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Abstract

Although disrupted function of frontal and limbic areas of cerebral cortex are closely associated 

with major depressive disorder (MDD) and schizophrenia (SZ), cellular pathology has also been 

found in other brain areas, including primary sensory areas. Auditory cortex is of particular 

interest, given the prominence of auditory hallucinations in SZ, and sensory deficits in MDD. We 

used stereological sampling methods in auditory cortex to look for cellular differences between 

MDD and SZ compared to non-psychiatric subjects. Additionally, as all of our MDD subjects died 

of suicide, we evaluated the association of suicide with our measurements by selecting a SZ 

sample that was divided between suicide and non-suicide subjects. Measurements were done in 

primary auditory cortex (area A1) and auditory association cortex (area Tpt), two areas with 

distinct roles in sensory processing and obvious differences in neuron density and size. In MDD, 

densities of GABAergic interneurons immunolabeled for calretinin (CR) and calbindin (CB) were 

23–29% lower than non-psychiatric controls in both areas. Parvalbumin (PV) interneurons 

(counted only in area Tpt) showed a nominally smaller (16%) reduction that was not statistically 

significant. Total neuron and glia densities measured in Nissl stained sections did not show 

corresponding reductions. Analysis of suicide in the SZ sample indicated that reduced CR cell 
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density was associated with suicide, whereas the densities of CB and other cells were not. Our 

results are consistent with previous studies in MDD that found altered GABA-associated markers 

throughout the cerebral cortex including primary sensory areas.
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1. Introduction

MDD is defined by the presence of disrupted emotional processing, so investigations of 

brain pathology in MDD have generally focused on limbic and prefrontal regions that are 

central to emotional regulation. However, MDD is also associated with other cognitive 

deficits including sensory processing (Li et al., 2010; Schwenzer et al., 2012; Takei et al., 

2009; Tollkotter et al., 2006; Zwanzger et al., 2012), and at least some cellular and 

molecular changes are found throughout the brain, even in disparate areas such as 

cerebellum and primary visual cortex (Fatemi et al., 2013; Li et al., 2013; Maciag et al., 

2010; Sanacora et al., 2004). Among the most common findings are reduced glia- and 

GABA-associated markers, reduced markers for neurotrophic support and increased 

inflammatory markers (Aston et al., 2005; Choudary et al., 2005; Duric et al., 2010; Evans et 

al., 2004; Guilloux et al., 2012; Sequeira et al., 2007; Sequeira et al., 2012; Shelton et al., 

2011; Tripp et al., 2012). However, it remains unclear how these changes are related to the 

onset and progression of MDD, or whether there is irreversible neuron loss.

One of the most consistent findings from postmortem MDD brains is the reduction of glial 

density or number in medial, oribital and dorsolateral prefrontal cortex (reviewed in 

(Hercher et al., 2009b; Rajkowska and Stockmeier, 2013)), although this was not found in all 

studies (Cotter et al., 2005; Hercher et al., 2009a). Reduction of neuronal density or number 

was not significant in most studies, but was recently reported in orbital and dorsolateral 

prefrontal cortex from depressed suicide subjects (Underwood et al., 2012), and in geriatric 

depression (Rajkowska et al., 2005). There are also reports of reduced numerical density of 

immunolabeled GABA neurons in both prefrontal and primary visual cortex, although it is 

unclear if this reflects reduced numbers of interneurons or alternatively reduced staining for 

GABAergic markers (Maciag et al., 2010; Rajkowska et al., 2007). The reduction was found 

in the calbindin (CB) but not parvalbumin (PV) interneuron subtypes, suggesting that MDD 

may be associated with a characteristic profile of altered GABAergic neurocircuitry. 

Subsequent mRNA expression studies of MDD also found reduced GABA-associated 

transcripts, especially for somatostatin that is highly colocalized with CB in interneurons 

(Guilloux et al., 2012; Sibille et al., 2011; Tripp et al., 2012). These findings in MDD are 

consistent with reports of altered expression of different GABA receptor mRNAs (Sequeira 

et al., 2009), and low GABA concentrations found by proton magnetic resonance 

spectroscopy of cerebral cortex or in CSF or serum [reviewed in(Mann et al., 2014; Sanacora 

and Saricicek, 2007)]. In vivo structural imaging of MDD brains has inconsistently shown 
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modestly reduced volume in prefrontal cortex, hippocampus and amygdala (Koolschijn et 

al., 2009; Lorenzetti et al., 2009).

Comparatively few studies have evaluated auditory regions in MDD. In vivo imaging did not 

show reduced cortical volume (Caetano et al., 2004; Morys et al., 2003), although reduced 

gray matter density was correlated with illness severity (Shah et al., 2002). Postmortem 

measurements in a brain sample from the Stanley Medical Research Institute did not detect 

altered densities of glia or neurons (Beasley et al., 2005; Cotter et al., 2004) even though 

reduced glial density was prominent in prefrontal cortex from the same brains (Cotter et al., 

2002b).

SZ is associated with altered sensory processing (Javitt, 2009; Torrey, 2007), and auditory 

regions of the superior temporal gyrus have been especially implicated by in vivo imaging 

(Narr et al., 2005; Shenton et al., 2001). Auditory hallucinations are a prominent feature of 

SZ, however, our previous studies of auditory cortex in SZ compared area A1 with 

association cortex of the planum temporale, and found only subtle thinning of the left 

planum temporale, with unchanged neuron density and size (Smiley et al., 2013; Smiley et 

al., 2009; Smiley et al., 2011). In this and other regions of the cerebral cortex, findings of 

altered cellular organization in SZ cortex have been inconsistent [reviewed in (Dwork et al., 

2009)]. There are some reports of fewer glia [e.g., (Rajkowska et al., 2002; Stark et al., 

2004; Uranova et al., 2004)] increased neuron density [e.g., (Dorph-Petersen et al., 2009; 

Selemon et al., 2003)], and reduced neuron size (Pierri et al., 2003; Sweet et al., 2004). A 

more consistent finding is the down-regulation of GABA-related mRNAs and proteins, 

which is pronounced in about half of SZ subjects, found across diverse areas of cerebral 

cortex, and relatively selective for mRNA’s associated with PV and CB, but not calretinin 

(CR) cells (Hashimoto et al., 2008; Hashimoto et al., 2003; Volk et al., 2012). While some 

studies found reduced overall density or number of GABA neurons (Beasley et al., 2002; 

Chance et al., 2005; Cotter et al., 2002a; Konradi et al., 2011; Reynolds et al., 2001; Wang et 

al., 2011; Zhang and Reynolds, 2002) others did not (Pantazopoulos et al., 2007; Woo et al., 

1997). mRNA expression studies provided evidence that lower GABA-cell counts might 

reflect reduced expression of GABA cell markers, rather than cell loss (Hashimoto et al., 

2003).

The present study revisits the issues of cell density and size in MDD and SZ compared to 

non-psychiatric subjects, evaluating both total neurons, identified with Nissl staining, and 

subtypes of immunolabeled GABA cells, in a brain sample that is independent from our 

previous studies in auditory cortex. Direct comparisons are made between A1 and Tpt, two 

cortical areas with very distinct profiles of cell density and size, and distinct roles in sensory 

processing. As before, we found little evidence for detectable cytoarchitectonic disruptions 

in SZ. However, in MDD subjects we found reduced density of immunolabeled GABAergic 

neurons.
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2. Methods and Materials

2.1 Subjects

Brains were from the Institute for Forensic Medicine in Skopje Macedonia, and were 

selected to match diagnostic groups for gender, age, postmortem interval and storage time 

(Table 1). DSM-IV clinical diagnoses were established by psychological autopsy interview 

(Kelly and Mann, 1996). Brains were excluded if they met Khachaturian criteria for 

Alzheimer pathology or had clinical or pathological diagnoses of neurological disease. 

Brains were also excluded if there was a history of abuse or dependence associated with any 

substance except tobacco (Dwork et al., 1998). Additional review of the included cases did 

not reveal any cases with a history of head trauma or of emotional trauma including death of 

a parent or abuse during childhood. The study procedures were approved by the Institutional 

Review Boards of the New York State Psychiatric Institute, the Nathan Kline Institute, and 

the School of Medicine, University “Ss. Cyril & Methodius.”

Final included cortical samples were taken from 20 non-psychiatric, 17 MDD, and 14 SZ 

subjects. Three additional subjects (2 SZ and 1 non-psychiatric) were omitted due to poor 

immunolabeling with all antibodies. Some diagnostic comparisons used fewer samples 

(Table 2) because A1 or Tpt was damaged or unavailable, or because immunolabeling did 

not penetrate the tissue sections adequately to allow stereological sampling.

2.2 Histological Processing

Brain left hemispheres were sliced at autopsy into 2 cm thick coronal slabs that were placed 

in custom-made cassettes and immersed in phosphate-buffered 10% formalin at room 

temperature for 5 days, before storage at 4C in 0.05 M phosphate buffered saline with 0.02% 

sodium azide. The region containing the planum temporale and at least the caudal half of 

Heschl’s gyrus was dissected from these slabs, and reconstructed by embedding in a protein 

matrix, so that the entire region could be sectioned as a single block (Smiley and Bleiwas, 

2012). 80 μm-thick frozen sections were cut on a calibrated sliding microtome, with the 

plane of section perpendicular to the axis of Heschl’s gyrus. Digital images of the block face 

were used to record the appearance of each section, and to make 3-dimensional 

reconstructions of the tissue, so that the location of each section in the original tissue was 

easily identified (Fig. 1A). A random number generator was used to select a series of every 

12th section through the sample, which were mounted and dried overnight on glass slides, 

Nissl-stained with thionine, dehydrated through increasing concentrations of ethanol and 

coverslipped in Permount (Fischer Scientific). Adjacent series of sections were processed for 

immunocytochemistry using 1:5,000 rabbit anti-CR (cat. # 7697, Swant Antibodies, 

Switzerland), 1:3,000 mouse anti-CB (cat. # 300, Swant) or 1:5,000 mouse anti-PV(cat. # 

235, Swant). Sections were first processed for antigen retrieval by 4 cycles of heating to near 

boiling, separated by 30 second intervals, in 10 mM citric acid, pH 6.0. They were then 

exposed at 4C to primary antibodies for 3 days in 1% normal serum, 0.03% Triton X-100 

and phosphate buffer, pH 7.4. Using rinses in phosphate buffer between steps, they were 

then immersed overnight at 4C in biotinylated secondary antibodies, followed by several 

hours in streptavidin-biotin-peroxidase (Vector laboratories) at room temperature. Labeling 

was visualized by tailoring the reaction time in 0.25 % diaminobenzidine with 0.06 % 
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hydrogen peroxide to achieve optimal cell labeling and penetration of the label into the 

tissue sections. Sections were then mounted on slides, left to dry overnight, dehydrated 

through graded series of ethanol to xylenes, and coverslipped with Permount.

2.3 Cell specificity of antibody labels

To determine the cellular specificity of the CB, CR and PV immunolabels, we used double 

labeling fluorescence in vibratome sections from the surface of the superior temporal gyrus 

adjacent to the planum temporale. Each experiment combined a mouse and rabbit primary 

antibody, and to visualize CB with PV we replaced the mouse anti-PV with rabbit-anti-PV 

(cat. # PV27, Swant). One primary antibody was labeled by a secondary anti-mouse or 

rabbit antibody conjugated to Alexa Flour 488 (Invitrogen cat # A11001 and A11008), and 

colocalization with a second primary antibody was visualized with a biotinylated anti-mouse 

or -rabbit antibody subsequently linked to streptavidin-conjugated Alexa Flour 594 

(Invitrogen cat # S11227). Background fluorescence was monitored with an ultraviolet filter 

set, and digital images that included all 3 color channels were sampled by the optical 

dissector method across the depth of cortex, as previously described (Smiley et al., 2015). 

These experiments showed that double labeling was rare in all combinations of non-

homologous antibodies, with faint and often uncertain detection of the colocalized label in < 

2% of the cells.

2.4 Identification of Cortical Areas

A1 occupied approximately the caudal-medial half of Heschl’s gyrus. As previously 

described, the borders of A1 were identified by its high cell density in layers II–III, small 

neuron size, lack of large pyramidal cells in layers III and V, comparatively indistinct layer 

III/IV border, and pale and wide appearance of layer V (Smiley et al., 2013). In our previous 

study we found that the precise borders of A1are ambiguous in a significant fraction of 

human brains. Therefore, in the present study we did not attempt to use A1 volumes to 

estimate total cell numbers, but instead sampled neuron densities from the unambiguously 

identified more central part of A1, using every 2nd or 3rd 0.96 mm spaced section, so that 4–

8 evenly spaced sections were sampled from each A1.

Area Tpt was identified as described by Sweet et al. (Sweet et al., 2005), and corresponds to 

area Tpt of Galburda (Galaburda and Sanides, 1980) and to the superior temporal area of 

Wallace (Wallace et al., 2002). This area is lateral to the two bands of highly columnar 

cortex that Sweet et al. called internal and external parabelt, and Wallace et al. called the 

posterior area and lateral area. Area Tpt is less columnar than these medial areas, with 

appearance similar to that of inferior parietal cortex, and is typically located on the lateral 

surface of the planum temporale, sometimes extending onto the surface of the superior 

temporal gryus. As the precise borders of this area are difficult to identify, neuron densities 

were sampled in 4–6 consecutive 0.96 mm spaced sections at the approximate center of this 

area.

2.5 Cell Densities

All cell measurements were done on coded images so the rater was blind to diagnosis. Cell 

densities were evaluated using the optical dissector method (West and Gundersen, 1990), 
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using ImageJ software (http://imagej.nih.gov/) to operate a motorized Nikon E600 

microscope and attached Foculus FO 442 digital camera (Phase GmbH, Germany). A 

photomontage was made of each section, using a 2x objective, and its pixel coordinates 

aligned to the X-Y coordinates of the microscope stage. Regions of interest were outlined on 

the photomontage, and the corresponding tissue sampled with a systematically random 

placed grid of optical disector sites (Fig. 1).

For counts of Nissl-stained cells, Z-stacks of 12 digital images with 1μm spacing were 

obtained at each dissector site, using a 100x oil immersion objective, N.A. = 1.3. To count 

neurons, an optical disector counting box was drawn on each Z-stack with X and Y 

dimensions = 49 μm, and Z = 5 μm, with an upper guard zone extending 2–4 μm from the 

tissue surface. For glia, the X-Y dimensions were reduced so that the counting box volume 

was one third of that used for neurons. Cell nuclei were counted, and neurons were 

identified by the presence of well-stained cytoplasmic Nissl substance, a thinner nuclear 

membrane, and a visible nucleolus, whereas glia had poorly stained cytoplasm, thicker 

nuclear membranes and inhomogeneous chromatin. Cells were not counted if they had 

elongated or irregularly shaped nuclei typical of endothelial cells and pericytes. For every 

dissector site, the distances from the pial surface and white matter border were recorded, so 

that cell density and size measures could be separated on the basis of cortical depth, as 

previously described (Smiley et al., 2012). Cell density measurements were corrected for Z-

axis section shrinkage from the original 80 μm to the final thickness on the slide, measured 

in triplicate within area A1 or Tpt on every sampled section. Nissl stained section thickness 

did not differ between diagnostic groups (p = 0.87, group x area ANOVA) or between areas 

(p = 0.21; average = 21.5 +/− 2.3 microns, mean +/− S.D. in A1, and 22.1 +/− 2.5 in Tpt). 

On average, 240 +/− 30 (mean +/− S.D.) optical disectors were used from each area A1 or 

Tpt, with 375 +/− 73 neurons and 201 +/− 35 glia counted in each area, and average 

coefficients of error (CE) (Dorph-Petersen et al., 2009) of 0.06 +/− 0.02 for neuron densities 

and 0.08 +/− 0.04 for glia densities.

For counts of immunolabeled GABA cells, Z-stacks of 8 digital images with 2 μm spacing 

were obtained at each disector site, using a 50x oil immersion objective, N.A. = 1.3. Labeled 

cell soma were counted using a counting box with X,Y and Z dimensions of 150, 110, and 4 

μm respectively, using an upper guard zone of 2 μm and lower guard zone of at least 2 μm. 

Final section thickness did not differ between diagnostic groups (p = 0.35, group x area x 

label ANOVA) or between immunolabels (p = 0.52). However, there was a significant 

difference between areas (p < 0.001) with thicker tissue (i.e., less shrinkage) in A1 (14.1 +/

− 1.7) than Tpt (12.3 +/− 1.6). On average, 224 +/− 46 (mean +/− S.D.) optical disectors 

were used from each area A1 or Tpt, with 218 +/− 80 neurons counted in each area, and 

average coefficients of error (CE) (Dorph-Petersen et al., 2009) in area A1 were 0.09 +/

− 0.03 and 0.10 +/− 0.05 (mean +/− S.D.) for CR and CB, respectively. In Tpt, CEs were 

0.10 +/− 0.05, 0.09 +/− 0.05 and 0.07 +/− 0.02 for CR, CB and PV, respectively.

2.6 Tissue penetration of immunolabels

In some samples, incomplete tissue penetration of immunolabels prevented consistent 

placement of our 8-micron deep counting probe, that included a 4-micron counting box, and 
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2 micron upper and lower guard zones. Incomplete penetration was often associated with the 

intense PV labeling of the neuropil in the middle layers of A1, and for this reason PV 

neurons were evaluated only in area Tpt. In all other samples, we reviewed this issue by re-

imaging and re-counting samples that had fewer than 45% of their cells counted in the lower 

half of the optical dissector. Based on these reviews, 11 of the remaining 225 samples from 

areas A1 or Tpt were omitted due to incomplete antibody penetration (see Results for further 

descriptions). The final average percent of cells in the lower half of the disector was 49+/

− 5% (mean +/− S.D., N = 214 areas sampled), and this was nearly identical for each of the 

different immunolabels, and for area A1 and Tpt. Diagnostic comparisons for each label in 

either A1 or Tpt did not reveal any group differences in depth of counted cells (p values > 

0.45, univariate ANOVAs).

2.7 Neuron Size and Labeling Density

Cell soma size was measured by the nucleator method (Gundersen, 1988) on every second 

Nissl stained neuron, and on every immunolabeled neuron counted for neuron density. Glia 

cells were not measured, as cytoplasm was poorly visualized. The average cell radius was 

determined from 3 isotropic random lines extending from a point at the approximate center 

of the Nissl stained nucleus or the immunolabled cell soma, to the intersection with the cell 

membrane. Estimates of measurement precision (Dorph-Petersen et al., 2004) for Nissl 

stained neurons produced CEs of 0.03 +/− 0.01 in A1 and 0.05 +/− 0.01 in Tpt. For 

immunolabeled neurons CEs in A1 were 0.05 +/− 0.02 and 0.06 +/− 0.01, for CR and CB, 

respectively. In Tpt, CEs were 0.04 +/− 0.02, 0.6 +/− 0.01 and 0.04 +/− 0.01, for CR, CB 

and PV, respectively.

To evaluate cell immunolabeling density, we determined the difference between the mean 

gray-scale density measured at a 5 micron diameter circle at the center of each cell and the 

modal gray scale value outside the cell sampled in a circular band located at a radius of 55 to 

60 microns from the cell center (Fig. 1D).

2.8 Cortical thickness

Cortical thickness was measured as previously described (Smiley et al., 2012; Smiley et al., 

2009). Briefly, on every available Nissl-stained section through Heschl’s gyrus and the 

planum temporale, outlines were made of the cortical surface, the layer III–IV border, and 

the white matter border. Shortest distances between these borders were displayed as colored 

flat-maps from which regional median thicknesses were obtained. Tangentially cut cortex, 

identified by upper or lower layers thicker than 1.95 mm, was omitted. Inclusion of these 

tangential sections did not significantly affect diagnostic group comparisons (data not 

shown). Besides total cortex thickness presented here, these analyses provided 

measurements of upper (I–III) and lower (IV–VI) layer thickness, and of the volume 

fractions of the upper and lower layers, as previously described (Smiley et al., 2012), which 

did not differ between diagnostic groups (data not shown).

Cortex thickness has local variations due to cortical folding. Therefore, measurements were 

taken from the larger regions of Heschl’s gyrus and the planum temporale, in addition to 

local measurements at the of A1 and Tpt sites used for cell measurements. Thickness 
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measurements from the whole planum temporale included 27 +/−6 sections through 

Heschl’s gyrus, and 26 +/− 5 sections (mean +/− S.D) through the planum temporale. The 

number of sections in either region did not differ between diagnostic groups (p values > 

0.60). Separate evaluations of the rostral and caudal planum temporale each used half of the 

available sections.

2.9 Statistical Analyses

Estimating the effect of diagnosis on the all outcomes was based on linear models. Nine of 

the outcomes were measured at 2 areas of the brain, and their analyses were based on linear 

mixed effects models. The two outcomes per person (one for each area) were modeled as a 

function of diagnosis (3 levels), area (2 levels) and their interaction. The significance of the 

interaction terms was judged based on likelihood ratio test (Chi-square test on 2 d.f.). If the 

interaction term was significant (at level α=0.05 two-sided), the pairwise comparisons 

between diagnoses was made separately for each area. If the interaction term was not 

significant, the model was refit with only main effects for diagnosis and area. The 

significance of the diagnosis and area factors was judged based on that model. The potential 

correlation between the outcomes measured on the same subject (one from each brain area), 

was accounted for by the inclusion of random subject effects. The variances of the random 

subject effects were allowed to be different depending on a diagnostic group. Three of the 

outcomes (PV density, size and labeling density) were measured only in area Tpt, and the 

effect of diagnosis on those outcomes was based on linear regression models that had 

diagnosis as a predictor.

We also explored the effects of (i) suicide (yes/no), (ii) use of tricyclic medication (yes/no), 

(iii) use of SSRIs (yes/no) and (iv) duration of antipsychotic use on the inferences regarding 

differences between diagnoses with respect to all outcomes. This was accomplished by 

including in the main effect of the covariate and its interaction with diagnosis (and with area 

and area-by-diagnosis when the outcome is measured at two brain areas) to the models 

described above. A statistically significant interaction with diagnosis would indicate that the 

relationships between diagnoses depend on the level of the covariate and in such cases we 

estimated the differences between diagnoses at different levels of the covariate. If there were 

no significant interactions between the covariate and diagnosis, the main effect of the 

covariate was assessed from a model that omitted such interactions.

In all models we controlled for the effects of (a) age, (b) gender, (c) post-mortem interval 

and (d) brain storage time, by including main effects of these variables in all models 

regardless of their significance. We acknowledge that it would be appropriate to control also 

for (e) brain pH. However, brain pH was not assessed on 6 subjects, because frozen tissue 

was not available. For this reason, we consider the results from the analyses that control also 

for pH as secondary and report results from those analyses only when they differ from the 

main analyses described above.

All analyses were conducted adjusting for age, sex, pmi, and brain storage time. Raw p-

values are reported without an adjustment for multiple testing. Results that are expressed as 

percent changes for diagnostic comparisons were calculated as = 100×(1− (MDD or SZ)/

non-psychiatric), or 100×(1−(MMD/SZ)). The analysis was conducted in R [R Core Team 
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(2013). R: A Language and Environment for Statistical Computing. R Foundation for 

Statistical Computing, Vienna, Austria. <URL: http://www.R-project.org/>] using the 

package “lme4” from CRAN <https://cran.r-project.org/>.

3. Results

3.1 Nissl stained neurons and glia

As expected from the qualitative criteria used to identify A1, it had higher neuron density 

and smaller size compared to Tpt. In contrast, the density of glial cells was similar in A1 and 

Tpt (Fig. 2, Table 2). Separation of measurements by depth of cortex indicated that the area 

differences in neuron density and size were present across cortical layers (Fig. 2).

Diagnostic comparisons of total neuron densities showed qualitative evidence for modestly 

lower neuron density in A1 of MDD subjects (9% less than in non-psychatric subjects). 

However, this difference was not present in area Tpt, and statistical analysis did not reveal a 

significant diagnostic difference (p = 0.12) or area x diagnosis interaction (p= 0.16). 

Similarly, the total glia cell density did not differ between groups (p = 0.48) or show an area 

x diagnosis interaction (p = 0.78; Fig. 3 and Table 2). Separation of these measurements by 

depth of cortex did not provide evidence for obvious group differences in individual cortical 

layers (Supplemental Fig. 1).

Evaluation of total neuron size showed a significant effect of diagnosis in the primary 

statistical model (p < 0.02), but this was not significant in the secondary model that also 

included pH as a covariate (p = 0.14, Table 2). Further investigation showed that the three 

diagnostic groups did not differ with respect to pH, but neuronal size correlated negatively 

with pH, across all diagnostic groups, in both area A1 (r = − 0.42, p < 0.05) and Tpt (r = 

− 0.33, p < 0.05). There was no evidence of a diagnosis x area interaction of cell size (p = 

0.90). Separation of cell size measurements by depth of cortex showed that the slightly 

larger cell size in the MDD group was present across layers in both areas A1 and Tpt (Figure 

4).

3.2 Parvalbumin neurons

PV cells were not analyzed in A1, due to poor penetration of the immunolabel in the 

intensely labeled middle layers. In Tpt, penetration of the PV label was usually excellent, but 

5 cases (2 non-psychiatric, 2 MDD, and 1 SZ) were excluded due to inadequate penetration.

In area Tpt, PV neuron density was about 16% less in MDD subjects compared to non-

psychiatric or SZ subjects, but the difference was not statistically significant (p = 0.13; Table 

2, Fig. 5A). Plots of PV cell density by depth of cortex showed similar laminar distributions 

in the three diagnostic groups (Supplementary Fig. 2A). Measurements of PV neuron size 

and labeling density did not reveal diagnostic differences (Table 2).

3.3 Calbindin neurons

In CB labeled tissue, 5 samples were omitted due to inadequate penetration of the 

immunolabel (A1: 2 MDD and 2 non-psychiatric; Tpt: 1 non-psychiatric). In the remaining 

samples, density showed a significant diagnostic difference (p < 0.0001) but did not reveal a 
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diagnosis x area interaction (p = 0.90). Follow-up analysis showed that MDD cases had 23–

24% lower densities than non-psychiatric cases in both areas A1 and Tpt. In SZ subjects, CB 

neuron densities were slightly but not significantly greater than those of non-psychiatric 

densities (Table 2, Fig. 5B). Plots by depth of cortex showed that CB cells were mainly 

concentrated in the upper cortical layers, and did not show evidence of laminar specificity of 

altered density in MDD (Supplementary Fig. 2B).

CB neuron size was significantly different between diagnostic groups (p = 0.03). As with 

measurement of total neurons, the CB cells were 5–6% larger in both A1 and Tpt of MDD 

subjects compared to non-psychiatric or SZ subjects. The labeling density of CB neurons did 

not differ between diagnostic groups (Table 2).

3.4 Calretinin neurons

Two CR samples were omitted due to poor immunolabel penetration, including area A1 and 

area Tpt from the same MDD brain. In the remaining brains, diagnostic comparisons of 

neuron densities showed a significant diagnostic difference (p < 0.0001) but did not show a 

diagnosis x area interaction (p = 0.57). Similar to CB cells, CR cell densities in MDD were 

26–29% lower compared to non-psychiatric cases in areas A1 and Tpt, whereas SZ cell 

densities were similar to those of non-psychiatric subjects (Table 2, Fig. 5C). However, as 

described below, the SZ subjects that died by suicide had low CR densities similar to the 

MDD subjects, indicating that lower CR density in the MDD subjects could be associated 

with suicidal behavior.

Plots of cell densities by depth of cortex showed that CR cells were mainly concentrated in 

the upper cortical layers, and there was no obvious laminar specificity of altered density in 

MDD (Supplementary Fig. 2C).

In contrast to CB and PV cells, there was additionally evidence for group differences in CR 

cell labeling density. Because there was a significant diagnosis x area interaction (p < 0.01), 

the main diagnosis effect was evaluated separately for each area. In area Tpt, reduced label 

density in MDD subjects compared to non-psychiatric subjects was significant (p<0.001), 

but in A1 it showed only trend-level significance (0.06; Table 2).

3.5 Cortical thickness

Comparisons of cortex thickness in the regions of Heshcl’s gyrus and the planum temporale 

(ANOVA; diagnosis x region) did not show significant diagnostic differences (p = 0.63) or 

area x diagnosis interaction (p < 0.47). There was an effect of region (p = 0.04), due to 

thinner cortex in Heschl’s gyrus compared to the planum temporale. Further subdivision of 

the planum temporale into rostral and caudal parts, also did not reveal group differences, but 

showed thicker cortex in rostral compared to caudal planum temporale (p = 0.02). These 

regional differences were not observed previously (Smiley et al., 2009), and likely reflect the 

plane of section in the present study, which was optimized to provide perpendicular sections 

through Heschl’s gyrus. More localized thickness measurements, at the sites of A1 and Tpt 

sampled for neuron density, showed cortex thickness similar to that of the larger regions 

(Table 3).
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3.6 Suicide and pharmacological treatments

Additional exploratory analyses were used to test possible effects of suicide and 

pharmacological treatments on our outcome measures. While all of our MDD subjects died 

by suicide, in the SZ group 8 of 14 subjects died of suicide. Analysis of the effect of suicide 

showed a significant main effect on CR cell density (p = 0.001): within the SZ subjects, CR 

density in suicide subjects was 22 and 30% lower in areas Tpt and A1 respectively, than in 

non-suicide subjects (Fig. 5C). In contrast, there was no evidence for an association of 

suicide with CB cell density (p = 0.44) or PV cell density (p = 0.19). Evaluation of other 

outcome measures showed that suicide was positively associated with increased CB labeling 

density only in area Tpt (p < 0. 01).

Additional analyses showed that tricyclic antidepressant treatment (N = 8 of 17 MDD, and 4 

of 14 SZ) was associated with increased CR cell density (p = 0.012). Evaluation of the small 

group of subjects who were treated with SSRIs, including 4 MDD subjects who also 

received tricyclic antidepressants and 1 SZ subject, showed evidence for a positive 

association with increased CB labeling density (p < 0.01) and with thicker cerebral cortex 

(p< 0.01). Finally, years of antipsychotic treatment (N= 14 SZ and 1 MDD) did not show a 

significant association with any outcome measure.

4. Discussion

4.1 Normal cell densities in human auditory cortex

To our knowledge, this is the first study using stereologically measured cell density and size 

to compare human primary auditory cortex directly with higher order association cortex. Our 

measurements confirm the well known features of higher neuron density and smaller 

neurons in A1 [e.g., (von Economo, 1929)], and show that these features are present in lower 

as well as upper cortical layers. Our finding also showed that glia densities, in contrast to 

neurons, were not significantly different between A1 and Tpt. One could have expected 

otherwise, considering that previous qualitative studies showed greater vascularization in A1 

than in surrounding areas (Cobb, 1932). While we excluded cells with the appearance of 

vascular endothelial cells and pericytes, it might be expected that a higher density of blood 

vessel-associated astroglia would be present in A1. Future studies with more specific glial 

markers might reveal subtle differences between these areas. Overall, in our non-psychiatric 

brains, the ratio of glia to neurons was 1.8 in Tpt, and 1.5 in A1, similar to previously 

reported ratios of 1.4 in whole human neocortex (Pelvig et al., 2008) or 1.6–1.7 in prefrontal 

regions (Ongur et al., 1998; Rajkowska et al., 1999).

Our study also provides a stereological estimate of the relative abundance of PV, CB and CR 

neurons in human auditory cortex. In monkey prefrontal cortex, a stereological study 

concluded that these 3 neuron subsets accounted for about 22% of the total neuron 

population, including 11% CR neurons, 6% PV neurons, and 5% CB neurons (Gabbott and 

Bacon, 1996). Our estimates in area Tpt of non-psychiatric subjects were similar: CR 

neurons were 8% of the total population, PV neurons 5%, and CB neurons 6%, giving a total 

of 19%. The slightly lower estimate compared to monkey cortex could be due to technical 

limitations of human postmortem immunostaining, species differences or differences 
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between cortical regions (Clemo et al., 2003; Hendry et al., 1987). In A1, the proportion of 

CR and CB neurons in our non-psychiatric sample (7% and 5%, respectively) was slightly 

lower than in Tpt. In monkey cortex, it is estimated that about 25% of the total neuron 

population is GABAergic, indicating that our study surveyed as many as 80–90% of the 

cortical GABA cells by using these three antibodies to calcium binding proteins (Gabbott 

and Bacon, 1996; Hendry et al., 1987).

4.2 Cellular changes in MDD

CB and CR cell densities were 23–29% lower in our MDD sample, in both areas A1 and 

Tpt, whereas the statistically non-significant reduction in PV cells was about 16%. These 

findings are similar to a previous study by Rajkowska et al. [(Rajkowska et al., 2007)] who 

found reduced CB but not PV cells, in prefrontal areas 9 and 47, and subsequently replicated 

the CB deficit in primary visual cortex (Maciag et al., 2010). In contrast, CB, CR or PV cell 

densities were not altered in prefrontal areas 9 and 32 in a series of brains from the Stanley 

Medical Research Institute (Beasley et al., 2002; Cotter et al., 2002a). It is possible that we 

encountered comparatively large deficits because our MDD subjects were severely ill, with 

12 of 17 subjects suffering from severe and/or recurrent depression, and all committing 

suicide. Our results are consistent with analyses of CSF and in vivo proton magnetic 

resonance spectroscopy that found larger GABA deficits in more severely depressed subjects 

(Roy et al., 1991; Sanacora et al., 2004).

In our comparison of SZ subjects with and without suicide, we did not find evidence that CB 

cell density is associated with suicide, and this is consistent with a previous study that 

showed MDD subjects with or without suicide had similar reductions of CB cell density 

(Maciag et al., 2010). Similarly, altered expressions of several GABA-receptor mRNAs in 

MDD were not present in a matched group of suicide subjects without depression (Sequeira 

et al., 2009). However, we did find an association of CR cell density with suicide in our SZ 

sample. While these findings need to be replicated in a larger sample, it suggests that CB 

and CR cells may be differentially involved in the pathological mechanisms associated with 

depression and suicide. It has been proposed that suicidal behavior may involve 

characteristic biological processes, including altered stress responses especially involving 

the hypothalamic-pituitary axis and monoamine systems (Oquendo et al., 2014). Consistent 

with the idea that reduced GABA may be associated with suicidal behavior, a large study of 

MDD subjects showed an inverse correlation between CSF GABA concentrations and 

anxiety (Mann et al., 2014).

Selective down-regulation in subtypes of cortical interneurons in MDD was also indicated 

by mRNA expression studies in prefrontal area 9, subgenual cingulate cortex, and amygdala 

(Guilloux et al., 2012; Sibille et al., 2011; Tripp et al., 2012). Each of these areas had 

decreased somatostatin, which is predominantly expressed by CB cells (DeFelipe, 1997), but 

reductions of PV and CR transcripts were less consistently found. From these findings it was 

hypothesized that GABA changes in MDD may be somewhat distinct from those of SZ, in 

which reduced expression of PV and CB/somatostatin but not CR transcripts, has been more 

commonly described (Sibille et al., 2011).
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Our findings showed very similar GABA cell reductions in primary sensory cortex and 

association cortex in MDD. While we have not examined prefrontal cortex, our findings are 

consistent with previous demonstrations of comparable GABA reductions in prefrontal 

association and occipital visual sensory areas (Bhagwagar et al., 2008; Maciag et al., 2010). 

In this respect, altered GABA expression might be distinct from glial changes in MDD, 

which were not found in the present or previous studies of sensory cortex. Specifically, 

direct comparisons showed lower glia number in the subgenual cingulate cortex but not in 

somatosensory cortex of the postcentral gyrus (Ongur et al., 1998). Similarly, in a Stanley 

Institute brain sample, lower glial density was found in prefrontal area 9, but not in auditory 

cortex (Beasley et al., 2005; Beasley et al., 2009; Cotter et al., 2002b).

As with most studies of GABA neuron cell counts, we cannot definitively distinguish cell 

loss from reduced expression of GABA immunolabels. Precedent for the latter scenario was 

encountered in a mouse model of perinatal hypoxia, that caused reduced PV and 

somatostatin cell counts that persisted to adulthood, but could be normalized by exposing 

animals to an enriched environment, apparently due to upregulation of the immunoreactive 

PV and somatostatin without neurogenesis of new interneurons (Komitova et al., 2013). 

Dynamic levels of GABA expression have also been demonstrated in MDD subjects, where 

GABA detected by magnetic resonance spectroscopy was up-regulated by SSRIs 

(Bhagwagar et al., 2004; Sanacora et al., 2002). Similarly, in rodents, both stress and 

corticosteroids have been shown to reduce GABA and to alter expression of GABA 

receptors, and these effects were normalized by antidepressant medications in at least some 

models (Maguire, 2014; Sanacora and Saricicek, 2007; Skilbeck et al., 2010). Consistent 

with these findings, our exploratory analyses of the effects of pharmacological interventions 

showed higher CR cell density and CB cell labeling density in subjects with different 

antidepressant treatments. Alternatively, we cannot rule out the possibility that GABA cell 

number is truly reduced in our MDD subjects, either as consequence of disease associated 

neurotoxicity, or as a pre-existing condition that contributes to the vulnerability to MDD.

Measurements of total neuron density showed a statistically non-significant 9% reduction in 

A1 of MDD compared to non-psychiatric subjects, that was not found in areas Tpt, nor in 

estimates of total glia cell density. In a preliminary presentation of this finding, we reported 

a larger reduction of neuron density in A1 of MDD subjects (Smiley et al., 2014). However, 

review of those preliminary measurements showed high coefficients of error due to under-

sampling of some brains, and for the current study all brains were re-imaged and re-counted 

with high sampling densities. Reduced total neuron density could partially be explained by 

loss of GABA neurons: for example an overall decrease of 20% of GABA neurons would 

predict roughly 5% loss of the total neurons. Arguing against this interpretation is the 

absence of a similar reduction of total neuron density in Tpt, where GABA cell reductions 

were similar to A1.

We additionally found a marginally significant increase of neuron size in our MDD brains. 

This was unlikely to be caused simply by loss of small GABAergic neurons, because it was 

also present in lower cortical layers that have proportionally few GABA cells, and a similar 

increase in cell size was present in CB neurons. In contrast, reduced neuron size has been 

reported in prefrontal cortex and hippocampus in a series of brains from Rajkowska and 
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colleagues (Rajkowska et al., 1999; Rajkowska et al., 2007; Stockmeier et al., 2004), and in 

brains from the Stanley Institute (Chana et al., 2003; Cotter et al., 2002b; Cotter et al., 

2001). However, the latter brain sample did not have reduced neuron size in auditory cortex 

(Beasley, 2005). Another small study of MDD cingulate cortex found increased neuron size 

in MDD (Gittins and Harrison, 2011).

4.3 Cellular changes in SZ

We did not find altered GABA cell densities in SZ cortex, even though the most commonly 

reported finding with respect to CB, CR and PV cell densities is that CB and/or PV cells are 

decreased, but CR cells are not. Nearly 40% lower PV density, but not CR density, was 

reported in prefrontal cortex by Reynolds et al. (2001). Subsequent studies in an independent 

brain sample from the Stanley Medical Research Institute showed about 10%–50% deficits 

of PV and/or CB cells in prefrontal, cingulate, and hippocampal areas, whereas CR cell 

densities again were unaltered (Beasley et al., 2002; Cotter et al., 2002a; Zhang and 

Reynolds, 2002). Yet another brain sample had reduced CB cells in auditory cortex (Chance 

et al., 2005). More recently, measurements in the hippocampus and entorhinal cortex again 

showed evidence of striking reductions of PV and somatostatin interneurons (Konradi et al., 

2011; Wang et al., 2011). The literature is not completely consistent, however, as two 

reasonably powered postmortem samples found unchanged PV cell density in prefrontal and 

entorhinal cortex (Pantazopoulos et al., 2007; Woo et al., 1997). In the context of this 

literature, we had expected to see at least some evidence of reduced CB or PV cells in our 

samples of auditory cortex.

Our finding of unchanged total neuron density and size in SZ cortex is consistent with our 

previous neuron measurements from separate brain samples in auditory cortex and nearby 

parietal cortex (Smiley et al., 2012; Smiley et al., 2011), and in auditory areas in a brain 

sample from the Stanley Medical Research Institute (Beasley et al., 2005; Cotter et al., 

2004). Somewhat different results were obtained in another brain sample, that had reduced 

neuron size especially in layer III across auditory areas, and increased density of pyramidal 

shaped neurons in layer III of area A1 (Dorph-Petersen et al., 2009; Sweet et al., 2004). In 

general, these collected findings from auditory cortex are similar to results from other 

cortical areas, that usually but not always failed to show significant differences in neuron 

density and size in SZ [reviewed in (Dwork et al., 2009; Smiley et al., 2011), and see 

(Konradi et al., 2011)]. Perhaps a parsimonious synthesis of these findings is that small 

changes in SZ are typically beneath the sensitivity of detection for most postmortem sample 

sizes. For example, estimates of cortical thickness usually find reductions of about < 5% in 

SZ [e.g., (Goldman et al., 2009)]. Assuming that thinner cortex corresponds directly to 

changes in neuron density, this predicts that neuron density should be increased <5%. In the 

present study, we found non-significant neuron density increases of about 5% (3% in A1 and 

8% in Tpt). Using the percent coefficient of variation of 14% from these measurements, a 

power analysis predicts that sample sizes > 100 subjects per group are needed to achieve 

statistical power of 0.8 to detect this difference (Faul et al., 2007).

We previously reported subtle cortical thinning in the caudal planum temporale, that was 

found mainly in the upper cortical layers of the caudal portion of the planum temporale 
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(Smiley et al., 2009). This was not found in the present study, perhaps due to the difficulty of 

detecting this small effect, or possibly due to technical differences between preparations. In 

particular, the current sample was sectioned perpendicular to the plane of Heschl’s gyrus 

instead of coronally, thus displaying the planum temporale in a more tangentially cut plane 

of section.

4.4 Conclusions

Comparisons of two cortical areas that represent distinct stages of cortical sensory 

processing showed that both have comparable reductions of GABA interneurons in MDD. 

This is consistent with previous findings across diverse regions of MDD cerebral cortex that 

showed reduced GABA cells, reduced GABA concentrations, and altered mRNAs for 

GABA receptors and other GABA-associated markers. Consistent with previous studies in 

MDD sensory cortex, we did not find group differences in glial density, and it is possible 

that the reduction of glial cells may be restricted to prefrontal and limbic cortical regions, in 

contrast to the reduced density of GABA cells. Comparison of different interneuron subtypes 

in our sample indicated that the diagnostic differences in CB and CR cells were most 

pronounced, whereas the smaller differences in PV cells were not statistically significant. 

Evidence for lower CR cell density was additionally found in SZ-suicide subjects, 

suggesting that lower CR cell density in MDD may be to some extent associated with 

suicidal behavior. This profile of cell specific differences in MDD is in approximate 

agreement with previous cell counting and mRNA expression studies, that more consistently 

found altered expression associated with CB cells, and less consistently with PV and CR 

cells. In our SZ sample, we did not detect evidence of similar GABA cell reductions, even 

though that is the more common finding in other cortical regions.
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Research Highlights

• Auditory cortex was evaluated in major depression and schizophrenia

• Lower GABA neuron density was found in major depression subjects

• Lower density was significant in calbindin and calretinin interneuron 

subtypes

• Comparable changes were not found in total neuron or glia cell 

populations

• The findings indicate wide-spread cortical GABA changes in major 

depression
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Figure 1. 
A) 3-d reconstructions (right) were made from block-face images taken during sectioning. 

Cellular measurements in areas A1 and Tpt were sample at 4–6 evenly spaced sections 

(white lines) in each area. Black arrowheads show where tissue was blocked into 

consecutive pieces at autopsy. The black segmented line shows the crest of the superior 

temporal gyrus. HG, Heshcl’s gyrus. Pt, planum temporal. B) In each area, the cortex was 

sampled with a grid of optical disector sampling sites (black squares). C) Cell densities were 

sampled with optical disector counting boxes, drawn on image z-stacks of taken at each 

sampling site. Box width = 110 microns. D) Cell size and cell labeling density were sampled 

from cells counted with the optical disectors. Cell size was the average length of 3 radii from 

the cell center to its soma edge, that was measured along 3 isotropic lines from the cell 

center (dashed lines). Cell labeling density was the difference between mean foreground 

density at the cell center (white circle) and the modal background density measured at a 

band 55–60 microns from the cell center (black circles). E–G) Examples are shown of PV 

(E), CB (F)and CR (G) labeling in area Tpt. The quality of immunolabeling was very good 

in this tissue that was fixed only 5 days in phosphate buffered formalin. Dashed lines = 

white matter borders. Scale bar in G = 500 microns.
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Figure 2. 
Total neuron and glia densities and sizes from non-psychiatric brains are graphed by percent 

depth of cortex. In each graph the black arrowhead shows the location of the top of layer IV, 

and the Roman numerals show the approximate location of cortical layers. A) Cell density 

measurements showed that area A1 (filled symbols) had higher neuron density than area Tpt 

(open symbols) across the depth of cortex. Glia densities (dashed lines) were similar in A1 

and Tpt. B) Neuron size measurements showed that area A1 had smaller neurons in all 

layers compared to area Tpt. Glia sizes were not measured.
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Figure 3. 
Graphs show total neuron and glia densities in areas A1 and Tpt. A) Neuron densities were 

slightly lower in area A1 in MDD subjects, but this difference was not evident in area Tpt, 

and was not statistically significant. B) Glial densities were similar in both areas and in all 

three diagnostic groups. Cntr = non-psychiatric control group.
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Figure 4. 
A) Neuron size was about 6% greater in MDD compared to non-psychiatric controls, in both 

areas A1 and Tpt. The overall group difference was statistically significant (p = 0.02) in the 

primary statistical model, but not (p = 0.12) in a secondary model that included pH as a 

covariate; see Results section 3.1. B) Separation of neuron size measurements by depth of 

cortex indicated that larger neuron size in MDD was present in both upper and lower cortical 

layers. Cntr = non-psychiatric control group.
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Figure 5. 
Graphs show densities of interneuron subtypes that were measured in A1 (left) or Tpt 

(right). A) PV cell density, measured only in area TPt was about 16% lower density in MDD 

subjects compared to the other groups, but the difference was not statistically significant. B) 
CB density in MDD was significantly reduced in both areas A1 and Tpt. C) CR density in 

MDD was significantly reduced in both areas A1 and Tpt. In the SZ group, the subjects who 

died by suicide (filled triangles) had comparatively lower densities in both areas A1 and Tpt. 

(* p < 0.05, **p < 0.01, t-tests).
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