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Hospital, Århus, Denmark; 3Department of Statistics, University of Pittsburgh, Pittsburgh, PA, USA; 4Department of Neuroscience, University of

Pittsburgh, Pittsburgh, PA, USA

Both in vivo and post-mortem investigations have demonstrated smaller volumes of the whole brain and of certain brain regions 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 macaque 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 11.8–15.2% 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 Cavalieri’s principle on Nissl-stained sections confirmed a 14.6% smaller gray matter 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 matter

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

endothelial cells did not differ between groups. Together, the findings of smaller gray matter volume, lower glial 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 in part, to

antipsychotic medication effects.
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INTRODUCTION

Both structural imaging (Shenton et al, 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 et al, 1998;
Keshavan et al, 1998; Szeszko et al, 2003), some longitudinal
imaging studies suggest that brain volume declines further
after the initiation of antipsychotic medication treatment.
For example, Gur et al (1998) observed that in antipsycho-
tic-naive individuals with first-episode schizophrenia, the
volumes of the frontal and temporal lobes decreased

significantly after 1.5 years of antipsychotic medication
treatment. In addition, smaller whole-brain volumes
(Wood et al, 2001) and larger cerebral ventricle volumes
(Lieberman et al, 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 et al, 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 (Hof et al, 2003; Stark et al, 2004) without a change
in neuron number (Pakkenberg, 1993; Thune et al, 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 al, 2005). In brief, 18 experimentally naive,
sexually mature (4.5–5.3 years of age) male macaque
monkeys (Macaca fascicularis) were divided into three
groups (n¼ 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 24–28 mg (27.3 mg) per day for
haloperidol and 11–13.2 mg (11.9 mg) per day for olanza-
pine. These doses produced a mean steady-state trough
plasma level of B1.5 ng/ml for haloperidol and B15 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 et al, 1997, 1998; Oosthuizen
et al, 2004; Perry et al, 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 al, 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 48 h, rinsed
in a graded series of sucrose solutions, and stored in
cryoprotectant at �301C. For each monkey, the interval
from the extraction of the brain to the immersion of the
pieces in paraformaldehyde was below 72 min.

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 T¼ 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 mm sections (ie, the block
advance, BA¼ 80 mm), 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 MT1201 microcator (0.2 mm resolution), an
ND281B readout (Heidenhain, Germany), and a X–Y–Z
motorized specimen stage (ProScan, Prior Scientific, UK).
Using a � 2 photo eyepiece (PE2X, Olympus, Japan), a
three-chip CCD camcorder (KY-F55B, JVC, Japan) was
mounted on the top of the microscope, and forwarded a
760� 570 pixel live image (50 frames/s) to a personal
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computer. The computer ran the CAST stereology software
package (Version 2.00.07, Olympus, Denmark), and was
fitted with a frame grabber (Flashpoint 3D, Integral
Technologies, IN) and a 19 inch monitor (FlexScan T765
Color Display Monitor, EIZO Nanao Corp., Japan) having a
screen resolution of 1280� 1024 pixels. The microscope was
calibrated daily using a calibration slide, and was mounted
on a vibration isolation table (Q500A, Qontrol Devices Inc.,
CA) to facilitate high-magnification imaging.

Point counting was carried out on each Nissl-stained
section using a Plan Apo � 1.25 objective and a final
magnification of � 33 at the monitor. A grid of points (area
per point, a¼ 2.36 mm2) was superimposed over each
section and an average of 403 points were counted in the
gray matter. From these counts, and using the Cavalieri
method (Gundersen and Jensen, 1987; Howard and Reed,
1998), the gray matter volume of each parietal piece was
estimated as: V:¼TaSPi, where T is the mean slab
thickness, a is the area per point, and Pi is the number of
points hitting the gray matter. Here and elsewhere ‘:¼ ’
indicates ‘estimated by’.

Stereological Assessment of Total Cell Numbers in the
Parietal Cortex

A Plan Apo � 4 objective was used to draw contours
around the gray matter in each Nissl-stained section. Using
the nucleus as the sampling item, all nucleated cells were
counted in optical disectors (Gundersen, 1986) using a Plan
Apo � 100 oil-immersion objective (NA¼ 1.4) at a final
magnification of � 2677 at the monitor. In addition,
counted cells were subtyped based on morphological
criteria (Figure 1). Neurons had euchromatin in the nucleus,
a clearly visible nucleolus, and surrounding cytoplasm. Glial
cells had heterochromatin in the nucleus and no cytoplasm.
Endothelial cells had a curved shape or were located around
a blood vessel. Cells not otherwise classified were marked as
‘unknown’. No efforts were made to distinguish among

classes of neuronal or glial cells. To assess for intrarater
reliability of cell classification, 12 sections were arbitrarily
selected from different monkeys. Cells were counted
through the full thickness of each section twice on different
days. The intraclass correlation coefficients for intrarater
reliability across sections were 0.94 for neurons, 0.94 for
glia, and 0.79 for endothelial cells.

In an initial calibration study, cells were sampled using
unbiased counting frames (Gundersen, 1977) in the full
thickness of 30 sections that were chosen from all monkeys
in a systematic and uniformly random manner. A total of
2178 cells were counted, the z-position (ie, the distance
from the section surface) of each counted cell was recorded,
and section thickness was measured at every frame
containing a counted cell. These calibration data demon-
strated that shrinkage in section thickness was linear
(Dorph-Petersen et al, 2001, 2004b) and that lost caps at
the surfaces of the sections had a limited impact.

Based on the data from the calibration study, the optical
fractionator (West et al, 1991) was used to estimate the total
numbers of neuronal, glial, and endothelial cells in the gray
matter of the left parietal lobe from all monkeys using an
unbiased counting frame with an area of aframe ¼ 219.7 mm2,
a disector height of h¼ 8 mm, and an upper guard zone of
2.9 mm. The distance between frames (ie, the ‘stepping
distance’), D, was kept constant for all the sections within
each monkey, but varied from 700 to 800 mm across
monkeys. D was adjusted for each monkey using the point
count-based volume estimates and mean cell densities
observed in the previous monkeys (calibration values were
used for the first monkey) to achieve counts above 600 for
both neuronal and glial cells. As a result, an average of 948
neuronal, 767 glial, 299 endothelial, and 86 unknown cells
(2099 all cell types) were counted in each monkey.

Similar to the calibration study, section thickness was
measured at each frame containing a counted cell. Mean
section thickness across all sections was 20.5 mm with a
mean coefficient of variation (CV) of 0.15 within each
monkey and a mean CV of 0.06 across all monkeys. Thus,
despite a marked shrinkage of B75% in section thickness
and a high degree of variability in thickness within sections,
mean section thickness was stable across monkeys.

Uneven shrinkage in section thickness can introduce
biases when using the classical optical fractionator. How-
ever, such potential biases were eliminated by using the
optical fractionator based on a mean section thickness that
was number weighted (�tQ�) (Dorph-Petersen et al, 2001,
2004b). Mean section thickness was number weighted as
follows:

�tQ� ¼
X

i

ðtiq
�
i Þ=

X

i

q�
i

where ti is the local section thickness in the center of the ith
counting frame having a count of q�

i (Dorph-Petersen et al,
2001). Total cell numbers were estimated as:

N :¼ 1

asf

1

ssf

1

hsf

X
Q�

where asf is the area sampling fraction (aframe/D2), ssf is the
section sampling fraction (BA/T), hsf is the height sampling
fraction (h=�tQ�), and Q� is the number of a given cell type
counted.

Figure 1 Bright field photomicrographs demonstrating the distinguishing
morphology of neuronal, glial, and endothelial cells. (a) Neuronal
(pyramidal) cell (*), and glial cell (arrow). (b) Endothelial cell (arrowhead).
(c) neuronal (multipolar interneuron) cell. Calibration bar¼ 25mm.
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Precision of the Stereological Estimates

Previously published measurements of the left parietal lobe
volume in these monkeys were made using an implementa-
tion of Archimedes’ principle of water displacement
(Scherle, 1970). These measurements were very precise
and had a mean coefficient of error (CE) of B0.004 (Dorph-
Petersen et al, 2005). Unbiased stereological estimates made
from tissue sections, such as those in the present study, are
typically associated with a higher level of error and thus are
less precise. In many stereological studies, this problem is
addressed by keeping the variance due to measurement
error somewhat lower than the variance due to intrinsic
biology. Consequently, the most efficient way to increase a
stereological study’s statistical power is by increasing
subject number (Gundersen and Østerby, 1981). However,
in this study the number of available monkeys was limited.
In addition, power calculations suggested that a high level of
precision in the stereological estimates might reveal
potential differences between experimental groups. Thus,
we used a large number of sections (B13 per monkey) and
cell counts for neurons and glial cells (B800 of each per
monkey) to produce stereological estimates with a high
precision (Table 1), albeit at the cost of increasing
microscopy time. The precision of the volume estimates
were calculated using the methods of Gundersen and Jensen
(1987) and Gundersen et al (1999), and the precision of
the number estimates were calculated using the methods
of Gundersen et al (1999). Owing to the stereological
estimates’ high precision, B90% of the total observed
variance within groups is due to variability in intrinsic
biology across monkeys. Additional variance was intro-
duced into the estimates because some degree of uncer-
tainty is inherent in classifying cells; however, this
additional variance is likely quite small as over 95% of
cells were readily classified.

In addition to the (very low) stereological measurement
CE assessed above, the precision of the final estimates are
influenced by the precision of the parietal lobe’s delinea-
tion. Our approach did not produce a systematic bias since
the positions of the cuts that defined the parietal lobe were
dictated by the cortical gyration pattern within each
individual brain, and we do not expect the gyration pattern
or the position of cytoarchitectonic boundaries to be

influenced by antipsychotic exposure. In addition, the
direction of the volume changes was similar in all five
dissected brain regions from the antipsychotic-exposed
monkeys relative to the sham monkeys (Dorph-Petersen
et al, 2005), indicating that the smaller parietal volumes in
the antipsychotic-exposed animals cannot be explained by a
differential dissection across animal groups. Our approach
also has the added strength of ensuring that a brain region’s
delineation remains constant across measurements (eg,
volume estimates vs cell number estimates). Furthermore,
the use of cytoarchitectonic criteria does not increase
the precision of brain region delineation because, as we
have shown in previous studies, the determination of
cytoarchitectonic boundaries is associated with variability
that limits precision (Dorph-Petersen et al, 2004a;
Sweet et al, 2005).

Statistical Analyses

A two-way ANOVA model, with group as the main effect
and triad as a blocking factor, was used to assess the effect
of chronic antipsychotic exposure on the gray matter
volume in the left parietal lobe from macaque monkeys.
Post hoc comparisons of volume between groups were made
using Tukey’s multiple comparisons test. Because volume
data, obtained previously (Dorph-Petersen et al, 2005) and
in the current study, indicated that the haloperidol and
olanzapine groups both differed from the sham group in the
same direction and to a similar magnitude, the contrast of
the combined antipsychotic-exposed group vs the sham
group, based upon a two-way ANOVA model, was used to
assess the effect of chronic antipsychotic exposure on the
cell number and density data. One-tailed testing of these
contrasts was carried out due to the directionality of the
hypothesized effect (eg, reduced cell number in antipsycho-
tic-exposed monkeys). Analyses were implemented in SPSS
and SAS PROC GLM with a¼ 0.05.

RESULTS

Consistent with previous measures that were highly
precise (Dorph-Petersen et al, 2005), mean gray matter
volume in the left parietal lobe differed significantly across

Table 1 Summary of Stereological Results

Nall (� 106) (CE) Nneuron (�106) (CE) Nglia (� 106) (CE) Nendothelial (�106) (CE) Nunknown (� 106) (CE)

Sham

Mean 460 (0.02) 202.1 (0.03) 175.3 (0.04) 64.7 (0.06) 18 (0.12)

SD 58.6 24.6 33.3 18 6.7

CV 0.13 0.12 0.19 0.28 0.37

Antipsychotic-exposed

Mean 418.6 (0.02) 190.1 (0.03) 150.3 (0.04) 60.7 (0.06) 17.4 (0.11)

SD 35.6 24.8 11.4 11 4

CV 0.09 0.13 0.08 0.18 0.23

Nall is the total number of all cells, Nneuron is neuron number, Nglia is glial number, Nendothelial is endothelial number, and Nunknown is unknown number. Standard
deviation (SD), mean coefficient of error (CE), and interindividual coefficient of variation (CV) are listed for all measures.
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experimental groups (F(2,10)¼ 7.11, p¼ 0.012). Gray matter
volume was significantly smaller by 13.9% (p¼ 0.03) in the
haloperidol group and by 15.3% (p¼ 0.02) in the olanzapine

group (Figure 2) relative to the sham group, but did not
differ between the haloperidol and olanzapine groups
(p¼ 0.95). The mean CE was 0.02 for the estimates of gray
matter volume.

In the gray matter of the left parietal lobe from
antipsychotic-exposed monkeys, a 9% lower total number
of all cell types trended toward significance (t¼�1.63,
p¼ 0.07). This effect appeared to be largely explained by a
significant (t¼�1.93, p¼ 0.04) 14.2% lower glial cell
number (Table 2 and Figure 3). In contrast, no reductions
were found in the numbers of neuronal (t¼�0.96,
p¼ 0.18), endothelial (t¼�0.72, p¼ 0.24), or unknown
(t¼�0.26, p¼ 0.4) cells. Similar effects were also observed
when individual antipsychotic groups were compared
against sham (Table 2).

The densities (Figure 4) of all cell types, neurons, and
endothelial cells were higher by 7, 10.2 and 10.3%,
respectively, in the antipsychotic-exposed monkeys. How-
ever, only the densities of all cell types (t¼ 1.76, p¼ 0.055)
and neurons (t¼ 1.75, p¼ 0.055) trended toward signifi-
cance. The densities of glial (t¼ 0.18, p¼ 0.43), endothelial

Table 2 Comparison of Antipsychotic Groups with Sham

All antipsychotics Haloperidol Olanzapine

Mean % difference p Mean % difference p Mean % difference p

Total cell number �9 0.067 �10.6 0.063 �7.4 0.137

Neuron number �5.9 0.181 �6.3 0.198 �5.5 0.230

Glial cell number �14.2 0.041 �18.1 0.030 �10.3 0.127

Endothelial cell number �6.1 0.243 �7.1 0.242 �5.2 0.305

Total cell density 7 0.055 3.9 0.206 10 0.027

Neuron density 10.2 0.055 8.3 0.124 12.2 0.051

Glial cell density 1 0.430 �4.3 0.268 6.4 0.181

Endothelial cell density 10.3 0.123 7.6 0.223 12.9 0.104

p-Values represent the results of a two-way ANOVA model followed by a one-tailed contrast of the indicated antipsychotic group and sham group.

Figure 2 Left parietal gray matter volumes for the sham- (S),
haloperidol- (H), and olanzapine- (O) exposed monkeys. Significant
differences were found between haloperidol and sham (p¼ 0.03) and
olanzapine and sham (p¼ 0.02), but not between haloperidol and
olanzapine (p¼ 0.95) groups. The horizontal bars indicate group means.

Figure 3 Cortical cell numbers from the left parietal lobe of the
haloperidol- (thin open circles), olanzapine- (thick open circles), and sham-
(filled circles) exposed monkeys. The number of glial cells significantly
differed between the antipsychotic-exposed and sham groups (p¼ 0.04),
and the total number of all cell types trended toward significance
(p¼ 0.07). The horizontal bars indicate sham and antipsychotic-exposed
group means.

Figure 4 Cortical cell densities from the left parietal lobe of the
haloperidol- (thin open circles), olanzapine- (thick open circles), and sham-
(filled circles) exposed monkeys. The densities of all cell types and neurons
were greater in the antipsychotic-exposed groups, and trended toward
significance (p¼ 0.055 and p¼ 0.055, respectively). The horizontal bars
indicate sham- and antipsychotic-exposed group means.
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(t¼ 1.23, p¼ 0.12), and unknown (t¼ 1.34, p¼ 0.11) cells
were not significantly different. Similar effects were also
observed when individual antipsychotic groups were
compared against sham (Table 2). As seen in Table 1, the
CEs indicate that the stereological estimates are highly
precise. Cells labeled as ‘unknown’ represented less than 5%
of all cells counted.

DISCUSSION

Using a different approach in tissue sections, this study, as
expected, replicates in the same material, the previous
finding of smaller gray matter volume in the left parietal
lobe from monkeys chronically exposed to antipsychotic
medications (Dorph-Petersen et al, 2005). In addition, the
cell counts suggest that lower glial cell number is associated
with a smaller gray matter volume in the left parietal lobe.
Furthermore, the higher neuron density is consistent with a
preserved neuron number in the face of a smaller gray
matter volume.

In a prior study, Selemon et al (1999) examined the effects
of chronic antipsychotic exposure on cell densities in the
dorsolateral prefrontal cortex (area 46) of macaque
monkeys. In antipsychotic-exposed monkeys, neuron and
glial cell densities were altered in certain lamina, but no
significant differences in the entire cortex were observed.
Although cortical volume was not assessed, layer V was
wider in antipsychotic-exposed monkeys, but again, no
overall differences in cortical thickness were observed.
Importantly, the oral doses used in the Selemon et al (1999)
study, while comparable to those administered in humans,
do not produce trough plasma levels associated with
therapeutic efficacy in schizophrenia because of a much
faster metabolic rate of antipsychotic medications in
monkeys (Dorph-Petersen et al, 2005; Kassahun et al,
1997; Mattiuz et al, 1997). In addition, monkeys were
exposed to antipsychotic medications for only 6 months.
Thus, it is difficult to determine whether the absence of
differences in overall neuron and glial cell densities and
cortical thickness in the Selemon study reflects a lower
degree of antipsychotic exposure relative to the present
study, or differences in the cortical regions examined and
the counting methods employed.

Several questions are raised by our findings of smaller
cortical volume, lower glial cell number, higher neuron
density, and no change in neuron number in the gray matter
of the left parietal lobe from antipsychotic-exposed
monkeys. First, how might antipsychotic exposure lead to
lower glial cell number? Haloperidol might reduce glial cell
number, at least in part, by inducing glial cell death. Indeed,
haloperidol reduces glioma cell viability (Behl et al, 1995)
and induces neuron apoptosis (Ukai et al, 2004) and
necrosis (Behl et al, 1995). Conversely, olanzapine promotes
the activation of antiapoptotic pathways in rodent frontal
cortex (Bai et al, 2004; Fumagalli et al, 2006; Wang et al,
2001) and in pheochromocytoma cells (Lu et al, 2004). In
addition, olanzapine also protects pheochromocytoma cells
from cytotoxic oxidative damage (Wei et al, 2003). Thus,
antipsychotic-induced cell death is not a parsimonious
explanation for lower glial cell number and higher neuron
density in both the haloperidol and olanzapine groups.

Alternatively, exposure to haloperidol or olanzapine
might reduce glial cell production. Glial turnover continues
in the adult brain (Kaplan and Hinds, 1980; Lawson et al,
1992; McCarthy and Leblond, 1988), during which certain
glial cells are eliminated under physiologic conditions
through apoptosis (Barres et al, 1992; Krueger et al, 1995).
Eliminated cells are replaced by oligodendrocytes or
astrocytes produced from progenitor cells in the CNS
(Cameron and Rakic, 1991; Kaplan and Hinds, 1980) or by
microglia that are produced in the hematopoietic bone
marrow and subsequently migrate to the CNS (Eglitis and
Mezey, 1997; Rezaie and Male, 1999). Therefore, in the
present study, antipsychotic exposure could have impaired
the production of oligodendrocytes, astrocytes, or microglia
in the face of ongoing elimination, thereby reducing glial
cell number. Although two studies suggest that both
haloperidol (Kippin et al, 2005) and olanzapine (Kodama
et al, 2004) might increase glial cell production in the rodent
brain, both used cell density measurements that can be
affected by antipsychotic-induced alterations in brain
volume. Thus, explaining the mechanism that accounts for
our findings requires both replication of this study and
additional studies using glia-specific markers to determine
if antipsychotic medications affect certain classes of glial
cells and whether such effects differ between rodents and
primates.

Second, is the lower glial cell number sufficient to account
for the associated smaller gray matter volume in the left
parietal lobe? Unfortunately, the proportion of the gray
matter volume attributable to glial cell processes and myelin
sheaths has not been estimated using unbiased stereological
methods. Thus, the degree to which lower glial cell number
contributes to a smaller gray matter volume remains an
open question. In addition to lower glial cell number,
reductions in neuropil elements (eg, axonal fibers and
terminals, and dendritic arbors and spines), might also
contribute to a smaller gray matter volume. Although
certain axon terminals appear unaffected in antipsychotic-
exposed monkeys (Akil et al, 1999; Lewis et al, 2001; Pierri
et al, 1999), antipsychotic exposure could reduce the extent
of dendritic arbors and the density of dendritic spines
(Benes et al, 1985). However, these structures could not be
assessed in the current study.

Third, could the current results be explained by the
misclassification of cells? The intrarater correlation coeffi-
cient for cell classification was 0.94 for neurons, 0.94 for
glia, and 0.79 for endothelial cells, suggesting a high degree
of consistency in cell classification. Furthermore, since all
counts were carried out blind to subject group, any
misclassification would be comparable across groups.
Several types of cell misclassification could have occurred:
(1) misclassification of small neurons as glial cells, (2)
misclassification of glial cells as small neurons, or (3) some
small neurons misclassified as glial cells and some glial cells
misclassified as small neurons. However, if one assumes
that only the parietal gray matter volume is different
between subject groups and the total number of neurons
and glial cells is not different, then all three types of cell
misclassification would produce the same results: no change
in total neuron and glial cell numbers, and higher neuron
and glial densities in the antipsychotic-exposed monkeys
relative to the sham monkeys. Since we found no change in
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neuron number, lower glial cell number, higher neuron
density, and no change in glial cell density in the
antipsychotic-exposed monkeys relative to the sham
monkeys, cell misclassification alone cannot account for
the current results.

Fourth, to what extent do the effects of antipsychotic
exposure in monkeys parallel the results from post-mortem
schizophrenia studies? Interestingly, similar to the findings
of the present study, post-mortem studies in schizophrenia
subjects have revealed smaller volumes of frontal, parietal,
and temporal cortices (Pakkenberg, 1993; Selemon et al,
2002), lower glial cell (area 24) (Stark et al, 2004) and
oligodendrocyte number (area 9) (Hof et al, 2003), higher
neuron density in the dorsolateral prefrontal (area 9),
anterior cingulate (area 24), and primary visual (area 17)
cortices (Chana et al, 2003; Selemon et al, 1995), and no
change in total neuron number in the prefrontal (Thune
et al, 2001) or total neocortex (Pakkenberg, 1993) relative to
normal comparison subjects. However, whereas treatment
with typical antipsychotics has been reported to lead to
smaller volumes in certain cortical areas in subjects with
schizophrenia (Dazzan et al, 2005; Lieberman et al, 2005),
atypical antipsychotics might preserve cortical volume
(Dazzan et al, 2005) or slow the rate of volume decreases
(Lieberman et al, 2005). Thus, different antipsychotic
medications might interact with the underlying disease
process producing different patterns of change in cortical
volume. Nevertheless, the findings of the current study at
least raise the possibility that some previous reports of
morphological and cellular alterations in the cerebral cortex
of schizophrenia subjects might be confounded by the
effects of chronic antipsychotic treatment.
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