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Abstract

Increased neuronal densities in subcortical white matter have been reported for some cases with 

schizophrenia. The underlying cellular and molecular mechanisms remain unresolved.

We exposed 26 young adult macaque monkeys for 6 months to either clozapine, haloperidol or 

placebo and measured by structural MRI frontal gray and white matter volumes before and after 

treatment, followed by observer-independent, flow-cytometry-based quantification of neuronal 

and non-neuronal nuclei and molecular fingerprinting of cell-type specific transcripts.
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After clozapine exposure, the proportion of nuclei expressing the neuronal marker NeuN increased 

by approximately 50% in subcortical white matter, in conjunction with a more subtle and non-

significant increase in overlying gray matter. Numbers and proportions of nuclei expressing the 

oligodendrocyte lineage marker, OLIG2, and cell-type specific RNA expression patterns, were 

maintained after antipsychotic drug exposure. Frontal lobe gray and white matter volumes 

remained indistinguishable between antipsychotic-drug-exposed and control groups.

Chronic clozapine exposure increases the proportion of NeuN+ nuclei in frontal subcortical white 

matter, without alterations in frontal lobe volumes or cell type-specific gene expression. Further 

exploration of neurochemical plasticity in non-human primate brain exposed to antipsychotic 

drugs is warranted.

Introduction

Schizophrenia, a major psychiatric disorder significantly impacting quality of life, is 

commonly treated with antipsychotic drugs but many patients show insufficient responses to 

current treatments (Lieberman et al., 2005; Swartz et al., 2007). Therefore, the pursuit of 

new schizophrenia treatments should start, among other approaches, with detailed 

explorations of transcriptomes (Feher et al., 2005; Girgenti et al., 2010; Iancu et al., 2012; 

Middleton et al., 2002) and synaptic proteomes (Ji et al., 2009; Ma et al., 2009) in brains 

exposed to typical dopamine D2-preferential antagonists and atypical antipsychotic drugs 

with broader receptor profiles. Changes in cell composition of the antipsychotic-drug-

exposed brain have also been reported. Long-term exposure of non-human primates to two 

widely prescribed antipsychotics, haloperidol and olanzapine, resulted in 8–11% brain 

weight reduction and volume loss affecting gray and white matter, decreased astro- and 

oligodendrocyte numbers (Konopaske et al., 2008), together with a 10.2% increase in 

neuronal densities (Konopaske et al., 2007).

These findings are also of interesting from the viewpoint of the interstitial white matter 

neurons (WMN), a cell type residing in subcortical white matter of the adult brain. The large 

majority of WMN are considered remnants of the subplate, a transient structure important 

for connectivity formation during early development(Kanold, 2004; Kostovic et al., 2011). 

Interestingly, more than 15 studies have examined post-mortem brain tissue and reported 

supernormal WMN numbers and densities in prefrontal, cingulate and medial or lateral 

temporal cortex of subjects diagnosed with schizophrenia(Akbarian et al., 1993a; Akbarian 

et al., 1996; Akbarian et al., 1993b; Anderson et al., 1996; Eastwood and Harrison, 2003, 

2005; Ikeda et al., 2004; Joshi et al., 2012; Kirkpatrick et al., 1999; Kirkpatrick et al., 2003; 

Rioux et al., 2003; Yang et al., 2011). While negative findings have also been published 

(Beasley et al., 2002; Beasley et al., 2009) most research on this topic indicates that WMN 

alterations could affect a subset of up to 25% of patients with schizophrenia(Connor et al., 

2009). It remains unclear whether increased numbers of WMN in patients with 

schizophrenia marks a subtype of schizophrenia and if treatment with antipsychotic 

medication in vivo plays any role. So far, medication-induced changes in WMN never have 

been explored in a controlled, prospective study. This is both surprising, given the potential 

importance of antipsychotic drugs, which are widely prescribed to millions of patients, and 
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anticipated, as controlled studies on drug-mediated effects very difficult to conduct on 

human brain.

Here, we designed an integrative study on 26 macaque monkeys subjected to 6 months of 

oral intake of haloperidol and clozapine, followed by MRI-based in vivo neuroimaging with 

scans before and after antipsychotic drug exposure, followed by automated quantification of 

neuron to glia (non-neuron) ratios in frontal gray and white matter and cell-type specific 

molecular fingerprinting (Figure 1). We choose haloperidol and clozapine because these 

drugs are extensively prescribed prototypes representing conventional antipsychotics 

primarily acting as dopamine D2 receptor antagonists (haloperidol) or atypical 

antipsychotics with broader receptor profiles (clozapine). Furthermore, clozapine is 

generally considered of superior therapeutic efficiency compared to many of the typical or 

atypical antipsychotics(Meltzer, 2013; Wenthur and Lindsley, 2013). We report increased 

proportions of nuclei expressing the neuronal phenotypic marker for ‘Neuronal Nuclei’ 

(NeuN)(Mullen et al., 1992) after clozapine exposure, affecting subcortical white matter and 

more subtle changes in overlying cortex, without affecting cortical volumes or cell type 

specific gene expression.

Materials and Methods

Animals and antipsychotic drug treatments

26 young adult and drug-naïve rhesus macaques (12 female, 14 male) were randomly 

assigned to one of three treatment groups: haloperidol (4 mg/kg/day), clozapine (5.2 mg/kg/

day), or vehicle (Table 1). Using previously established protocols (Lidow et al., 1997; 

Lidow and Goldman-Rakic, 1994, 1997), monkeys were administered antipsychotic drugs 

orally for six months, mixed with powdered sugar and given in peanut butter or fruit treats. 

Monkeys received standard enrichment, including social enrichment, human interaction, 

variety in diet, and age-appropriate objects as directed by the Animal Welfare Act and the 

Wake Forest University Policy for Non-human Primate Environmental Enrichment. Animal 

care procedures strictly followed the National Institutes of Health Guide for the Care and 

Use of Laboratory Animals and were approved by the Institutional Animal Care and Use 

Committee of Wake Forest Health Sciences. All 26 animals completed the treatment.

MRI/ Neuroimaging

In vivo imaging studies were conducted on altogether 18 of the 26 animals. Scans from one 

animal were excluded for technical reasons, leaving 5 controls, 7 haloperidol- and 5 

clozapine-treated animals for imaging analyses. Each animal was scanned twice, 

immediately before the first drug (or vehicle) treatment and again 2 weeks before necropsy. 

Drug treatment continued until the day of necropsy. Images were acquired on a General 

Electric 3.0 Tesla Signa MR unit (GE Healthcare Systems) with a human GE quadrature 

lower extremity coil. During the scanning procedure, the monkeys were anesthetized with 6 

mg/kg i.m. of Telazol® (Aveco) and 0.05–0.1 mg/kg i.m. of Acepromazine (Ayerst,), and 

placed in a MRI-compatible head holder. Following a conventional sagittal scout scan 

(TR=500 ms, TE=12 ms, flip angle=90°), a three-dimensional Inversion Recovery Prepared 

T1-weighted spoiled gradient echo (SPGR) protocol was used to acquire structural brain 
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images (TR=14 ms, TI=300 ms, TE=3 ms, flip angle=15°, number of averages=4, 

acquisition matrix=256×256). The SPGR scan contained 124 contiguous transaxial slices of 

0.5 mm thickness (with no inter-slice gap) through the entire brain.

Image processing and analysis

Image segmentation and analysis routines were performed using standard statistical 

parametric mapping techniques along with customized scripts in MATLAB 6.5 

(Mathworks). The 124 transaxial slices from the SPGR scan were converted into Analyze 

format and resized to yield isotropic voxels of 0.47 mm3. The image volumes associated 

with each animal were oriented to the anterior-posterior commissural plane to eliminate slice 

angle bias.

Image analysis

Skull stripping and tissue-type segmentation was performed, using tools from the Oxford 

Centre for Functional Magnetic Resonance Imaging of the Brain's Software Library 

(FMRIB; www.fmrib.ox.ac.uk/~fsl). Brains were first extracted using FMRIB’s Brain 

Extraction Tool(Smith, 2002). The output binary mask was adjusted in FSL View. 

Smoothed and skull-stripped images were created for all three co-registered images (T1, T2, 

PD). Binary masks and stripped images were also created for the frontal target area for each 

monkey using the predefined frontal target area according to the anatomical criteria 

described below. An automated segmentation tool (FAST) was used to perform probabilistic 

tissue-type segmentation and partial volume estimation for the frontal target area into 

different tissue types (gray, white matter, cerebrospinal fluid) (Zhang et al., 2001). Masks, 

averaging output and skull stripped images were visually inspected to check the accuracy 

and anatomical plausibility of masks averages and volume estimates. Partial volume 

estimate files generated by FAST were used to calculate voxel volumes for tissue types pre 

and post treatment. To determine whether calculated voxel volumes were statistically 

different between groups (treatment; before and after treatment), gray and white matter 

voxel volumes were compared using repeated-measures ANOVAs. The definition of 

prefrontal target area was based on sulci that were easily and reliably identified on MRI 

scans. Our region-of-interest for the volumetric measurements was defined as the area 

between frontal poles (anterior border), arcuate sulci (posterior border) and superior up to 

the horizontal plane where the two orbital sulci could no longer be clearly defined. This area 

would cover the biopsy sites of that would follow after necropsy and provide tissue for 

fluorescence-activated nuclei counting.

Tissue dissection and fluorescence-activated nuclei counting

After the last drug administration, monkeys were sedated with ketamine (10 mg/kg; IM), 

followed by sodium pentobarbital overdose, then transcardially perfused with ice-cold 

phosphate-buffered saline. Brains were removed and cut into 4 mm-thick coronal slabs, 

which aids in the dissection of discrete brain regions, allowing slicing of repeatable sections 

of the monkey brain. Subsequently, samples were frozen on dry ice and stored at −80°C. 

The post mortem interval, i.e. the time from heart puncture for perfusion to freezing the last 

piece of tissue was less than 40 minutes for all monkeys. For the brain biopsies needed for 

the downstream experiments, brain tissue was excised with a Miltex 3.5 mm diameter short 
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handle biopsy puncher. Care was taken to maximize consistency of the punch procedure 

across all brains. From each brain, the first rostral-most slab from where the corpus callosum 

first joins the hemispheres was chosen for tissue collection, and the puncher was positioned 

immediately adjacent to the fundus of the principal sulcus, aligned to an imaginary line 

connecting the fundi of the principal and cingulate gyrus (Figure 1). Brain biopsies were 

collected from either the left or the right hemisphere in a random fashion, in two batches. 

For each monkey a white matter and an adjacent gray matter biopsy were taken from the 

location described above, with cases and controls from the same batch processed in parallel. 

The weight of punched gray matter tissue was 33.5 ± 4.5 mg (mean ± S.E.M.), and 31.0 ± 

4.7 mg for punches from white matter, with minimal and non-significant differences across 

treatment groups (−3 % for clozapine and −1 % for haloperidol, in comparison to controls). 

To prepare for flow cytometry (nuclei extraction, NeuN immunotagging, DAPI staining) and 

downstream procedures (RNA extraction, purification, rtPCR) frozen brain tissue specimens 

were powdered with a pestle and mortar on liquid nitrogen, resuspended in 4 ml of ice-cold 

lysis buffer (0.32 M sucrose, 5 mM CaCl2, 3 mM Mg acetate, 0.1 mM EDTA, 10 mM Tris-

HCl pH 8.0) and homogenized by Polytron, using 5 bursts of 5 seconds each, resulting in the 

destruction of the cell membranes and extraction of nuclei and other cellular organelles. The 

homogenate was centrifuged (600 g, 10min, 4°C) and the pellet, constituting the crude 

nuclei fraction, was resuspended in 0.75 ml of Blocking Buffer (1 % goat serum (Jackson 

Immunoresearch), 2 mM MgCl2, 25 mM Tris, 150 mM NaCl, pH 8). Anti-NeuN antibodies, 

directly conjugated to Alexa488 fluorophore (Millipore, MAB377X) were added to 1:1000 

dilution, and the nuclei were incubated on ice for 1 hour, with occasional swirling. After 

incubation, the solution was diluted to a volume of 4ml with low concentration sucrose 

solution (0.35 M sucrose, 3 mM MgCl2, 10 mM Tris-HCl at pH 8). This dilution was then 

underlaid with a 4ml layer of high concentration sucrose solution (1.1M sucrose, 3 mM 

MgCl2, 10 mM Tris-HCl at pH 8). Centrifugation followed (2,800g, 20min), the supernatant 

was removed, and the pellet resuspended in 500µl of a nuclei storage solution (150 mM 

NaCl, 2 mM MgCl2, 25 mM Tris at pH 8), Lastly, the DNA dye 7-Aminoactinomycin D (7-

AAD, Sigma) was added to a final concentration of 2 µg/ml. The resulting nuclei suspension 

was processed by flow cytometry, including an additional gating step based on the 7-AAD 

signal intensity, to allow for efficient removal of debris and dividing cells

For quality control, small aliquots of nuclei suspension were examined under a light 

microscope to verify the extraction and purification of nuclei. To estimate the ‘survival’ of 

nuclei passing through the flow cytometer, we took 10uL aliquots from the nuclei 

suspension pior to the FACS procedure, added Trypan blue to stain nuclei and DPBS 

(Dulbecco’s phosphate buffered saline) to achieve a 10 fold dilution, of which 10 uL were 

loaded on a hemocytometer (Bright-Line™ Counting Chamber, Hausser Scientific, 

Horsham, PA). Comparison of hemocytometer- and flow cytometry-based counts (N=8 

samples) consistently showed nuclei recovery rates of (mean±S.E.M) 94±9 % by FACS, 

which is in good agreement with other reports on flow cytometry-based quantification of 

nuclei from primate brain(Young et al., 2012).

Oligodendrocyte numbers were determined with manual counting limited to white matter 

tissue punches. To this end, the nuclei pellets were resuspended in PBS, washed and co-

incubated overnight at 4°C with two primary antibodies (mouse anti-NeuN, Millipore 
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MAB#377, 1:1000; rabbit anti-Olig2, Millipore AB9610, 1:2000). The next day the nuclei 

were washed and then incubated with secondary antibodies (goat anti-mouse Alexa 488 and 

donkey anti-rabbit Alexa 594, Invitrogen). Nuclei were washed, spread onto glass slides, 

and counterstained with DAPI. NeuN+, Olig2+, and DAPI+ nuclei were counted in at least 

10 fields using a 20× objective. However, due to the very low proportion (< 1% of total 

nuclei) of NeuN+ nuclei in white matter, sample-to-sample variability for this marker was 

much higher in manual counts, which had been limited to a total of only 130–200 counted 

nuclei (oligodendrocytes and neurons) per white matter sample. In contrast, FACS-based 

nuclei sorting allowed for sample counts capturing on average 250,000 nuclei per sample.

Immunohistochemistry

Prefrontal tissue sections from a naive adult rhesus monkey were processed for 

immunohistochemistry with NeuN (Millipore, 1:1,000) and Olig2 (Abcam, 1:2,000) 

antibodies, in conjunction with Alexa Fluor 488 goat anti-rabbit and Alexa Fluor 594 goat 

anti-mouse IgGs (Invitrogen), using standard procedures. In a second, independent set of 

immunohistochemistry experiments, small tissue blocks (surface area <0.25 cm2) were 

dissected from the dorsolateral prefrontal cortex (Area9/46), immersion-fixed in 4 % 

paraformaldehyde solution for 15–18 hours, dehydrated in 70 %, 90 % and 100 % ethanol (3 

× 30 min each) followed by xylene immersion (3 × 20 min) and paraffin-embedded using a 

Tissue TEK embedding center. Paraffin embedded tissue blocks were cut in 8 µm thick 

sections and mounted on slides for immunohistochemistry. Sections of three clozapine-

exposed animals with elevated proportions of NeuN+ nuclei in white matter were de-

paraffinized using xylazine and ethanol. The sections were rehydrated with water, 

permeabilized with 0.1 % Triton X-100, followed by NeuN staining (1:100, ABN78A4, 

EMD Millipore). After mounting the tissue with DAPI Fluoromount-G (0100-200, 

SouthernBiotech), images of NeuN+ subcortical white matter neurons were taken using a 

Carl Zeiss CLSM780 microscope. Image processing was done with ImageJ (NIH).

Intranuclear RNA extraction, cDNA conversion and qPCR

From 12 animals (5 control, 4 clozapine, 3 haloperidol), sorted nuclei were available for 

gene expression studies. Sorted samples were treated with the Arcturus PicoPure RNA 

Isolation Kit (Applied Biosystems, Cat# 12204-01). Extracted RNA underwent RNase-free 

DNase treatment (Qiagen), washed, and converted into cDNA using SuperScript VILO 

MasterMix (Invitrogen), followed by pre-amplification with SsoAdvanced PreAmp 

Supermix kit according to the manufacturer’s instructions. See Supplemental Table 1 for a 

list of primers and sequences. Real-time PCR was performed using the same set of primers 

and Power SYBR Green PCR Master Mix (Applied Biosystems) under standard conditions, 

and cycle thresholds for each of the two genes of interest (RNA BINDING PROTEIN FOX-1 

HOMOLOG 3 = RBFOX3; ATP-BINDING CASSETTE 2 = ABCA2) subtracted by the 

averaged cycle threshold of four genes: GADPH, MBP, SYN1 (RBFOX3 for ABCA2 

quantification, and vice versa).

RNA-seq (human) RNA was extracted from ~75 mg of gray and white matter dissected from 

two adult human PFC specimens with no known neurological or psychiatric disease, using 

Rneasy Lipid Tissue mini kit (catalog #74804, QIAGEN), treated with DNase I, purified, 
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and diluted to 20 ng/µl. Sequencing libraries were prepared according to the NuGen Ovation 

RNASeq version 2 protocol, and run on the paired-end 50 bp module in Illumina HiSeq 

2000 (Eurofins MWG; Operon). RNA-seq raw reads that passed the QC metric, which is 

referred to as the “chastity filter” by Illumina, were aligned to the UCSC Homo sapiens 

reference genome build 19 using the STAR aligner(Dobin et al., 2013), and were visualized 

using IGV Integrative Genome Viewer(Thorvaldsdottir et al., 2013).

Statistical Analysis

Comparison of the proportion of NeuN+ neuronal nuclei (defined here as the ratio of NeuN+ 

nuclei to 7-AAD+ nuclei) across the three treatment groups (control, haloperidol and 

clozapine) was performed using one-way analyses of covariance (ANCOVA). Age, sex and 

weight increase during treatment period were included as covariates. The abundance of gene 

transcripts (RBFOX3 and ABCA2) was examined by separate 3 × 4 ANOVA (treatment 

groups by compartment [NeuN+ vs. NeuN− nuclei in white or gray matter]. Significant 

findings were followed up with Bonferroni corrections. Homogeneity of variance was 

examined using the Levene's test.

Results

Monkeys were subjected to in vivo neuroimaging at two different time points before and 

then again 5.5 months after begin of antipsychotic treatment, prior to brain harvest and 

tissue biopsy for flow cytometry-based neuronal and non-neuronal quantification and, for a 

subset of brains, cell-type specific RNA analysis (Figure 1). The daily haloperidol dose (4 

mg/kg/day) resulted in plasma steady state trough levels approaching 2 ng/ml (Table 1). In 

patients with schizophrenia, trough levels as low as 0.86 ng/ml have been reported to be 

therapeutically effective(Nyberg et al., 1995). Furthermore, as expected for D2-antagonist 

antipsychotic drugs (Seeman, 2002), haloperidol-treated monkeys showed a 15-fold increase 

in serum prolactin levels (Table 1). We choose a clozapine dose (5.2 mg/kg/day) that, in 

multiple independent studies, has been shown to trigger robust shifts in dopamine and 

NMDA receptor expression and ligand binding in monkey cerebral cortex (see Supplemental 

Table 2). Of note, this clozapine dose resulted in steady state trough levels of approximately 

50 ng/ml (Table 1). While the clinical response in patients does not display a strong 

correlation with clozapine dose, serum levels of 50 ng/ml would be expected to represent the 

lower end of therapeutically effective levels defined as preventing psychosis relapse (Ulrich 

et al., 2003). Some studies suggest that levels around 350 ng/ml increase the probability of a 

stable antipsychotic effect (Mauri et al., 2007). For each of the 3 treatment groups, the 

average body weight increased during the trial period (vehicle ~ 1.4 kg; haloperidol, ~ 0.8 

kg; clozapine, ~ 1.3 kg (Table 1).

Cell-type composition of antipsychotic-drug-exposed prefrontal white and gray matter

Flow cytometry based assessments of numbers and proportion of cell nuclei prepared from 

brain homogenate are considered an attractive alternative to conventional stereology, 

particular in circumstances where the cell type-of-interest is distributed in non-homogenous 

fashion and at comparatively low frequency(Benes and Lange, 2001; Collins et al., 2010; 

Hayashi et al., 2012; Herculano-Houzel et al., 2015; Young et al., 2012). These conditions 
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also apply to subcortical white matter neurons, which show a rapid decline in densities with 

increasing distance from overlying gray matter and overall comprise far less than 1% of the 

local cell population in adulthood(Judaš et al., 2010; Kostovic and Rakic, 1980). For all 26 

animals included in this study, tissue punches, ~ 30 mg were collected from the superficial 

white matter bordering the PFC on the dorsolateral convexity and the overlying gray matter 

(Figure 1). Cell nuclei were purified and immunotagged with neuronal NeuN antibody, 

which allows for separate counting and collection of (neuronal) NeuN+ and (glial and other 

non-neuronal) NeuN− nuclei (Figure 2A–E). This approach is increasingly used to rapidly 

quantify numbers of neuronal and non-neuronal nuclei in mammalian brains(Herculano-

Houzel et al., 2015; Spoelgen et al., 2011), and bypasses many of the limitations associated 

with two- and three-dimensional cell counting techniques in histological material which face 

inherent limitations particularly for sparsely occurring cell populations such as the 

WMN(Benes and Lange, 2001; Herculano-Houzel et al., 2015). The three treatment groups 

did not differ significantly in the total number of white matter nuclei sorted. We note that 

clozapine-treated animals showed, on average, a non-significant, ~10–15% decrease in total 

number of nuclei sorted, in comparison to controls (Mean ± SEM: controls 255,228 ± 

91,799; haloperidol, 245,486 ± 87,077; clozapine, 213,861 ± 72,316). In all three treatment 

groups, the proportion of NeuN+ neuronal nuclei - defined here as the ratio of NeuN+ nuclei 

to 7-AAD+ nuclei - in the subcortical white matter bordering the six-layered cortex was 

~100-fold lower as compared to the overlying gray matter (Figure 2F,G). However, there 

was an increased proportion of white matter NeuN+ nuclei that reached the level of 

significance specifically in the clozapine cohort, with an approximately 50% increase when 

compared to vehicle-treated controls (Figure 2F,G: ANCOVA with sex, age, weight increase 

during treatment period as covariates, F(2,20) = 4.296, main effect P = 0.028, Bonferroni-

corrected post hoc clozapine > controls, P = 0.027. Furthermore, for N = 5 vehicle- and N = 

4 clozapine-treated animals, nuclei counts were conducted both in gray and white matter 

punches, revealing a significant correlation of NeuN+ proportions across gray and white 

matter (Figure 2H: R2 = 0.52, P < 0.05). There were no significant differences in white 

matter NeuN+ numbers and proportions between haloperidol and control groups (Figure 2F).

Next, we examined whether the clozapine induced increase in white matter neuronal 

densities is cell-type specific. We first confirmed in macaque brain, processed by perfusion-

fixation for conventional histology, the non-overlapping distribution of the NeuN+ 

population with OLIG2, a transcription factor expressed in a substantial portion of 

oligodendrocytes (Yokoo et al., 2004)(Figure 2A–D). This finding is in agreement with a 

recent flow cytometry-based report on (human) brain nuclei(Hayashi et al., 2012). We then 

prepared from 14 animals (N = 5 CLZ, 5 CTRL, 4 HAL) from a second round of subcortical 

white matter punches nuclei spreads on glass slides for OLIG2 immunostaining, 

counterstained with the nucleophilic dye DAPI (4',6-Diamidino-2-Phenylindole, 

Dihydrochloride). Because the proportion of white matter OLIG2+ nuclei is up to two order 

of magnitude higher in comparison to white mater NeuN+ nuclei (Figure 2F,I), FACS-based 

quantification for this type of non-neuronal nuclei was less critical and instead we manually 

counted the proportion of OLIG2+ nuclei, expressed as % of DAPI+ nuclei. Approximately 

70% from the total pool of counted nuclei were OLIG2+, and no significant differences 

between antipsychotic drug and vehicle groups emerged (Figure 2I). Due to the very low 
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proportion of NeuN+ nuclei in white matter, we could not reliably quantify this 

subpopulation by our manual counts with 130–200 nuclei as input/sample. Because 

antipsychotic drugs did not affect the proportion of OLIG2+ nuclei (Figure 2I), the 

aforementioned alterations in NeuN+ nuclei numbers of the clozapine-exposed monkeys are 

specific for that cell population. To evaluate the potential confound of brain volume 

differences, we conducted in vivo structural neuroimaging at two time points for a subset of 

17 monkeys (Table 1). To this end, gray and white matter volumes were determined for the 

dorso- and medio-lateral portions of the frontal lobe at multiple time points (before and 

towards the end of treatment, Figure 1), with clozapine- (N=5) and haloperidol-treated 

(N=7) monkeys essentially indistinguishable from controls (N=5) (Figure 3). There were no 

significant group effects or interactions (all P > 0.4) by MANOVA 2 × 2, (Gray/White 

matter × Pre-/Post-treatment). As additional control (to rule out effect by side), all 

measurements were repeated with the left hemisphere masked, further confirming that 

differences in frontal lobe volumes were minimal and non-significant across all three groups 

(Supplemental Figure 1). Taken together, these multiple lines of evidence strongly argue 

against the possibility that volumetric changes contributed to the significantly increased 

proportion of white matter NeuN+ nuclei in the clozapine-treated animals.

Next, we examined whether the molecular ‘fingerprint’ of NeuN+ nuclei is altered after 

clozapine exposure, by measuring the expression of RBFOX3 encoding the neuron-specific 

NeuN protein, and ABCA2 (ATP Binding Cassette 2), a gene predominantly expressed by 

white matter oligodendrocytes (Zhou et al., 2001). Tissue from 12 of the 26 monkeys 

included in this study was available for RNA analysis (Table 1). Given that macaque tissues 

show very high degrees (92–95%) of transcriptome conservation in comparison to 

human(Peng et al., 2015), we wanted to study in our monkey specimens a set of transcripts 

subject to differential expression in human gray and white matter. To this end, we analyzed 

our RNAseq datasets from human postmortem gray and white matter homogenates(Dincer et 

al., 2015), and confirmed that the RBFOX3 and ABCA2 transcripts show strikingly different 

distribution. Thus, RBFOX3 showed, as expected, strong expression in the (neuron-rich) 

gray matter, while ABCA2 expression was much higher in (oligodendrocyte-rich) white 

matter (Supplemental Figure 2). To avoid RBFOX3 RNA signal from axons or fibers of 

passage crossing through the white matter, we next extracted RNA from sorted NeuN+ and 

NeuN− nuclei from the gray and white matter of 4 clozapine monkeys, and compared these 

to 5 vehicle-treated and 3 haloperidol exposed animals. The RNA quantification from 

monkey nuclei resonated with the human gray and white matter RNA-seq. Thus, RBFOX3 

was expressed at much higher levels in NeuN+ as compared to NeuN− nuclei, independent 

of treatment (Figure 4A). The abundance of RBFOX3 and ABCA2 transcripts was compared 

by 3 × 2 × 2 ANOVA, (treatment [control vs. haloperidol vs. clozapine] × compartment 

[NeuN+ vs. NeuN− nuclei] in white or gray matter. A significant effect of compartment was 

found for RBFOX3: F(3,36) = 7.668, P = 0.0004, Bonferroni-corrected post hoc NeuN+ in 

gray matter > NeuN− in gray matter, P = 0.001 or NeuN− in white matter, P = 0.011. 

Similarly, a significant effect of compartment was found for ABCA2: F(3,36) = 7.118, P = 

0.001, Bonferroni-corrected post hoc NeuN− in white matter > NeuN− in gray matter, P = 

0.006 or NeuN+ in gray matter, P = 0.001. However, for both transcripts, there was no 

significant effect by treatment (Figure 4A). Furthermore, in sharp contrast to this cell-type 
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specific ABCA2 expression in white matter, expression of this gene in gray matter was 

slightly higher in gray matter NeuN+ nuclei as compared to gray matter NeuN− nuclei, but 

again no significant effects by treatment were observed (Figure 4B). Taken together, our 

RNA studies suggest that NeuN+ nuclei show a differential RNA expression pattern from 

NeuN−, but these cell type-specific molecular fingerprints were not altered after clozapine 

and haloperidol treatment (Figure 4B). We conclude that neuronal gene expression patterns 

are maintained in white matter NeuN+ nuclei exposed to antipsychotic drug treatment 

(including clozapine). To further confirm the neuronal phenotype of NeuN immunoreactive 

white matter nuclei, we performed NeuN immunohistochemistry/DAPI counterstain on 

immersion-fixed, paraffin-embedded tissue blocks from the ventrolateral PFC of N=3 

clozapine-treated animals with elevated white matter neuron densities. Remarkably, when 

examining white matter NeuN+ nuclei under the microscope, 150/150 nuclei counted bear 

hallmarks characteristic for neuronal nuclei, including a prominent nucleolus with 

heterochromatic shell(Akbarian et al., 2001; Akhmanova et al., 2000; Thatcher and LaSalle, 

2006) and/or a decondensed chromatin with overall much less compacted 

(hetero-)chromatin as compared to the surrounding non-neuronal (NeuN−) nuclei (subset of 

3 monkeys, 50 white matter nuclei counted per monkey with a minimum diameter of 8 µm, 

see Supplemental Figure 3).

Discussion

In this non-human primate study, clozapine exposure was associated with a significantly (~ 

50%) increased proportion of NeuN+ nuclei in frontal subcortical white matter. This was 

correlated with a much milder elevation of NeuN+ proportions in the overlying gray matter, 

which could reflect common regulatory mechanisms across the two anatomical 

compartments. These alterations were highly specific, because OLIG2+ nuclei, representing 

the oligodendrocyte lineage(Yokoo et al., 2004) and in complete non-overlap with the NeuN

+ population (Figure 1A–D), remained unaffected after clozapine treatment. Furthermore, 

haloperidol in contrast to clozapine elicited only a mild, non-significant increase in the 

proportion of white matter NeuN+ nuclei, and frontal lobe volumes were unaffected by 

antipsychotic drug treatment.

It is also noteworthy that while the haloperidol-treated monkeys of the present study showed 

a mild increase in proportions of NeuN+ nuclei, these changes—in contrast to those in the 

clozapine-treated animals—did not reach the level of significance (Figure 2F,G). However, 

we cannot exclude a more robust haloperidol-mediated effect if treatment would have 

continued beyond 6 months. The findings reported here could explain the long-standing 

observation on increased numbers and densities of white matter neurons in cases diagnosed 

with schizophrenia (reviewed in (Connor et al., 2011)). The underlying etiologies for these 

histological phenotypes are often discussed in the context of neurodevelopment (Anderson 

et al., 1996; Eastwood and Harrison, 2005; Kanold, 2004; Kostovic et al., 2011; Rioux et al., 

2003). However, in light of the present study, medication effects are very likely to 

contribute. Adult white matter neurons remain functionally interconnected with the 

overlying cortex (Torres-Reveron and Friedlander, 2007) therefore clozapine-mediated 

changes in cell composition in white matter could lead to a partial rewiring of prefrontal 

circuitry. Given the drug’s superior efficacy in comparison to other antipsychotic drugs 
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(Miyamoto et al., 2012), further exploration the mechanisms underlying drug-induced 

plasticity in cell composition could reveal important insights into novel therapeutic 

mechanisms.

What types of cellular and molecular mechanisms could lead to altered cell composition and 

phenotypic marker expression in the antipsychotic-drug-exposed monkeys? The most 

parsimonious explanation would be subtle changes in expression of the phenotypic marker 

NeuN, reflecting increased proportion of NeuN+ nuclei, independent of any concurrent loss 

of glia. Increased NeuN expression in a subset of WMN and other neurons in clozapine-

exposed monkey brain would not require generation of new neurons, which at baseline is 

unlikely to occur in primate neocortex(Kornack and Rakic, 2001). Notably, subcortical 

white matter of the adult human frontal lobe harbors a sparse cell population bearing 

morphological and neurochemical hallmarks that define young, immature neurons (Fung et 

al., 2011). Therefore, it is possible that the findings of the present study (incl. the 

overwhelming, if not exclusive neuronal phenotype of NeuN+ white matter nuclei in 

clozapine-exposed animals) are best explained by a surprising degree of phenotypic 

plasticity, as evidenced by increased expression and detectability of the NeuN 

immunoreactive marker. Phenotyic plasticity after antipsychotic drug exposure has 

previously reported for the rodent brain, including reduced cortical volumes and elevated 

astrocyte densities (Barr et al., 2013; Vernon et al., 2014; Vernon et al., 2012; Vernon et al., 

2011). Furthermore, antipsychotic drugs trigger proliferative activity in the proliferative 

layers of the rodent subventricular zone (Nasrallah et al., 2010; Wang et al., 2004), and may 

promote hippocampal neurogenesis(Peng et al., 2013), suggesting that additional brain 

regions other than the subcortical white matter may also show altered proportion of neurons 

in antipsychotic-exposed monkey brain, Additional factors that could contribute to the 

observed increase in NeuN+ nuclei after antipsychotic drug treatment could include subtle 

losses of non-neuronal cells, including a subset of astrocytes or oligodendroglia as 

previously suggested (Dorph-Petersen et al., 2005; Konopaske et al., 2007; Konopaske et al., 

2008). Additional studies are required to gain deeper insights into antipsychotic-induced 

changes in cell compositions in the non-human primate brain. In this context, it is 

noteworthy that the total number of sorted nuclei from our tissue punches was 15% and 8% 

lower in the clozapine and haloperidol animals as compared to control monkeys (see 

Results), albeit these differences did not reach the level of significance. Furthermore, our 

flow cytometry-based quantifications, while informing about proportion of (cell) nuclei 

types, do not allow solid conclusion about potential changes in in absolute number of cells 

(which would require processing and counting entire cortical hemispheres). Nonetheless, 

taken together with the increase in the proportion of NeuN+ white matter nuclei, particularly 

in the clozapine group, a net loss of non-neuronal cells therefore appears plausible. 

According to previous work, this effects is expected to be driven primarily by a decrease in 

numbers of astrocytes and additional deficits in oligodendroglia (Konopaske et al., 2008), a 

cell type broadly affected in many cases with schizophrenia (Hoistad et al., 2009). Finally, it 

is important to further discuss some of the limitations of the current study, including the 

antipsychotic treatment period which was limited to 5.5 months and did not result in 

detectable changes in frontal lobe volumes, which contrasts with previous reports in animals 

treated up to 27 months with antipsychotics, which resulted in mild, ~8–15% reductions in 
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brain weight and regional volumes (Dorph-Petersen et al., 2005; Konopaske et al., 2007; 

Konopaske et al., 2008). Differential effects on brain (incl. cerebral cortex) volumes have 

been previously reported in rodents in which the duration of antipsychotic treatment varied 

from 1 to 2 months(Vernon et al., 2011) and in large cohorts of patients with 

schizophrenia(Haijma et al., 2013). On the other hand, evidence is emerging that gray matter 

loss in schizophrenia reflects the underlying disease process irrespective of clozapine 

treatment(Ahmed et al., 2015; Anderson et al., 2015). Therefore, the lack of frontal lobe 

volume changes in the clozapine-treated monkeys of the present study could also be 

explained, in part, by the absence of the underlying disease process (schizophrenia) in the 

animals.

Our results strongly suggest that clozapine-induced changes in cell type-specific phenotypic 

marker expression could occur independently of, or at least prior to any ensuing losses in 

brain regional volumes or tissue mass. Finally, as mentioned already above, the findings 

presented here warrant at least a partial reinterpretation of the reported supernormal WMN 

numbers and densities in prefrontal, cingulate and medial or lateral temporal cortex of 

subjects diagnosed with schizophrenia(Akbarian et al., 1993a; Akbarian et al., 1996; 

Akbarian et al., 1993b; Anderson et al., 1996; Eastwood and Harrison, 2003, 2005; Ikeda et 

al., 2004; Joshi et al., 2012; Kirkpatrick et al., 1999; Kirkpatrick et al., 2003; Rioux et al., 

2003; Yang et al., 2011). These alterations, which may be more prominent in subjects 

diagnosed with deficit syndrome and negative symptoms(Kirkpatrick et al., 2003), have 

been hitherto primarily interpretated as evidence for defective neurodevelopment(Kostovic 

et al., 2011). Given that the NeuN (also known as RBFOX3) protein broadly regulates 

microRNA biogenesis(Kim et al., 2014) and alternative splicing(Dredge and Jensen, 2011; 

Gehman et al., 2012; Kim et al., 2013) in the neuronal transcriptome, further studies, using 

larger cohorts, are necessary to evaluate the functional (including therapeutic) impact of this 

clozapine-mediated effect of specific neuronal subpopulations (including WMN) of the 

human and non-human primate brain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Time line and sequential order of experiments
Monkeys received daily haloperidol and clozapine for 6 months, with in vivo neuroimaging 

(structural MRI) scans first before, and then again at 5.5 months after begin of treatment. 

After necropsy, punches from frontal subcortical white matter (WM), and from overlying 

cortex (GM, gray matter), were obtained for extraction and fluorescence-activated sorting, 

separation and counting of immunotagged nuclei, followed by PCR-based quantification of 

RNA extracted from sorted cell-type specific (NeuN+ and NeuN−) nuclei. Nissl-stained 

coronal image from brainmap.org. PRS = principal sulcus, CGS = cingulate sulcus.

Halene et al. Page 18

Schizophr Res. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://brainmap.org


Figure 2. Cell composition in frontal lobe gray and white matter after antipsychotic drug 
treatment
(A–D): Immunofluorescence confocal microscopy from an adult macaque monkey 

dorsolateral prefrontal white matter. NeuN+, red; Olig2+ green; DAPI counterstain blue. 

White arrows mark subsets of NeuN+ nuclei and gray arrowheads mark subset of (OLIG2+) 

nuclei. Note the complete lack of overlap between NeuN+ and Olig2+ cell populations. Scale 

bar, 10 µm. (E): White matter (top) and gray matter (bottom) fluorescence-activated cell 

sorting (FACS) dot plots after approximately 100,000 sorting events. Nuclei from neuronal 

and non-neuronal cells were incubated with antibodies against the neuron-specific epitope 
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NeuN (conjugated to Alexa488) and the fluorescent DNA marker (7AAD). Alexa488-based 

immunofluorescence (measured in the FITC channel) allows for near-complete separation of 

neuronal NeuN+ nuclei in purple and non-neuronal NeuN− nuclei in blue. Note the much 

higher proportion of NeuN+ nuclei in gray as compared to white matter. (F, G): Proportion 

of NeuN+ nuclei among total pool of nuclei stained with 7-AAD DNA dye in tissue punches 

from white (F) and gray matter (G).. Notice increased proportion of NeuN+ nuclei in white 

and gray matter after clozapine (CLZ) treatment, while haloperidol (HAL)-exposed 

monkeys show a smaller, non-significant NeuN+ increase. (H) Correlation between (y-axis) 

gray and (x-axis) white matter NeuN+ nuclei in CLZ-treated and CTRL monkeys. (I) Bar 

graphs summarizing proportion of OLIG2+ nuclei in white matter tissue punches, expressed 

as fraction of nuclei counterstained with nucleophilic dye DAPI.
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Figure 3. Frontal gray and white matter volumes after 5.5 months of antipsychotic drug 
treatment
(A, B): Representative MRI images (left to right) parasagittal, coronal, horizontal level. 

Whitened area outlines boundaries of (top) white and (bottom) gray matter portions of 

dorsolateral frontal lobe used for volumetric studies. AS, arcuate sulcus; CS, central sulcus; 

PCS, pre-central sulcus; PRS, principal sulcus; CN, caudate nucleus (C): Gray and white 

matter volumes of the dorsolateral frontal lobe after tissue segmentation before (‘pre’) and 

5.5 months (‘post’) into treatment. There are no differences between (CTRL) controls, 
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(HAL) haloperidol and (CLZ) clozapine-treated animals. Number (N) of monkeys for each 

bar as indicated, data shown as mean ± S.E.M.
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Figure 4. Cell type specific gene expression in white and gray matter
Bar graphs show PCR-based quantification of RBFOX3 and ABCA2 RNA extracted from 

FAC-sorted NeuN+ and NeuN− nuclei from white and gray matter of CTRL, and HAL- and 

CLZ-treated animals, as indicated. RNA levels expressed as normalized cycle threshold 

differences, NeuN+ minus NeuN− (see Methods). Expression profiles do not show 

significant differences across groups, with RBFOX3 levels highest in gray matter NeuN+ 

nuclei, and ABCA2 highest in white matter NeuN− nuclei. Number (N) of monkeys for each 

bar as indicated and data shown as mean ± S.E.M.
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