic neurotransmission that account for the heightened
sensitivity to amphetamine in the rats administered risperidone early
in postnatal life. While little work has addressed how early-life
antipsychotic drug administration affects noradrenergic neurotrans-
mission, several studies have assessed how dopaminergic neurotrans-
mission is altered by such exposure. Early work (Cuomo et al., 1981,
1983a, 1983b; Spear et al., 1980) found that rats exposed to haloper-
idol, but not clozapine, very early in postnatal life were more sensitive
to the hypolocomotive effects of apomorphine and the cataleptogenic
effects of haloperidol later in life. More germane to the present study,
Moran-Gates and colleagues (Moran-Gates et al., 2007) reported that

dopamine D2 and D4 receptors were increased in various forebrain
regions of young adult rats that received three weeks of daily
risperidone injections beginning on postnatal day 21, as was also
found in rats administered risperidone chronically in adulthood. But
unlike the latter group, rats administered risperidone early in life also
demonstrated an increased density of dopamine D1 receptors in the
nucleus accumbens and caudate-putamen. Chronic oral olanzapine
exposure during early adolescence in rats elevates dopamine D2

receptors in the nucleus accumbens core and frontal cortex later in
adulthood, but decreases dopamine D1 receptors in the same areas
(Milstein et al., 2013; Vinish et al., 2013), suggesting that the
developmental effects of antipsychotic drugs on dopamine receptors
may vary significantly according the specific drug or route of admin-
istration.

Locomotor activity was recorded for 27 h after amphetamine
injection in order to capture any potential interactions between early-
life risperidone and the delayed effects of amphetamine. Overall,
amphetamine decreased activity between 6 and 17 h (dark phase) of
testing, while there were no significant effects observed between 18 and
27 h. It is possible that the diminished activity observed in the dark
phase of testing could reflect a type of withdrawal from the initial
locomotor elevating effect of amphetamine – a response that has been
reported by others (White and White, 2006) albeit at later (e.g., 20–
22 h) time points post-amphetamine injection. Early-life risperidone
did not significantly impact the delayed hypolocomotive effects of
amphetamine, although if one compares the activity levels observed
after saline injection to those observed after injection of the high dose
of amphetamine (see Fig. 6), the decreases after the latter injection are
greater in the .3 and 3.0 mg/kg risperidone groups. These subtle
differences perhaps merit further empirical scrutiny.

In children under 6 years of age, antipsychotic drugs are most
commonly prescribed for ADHD (Constantine et al., 2011; Cooper
et al., 2004; Kuehn, 2009; Olfson et al., 2010) while in older children
they are most commonly prescribed for disruptive behavioral disorder
(Olfson et al., 2012). Children with these disorders are at increased risk
for substance abuse and addiction during young adulthood (Harstad
and Levy, 2014; Levy et al., 2014; Salvo et al., 2012; Zonnevylle-Bender
et al., 2007), including abuse of psychostimulant medications used to
treat ADHD symptoms (Faraone and Wilens, 2007; Wilens et al.,
2008). The results from this study suggest that early-life antipsychotic
drug exposure may raise sensitivity to some behavioral effects of
psychostimulants later in life, eliciting concern regarding greater
substance abuse potential in children treated with antipsychotic drugs.
Future preclinical and clinical research should determine if develop-
mental antipsychotic drug administration modifies the reinforcing
(Vinish et al., 2013) and cognitive effects (Sherrill et al., 2013) of
psychostimulants later in life, and whether early-life antipsychotic drug
exposure alters behavioral and neural responses to other drugs of
abuse.
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