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Abstract
Background—Both in vivo and post-mortem studies suggest that oligodendrocyte and myelination
alterations are present in individuals with schizophrenia. However, it is unclear whether prolonged
treatment with antipsychotic medications contributes to these disturbances. We recently reported that
chronic exposure of macaque monkeys to haloperidol or olanzapine was associated with a 10−18%
lower glial cell number in the parietal grey matter. Consequently, in this study we sought to determine
whether the lower glial cell number was due to fewer oligodendrocytes as opposed to lower numbers
of astrocytes.

Methods—Using fluorescent immunocytochemical techniques, we optimized the visualization of
each cell type throughout the entire thickness of tissue sections, while minimizing final tissue
shrinkage. As a result, we were able to obtain robust stereological estimates of total oligodendrocyte
and astrocyte numbers in the parietal grey matter using the optical fractionator method.

Results—We found a significant 20.5% lower astrocyte number with a non-significant 12.9% lower
oligodendrocyte number in the antipsychotic-exposed monkeys. Similar effects were seen in both
the haloperidol and olanzapine groups.

Conclusion—These findings suggest that studies investigating glial cell alterations in
schizophrenia must take into account the effect of antipsychotic treatment.
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Introduction
Cognitive deficits, among the core clinical features of schizophrenia (1), appear to reflect
dysfunction of a number of cortical regions. Oligodendrocytes, by ensheathing cortical axons
with myelin, enhance the rate of action potential conduction along axons and thereby play an
important role in cognitive functions (2;3). In individuals with schizophrenia, alterations in
cortical myelination have been detected using MRI (4), and a lower number of
oligodendrocytes has been found in the dorsolateral prefrontal cortex in post-mortem studies
(5). Moreover, reduced levels of transcripts selectively expressed by oligodendrocytes have
been reported in schizophrenia (6;7), and polymorphisms in the myelin-associated glycoprotein
(MAG) gene have been associated with susceptibility to the illness (8). Together these studies
suggest that subjects with schizophrenia have fewer oligodendrocytes and that those present
are functionally impaired.

However, it remains unclear the degree to which chronic antipsychotic treatment contributes
to lower oligodendrocyte numbers. We recently reported that chronic exposure to haloperidol
and olanzapine in macaque monkeys is associated with a lower number of glial cells in the
grey matter of the parietal lobe (9), which was selected for study because it was the brain
regions with the greatest antipsychotic-associated volume decrement (10). Based upon the
literature cited above, we hypothesized that the antipsychotic-associated lower glial cell
number was due predominantly to fewer oligodendrocytes. To test this hypothesis we used
methods, based upon unbiased stereological principles, to estimate the number of
oligodendrocytes immunoreactive for myelin 2’,3’-cyclic nucleotide 3’-phosphodiesterase
(CNP), an enzyme specific to oligodendrocytes (11), and as a negative control, the number of
astrocytes labeled for S100B, a calcium binding protein found mostly in astrocytes and in a
small subset (∼2%) of oligodendrocytes (12) in the same cohort of haloperidol-, olanzapine-,
and sham-exposed monkeys used in our previous studies (9;10). To obtain robust estimates of
cell numbers, we developed an approach to optimize the visualization of immunoreactive
oligodendrocytes and astrocytes throughout the entire thickness of tissue sections while
minimizing final tissue shrinkage.

Methods and Materials
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 (10). All studies were
carried out in accordance with the NIH Guide for the Care and Use of Laboratory Animals and
were approved by the University of Pittsburgh Institutional Animal Care and Use Committee.
In brief, 18 experimentally-naïve, sexually mature (4.5−5.3 years of age) male macaque
monkeys (Macaca fascicularis) were divided into 3 groups (n = 6 monkeys / group). The mean
initial and terminal body weights, along with the mean weight gain during the period of
antipsychotic administration, did not differ across the three groups (10). Animals received
twice daily oral doses of sweetened pellets containing haloperidol, olanzapine, or sham for 17
−27 months. At steady state, trough plasma levels of haloperidol and olanzapine were 1.5 and
15 ng/ml, respectively; values within the range of plasma levels reported to be effective in
schizophrenia (13;14).

Tissue processing
Following antipsychotic medication exposure, monkeys were matched by terminal body
weight and euthanized in triads. The parietal lobe was dissected out as described previously
(10). The parietal lobes were placed in 4% paraformaldehyde for 48 hours, rinsed in a graded
series of sucrose solutions, and stored in cryoprotectant at −30°C. Each parietal lobe was
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embedded in 7% low-melt agarose (SeaPlaque Agarose, Cambrex, Rockland, ME) and cut
(perpendicular to the intra-parietal sulcus) in a systematic, uniformly random manner
producing 12−15 slabs with a mean thickness of T = 2.5 mm (see Fig. 1 in Ref. 15). The cutting
was facilitated by the use of a knife which was custom-coated with a non-stick surface
(STAR*COTE 7055, ICS Technologies, ON, Canada). 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) (16;17) and 40 μm sections (i.e., the block advance,
BA = 40 μm), containing the full face of the slab, were cut from the rostral surface on a cryostat.

Tissue sections were incubated for 30 minutes at room temperature in phosphate buffered saline
(PBS) containing 4.5% normal donkey serum and 4.5% normal human serum, and then
incubated for 48 hours at 4°C in PBS containing 3% normal human serum, 3% normal donkey
serum, 0.05% bovine serum albumin, and a mouse monoclonal antibody (SMI-91R, 1:1500
dilution; Covance Research Products, Berkeley, CA) directed against myelin 2,′3′-cyclic
nucleotide 3′-phosphodiesterase (CNP) or a mouse monoclonal antibody (clone SH-B1,
1:16,000 dilution; Sigma-Aldrich, St. Louis, MO) directed against the beta subunit of the S-100
protein (S100B). Next, tissue sections were incubated for 24 hours at 4°C in PBS containing
3% normal human serum, 3% normal donkey serum, and a CY3-conjugated donkey anti-mouse
antibody (1:400 dilution; Jackson ImmunoResearch Laboratories, West Grove, PA). Finally,
all tissue sections were mounted on chrome alum-gelatin coated slides, air dried for <30
minutes, rehydrated for 10 minutes in distilled water, and coverslipped using ProLong Gold
anti-fade medium (Molecular Probes, Eugene, OR). To optimize visualization of
immunocreactive cells, tissue sections were pretreated with 1% sodium borohydrate for 1 hour
for oligodendrocytes and 0.3% Triton X-100 was included in the blocking and both antibody
incubation steps for astrocytes. Because Triton X-100 caused some oligodendrocytes to appear
indistinct, it was not included in the oligodendrocyte incubation steps. One section from each
slab of each animal was selected and processed for each antibody.

The CNP antibody has been shown to label oligodendrocytes (18) by specifically labeling the
CNP protein as demonstrated by Western blot (19). Moreover, no immunoreactivity was
detected in brain tissue sections from a CNP knock-out mouse (20). The S100B antibody has
been shown to label astrocytes (21) by specifically labeling the beta subunit of the S-100 protein
as demonstrated by Western blot (22). In addition, no immunoreactivity was detected in brain
tissue sections from a S100B knock-out mouse (23).

Stereological assessment of CNP-IR oligodendrocyte and S100B-IR astrocyte number
A single investigator (GTK), blinded to experimental group and subject number, conducted all
observations on the immunofluorescently-labeled sections using an Olympus BX51
microscope equipped with a MT1201 microcator (0.2 μm resolution), a ND281B readout
(Heidenhain, Germany), and a X-Y-Z motorized specimen stage (ProScan, Prior Scientific,
UK). A HQ TRITC filter (filter set 41002, excitation range = 510−560 nm, emission range =
573−648 nm, Chroma Technologies, Brattleboro, VT) was used with a 100W high pressure
mercury burner (BH2-RFL-T3, Olympus, Japan) as a light source. Using a 2X 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 pixels live image (50 frames/sec) to
a personal 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” 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.
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A Plan Apo 4X objective was used to draw contours around the grey matter in each section.
Using the cell soma as the sampling item, all CNP-immunoreactive (IR) oligodendrocytes
(Figure 1) and S100B-IR astrocytes (Figure 2) were counted in optical disectors (24) using a
Plan Apo 100X oil immersion objective (NA = 1.4) at a final magnification of 2677X at the
monitor. To assess for intra-rater 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 intra-class correlation coefficient across sections was 0.96 for both
CNP-IR oligodendrocytes and S100B-IR astrocytes, demonstrating high intra-rater reliability.

In an initial calibration study, CNP-IR oligodendrocytes and S100B-IR astrocytes cells were
sampled using unbiased counting frames (25) in the full thickness of 50 sections from two
monkeys. A total of 1378 CNP-IR oligodendrocytes and 2284 S100B-IR astrocytes were
counted, the z-position (i.e., the distance from the section surface) of each counted cell was
recorded, and section thickness was measured at every frame containing a counted cell. Plots
of the count data versus z-position revealed that CNP-IR oligodendrocytes and S100B-IR
astrocytes could be visualized throughout the entire thickness of the tissue sections. In addition,
local shrinkage was found to be linear such that a constant average cell density was observed
at all levels of focus except at the surface of the sections corresponding to lost caps (26;27).

Based on these calibration data, the optical fractionator (28) was used to estimate the total
numbers of CNP-IR oligodendrocytes and S100B-IR astrocytes in the grey matter of the left
parietal lobe from all monkeys using an unbiased counting frame with an area of aframe = 1318
μm2, a disector height of h = 10 μm for CNP and h = 8 μm for S100B, and an upper guard zone
of 6 μm for CNP and 4 μm for S100B. The disector height and upper guard zone were different
for CNP and S100B sections because the calibration revealed different mean tissue section
thickness for each set of sections (28.9 μm for CNP, 24.8 μm for S100B). Counting frames
were arranged in a square grid, the distance between frames (i.e., the “stepping distance”), D,
was different for CNP and S100B sections, but was kept constant for all the CNP and S100B
sections within each monkey such that D varied from 500 to 900 μm for CNP and 1000 to 1150
μm for S100B sections across monkeys. D was adjusted for each monkey using the point count-
based volume estimates obtained previously (9;10) and mean cell densities observed in
preceding monkeys (calibration values were used for the first monkey) to achieve counts of at
least 400 cells for both CNP-IR oligodendrocytes and S100B-IR astrocytes in each monkey.
As a result, an average of 602 CNP-IR oligodendrocytes, and 525 S100B-IR astrocytes were
counted in each monkey.

Similar to the calibration study, section thickness was measured at each frame containing a
counted cell. For CNP, the mean section thickness across all sections was 29.4 μm with a mean
coefficient of variation (CV) of 0.15 within each monkey and a mean CV of 0.05 across all
monkeys. For S100B, the mean section thickness across all sections was 26.4 μm with a mean
CV of 0.15 within each monkey and a mean CV of 0.06 across all monkeys. Thus, despite a
high degree of variability in thickness within each section, which is commonly seen in cryostat
sections, mean section thickness was stable across monkeys.

Uneven shrinkage in section thickness can introduce biases when using the classical optical
fractionator. However, such potential biases were eliminated by using the optical fractionator
based on a mean section thickness that was number-weighted (t̄Q−) (26;27). Mean section

thickness was number-weighted as follows:  where ti is the local section
thickness in the center of the ith counting frame having a count of  (26). Total cell numbers

were estimated as:  where ssf is the section sampling fraction
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(BA/T ), asf is the area sampling fraction ( aframe/D2), hsf is the height sampling fraction (h/
t̄Q−), and Q− is the number of a given cell type counted.

Precision of stereological estimates
The statistical power to discriminate group differences depends upon the number of animals
in each group as well as the inter-individual variance within each group. Typically, the most
efficient way to increase statistical power is by increasing subject number (29). However, in
this study the number of available monkeys was limited. Because we used unbiased methods,
the observed inter-individual variance is the sum of the genuine biological variance (i.e., the
differences between animals if we could exactly determine the total number of the cells of
interest) and the mean estimator variance (the stereological or methodological error). In many
stereological studies, the estimator variance is a substantial fraction (25−50%) of the observed
variance. Therefore, a minor gain in power can be obtained by further reducing the stereological
method error. Thus, we used a large number of sections (∼13 per monkey) and substantial cell
counts for CNP-IR oligodendrocytes (∼600 per monkey) and S100B-IR astrocytes (∼500 per
monkey) to produce stereological estimates with a high precision (Table 1). The precision of
the number estimates were calculated using previously described methods (30). Due to the high
precision of the stereological estimates, ∼90% of the total observed variance within groups is
due to variability in intrinsic biology across monkeys. Some additional variance might have
been introduced due to immunofluorescent processing.

As reported previously (9), the parietal lobe was defined by anatomical boundaries to reduce
the variability of brain region delineation. This decision was based on previous findings that
the use of cytoarchitectonic boundaries does not increase the precision of brain region
delineation because such delineations are associated with increased variability (31;32). In
addition, this approach ensures that a brain region's delineation remains constant across
measurements (e.g., brain region volume estimates vs. cell number estimates).

Statistical analyses
Because both haloperidol and olanzapine affected glial number to a similar degree (9), the
contrast of the combined antipsychotic-exposed group versus the sham group, based upon a
two-way ANOVA model (with additive effects of group and triad), was used to assess the
effect of chronic antipsychotic exposure on the oligodendrocyte and astrocyte number and
density measured for each monkey, and the ratio for each monkey of oligodendrocyte and
astrocyte number to the total glial cell number previously estimated (9). One-sided testing of
these contrasts was done due to the directionality of the hypothesized effect (e.g., reduced
oligodendrocyte in antipsychotic-exposed monkeys). Analyses were implemented in SPSS and
SAS PROC GLM with μ= 0.05.

Results
In the grey matter of the left parietal lobe from antipsychotic-exposed monkeys, a 12.9% lower
number of CNP-IR oligodendrocytes (Figure 3), relative to sham-exposed monkeys, trended
toward significance (t = −1.45, df = 10, p = 0.088). In contrast, the number of S100B-IR
astrocytes was significantly (t = −2.05, df = 10, p = 0.034) 20.5% lower (Figure 4) in the
antipsychotic-exposed than in the sham-exposed group. Because chronic antipsychotic
exposure was shown previously to be associated with a smaller volume of the parietal grey
matter (9;10), the cell densities of CNP-IR oligodendrocytes and S100B-IR astrocytes were
assessed and found not to be different from the sham-exposed group (CNP: t = −0.08, df = 10,
p = 0.47; S100B: t = −0.99, df = 10, p = 0.17). To determine if chronic antipsychotic exposure
altered the percentage of total glial cells attributable to oligodendrocytes or astrocytes, the
ratios of CNP-IR oligodendrocyte number and of S100B-IR astrocyte number to the previously
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reported total glial cell number were assessed and found not to differ from the sham-exposed
group (CNP: t = 0.13, df = 10, p = 0.55; S100B: t = −0.72, df = 10, p = 0.24). Similar effects
were also observed when the haloperidol- and olanzapine-exposed groups were individually
compared to the sham group (Table 2).

Discussion
In contrast to our hypothesis, this study demonstrates that the lower grey matter glial cell
number associated with chronic haloperidol and olanzapine exposure in macaque monkeys
(9) is due mainly to a lower astrocyte number, whereas oligodendrocyte number appears to be
affected to a smaller degree. Thus, these findings provide only weak support of the
interpretation that the findings of lower oligodendrocyte number in schizophrenia are
attributable to antipsychotic medications. Although these findings might not be generalizable
to all antipsychotics, it is important to note that both haloperidol and olanzapine, despite having
very different receptor binding profiles (33), produced similar effects on brain weight and
volumes (10), glial cell number (34), and now astrocyte number. Therefore, it might be that
treatment-associated lower astrocyte number is a common feature of both typical and atypical
antipsychotic medications. Furthermore, given the role of astrocytes in glutamate homeostasis
(35), an antipsychotic-associated lower astrocyte number might be of importance in
interpreting studies investigating the role of this neurotransmitter system in the disease process
of schizophrenia (36;37).

The synthesis and metabolism of glutamate in the neocortex involves trafficking of precursors
and metabolites between neuronal and astrocytic compartments (35). After the release of
glutamate from the presynaptic terminal, neurotransmission is terminated by the uptake of
glutamate via high affinity transporters (EAAT1−5) (38). EAAT1 and 2 account for the bulk
of glutamate transport in the brain (39) and are localized almost exclusively on astrocytes
(40;41). Inside the astrocyte, glutamate is converted to glutamine via glutamine synthetase, an
enzyme also localized almost exclusively to astrocytes (42). Glutamine is shuttled to neurons
via a pathway mediated by system N transport (SN1) in astrocytes and system A transport
(SAT/ATA) in neurons (43). Within neurons, glutamine is converted back to glutamate via
phosphate-activated glutaminase (PAG) (38). Thus, lower astrocyte number following chronic
antipsychotic exposure might affect cortical glutamate and glutamine levels.

Cortical glutamate and glutamine have been assessed in vivo using magnetic resonance
spectroscopy (MRS) in antipsychotic-naïve (44) and chronically-ill (45) schizophrenia
subjects. In the antipsychotic-naïve subjects, glutamate levels were unchanged in the anterior
cingulate cortex (ACC), whereas glutamine levels were increased (44). In subjects with chronic
schizophrenia both glutamate and glutamine levels were decreased in the ACC (45). Although
disease progression might play a role, these MRS studies raise the possibility that an
antipsychotic-mediated reduction in astrocyte number might contribute to lower glutamate and
glutamine levels in the frontal cortex of subjects with schizophrenia. Although astrocyte
number has not been assessed in the frontal lobe, chronic exposure to antipsychotics in the
same monkeys was associated with similar volume decrements in both the parietal and frontal
lobes (10) suggesting that similar effects on astrocyte number, and consequently, glutamate
homeostasis might also occur in both brain regions.

The results of the current study raise the question of whether the lower number of S100B-IR
astrocytes and CNP-IR oligodendrocytes accounts for the 14.2% lower total glial cell number
observed previously in the antipsychotic-exposed monkeys (9). We previously estimated the
mean total glial cell number in Nissl-stained tissue sections from the sham monkeys to be
175.3×106 cells; thus, the mean glial cell number was 14.2% lower in the antipsychotic-
exposed monkeys, corresponding to ∼ 25.0×106 fewer glial cells. Here, in sham monkeys, we
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estimated the mean number of S100B-IR astrocytes to be 90.9×106 cells and the mean number
of CNP-IR oligodendrocytes to be 47.8×106 cells (Table 1). In the antipsychotic-exposed
monkeys, we estimated the mean numbers of S100B-IR astrocytes and CNPIR
oligodendrocytes to be 20.5% and 12.9% lower relative to the sham monkeys (Table 2)
corresponding to 18.6×106 fewer S100B-IR cells and 6.2×106 fewer CNP-IR or a total of
∼24.8×106 fewer immunoreactive cells. Interestingly, this lower number of immunoreactive
cells is virtually identical to the observed lower total Nissl-stained glial cell number suggesting
that the differences in S100B-IR and CNP-IR cell number across groups reflect a lower number
of cells in the antipsychotic-exposed monkeys. Nevertheless, although unlikely, we cannot
entirely exclude the possibility that an antipsychotic-associated loss of immunoreactivity might
contribute, at least in part, to the apparent lower number of S100B-IR and CNP-IR cells.

This study also reports methods which ensured adequate visualization of immunoreactive
oligodendrocytes and astrocytes throughout the entire thickness of tissue sections while
minimizing final tissue shrinkage; both of these factors are critical to obtain robust and unbiased
estimates of total cell number. Immunocytochemical methods using diaminobenzidene (DAB)
as a chromogen can be hampered by the incomplete visualization of labeled structures in the
middle of tissue sections, perhaps due to inability of DAB to polymerize to an adequate amount
throughout the entire section thickness. On the other hand, immunofluorescent methods, with
careful selection of antibodies and minor modifications to the tissue processing methods (e.g.,
inclusion or exclusion of Triton X-100), can circumvent this handicap. In addition to the
improved visualization, our current methods also included a rehydration step prior to the
application of a coverslip which, combined with a section drying time of <30 minutes (27;
46), limits the degree of final tissue shrinkage (e.g., ∼30% for immunofluorescence, see also
Ref. 47). Minimizing final tissue shrinkage enhances the spatial discrimination among
neighboring cells and increases the efficiency of cell counting by reducing the number of
counting sites required.

In summary, the findings of this study indicate that chronic exposure to haloperidol and
olanzapine is associated with significantly lower astrocyte number in the parietal cortex. Since
fewer astrocytes might impact the synthesis, metabolism, and neurotransmission of cortical
glutamate, this study suggests that both in vivo imaging and post-mortem studies of the
glutamate system in schizophrenia should control for the possible confounding effect of chronic
antipsychotic treatment. In addition, this study illustrates the use of methods which allowed
robust and efficient stereological number estimates of immunofluorescently-labeled cells in
the CNS and have relevance to experiments conducted in diverse areas of neuroscience.
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Figure 1.
Epifluorescent photomicrographs of CNP-IR oligodendrocytes. Panel A: Low-power (20X)
photomicrograph demonstrating the distribution of CNP-IR oligodendrocytes in the superficial
cortical layers of the parietal lobe. Dashed line indicates the layer 1−2 border. Calibration bar
= 150 μm. Panels B & C: High power (100X) photomicrographs demonstrating typical somal
morphology of CNP-IR oligodendrocytes. Calibration bar = 10 μm.
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Figure 2.
Epifluorescent photomicrographs of S100B-IR astrocytes. Panel A: Low-power (20X)
photomicrograph demonstrating the distribution of S100B-IR astrocytes in the superficial
cortical layers of the parietal lobe. Dashed line indicates the layer 1−2 border. Calibration bar
= 150 μm. Panels B & C: High power (100X) photomicrographs demonstrating typical somal
morphology of S100B-IR astrocytes. Calibration bar = 10 μm.
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Figure 3.
CNP-IR oligodendrocyte cell number, density, and CNP-IR oligodendrocyte number : total
glial cell number ratio from the left parietal lobe of the haloperidol- (thin open circles),
olanzapine- (thick open circles), and sham- (filled circles) exposed monkeys. No significant
differences were detected between groups. The horizontal bars indicate sham and
antipsychotic-exposed group means.
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Figure 4.
S100B-IR astrocyte cell number, density, and S100B-IR astrocyte number : total glial cell
number ratio from the left parietal lobe of the haloperidol- (thin open circles), olanzapine-
(thick open circles), and sham- (filled circles) exposed monkeys. The number of S100B-IR
astrocytes significantly differed between the antipsychotic-exposed and sham groups (p =
0.034). The horizontal bars indicate sham and antipsychotic-exposed group means.
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Table 1
Summary of Stereological Results

Noligo (x 106) (CE) Nastro (x 106) (CE)

Sham
            Mean 47.8 (0.04) 90.9 (0.04)
            SD 8.1 22.6
            CV 0.17 0.25
Antipsychotic-exposed
            Mean 41.6 (0.05) 72.3 (0.05)
            SD 6.7 11.6
            CV 0.16 0.16

Noligo is the total number of CNP-IR oligodendrocytes, and Nastro is the total number of S100B-IR astrocytes. Standard deviation (SD), mean coefficient
of error (CE), and interindividual coefficient of variation (CV) are listed for all measures.
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