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Clozapine and Haloperidol Reinstate Latent
Inhibition Following its Disruption during
Amphetamine Withdrawal

Holger Russig, Dipl. Biol., Carol A. Murphy, Ph.D., and Joram Feldon, D. Phil (Oxon.)

Latent inhibition (LI) is a behavioral phenomenon

whereby repeated exposure to a non-reinforced stimulus
retards subsequent conditioning to that stimulus. Deficits
in LI may reflect an inability to ignore irrelevant stimuli
and are studied as a model of the cognitive/attentional
abnormalities found in schizophrenia. We recently
determined that pretreatment with escalating doses of the
indirect dopamine agonist amphetamine (AMPH, 3 daily
injections ip, 1-5 mg/kg, over 6 days) disrupts LI in rats
tested in a 2-way active avoidance paradigm during
withdrawal. In the present study, we evaluated the effects of
the atypical neuroleptic clozapine and the typical
neuroleptic haloperidol on the expression of LI on day 4 of
AMPH withdrawal. Neuroleptic injections were given
either 45 min prior to each of two tone preexposure sessions
and a subsequent tone-shock avoidance test session, or only

prior to the test session. As expected, saline-injected control
groups showed LI during the test session, as reflected by
significantly reduced avoidance in tone preexposed vs. non-
preexposed rats. In contrast, animals pretreated with
escalating doses of AMPH did not show LI, due to the
improved avoidance of the preexposed animals. Both
haloperidol (0.03 mg/kg) and clozapine (5 mg/kg) largely
reversed the disruptive influence of AMPH on LI regardless
of whether these drugs were administered prior to both
preexposure and test sessions or only prior to the test
session. These results provide pharmacological validation
for an AMPH withdrawal model of schizophrenic
symptoms.
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Amphetamine (AMPH) administration can induce symp-
toms of psychosis in humans. This outcome is most
frequently observed following a chronic high-dose esca-
lating pattern of stimulant abuse (Davis and Schlemmer
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1980; Angrist 1994). Given that stimulant-induced psy-
chosis resembles the psychosis observed in patients with
idiopathic schizophrenia (Ellinwood 1967; Snyder 1973;
Brady et al. 1991), it has been suggested that similar neu-
ral adaptations could be responsible for the development
of these two phenomena. In experimental animals,
repeated exposure to AMPH induces behavioral sensiti-
zation, a phenomenon that is indicated by a progressive
augmentation of behaviors (e.g. locomotion, stereotyp-
ies) to subsequent drug challenges and can persist even
after prolonged periods of abstinence (Robinson and
Becker 1986). Consequently, it has been proposed that
studies of the neural bases of behavioral sensitization in
animals may yield insights into the neuropathology of
schizophrenia (Kokkinidis and Anismann 1980; Robin-
son and Becker 1986; Liebermann et al. 1990).
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In contrast to the sensitizing effects of repeated psy-
chostimulant challenges on behavior, several reports
indicate that withdrawal from repeated stimulant ad-
ministration induces a state of dysphoria, characterized
by symptoms that include anhedonia, anxiety and leth-
argy. Although such symptoms typically persist for
only the first few days of abstinence, these findings
have prompted the study of acute psychostimulant
withdrawal as an animal model of depression (Leith
and Barrett 1976; Kokkinidis et al. 1980, 1986; Geyer
and Markou 1995; Barr and Phillips 1999; Lin et al.
1999). Given the proposed links between behavioral
sensitization to AMPH in rats and psychosis in humans,
and evidence of cross-sensitization between AMPH and
stress (Antelman et al. 1980), we recently attempted to
further characterize how animals in withdrawal from
AMPH might demonstrate altered responses to environ-
mental stimulation. We hypothesized that AMPH-with-
drawn animals may also exhibit behaviors consistent
with recognized models of schizophrenia.

Many investigators studying animal models of cogni-
tive deficits in schizophrenia have evaluated the behav-
ioral phenomenon of latent inhibition (LI). LI refers to
the process whereby repeated exposure to a conditioned
stimulus (CS) without consequence impedes the forma-
tion of subsequent associations between the CS (e. g. a
tone) and a relevant unconditioned stimulus (UCS; e. g. a
footshock; Lubow 1973). Reductions in LI have been re-
ported in acute schizophrenic patients (Baruch et al.
1988; Gray et al. 1992, 1995; Vaitl and Lipp 1997; but see
Swerdlow et al. 1996, Williams et al. 1998) and these re-
ductions are said to reflect deficits in attentional process-
ing of the previous non-reinforcement of the CS (Lubow
1973; Weiner and Feldon 1997). Moreover, LI in the rat is
disrupted by acute AMPH (Solomon et al. 1981; Weiner
et al. 1984, 1988; De la Casa et al. 1993; Killcross and Rob-
bins 1993; Weiner and Feldon 1997) and potentiated by
neuroleptic drugs (Weiner and Feldon 1987; Christison
et al. 1988; Feldon and Weiner 1991; Dunn et al. 1993; Pe-
ters and Joseph 1993; Weiner et al. 1997) administered
prior to CS preexposure and CS-UCS conditioning. Im-
portantly, AMPH-induced disruptions in LI can also be
reversed by neuroleptic treatment (Warburton et al.
1994; Moran et al. 1996; Weiner et al. 1996b). Clinical
studies have suggested that neuroleptics have similar en-
hancement effects on LI in humans (Williams et al. 1996,
1997 but see Williams et al. 1998) in addition to improv-
ing performance in other tests of selective attention in
which schizophrenics show deficits (Spohn et al. 1977;
Braff and Sacuzzo 1982).

We recently observed that pretreatment with escalat-
ing doses of AMPH disrupts LI for up to at least two
weeks after the last AMPH injection in rats tested in a
2-way active avoidance paradigm (Murphy et al. 2001).
We hypothesize that the disruptive effects of AMPH
withdrawal on LI may mimic symptoms of cognitive dis-
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organization similar to those found in schizophrenia. In
the first two experiments, we evaluated the effects of ad-
ministering the typical neuroleptic drug haloperidol, and
the atypical neuroleptic drug clozapine, on the disrup-
tion of LI induced by AMPH withdrawal when neuro-
leptic treatments were administered prior to each of two
preexposure days and the avoidance conditioning/test
session. Because there is evidence that neuroleptics po-
tentiate LI via their action during the conditioning stage
(Peters and Joseph 1993; Weiner 1990; Weiner et al. 1997;
Shadach et al. 1999, 2000), we also conducted a third ex-
periment in which the effectiveness of these drugs in re-
versing the LI disruption during AMPH withdrawal was
assessed when only a single administration was given,
prior to the conditioning/test session. A finding of neu-
roleptic-induced restoration of LI in AMPH-withdrawn
animals would support the study of AMPH withdrawal
as a novel animal model for attentional/cognitive pro-
cessing deficits associated with schizophrenia.

MATERIALS AND METHODS
Animals

Male Wistar rats (Zur: WIST (Hanlbm); 250-350 g) ob-
tained from our in-house specific-pathogen-free (SPF)
breeding facility were used as subjects in these experi-
ments. During the experiments, animals were housed indi-
vidually in Macrolon type III cages (48 X 27 X 20 cm) un-
der reversed-cycle lighting (lights on 9 PM-9 AM.) in a
temperature (21 = 1°C) and humidity (55  5%) controlled
animal facility. Food (Kliba 3430, Klibamiihlen, Kaiser-
augst CH) and water were available ad libitum in the
home cages. All experiments were carried out during the
dark phase of the light-dark cycle and in agreement with
Swiss cantonal regulations for animal experimentation.

Drug Preparation and Administration

d-Amphetamine sulfate (AMPH; Sigma Chemical Com-
pany, St. Louis, U.S.A.) was dissolved in a 0.9% NaCl so-
lution to obtain concentrations of 1, 2, 3, 4 and 5 mg/ml
AMPH (calculated as the salt). Vehicle-treated groups re-
ceived 0.9% NaCl solution (SAL). Haloperidol (HAL; Jan-
ssen-Cilag, Baar, Switzerland) was prepared from 5-mg
ampoules, in which the drug is present in 1 ml solvent
containing 6 mg lactic acid. This solution was subse-
quently diluted with saline to obtain the required con-
centration (final pH of 5.5). Clozapine (CLZ; Novartis,
Switzerland) was first dissolved in 0.IN HCL in 0.9%
saline solution and then neutralized to pH 5.5 with
Na,CO;. Vehicle-treated animals were administered
either HAL vehicle (0.9% saline/lactic acid, pH 5.5) or
CLZ vehicle (0.1 N HCL/0.9% saline, pH 5.5). All solu-
tions were freshly prepared and given intraperitoneally
in a volume of 1 ml/kg.
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During the pretreatment period, animals received
three injections per day of either AMPH or SAL for six
consecutive days, beginning with a 1 mg/kg dose of
AMPH and ending with doses of 5 mg/kg on the sixth
day of the cycle. The control group received injections
of saline (0.9%) according to the same schedule. The
dosing parameters are summarized in Table 1.

Two-Way Avoidance Apparatus

Behavioral testing was conducted in eight identical
shuttle boxes (Coulbourn Instruments, Allentown, PA;
model E10-16TC), each set in a sound- and light-attenu-
ating ventilated shell (model E10-20). The internal di-
mensions of each chamber were 35 X 17 X 21.5 cm. The
grid floor of the chambers was divided into two identi-
cal compartments by an aluminum hurdle (17 cm long,
4 cm high). The barrier was very thin to prevent ani-
mals from balancing on it and thus avoiding shock.
Footshocks were supplied to the grid floor by a con-
stant direct current source (model E 13-14) and a scan-
ner (model E 13-13) set at 0.5 mA intensity. During the
experimental sessions each chamber was illuminated
by a diffuse light source (house light), mounted 19 cm
above the grid floor in the center of the side walls. The
conditioned stimulus (CS) was a tone of 85 dB, pro-
duced by a tone module (model E 12-02) placed behind
the shuttle box on the floor of the shell.

Procedure

The latent inhibition procedure in the 2-way active
avoidance paradigm was conducted over three days:
two consecutive daily sessions of preexposure to either
the tone and the apparatus or to only the apparatus,
and a conditioning session on the third day.

Days 1-2: Exposure to the Tone CS and the Apparatus.
The preexposed (PE) rats received 50 presentations of
the tone with a duration of 10 s and a mean variable in-
ter-stimulus interval of 50 s (range = 10-90 s).

Exposure to Only the Apparatus. Each non-preexposed
(NPE) animal was placed in the shuttle box with the house
light on for a period of 42 min, a duration intended to cor-

Table1. Escalating-dose Amphetamine Injection Schedule
(drug doses in mg/kg)

Injection Times

Injection

Day 9:00 A.M. 3:00 P.M. 9:00 P.M.
Day 1 1 2 3
Day 2 4 5 5
Days 3-6 5 5 5
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respond with the average length of the PE sessions.
No other stimuli were presented. A general evaluation of
each animal’s activity level (PE and NPE groups) was
obtained by recording the total number of crossings
during the sessions.

Day 3: Conditioning to the CS. Each animal was placed
into the shuttle box and received 100 avoidance trials ac-
cording to a variable interval schedule of 50 s (ranging
from 10 to 90 s). Each avoidance trial began with a 10-s tone
followed by a 2-s 0.5 mA shock, the tone remaining on with
the shock. If the rat crossed the barrier to the opposite com-
partment during the tone, the stimulus was terminated and
no shock was delivered (avoidance response). A crossing
response during the shock terminated both the tone and
the shock (escape response). If the rat failed to cross during
the entire tone-shock trial, the tone and the shock termi-
nated after 12 s (unfinished trial). The total number of inter-
trial crossings was recorded as an additional measure of lo-
comotor activity.

Experiment 1: Effects of 0.03 mg/kg Haloperidol
Injected prior to Both the Preexposure and
Conditioning Sessions on AMPH-induced Abolition
of LI during Withdrawal

In Experiment 1, 62 animals were randomly assigned to
one of eight groups in a 2 X 2 X 2 factorial design with
main factors of preexposure (PE, NPE), drug pretreat-
ment (SAL, AMPH), and test treatment (SAL, HAL),
resulting in four different drug pretreatment/test treat-
ment conditions: saline/saline (SAL/SAL), saline/halo-
peridol (SAL/HAL), amphetamine/saline (AMPH/SAL)
and amphetamine/haloperidol (AMPH/HAL). On each
of three days prior to the beginning of the experiment,
each rat was handled for an average of 3 min. During the
pretreatment phase each subject received either escalat-
ing-dose treatment with AMPH or an equivalent sched-
ule of vehicle injections. On days 2 and 3 of withdrawal
from AMPH, the two preexposure sessions were admin-
istered. The conditioning session took place on day 4 of
withdrawal. Each animal received either HAL (0.03 mg/
kg) or vehicle 45 min before the start of preexposure and
conditioning sessions on each of the three test days.

Experiment 2: Effects of 5 mg/kg Clozapine Injected
prior to Both the Preexposure and Conditioning
Sessions on AMPH-induced Abolition of LI during
Withdrawal

Experiment 2 used 58 animals and was conducted
according to the design and procedures followed in Ex-
periment 1. The drug pretreatment/test treatment condi-
tions used in Experiment 2 were as follows: saline/saline
(SAL/SAL), saline/clozapine (SAL/CLZ), amphetamine/
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saline (AMPH/SAL) and amphetamine/clozapine
(AMPH/CLZ). Either clozapine (5 mg/kg) or saline was
injected 45 min before the start of preexposure and con-
ditioning sessions on each of the three test days.

Experiment 3: Effects of 5 mg/kg Clozapine and 0.03
mg/kg Haloperidol Injected Only prior to the
Conditioning Session on AMPH-induced Abolition
of LI during Withdrawal

Experiment 3 used 94 animals and was conducted ac-
cording to the design and procedures followed in Exper-
iments 1 and 2 except for the fact that animals received
one rather than three injections of haloperidol, clozapine
or saline during the behavioral testing protocol. The
drug pretreatment/test treatment conditions used in ex-
periment 3 were as follows: saline/saline (SAL/SAL),
saline/clozapine (SAL/CLZ), saline/haloperidol (SAL/
HAL), amphetamine/saline (AMPH/SAL), amphet-
amine/clozapine (AMPH/CLZ), and amphetamine/ha-
loperidol (AMPH/HAL). Either clozapine (5 mg/kg),
haloperidol (0.03 mg/kg) or saline was injected 45 min
before the start of the conditioning session on day 4 of
withdrawal.

Data Collection and Analysis

The data were analyzed using StatView version 5.0.1.
For the two preexposure sessions in Experiments 1 and
2, the total number of crossings was assessed using a 2 X
2 X 2 X 2 ANOVA with three between-subjects factors of
escalating drug pretreatment (AMPH, SAL), test drug
treatment (SAL, HAL or SAL, CLZ), and preexposure
(NPE, PE), and with two preexposure days as a within-
subjects factor. For Experiment 3, we conducted a 2 X
2 X 2 ANOVA with the two between-subjects factors
of escalating drug pretreatment (AMPH, SAL) and pre-
exposure (NPE, PE), and with two preexposure days as a
within-subjects factor.

To facilitate analysis of the conditioning session, the
100 avoidance trials were divided into 10 blocks of 10
trials each. Avoidance responses in Experiments 1 and
2 were analyzed using 2 X 2 X 2 X 10 ANOVAs consist-
ing of the same three between-subjects main factors as
above and a repeated measurements factor of blocks (10
blocks of 10 trials). In Experiment 3, avoidance re-
sponses were similarly analyzed usinga2 X 2 X 3 X 10
ANOVA, the only difference being that the test drug
treatment factor consisted of the conditions SAL, HAL,
and CLZ. Total numbers of inter-trial crossings were
analyzed with 2 X 2 X 2 (Experiment 1 and 2) and 2 X
2 X 3 (Experiment 3) ANOVAs using the same be-
tween-subjects main factors. Whenever a main effect or
an interaction between two main factors was signifi-
cant, a post-hoc t-test was applied examining PE versus
NPE differences within drug/test treatment groups or
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drug/test treatment differences within PE and NPE
groups, using the Fisher’s protected least significant
difference test.

RESULTS

Experiment 1: Effects of 0.03 mg/kg Haloperidol
Injected prior to Both the Preexposure and
Conditioning Sessions on AMPH-induced Abolition
of LI during Withdrawal

Activity during the Preexposure Sessions. Animals made
on average significantly fewer crossings on the second
day of preexposure (18.4 * 1.6 crossings) than on the
first day (28.0 = 1.1 crossings), (F;s, = 53.6, p < .0001),
indicating a habituation of spontaneous activity (Table
2). A significant Day X Drug pretreatment X Preexpo-
sure interaction, (F;s5, = 5.8, p < 0.05), reflected the fact
that the AMPH-pretreated PE rats showed decreased
crossing activity compared with all the other groups on
day 1, but not on day 2. Haloperidol pretreatment did
not influence the total number of crossings made by the
animals.

Avoidance Responses during Conditioning. An analy-
sis of numbers of avoidance responses revealed a main
effect of Blocks, (Fg4 = 54.3, p < .0001), reflecting an
overall increase in avoidance responses as the test ses-
sion progressed. The presence of LI, that is, faster acqui-
sition of the avoidance response in NPE subjects as
compared with PE subjects, was supported by a signifi-
cant main effect of Preexposure (F;5, = 10.7, p < .002).
However, the expression of LI was significantly differ-
ent between groups under the four different drug con-
ditions (Drug treatment X Test treatment X Preexpo-
sure: Fi5, = 8.6, p < .005; Blocks X Drug treatment X
Test treatment X Preexposure: Fg 5, = 4.7, p < .0001).
Figure 1 shows the mean % avoidance responses for the

Table 2. Means and standard errors of the number of
shuttles made during two days of preexposure to the
avoidance apparatus and the tone (PE) or only to the
apparatus (NPE) in the 4 drug conditions tested in
Experiment 1: saline/saline (SAL/SAL), amphetamine/
saline (AMPH/SAL), saline/haloperidol (SAL/HAL), and
amphetamine /haloperidol (AMPH/HAL)

Drug Preexposure PE PE
Condition Condition Day 1 Day 2
SAL/SAL NPE 31x7 21 x4
PE 33+5 21 +3
AMPH/SAL NPE 315 17 =3
PE 22=*5 18 =2
SAL/HAL NPE 27 £ 3 20+ 3
PE 32x3 17 =2
AMPH/HAL NPE 29+5 19 x4
PE 19*3 14x3
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PE and NPE groups in the four drug conditions. As can
be seen in Figure 1, LI is disrupted in the AMPH/SAL
and SAL/HAL conditions but not in the SAL/SAL and
AMPH/HAL conditions. This was supported by post
hoc analyses showing that LI was present in the SAL/
SAL control group (NPE vs. PE, p < .0005) and the
AMPH/HAL condition (NPE vs. PE, p < .02), but ab-
sent in the AMPH/SAL condition (NPE vs. PE, p =
.6279) and SAL/HAL condition (NPE vs. PE, p = .8673).
It can be seen in Figure 1 that the abolition of LI in the
AMPH/SAL condition was primarily due to increased
avoidance responses in the PE group (SAL/SAL PE vs.
AMPH/SAL PE, p = .0173; SAL/SAL NPE vs. AMPH/
SAL NPE, p = .4660), whereas the absence of LI in the
SAL/HAL condition was due to both increased avoid-
ance responses in the PE group and decreased avoidance
responses in the NPE group (SAL/SAL PE vs. SAL/
HAL PE, p = .036; SAL/SAL NPE vs. SAL/HAL NPE,
p = .0988).

An analysis performed on the total number of inter-
trial crossings made by animals during the test session
revealed on average a higher number of shuttles in PE
animals (25.6 * 3.3 crossings) relative to NPE animals

(17.0 £ 1.9 crossings), (F; 5, = 4.7, p < .04). No effects of
Drug pretreatment or Test treatment were detected (data
not shown).

Experiment 2: Effects of 5 mg/kg Clozapine Injected
prior to Both the Preexposure and Conditioning
Sessions on AMPH-induced Abolition of LI during
Withdrawal

Activity during the Preexposure Sessions. A compari-
son of the total number of crossings during the two pre-
exposure sessions revealed a significant effect of Days
(Fi50 = 54.7, p < .0001), reflecting a generally higher
number of crossings on the first preexposure day com-
pared with the second day (values averaged over
groups: 25 * 3 for session 1 vs. 15 * 2 for session 2, see
Table 3). Clozapine reduced the total number of cross-
ings (SAL = 31 * 2 vs. CLZ = 9 * 1), as supported by a
main effect of Test treatment (F; 5y = 45.8, p < .0001),
but there were no significant main effects or interac-
tions involving the factors of Preexposure or Drug pre-
treatment.
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Table 3. Means and standard errors of the number of
shuttles made during two days of preexposure to the
avoidance apparatus and the tone (PE) or only to the
apparatus (NPE) in the 4 drug conditions tested in
Experiment 2: saline/saline (SAL/SAL), amphetamine/
saline (AMPH/SAL), saline/clozapine (SAL/CLZ), and
amphetamine/clozapine (AMPH/CLZ)

Drug Preexposure PE PE
Condition Condition Day1 Day 2
SAL/SAL NPE 46+ 9 23*6
PE 4x6 26 £ 6
AMPH/SAL NPE 29+5 23*6
PE 36 £8 217
SAL/CLZ NPE 6x2 7x2
PE 10+3 9x2
AMPH/CLZ NPE 173 7x1
PE 10 +2 6+1

Avoidance Responses during Conditioning. The?2 X 2 X
2 X 10 ANOVA revealed a highly significant main effect of
Blocks (Fg4s0 = 61.9, p < .0001), indicating an overall
increase in avoidance responses as the avoidance test
session progressed. However, clozapine slightly de-
creased numbers of avoidance responses, as supported
by a main effect of Test treatment (F; 5, = 5.4, p < .03). In
addition, the analysis revealed a significant main effect
of Preexposure (F; 5o = 16.2, p < .0003), as well as a sig-
nificant interaction of Preexposure X Blocks (Fg 450 = 3.6,
p < .0003), supporting the conclusion that overall, the
NPE subjects acquired the avoidance response faster
and to a greater degree than the PE subjects, that is, LI
was present. Figure 2 illustrates the mean % avoidance
responses of the PE and the NPE groups in each of the
four drug conditions. A clear LI effect was seen in the
SAL/SAL condition. In contrast, LI was completely ab-
sent in the AMPH/SAL condition due to the increased
avoidance responses in the PE group (SAL/SAL PE vs.
AMPH/SAL PE, p = .0105; SAL/SAL NPE vs. AMPH/
SAL NPE, p = .6565), but was restored when AMPH
pretreatment was coupled with CLZ test treatment. In
the SAL/CLZ condition, although LI was not signifi-
cant when analyzed over the entire test session, a clear
LI effect can be seen after the first 50 trials. These
outcomes were supported by Fisher’s post hoc tests re-
vealing significant LI in the SAL/SAL (PE vs. NPE, p =
.0006) and AMPH/CLZ (PE vs. NPE, p = .0324) condi-
tions, but not in the AMPH/SAL (PE vs. NPE, p = .7207)
and SAL/CLZ (PE vs. NPE, p = .1329) conditions. The
overall ANOVA showed a near-significant Drug treat-
ment X Test treatment X Preexposure interaction (F, 5y =
3.1, p = .0843) due to this combination of effects. Fi-
nally, the analysis performed on the total number of in-
ter-trial crossings made by animals during the test ses-
sion revealed on average a higher number of crosses in
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PE animals (35.4 + 3.7 crossings) relative to NPE ani-
mals (25.1 = 2.8 crossings), (F; 50 = 5.0, p < .03). We at-
tribute the finding of more inter-trial interval shuttles in
PE than NPE animals in Experiments 1 and 2 to the de-
creased learning of the PE groups leading to an increased
generalization of the shuttling response. Numbers of in-
ter-trial interval crosses were not significantly affected
by either Drug treatment or Test treatment (data not
shown).

Experiment 3: Effects of 0.03 mg/kg Haloperidol and
5 mg/kg Clozapine Injected Only prior to the
Conditioning Session on AMPH-induced Abolition
of LI during Withdrawal

Activity during the Preexposure Sessions. The total num-
ber of crossings decreased over the two preexposure ses-
sions, indicating habituation to the apparatus (significant
effect of Days: F; 490 = 37.6, p < .0001). There was also a
significant main effect of Drug (F,¢y = 8.1, p < .0055) re-
flecting the fact that AMPH pretreated animals crossed
less often than the SAL animals, mainly on the first pre-
exposure day (Table 4). This result is consistent with
what we have suggested previously (Murphy et al.
2001), that animals withdrawn from escalating AMPH
administration at times show a mild depression of mo-
tor activity. There was no significant main effect or in-
teraction including the factor of Preexposure.

Avoidance Responses during Conditioning. As in the
first two experiments, the analysis revealed a highly
significant effect of Blocks (Fy,35 = 50.2, p < .0001),
reflecting increased avoidance responses over the 10
blocks of 10 trials. The generally higher number of
avoidance responses in NPE compared with PE ani-
mals, that is, LI, was supported by a significant main
effect of Preexposure (F; g = 24.3, p < .0001) and a sig-
nificant interaction of Preexposure X Blocks (Fg 735 = 4.0,
p < .0001). A single injection of 0.03 mg/kg haloperidol
decreased numbers of avoidance responses indepen-
dently of preexposure condition, as reflected by a sig-
nificant main effect of Test treatment (F,5 = 8.6, p <
.0005) and a significant interaction of Test treatment X
Blocks (Fj5735 = 3.6, p < .0001). In contrast, clozapine-in-
jected animals did not exhibit a generalized depression
of avoidance responses. As seen in Figure 3, the expres-
sion of LI was again significantly influenced by both
AMPH and neuroleptic treatments, as supported by the
significant interactions of Drug treatment X Preexpo-
sure (F; g, = 4.8, p <.04), Drug treatment X Preexposure
X Test treatment (F,5, = 3.7, p < .03) and of Drug treat-
ment X Preexposure X Test treatment X Blocks (Fg 735 =
1.7, p < .04). A clear LI effect was seen in all three SAL
conditions (SAL/SAL, SAL/CLZ, and SAL/HAL). In
contrast LI was completely abolished in the AMPH/
SAL condition due to an increase of avoidance re-
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Figure 2. Percent avoidance responses made during a 100-trial test of conditioned 2-way active avoidance acquisition in
animals belonging to one of four different drug pretreatment/test treatment conditions in Experiment 2. A: saline/saline
(SAL/SAL, n = 14); B: amphetamine/saline (AMPH/SAL, n = 15); C: saline/clozapine (SAL/CLZ, n = 15); D: amphet-
amine/clozapine (AMPH/CLZ, n = 14). Animals were preexposed either to the apparatus (NPE) or to the tone and the
apparatus (PE). Data are expressed as averages of 10 blocks of 10 consecutive trials each. Values are means * S.E.M.

sponses in the PE group (SAL/SAL PE vs. AMPH/SAL
PE, p = .0007; SAL/SAL NPE vs. AMPH/SAL NPE, p =
.1711). Moreover, in the AMPH/CLZ and AMPH/HAL
conditions, LI was restored by a single injection of cloz-
apine or haloperidol administered prior to testing.
These outcomes were supported by Fisher’s post hoc
tests that revealed significant LI in the SAL/SAL (NPE
vs. PE, p = .0046), SAL/CLZ (NPE vs. PE, p = .0268),
SAL/HAL (NPE vs. PE, p = .0035) and AMPH/HAL
(NPE vs. PE, p = .0413) conditions and a near-signifi-
cant effect in the AMPH/CLZ (NPE vs. PE, p = .0567)
condition. In contrast, in the AMPH/SAL condition, PE

Table 4. Means and standard errors of the number of
shuttles made during two days of preexposure to the
avoidance apparatus and the tone (PE) or only to the
apparatus (NPE) in the 2 drug conditions tested in
Experiment 2: saline (SAL) and amphetamine (AMPH)

Drug Preexposure PE PE
Condition Condition Day 1 Day 2
SAL NPE 4 * 4 32+4
PE 39+4 304
AMPH NPE 26 +2 20+2
PE 33+4 28 x4

animals performed even slightly better than NPE ani-
mals toward the end of the session (NPE vs. PE, p =
.1611). Finally, the analysis of inter-trial crossings dur-
ing the test session revealed a significant main effect of
Test treatment (F, 5, = 4.874, p < .02) as well as a signifi-
cant interaction of Test treatment X Blocks (Fig735 =
2.714, p < .0003). Post-hoc tests showed that CLZ
treated animals crossed more often during the inter-
trial intervals (43.5 * 5.6 crossings) compared with
HAL treated rats (23.7 = 3.3 crossings), but neither of
the neuroleptic treated groups were significantly differ-
ent from the SAL animals (30.9 * 4.5 crossings), which
showed an intermediate number of crossings (HAL vs.
CLZ, p = .0034; SAL vs. HAL, p = .2734,SAL vs. CLZ, p
= .0556). There were no significant main effects or in-
teractions including the factors of Drug treatment or
Preexposure (data not shown).

DISCUSSION

The present study demonstrated that withdrawal from
an escalating dose schedule of AMPH disrupts LI, rep-
licating the findings of our previous study (Murphy et
al. 2001). LI was clearly present in all SAL/SAL control
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Figure 3. Percent avoidance responses
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tion in animals belonging to one of 6
different drug pretreatment/test treat-
ment conditions in Experiment 3. A:
saline/saline (SAL/SAL, n = 15); B:
amphetamine/saline (AMPH/SAL,
n = 15); C: saline/haloperidol (SAL/
HAL, n = 16); D: amphetamine /halo-
peridol (AMPH/HAL, n = 16); E:
saline /clozapine (SAL/CLZ, n = 16);

F: amphetamine/clozapine (AMPH/

CLZ, n = 16). Animals were preex-
posed either to the apparatus (NPE)
or to the tone and the apparatus (PE).
Data are expressed as averages of 10
blocks of 10 consecutive trials each.
Values are means + S.EM.
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groups in that the SAL/SAL PE groups showed a sig-
nificantly decreased number of avoidance responses in
comparison to the NPE groups. In contrast, LI was
abolished during AMPH withdrawal, due to an in-
creased number of avoidance responses of the AMPH/
SAL PE group. Moreover, treatment with the typical
neuroleptic drug HAL during withdrawal, whether
administered prior to both the preexposure and test
sessions or only prior to the test session, reversed the
disruptive effects of AMPH withdrawal on LI. Treat-
ment with the atypical neuroleptic agent CLZ was only
slightly less effective in reversing disrupted LI during
AMPH withdrawal, resulting in significant and near-
significant (p = .057) LI in Experiments 2 and 3, respec-
tively. These results represent the first demonstration
that AMPH-withdrawal induced deficits in LI, like
AMPH-induced disruptions in LI, can be reversed by
neuroleptic treatment.

2 3 4 5 6 7 8 9 10

BLOCKS OF 10 TRIALS

The low doses of HAL (0.03 mg/kg) and CLZ (5 mg/
kg) used in this study were selected because they were
expected to restore LI in AMPH-withdrawn animals
without influencing avoidance performance or activity
level per se. This was a matter for concern given that
both typical and atypical antipsychotic drugs are
known to disrupt conditioned active avoidance in rats
independently of any effects on LI (Niemegeers et al.
1969; Arnt 1982; Ogren and Archer 1994). In order to in-
dex activity levels in the various drug conditions, num-
bers of spontaneous shuttles during the preexposure
sessions and numbers of inter-trial interval shuttles
during avoidance testing were recorded. In Experiment
1, HAL did not influence the total number of shuttles
recorded during the preexposure sessions; in contrast,
in Experiment 2, CLZ reduced the number of crossings
during the preexposure sessions, but in PE and NPE
groups equally. This result suggests that the 5-mg/kg
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CLZ treatment exerted a mild sedative effect in the ani-
mals in the second experiment. However, neither HAL
nor CLZ test treatment influenced numbers of inter-trial
interval shuttles during the test session in Experiments 1
and 2 and CLZ treated animals showed near-signifi-
cantly more inter-trial shuttles compared with SAL
treated animals in Experiment 3. These results suggest
that neuroleptic-induced restoration of LI is unrelated
to drug effects on locomotor activity/shuttling behavior.
Nevertheless, a slight depression of avoidance responses
was observed following treatment with both HAL (Ex-
periments 1 and 3) and CLZ (Experiment 2).

We did not see neuroleptic-induced enhancement of
LI in our SAL/HAL or SAL/CLZ conditions. The ab-
sence of a HAL- or CLZ-induced enhancement of LI was
most likely due to the fact that we used a procedure with
a relatively high number of CS preexposures where the
control animals showed normal LI It is reportedly diffi-
cult to demonstrate neuroleptic-induced increases on a
background of normal LI in control animals (Weiner
and Feldon 1997; Moser et al. 2000). However, the con-
verse reduction of LI in the neuroleptic-treated groups,
particularly in Experiments 1 and 2, merits some dis-
cussion. In the case of CLZ, the LI reduction was mostly
due to decreased avoidance responses in the NPE
groups (in both the SAL/CLZ and AMPH/CLZ NPE
conditions). Thus, the reduced LI of these groups was
probably due to the mild sedative and anti-avoidance
effects of CLZ in this paradigm, as suggested previously.
In the SAL/HAL groups, however, both decreased
avoidance in the NPE animals and increased avoidance
in the PE animals were responsible for their reduced LI;
moreover, this effect was not observed in the AMPH/
HAL animals, which did show LI Interestingly, it has
been shown that both stress and HAL-induced super-
sensitivity can exacerbate disruptions in LI (Solomon et
al. 1981; Hellman et al. 1983). We can speculate that per-
haps the stress of receiving 18 SAL injections combined
with repeated low-dose HAL treatment during with-
drawal contributed to the observed deficit in LI. The
converse reinstatement of LI in the AMPH/HAL group
suggests that the brain’s response to haloperidol is very
different in AMPH-withdrawn and SAL animals.

It is also worth noting that disruptions in LI follow-
ing neuroleptic treatment have been observed previ-
ously, particularly with high doses of HAL and CLZ
(Dunn et al. 1993; Warburton et al. 1994, Moran et al.
1996; Williams et al. 1998). Consequently, the neurolep-
tic-induced reductions in LI in the control groups may
be due at least in part to a cumulative effect of adminis-
tering three injections, particularly since following a
single injection (Experiment 3), LI was expressed in the
SAL/HAL condition. LI was likewise more robust in
the SAL/CLZ condition following only a single admin-
istration in Experiment 3 than following the three injec-
tions of Experiment 2. Interestingly, it has been demon-
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strated that the half-life time of HAL in brain tissue is
longer than that of many other neuroleptics, such that
both active avoidance and apomorphine-induced activ-
ity can be reduced by haloperidol administered on previ-
ous days (Weiner et al. 1987; Cohen et al. 1992). Such
phenomena could underlie the more pronounced ability
of repeated HAL compared with repeated CLZ adminis-
tration to reduce LL

Several investigators have reported that the phase at
which neuroleptics potentiate LI is the conditioning
rather than preexposure stage (Peters and Joseph 1993;
Weiner 1990; Weiner and Feldon 1997; Weiner et al. 1997,
Shadach et al. 1999, 2000). The results of Experiment 3 in-
dicate that it is likewise sufficient to treat animals with
neuroleptics only before the conditioning stage in order
to normalize AMPH withdrawal-induced LI disruption
in the active avoidance paradigm. This being said, it is of
course possible that neuroleptic administration prior
only to the preexposure session could mediate changes
in LI as well (Shadach et al. 2000), a possibility not exam-
ined in the present investigation. Nevertheless, our find-
ings suggest that AMPH withdrawal disrupts LI via an
effect on either acquisition of the CS-US association or
expression of the learned response rather than strictly
by modulating the degree of attention to the non-rein-
forced CS during preexposure.

In order to understand the pharmacological basis of
these neuroleptic effects, it will be important to identify
the neurochemical substrates underlying AMPH with-
drawal-induced LI deficits. There is considerable evidence
that the mesolimbic dopamine (DA) system, especially the
nucleus accumbens, plays a key role in the expression of
LI (Solomon and Staton 1982; Young et al. 1993; Gray et al.
1997; Murphy et al. 2000). Specifically, an attenuation of
LI has been linked to increased DA activity in the nu-
cleus accumbens (Solomon and Staton 1982; Gray et al.
1997). In contrast, previous reports have indicated that
AMPH withdrawal is associated with either a reduction
or no change in basal DA levels (Rossetti et al. 1992;
Segal and Kuczenski 1992; Crippens et al. 1993; Paulson
and Robinson 1995; Weiss et al. 1997). Similarly, studies
from our lab using in vivo microdialysis have indicated
unchanged basal levels of DA in both the core and shell
subregions of the nucleus accumbens on day 4 of with-
drawal from the escalating dose schedule of AMPH
used in this study (Pezze et al. In press).

It appears paradoxical that on the one hand studies
have shown the necessity of higher accumbens DA
activity to disrupt LI, yet on the other hand basal levels
of accumbens DA are unchanged or reduced after
AMPH withdrawal. However, stressful stimuli normally
evoke DA release in the nucleus accumbens (Roth et al.
1988; Abercrombie et al. 1989) such that an altered sensi-
tivity of the mesolimbic system to stress during AMPH
withdrawal could contribute to the effects on LI. Mi-
crodialysis experiments with this escalating dose sched-
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ule of AMPH have revealed decreased DA release in
the shell and increased DA activity in the core subregion
relative to SAL-treated animals during the expression of
a conditioned fear response on day 4 of withdrawal
(Pezze et al. In press). There is evidence that DA release
in the shell rather than the core subregion of the accum-
bens may be particularly important to the expression of
LI (Murphy et al. 2000). In addition, lesions of the shell
subterritory of the nucleus accumbens lead to a disap-
pearance of LI, whereas lesions to the core subterritory
leave LI intact (Weiner et al. 1996a). We can speculate
that dysregulation of core and shell DA transmission,
particularly decreased DA release in the shell of AMPH-
withdrawn animals during avoidance learning, may con-
tribute to their disruption of LI. Furthermore, haloperi-
dol and clozapine may act to reinstate LI by reducing the
resulting imbalance in postsynaptic transmission, via di-
rect receptor antagonism or by indirectly modulating
DA release in these regions (Broderick and Piercey 1998;
Kuroki et al. 1999).

Both HAL and CLZ bind to D, receptors, although
the two drugs show differential affinities within the D;-
like and D,-like receptor subfamilies (Van Tol et al. 1991;
Schotte et al. 1996). Clozapine also binds with high affin-
ity to serotonergic, a-adrenergic and muscarinic recep-
tors (Meltzer 1989; Schotte et al. 1996). However, since
haloperidol binds with greatest affinity to the D, sub-
type, the very low dose of HAL used in this study most
likely acted on D, receptors. It is conceivable that upreg-
ulation of D, receptor populations or transduction mech-
anisms, particularly in the nucleus accumbens, could
contribute to the disruption of LI in the AMPH/SAL
conditions such that neuroleptic-induced D, blockade
would lead to a consequent normalization of behavior.
In support of this hypothesis, Levy et al. (1988) showed
that following intermittent pretreatment with AMPH,
animals showed heightened responsiveness to a D, but
not a D, agonist, an effect that persisted for at least 30
days after the last injection. However, receptor binding
studies on the effects of withdrawal from chronic
AMPH have provided mixed results. Chen et al. (1999)
demonstrated reduced numbers of D, receptors in the
ventral striatum and diminished D2-mediated behav-
ioral responses during withdrawal from intermittent
AMPH administration. Other investigators have shown
no effect of chronic AMPH treatment on D, receptor
binding (Kalivas and Stewart 1991, Bonhomme et al.
1995; Zhang et al. 2000a). Autoreceptor subsensitivity
has been observed in the ventral tegmental area during
AMPH withdrawal (Wolf et al. 1993) but the transient
nature of this effect makes it an unlikely mechanism for
the effects on LI, which persist for at least the first 2
weeks of withdrawal (Murphy et al. 2001).

It may be that post-D, receptor mechanisms or ef-
fects on other neurotransmitter systems contribute to
the behavioral changes observed during AMPH with-
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drawal. For example, altered GABAj receptor coupling
to G-proteins was recently reported during withdrawal
from AMPH (Zhang et al. 2000b). Furthermore, although
our results suggest that neuroleptic-induced recovery of
LI is most likely due to D, receptor blockade, we cannot
rule out the possibility that clozapine and haloperidol
may have reinstated LI via separate mechanisms of ac-
tion, or that other receptor or neurotransmitter systems
were also involved in mediating these neuroleptic effects.
In particular, serotonergic systems have been implicated
in the mediation of LI (Moser et al. 1996; Hitchcock et al.
1997) and both clozapine, and with less affinity, haloperi-
dol, target serotonin as well as DA receptors (Meltzer
1989; Schotte et al. 1996). Even if we assume that the
neuroleptic-induced reinstatement of LI is D,-receptor
mediated, the fact that recovered LI in the drug-treated
groups was not as great as that in the SAL/SAL animals
makes it difficult to say whether the AMPH withdrawal-
induced deficit in LI can be entirely or only partially rein-
stated by this mechanism.

Recent PET imaging studies have implicated sensiti-
zation-like phenomena in the expression of positive
psychotic symptoms (Laruelle 2000), the class of symp-
toms against which neuroleptic treatments are most ef-
fective. The present study demonstrated that AMPH
withdrawal-induced disruptions in LI can be restored
by both a typical and an atypical neuroleptic drug. Al-
though much more work still needs to be done, these
findings provide validating evidence that the state of
AMPH withdrawal can be considered a potentially rele-
vant animal model for the positive symptoms of schizo-
phrenia. An advantage of an AMPH withdrawal model
is that behavioral assessments can be made during the
drug-free withdrawal period, thus avoiding the poten-
tial drug-drug interactions that characterize many other
pharmacologically-induced animal models of schizo-
phrenia. The neuroadaptations induced by repeated
AMPH treatment are more likely to model the chronic
changes found in a schizophrenic brain than would any
acute treatment, as supported by evidence of appar-
ently permanent behavioral sensitization phenomena
following AMPH treatments of this kind (Paulson et al.
1991; Russig et al. 2001). Moreover, the relatively persis-
tent nature of the deficit in LI during AMPH with-
drawal (Murphy et al. 2001) allows for flexibility in the
duration of test drug administration. It is hoped that this
experimental paradigm may eventually prove useful for
the detection of neuroleptic characteristics of potential
psychotherapeutics.
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