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Both in vito and post-mortem investigations have demonstrated smaller volumes of the whole brain and of certain brain reons in

individuals with schizophrenia. It is unclear to what degree such smaller volumes are due to the illness or to the effects of antipsychotic

medication treatment. Indeed, we recently reported that chronic exposure of rnacaque monkeys to haloperidol or olanzapine, at doses

producing plasma levels in the therapeutic range In schizophrenia subjects, was associated with significantly smaller total brain weight and

volume, including an I .8-15.2% smaller gray matter volume in the left parietal lobe. Consequently, in this study we sought to determine

whether these smaller volumes were associated with lower numbers of the gray matter's constituent cellular elements. The use of point

counting and Cavalien's principle on Nissl-stairied sections confirmed a 14.6% smaller gray mailer volume in the left parietal lobe from

antipsychotic-exposed monkeys. Use of the optical fractionator method to estimate the number of each cell type in the gray mailer

revealed a significant 14.2% lower glial cell number with a concomitant 10.2% higher neuron density. The numbers ol neurons and

endothelial cells did not differ between groups. Together, the findings of smaller gray matter volume, lower glid cell number, and higher

neuron density without a difference in total neuron number in antipsychotic-exposed monkeys parallel the results of post-mortem

schizophrenia studies, and raise the possibility that such observations in schizophrenia subjects might be due, at least :n part, to

antipsychotic medication effects.
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INTRODUCTION

Both structural imaging Shenton et a!, 2001 and post

mortem Harrison, 1999 studies have revealed smaller

volumes of the whole brain and of certain cortical regions in

schizophrenia subjects. Although smaller regional brain

volumes have been observed in antipsychotic-naive indivi

duals with first-episode schizophrenia Gur ci a!, 1998;

Keshavan eta!, 1998; Szeszko eta!, 2003, some longitudinal

imaging studies suggest that brain volume declines further

after the initiation of antipsychotic medication treatment.

For example, Gur et a! 1998 observed that in antipsycho

tic-naive individuals with first-episode schizophrenia, the

volumes of the frontal and temporal lobes decreased
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significantly after 1.5 years of antipsychotic medication

treatment. In addition, smaller whole-brain volumes

Wood et a!, 2001 and larger cerebral ventricle volumes

Lieberman et a!, 2001 were also observed in first-episode

schizophrenia subjects after antipsychotic medication

treatment for up to 2 years. Since these imaging studies

appropriately did not include healthy control subjects

exposed to antipsychotic medications, it is not possible to

determine if the changes in brain volumes reflected the

underlying disease process and/or the effects of antipsy

chotic medications. Interpretations of volumetric findings

from post-mortem schizophrenia studies are similarly

constrained,

Although limited in other respects, the interpretation of
schizophrenia studies can be informed through the study of

macaque monkeys chronically exposed to antipsychotic

medications under controlled conditions. For example, we

recently reported that chronic exposure to haloperidol or

olanzapine was associated with smaller brain weight and

volume in macaque monkeys Dorph-Petersen ci a!, 2005.

The mean volume of the left cerebrum was significantly

smaller by 8.8% in the haloperidol group and by 10.5% in
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the olanzapine group relative to the sham group. Among the

five brain areas assessed, the left parietal lobe exhibited one

of the greatest volume decreases. It was significantly smaller

by 11.1% in the haloperidol group and by 13.3% in the

olanzapine group. In addition, the gray matter volume in

the left parietal lobe was also significantly smaller in both

the haloperidol 11.8% and olanzapine 15.2% groups.

The parietal white matter volume was also smaller in both

the haloperidol 13.3% and olanzapine 12.7% groups

relative to the sham group; however, neither difference

achieved statistical significance.

Although these findings require replication, they raise the

question of whether a smaller gray matter volume in a

certain brain region of antipsychotic-exposed monkeys

might be associated with lower numbers of one or more of

the gray matter's constituent cellular elements. Because of

the magnitude of the volume reduction in the parietal lobe,

it offered the best opportunity to answer this question. In

addition, the answer to this question might be particularly

informative given the findings that, in at least some cortical

regions, schizophrenia is associated with lower glial cell

number Hofet at, 2003; Stark eta!, 2004 without a change

in neuron number Pakkenberg. 1993; Thune eta!, 2001. In

order to address this question, an unbiased stereological

design was used to estimate the total numbers and densities

of neuronal, glial, and endothelial cells in the gray matter of

the left parietal lobe from the same cohort of monkeys.

MATERIALS AND METHODS

Antipsychotic Drug Administration to Monkeys

The procedures for the chronic exposure of macaque

monkeys to antipsychotic medications, euthanasia, brain

removal, and dissection were reported previously Dorph

Petersen et a!. 2005. In brief, 18 experimentally naive,

sexually mature 4.5-5.3 years of age male macaque

monkeys Macaca fascicu/aris were divided into three

groups ii =6 monkeys/group. In addition, mean body

weight was balanced across experimental groups. All studies

were carried out in accordance with the NIH Guide for the

Care and Use of Laboratory Monkeys and were approved by

the University of Pittsburgh Institutional Animal Care and

Use Committee.

The monkeys were trained to self-administer, twice daily,

custom-made sucrose pellets Research Diets Inc., New

Brunswick, NJ containing haloperidol sulfate Spectrum

Chemicals and Laboratory Products, Gardena, CA, olanza

pine Eli Lilly, Indianapolis, IN, or no antipsychotic

medication sham. The doses mean of haloperidol and

olanzapine were titrated to 24-28mg 27.3 mg per day for

haloperidol and 11-13.2mg 11.9mg per day for olanza

pine. These doses produced a mean steady-state trough

plasma level of - 1.5 ng/ml for haloperidol and 15 ng/ml

for olanzapine. These plasma levels have been associated

with antipsychotic efficacy in individuals with schizo

phrenia, while minimizing extrapyramidal symptoms and

hyperprolactinemia Kapur a a!, 1997, 1998; Oosthuizen

et a!, 2004; Perry a a!, 2001. The monkeys in the

haloperidol group received haloperidol for a mean of 27

months. However, due to procurement delays, monkeys

in the olanzapine group received sham pellets for

approximately 10 months before receiving olanzapine for

a mean of 17 months. Monkeys had free access to water, and

ate 20-30 food pellets Purina Monkey Chow daily

following the afternoon drug administration. The mean

weight gains in the haloperidol and olanzapine groups were

not different from the sham. In addition, both initial and

terminal mean body weights were not different across

groups Dorph-Petersen et a!, 2005.

Tissue Processing

Following antipsychotic medication exposure, monkeys

were matched by terminal body weight and euthanized in

triads. The brain was extracted, and the cerebellum and

brainstem were removed by cutting through the mesence

phalon at the level of the superior colliculi. The cerebral

hemispheres, cerebellum, and brainstem were bisected, and

the left cerebrum was dissected, following gyration patterns,

producing five pieces: 1 frontal; 2 parietal; 3 occipital;

4 temporal; and 5 cerebellum and brainstem. The

parietal piece was defined rostrally by the bottom of the

central sulcus, caudally by a planar cut through the lunate

sulcus extending to the medial surface, and ventrally by a

cut from the bottom of the lateral fissure extending through

the dorsal edge of the corpus callosum and by a cut from the

bottom of the lateral fissure through the angular gyrus. All

pieces were placed in 4% paraformaldehyde for 48h, rinsed

in a graded series of sucrose solutions, and stored in

cryoprotectant at -30°C. For each monkey, the interval

from the extraction of the brain to the immersion of the

pieces in paraformaldehyde was below 72 mm.

Each parietal piece was embedded in 7% low-melt agarose

SeaPlaque Agarose, Cambrex, Rockland, ME and cut

perpendicular to the intraparietal sulcus in a systematic

and uniformly random manner producing 12-15 slabs with

a mean thickness of T= 2.5 mm. Each monkey was assigned

a coded number and the position of monkeys from each

experimental group was randomized within individual

triads. Each slab was mounted using the Precision

Cryoembedding system Pathology Innovations, Wyckoff,

NJ Peters, 2003a, b and four 80 pm sections ie, the block

advance, BA = 80 him, containing the full face of the slab,

were cut from the rostral surface on a cryostat. With a

random start, the same numbered section was selected from

each slab in a triad and the section number was shifted by

one in each subsequent triad. The resulting sets of

systematic and uniformly random sections were immersed

in 4% paraformaldehyde for 24 h, mounted, dried overnight,

and stained for Nissl substance with thionin.

Stereological Assessment of Parietal Volumes

A single investigator GTK, blinded to experimental group

and subject number, conducted all observations on the

Nissl-stained sections using an Olympus BX51 microscope

equipped with a MT12OI microcator 0.2 tm resolution, an

ND28IB readout Heidenhain, Germany, and a X-Y-Z

motorized specimen stage ProScan, Prior Scientific, UK.

Using a x 2 photo eyepiece PE2X, Olympus, Japan, a

three-chip CCD camcorder ICY-F5SB, JYC, Japan was

mounted on the top of the microscope, and forwarded a

760 x 570 pixel live image 50 frames/s to a personal
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