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ABSTRACT Our previous work has shown that chronic haloperidol treatment de-
creases striatal symmetric synapses preferentially in rats which develop oral dyskine-
sias (vacuous chewing movements (VCMs)). The present experiment tests the hypothe-
sis that olanzapine, which does not cause dyskinesia in humans or rats, would not cause
the ultrastructural changes produced by haloperidol. After 6 months of treatment, VCM
scores for the olanzapine group (5.1 6 4.5) were similar to those of controls (5.2 6 3.9),
whereas rats in the haloperidol group were either nondyskinetic (4.3 6 2.2) or dyskinetic
(16.9 6 6.7). The volume of the striatum (mm3), did not differ among the groups: control,
37.5 6 4.7; olanzapine, 36.4 6 4.3; haloperidol, nondyskinetic, 40.5 6 6.3; haloperidol,
dyskinetic, 36.6 6 5.9. Synaptic density (per 1 mm3), obtained from the central region of
the striatum, did not differ between the olanzapine (0.699 6 0.146) and control groups
(0.652 6 0.108). The number of asymmetric synapses in the olanzapine group (0.624 6
0.136) was also similar to that of controls (0.550 6 0.090). The number of symmetric
synapses in the olanzapine group (0.074 6 0.032) was not significantly different from
that of controls (0.096 6 0.043). Thus, olanzapine, in contrast to haloperidol, did not
produce dyskinesias or synapse loss. These results strengthen the correlation between
the expression of VCMs and striatal synaptic changes and indicate that olanzapine has
fewer behavioral and anatomical side effects than does haloperidol. Synapse 39:8–15,
2001. © 2001 Wiley-Liss, Inc.

INTRODUCTION

Neuroleptics given to rats provide an experimental
model to study both the general effects of antipsychot-
ics on the brain (Benes et al., 1985a,b; Meshul and
Casey, 1989; Meshul and Tan, 1994; Meshul et al.,
1992; Roberts et al., 1995; Uranova et al., 1991) and the
behavioral, pharmacological, and anatomical corre-
lates of neuroleptic-induced movement disorders (Burt
et al., 1977; Clow et al., 1980; Gunne and Haggstrom,
1983; Iverson et al., 1980; Roberts et al., 1995; Tam-
minga et al., 1990; Waddington, 1990). Typical neuro-
leptics given chronically to rats induce behavioral se-
quelae which mimic tardive dyskinesia in several
ways. Numerous studies have examined neuroleptic-
induced changes in striatal anatomy. For instance,
chronic haloperidol treatment in rats and humans pro-
duces a slight enlargement in the striatum (Chakos et
al., 1994, 1998), whereas atypical antipsychotics do not
have this effect. In experimental animals, changes in
synaptic organization occur after either subchronic or
chronic treatment (Benes et al., 1985a,b; Meshul and
Casey, 1989; Meshul and Tan, 1994; Meshul et al.,

1992; Uranova et al., 1991). Moreover, particular ana-
tomical changes have been correlated with oral dyski-
nesias (Egan et al., 1994; Kelley et al., 1997; Roberts et
al., 1995). Our previous work has shown that chronic
treatment with haloperidol decreases overall striatal
synaptic density, and that symmetric synapses are lost
only in the subset of rats with oral dyskinesias (vacu-
ous chewing movements (VCMs)) (Roberts et al., 1995).

Atypical antipsychotics, such as clozapine, olanzap-
ine, and sertindole, have been used in experimental
animals to assess the incidence of VCMs (Gao et al.,
1998; Kakigi et al., 1995) or to look at anatomical
correlates of drug treatment (Meshul and Casey, 1989;
Meshul et al., 1992). As in humans, these atypical
antipsychotics have a low incidence of producing dys-
kinesias when given chronically to rats (Gao et al.,
1998; Kakigi et al., 1995). At the ultrastructural level,
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clozapine produces minimal changes in certain types of
striatal synapses which are altered by haloperidol (Me-
shul et al., 1992). Olanzapine has potent therapeutic
actions on the symptoms of schizophrenia (Beasley et
al., 1996) and a low potency for producing movement
disorders (Tollefson et al., 1997). Olanzapine is similar
to clozapine in its chemical structure, receptor affinity
profile (Bymaster et al., 1996), and its selective action
on mesolimbic vs. nigrostriatal dopamine neurons
(Skarsfeldt, 1995). A recent study has shown that rats
treated chronically with olanzapine do not develop
VCMs (Gao et al., 1998). The goal of the present study
was to examine the ultrastructural organization of the
striatum of rats chronically treated with olanzapine to
test the hypothesis that an antipsychotic without mo-
tor side effects would not affect the number of symmet-
ric synapses. This work has been reported in prelimi-
nary form (Roberts et al., 1999).

MATERIALS AND METHODS
Drug treatment

Forty-eight adult male Sprague-Dawley (Charles
River, Wilmington, MA) albino rats, initially weighing
200 g, were organized into three drug treatment
groups: 1) olanzapine (2.0 mg/kg/day, n 5 12); 2) halo-
peridol (1.5 mg/kg/day, n 5 26); and 3) water as the
control (n 5 10). Prior to drug treatment, animals were
allowed 1 week to accommodate to the laboratory con-
ditions. Haloperidol-treated rats received a solution of
2.5 mg haloperidol / 100 ml water to drink; olanzapine-
treated rats received a solution of 3.3 mg olanzapine /
100 ml water to drink. Details of the methods for pre-
paring the olanzapine have been described previously
(Gao et al., 1998). The haloperidol serum levels ob-
served in rats after administration of the above dosage
(6.8 6 1.1 ng/ml; Gao et al., 1997) is similar to the
levels of plasma in psychotic patients (Van Putten et
al., 1985). The same haloperidol dose, method of drug
delivery, or length of treatment do not result in signif-
icant changes in food and water intake and body
weights (Gao et al., 1997). The dose of olanzapine se-
lected for the present study was based on a dose–
response study showing that this dose in rats produces
a drug plasma level of 9.3 6 7.4 ng/ml (Gao et al., 1998),
which is within the human therapeutic range (Beasley
et al., 1996). The substantia nigra was used from these
rats in a concurrent study whose design required a
subset of the high VCM rats to be withdrawn from drug
for a period of time. Thus, to ensure that enough rats
would end up in the high VCM group in order to sub-
divide it, 26 rats were used. Testing several hypotheses
on the same group of rats ultimately results in fewer
numbers of animals.

Behavior testing

VCMs were assessed as described previously (Gao et
al., 1997; Roberts et al., 1995; Tamminga et al., 1990).

Each rat was observed in an empty Plexiglass cage
(30 3 18 3 25 cm) by a rater blind to the treatment
groups; animals were allowed 2 min to accommodate to
the cage followed by a 5-min test period. Testing was
conducted at baseline before drug treatment and then
monthly during the 6-month treatment period. In the
last month, animals were tested twice and VCM scores
were averaged; if the rat received one low VCM score
and one high VCM score, it was tested two more times
and the final score was the average of the last four
tests. Rats were divided into a low VCM group (,8
VCMs/5min) and a high VCM group ($8 VCMs/5min).
The score of $8 VCMs/5 min has been identified by
mixture analysis to be the point of dichotomy between
low and high VCMs (Hashimoto et al., 1998). VCMs are
represented as group means 6 standard deviation.

Tissue preparation

After six months of treatment, rats were withdrawn
from drug for 3 days and then sacrificed as detailed
previously (Roberts et al., 1995). The reason for the
3-day drug withdrawal is to allow for a washout period,
which is important for receptor binding studies. Since
many studies of neuroleptic-induced VCMs utilize re-
ceptor binding, for comparative purposes the 3-day
washout was used in the present study. Thus, rats
were deeply anesthetized with a mixture of ketamine/
xylazine (5 mg ketamine 1 1 mg xylazine/100 g body
weight) and perfused transcardially with 50 ml of 0.9%
saline followed by 500 ml paraformaldehyde and 1%
glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 (PB).
All animals were treated according to institutional
guidelines. Brains were postfixed for 18–72 h in para-
formaldehyde in PB (4°C) and coronally sectioned with
a vibratome (40 mm thick); six series of sections were
collected.

Tissue was processed for electron microscopic analy-
sis using standard techniques. Briefly, the sections
were rinsed in PB (3 3 10 min), immersed in 1% os-
mium tetroxide for 1 h, stained en bloc with 1% uranyl
acetate for 2 h, dehydrated in alcohols, infiltrated with
resins, embedded flat on slides, and heated at 60°C for
72 h. Blocks of tissue were removed from the anterior
half (rostro-caudal axis) and central region (medio-lat-
eral-dorso-ventral axis) of the striatum (Fig. 1B),
mounted on resin beam capsules, thin-sectioned, and
examined with the electron microscope. This region
was selected based so these results could be compared
to our previous work showing anatomical changes in
haloperidol-treated rats in this location (Roberts et al.,
1995).

Striatal volume

Striatal volume was determined to assess whether or
not olanzapine affected striatal volume. Every sixth
section (240 mm apart), was stained with cresyl violet
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and used for volume analyses. The choice of which of
the first six sections would be used was determined at
random according to the Cavalieri method as described
in Ingham et al. (1998). A schematic illustration show-
ing representative sections from the rostrocaudal ex-
tent of the striatum is shown in Figure 1. The striatum
was measured using similar, but not identical, bound-
aries as those of Ingham et al. (1998). Thus, the most
anterior section fell randomly within the first 240 mm
of the anterior pole of the striatum (Fig. 1A), while the
most posterior section was measured at the level where
Ammon’s horn first becomes visible (Fig. 1D). This
sampling scheme yielded approximately 16 sections
per series per rat. The volume of the striatum was then
calculated using Stereologer software (Systems Plan-
ning and Analysis, Alexandria, VA). The numbers of
rats analyzed per group were: control (n 5 5), olanza-
pine (n 5 9), haloperidol low VCM (n 5 6), haloperidol
high VCM (n 5 6), haloperidol combined (n 5 12).

EM data collection and analyses

For this analysis, seven olanzapine-treated rats and
five water-treated controls were studied; all selected
rats had low VCM scores. Striata from three of the five
control rats and six of the seven olanzapine-treated
rats used for EM were also measured for volume anal-
ysis. Animals with the best ultrastructural integrity
were selected for analysis. Electron micrographs of the
neuropil were taken (@ 10,0003) from serial sections. A
montage of six micrographs (average area 5 282 6 45
mm2 for olanzapine and 278 6 23mm2 for controls) was
photographed in an average of six sections per animal.
The final viewing magnification was 25,000–30,0003.

To determine the density of synapses, the disector
stereological technique (Geinisman et al., 1996; Sterio,
1984) was used. Briefly, boxes were drawn in each
series of micrographs denoting the neuropil present in
every micrograph. Synapses intersecting the left and
lower edges of the box were included in the analysis,
whereas those intersecting the upper and right edges

were not included. In each ribbon of sections, synapses
were identified and counted if they disappeared in the
look-up section. Thus, sections 1&2 comprised dissec-
tor 1, sections 2&3 comprised disector 2, etc. (as de-
scribed in Geinisman et al., 1996). The number of syn-
apses is expressed throughout the text as mean
density 6 standard deviation / 1 mm3.

The densities of the following synaptic types were
tabulated: all unlabeled synapses combined, axospi-
nous synapses (divided into either symmetric or asym-
metric subtypes), axodendritic synapses (divided into
either symmetric or asymmetric subtypes), asymmetric
synapses (divided into either axospinous or axoden-
dritic subtypes), symmetric synapses (divided into ei-
ther axospinous or axodendritic subtypes), synapses
with perforated postsynaptic densities (perforated syn-
apses). The criteria for identifying a synapse were par-
allel pre- and postsynaptic membranes, a postsynaptic
density and the presence of vesicles near the synapse in
the presynaptic element. The raw number of synapses
examined per animal was 95.6 6 21.8 synapses per rat
for the controls, and 94.6 6 21.9 synapses per rat for
the olanzapine-treated group; the number of raw syn-
apses per group was not significantly different between
groups.

Statistics

Striatal volume and VCM scores were analyzed by a
one-way ANOVA followed by a post-hoc Student’s in-
dependent t-test (to compare control, olanzapine, low
and high VCM haloperidol groups) or control, olanza-
pine, and haloperidol groups. To assess drug-induced
ultrastructural changes, the data were organized into
two groups (control, olanzapine). Unless otherwise
mentioned, P-values throughout the text refer to the
results of post-hoc t-tests.

RESULTS

Mean final body weights were similar among the
three drug treatment groups: 1) the control group
weighed 859 6 138 g; 2) the olanzapine group weighed
868 6 157 g; and 3) the haloperidol group weighed
868 6 61 g. Furthermore, there was no difference be-
tween the average weights of the low-VCM haloperidol-
treated rats (862 6 84 g) and the high-VCM haloperi-
dol-treated rats (874 6 39 g).

Overall group VCM scores are presented in Figure 2.
VCM scores differed among the three treatment groups
(ANOVA, P , 0.05). The VCM scores of the olanzapine
group did not differ from those of the control or low-
VCM haloperidol groups. The olanzapine group (and
controls) had significantly lower VCM scores than
those of the haloperidol group as a whole (P , 0.02), as
well as the subset of haloperidol rats with high VCMs
(P , 0.001). Some individuals in the olanzapine group
(n 5 3) had high VCM scores, but neither the propor-

Fig. 1. Schematic illustration showing representative sections
from the rostrocaudal extent of the region of the striatum where
measurements were taken. The extent of the striatum is large and the
shape somewhat irregular. Thus, the striatum was measured within
the shaded boundaries. The most anterior section fell within the first
240 mm of the anterior pole of the striatum. In the second section, the
asterisk denotes the placement of the sample taken for ultrastruc-
tural analysis. The third section is at the level of the globus pallidus.
The last section measured was at the level where Ammon’s horn first
became visible.
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tion of cases (n 5 3 out of 11), nor the scores (11.9 6 0.4)
differed from those control rats (n 5 3 out of 10) that
developed spontaneous VCMs (9.6 6 0.6). Moreover,
the high VCMs developed by those rats in the control
and olanzapine groups were not as high as typical for
the high-VCM haloperidol group (8.5–27.5). In the hal-
operidol-treated group, eight rats were in the low-VCM
group and 18 rats were in the high-VCM group. Nine of
the rats with high VCM scores were withdrawn from
drug (for 1 month) prior to sacrifice for use in a concur-
rent study.

There were no between-group differences in striatal
volume among the three drug treatment groups
(ANOVA, P . 0.05). Thus, the volume of the striatum
in the olanzapine group did not differ significantly from
that of the control or haloperidol-treated groups (Fig.
3). Moreover, striatal volume did not differ between the
control group and the haloperidol group — or the con-
trol group and either the low- or high-VCM haloperidol
groups.

The ultrastructural organization of the striatum is
reported here for the control and olanzapine cases, but
not the haloperidol cases, as this has been studied
previously (Lapidus et al., 1998; Roberts et al., 1995).
The ultrastructural integrity of the striatum in the
olanzapine-treated rats was within normal limits when
compared to that of the control group (Figs. 4, 5). Stri-
atal synaptic organization did not differ significantly in
the olanzapine-treated rats in comparison to the con-
trols (Fig. 6). Thus, there were no significant differ-
ences in overall combined synaptic density nor in the
densities of any of the subgroups that were studied.

DISCUSSION

The results of the present study show that olanzap-
ine given chronically to rats produced VCM scores sim-
ilar to that of controls and produced no changes in
striatal size or alterations in synaptic density. The
observation that olanzapine given at clinically relevant
doses produces VCM scores similar to controls is con-
sistent with a previous study in rodents examining the
behavioral response to this atypical antipsychotic in a
dose–response paradigm (Gao et al., 1998) and with
clinical data showing very low TD liability (Tollefson et
al., 1997). Although it is possible that massive doses of
olanzapine may cause both VCMs and/or ultrastruc-
tural changes, it is important to note that at clinically
relevant doses none of these changes are evident.

Striatal size enlarges by a small degree (5– 8%) in
schizophrenic individuals and some experimental
animals treated with typical neuroleptics (Chakos et
al., 1994, 1998), although the cellular compartment
responsible for this size change is unknown. In the
present study as well as a previous study (Lapidus et
al., 1998), no significant changes in striatal volume
were observed after chronic treatment with haloper-
idol, neither in the group as a whole nor in the
dyskinetic subset. The functional significance of
slight enlargement in striatal size following typical
antipsychotics is unknown, but may not be related to
TD, as the time course of striatal size changes and
the emergence of TD do not match. Nevertheless, in
the present study olanzapine did not cause changes
in striatal volume.

Overall synaptic density, as well as the density of
several subtypes of synapses, were normal in the olan-
zapine-treated rats. Our results with olanzapine are
consistent with those of Meshul et al. (1992), who have
shown few ultrastructural effects in rat striatum with

Fig. 2. Histogram illustrating the behavioral scores at study end
for control, olanzapine- (Olz), and haloperidol-treated rats (Hal-L 5
low-VCM rats, Hal-H 5 high-VCM rats, and Haldol 5 combined
scores for low- and high-VCM rats). Note that the VCM scores of the
Olz group did not differ from that of the controls or the haloperidol-
treated rats with low VCMs. The VCM scores of the olanzapine-
treated group were significantly lower than that of the Hal-H group
(**P , 0.001) and the haloperidol group as a whole (*P , 0.02). Error
bars indicate standard deviation.

Fig. 3. Histogram showing striatal volumes for control, olanzap-
ine-, and haloperidol (Hal)-treated rats (see abbreviations in Fig. 2).
The volume of the striatum, determined from stereological methods,
was not statistically different among the groups. Since there were no
significant effects on volume, this feature was not included in the
analysis of synaptic density. Error bars indicate standard deviation.
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Fig. 4. A sample dissector from a control case. In order to show a
larger field of neuropil, the final viewing magnification of these mi-
crographs (22,000X) is smaller than what was used for analysis (25–
30,000X). Synapses are counted if they appear in one section, but not
the look-up section. Synapses intersecting the left and lower edges
(dotted lines) are counted, while synapses intersecting the top and

right edges (solid lines) are not counted. Highlighted arrows point to
synapses present in section (A) but not the look-up section (B). Simple
arrows point to synapses present in both sections. The area of the
counting box is 34.3 mm2. d, dendrite; s, spine; t, terminal. Scale bar 5
1 mm.



Fig. 5. Examples of different types of synapses (arrows) in an olanzapine-treated animal: (A) asym-
metric axospinous, (B) symmetric axospinous, (C) asymmetric axodendritic, (D) symmetric axodendritic.
d, dendrite; s, spine; t, terminal. Scale bar 5 0.5 mm.

Fig. 6. Histogram showing the synaptic
organization of the central region of the stri-
atum in control and olanzapine-treated rats.
Synaptic density derived from stereological
analysis (no. of synapses / 1 mm3) is illus-
trated. No difference was detected between
groups in the density of all synapses com-
bined or for the subcategories of synapses
shown. All (all synapses combined); AS,
asymmetric axospinous; AD, asymmetric
axodendritic; SS, symmetric axospinous; SD,
symmetric axodendritic; Asym, all asymmet-
ric synapses; Sym, all symmetric synapses;
Perf, perforated synapses; Den, all axoden-
dritic synapses; SP, all axospinous synapses.
Error bars indicate standard deviation.
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another atypical antipsychotic, clozapine. In contrast,
our previous studies in haloperidol-treated rats identi-
fied a loss of striatal asymmetric synapses, a change
which was affected by a similar magnitude in rats with
low and high VCMs (Lapidus et al., 1998; Roberts et al.,
1995). Since this change was noted in animals with and
without dyskinesias, it is apparently a drug effect
rather than related to the dyskinetic behavior. Striatal
asymmetric synapses are of predominantly cortical or
thalamic origin, suggesting a neuroleptic-induced de-
crease in excitatory neurotransmission (Kemp and
Powell, 1971). If the reduction of asymmetric synapses
in haloperidol-treated rats is indicative of pathology
after such treatment, then the lack of these ultrastruc-
tural changes in the olanzapine-treated striatum
would suggest a more benign effect of this drug than of
haloperidol. If, however, reduction of asymmetric syn-
apses in haloperidol-treated rats is involved with the
antipsychotic action of the drug, then the lack of stri-
atal ultrastructural changes in olanzapine-treated rats
suggests that the site of action of this drug is else-
where. In fact, olanzapine, unlike haloperidol, fails to
activate nigrostriatal dopamine neurons (Skarsfeldt,
1995) and fails to stimulate c-fos in the striatum (Rob-
ertson and Fibiger, 1996), consistent with the latter
interpretation.

Our previous data demonstrated that striatal sym-
metric synapses were decreased in number only in
haloperidol-treated rats with high VCMs (Lapidus et
al., 1998; Roberts et al., 1995). Symmetric synapses,
characteristic of striatal interneurons (DiFiglia, 1987;
Ribak et al., 1979; DiFiglia and Aronin, 1984), collat-
erals of striatal projection neurons (Kitai et al., 1979;
Somogyi et al., 1981; Wilson and Groves, 1980), and
afferents such as nigrostriatal inputs (Kubota et al.,
1987a,b; Pickel et al., 1981) are typically inhibitory in
nature. The decrease in density of symmetric synapses
was reversible upon drug withdrawal and cessation of
VCMs (Roberts et al., 1995). This correlation between a
decrease of striatal symmetric synapses and the emer-
gence of oral dyskinesias is consistent with, but does
not in itself prove, that the loss of symmetric synapses
might cause VCMs. If decreases in the density of sym-
metric synapses are, in fact, involved in the pathology
of VCMs, it is not surprising that such changes are
absent after treatment with olanzapine, which has few
if any motor side effects (Gao et al., 1998; Tollefson et
al., 1997). Thus, the results of the present study sup-
port one of the tenets of causality — that the effect
(VCMs) and the putative cause (a neuroleptic-induced
decrease in striatal symmetric synapses) covary. Ex-
periments to further explore the causal relationship
between striatal symmetric synapse loss and neurolep-
tic-induced oral dyskinesias are under way in our lab-
oratory.
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