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Reduced Pyramidal Cell Somal Volume in Auditory

Association Cortex of Subjects with Schizophrenia
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Subjects with schizophrenia have decreased gray matter volume of auditory association cortex in structural imaging studies, and exhibit
deficits in auditory sensory memory processes subserved by this region. In dorsal prefrontal cortex (dPFC), similar in vivo observations of
reduced regional volume and working memory deficits in subjects with schizophrenia have been related to reduced somal volume of
deep layer 3 pyramidal cells. We hypothesized that deep layer 3 pyramidal cell somal volume would also be reduced in auditory
association cortex (BA42) in schizophrenia. We used the nucleator to estimate the somal volume of pyramidal neurons in deep layer 3 of
BA42 in 18 subjects with schizophrenia, each of whom was matched to one normal comparison subject for gender, age, and post-
mortem interval. For all subject pairs, somal volume of pyramidal neurons in deep layer 3 of dPFC (BA9) had previously been
determined. In BA42, somal volume was reduced by 13.1% in schizophrenic subjects (p = 0.03). Reductions in somal volume were not
associated with the history of antipsychotic use, alcohol dependence, schizoaffective disorder, or death by suicide. The percent change in
somal volume within-subject pairs was highly correlated between BA42 and BA9 (r=0.67, p =0.002). Deep layer 3 pyramidal cell somal
volume is reduced in BA42 of subjects with schizophrenia. This reduction may contribute to impairment in auditory function. The
correlated reductions of somal volume in BA42 and BA9 suggest that a common factor may affect deep layer 3 pyramidal cells in both

regions.

INTRODUCTION

Several lines of evidence indicate abnormalities of auditory
association cortex in subjects with schizophrenia. Func-
tional and electrophysiological testing of audition reveal
deficits in the precision of auditory sensory memory in
subjects with schizophrenia (Strous et al, 1995; Javitt et al,
1997, 2000a; Rabinowicz et al, 2000). Although the data are
limited, in nonhuman primates precision of auditory
sensory memory appears to be dependent on bilaterally
intact auditory association cortex (Dewson III et al, 1970;
Cowey and Dewson, 1972; Iverson and Mishkin, 1973;
Cowey and Weiskrantz, 1976; Colombo et al, 1990). In
contrast, lesions of primary auditory cortex are predomi-
nantly associated with reduced auditory acuity (Heffner and
Heffner, 1989; Heffner, 1997), aspects of audition that are
not prominently impaired in subjects with schizophrenia
(Mathew et al, 1991).
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The auditory association cortex (Brodmann Area 42,
BA42) lies on the dorsal bank of the superior temporal gyrus
(STG), immediately posterolateral to the primary auditory
cortex, which is located in Heschl’s gyrus (Figure 1)
(Garey, 1999). More than 20 MRI studies have examined
cortical gray matter volume of the STG in subjects with
schizophrenia (McCarley et al, 1999; Goldstein et al, 1999;
Sanfilpo et al, 2000; Mathalon et al, 2001; Sigmundsson et
al, 2001; Hirayasu et al, 2001). Of these studies, 80% have
found reduced gray matter volume in subjects with
schizophrenia, a more consistent change than in any other
cortical region (McCarley et al, 1999). Gray matter
reductions in STG are present in subjects with schizo-
phrenia at the time of their first episode, but are not found
in bipolar disorder subjects with manic psychosis and are
not prominent in alcohol-dependent subjects (Hirayasu et
al, 1998, 2001; Sullivan et al, 1998). Although most MRI
studies have included Heschl’s gyrus within the measured
volume of STG, in two studies to measure separately gray
matter volume of Heschl’s gyrus, it was found to be less
affected than adjacent STG (Barta et al, 1997; Hirayasu et al,
2001).

The alterations in cells and neurocircuitry that underlie
reduced gray matter volume in STG of subjects with
schizophrenia are not known. In dorsal prefrontal cortex
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Figure | (a) Indicates a photograph of the dorsal surface of the superior
region of the left temporal lobe of a comparison subject. The brain is
oriented with rostral down, caudal up, and medial to the left. Heschl's gyrus
(HG), which contains the primary auditory cortex (BA4l), is indicated.
Immediately posterolateral to HG on the STG is the planum temporale
(PT), which contains the auditory association cortex BA42. The arrow at
the lateral margin of the STG indicates the rostral—caudal level of the tissue
block seen in (b). (c) Enlarged view of a section from the block in (b),
stained with thionin for Niss| substance. Arrows in white matter identify the
medial and lateral boundaries of the primary auditory cortex (BA41) and
auditory association cortex (BA42). The asterisk indicates the approximate
location of the photomicrograph presented in Figure 2.

(dPEC), another region where MRI studies have found
reduced gray matter volume (McCarley et al, 1999), post-
mortem studies have identified reductions in pyramidal cell
somal volume in subjects with schizophrenia. Rajkowska
et al (1998) described a decrease in the mean somal size of
all layer 3 neurons in BA9. Consistent with that report,
we recently found that the mean somal volume of deep layer
3 pyramidal cells was reduced in BA9 in a study of
28 matched pairs of subjects with schizophrenia and
comparison subjects (Pierri et al, 2001). Reductions in
pyramidal cell somal volume directly contribute to reduced
gray matter volume. In addition, because neuronal size is
correlated with the extent of a neuron’s dendritic arbor,
reduced somal volume may also indirectly contribute to
reduced gray matter volume because of reduced neuropil
volume (Jacobs et al, 1997; Pierri et al, 2001).

We therefore examined deep layer 3 pyramidal cell somal
volume in auditory association cortex (BA42) of subjects
with schizophrenia and comparison subjects. To compare
findings in this region with our earlier findings in BA9, all
subject pairs previously studied in BA9, for whom auditory
cortex tissue was available, were studied. We sought to
answer two questions: (1) Is the mean somal volume of deep
layer 3 pyramidal cells reduced in BA42 in subjects with
schizophrenia? (2) How are reductions in somal volume of
deep layer 3 pyramidal cells in BA42 and BA9 related within
the same pairs of subjects?
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METHODS

Subjects

Of the 28 subject pairs included in our study of BA9 (Pierri
et al, 2001), auditory cortex tissue was available for 18 pairs
(Table 1). Brain specimens had been obtained from these
subjects during autopsies conducted at the Allegheny
County Coroner’s Office, after receiving consent from the
next of kin using a mechanism approved by the Institu-
tional Review Board of the University of Pittsburgh.
Neuropathological examinations revealed no abnormalities
in any of the subjects except for the following. Thioflavin-S
staining revealed a few neuritic plaques in one normal
subject (pair 2), but he did not meet either clinical or
neuropathological criteria for Alzheimer’s disease (Mirra et
al, 1991). One subject with schizophrenia died of a
cerebrovascular event (pair 10, intracerebral hemorrhage
in the right temporal lobe). An independent panel of
experienced clinicians made consensus DSM-III-R diag-
noses as described previously (Glantz and Lewis, 2000).

The subjects diagnosed with schizophrenia (n=13) or
schizoaffective disorder (n =5, Table 1) had each been
previously matched to one normal comparison subject for
gender, age, and post-mortem interval (PMI) (Pierri et al,
2001). In the 18 pairs available for this report, the mean age
(£ SD) did not differ between subjects with schizophrenia
(47.3 + 6.8 yeas) and comparison subjects (47.2 &+ 8.2
years). Mean (4 SD) PMI was significantly longer in
subjects with schizophrenia than in comparison subjects
(154 + 6.3 vs 13.6 + 5.1h, T;;=2.3, p=0.03). The mean
(4 SD) age of onset and duration of illness were 25.2 + 8.8
and 22.4 + 8.1 years, respectively, for the subjects with
schizophrenia. Five of the subjects with schizophrenia met
diagnostic criteria for alcohol dependence at the time of
death, and one other subject with schizophrenia had a
lifetime history of alcohol dependence. Toxicology exam-
inations were positive for plasma alcohol in two subjects
with schizophrenia (pairs 12 (0.12%) and 8 (0.09%)) and in
one comparison subject (pair 3 (0.01%)). Three subjects
with schizophrenia had been off antipsychotic medication
for at least one month prior to death, one of whom (pair 5)
had never received treatment.

Tissue Preparation

The left hemisphere of each brain was blocked coronally at
1.0-2.0 cm intervals, immersed in ice-cold 4% paraformal-
dehyde in phosphate buffer for 48h, washed in a graded
series of sucrose solutions, and stored in an antifreeze
solution at —30°C. Tissue storage time did not differ
between the subjects with schizophrenia and comparison
subjects (78.4 + 26.4 vs 76.8 + 28.2 months, respectively).
Tissue blocks located caudal to the level of the mammillary
bodies and rostral to the crux of the fornix (Shenton et al,
1992), and matched on rostral-caudal level within pairs,
were identified (Figure 1). Coronal cryostat sections (40 um)
were cut throughout the full block thickness. Every 10th
section selected using a random starting number was
immersed for 24h in cold 4% buffered paraformaldehyde,
rinsed in buffer, and mounted to gelatin-subbed slides.
After drying overnight, sections were stained for Nissl
substance with thionin.
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Table | Subject Characteristics

Control subjects

Schizophrenic subjects

Storage Storage
Pair Case Sex/age Race PMI® time® Cause of death® Case Diagnosis Sex/Age Race PMI® time® Cause of death®
| 250  F/47 W 53 1142 ASCVD 398  Schizoaffective disorder F/41 W 10.3 98.0 Pulmonary embolism
2 620  M/64 W 17.3 443 Accidental drowning 566  Chronic undifferentiated schizophrenia®  M/63 W 18.3 52.6 ASCVD
3 568  F/60 W 9.5 527 ASCVD 559  Schizoaffective disorder® F/61 W 16.8 539 ASCVD
4 567  F/46 W 150 538 Mitral valve prolapse 537 Schizoaffective disorder’ F/37 W 14.5 589 Suicide by hanging
5 681 M/51 W 1.6 39.8 Hypertrophic cardiomyopathy 234  Chronic paranoid schizophrenia M/51 W 12.8 1214 Cardiomyopathy
6 643 M/50 W 24.0 46.6 ASCVD 581 Chronic paranoid schizophrenia®® M/46 W 28.1 56.2 Accidental combined drug overdose
7 634 M/52 W 16.2 47.7 ASCVD 625  Chronic disorganized schizophrenia” M/49 B 235 48.8 ASCVD
8 474 F/49 B 134 764 Hypertensive CV disease 656 Schizoaffective disorder® Fr47 B 20.1 45.1 Suicide by gun shot
9 396 M4l W 17.5 98.7 ASCVD 408  Chronic paranoid schizophrenia M/46 W 19.8 96.2 ASCVD
10 449 FA47 W 4.3 814 Accidental CO poisoning 517 Chronic disorganized schizophrenia® F/48 W 37 672 Intracerebral hemorrhage
Il 451 M/48 W 12.0 81.6 ASCVD 317 Chronic undifferentiated schizophrenia ~ M/48 W 8.3 1127 Bronchopneumonia
12 178  M/48 W 78 1328 ASCVD 377  Chronic undifferentiated schizophrenia® M/52 W 100 1038 Gl bleeding
I3 412 M/M42 W 14.2 957 Aortic stenosis 466 Chronic undifferentiated schizophrenia ~ M/48 B 19.0 793 ASCVD
14 395 M/42 W 12.3 99.3 Pericardial tamponade 322 Chronic undifferentiated schizophrenia ~ ™M/40 W 8.5 1124 Suicide by combined drug overdose
15 285 F/27 ' 165 1171 Trauma 587  Chronic undifferentiated schizophrenia® ~ F/38 B 17.8 56.4 Myocardial hypertrophy
l6 575  F/55 B .3 594 ASCVD 597  Schizoaffective disorder F/46 W 10.1 555 Pneumonia
17 592 M/l B 22.1 570 ASCVD 450  Chronic undifferentiated schizophrenia’  M/48 B 220 82.0 Suicide by jumping
18 452 F/40 W 14.3 833 ASCVD 341 Chronic undifferentiated schizophrenia”  F/47 W 4.5 [11.6 Suicide by drug overdose

*PMI indicates post-mortem interval in hours.

PStorage time is in months.

“ASCVD indicates atherosclerotic coronary vascular disease, COPD indicates chronic obstructive pulmonary disease.
9Alcohol abuse, in remission at time of death.

€Alcohol dependence, current at time of death.
'Schizophrenic subjects off medications at time of death.

80ther substance abuse, current at time of death.
"Alcohol abuse, current at time of death.
'Alcohol dependence, in remission at time of death.

'Other substance dependence, in remission at time of death.
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Figure 2 Photomicrograph of BA42 taken from the section shown in
Figure Ic. The distinct features of BA42 are evident: granular layers 2 and 4,
well-developed layer 3 with distinct columnar arrangement of pyramids,
large deep layer 3 pyramids, a relatively hypocellular layer 5, and distinct
layer 6. Bracket at right border indicates deep layer 3.

BA42 was identified by its location lateral to the primary
auditory cortex and the following cytoarchitectonic fea-
tures: prominent layers 2 and 4, pyramids arranged in
columns in layer 3, reduced layer 3 cellularity in
comparison with primary auditory cortex, large deep layer
3 pyramids, a hypocellular layer 5, and distinct layer 6
(Figure 2). BA42 was differentiated from the more poster-
olateral BA22, which demonstrates a less well-developed
layer 4, increased cell density and cell size in layer 5, and
branching columns in layer 6 (Galaburda and Sanides,

Neuropsychopharmacology

1980). For each subject, all Nissl-stained sections were
reviewed, and the most rostral section containing BA42 cut
in an orientation perpendicular to the pial surface was
identified. This section and two additional sections, 1600
and 3200 um caudal to the initial section and containing
BA42 cut with the vertical axes of cells in an orientation
perpendicular to the pial surface, were selected for analysis.
In one subject, the section 1600 um caudal did not contain
BA42 in a perpendicular orientation, so the section 2000 um
caudal to the initial section was substituted. All tissue
sections were coded to conceal subject number and
diagnosis.

Measurement of Somal Size

Quantification was performed without knowledge of diag-
nosis by one investigator (RAS). A Zeiss Axioplan micro-
scope equipped with Stereo Investigator software
(MicroBrightField, Inc., Colchester, VT) was used to
identify BA42 at low magnification ( x 50). The borders of
layers 2, 3 and 4 were located (Figure 2), and the thickness
of layer 3 was determined. In order to evaluate a population
of neurons comparable to those previously studied in BA9
(Pierri et al, 2001), a similar contour outlining the deepest
of layer 3 was drawn (Figures 2 and 3). There was no
significant difference between groups in mean (+ SD) layer
3 thickness/section (825 + 138 um for the comparison
subjects and 854 + 111 pm for the subjects with schizo-
phrenia, F; ;os=1.4, p=0.2) or in mean (+ SD) contour
area/section (1.04 + 0.51 x 10°um® for the comparison
subjects and 0.89 + .40 x 10°um* for the subjects with
schizophrenia, Fjos=3.1, p=0.08). Cell measurements
were obtained using a 1.4 numerical aperture, x 100, oil
immersion objective, with visualization on a computer
monitor at a final magnification of x 2450. To randomly
sample cells, we used the optical fractionator (Gundersen et
al, 1988) probe of the Stereo Investigator software, which
systematically and randomly placed sampling boxes
throughout the region of interest (Figure 3). Each box was
90 x 60 x 8 um in the x, y, and z directions, respectively. At
each sampling site, sampling was begun 2pum below the
section surface. The final mean (4 SD) section thickness
did not differ between groups (12.7 + 1.5um for the
comparison subjects and 12.2 + 0.7 um for the subjects
with schizophrenia, F; 3, =1.3, p=0.3).

To estimate somal volume, we used the nucleator method
(Gundersen, 1988) as implemented in the Stereo Investi-
gator software. Three-dimensional objects have as funda-
mental properties a volume and a surface area, but do not
have a unique cross-sectional area. The nucleator probe,
although taking measurements in a single plane, is
advantageous in comparison with measurement of the
cross-sectional area because it is an unbiased estimator of
the volume of an object. This estimate is independent of the
object’s shape, under the following assumptions (as applied
in the current study): the measurements are taken in a focal
plane sufficiently narrow to avoid overprojection; the
neurons measured are isotropically oriented with regard
to the focal plane; and tissue distortion during histological
processing does not alter the neuronal dimensions in the x-
and y-axis. For each neuron, the nucleolus was used as the
cell’s uniquely associated reference point. To estimate somal
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Figure 3  Schematic summary of the method used to determine somal volume. (a) Schematic of a coronal section through Heschl's gyrus and PT, showing
BA42 (shaded). A contour was placed in the lower 1/3 of layer 3. (b) Representative sampling grid overlaying the contour in (a). Within the grid is a
systematic random distribution of three-dimensional counting bricks. (c¢) Counting brick. Heavy dashed and solid lines indicate inclusion and exclusion
boundaries, respectively. (d) Nucleated Nissl-stained pyramidal cell. The intersection of each isotropic ray with the somal margin is used to generate an

estimate of somal volume.

size, the operator clicked on the nucleolus, which brought
up a set of five, two-dimensional isotropic random rays
(Figure 3). The operator clicked on each ray where it
intersected the boundaries of the soma. Volume was
calculated as: Volume:4/3n1n3, where I equals the mean
segment length from the nucleolus to the cell boundary and
n equals the number of segments, in this case, 5.

Only cells within the three-dimensional sampling box
meeting the following criteria for pyramidal neurons were
measured: (1) an identifiable nucleolus, (2) an abundance of
Nissl-stained cytoplasm, (3) a vertical apical dendrite, and
(4) a triangular shape (Figure 4). The mean (+ SD) number
of neurons measured for each subject did not differ between
the comparison subjects and the subjects with schizophre-
nia (202 + 31 vs 196 + 35, respectively, F; 3, =0.2, p=0.6).
The mean (& SD) coefficients of error for somal volume
were 8.1+ 1.5% and 8.8+ 2.3% for the comparison
subjects and the subjects with schizophrenia, respectively.

Statistical Methods

Since both individual and group somal volume distributions
for all measured neurons in each diagnostic group showed a
skew toward the larger somal sizes, all single neuron volume
estimates were transformed using a natural log function
(denoted by In) prior to statistical testing (Pierri et al, 2001).
For each subject, estimates of In somal volume were
averaged over the neurons within each of the three sections.

These averages were treated as three correlated observa-
tions. To examine a main effect of diagnosis, multivariate
analysis of covariance (MANCOVA) models, all assuming a
compound symmetric covariance structure were employed
(Neter et al, 1996). The analysis reflected possible correla-
tions of the three observations within a given subject. The
dependent variables were the three averaged In somal
volumes for each subject. The main effect of diagnostic
group was evaluated in two models in order to assess the
robustness of the diagnostic effect: (1) With pair as a
blocking factor and tissue storage time as a covariate; and
(2) with gender, age, PMI, and tissue storage time entered as
covariates and with subject pairings ignored. Preliminary to
the two primary MANCOVA analyses for diagnostic group
effect, MANCOVA analyses were undertaken to assess if
there were possible slide order (rostral to caudal) or
handedness effects. The intention was to not include slide
order or handedness in the primary analysis if significant
effects were not observed in the preliminary analyses. In the
28 subjects for whom handedness information was avail-
able, handedness was evaluated using the following
MANCOVA model: diagnosis, age, gender, PMI, tissue
storage time, handedness, and handedness*diagnosis. To
examine slide-order effect, the MANCOVA model included:
pair, slide order, and slide order*diagnosis.

Analyses were implemented in SAS PROC Mixed (Littell
et al, 1996). Summary descriptions of somal volume were
obtained by backtransforming the summary statistics of In
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Figure 4 Photomicrograph of Nissl-stained neurons in deep layer 3.
Filled arrows indicate neurons meeting the study criteria for selection of
pyramidal cells for somal volume determination. A neuron not meeting the
study criteria for selection is also indicated by an open arrowhead.
(Photomicrograph is a z-axis montage, scale bar=20 um.)

somal volume. Backtransformation yields geometric means
that are estimates of median somal volume (Johnson et al,
1994). The distributions of somal size for the two diagnostic
groups are described using 25th and 75th percentiles,
obtained through backtransformation.

Examination of the effects of antipsychotic use, alcohol
dependence, suicide, and schizoaffective disorder used
ANOVA. For these analyses, the three observations of In
somal volume in each subject were collapsed into a single
mean value, and then backtransformed to yield a geometric
mean value. The percent change relative to control within
each pair was computed as the dependent variable. This
resulted in 18 observations. The effects of these clinical
variables were examined using independent samples ¢-tests
(assuming common variances) with each variable as a
grouping factor.

To examine changes in cell densities between diagnostic
groups, arbitrary cutoff values were used to create four

Neuropsychopharmacology

somal size categories (Pierri et al, 2001). An overall density
including all pyramidal cells and the density for each of
these four groups was calculated for each section. The
densities for each of the categories were independently
analyzed to examine the diagnostic group effect using a
MANCOVA model with diagnosis, pair, and tissue storage
time.

Tests of correlations between BA42 and BA9 used
Pearson’s r. To examine whether the magnitude of change
in In somal volume differed between BA42 and BA9 a
MANCOVA model used average In somal volume in the two
regions as a repeated measure, with diagnosis, pair, and
tissue storage time as covariates.

All statistical tests were conducted with an o level = 0.05.
When appropriate the Bonferroni correction was used to
control for multiple comparisons.

RESULTS

The distributions of all pyramidal cell somal volumes in
subjects with schizophrenia and comparison subjects are
presented in Figure 5. Ln somal volume was significantly
reduced in the subjects with schizophrenia in Model 1
(F1,16=5.9, p=10.03). Geometric mean somal volume of the
subjects with schizophrenia was 1584.3 um® (25th percen-
tile: 1337.1 um?; 75th percentile: 1877.2 um’) as compared to
1813.7 um’ (25th percentile: 1562.5um’ 75th percentile:
2105.4 pm’) in the comparison subjects. Model 2 confirmed
the significant effect of diagnosis on In somal volume
(F1,30=4.5, p=0.04), without a significant effect upon In
somal volume because of subject age (F;30=2.0, p=0.2),
gender (F;3,=0.8, p=0.4), PMI (F,3,=0.1, p=0.7), or
tissue storage time (F;30=2.0, p=0.2). Ln somal volume
was not significantly associated with subject handedness
(F120=2.8, p=0.1), handedness*diagnosis (F;,,=0.2,
p=0.7), slide order (F,43=0.9, p=0.4), or slide order*-
diagnosis (F,63=1.0, p=0.4). Somal volume was reduced
in the subject with schizophrenia in 11/18 subject pairs.
Neither antipsychotic use at the time of death, comorbid
alcohol dependence, nor death by suicide were significantly

30
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Figure 5 Pyramidal cell somal volume distributions in BA42 for subjects
with schizophrenia (black bars) and comparison subjects (gray bars). Bar
height is presented as a percent of the total number of pyramidal cells
measured within each group.



associated with the within-subject pair differences in somal
volume (Table 2). Although the magnitude of somal volume
reduction was greater in subjects diagnosed with schizoaf-
fective disorder than with schizophrenia, this difference was
not significant.

As shown in Table 3, the overall pyramidal cell density
did not differ between subject groups. Modest, nonsignifi-
cant decreases in the density of medium, large, and
extralarge pyramidal cells in the subjects with schizophrenia
were offset by an increase in the density of small cells.

We next examined the relation between pyramidal cell
somal volumes in BA42 and in BA9. Averaged Iln somal
volume in these two regions was significantly correlated in
comparison subjects (r=0.52, p=0.03), whereas in the
subjects with schizophrenia, the degree of correlation was
smaller and did not reach statistical significance (r=0.32,
p=0.2). As expected from previous qualitative cytoarchi-
tectonic comparisons, the geometric mean somal volumes
were smaller in BA42 than in BA9 in both subject groups
(Figure 6a). The percent reduction in the geometric mean
somal volume was 13.1% in BA42 as compared to 9.4% in
BA9, without a significant interaction of diagnosis by brain
region (F; 33 =0.3, p=0.6). The within pair percent changes
in geometric mean somal volumes were significantly
correlated between regions BA9 and BA42 (r=0.67,
p=0.002, Figure 6b).

Table 2 Effect of Clinical Variables on the Percent Change,
within Matched Pairs of Subjects, of Deep Layer 3 Pyramidal Cell
Geometric Mean Somal Volumes

Percent
N change + SD It| p
Antipsychotic medication use 0.1 09
at death
Off 3 —-83+29
On I5 —10.1 £23
Alcohol dependence Il 03
No 12 —132+24
Yes 6 —-22+20
Suicide 1.3 0.2
No I3 —14.3 £ 21
Yes 5 .6 +27
Schizoaffective disorder 1.0 0.3
No I3 —65+25
Yes 5 —187 £ 15
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DISCUSSION

Mean deep layer 3 pyramidal cell somal volume in auditory
association cortex, BA42, was reduced by 13.1% in subjects
with schizophrenia. This reduction did not appear to be
attributable to other characteristics such as age, gender,
handedness, antipsychotic use at the time of death,
comorbid alcohol use disorder, or death by suicide, nor
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Figure 6 (a) Comparison of geometric mean pyramidal cell somal

volume in BA42 and BA9 in individual subjects. The magnitude of reduction
of mean pyramidal cell somal volume was not different between regions.
(b) The relation between differences in mean pyramidal cell somal volume
within-subject pairs in BA42 and BA9. The changes were highly correlated
between regions (r=0.67, p =0.002).

Table 3 Pyramidal Cell Mean Densities (+ SD) in Deep Layer 3 of BA42 of Subjects with

Schizophrenia and Comparison Subjects

Pyramidal Pyramidal cell Comparison Bonferroni
cell class size (pm®) subjects Schizophrenia Fii16 -adjusted p
Small < 1000 9.6+ 39 122 £ 5.1 36 03

Medium 1001-3000 206 + 32 174+ 35 7.7 0.054

Large 3001-5000 53420 42+ 10 54 0.1
Extralarge > 5000 44+ 19 34+ 1.6 4.6 0.2

All 39.8 + 49 372+ 64 1.7 0.2
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did the magnitude of somal volume reduction differ
significantly between subjects with schizophrenia and
subjects with schizoaffective disorder. There was no
significant change in the overall density of pyramidal cells.
The reduction in mean deep layer 3 pyramidal cell somal
volume was not significantly greater in BA42 than in BA9.
Within-subject pairs, the magnitude of reduced mean
pyramidal cell somal volume was highly correlated between
BA9 and BA42.

The finding of reduced pyramidal cell somal volume in
deep layer 3 of BA42 adds to a growing body of evidence
that pyramidal cell and/or neuronal size is reduced in
subjects with schizophrenia. Reduced neuronal size has
been reported in hippocampal subfields and in layer 3 of
BA9, but not in other layers of BA9, nor in motor or visual
cortices (Benes et al, 1991; Arnold et al, 1995; Zaidel et al,
1997; Rajkowska et al, 1998; Pierri et al, 2001). An
important constraint in the interpretation of each of these
findings is that reduced neuronal somal volume could result
from either a reduction in size of neurons without a change
in total neuron number, a reduction in the number of large
neurons, or an increase in the number of small neurons.
Visual inspection of Figure 5 suggests a relatively uniform
reduction of somal volume in the present study, rather than
a change in the number of neurons in a specific cell size
class. Consistent with this interpretation, we found that in
conjunction with modest decreases in densities of medium,
large, and extralarge cells in BA42, there was an increased
density of small cells that was similar in magnitude. Overall,
there was no significant difference in the density of deep
layer 3 pyramidal cells between comparison subjects and
subjects with schizophrenia. Although Rajkowska et al
(1998) identified a reduced density of extralarge neurons in
layer 3c of BA9, a corresponding, although nonsignificant,
increase in the density of small and medium size neurons
was also present. Extrapolation from measures of cell
density to conclusions about cell number, however, should
be viewed cautiously in the absence of independent
measurement of the complete reference volume of the
region (Mendis-Handagama and Ewing, 1990). Indeed, if
the reductions in STG gray matter volume found in MRI
studies of subjects with schizophrenia are present in deep
layer 3 of BA42, then the lack of change in cell density
would indicate a reduced total number of neurons. In the
one study to use unbiased stereologic methods to estimate
the total neuron number in the neocortex of subjects with
schizophrenia, no significant change in cell number was
found in PFC or temporal lobe (Pakkenberg, 1993).
However, that study may not have had the sensitivity to
detect a reduction in the number of cells of a specific size
class, within a single cortical layer, in a specific cytoarch-
itectonic region. Final resolution of this question will
require the estimation of the total cell number in deep
layer 3 of BA42.

The observation of reduced mean pyramidal cell somal
volume in BA42, regardless of whether resulting from
smaller or fewer cells, is consistent with both MRI and post-
mortem findings of reduced gray matter volume of the STG
of subjects with schizophrenia (Highley et al, 1999; Falkai et
al, 1995; Vogeley et al, 1998; McCarley et al, 1999).
However, the smaller mean pyramidal cell size observed
in deep layer 3 of BA42 is unlikely to represent the only
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source contributing to the observation of reduced gray
matter volume in this region. Pyramidal cell somal volume
has been found to correlate with the extent of dendritic
arborization and number of dendritic spines (Jacobs et al,
1997), both of which contribute to gray matter volume. In
layer 3 of dPFC, all three of these structural markers appear
to be diminished in concert in subjects with schizophrenia
(Glantz and Lewis, 2000; Pierri et al, 2001). Whether deficits
in dendritic arborization also contribute to gray matter
volume loss in BA42 is not known.

It is important to consider whether the correlation in
somal volume reduction across brain regions might not
result from a shared ‘vulnerability’, but rather from a shared
comorbid condition or from treatment with antipsychotic
medications. Structural imaging studies have not found
reduced STG gray matter volume in bipolar disorder
subjects with manic psychosis (Hirayasu et al, 2001). Nor
do subjects with chronic alcohol use disorders demonstrate
prominent loss of STG gray matter volume (Sullivan et al,
1998). Consistent with the in vivo findings, we did not find
an association of reduced pyramidal cell somal volume in
BA42 with a diagnosis of alcohol dependence. Arguing
further against an effect of comorbid alcohol dependence on
somal volume, the absolute magnitude of pyramidal cell
somal volume reduction was smaller in those subjects with
comorbid alcohol dependence than in subjects without
alcohol dependence.

We did not observe an association of reduced pyramidal
cell somal volume with antipsychotic use at the time of
death in BA42, although only one subject had no lifetime
history of antipsychotic use. Nor did we previously observe
an association between antipsychotic use at the time of
death and mean pyramidal cell somal volume in deep layer
3 of BA9 (Pierri et al, 2001). Moreover, in vivo structural
imaging studies have found that reduced STG gray matter
volume is present in first-episode subjects, prior to long-
term exposure to antipsychotic medication (Hirayasu et al,
1998; Hirayasu et al, 2001). Antipsychotic treatment,
however, has been shown to reduce dendritic and spine-
related protein expression in multiple brain regions of
nonhuman primate (Lidow et al, 2001). Whether antipsy-
chotic medication treatment also contributes to reduced
pyramidal cell somal volume has not been evaluated in a
nonhuman primate model.

Whether any systematic methodologic bias may have
contributed to the observations of reduced pyramidal cell
somal volume in subjects with schizophrenia in the current,
or in prior studies (Benes et al, 1991; Arnold et al, 1995;
Zaidel et al, 1997; Rajkowska et al, 1998; Pierri et al, 2001)
also needs to be considered. We examined pyramidal cells
in the deepest 1/3rd of layer 3. An advantage of this
definition is that it does not depend on recognition of the
subtle cytoarchitectonic boundary between sublayers 3b
and 3c. It is possible, however, that the reduced pyramidal
cell somal volume we observed could result from thinning
of layer 3c in subjects with schizophrenia, with resulting
inclusion of the smaller layer 3b cells in our sampling
contours. Arguing against this possibility, the thickness of
layer 3 did not significantly differ between groups.

The current study, while utilizing a systematic random
sampling grid and the nucleator to estimate somal volume,
deviated from stereologic methods based on unbiased



principles in several key ways. First, we did not uniformly
randomly sample the full rostral-caudal extent of BA42.
Thus, our findings are limited to that portion of BA42 from
which we sampled and may not generalize to BA42 as a
whole. Second, as a prerequisite for definitive identification
both of a specific cortical sublayer and of pyramidal
neurons, only sections where BA42 was cut perpendicular
to the pial surface were sampled. Consequently, our
observations might not generalize to regions of BA42
tangential to the coronal plane of section. Third, for
comparability to our prior study in BA9 (Pierri et al,
2001), conducted using an isotropic nucleator at a time
when the vertical nucleator application was not available in
our laboratory, the current study again used the isotropic
nucleator despite not having obtained isotropic uniform
random sections. The extent to which this choice might
have induced bias in the measurement of neuronal volume
has not been subjected to empirical test, although one study
found no detectable bias when measuring neuronal nuclear
volume in mice (Schmitz et al, 1999). Brain tissue volume
can change substantially during tissue fixation, storage, and
histological processing. It is unknown if, or to what extent,
individual neuronal volumes are similarly altered during
fixation, storage, and subsequent processing. The validity of
neuronal volume comparisons is dependent on the assump-
tion that neuronal volumes in the schizophrenic and
comparison subjects were not differentially altered by these
processes. Finally, it should be noted that reduced neuron
somal volume in subjects with schizophrenia has now been
reported in specific cortical layers within selected brain
regions in several studies (Benes et al, 1991; Arnold et al,
1995; Rajkowska et al, 1998; Pierri et al, 2001), despite a
diversity of regions examined, sampling paradigms, and
measurement techniques. It is difficult to postulate a
systematic methodologic bias that would account for this
pattern of results, although future studies based on
unbiased principles would increase confidence in this
conclusion.

In keeping with the structural observations described
above, multiple studies have found subjects with schizo-
phrenia to demonstrate deficits in the precision of auditory
sensory memory (Strous et al, 1995; Javitt et al, 1997, 2000a;
Rabinowicz et al, 2000; Wible et al, 2001). These deficits
include early, or preattentive, elements of auditory cortical
sensory processing (Javitt et al, 2000b). Although the
circuits underlying these phenomena are incompletely
understood, they appear to be dependent on intact auditory
association cortex (Dewson III et al, 1970; Cowey and
Dewson, 1972; Iverson and Mishkin, 1973; Cowey and
Weiskrantz, 1976; Colombo et al, 1990; Wible et al, 2001). In
monkey, the auditory association cortex lateral to the
primary auditory cortex (grossly corresponding to human
region BA42) has been further subdivided on the basis of
parvalbumin immunostaining into lateral belt and parabelt
regions (Jones et al, 1995a; Kosaki et al, 1997; Hackett et al,
1998a). Auditory tone sensory input diverges into two
parallel processing streams projecting from the medial
geniculate nucleus to both primary auditory cortex and
lateral belt cortex (Molinari et al, 1995; Hackett et al, 1998b;
Kaas et al, 1999). These two regions receive little direct
input, however, from heteromodal thalamic nuclei such as
the pulvinar or medial dorsal nucleus (Morel et al, 1993;
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Pandya et al, 1994; Hackett et al, 1998b), and limited direct
projections from heteromodal prefrontal cortex (Romanski
et al, 1999; Hackett et al, 2001). In contrast, the auditory
parabelt has substantial inputs from pulvinar and from
prefrontal cortex (Pandya et al, 1994; Hackett et al, 1998b,
2001; Romanski et al, 1999). Auditory parabelt in turn
demonstrates reciprocal connections with lateral belt
cortex, but not primary auditory cortex (Morel and Kaas,
1992; Hackett et al, 1998a). This linkage of the lateral belt
and parabelt cortex may provide the gateway through which
the primary auditory sensory stream converges with
polysensory and prefrontal input. Since deep layer 3
pyramidal cells of the lateral belt and parabelt in part
furnish the projections that reciprocally connect these two
regions (Pandya and Sanides, 1973; Pandya and Rosene,
1993; Jones et al, 1995b), an abnormality in these neurons is
powerfully positioned to disrupt this convergence. Consis-
tent with this interpretation, in a study examining the
effects of bilateral ablation of the parabelt cortex on deficits
in auditory sensory memory in nonhuman primates, the
severity of deficit was correlated with the extent of the
additional lesion of the lateral belt cortex (Colombo et al,
1996).

In view of the circuitry described above, the finding of a
high degree of correlation between reduced deep layer 3
pyramidal somal volumes in BA42 and in BA9 deserves
special comment. We had previously hypothesized that the
reduced pyramidal cell somal volume, and associated
reductions in dendrite and dendritic spine markers, in
dPFC in subjects with schizophrenia may have resulted
from deafferentation owing to reduced numbers of neurons
in the mediodorsal thalamic nucleus (Pakkenberg, 1990;
Glantz and Lewis, 2000; Young et al, 2000; Popken et al,
2000; Pierri et al, 2001; Byne et al, 2002). Although there is
limited thalamic input from the mediodorsal thalamic
nucleus to the auditory association cortex (Morel et al,
1993; Pandya et al, 1994; Hackett et al, 1998b), recent
evidence suggests that the pulvinar may also be affected in
schizophrenia (Byne et al, 2001, 2002). Thus, the common
alterations in deep layer 3 pyramidal neurons in BA42 and
BA9 may reflect a shared disturbance of nuclei that furnish
their thalamic inputs. Alternatively, the correlation in somal
volume reductions between BA9 and BA42 could reflect
impairments in the reciprocal corticocortical projections
connecting these regions that arise, at least in part,
from layer 3 pyramidal neurons. These reciprocal connec-
tions are much more extensive in the auditory parabelt
than in the lateral belt cortex (Romanski et al, 1999;
Hackett et al, 2001), raising the possibility that this
hypothesis could be tested after first identifying in human
brain the regions corresponding to the auditory lateral belt
and parabelt.

Adding to the substantial in vivo evidence of structural
and functional impairments of auditory association cortex
in subjects with schizophrenia, we found reduced pyramidal
cell somal volume in deep layer 3 of BA42. Further studies
are needed to determine whether the reduction in mean
pyramidal cell somal volume results from a change in cell
size, or from an altered number of large or small cells.
Similarly, the interpretation of the current findings, and the
design of future investigations of abnormalities of auditory
association cortex, will be enriched by initial studies to
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identify and map the auditory lateral belt and parabelt in
human brain.
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