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Striatal enlargement has been consistently reported in 
schizophrenics receiving chronic neuroleptic treatment 
although the results following atypical antipsychotic 
treatment have been equivocal. In order to disentangle 
patient illness from a possible drug effect on brain structure, 
young adult rats were administered either haloperidol, 
risperidone, clozapine, olanzapine, or vehicle daily for four 
or eight months via drinking water. Significant increases in 
caudate-putamen volumes were seen in animals receiving 
either haloperidol or clozapine when compared with control 
animals following eight months of drug administration. 
Conversely, olanzapine-treated animals showed significant 

decreases in caudate-putamen volumes when compared with 
control animals after eight months of drug. Thus, 
converging evidence indicates that the neuroplastic 
response of the striatum following neuroleptic exposure 
causes volumetric increases, whereas atypical 
antipsychotics affect the basal ganglia differentially. The 
current data suggests that such differential responses may 
be due to both the pharmacological properties and the 
relative doses of the atypical agents. 
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In the last three decades, there has been a notable eluci-
dation concerning the structure, organization and func-
tion of the basal ganglia, as well as the clinical relevance
of this subcortical structure. The basal ganglia are com-

prised of four major structures: the striatum (made up
of the caudate nucleus, the putamen, and the ventral
striatum), the globus pallidus, the substantia nigra, and
the subthalamic nucleus. The striatum receives inputs
from the neocortex and the substantia nigra and, via the
globus pallidus and substantia nigra, modulates tha-
lamic function that, in turn, affects the frontal cortex.
Although the role of the basal ganglia in movement
planning and execution has been recognized for many
years, we now understand that the compartmentaliza-
tion and diverse chemoarchitecture of the basal ganglia,
combined with complex anatomical interrelationships
with thalamus and cortex, establishes this structure as a
prime component in influencing executive function,
emotion, and cognitive behaviors including learning
and memory (Alexander et al. 1990). These findings
also help explain why lesions of the basal ganglia lead
to devastating movement disorders such as Parkinson’s
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and Huntington’s disease. Furthermore, due to both the
complexity and functional parameters of this structure,
the basal ganglia may play an important role in a num-
ber of neuropsychiatric disorders such as schizophrenia
(Albin et al. 1989).

Sensitive structural and functional brain imaging
techniques have begun to unravel some of the compli-
cated neuropathology present in schizophrenia. Several
structural abnormalities appear to be integral to the dis-
ease process itself, including the enlargement of the lat-
eral and third ventricles (Shenton et al. 1997; McCarley
et al. 1999) as well as volumetric reductions in temporal
cortex (Suddath et al. 1989; Rossi et al. 1990; DeLisi et al.
1991), hippocampus (Bogerts et al. 1985, 1990; Suddath
et al. 1990), superior temporal gyrus (Barta et al. 1990;
Shenton et al. 1992) and thalamus (Andreasen et al. 1994).
Other anatomic abnormalities in schizophrenia, however,
appear to develop secondarily to the disease process.
Postmortem studies and early in vivo imaging studies
have reported volumetric increases of the caudate-puta-
men complex in schizophrenic patients (Heckers et al.
1991; Jernigan et al. 1991). Although initially believed to
be a result of a pathological neurodevelopmental process
affecting the basal ganglia (Swayze et al. 1992), these
structural abnormalities now appear to be probable
treatment effects. In a study examining first-episode,
treatment-naïve schizophrenia patients, Chakos et al.
(1994) demonstrated that the volume of the caudate nu-
cleus increased after an 18-month exposure to typical
antipsychotic drugs in direct proportion to the extent of
treatment, findings later confirmed by Keshavan et al.
(1994). In addition, Doraiswamy et al. (1995) reported
that volumetric increases of the striatum are also found
in major depressive patients treated with typical anti-
psychotic agents. Taken together, these findings strongly
suggest that structural volumetric increases of the stria-
tum are a consequence of typical antipsychotic treatment,
possibly as a result of long-term blockade of dopamine
D

 

2

 

 receptor (Chakos et al. 1994; Keshavan et al. 1994).
Interestingly, recent studies have indicated that

atypical antipsychotics may also have an effect on basal
ganglia volumes, although the direction of the change is
unclear. For instance, several studies have reported that
caudate volumes in schizophrenic patients return to
normal following replacement of typical neuroleptics
with the atypical antipsychotic clozapine (Chakos et al.
1995; Frazier et al. 1996; Corson et al. 1999; Scheepers et
al. 2000), although one study reported that clozapine
administration increased caudate volume in patients
(Staal et al. 2000). Examination of the effects of atypical
agents in neuroleptic-naïve patients also have yielded
inconsistent findings, with some studies reporting that
clozapine either causes no change (Gur et al. 1998) or
decreases caudate volume (Keshavan et al. 1998b).

Due to the complexity of disentangling patient illness
from possible treatment effects, these issues are particu-

larly amenable to study in animal models. The present set
of experiments sought to determine whether long-term ad-
ministration of typical or atypical antipsychotic drugs af-
fects brain structure in rodents, as such data can shed light
as to whether striatal volume changes in patients are a
disease-specific manifestation of schizophrenia or a pre-
dictable consequence of drug actions. While many similari-
ties exist between humans and the rat, there are also some
differences, such as the fact that the striatum of the rat is
composed of a single structure that encompasses both the
caudate and putamen nuclei. Nonetheless, by using an ani-
mal model to study drugs that have different mechanisms
of actions (i.e., having differing affinities for dopamine D

 

2

 

receptors as well as different target receptors), insights can
be gained about how such drugs affect brain structure and
the adaptive mechanisms that may be involved.

 

MATERIALS AND METHODS

Animal Treatments

 

Young adult male Sprague-Dawley rats (Charles River,
PQ), approximately 3.5 months old and weighing 225–
250 g at the start of the study, were individually housed
and maintained on a controlled 12h:12h light:dark cycle
throughout the study. All animals in Experiments 1 and
2 (described below) were age-matched (

 

�

 

 1 week), and
were randomly assigned to each drug treatment groups.
Animals were allowed free access to water and Purina
Laboratory Rat Chow (Purina Mills, St. Louis, MO)
prior to initiation of the study. Once drug dosing began,
all rats were placed on moderate caloric restriction in
order to offset possible weight changes across the exper-
imental groups that may have ultimately influenced
brain volumes. The animals maintained body weights at
75% of their free-feeding weights and were allowed to
gain an additional 5 g per week to account for normal
growth. The dietary restriction was continued through-
out the duration of the study and body weights in all
drug-treatment groups did not significantly differ from
the control group (data not shown). Weights were re-
corded weekly, with experimental drug dosage ad-
justed accordingly. Animal care was in accordance with
guidelines set by the 

 

National Institutes of Health Guide
for the Care and Use of Laboratory Animals

 

.
In experiment 1, there were four treatment groups:

haloperidol (1.0 mg/kg/day), clozapine (20.0 mg/kg/
day), risperidone (1.0 mg/kg/day), and a vehicle con-
trol. In experiment 2, initiated at a later date than exper-
iment 1, olanzapine (3.0 mg/kg/day) was compared
with vehicle. Clozapine (Novartis Pharmaceuticals, Basel,
Switzerland) and olanzapine (Eli Lilly, Inc., Indianapolis,
IN) were first dissolved in 1 

 

N

 

 HCL and then titrated to
pH 5.7 with 1 

 

N

 

 NaOH. Additional 0.9% saline was
added to achieve a final drug concentration of 1.4%. Halo-
peridol (McNeil Pharmaceuticals, Spring House, PA) and
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risperidone (Janssen Pharmaceutica, Inc., Beerse, Bel-
gium), supplied in concentrate form at 5 and 10 mg/ml,
respectively, were diluted in normal saline and the pH
adjusted to 5.7. To enhance the taste of all drug solu-
tions, 0.5% sucrose was added. The drugs were given
orally to the animals in their drinking water on a daily
basis. Water 

 

�

 

 drug intake, recorded daily, did not sig-
nificantly differ between the groups (data not shown).

Animals (n 

 

�

 

 112) were treated for a period of four
or eight months and at each endpoint, the animals were
anesthetized via an intraperitoneal injection of pheno-
barbital (40 mg/kg) and ketamine (50 mg/kg). Prior to
perfusion, the tip of the tail was clipped and 3 mL of blood
was collected in sodium heparin. The blood was centri-
fuged for 15 min at 2500 

 

�

 

 g at 8

 

�

 

C and the resulting
plasma frozen. Plasma levels for all drugs were assayed
by the Analytical Psychopharmacology Laboratories of
the Nathan Kline Institute (Orangeburg, NY). Plasma
levels of haloperidol were determined using a modified
gas-liquid chromatographic method that quantifies ha-
loperidol and a major metabolite, reduced haloperidol
(Bianchetti and Morselli 1978). Plasma risperidone and
its major metabolite, 9-hydroxyrisperidone, (LeMoing et
al. 1993) and plasma levels of clozapine and its inactive
metabolite, norclozapine (Simpson and Cooper 1978), were
measured using high-performance gas chromatography
with electrochemical detection. Plasma olanzapine was
assayed using a high performance liquid chromotography
approach as reported by Catlow et al. (1995).

Immediately following the blood collection, the ani-
mals were perfused through the left ventricle of the heart
with 0.9% saline, followed by fixative containing 2%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4).
Each brain was dissected from the cranium and stored
overnight in fresh fixative at 4

 

�

 

C. Following postfixation,
the brains were cryoprotected first in 15% and then 30%
sucrose in PBS. The brains were stored in 30% sucrose for
a maximum of three days for all animals, with the excep-
tion of both the 8-month groups in Experiment 2, which
were stored in 30% sucrose for six weeks. Following cryo-
protection, the brains were frozen in Tissue-Tek and
stored at 

 

�

 

70

 

�

 

C. Serial coronal sections (20 

 

�

 

M) were col-
lected from the rostral to caudal poles of the striatum and
stored at 

 

�

 

70

 

�

 

C. The mounted sections were air-dried,
briefly post-fixed with alcoholic formalin, stained with so-
lochrome, dehydrated in graded alcohol solutions, stained
with eosin, once again dehydrated in graded alcohol solu-
tions, cleared in xylene and cover-slipped in Permount.

Although all treatment groups initially had n 

 

�

 

 12
animals (the exception being the vehicle control groups
in Experiment 2; n 

 

�

 

 5), unequal n values occurred
across the groups. This was due to animal deaths that
veterinary examination suggested were unrelated to
drug treatment and the occasional loss of tissue due to
unavoidable perfusion and sectioning artifacts. Final n
values are indicated in Table 1.

 

Volumetric and Morphometric Analyses

 

All volumetric quantifications were performed with an
Olympus BH2 photomicroscope equipped with a high-
resolution Sony video-camera, a motorized XYZ axis
computer-controlled stage, and StereoInvestigator, a
morphometry and stereology software package (Micro-
BrightField, Inc., Colchester, Vermont). When calculat-
ing the volume of caudate-putamen, the boundaries
were defined and the volume was determined with the
StereoInvestigator software according to the Cavalieri
principle (Regeur and Pakkenberg 1989). Strict morpho-
logical criteria were used consistently in all animals to
determine the boundaries of the caudate-putamen, with
the region of interest corresponding to Plate 10 through
Plate 23 of the Paxinos Rat Brain Atlas (Paxinos and
Watson 1998). Briefly, the superior boundary of the stri-
atum was defined by the corpus callosum, the lateral
boundary by the external capsule, and the medial
boundary by the lateral ventricle and the corpus callo-
sum. The inferior boundary of the striatum lies between
gray matter structures, and was delineated by a line
drawn from the corpus callosum at the level of the rhi-
nal fissure, extending to the lower boundary of the lat-
eral ventricle, excluding the nucleus accumbens (Figure
1). Starting with one of the four most anterior sections,
selected on a random basis across brains, every twelfth
section through the rostrocaudal extent of the caudate-
putamen was analyzed. By using this sampling strat-
egy, approximately ten histological sections per brain
were analyzed. The Gundersen estimated coefficient of
error ranged from 0.03–0.05. All morphometric quanti-
fication was conducted blind by a trained technician
unaware of treatment group, and we obtained good
test-retest reliability (R

 

2

 

 

 

�

 

 0.92), calculated at the end of
a lengthy set of training sessions.

 

Statistical Analysis

 

As noted earlier, Experiments 1 and 2 were performed
separately, indicating likely cohort differences. Thus,

 

Table 1.

 

Mean Total Caudate-Putamen Volumes

 

Four Month (mm

 

3

 

) Eight Month (mm

 

3

 

)

 

Experiment 1
Vehicle  50.1 

 

�

 

 3.7 (

 

12

 

) 38.9 

 

�

 

 3.8 (

 

10

 

)
Haloperidol  54.8 

 

�

 

 5.3 (

 

12

 

)* 45.8 

 

�

 

 5.4 (

 

7

 

) **
Risperidone  46.6 

 

�

 

 8.9 (

 

10

 

) 40.4 

 

�

 

 5.4 (

 

11

 

)
Clozapine  48.6 

 

�

 

 4.5 (

 

10

 

) 44.8 

 

�

 

 8.0 (

 

11

 

) **
Experiment 2
Vehicle 55.9 

 

�

 

 3.2 (

 

5

 

) 34.6 

 

�

 

 2.3 (

 

5

 

)
Olanzapine  52.7 

 

�

 

 3.8 (

 

11

 

) 27.4 

 

�

 

 3.9 (

 

8

 

)*

 

Values are presented as means 

 

�

 

 S.E.M. (*p 

 

	 

 

.05; **p 

 

	 

 

.01, Bonferroni).
Values in parentheses represent the number of animals in the analysis.
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we felt it was inappropriate to use a 5 (vehicle, halo-
peridol, risperidone, clozapine, olanzapine) 

 

�

 

 2 (four
and eight months) fixed effects factorial ANOVA. Con-
versely, to analyze the experiments separately would
reduce the error degrees of freedom, thus leading to
less statistical power. Therefore, we chose to fit the
twelve cells (eight from Experiment 1 and four from Ex-
periment 2) into a one-cell means model. In order to sat-
isfy the assumptions of this model, the observations in
each cell had to be independent of one another and the
cell variances had to be approximately equal. Using
contrasts, we tested the main effects for drug, time, and
interaction separately for Experiment 1 and Experiment
2. These tests, in the context of the larger cell, allowed
for a more precise estimate of the mean square error,
with a greater number of degrees of freedom, thus lead-
ing to more powerful tests. All effects were fixed ef-
fects. An experiment effect was also tested in order to
assess whether it might have been possible to simply

combine the data into one experiment. All statistical
analyses were performed using the SAS system (SAS
Inc., Cary, NC).

 

RESULTS

 

Table 2 lists the mean plasma levels for all drugs ad-
ministered in the study and their corresponding thera-
peutic levels in humans. All animals, with the exception
of those treated with clozapine, had drug blood plasma
levels that were comparable to the therapeutic concen-
trations for the treatment of schizophrenia in humans.
Mean plasma levels for norclozapine, a major inactive
metabolite of clozapine, were 37.8 ng/ml at the eight
month time point (data not shown), possibly indicating a
high level of metabolic turnover for clozapine in the rat.

The treatment effects of vehicle, haloperidol, risperi-
done, and clozapine in Experiment 1 for both time points
are shown in Table 1. The R

 

2

 

 for the model was 0.68, in-
dicating that the model accounted for nearly 70% of the
variation in caudate-putamen volume, suggesting a sub-
stantial effect of drug and time. The overall model F

 

11,100

 

of 19.49 (

 

p

 

 

 

	

 

 .0001) indicated that experiment, treat-
ment, and time influenced caudate-putamen volume.
The experiment effect was smaller, but still highly sig-
nificant (F

 

1,100

 

 

 

�

 

 8.44, 

 

p

 

 

 

	

 

 .0045). Although the partial R

 

2

 

was 0.0269, demonstrating that time of experiment initi-
ation accounted for less than 3% of the variation in cau-
date-putamen volume; the most conservative approach
is to discuss the main effects and interactions separately
for Experiments 1 and 2.

In Experiment 1, the drug effect (F

 

3,100

 

 

 

�

 

 5.73, 

 

p

 

 

 

	

 

.0012) and time effect (F

 

1,100

 

 

 

�

 

 139.13, 

 

p

 

 

 

	

 

 .0001) were
highly significant, showing that both drug and duration
of administration affected volumes. The interaction be-
tween the two was non-significant, allowing interpreta-
tion of the main effects and contrasts within the main
effects. We tested three one-degree of freedom contrasts
within the drug effect: Haloperidol X vehicle, clozapine
X vehicle and risperidone X vehicle. At four months, we
demonstrated a significant difference only between ha-
loperidol and vehicle (F

 

1,100

 

 

 

�

 

 4.35, 

 

p

 

 

 

	

 

 .039), with sig-
nificantly larger caudate-putamen volumes in the halo-
peridol-treated animals (Table 1). At eight months, we
found significant differences between haloperidol and
vehicle (F

 

1,100

 

 

 

�

 

 6.50, 

 

p

 

 

 

	

 

 .0123) and between clozapine
and vehicle (F

 

1,100

 

 

 

�

 

 6.03, 

 

p

 

 

 

	

 

 .0158), but not between
risperidone and vehicle (F

 

1,100

 

 

 

�

 

 0.40, 

 

p

 

 

 

	

 

 .5309). Figure
2 illustrates that striatal volumes in animals treated
with haloperidol or clozapine are significantly larger
than striatal volumes in vehicle-treated animals at eight
months. The two contrasts remained significant at the
0.05 

 




 

 level following a Bonferroni correction that was
applied because three non-orthogonal hypotheses had
been tested.

Figure 1. Light microscope photographs of representative
20-�m coronal sections of the rat brain, stained with solo-
chrome and eosin. The boundaries of the caudate-putamen
nucleus used for the volumetric measurements are outlined
in blue. A, the most anterior section, corresponds to approx-
imately to Plate 10 of the Paxinos Atlas, while B corresponds
to plate 14, and C, the most posterior section, corresponds to
plate 23 (Paxinos and Watson 1998).
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In Experiment 2, the drug effect (F1,100 � 5.91, p 	
.0168) and time effect (F1,100 � 116.79, p 	 .0001) were both
statistically significant, showing that both drug and du-
ration of olanzapine administration affected volumes
(Table 1). The interaction effect was non-significant, en-
abling us to interpret both the main effects and the con-
trasts within. In a manner parallel to that of Experiment
1, we tested the difference between olanzapine and ve-
hicle at four and eight months. Figure 3 indicates that
there is a significant decrease in striatal volumes for an-
imals receiving olanzapine compared with vehicle at eight
months (F1,100 � 5.42, p 	 .0219).

DISCUSSION

In the present study, we found that chronic administra-
tion of haloperidol significantly increases caudate-puta-
men volumes in rats, thereby replicating the hypertrophy
seen in schizophrenic patients on neuroleptics (Heckers
et al. 1991; Jernigan et al. 1991; Chakos et al. 1994; Kesha-
van et al. 1994; Hokama et al. 1995; DeLisi et al. 1995).

Although methodological and anatomical considerations
complicate direct comparisons between human and rat
studies, the observed volume increases in the present
study of 8% to 15% (at 4 and 8 months, respectively) ap-
proximate the 6% to 15% increases reported previously
in schizophrenic patients undergoing treatment with
typical antipsychotic drugs (Chakos et al. 1994; Keshavan
et al. 1994). In addition, the results presented here
roughly parallel those seen by Chakos et al. (1998), who
examined the relationship between chronic haloperidol
treatment (1.5 mg/kg/day), vacuous chewing move-
ments and striatal volume in rats. Surprisingly, clozap-
ine also significantly increased striatal volumes following
eight months of administration, whereas olanzapine, an
atypical antipsychotic agent that shares a number of
similarities with clozapine, significantly decreased stri-
atal volumes in rats when administered for a corre-
sponding period of time. Long-term exposure to ris-
peridone, generally considered to be an atypical agent at
low doses, did not alter caudate-putamen volumes sig-
nificantly at either four or eight months. Furthermore, it
appears as though exposure to either clozapine or olan-
zapine in the rat must be fairly prolonged, as the ob-
served volume changes seen with these drugs appeared
to occur between four and eight months of administra-
tion, although it is important to note that adequate blood
plasma levels were obtained with only olanzapine and
risperidone, but not with clozapine. In general, studies
in schizophrenic patients have also indicated that longer
duration of treatment with typical antipsychotics, but
not cumulative dose, is associated with greater enlarge-
ment of the caudate (Frazier et al. 1996; Keshavan et al.
1994; Lieberman et al. 2001).

It must be noted that studies that examine striatal
volume changes in animals following long-term antipsy-

Figure 2. Data illustrating the effects of different classes of
antipsychotic drugs on caudate-putamen volume in animals
receiving vehicle (VEH), haloperidol (HAL), risperidone (RIS)
or clozapine (CLZ) for eight months. Data are expressed as
mean � S.E.M. Significant increases in caudate-putamen vol-
umes were seen in haloperidol- and clozapine-treated ani-
mals versus vehicle-control or risperidone-treated animals.
(**p 	 .01; Bonferroni).

Table 2. Mean plasma levels for all drugs at four and eight 
months.

Drug

Four 
Months
(ng/mL)

Eight Months
(ng/mL)

Human Therapeutic
Concentration

(ng/mL)

Haloperidol 9.7 11.5 10.0–15.0
Risperidone 26.0 33.0 20.0–80.0
Clozapine 5.4 11.0 300.0
Olanzapine 9.0 11.0 9.0–15.0

Figure 3. Data illustrating the effects of the atypical antipsy-
chotic agent olanzapine (OLZ) or vehicle (VEH) on caudate-
putamen volumes in animals treated for eight months. Data
are expressed as means � S.E.M. Caudate-putamen volumes
were significantly larger in the in the olanzapine-treated ani-
mals versus vehicle-control animals. (*p 	 .02; Bonferroni).
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chotic drug administration have not given completely
consistent results, much like the human studies. Our
data are in direct contrast to a rodent study by Lee et al.
(1999) that reported a decrease in striatal volumes follow-
ing clozapine administration, and no volume changes be-
tween animals treated with haloperidol or vehicle. Rob-
erts (2001) recently observed no change in striatal volumes
between rats treated with haloperidol or olanzapine for
six months. The disparities between the animal studies
may be due to a number of methodological differences,
such as the use of stereological analysis, different esti-
mations of the region of interest, and different drug dos-
ages and duration. For example, our volumetric analysis
was performed using an unbiased stereological method
rather than using D1- and D2-ligand autoradiograms to
determine striatal boundaries as was done by Chakos et
al. (1998) and Lee et al. (1999). Likewise, aspects of the
nucleus accumbens were included in the analysis by
Roberts (2001) but were not included in our study.

We also found a significant effect of time in both Ex-
periments 1 and 2, with all striatal volumes being sig-
nificantly smaller at eight versus four months. This main
effect of time affected all animals, including vehicle
controls, indicating that caudate-putamen volumes de-
creased with age in this population of rats, regardless of
drug treatment. This finding differs from reported hu-
man studies, in which caudate volumes in schizophrenic
patients increase while those of control subjects de-
crease over time (Chakos et al. 1994, 1995; Keshavan et
al. 1994; Corson et al. 1999) and may illustrate that the
relative length of drug administration in the present an-
imal study represents a much longer life-interval than
has been studied in humans. It is unlikely that this stri-
atal volume decrease is due to a disruption in brain mat-
uration, as rat brain development is essentially complete
by the end of the first postnatal month (Altman and Das
1966). However, the moderate dietary restriction imple-
mented in this study cannot be ruled out as influencing
the time-dependent decreases in striatal volumes. Al-
though caloric restriction has been shown to extend life
span and delay both aging and the onset of a number of
life-shortening diseases in laboratory animals (Mattson et
al. 2001), it is possible that caloric restriction may ulti-
mately play a role in the striatal volume changes. For
example, while Chakos et al. (1998) reported a similar
increase in caudate-putamen volumes as a result of ha-
loperidol administration, they did not see a correspond-
ing decrease in striatal volumes over time in their rats, all
of which were maintained on an ad libitum diet. There-
fore, it may be advantageous to measure both caudate-
putamen and total brain volumes at the initiation of fu-
ture studies, and to also add an additional control arm
consisting of rats fed an ad libitum diet.

Although both our present findings and those from
human studies appear to demonstrate that administra-
tion of various classes of antipsychotic agents influences

basal ganglial volumes in divergent ways, a number of
methodological concerns (e.g., the use of thick sections
with interslice gaps, the use of area measures, or vary-
ing definitions of specific regions of interest) have been
suggested as contributing to the equivocal data for stri-
atal volume changes in schizophrenic patients treated
with atypical antipsychotics (Keshavan et al. 1998a). An
additional factor that should be underscored is that
“atypical” antipsychotic agents comprise a class of drugs
that are quite different from one another with regard to
both pharmacological mechanisms and behavioral ef-
fects. Customarily, antipsychotics have been classified
as “atypical” because they produce significantly fewer
extrapyramidal symptoms than do typical neuroleptics
at clinically equivalent doses (Ichikawa and Meltzer
1999). Yet, atypical antipsychotics differ from each
other, as well as from typical antipsychotics, by their
occupancy of dopamine D2 or 5-HT2A receptors at thera-
peutic doses (Kinon and Lieberman 1996; Kasper et al.
1999; Miyamoto et al. 2000). Moreover, there are differ-
ent patterns in the occupancy of other receptors and sig-
nificant differences among the various atypical agents
with regard to behavioral outcome measures, such as
negative symptoms, cognitive dysfunction, and mood
stabilization (for review, see Ichikawa and Meltzer
1999). Due to these differences, atypicality may be better
viewed as a continuum, rather than categorically (Wad-
dington and O’Callaghan 1997; Remington and Kapur
2000). This perspective suggests the importance of con-
sidering the drug (rather than the class) as a separate
dependent variable in neuroimaging studies. For in-
stance, Gur et al. (1998) examined caudate volumes of
both neuroleptic-naïve and previously treated schizo-
phrenics, half of whom were treated with risperidone,
the other half with clozapine. Their conclusion that atyp-
ical antipsychotics were not associated with a change in
caudate volumes may be due to opposing drug effects,
since clozapine has been shown to decrease caudate
volumes (Keshavan et al. 1998b) and the present study
suggests that risperidone is not involved with striatal
volume change.

Another important dependent variable to consider in
such studies may be dose, with higher doses of atypical
antipsychotics decreasing basal ganglia volumes and
lower dosages increasing volumes. Studies which have
shown decreases in caudate volumes following atypical
antipsychotic administration include Frazier et al. (1996)
and Scheepers et al. (2000) where the mean dose of cloz-
apine was 400 and 346 mg/day, respectively, and Corson
et al. (1999), who reported that the largest decrements in
caudate nucleus volume occurred in four of ten patients
who had received low doses of typical neuroleptics at
intake and were then switched to “large doses” of cloz-
apine (unfortunately, their medication history was re-
ported in “dose-years”, thus making it difficult to decon-
volute the data). Conversely, significantly larger caudate
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volumes have been observed in patients administered a
mean clozapine dose of 228 mg/day (Staal et al. 2000).
Differences in drug dosages may also explain the re-
sults seen in the present rat study, as the (presumably)
low dosages of clozapine resulted in increased caudate
volumes, while higher doses of olanzapine caused de-
creased caudate volumes.

It has been hypothesized that sustained blockade of
neurotransmitter receptors following chronic antipsy-
chotic treatment causes a disruption of normal homeo-
static mechanisms within target neurons which may, in
turn, lead to substantial and long-lasting alterations in
the overall anatomic structure, as demonstrated by
striatal hypertrophy. This disruption is believed to pro-
duce a number of compensatory changes, including in-
creased striatal blood flow as well as activation, regen-
eration, hypertrophy and change in the number of striatal
synapses (Muller and Seeman 1977; Benes et al. 1983,
1985; Meshul and Casey 1989; Meshul et al. 1994; Roberts
et al. 1995). An overriding question, however, is how stri-
atal volume changes may affect either the course of
schizophrenia or the efficacy of the different antipsy-
chotic agents. While no correlation has been established
between structural abnormalities in the basal ganglia
and either tardive dyskinesia or extrapyramidal symp-
toms (Elkashef et al. 1994; Scheepers et al. 2000), larger
caudate volumes have been associated with poorer
neuropsychological test performances (Hokama et al.
1995), deficit syndrome (Buchanan et al. 1993) and more
severe symptomology (Gur et al. 1998), suggesting that
caudate enlargement may adversely modulate the ef-
fects of the medication. Furthermore, a recent study by
Scheepers et al. (2001) found that the degree of (left)
caudate volume decrease was significantly correlated
with improvement in positive and general symptoms,
but not negitive symptoms. Conceivably, the volume
decrease seen in schizophrenic patients following ad-
ministration of relatively high dosages of clozapine, and
perhaps olanzapine, may be indicative of a mechanism
by which a critical correction occurs in the overall corti-
cal-subcortical-thalamic circuitry, and as such, would
be partially responsible for the superior efficacy of this
class of antipsychotic agents with regard to cognition
and possibly, negative symptoms.

In summary, a convergence of evidence from neuro-
pathological, neuroimaging, and animal studies indicates
that basal ganglia volume changes seen in schizo-
phrenic patients are due more to antipsychotic treat-
ment rather than the disease process itself. While the
neuroplastic response of the striatum following neuro-
leptic exposure appears to cause volumetric increases,
atypical antipsychotics appear to affect the structures of
the basal ganglia differentially. The current data sug-
gest that this differential response may be due to both
the subclass of the atypical antipsychotic agent as well
as the relative dose of that agent.
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