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Abstract
Rationale Risperidone use in children and adolescents for the
treatment of various neuropsychiatric disorders (e.g., schizo-
phrenia, autism, disruptive behavior, etc.) has increased sub-
stantially in recent decades. However, its long-term effect on
the brain and behavioral functions is not well understood.
Objective The present study investigated how a short-term
risperidone treatment in adolescence impacts antipsychotic
response in adulthood in the conditioned avoidance response
and phencyclidine (PCP)-induced hyperlocomotion tests.
Methods Male adolescent Sprague-Dawley rats (postnatal
days [P] 40–44 or 43–48) were first treated with risperidone
(0.3, 0.5, or 1.0 mg/kg, subcutaneously (sc)) and tested in the
conditioned avoidance or PCP (3.2 mg/kg, sc)-induced
hyperlocomotion model daily for five consecutive days. After
they became adults (~P 76–80), they were challenged with
risperidone (0.3 mg/kg, sc) to assess their sensitivity to risper-
idone reexposure. A quinpirole (a D2/3 receptor agonist,
1.0 mg/kg, sc)-induced hyperlocomotion test was later con-
ducted to assess the risperidone-induced functional changes in
D2 receptor.

Results In the risperidone challenge test in adulthood, adult
rats previously treated with risperidone in adolescence made
significantly fewer avoidance responses and exhibited signif-
icantly lower PCP-induced hyperlocomotion than those pre-
viously treated with vehicle. They also appeared to be more
hyperactive than the vehicle-pretreated ones in the quinpirole-
induced hyperlocomotion test. Prepulse inhibition of acoustic
startle or fear-induced 22 kHz ultrasonic vocalizations in
adulthood was not altered by adolescence risperidone
treatment.
Conclusions Adolescent risperidone exposure induces a long-
term increase in behavioral sensitivity to risperidone that
persists into adulthood. This long-lasting change might be
due to funct iona l upregula t ion of D2-media ted
neurotransmission.
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Introduction

Antipsychotic treatment in children and adolescents has seen a
dramatic increase in recent decades (Kalverdijk et al. 2008;
Rani et al. 2008). Among those who are treated with antipsy-
chotic drugs, more than 90 % are on atypical drugs (e.g.,
risperidone, clozapine, olanzapine) (Olfson et al. 2006) which
cause a concern for potential adverse long-term impacts on
brain and behavioral development (Almandil and Wong
2011). Preclinical studies strongly suggest that antipsychotic
exposure in adolescence could alter basic brain and behavioral
functions. For example, animal receptor binding studies show
that antipsychotic exposure during adolescence increases or
decreases various neuroreceptors, including dopamine D1, D2,
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and D4 receptors (Moran-Gates et al. 2006; Vinish et al. 2013),
serotonin 5-HT1A and 5-HT2A receptors (Choi et al. 2010),
and ionotropic N -methyl-D-aspartic acid (NMDA) and α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) glutamatergic receptors (Choi et al. 2009). Behav-
ioral studies also suggest that early adolescent antipsychotic
exposure enhances animals' sensitivity to reward stimuli
(Vinish et al. 2013), impairs their working memory, delays
the extinction process of fear memory in adulthood (Milstein
et al. 2013), and prevents the development of various
psychosis-like behaviors (e.g., prepulse inhibition deficit, la-
tent inhibition deficit, etc.) induced by maternal immune
activation (Poly I:C) (Meyer et al. 2010; Piontkewitz et al.
2011; Piontkewitz et al. 2009; Piontkewitz et al. 2012).

In addition to the effects on the basic brain and behavioral
functions, adolescent antipsychotic exposure could also alter
later antipsychotic response in adulthood. In adult rats, two
behavioral patterns (sensitization and tolerance ) are often
associated with repeated drug treatment (Sun et al. 2009;
Swalve and Li 2012; Zhang and Li 2012). Using two distinct
tests of antipsychotic activity—the conditioned avoidance
response (CAR) and phencyclidine (PCP)-induced
hyperlocomotion—we showed that prior treatment of halo-
peridol, olanzapine, and risperidone causes an increased anti-
psychotic sensitivity (i.e., sensitization), whereas prior cloza-
pine treatment causes a decreased sensitivity (i.e., tolerance)
(Li et al. 2010). Recently, we extended these findings into
adolescent rats and found that olanzapine treatment during the
adolescence period [postnatal days 43–48] makes animals
more sensitive to olanzapine reexposure when they become
adults, whereas clozapine treatment in adolescence makes
animals less sensitive to clozapine in adulthood (Qiao et al.
2013; Shu et al. 2013).

Building on these important findings, the present study
examined risperidone, another atypical antipsychotic drug, in
both the CAR and the PCP-induced hyperlocomotion models
to determine the generality of the altered antipsychotic sensi-
tivity patterns (sensitization versus tolerance) from the ado-
lescence to adulthood. Unlike olanzapine and clozapine, ris-
peridone is a Food and Drug Administration-approved anti-
psychotic drug for pediatric use. It has indications for the
treatment of schizophrenia in adolescents aged 13–17 years,
for the short-term treatment of acute manic or mixed episodes
associated with bipolar I disorder in children and adolescents
aged 10–17 years, and irritability associated with autism in
children and adolescents 5–16 years of age. In one large study
sample of children and adolescents (Patel et al. 2005), risper-
idone was the most prescribed antipsychotic agent from 1996
to 2000. Therefore, testing risperidone in adolescent animals
also has significantly clinical relevance. Mechanistically, be-
cause of its similar receptor binding profile on dopamine D2

and serotonin 5-HT2A/2C receptors with olanzapine and cloza-
pine, risperidone could induce either a sensitization (like

olanzapine) or tolerance (like clozapine) effect. No prior study
has examined the potential long-lasting effect of adolescent
risperidone treatment. To investigate the possible involvement
of dopamine D2 receptor as a receptor mechanism underlying
adolescent risperidone effect, we compared the quinpirole (a
selective D2/3 receptor agonist)-induced hyperlocomotion in
adult rats that had been treated with risperidone or vehicle in
adolescence. This approach was chosen because the
quinpirole-induced hyperlomotion is a widely used method
assessing drug or non-drug-induced changes in D2/3 functions
(Tenk et al. 2007; Vorhees et al. 2009). Finally, we also
assessed whether adolescent risperidone treatment caused
any instrumental learning deficit in a modified avoidance
conditioning task in adulthood and attention deficit in a
prepulse inhibition test (Swerdlow et al. 2000).

Materials and methods

Animals

Male Sprague-Dawley adolescent rats fromCharles River Inc.
(Portage, MI) were used. In experiments 1 and 2, on the
delivery date, they were approximately 22–26 days old and
weighed 51–75 g (postnatal days (P) 22–26, assumed aver-
aged age=~P 24). In experiments 3 and 4, the adolescent rats
were approximately 33–37 days old (averaged age=~P 35)
and weighed 101–125 g. After arrival, they were housed two
per cage, in 48.3×26.7×20.3-cm transparent polycarbonate
cages under 12-h light/dark conditions (light on between
6:30 am and 6:30 pm). Room temperature was maintained at
22±1 °Cwith a relative humidity of 45–60%. Food and water
was available ad libitum. Animals were allowed at least 5 days
of habituation to the animal facility before being used in
experiments. All procedures were approved by the Institution-
al Animal Care and Use Committee at the University of
Nebraska-Lincoln.

Drugs and choice of doses

Risperidone (RIS) (gift from the NIMH drug supply program)
was dissolved in distilled sterile water with 0.5–1.0 % glacial
acetic acid and was administrated subcutaneously (sc) at
1.0 ml/kg. In the conditioned avoidance response test (exper-
iment 1), we tested RIS at 0.5 and 1.0 mg/kg based on our and
others' work showing that RIS at these doses disrupts avoid-
ance response in a clear dose-dependent fashion (Aguilar et al.
1997; Li et al. 2007; Li et al. 2009; Mead and Li 2010; Zhang
et al. 2011). In the PCP-induced hyperlocomotion test (exper-
iment 3), we tested RIS at 0.3 and 1.0 mg/kg and PCP at
3.2 mg/kg based on our previous work showing that RIS at
these doses suppressed PCP-induced hyperlocomotion dose
dependently (Sun et al. 2010b). In this dose range, RIS gives
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rise to clinically comparable striatal D2 occupancy (65–80 %)
(Kapur et al. 2003; Wadenberg et al. 2001). Quinpirole was
tested at 1.0 mg/kg which presumably targets postsynaptic D2

receptors and causes an increase in motor activity (Koller et al.
1987; Luque-Rojas et al. 2013; Nakamura et al. 1994; Prosser
et al. 1989).

Apparatus

The two-way shuttle box custom designed and manufactured
by Med Associates (St. Albans, VT) and the prepulse inhibi-
tion of acoustic startle reflex apparatus (Kinder Scientific,
Julian, CA) have been described in detail previously (Qiao
et al. 2013). A detailed description of the motor activity
monitoring apparatus (Aero Apparatus Sixbeam Locomotor
System v1.4, Toronto, Canada) can be found in Qin et al.
(2013).

Experiment 1: Long-term effect of adolescent risperidone
treatment on adulthood antipsychotic response
in the conditioned avoidance response model

The experimental procedure is described in details in Table 1.

Avoidance training and repeated risperidone testing
in adolescence

Forty eight adolescent rats (~P 31) were first habituated to the
shuttle boxes for 2 days (30 min/day) and then trained for
conditioned avoidance responding for seven consecutive
days/sessions. Each session consisted of 30 trials with a white
noise (maximum duration=10 s) serving as the conditioned
stimulus (CS) and a continuous scrambled foot shock
(0.8 mA, maximum duration=5 s) serving as the uncondi-
tioned stimulus (US). An avoidance response was recorded if
a rat moved from one compartment into the other within the

10 s of CS presentation. If the rat did not respond during the
entire 5 s presentation of the shock, the trial was terminated
and the intertrial intervals started (30–60 s). The total number
of avoidance responses and intertrial crossings was recorded
for each session.

At the end of the training session (~P 40), rats were first
matched on avoidance performance on the last training day
(i.e., predrug) and then randomly assigned to one of three
groups, vehicle (sterile water, n =16), risperidone 0.5 mg/kg
(RIS 0.5, n =16), and risperidone 1.0 mg/kg (RIS 1.0, n =16),
and tested daily for avoidance response for five consecutive
days. During each drug test, rats were first injected with RIS
(0.5 or 1.0 mg/kg, sc) or sterile water. One hour later, they
were placed in the CAR boxes and tested under the CS-only
(no shock, 30 trials/daily session) condition. Number of
avoidance and intertrial crossings in each session was record-
ed. In addition, ultrasonic vocalizations at the 22-kHz range
(20–32 kHz, as measure of conditioned fear/anxiety) (Mead
et al. 2008; Sun et al. 2010a) were also recorded for the first
10 min of the testing using Avisoft Recorder software (version
3.4). This measure was taken to assess the behavioral speci-
ficity of the RIS effect, as has been done previously (Qiao
et al. 2013).

Avoidance retraining/testing in adulthood

Rats remained in their home cages until ~P 68 when all rats
were returned to the CAR boxes for one habituation session,
followed by 7 days of CAR training in a modified training
procedure. This novel procedure has been used before (Chen
et al. 2011; Li et al. 2009) and was used in the present study to
assess the extent to which early adolescent risperidone treat-
ment might have altered animals' learning and memory ability.
A less salient and less informative signal (pure tone as CS2
which was paired with the US in only half of the trials) was
added in the training for two reasons. The first one is that it
would provide an additional measure of learning and memory.
The second one is that a weaker CS2 avoidance might bemore
sensitive to any subtle effect of adolescent RIS treatment than
CS1 avoidance. Each training session consisted of 30 trials.
Ten trials used a 10-s 76 dB white noise as the CS (CS1) with
its termination immediately followed by a shock if the rats did
not make an avoidance response. The remaining 20 trials used
a pure tone (10 s, 2,800 Hz, 85 dB) as the CS (CS2). In 15 CS2
trials, the CS2 was followed by the shock if the rat failed to
respond to the CS2, whereas in the remaining five trials no
shock was used. The 10 CS1 trials were randomly intermixed
with the 20 CS2 trials. Two days after the last CS1–CS2
training session, all rats were trained again for 3 days using
the same procedure as used in the adolescence period (white
noise as the only CS) to ensure that their avoidance
responding was at a high level (>50% avoidance trials) before
the challenge test.

Table 1 Timeline of events which occurred in experiment 1

Days of study Approximate age Manipulation

1–2 PND 31–PND 32 CAR box habituation 30 min

3–9 PND 33–PND 39 7 days of CAR training (CS–US)

10–14 PND 40–PND 44 5 days of drug test (CS only)

15 PND 45 1st PPI test

16–36 PND 46–PND 66 Rest

37 PND 67 2nd PPI test

38 PND 68 CAR box re-habituation 30 min

39–45 PND 69–PND 75 7 days of CAR training (CS1 + CS2)

46 PND 76 Rest

47 PND 77–PND 79 3 days of CAR retraining (CS–US)

48 PND 80 RIS 0.3 mg/kg challenge test
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Risperidone assessment in adulthood (~P 80)

The long-term effect of adolescent RIS treatment was assessed
1 day after the third retraining session (~P 80) with all rats
being injected with a challenge dose of RIS 0.3 mg/kg and
tested for avoidance performance, 22 kHz ultrasonic vocali-
zation (USV), and intertrial crossings in the CS (white noise)-
only condition (30 trials) 1 h later.

PPI assessment

Two separate prepulse inhibition (PPI) tests were conducted to
assess the possible effect of adolescent RIS treatment on the
sensorimotor gating. One test was done at the late adolescence
period (~P 45, 1 day after the five drug test days) and another
one at the early adulthood period (~P 67, 2 days before the
adulthood CAR training procedure). The PPI test procedure
was adapted from Culm and Hammer (2004) and has been
described in details previously (Qiao et al. 2013).

Experiment 2: Long-term effect of adolescent risperidone
treatment in the avoidance response model on adulthood
quinpirole-induced hyperlocomotion test

This experiment examined whether the D2 receptor system is
involved in RIS sensitization as assessed in the conditioned
avoidance responsemodel. The basic procedure was similar to
that in experiment 1 with the exception that PPI tests were
omitted. Twenty-four rats were assigned to two groups (n =
12/group) and treated with vehicle (VEH) (sterile water with
1.0 % glacial acetic acid) and RIS 1.0 for 5 days in adoles-
cence. After they became adults and were retrained in the
CAR task for 10 days (7 days of CS1 + CS2-US sessions
and three CS1-US sessions), as done in experiment 1, they
were habituated to the locomotor boxes for 1 day on postnatal
day (P) 80 (30 min/day). One day later (P 81), all rats were
challenged with quinpirole (1.0 mg/kg, sc) and motor activity
was recorded for 120 min in twelve 10-min blocks. Finally,
the RIS sensitization in the avoidance task was assessed on P
84 after 1 day of avoidance retraining (CS–US condition)
under the RIS 0.3 mg/kg challenge.

Experiment 3: Long-term effect of adolescent risperidone
treatment on adulthood antipsychotic response
in the PCP-induced hyperlocomotion model

Table 2 details the timeline of major events.

Repeated risperidone treatment in adolescence

Twenty-four adolescent rats (~P 42–43) were first handled and
habituated to the locomotor activity apparatus for 2 days
(30 min/day). On each of the next five consecutive days,

adolescent rats (~P 44–48) were first injected with vehicle
(sterile water), RIS 0.3 mg/kg, or RIS 1.0 mg/kg and then
immediately placed in the boxes for 30 min. At the end of the
30-min period, they were taken out and injected with PCP
(3.2 mg/kg, sc) or saline and placed back in the boxes for
another 60 min. Motor activity was measured throughout the
entire 90-min test session. There were a total of four groups
(n =6/group): VEH + VEH (sterile water + saline), VEH +
PCP, RIS 0.3 + PCP, and RIS 1.0 + PCP.

Risperidone assessment in adulthood (~P 76)

Twenty- nine days after the last PCP test, after the rats became
adults (~P 75), they were returned to the locomotor activity
boxes for one re-habituation session (30 min), followed by the
first RIS sensitization challenge test 1 day later (~P 76). On the
challenge test day, all rats were first injected with a small dose
of RIS 0.3 mg/kg and then immediately placed in the motor
activity boxes for 30min. At the end of the 30-min period, rats
were taken out and injected with PCP (3.2 mg/kg) and placed
back in the boxes for another 60 min. Motor activity was
recorded for the entire 90-min test session.

PPI assessment

A total of three PPI tests were conducted throughout the devel-
opmental period. The first one was done during the late ado-
lescent period (~P 49, 1 day after the five drug test days) and the
second one during the early adulthood period (~P 67). The third
one (~P 77) was conducted 1 day after the first sensitization test.

Experiment 4: Long-term effect of adolescent risperidone
treatment in the PCP model on adulthood quinpirole-induced
hyperlocomotion test

This experiment examined whether postsynaptic D2 receptor is
involved in the long-lastingRIS sensitization from adolescence

Table 2 Timeline of events which occurred in experiment 2

Days of
study

Approximate
age

Manipulation

1–2 PND 42–43 Habituation to the motor activity boxes

3–7 PND 44–48 5 days of drug testing

8 PND 49 1st PPI test

9–26 PND 50–66 Rest

27 PND 67 2nd PPI test

28–35 PND 68–74 Rest

36 PND 75 Habituation to the motor activity boxes

37 PND 76 Drug challenge test: RIS 0.3 mg/kg, PCP
3.2 mg/kg

38 PND 77 3rd PPI test
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to adulthood in the PCP-induced hyperlocomotion model. The
procedure was similar to that used in experiment 3 with the
exception that PPI tests were omitted. Sixteen adolescent rats
were assigned to two groups (n =8/group), VEH (sterile water
with 1.0 % glacial acetic acid) + PCP and RIS 1.0 + PCP, and
tested for PCP-induced hyperlocomotion for 5 days in adoles-
cence (P 43–48). After they became adults (P 76), they were
challenged with quinpirole (1.0 mg/kg, sc) and motor activity
was recorded for 120 min.

Statistical analysis

All data were expressed as mean + SEM . Data from the
repeated drug test period or retraining period were analyzed
using a factorial repeated measures analysis of variance
(ANOVA) with the between-subjects factor of drug group
and the within-subjects factors of test session, type of CS trial,
or time block, followed by post hoc Tukey tests. Percent PPI
data were analyzed using repeated measures ANOVAs with
drug treatment group as a between-subjects factor and
prepulse level as a within-subjects factor. For all analyses,
p <0.05 was considered statistically significant and all data
were analyzed using SPSS version 21.

Results

Experiment 1: Long-term effect of adolescent risperidone
treatment on adulthood antipsychotic response
in the conditioned avoidance response model

Avoidance training and repeated risperidone treatment
in adolescence

Avoidance response Figure 1a shows the number of avoid-
ance responses on the last training (predrug) day and five drug
test days. There was no group difference on the last training
day. Throughout the five drug test days, RIS treatment
disrupted avoidance response persistently. Repeated measures
ANOVA revealed a main effect of group (F(2, 45)=26.400,
p <0.001) and day (F(4, 180)=2.666, p =0.034), but no sig-
nificant group × day interaction (F (8, 180)=0.912, p =
0.508). Post hoc Tukey tests revealed that the two RIS groups
had significantly lower avoidance than the VEH group, all ps
<0.001, although they did not differ significantly from each
other.

Twenty-two kilohertz USV RIS also decreased the number of
22 kHz USVs (Fig. 1b). On the predrug day, there was no
significant group difference (p =0.707). During the drug test
phase, the two RIS groups had fewer 22 kHz USVs in com-
parison to the VEH group. Repeated measures ANOVA re-
vealed a main effect of group (F (2, 45)=6.100, p =0.005) and

day (F(4, 180)=10.123, p <0.0010) and a significant group ×
day interaction (F (8, 180)=3.187, p =0.002).

Intertrial crossing No significant group difference was found
on the last training day (Fig. 1c). During the drug test phase,
RIS dose dependently decreased intertrial crossings. Repeated
measures ANOVA revealed a main effect of group (F(2, 45)=
47.091, p <0.001) and group × day (F (8, 180)=2.308,
p <0.023). Post hoc tests showed that the two RIS groups
made significantly fewer intertrial crossings than the VEH
group (all ps<0.001).

Avoidance retraining/testing in adulthood: effect
of adolescence risperidone treatment on the acquisition
of CS2 avoidance and reacquisition of CS1 avoidance

Throughout the seven avoidance test sessions to the two CS
trials, avoidance response to the CS1 was higher than avoid-
ance response to the CS2 (data not shown). The main effect of
group was not significant, and neither were its interactions
with session andCS type (all ps>0.175), suggesting that prior
RIS treatment did not cause a significant impairment of ac-
quisition of a new avoidance response (i.e., CS2 avoidance)
and expression of a learned one (i.e., CS1 avoidance).

RIS assessment in adulthood on ~P 80

Avoidance response Figure 2a shows the number of avoid-
ance responses on the predrug day and the RIS sensitization
test day (~P 80). Before the RIS challenge, there was no
significant group difference. On the challenge day when all
rats were injected with RIS 0.3 mg/kg, the two RIS groups
made fewer avoidance responses than the VEH group. One-
way ANOVA confirmed this observation as there was a sig-
nificant effect of group (F(2, 45)=6.735, p =0.003). Post hoc
Tukey tests showed that the RIS 1.0 but not RIS 0.5 group was
significantly different from the VEH group (p =0.002). Ex-
clusion of rats with less than 50 % avoidance on the predrug
day yielded the same result (data not shown).

Twenty-two kilohertz USV and intertrial crossing No signifi-
cant group difference on the 22-kHz USV was detected on the
predrug day and on the challenge day (Fig. 2b). The number
of intertrial crossing differed among groups on the challenge
day (Fig. 2c). One-way ANOVA showed a main effect of
group (F (2, 45)=10.943, p <0.001). Post hoc tests showed
that the RIS 1.0 group made fewer crossings than the other
two groups (ps<0.026).

These findings indicate that repeated RIS treatment in
adolescence induced a long-lasting sensitization effect that
persisted into adulthood. This effect was dose dependent and
behaviorally specific, as it was only shown in avoidance, but
not in 22 kHz USV.
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PPI assessment

PPI data from the two time points of testing (~P 45 and 67) did
not reveal any significant group difference (p =0.931 and
0.541, respectively; data not shown). The group × prepulse
level interactions were also not significant (p =0.119 and
0.762, respectively). These findings suggest that repeated
RIS treatment did not significantly impair the sensorimotor
gating ability.

Experiment 2: Long-term effect of adolescent risperidone
treatment in the avoidance response model on adulthood
quinpirole-induced hyperlocomotion test

Avoidance data during the adolescent treatment period and
adulthood retraining period were similar to those reported in
experiment 1 (data not shown). In the quinpirole-induced
hyperlocomotion test, rats previously treated with RIS in

adolescence appeared to make more motor activity than those
previously treated with vehicle (Fig. 3a, b). Repeated mea-
sures ANOVA revealed a significant main effect of time block
(F (11, 242)=46.825, p <0.001), a significant block × group
interaction, (F (11, 242)=2.942, p =0.001), but no main effect
of group (F(1, 22)=0.743, p =0.398). The group difference on
the total motor activity in 120 min was also not significant
(t (22)=−1.482, p =0.152). These data suggest that adolescent
RIS treatment slightly increased drug sensitivity to quinpirole
in adulthood, as manifested in the increased motor activity
over time.

After the quinpirole test, all rats were retrained (CS–US
session) 1 day and then challenged with risperidone (0.3 mg/
kg) in the CAR to verify the RIS sensitization in adulthood. As
shown in Fig. 3c, on the challenge day, the RIS 1.0 group
made fewer avoidance responses than the VEH group; this
difference was marginally significant (t (22)=1.822, p =
0.082). When four rats with less than 50 % avoidance on the

Fig. 1 Effects of repeated risperidone treatment (0.5 or 1.0 mg/kg, sc) on
the avoidance responses (a), 22 kHz USV counts (b), and intertrial
crossings (c) in adolescence. Data on the last training (predrug) day and

throughout the five drug test days are expressed as mean + SEM.
*p <0.05 relative to the VEH group

Fig. 2 Number of avoidance responses (a), 22 kHz USV counts (b), and
intertrial crossings (c) made by the rats in the risperidone (0.5 mg/kg),
risperidone (1.0 mg/kg), and vehicle groups on the last retraining

(predrug) day and on the risperidone challenge test (sensitization assess-
ment). *p<0.05 relative to the VEH group, &p <0.05 relative to the RIS
0.5 group

1654 Psychopharmacology (2014) 231:1649–1659



predrug day were excluded from the analysis, the group
difference was significant (t (18)=2.107, p =0.049) (Fig. 3d),
confirming the RIS sensitization effect. Overall, results from
this experiment indicate that adolescent RIS treatment might
have induced a long-lasting supersensitivity of D2/3 receptors
that persisted into adulthood, which may serve as a mecha-
nism underlying RIS sensitization.

Experiment 3: Long-term effect of adolescent risperidone
treatment on adulthood antipsychotic response
in the PCP-induced hyperlocomotion model

Repeated risperidone treatment in adolescence

Figure 4a shows the mean motor activity of the four groups of
rats during the 30-min period before PCP or vehicle injection
throughout the 5 days of drug testing. Repeated measures
ANOVA revealed a main effect of group (F(3, 20)=16.166,
p <0.001), a main effect of test day (F (4, 80)=32.719,
p <0.001), and significant effect on group × day interaction
(F (12, 80)=2.719, p =0.004). Post hoc Tukey tests revealed
that the three PCP-treated groups had significantly lower
motor activity than the VEH + VEH group (all ps<0.001),
mainly on days 2–5.

Figure 4b shows the meanmotor activity of the four groups
of rats during the 60-min period after PCP or vehicle injection

throughout the 5 days of drug testing. Two-way repeated
measures ANOVA revealed a significant main effect of group
(F (3, 20)=33.520, p <0.001) and a significant group × day
interaction (F(12, 80)=2.413, p =0.023), but nomain effect of
test day (F (4, 80)=0.202, p =0.937). Post hoc Tukey tests
revealed that the two RIS (0.3 and 1.0 mg/kg) groups showed
significantly lower motor activity compared to the VEH +
PCP group (all ps<0.027). The VEH + VEH group had
significantly lower motor activity than the VEH + PCP group
(p <0.001) and the RIS 0.3 + PCP group (p <0.001).

Sensitization assessment during adulthood on ~P 76

On the RIS sensitization challenge test, in the first 30 min
(Fig. 5a), the two RIS groups had lower motor activity than
the vehicle group. One-way ANOVA revealed a main effect of
group (F(3, 20)=4.424, p=0.015). Post hoc Tukey tests showed
that the RIS 1.0 + PCP group had significantly lower motor
activity than the VEH + PCP group (p=0.037). In the 60-min
test period after PCP injection (Fig. 5b), one rat in the RIS 0.3 +
PCP was identified as an outlier because it had a motor activity
value on the challenge test more than three box lengths from the
75 percentile value of the group, thus was excluded from the
data analysis. One-wayANOVA revealed amain effect of group
(F(3, 19)=21.037, p <0.001). Post hoc two group comparisons
revealed that the RIS 0.3 + PCP group had significantly lower

Fig. 3 Quinpirole-induced
locomotor activity in twelve 10-
min blocks (a) or in 120 min (b)
in the quinpirole-induced
hyperlocomotion test. All rats
were injected with quinpirole
(1.0 mg/kg, sc) and then mea-
sured for motor activity for
120 min. After one retraining
(predrug) session, all rats were
injected with risperidone (0.3 mg/
kg, sc) and avoidance responses
(c , d) were measured 60 min lat-
er. Panel c shows data of all rats,
while d shows only of those with
avoidance >50 % on the predrug
day. All data are expressed as
mean + SEM. *p <0.05 relative to
the VEH group
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motor activity than theVEH+PCP group (p=0.006), indicating
an RIS sensitization effect. The three PCP-treated groups also
had significantly higher motor activity than the VEH + VEH
group that received vehicle injection in adolescence (all ps<
0.013), indicating a PCP-induced psychomotor sensitization that
was not prevented by adolescent RIS treatment.

Collectively, results from this experiment confirmed RIS
sensitization. Like RIS sensitization observed in the avoidance
conditioning test (experiment 1), this effect was dose depen-
dent and long lasting. It was manifested as an enhanced
inhibition of PCP-induced hyperlocomotion (an index of an-
tipsychotic activity) in the RIS-treated animals.

PPI assessment

PPI data from the three time points of testing (~P 49, 67, and
77) did not reveal any significant group difference (p =0.817,

0.7403, and 0.535, respectively) (data not shown). The group
× prepulse level interactions were also not significant (p =
0.983, 0.149, and 0.275, respectively). These findings suggest
that repeated RIS treatment and PCP treatment did not signif-
icantly impair the sensorimotor gating ability.

Experiment 4: Long-term effect of adolescent risperidone
treatment in the PCP model on adulthood quinpirole-induced
hyperlocomotion test

In the adolescent RIS treatment phase, repeated RIS treatment
(1.0 mg/kg, sc) progressively enhanced its inhibition of PCP-
induced hyperlocomotion (data not shown). In the quinpirole-
induced hyperlocomotion test in adulthood, rats previously
treated with RIS 1.0 + PCP in adolescence did not seem to
make more motor activity than those previously treated with
vehicle (Fig. 6a). Repeated measures ANOVA revealed a
significant main effect of time block (F (11, 154)=29.296,
p <0.000), but no main effect of group (F(1, 14)=0.285, p =
0.602), nor block × group interaction (F (11, 154)=0.241, p =
0.994). The group difference of the total motor activity in
120 min was also not significant (Fig. 6b) (t (14)=0.533, p =
0.602). These data suggest that adolescent RIS treatment in
the PCPmodel may not have induced a long-lasting change in
D2/3 receptor sensitivity.

Discussion

In this study, we addressed the issue of how early adolescence
RIS treatment influences antipsychotic efficacy of RIS in
adulthood. We demonstrated that five daily administration of
RIS in adolescence dose-dependently increased behavioral
sensitivity to RIS in both the CAR and PCP-induced
hyperlocomotion models. This potentiated antipsychotic

Fig. 4 Effect of repeated risperidone (0.3 and 1.0 mg/kg) treatment on
PCP-induced hyperlocomotion across the five test days (n =6/group)
during adolescence. Locomotor activity in the 30-min before vehicle or
PCP injection (a) and 60-min after PCP injection (b) are expressed as

mean + SEM for each group. *p <0.05 relative to the VEH +VEH group;
#p <0.05 relative to the VEH + PCP group; &p<0.05 relative to the RIS
0.3 + PCP group

Fig. 5 Locomotor activity during the 30-min test period before PCP
injection (a) and the 60-min test period after PCP injection (b) on the
risperidone challenge test day (~P 76). *p <0.05 relative to the VEH +
VEH group; #p<0.05 relative to the VEH + PCP group
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effect as indexed by the enhanced inhibition of avoidance
response and enhanced suppression of PCP-induced
hyperlocomotion was observed during the repeated drug test
period (the induction phase) in adolescence and during the
challenge test (the expression phase) in adulthood. This effect
was long lasting and behaviorally specific, as it manifested in
avoidance, intertrial crossing, and PCP-induced increase in
motor activity, but not in 22 kHz USV. The fact that it was
observed in two independent preclinical tests of antipsychotic
activity strongly suggests that this antipsychotic sensitization
across development is a general phenomenon associated with
repeated drug administration. In this regard, this study rein-
forces the notion that antipsychotic drug treatment history or
experience can permanently alter drug sensitivity.

Much of adolescent antipsychotic work has been focusing
on how early antipsychotic treatment alters the development
of brain and behavioral functions. One research area is to
identify possible adverse effects on basic psychological func-
tions such as attention, emotion, and learning and memory
(Milstein et al. 2013; Vinish et al. 2013). Another important
area is to determine the potential preventive or treatment
effects of adolescence antipsychotic exposure on behavioral
and brain abnormalities in animal models of schizophrenia
(Piontkewitz et al. 2011; Piontkewitz et al. 2009). The present
study differed from most in the literature in that it focused on
how antipsychotic treatment during adolescence alters adult
antipsychotic response. In adult rats, we have shown that
repeated RIS treatment (0.2–1.0 mg/kg) for 7 days caused an
increased sensitivity to RIS (0.33 mg/kg) challenge 3 weeks
later (Mead and Li 2010). The present study further showed
that this RIS sensitization effect could persist from adoles-
cence into adulthood against the background of brain matura-
tion and induced in the PCP-induced hyperlocomotion model.
Because the inhibition of PCP-induced hyperlocomotion is
commonly used as a screening tool to determine the potential
antipsychotic activity (Arnt 1995; Gleason and Shannon
1997; Sun et al. 2010b), this finding implies that repeated
RIS treatment might lead to an increase in its antipsychotic
efficacy. Because repeated RIS treatment caused a similar

sensitization profile as olanzapine does in both models, but
dissimilar effect to that of clozapine (e.g., tolerance) (Qiao
et al. 2013; Shu et al. 2013), RIS may share a similar thera-
peutic and side effect profile with olanzapine, rather than with
clozapine. In this regard, our paradigm may be useful in
identifying clozapine-like compounds.

The neurobiological mechanisms that mediate persistent
RIS sensitization are not known. Based on the finding that
adolescent RIS exposure (0.3, 1.0, and 3.0 mg/kg) for 3 weeks
selectively and dose-dependently increased levels of D2 re-
ceptors in the medial prefrontal cortex and hippocampus
(Moran-Gates et al. 2007), we used the quinpirole-induced
hyperlocomotion test to assess whether 5 days of RIS treat-
ment in adolescence would give rise to a long-lasting func-
tional upregulation of dopamine D2 receptors that may under-
lie adolescent RIS sensitization. Results from experiment 2
provide a support for this hypothesis, although the evidence
was weak due to a lack of significant group difference. Results
from experiment 4 did not support this hypothesis: adult rats
that were treated with RIS in adolescence did not exhibit
higher motor activity than those treated with vehicle, possibly
due to the masking effect from PCP. This result was in conflict
with our recent demonstration that the same 5 days of RIS
treatment in adult rats (not in adolescents) induced a long-last
functional upregulation of dopamine D2 receptors as assessed
50 days later in the quinpirole-induced hyperlocomotion test,
an effect parallel to the long-lasting RIS sensitization (Gao
and Li 2013). One possible reason for the discrepancy is the
high degree of brain plasticity of adolescent brain (versus the
adult brain). It is possible that the brain maturation process
from adolescence to adulthood might have dampened the
impact of antipsychotic treatment on D2 receptors in the
limbic regions. Another possibility is that our motor activity
assessment system is not sensitive enough to pick up subtle
changes induced by RIS. Therefore, whether RIS-induced
functional upregulation of dopamine D2 receptors serves as a
mechanism of across development RIS sensitization could not
be determined based on the current evidence. More work
directly measuring D2 receptor density or function is required.

Fig. 6 Quinpirole-induced
locomotor activity in twelve 10-
min blocks (a) and in the 120-min
test period (b) of rats pretreated
with risperidone (1.0 mg/kg) or
VEH followed by PCP (3.2 mg/
kg, sc) for 5 days in adolescence.
All rats were injected with
quinpirole (1.0 mg/kg, sc) and
then measured for motor activity
for 120min. Data are expressed as
mean + SEM
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In addition to impact on D2 receptors, the same RIS treat-
ment (0.3, 1.0, and 3.0 mg/kg for 3 weeks) was found to
increase D1 receptors in the striatum and D4 receptors in the
striatum and hippocampus of adolescent rats (Moran-Gates
et al. 2007). It also increased 5-HT1A receptors in the medial-
prefrontal and dorsolateral-frontal cortices and also in the
hippocampus (at the high dose), but reduced 5-HT2A levels
in the medial-prefrontal and dorsolateral-frontal cortices (Choi
et al. 2010). RIS (1.0 and 3.0 mg/kg/day) also had an effect on
NMDA and AMPA receptors (Choi et al. 2009). These recep-
tor binding findings suggest that the long-term changes of
specific dopamine, serotonin, and glutamate receptors in var-
ious limbic regions implicated in action of antipsychotic drugs
(Swerdlow et al. 1994) could contribute to RIS sensitization.
These changes could alter the trajectory of the brain and
behavioral development in adolescent animals, which in turn
may change their later response to drug treatment as adults.
Future research should test the involvement of these receptors.

RIS remains to be one of widely prescribed second-
generation antipsychotic drugs, especially for a variety of
disorders prevalent in childhood and adolescence, including
schizophrenia, autism, attention deficit and hyperactivity dis-
order, Tourette's disorder, disruptive behaviors, bipolar disor-
der, and mood disorders (Correll et al. 2011). Because adoles-
cence is such an important period in which the brain un-
dergoes dramatic transitions and reorganization (Brenhouse
and Andersen 2011), any drug exposure during this period
could potentially derail the normal brain developmental pro-
cess. Antipsychotic drugs are no exception. Currently in psy-
chopharmacology, much attention has been focused on the
harmful consequences of adolescent exposures to drugs of
abuse (e.g., nicotine, methamphetamine). With increased
number of children and adolescents being treated with anti-
psychotic drugs, it is critical to pay more attention to the long-
term consequences of early antipsychotic exposure. Our find-
ing that as little as 5 days of RIS exposure in adolescence
could induce a long-lasting effect that persists into adulthood
suggests that there is a real possibility of brain and behavioral
functional changes. Because pediatric patients are likely
to receive continued antipsychotic treatment into adult-
hood, the present work has significant clinical implica-
tions for clinical practice involving adolescence antipsy-
chotic treatments. For example, when psychiatrists de-
termine the drug dose and treatment schedule for youn-
ger individuals, they need to consider the patients' early
drug treatment histories.
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