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Abstract

White matter disturbance in the ventral prefrontal cortex (vPFC) in major depressive disorder 

(MDD) has been noted with diffusion tensor imaging (DTI). However, the cellular and molecular 

pathology of prefrontal white matter in MDD and potential influence of antidepressant 

medications is not fully understood. Oligodendrocyte morphometry and myelin-related mRNA and 

protein expression was examined in the white matter of the vPFC in MDD. Sections of deep and 

gyral white matter from the vPFC were collected from 20 subjects with MDD and 16 control 

subjects. Density and size of CNPase-immunoreactive (−IR) oligodendrocytes were estimated 

using 3-dimensional cell counting. While neither density nor soma size of oligodendrocytes was 

significantly affected in deep white matter, soma size was significantly decreased in the gyral 

white matter in MDD. In rhesus monkeys treated chronically with fluoxetine there was no 

significant effect on oligodendrocyte morphometry. Using quantitative RTPCR to measure 

oligodendrocyte-related mRNA for CNPase, PLP1, MBP, MOG, MOBP, Olig1 and Olig2, in 

MDD there was a significantly reduced expression of PLP1 mRNA (which positively correlated 

with smaller sizes) and increased expression of mRNA for CNPase, OLIG1 and MOG. The 

expression of CNPase protein was significantly decreased in MDD. Altered expression of four 

myelin genes and CNPase protein suggests a mechanism for the degeneration of cortical axons and 

dysfunctional maturation of oligodendrocytes in MDD. The change in oligodendrocyte 

morphology in gyral white matter may parallel altered axonal integrity as revealed by DTI.
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1. Introduction

Ventral prefrontal cortex (vPFC) is involved in the control of emotional, motivational and 

social behavior (Koenigs & Grafman, 2009; Kringelbach, 2005; Kringelbach and Rolls, 

2004; Rolls and Grabenhorst, 2008), functions that are abnormal in patients with major 

depressive disorder (MDD) (DSM-5, American Psychiatric Association, 2013). 

Neuroimaging and neuroanatomical studies strongly support the involvement of this cortical 

region and its connections to the orbital and medial prefrontal cortical network in the 

pathophysiology of MDD (Drevets et al., 2008; Koolschijn et al., 2009; Miguel-Hidalgo et 

al., 2010; Myers-Schulz and Koenigs, 2012; Price and Drevets, 2010; Rajkowska et al., 

1999; 2005; 2013).

Diffusion tensor imaging (DTI) studies in MDD reveal white matter pathology in frontal 

cortex and its ventral part, including reductions in fractional anisotropy, an index of axonal 

integrity (Murphy and Frodl, 2011; Nobuhara et al., 2006; Sexton et al., 2009; Shimony et 

al., 2009; Tham et al., 2011). Reductions in fractional anisotropy and other DTI parameters 

in MDD suggest altered orientation of white matter axons and pathology of axonal 

membranes or oligodendrocyte-derived myelin sheaths (Du and Ongur, 2013; Song et al., 

2002, 2003). Not all DTI studies, however, find white matter alterations in MDD (Abe et al., 

2010; Choi et al., 2014). In a recent DTI study optimizing imaging acquisition, white matter 

integrity in wide-spread cortical areas in many medication-free patients with MDD was not 
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significantly different from controls (Choi et al., 2014). The discrepancy in results between 

DTI studies may be related to the clinical heterogeneity, location and direction of the 

finding, cohort size as well as acquisition and analytic methods (Choi et al., 2014). Thus, 

neuroimaging studies do not consistently reveal disrupted white matter integrity in MDD.

There are no studies in vPFC white matter at the microscopic level indicating which cellular 

and molecular substrates may underlie a reduction in fractional anisotropy in MDD. Of four 

studies using a Nissl stain to examine oligodendrocyte density in prefrontal white matter, 

three reported no significant changes in oligodendrocyte density in MDD in the dorsolateral 

prefrontal, anterior cingulate or subgenual cingulate cortex, while a fourth reported a 

significant decrease in the density of oligodendrocytes in similar regions (Mosebach et al., 

2013; Sibille et al., 2009; Uranova et al., 2004; Williams et al., 2013).

Morphometry of selectively-labeled oligodendrocytes in vPFC white matter has not been 

evaluated in MDD, nor is it known if there is pathology related to gene expression for 

oligodendrocytes or the structural components of myelin in MDD.

Expression of oligodendrocyte and myelin-related genes has been examined in mixtures of 

gray and white matter in cerebral cortex in MDD (Aston et al., 2005, Kim and Webster, 

2010; Klempan et al., 2009). Significant reductions in the expression of transcripts of 

myelin- and oligodendrocyte-related genes were noted in MDD in temporal, pregenual 

anterior cingulate and lateral prefrontal cortex, although the vPFC was not examined.

The present study examined the packing density and soma size of oligodendrocytes 

immunoreactive for 2′,3′-cyclic nucleotide 3′-phosphodiesterase (CNPase) and the 

expression of mRNA and protein for myelin-related markers expressed by oligodendrocytes 

in the vPFC white matter in MDD. The morphometry of oligodendrocytes was investigated 

in two subregions of the human vPFC: deep white matter (association, projection and 

commissural fibers) and gyral white matter (short association (U) fibers). Morphometry of 

oligodendrocytes was also examined in the vPFC white matter in rhesus monkeys treated 

chronically with fluoxetine to determine the effects of antidepressants on oligodendrocytes.

2. Methods

2.1. Human Subjects

The protocol for recruitment, tissue collection, and interviews was approved by the 

Institutional Review Boards of University Hospitals Case Medical Center, Cleveland, OH, 

and University of Mississippi Medical Center. Written informed consent was obtained from 

legally-defined next-of-kin for tissue collection and informant-based retrospective diagnostic 

interviews. Brain samples from the left prefrontal cortex were collected from 36 subjects at 

autopsy at the Cuyahoga County Medical Examiner’s Office (Cleveland, OH). All subjects 

underwent retrospective assessment according to the Diagnostic and Statistical Manual of 

Mental Disorders (4th ed.)(DSM-IV; APA, 1994) by a trained interviewer using the 

Structured Clinical Interview for DSM-IV Axis I Disorders (First et al., 1995). Lifetime and 

recent Axis I psychopathology, with the aid of medical records, were determined by 

consensus diagnosis. Information was also collected from informants or medical records 
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about psychoactive substance use and medication history. No subjects had evidence of head 

trauma, neurologic or neuropathological disease. Twenty subjects met criteria for MDD in 

the last month of life except one for whom the disorder was in full remission. Eight of the 

MDD subjects were comorbid for another Axis I disorder (Table 1). None of the 16 control 

subjects currently met criteria for a DSM-IV diagnosis, although one subject met criteria for 

alcohol abuse only at 30 years prior to death. Fifteen of the 20 MDD subjects died by suicide 

(Table 1). Postmortem samples of urine and blood were examined by the medical examiner 

for the presence of psychotropic medication or psychoactive substances. Ten of the 20 MDD 

subjects had a prescription for an antidepressant medication within the last month of life, 

however, an antidepressant drug was only detected postmortem in five subjects (Table 1). 

Control and MDD subjects were matched for age, gender, postmortem interval (PMI), tissue 

pH and storage time in freezer (TF)(Table 1). These 20 MDD and 16 control subjects were 

used for morphometric analyses of oligodendrocytes. Due to limited tissue availability, 11–

14 MDD and 11–14 control subjects were used for determining mRNA and protein 

expression.

2.2. Tissue preparation

Frozen 20μm sections were cut from the ventral half of the prefrontal cortex in all subjects. 

Two regions of the vPFC white matter were examined, including deep white matter and 

gyral white matter (Fig. 1). Frozen sections adjacent to the ones labeled for CNPase 

immunohistochemistry were cut at a thickness of 50μm and punches of tissue including both 

deep and gyral white matter of the vPFC were collected for mRNA expression and western 

blotting experiments.

2.3. Immunohistochemistry

Frozen sections were mounted on slides, dried for 20 min, washed five min in PBS, fixed 30 

min in 4% paraformaldehyde and washed in Tris-HCl buffer saline solution (TBS, pH 7.6). 

Sections were incubated overnight with a mouse monoclonal anti-oligodendrocyte antibody 

which specifically recognizes CNPase in oligodendrocytes (Watanabe et al., 2006) (1:1000 

dilution; Millipore/Chemicon MAB 1580, Billerica, MA). Binding of the primary antibody 

was detected with a secondary anti-mouse antibody (1:200; ABC kit, Vector Laboratories, 

Burlingame, CA). To minimize inter-assay variability in the intensity of staining, each 

experiment included yoked sections from both MDD and control subjects. The specificity of 

the anti-CNPase antibody was tested by performing parallel immunohistochemical assays 

where either the primary antibody or the secondary antibody was omitted and where the 

primary antibody was blocked with the immunogen from Millipore/Chemicon. In all cases 

above, there was no immunoreactivity.

2.4. Morphometric analyses

Cell packing density and soma size (cell volume) of CNPase-IR oligodendrocytes (Fig. 2). 

was estimated in triplicate sections with a 3-dimensional cell counting method 

(StereoInvestigator software, v.10; MBF Bioscience, Williston, VT). For cell counting and 

cell size measurements of oligodendrocytes in deep white matter, a contour was drawn 

enclosing the ventral part of the prefrontal white matter, but excluding the white matter 

within gyri (Fig. 1). This portion of the deep white matter underlies cortical Brodmann areas 
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47, 11, 12 and the ventral part of area 24 (Fig. 1) (Uylings et al., 2010). For cell 

measurements in the gyral white matter, a contour was drawn immediately adjacent to the 

gray matter of the middle orbital gyrus (Brodmann area 47) (Fig. 1). Random counting 

boxes (50 X 50 X 5.2 μm) were systematically placed within each contour. Within each 

counting box, oligodendrocytes were examined with a 100X objective (na=1.40). The 

optical fractionator probe was used to estimate cell packing density and the nucleator probe 

was used to measure soma size.

2.5. Non-human primates

Fifteen of the subjects with MDD either had a history of treatment with antidepressant 

medication or the drug was present in postmortem fluids. Therefore, brain tissue was also 

examined in 6 male rhesus monkeys treated daily for 39 weeks with the antidepressant drug 

fluoxetine (3 mg/kg/day) and 6 male monkeys treated with vehicle. Details on drug 

administration, measurement of plasma concentrations of fluoxetine and norfluoxetine and 

euthanasia are outlined in Szewczyk et al. (2010). Plasma levels of fluoxetine and its 

metabolite approximated clinically relevant values. Triplicate sections per monkey from area 

14 (Paxinos et al., 2000), analogous to vPFC in human brain (Mackey and Petrides, 2010), 

were processed for CNPase-immunohistochemistry. The density and size of CNPase-IR 

oligodendrocytes from white matter located in the narrow region between the medial and 

orbital part of area 14 were measured using the same methods outlined above for human 

tissue.

2.6. mRNA expression experiments

RNA isolation and quantitative PCR—RNA was isolated using Ambion RNA Aqueous 

kit and cleaned up with Qiagen RNEasy kit. RNA (1μg) was reverse-transcribed into cDNA 

using dT primers and reverse-transcriptase. RNA was then hydrolyzed, cDNA precipitated 

(linear acrylamide, Ambion) and re-suspended in nuclease-free water. Gene specific primers 

were designed and tested for efficiency and specificity by serial dilutions and melt curve 

analysis. Sybr Green mix (Quantitect, Qiagen) was used to amplify cDNA in the 

Mastercycler ep Gradient S (Eppendorf) real time PCR machine. Four housekeeping genes, 

cyclophilin, GAPDH, β-actin and β-tubulin were tested for amplification efficiency and 

suitability as genes for normalization. Gene regulation was calculated by normalizing target 

gene expression to cyclophilin and β-actin. Quantitative PCR analysis was conducted to 

examine relative mRNA expression levels of CNPase, proteolipid protein 1 (PLP1), myelin 

basic protein (MBP), myelin oligodendrocyte glycoprotein (MOG), myelin-associated 

oligodendrocyte basic protein (MOBP) and oligodendrocyte transcription factors 1 and 2 

(Olig1 and Olig2).

2.7. Western blotting experiment

The expression of CNPase protein was examined by western blotting as described 

(Karolewicz et al., 2010). Expression of other myelin-related proteins was not determined 

due to a lack of tissue. Tissue sample homogenates were centrifuged at 900 × g and 

supernatants were mixed with sample buffer. Solubilized protein (5 μg per lane) was 

subjected to 10% Criterion Precast Tris-HCl gel electrophoresis (Bio-Rad Laboratories, 
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Hercules, CA, USA) and transferred to nitrocellulose membranes (Hybond ECL; GE 

HealthCare Life Sciences, Pittsburgh, PA, USA). Blots were incubated overnight (at 4º C) 

with mouse anti-CNPase monoclonal antibody (Clone SMI-91; diluted 1:3000; Covance, 

CA, USA; no.SMI-92R). As a control for transfer and loading, glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was detected on each blot using rabbit polyclonal anti-GAPDH 

antibody (Abcam Inc., Cambridge, MA, USA; no. AB36840; diluted 1:1000). Membranes 

were washed in TBS buffer and incubated with peroxidase-conjugated anti-mouse (diluted 

1:3000; GE HealthCare Life Sciences, Pittsburgh, PA, USA, no. NA931) or anti-rabbit 

secondary antibodies (GE HealthCare Life Sciences, Pittsburgh, PA, USA, no. NA934; 

diluted 1:3000). Immunoreactive bands were visualized by chemi-luminescence detection 

(ECL; PerkinElmer Life Sciences, Inc., Boston, MA, USA) with photographic film 

(Hyperfilm-ECL, GE HealthCare Life Sciences, Pittsburgh, PA, USA). The anti-CNPase 

monoclonal antibody reacts with the 46 and 48 kDa subunits of the CNPase dimer, whereas 

the anti-GAPDH antibody reacts with a band at 36 kDa.

Pairs of MDD and control subjects were matched for age, gender, post-mortem interval, 

tissue pH, and storage time in freezer. A maximum of five pairs of control and MDD 

subjects were run on the same gel with duplicates run on separate gels. There was a linear 

relationship between optical density values and protein concentrations for all antibodies 

used. In order to minimize inter-blot variability and to aid in quantifying blots, each gel was 

loaded with 3 concentrations of the same cortical tissue standard (dissected from a normal 

control subject) consisting of 2.5, 5 and 10 μg of total protein. Protein band densities were 

analyzed using MCID Elite 7.0 (Imaging Research, St. Catherines, Ontario, Canada). 

Relative optical density values were converted to arbitrary protein units using a standard 

curve. The data were normalized to GAPDH immunoreactivity detected on the same blot.

2.8. Statistical analyses

The influence of age, PMI, tissue pH, TF and duration of MDD on the density and size of 

oligodendrocytes and the mRNA and protein expression of myelin-related genes was 

evaluated by Pearson correlation analyses (V 5.0b; GraphPad Prism, La Jolla, CA). A 

significant correlation was noted only between age and density and TF and density of 

oligodendrocytes in gyral white matter in MDD, and between TF and density of 

oligodendrocytes in deep white matter in MDD (see Results). The average age, PMI, tissue 

pH and TF were compared between the MDD and control groups (Table 1). Tissue pH 

values were significantly lower in MDD vs. controls (t=2.441, df=33, p=0.02) only for 

subjects used to examine cell density and size, but not for the somewhat fewer control and 

MDD subjects used for RNA and protein expression. Therefore, in the statistical analyses 

examining the density and size of oligodendrocytes in human tissue, analysis of covariance 

(ANCOVA) (either with or without the five subjects with antidepressant medication in 

postmortem blood) was performed with tissue pH, age and TF as covariates (IBM SPSS, 

version 22.0; Chicago, IL). The ANCOVA analyses of density and soma size comparing 

controls and subjects with MDD yielded highly comparable statistical results whether or not 

the five MDD subjects with antidepressant medication in postmortem blood were included. 

Statistical analysis using a random effect model was conducted to control for a possible 

effect of immunostaining batches of sections on different days. Pearson correlation analyses 
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showed no association between mRNA transcripts and potentially confounding variables 

(Tables 2 and 3). Nevertheless, ANCOVA analyses were performed with PMI, tissue pH, age 

and TF as covariates to examine the potential effects of these variables on mRNA expression 

of myelin-related genes between MDD and control subjects. The ANCOVA analyses of 

mRNA and CNPase protein expression comparing controls and subjects with MDD yielded 

highly comparable statistical results whether or not the one MDD subject with 

antidepressant medication in postmortem blood was included. An unpaired, two-tailed 

Student’s t-test was used to compare oligodendrocyte density and size between fluoxetine-

treated and control monkeys. Statistical significance for all tests was set at p ≤ 0.05.

3. Results

3.1. Oligodendrocytes in the white matter of deep vPFC in human brain

There was no significant difference in the cell packing density of oligodendrocytes in deep 

white matter when comparing MDD and control subjects (ANCOVA, F(1, 31)=2.498, 

p=0.12) (Fig. 3A). Similarly, there was no significant difference between MDD and control 

subjects in the soma size of oligodendrocytes (ANCOVA, F(1, 31)=2.492, p=0.12) (Fig. 3B). 

There were no significant correlations between cell packing density and age, PMI or pH in 

either MDD (age: r=0.362, p=0.12; PMI: r=0.346, p=0.14; pH: r=0.362, p=0.12) or control 

subjects (age: r=0.288, p=0.28; PMI: r=0.095, p=0.73; pH: r=−0.479, p=0.06). However, 

there was a significant positive correlation between TF and density of oligodendrocytes in 

MDD (r=0.612, p=0.004) but not in control (r=0.134, p=0.62) subjects. Likewise, no 

correlation was detected between age, PMI, tissue pH, TF and soma size of oligodendrocytes 

in either the MDD (age: r=−0.109, p=0.65; PMI: r=0.414, p=;0.07; pH: r=−0.340, p=0.15; 

TF: r=0.–170, p=0.47) or control subjects (age: r=0.129, p=0.64; PMI: r=−0.209, p=0.45; 

pH: r=−0.375, p=0.15; TF: r=−0.064, p=0.81). Duration of MDD was not correlated with 

either the density (r=−0.014, p=0.96) or size (r=−0.031, p=0.91) of oligodendrocytes.

3.2. Oligodendrocytes in the white matter of gyral vPFC in human brain

There was no significant difference in the density of oligodendrocytes in gyral white matter 

between MDD and control subjects (ANCOVA, F(1, 31)=1.276, p=0.27) (Fig. 4A). 

However, there was a significant positive correlation between packing density and age in 

MDD (r=0.444, p=0.049) but not in control (r=0.351, p=0.182) subjects and between density 

and TF in MDD (r=0.441, p=0.05) but not in controls (r=0.036, p=0.89). Factors such as 

PMI and pH were not correlated with the density of oligodendrocytes in either the MDD 

(PMI: r=0.127, p=0.59; pH: r=0.341, p=0.14) or the control (PMI: r=−0.133, p=0.62; pH: r=
−0.309, p=0.24) groups. The duration of MDD was not correlated with the density of 

oligodendrocytes (r=0.236, p=0.36).

In contrast to packing density, the size of oligodendrocyte cell bodies differed significantly 

between the MDD and control groups. Sizes were 13 percent significantly smaller in the 

MDD vs. the control group (ANCOVA, F(1, 31)=10.290, p=0.003) (Fig. 4B). After 

controlling for (very modest) baseline differences in the intensity of immunohistochemistry 

between days, there was still a significant difference in oligodendrocyte soma size between 

the control and MDD groups [p-value=0.0134, 95% CI (1.89, 9.69)]. There was no 
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significant influence of age, PMI, pH or TF on the size of oligodendrocytes in either MDD 

(age: r=−0.241, p=0.31; PMI: r=−0.166, p=0.48; pH: r=−.0.073, p=0.76; TF: r=0.151, 

p=0.53) or control (age: r=0.–038, p=0.89; PMI: r=−0.447, p=0.08; pH: r=−0.205, p=0.45; 

TF: r=0.151, p=0.53) groups. The duration of MDD did not significantly influence soma size 

of oligodendrocytes (r=−0.029, p=0.91). Suicide did not have a significant effect on 

oligodendrocyte soma size; MDD subjects dying by suicide had soma sizes similar to MDD 

subjects dying by other causes (t=0.273, df=18, p=0.79). There was no statistically 

significant difference in the soma size between MDD subjects with antidepressant drugs 

present postmortem and MDD subjects with a prescription but no drug present postmortem 

(t=0.062, df=8, p=0.95).

3.3. Oligodendrocyte morphometry in white matter of vPFC in monkey brain

There was no significant difference in the packing density of CNPase-IR oligodendrocytes 

between fluoxetine-treated and control animals (t=0.8343, df=10, p=0.42) (Fig. 5A). The 

size of oligodendrocyte cell bodies was also not significantly different between the two 

cohorts (t=0.7203, df=10, p=0.49) (Fig. 5B).

3.4. Expression of mRNA for myelin-related proteins in white matter of vPFC in human 
brain

Comparison of the expression of PLP1 mRNA between MDD and control groups revealed a 

significant, 34 percent down-regulation in MDD (ANCOVA, F(1, 19)=12.370, p=0.002) 

(Fig. 6A). In contrast, in MDD there was a significant up-regulation in the expression of 

CNPase mRNA (109 percent, ANCOVA, F(1, 20)=6.958, p=0.016), MOG mRNA (51 

percent, ANCOVA, F(1, 15)=9.477, p=0.008) and Olig1 mRNA (47 percent, ANCOVA, F(1, 

21)=4.081, p=0.05) (Fig. 6B, C, D). Expression of MBP mRNA (t=0.925, df=23, p=0.36), 

MOBP mRNA (t=0.825, df=20, p=0.42) and Olig2 mRNA (t=0.328, df=24, p=0.75) was not 

significantly different between the MDD and control groups. Pearson correlation analyses 

showed no significant associations between the expression of mRNA for PLP1, CNPase, 

MOG and Olig1 and age, PMI, pH, TF or duration of MDD (see Tables 2 and 3). 

Correlational analyses were conducted to test the relationship between expression of mRNA 

for PLP1, CNPase, MOG and OLIG1 and soma size of oligodendrocytes. We found a 

significant, positive correlation between PLP1 mRNA and soma size (r=0.464, p=0.03) 

where the smaller the size, the lower the expression of PLP1. All other correlations were not 

statistically significant (CNPase vs size: r=−0.149, p=0.68; MOG vs size: r=0.068, p=0.78; 

Olig1 vs size: r=−0.122, p=0.59).

3.5. Expression of CNPase protein in white matter of vPFC in human brain

The level of CNPase protein from subjects with MDD was significantly lower (44%) than 

that of matched controls (paired t-test, t = 2.279, df=13, p = 0.04), Fig. 7). While Pearson 

correlation analysis revealed a significant negative correlation between the amount of 

CNPase immunoreactivity and storage time in freezer (TF) (only in MDD; r = −0.7, p = 

0.007), levels of CNPase were still significantly less in MDD than in controls (ANCOVA 

with TF as a covariate, F(1,23) = 4.769, p = 0.039). There was no correlation between the 

amount of CNPase protein and age at the time of death, PMI or tissue pH in either control or 

MDD groups, or CNPase expression and the duration of MDD (Table 4). The decrease in 
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CNPase immunoreactivity in MDD subjects was not related to death by suicide since there 

was no difference in the CNPase level between 8 suicide MDD subjects (0.38 ± 0.13) and 5 

MDD non suicide subjects (0.57 ± 0.21; unpaired t-test, t = 0.802, df=11, p = 0.44).

4. Discussion

Oligodendrocytes were examined in the vPFC as these cells are crucial components in the 

orbital and medial prefrontal cortical networks and pathology in these glial cells may likely 

interfere with the role of the vPFC in emotional, motivational and social behaviors, and 

thereby contribute to the constellation of symptoms comprising MDD (Drevets et al., 2008; 

Koenigs & Grafman, 2009; Kringelbach, 2005; Kringelbach and Rolls, 2004; Price and 

Drevets, 2010; Rolls and Grabenhorst, 2008).

A reduction in the size of oligodendrocyte cell bodies immunoreactive for CNPase was 

noted in gyral but not deep portions of the vPFC white matter in MDD. This reduction in 

size in the gyral white matter was paralleled by a decrease in the expression of CNPase 

protein and PLP1 mRNA, and an increase in the expression of mRNA for CNPase, MOG 

and Olig1 in MDD, as compared to control subjects.

The smaller size of oligodendrocyte cell bodies in MDD does not appear due to 

antidepressant therapy. The size of cell bodies was not significantly different between MDD 

subjects treated or not with antidepressant medications. Moreover, monkeys treated for nine 

months with the antidepressant fluoxetine showed no significant change in oligodendrocyte 

size in vPFC white matter, as compared to vehicle-treated controls. In contrast to size, the 

density of oligodendrocytes was not significantly different between MDD and control 

subjects in either gyral or deep white matter of the vPFC. However, there was a significant 

positive correlation between the age of MDD subjects and the density of oligodendrocyte in 

gyral white matter. The increased density in older MDD subjects may be a result of 

degeneration of some axons, which in turn leaves oligodendrocyte cell bodies more densely 

packed.

This is the first study in MDD to estimate the density and size of oligodendrocytes 

visualized with an antibody specific to this type of glial cell. Published studies estimated the 

packing density of oligodendrocytes in MDD used Nissl staining, where it can be difficult to 

distinguish oligodendrocytes from other glial cells (Mosebach et al., 2013; Sibille et al, 

2009; Uranova et al., 2004, Williams et al., 2013). Nonetheless, the present study noted no 

change in oligodendrocytes density in white matter of vPFC in MDD and is consistent with 

similar reports using Nissl staining in the dorsolateral prefrontal and subgenual cingulate 

white matter in MDD (Uranova et al., 2004; Williams et al., 2013).

Morphometry of CNPase-IR oligodendrocytes was analyzed in the white matter of vPFC. 

Since it is difficult to differentiate axon bundles with nearby vs. distant projections in 

histological sections, oligodendrocytes here were analyzed in two parts of the vPFC white 

matter selected by their proximity to the gray matter: the deep white matter, consisting of the 

ventral portions of medial and lateral prefrontal white matter, and the gyral white matter, 

located within the medial orbitofrontal gyrus (BA 47) (Malykhin et al., 2011; Uylings et al., 
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2010). Significant changes noted in oligodendrocyte morphometry in gyral but not deep 

white matter may be due to the differences in fiber bundle composition in these regions. 

Gyral white matter lies immediately beneath the gray matter of cortical gyri and is 

predominantly composed of short “U” shaped fibers connecting adjacent gyri, and in 

addition, longer intra-lobar fibers connecting areas within the same lobe, and finally, deep 

white matter fiber extensions, with all of them having origin or destination in a restricted 

cortical area (Catani et al., 2012, Schmahmann and Pandya, 2006; Yeterian et al., 2012). By 

contrast, deep white matter contains long association, commissural and projection fibers 

connecting various areas of the vPFC with limbic structures and other cortical and 

subcortical regions (Carpenter, 1991; Filley, 2001; Jbabdi et al., 2013; Schmahmann and 

Pandya, 2006). Reduced size of oligodendrocyte cell bodies, as detected in the gyral white 

matter of the vPFC, suggests that myelinated axons of local origin or destination in the 

overlying gray matter are involved in the pathology of white matter in MDD.

The lack of significant changes in oligodendrocyte density or size in the deep white matter 

in MDD may be due to the variety of destinations and origins of axonal groups traversing 

this region of the white matter. Some axonal bundles may not be affected in MDD to the 

same extent as others and a statistically significant difference, in aggregate, might be 

masked. In neuroimaging studies, this aggregation of deep and gyral locations of white 

matter might obscure pathology such that it would only be noted in some but not other 

studies in MDD (Abe et al., 2010; Choi et al., 2014; Du and Ongur, 2013; Murphy and 

Frodl, 2011; Sexton et al., 2009; Tham et al., 2011). Neuroimaging studies at higher 

resolution may yet note bundle-specific changes in MDD.

While DTI studies have not yet examined gyral cortical white matter in MDD, such a study 

in schizophrenia revealed alterations in the superficial (gyral) frontal white matter which 

were related to disturbances in cognitive performance (Nazeri et al, 2013). Interestingly, this 

study also noted that U-shaped and intraregional fibers, rather than extensions of the deep 

white matter fibers, showed pathological changes in superficial frontal white matter. This 

pathology may be related to data from postmortem tissue showing changes in neuron density 

and distribution in gyral white matter in the prefrontal cortex in schizophrenia (Akbarian et 

al., 1996; Eastwood et al., 2005; Joshi et al., 2012; Yang et al., 2011). Whether the same is 

true for MDD remains to be determined by DTI and postmortem studies.

In addition to oligodendrocyte morphometry, the expression of mRNA transcripts for 7 

proteins associated with myelin and expressed by oligodendrocytes, including CNPase, 

MBP, PLP1, MOG, MOBP, Olig1 and Olig2, were also evaluated. The mRNA for CNPase, 

PLP1, MOG, MOBP and MBP encode structural components of myelin and are related to 

myelination (Berger and Reindl, 2007; Diehl et al., 1986; Myllykoski et al., 2012; Nave, 

2010; Scherer et al., 1994; Trapp et al., 1988; Yu et al., 1994). Olig1 and Olig2 are 

transcription factors found in human white matter and expressed by oligodendrocytes during 

maturation and regeneration (Fu et al., 2002; Marie et al., 2001). A significant decrease in 

the expression of PLP1 mRNA was noted here in the vPFC white matter in MDD vs. 

controls. In contrast, the expression of mRNA for CNPase, OLIG1 and MOG was increased 

in the same region of the prefrontal white matter in MDD. Reductions in PLP1 mRNA 

suggest a degeneration of cortical axons since both mice lacking PLP1 and humans with a 
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naturally-occurring PLP1 point mutation exhibit degeneration of cortical axons in the 

absence of demyelination and inflammation (Garbern et al., 2002). However, it cannot be 

ruled out that an excess of PLP1 protein may down-regulate PLP1 mRNA synthesis. This 

PLP1 pathology in MDD may also be related to the smaller soma sizes of oligodendrocytes 

as there was a positive correlation between size and expression of PLP1 mRNA.

The levels of CNPase protein and mRNA were also determined. CNPase protein levels were 

significantly decreased in MDD. CNPase is involved in the formation of myelin membranes 

and cytoskeletal microtubules in oligodendrocytes (Bifulco et al., 2002; Yin et al., 1997). A 

deficit in CNPase in MDD, potentially affecting membranes and microtubule formation, 

may result in altered morphology and smaller oligodendrocyte soma size. In contrast, levels 

of CNPase mRNA were significantly increased in MDD. This discordance between CNPase 

mRNA and protein may reflect a compensatory increase in mRNA in response to a decrease 

in levels of the protein. In addition, the increase in expression of CNPase mRNA in MDD 

may be related to smaller oligodendrocyte soma size and altered expression of myelin-

related mRNA since overexpression of this transcript in transgenic mice alters 

oligodendrocyte development and induces aberrant myelination (Gravel et al., 1996). 

Likewise, overexpression of MOG in MDD may be related to aberrant production of myelin 

sheaths as this gene is considered important in the completion and/or maintenance of myelin 

sheaths (Roth et al., 1995). Finally, increased expression of Olig1 in MDD may point to 

dysfunctional differentiation of oligodendrocytes. Overexpression of Olig 1 in cell culture 

prevents oligodendrocytes from reaching a mature, fully functional phenotype (Copray et al., 

2006). In summary, changes in gene expression for four myelin proteins (i.e., PLP1, 

CNPase, MOG and OLIG1) in the white matter of vPFC in MDD suggest dysfunctional 

maturation of oligodendrocytes with accompanying alterations in axonal integrity.

A few postmortem studies have examined myelin-related and oligodendrocyte-specific gene 

expression in MDD (Aston et al., 2005; Kim and Webster, 2010; Klempan et al., 2009). 

Reductions in mRNA expression for PLP1, CNPase, MOG, MOBP and Olig2 (among other 

genes) were found in a mixture of gray and white matter of the temporal cortex in MDD 

(Aston et al., 2005). Similar to our observation, Aston et al. (2005) did not note any 

alteration in myelin basic protein (MBP) in the vPFC white matter. While some data in 

MDD presented here (increase in mRNA for CNPase and MOG) are opposite those noted by 

Aston et al. (2005), this may be due to a different cortical region examined (prefrontal vs. 

temporal), white matter vs. a mixture of gray and white matter, or differences in clinical 

characteristics of the subjects. However, in the present study, the decrease in mRNA 

expression for PLP1 is consistent with Aston et al. (2005). The increase in the expression of 

Olig1 mRNA in the present study is consistent with an increase in Olig1 immunoreactivity 

in white matter of anterior cingulate cortex in MDD (Mosebach et al, 2013).

Decreased expression of mRNA for PLP1 in prefrontal white matter in MDD may be 

regulated by the expression of other genes, e.g. CNPase, MOG and OLIG1. PLP1 composes 

about 50 percent of myelin in the CNS (Baumann and Pham-Dinh, 2001). Other myelin-

related genes may increase their expression to compensate for reductions in PLP1. Animal 

and cell culture studies report mutual interactions between PLP1, CNPase, OLIG1 and 

MOG. For example, OLIG1 directly binds to PLP1 and CNPase promoter regions and 
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regulates transcription of the major myelin-specific genes, such as PLP1 (Xin et al., 2005) 

and MOG (Lu et al., 2002; Xin et al., 2005).

Oligodendrocytes play a crucial role in preserving the integrity and survival of axons (Edgar 

and Sibille, 2012; Nave, 2010). Axons in Plp1-null mice undergo Wallerian degeneration 

(Griffiths et al., 1998). Thus, significant reductions in the expression of PLP1 mRNA 

observed here in MDD, even if not dramatic, may compromise axonal integrity and result in 

reduced fractional anisotropy noted in some DTI studies in MDD.

In conclusion, altered mRNA expression of PLP1, CNPase, Olig1 and MOG and levels of 

CNPase protein in the vPFC white matter in MDD suggests myelin pathology and is tied to 

a decrease in size of oligodendrocyte cell bodies, with no change in cell density. In contrast, 

changes in expression of these genes in schizophrenia are linked to a reduction in the density 

of oligodendrocytes (Davis and Haroutunian, 2003; Farkas et al., 2010; Hakak et al., 2001; 

Hof et al., 2003; Segal et al., 2007; Tkachev et al., 2003; Uranova et al., 2001, 2004). Future 

studies of all myelin- and oligodendrocyte-related genes, as well as higher resolution 

neuroimaging, should more clearly reveal the cellular and molecular basis of aberrant 

connections of the prefrontal white matter in MDD.
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• Size and density of oligodendrocytes was examined in prefrontal white matter in 

depression.

• Sizes were smaller in subjects with depression as compared to controls.

• Expression of mRNA for myelin and oligodendrocyte markers was altered in 

depression.

• These changes may be related to white matter pathology reported by 

neuroimaging.
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Figure 1. 
Coronal section of the human prefrontal cortex indicating location of two regions where 

oligodendrocyte density and soma size were measured. A larger contour was placed in the 

deep part of the ventral prefrontal white matter, while a smaller contour was placed inside 

the gyral ventral prefrontal white matter underlying Brodmann area 47. Numbers refer to 

Brodmann areas.

Abbreviations: cc, corpus callosum; d, dorsal; v, ventral.
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Figure 2. 
Photomicrograph showing human oligodendrocytes immunoreactive for 2′,3′-cyclic-

nucleotide 3′-phosphodiesterase (CNPase)(see arrows) in the deep ventral prefrontal white 

matter. The packing density and soma size of these glial cells were estimated in the deep and 

gyral parts of the ventral prefrontal white matter in major depressive disorder (MDD) and 

control subjects. Scale bar = 10μm.
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Figure 3. 
Morphometric parameters (density and soma size) of CNPase-immunoreactive 

oligodendrocytes in the deep part of ventral prefrontal white matter in human brain. A, The 

density of oligodendrocytes was not significantly different between control subjects and 

those with major depressive disorder (MDD). B, Soma size of oligodendrocytes was not 

significantly different between control subjects and those with MDD. The horizontal lines 

represent the mean value of density or size for each diagnostic group.
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Figure 4. 
Density and soma size of CNPase-immunoreactive oligodendrocytes in the gyral ventral 

prefrontal white matter in human brain. A, Oligodendrocyte density was not significantly 

different between control subjects and those with major depressive disorder (MDD). B, 

There was a statistically significant 13 percent decrease in soma size in subjects with major 

depressive disorder (MDD), as compared to control subjects. The horizontal lines represent 

the mean value of density or soma size for each diagnostic group.
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Figure 5. 
Density and soma size of CNPase-immunoreactive oligodendrocytes in the ventral prefrontal 

white matter in rhesus monkeys treated chronically with fluoxetine or vehicle. Neither cell 

density (A) nor soma sizes (B) were significantly different between the groups. The 

horizontal lines represent the mean value of density or size for each treatment group.
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Figure 6. 
Expression of myelin-related mRNA in the human ventral prefrontal white matter. 

Histograms show significant differences in the expression of A, PLP1; B, CNPase; C, MOG; 

D, Olig 1 between the subjects with major depressive disorder (MDD) and control subjects. 

Mean values (with standard error of the means) for subjects with MDD are expressed as 

percent regulation of the control subjects. *p< 0.05, **p<0.01.
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Figure 7. 
Expression of CNPase protein in ventral prefrontal white matter from 14 matched pairs of 

subjects with major depressive disorder (MDD) and control subjects. Mean values (with 

S.E.M.) of the normalized optical density for each group are presented. *p< 0.05.
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Table 1

Characteristics of Control and MDD subjects.

Parameter Controls (n=16) MDD (n=20)

Age (years) (range) 52 ± 4 (27 – 80) 55 ± 4 (20 – 87)

Gender (F:M) 6:10 9:11

PMI (hrs) (range) 20.0 ± 1.4 (10 – 29) 24.5 ± 1.7 (10 – 44)

Tissue pH (range) 6.73 ± 0.07 (6.2 – 7.1) 6.51 ± 0.07 (5.6 – 6.9)

RNA purity# (range) 1.99 ± 0.03 (1.74 – 2.15) 1.97 ± 0.03 (1.79 – 2.08)

TF (months) (range) 97.9 ± 8.7 (34 – 133) 92.8 ± 9.3 (19 – 141)

Cause of death Cardiovascular disease (14); 
hemorrhagic pancreatitis (1); 
accidental CO asphyxiation (1)

Suicide (15); firearm (4); CO poisoning (5); hanging (3); 
drowning (1); fall from height (1); hyperkalemia (1)
Other causes: cardiovascular disease (5)

Diagnosis none MDD (20); Comorbid Diagnoses (8): GAD (2); alcohol & 
cannabis abuse (1); anxiolytic abuse (1); anxiety disorder NOS 
(1); sexual disorder NOS (1); panic disorder with agoraphobia 
(1); pathological gambling (1)

Duration of MDD (years) (range) not applicable 12.5 ± 3.4 (0.2 – 62 years)

AD Medication Status* none 10

Toxicology (Antidepressant drugs) none n=5 (fluoxetine 1; paroxetine 1; sertraline 2; venlafaxine 1)

Data represent the mean ± S.E.M. AD – antidepressant; CO-carbon monoxide; GAD – generalized anxiety disorder; MDD-major depressive 
disorder; NOS – not otherwise specified; PMI-postmortem interval; TF-time in freezer;

#RNA purity was determined by Nanodrop Spectrophotometry at multiple wavelengths, 260, 280 and 230. Ratio of 260/280 represents RNA purity. 
The standard for RNA purity is ratio of 2;

*Prescription for antidepressants within 4 weeks prior to death. The average age (t=2.591, df=34, p=0.56), PMI (t=1.980, df=34, p=0.06) and TF 
(t=0.381, df=32, p=0.71) of subjects with MDD were not statistically different from the control subjects. However, brain tissue pH was significantly 
lower in depressed subjects (t=2.441, df=33, p=0.02).
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Table 4

Summary of Pearson correlations between control subjects and those with MDD for CNPase protein 

expression and potentially confounding variables.

Variable

CNPase protein

Control MDD

r p r p

Age at death 0.255 0.40 0.064 0.84

PMI 0.218 0.47 −0.007 0.98

Tissue pH 0.257 0.40 0.489 0.09

TF −0.416 0.16 −0.703 0.007

Duration of depression - - −0.022 0.94

CNPase - 2,′3′-cyclic nucleotide 3′-phosphodiesterase; MDD – major depressive disorder; PMI - postmortem interval; TF - storage time in freezer.
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