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Decreased Somal Size of Deep Layer 3
Pyramidal Neurons in the Prefrontal Cortex
of Subjects With Schizophrenia

Joseph N. Pierri, MS, MD; Christine L. E. Volk, BS; Sungyoung Auh, MS; Allan Sampson, PhD; David A. Lewis, MD

Background: Schizophrenia is associated with deficits
in working memory, a cognitive function that depends
on the connections of the prefrontal cortex (PFC) with
the thalamus and other cortical regions. Pyramidal
neurons in PFC deep layer 3 play a central role in both
thalamocortical and corticocortical circuitry. Given
that somal size tends to be associated with both the den-
dritic and axonal architecture of a neuron, abnormali-
ties in these circuits in schizophrenia may be associated
with a change in the somal size of deep layer 3 pyrami-
dal neurons.

Methods: We used design-based stereology to esti-
mate the somal volume of pyramidal neurons in deep layer
3 of PFC area 9 in 28 subjects with schizophrenia, each
of whom was matched to 1 normal comparison subject
for sex, age, and postmortem interval.

Resvults: The geometric mean of the somal volume es-
timates in the subjects with schizophrenia was signifi-
cantly (P=.02) decreased by 9.2%. This decrease was as-
sociated with a shift in the distribution of somal volumes
toward smaller sizes. Neither antipsychotic medication
treatment history nor duration of illness was associated
with somal size.

Conclusions: These findings independently replicate pre-
vious reports of decreased somal size in the PFC in schizo-
phrenia. The reduction in size of deep layer 3 pyramidal
neurons is consistent with abnormalities in thalamocor-
tical and corticocortical circuitry, suggesting that dis-
ruption of these circuits may contribute to cognitive ab-
normalities in schizophrenia.
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ORKING memory
is impaired in per-
sons with schizo-
phrenia,"*and these
abnormalities are
associated with altered function of the dor-
sal prefrontal cortex (dPFC).** In addi-
tion, studies in nonhuman primates indi-
cate that working memory requires the
integrity of dPFC connections with other
cortical regions and the thalamus.”®
Recent studies have reported alter-
ations in layer 3 of the dPFC in schizo-
phrenia. Rajkowska et al” described a de-
crease in the mean somal size of all layer
3 neurons and a decrease in the density
of the largest neurons in deep layer 3. The
authors interpreted this finding to sug-
gest that large pyramidal neurons in deep
layer 3 may be most affected in schizo-
phrenia. Interestingly, the density of den-
dritic spines, a marker of the number of
excitatory inputs to pyramidal neurons,®
has been found to be significantly de-
creased on layer 3 pyramidal neurons in
subjects with schizophrenia,’ and this ab-
normality was reported to be most promi-
nent on pyramidal neurons in deep layer
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Pyramidal neurons in deep layer 3 of
the dPFC play a key role in both cortico-
cortical and thalamocortical circuitry. The
principal axons of these neurons project to
cortical association areas, such as the su-
perior temporal gyrus and the inferior pa-
rietal cortex.!'"?3 In addition, intrinsic axon
collaterals of layer 3 pyramidal neurons
furnish wide-spreading, horizontal excit-
atory connections within the dPFC."*"" Fur-
thermore, deep layer 3 pyramidal neurons
are located in the termination zone of axon
projections from the mediodorsal tha-
lamic nucleus,'® and thus likely receive ex-
citatory input from this nucleus.

Because neuronal size is correlated
with the extent of a neuron’s dendritic'**
and axonal arbor,>?? a decrease in somal
size may reflect decreased afferent and/or
efferent connectivity of these neurons in
schizophrenia. Consequently, we tested the
hypothesis that the somal size of deep layer
3 pyramidal neurons in dPFC area 9 is de-
creased in individuals with schizophrenia.

—

The primary MANCOVA model revealed
asignificant (F ,6=5.76; P=.02) 9.2% de-
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SUBJECTS AND METHODS

SUBJECTS

With the consent of the next of kin and the approval of the
Health Sciences Institutional Review Board of the Univer-
sity of Pittsburgh, we obtained brain specimens from 56
subjects during autopsies conducted at the Allegheny
County (Pittsburgh) Coroner’s Office (Table). Neuro-
pathological examinations revealed no abnormalities in any
of the subjects except for the following: thioflavin-S stain-
ing revealed a few neuritic plaques in 3 normal compari-
son subjects (pairs 3, 4, and 24) and in 1 subject with schizo-
phrenia (pair 6), but they did not meet either clinical or
neuropathological criteria for Alzheimer disease.” Two sub-
jects with schizophrenia died of cerebrovascular events (pair
6, left parietal subdural hematoma; pair 12, intracerebral
hemorrhage in the right temporal lobe), but the left dPFC
was not affected. An independent panel of experienced cli-
nicians made consensus DSM-III-R diagnoses as described
previously.**

Twenty-eight subjects diagnosed as having schizo-
phrenia or schizoaffective disorder (Table) were each
matched to 1 comparison subject for sex, age, and post-
mortem interval (PMI). Individual pairs were completely
matched for sex, and the mean+SD differences in age and
PMI within pairs were 3.8+3.0 years and 2.6+2.1 hours,
respectively. Mean values for these variables (Table) and
percentage of out-of-hospital deaths (comparison group,
96.4%; schizophrenia group, 89.3%) did not differ be-
tween the 2 groups. For subjects with schizophrenia, the
mean+SD age of onset was 27.3+9.0 years and the dura-
tion of illness was 25.8+11.8 years. Five of these subjects
died by suicide, and 13 had a history of an alcohol or sub-
stance use-related disorder; these diagnoses were current
at the time of death for 8 subjects. Toxicology examina-
tions were positive for plasma alcohol in 3 subjects with
schizophrenia (pairs 4 [0.13%], 7 [0.12%], and 27 [0.09%])
and in 2 comparison subjects (pairs 11 [0.03%] and 20
[0.01%]). Six subjects with schizophrenia had not been tak-
ing antipsychotic medication for at least 1 month prior to
death, and 1 (pair 16) never received treatment (Table).

TISSUE PREPARATION

The left hemisphere of each brain was cut into 1.0-cm-thick
coronal blocks, immersed in ice-cold 4% paraformaldehyde
in phosphate buffer for 48 hours, 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 sub-
ject groups (Table). From blocks located 2 to 4 cm from the
frontal pole, 40-pm coronal sections were cut on a cryostat.
Every tenth section was mounted on slides and stained for
Nissl substance with thionin. From a series of sections de-
termined by cytoarchitectonic criteria* to contain dPFC area
9 (Figure 1), we selected 4 sections, each separated by 400
pm, for somal size estimation. These slides were placed in
random order and coded for blinded quantification.

MEASUREMENT OF SOMAL SIZE

Quantification was performed without knowledge of diag-
nosis by one rater (C.L.E.V.). Using a Zeiss Axioplan
microscope equipped with Stereo Investigator software*’
and a Microvid Monitor (MicroBrightField, Inc, Col-
chester, V), area 9 was identified at low magnification
(X50), the border between layers 3 and 4 was located
(Figure 1), and a contour outlining the lower third (deter-
mined by measuring the width of layer 3) of layer 3 was
drawn (Figure 2A). The mean+SD contour area per sec-
tion was 1.93+0.33 X 10° pm? for the comparison subjects
and 1.85+0.36 X 10° pm” for the subjects with schizophre-
nia. Magnification was then changed to X1000, using a 1.4
numerical aperture, X100, oil immersion objective, for cell
measurements. To randomly sample cells, we used the
optical fractionator®® probe of the Stereo Investigator soft-
ware, which systematically and randomly placed 18 to 22
sampling boxes throughout the region of interest (Figure
2B). Each box was 110X 75X 8 pm in the x, y, and z
directions, respectively (Figure 2C). At each sampling site,
sampling was begun 2 um below the section surface. Sec-
tions had a mean=SD thickness of 14.0+1.0 pm for both
the comparison and schizophrenia groups. To estimate
somal volume, we used the nucleator probe* of the Stereo

Continued on next page

crease in the geometric mean of the somal volume of the
subjects with schizophrenia (2084.3 pm?®; 25% quartile,
1795.4 pm’; 75% quartile, 2383.2 pum?) compared with that
of the matched comparison subjects (2295.7 pm?*; 25%
quartile, 1980.3 pm?; 75% quartile, 2600.3 pm?)
(Figure 4). In 18 of 28 of the pairs, the subject with schizo-
phrenia had a geometric mean somal volume estimate that
was lower than the matched comparison subject. Somal
volume was decreased in subjects with “pure” schizophre-
nia and in those with schizoaffective disorder relative to
their matched controls, although in separate exploratory
analyses neither difference was significant (F, 30=1.81;
P<.19 and F, ;,=3.55; P<.09, respectively).

The distributions of somal sizes (Figure 5) revealed
that the subjects with schizophrenia had higher percent-
ages of neurons in the smaller cell size categories and lower
percentages in the larger 2 categories compared with the
comparison subjects. The MANCOVA model used to com-

pare the cell category percentages between comparison
subjects and subjects with schizophrenia showed a signifi-
cant diagnosis X somal size category interaction (F,105=4.9;
P=.009). To determine the differences in the distribu-
tions of somal size that accounted for this interaction, we
used paired t tests, adjusted to have a simultaneous .05
significance level, to examine the differences in changes in
percentages of neurons across size categories for the 2 di-
agnostic groups. This analysis showed that between the
“1001-3000 pm?*” and the “3001-5000 pm>” categories, the
subjects with schizophrenia exhibited a decrease in the per-
centage of neurons, whereas the comparison subjects ex-
hibited an increase. The difference in these changes was
significant (t;03=2.8, simultaneous P=.02), and consis-
tent with a shift in the somal size distribution toward smaller
cell sizes for the subjects with schizophrenia.

The mean=SD width of layer 3 did not differ
(F1,7=0.18; P>.68) between the comparison subjects
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Investigator software, in a local vertical section design.*
Thatis, we only measured neurons in regions of area 9 where
the long axis of the neurons was judged to be parallel to
the plane of the section and perpendicular to the pial sur-
face (Figures 1 and 2D). This design assumes that pyrami-
dal neurons in deep layer 3 are isotropically oriented about
the vertical axis of the tissue.

For each neuron, the nucleolus was used as the cell’s
uniquely associated reference point. To estimate somal size,
the operator clicked on the nucleolus, which brought up a
set of 5 two-dimensional isotropic random rays (Figure 2D).
The operator clicked on each ray where it intersected the
boundaries of the soma. The formula used to calculate vol-
ume was as follows: volume=4/3 w1,>, where 1 equals the
mean segment length from the nucleolus to the cell bound-
ary, and n equals the number of segments, in this case, 5.

Only cells within the 3-dimensional sampling box
meeting the following criteria for pyramidal neurons were
measured: (1) a clearly identifiable nucleolus, (2) an abun-
dance of Nissl-stained cytoplasm, (3) a clearly visible ver-
tical apical dendrite, and (4) a triangular shape. The
mean=SD number of neurons measured for each subject
did not differ between the control subjects (265+44) and
the subjects with schizophrenia (261 £45). The mean+SD
coefficients of error for average somal volume were
4.5%+0.6% for comparison subjects and 4.6% +0.6% for
subjects with schizophrenia.

STATISTICAL METHODS

Individual and group somal volume distributions for all
measured neurons in each diagnostic group showed a
skew toward the larger somal sizes (Figure 3A). To nor-
malize the data, all single neuron volume estimates were
transformed using a natural log function® (Figure 3B).
For each subject, estimates of somal volume were aver-
aged over the neurons within each of the 4 sections. These
averages were treated as 4 correlated observations. Ex-
ploratory regression analyses done to assess the effects of
sex, age, PMI, and tissue storage time on somal volume
indicated a potential effect of PMI on somal volume,
which was confirmed in formal modeling. To examine a

main effect of diagnosis, a multivariate analysis of covari-
ance (MANCOVA) model assuming a compound sym-
metric covariance structure®? was used. To test for a main
effect of diagnosis, pair was used as a blocking factor and
tissue storage time as a covariate. In this model, the pair
factor accounts for the effect of PMI, as subjects were
matched, on a pairwise basis, for sex, age, and PMI. This
model was validated by using the MANCOVA procedure
to assess both diagnosis and pair factors, with tissue stor-
age time and PMI as covariates, as well as by including all
pairing factors (age, sex, and PMI) and tissue storage time
as covariates in the MANCOVA model. As all 3 models
yielded similar results, only the results of the primary
model are reported.

Analyses were implemented in SAS PROC Mixed.** All
statistical tests were performed on the log-transformed es-
timates of somal volume, and summary descriptions of so-
mal volume were obtained by back transformation of the
summary statistics of log-transformed somal volume. Back
transformation yields geometric means that are estimates
of median somal volume.** The distributions of somal size
for the 2 diagnostic groups are described using 25% and
75% quartiles, obtained through back transformation.

To examine changes in the distribution of somal vol-
umes between diagnostic groups, arbitrary cutoff values were
used to create 4 somal size categories. The mean percent-
ages of neurons for each subject in the 3 smallest size cat-
egories were compared across diagnostic groups using a
MANCOVA model that assumed an intraclass covariance
matrix with pair as a blocking variable.

Within the schizophrenia group, we also used an in-
traclass covariance matrix MANCOVA model to evaluate
the effects of age of onset and duration of illness on somal
volume. Because age at the time of death was correlated with
both age of onset and duration of illness, it was included
as a covariate for these analyses. In exploratory analyses,
we used an analysis of covariance model with PMI as the
covariate to evaluate the effects of suicide, substance abuse
history, and medication status at the time of death on dif-
ferences in log-transformed somal volumes between sub-
jects with schizophrenia and comparison subjects.

All statistical tests were conducted with a=.05.

(993.1£81.7 pm) and the subjects with schizophrenia
(1003.7+86.3 pm).

We found no significant associations between age
of onset (F;,4,=0.11; P=.75) or duration of illness
(F124=0.09; P=.77) and somal size. In addition, differ-
ences in log-transformed somal volumes between the sub-
jects with schizophrenia and their matched comparison
controls did not vary (F, ,5<<0.10; P>.75) as a function
of sex, suicide, or history of alcohol and/or substance abuse
(Figure 6A-C). Finally, differences in somal size be-
tween subjects with schizophrenia and the their matched
controls were not affected by antipsychotic medication
treatment status at the time of death (F, ,5=0.25; P=.62)
(Figure 6D).

B COMMENT

In this study, subjects with schizophrenia showed a sig-
nificant 9.2% decrease in the somal volume of pyrami-

dal neurons in deep layer 3 of PFC area 9, with a shift in
the somal volume distribution toward smaller cell sizes.
Decreased somal size was not related to duration or age
of onset of illness, sex, death by suicide, history of alco-
hol or substance use, or antipsychotic medication treat-
ment at the time of death.

The strengths of this study include (1) the sample
size; (2) the use of an optical fractionator design, which
enabled systematic random sampling within area 9; and
(3) the use of the nucleator, which permitted estimates
of somal volume.?® However, several potential con-
founds must be considered in interpreting the patho-
physiological significance of our observations.

First, the stereological design of this study has limi-
tations. Although a relatively large volume of area 9 was
sampled, we did not sample throughout the region of in-
terest. Consequently, caution must be used when gen-
eralizing findings from our sampling scheme to all deep
layer 3 pyramidal neurons in area 9. Also, our method
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Subjects Examined in This Study*
Comparison Subjects Subjects With Schizophrenia
I Storage b Storage I
Sex/ Time, Cause Sex/ Time,  Duration Cause
Pair Age,y PMI, h mo of Death Diagnosist Age,y PMI, h mo of lliness of Death
1 Fla7 5.3 42.2 ASCVD SA F/41 10.3 0.4 20 Pulmonary embolism
2 M/62 83 20.3  ASCVD cus¢ M/62 3.9 0.4 30 Pneumonia
3 M/74 17.5 0.8 Trauma RS M/69 17.0 25.9 49 Thermal burns
4 M/60 11.0 0.3  ASCVD cusa* M/64 8.6 33.6 45 ASCVD
5 M/48 12.0 154  ASCVD Cus M/48 8.3 13.6 il Bronchopneumonia
6 M/77 6.2 40.0  ASCVD cus* M/72 3.8 8815 30 Subdural hematoma
7 M/48 7.8 19.6 ASCVD cus? M/52 10.0 16.0 29 Gastrointestinal bleeding
8 F/40 14.3 15.4 ASCVD CUs® Fl47 14.5 221 27 Suicide by chlorpromazine
overdose
9 FI67 19.5 5.9  Accidental CO poisoning Cus F/66 17.9 23.0 38 ASCVD
10 M/41 17.5 4.7  ASCVD CPS M/46 19.8 214 26 ASCVD
11 M/50 6.8 44.8 ASCVD CPS M/54 11.0 16.8 15 ASCVD
12 Fl47 4.3 17.7 Accidental CO poisoning CDs? F/48 3.7 3.0 20 Intracerebral hemorrhage
13 M/42 14.2 31.9 Aortic stenosis Cus M/48 19.0 4.2 ? ASCVD
14 FI72 11.0 359  ASCVD SAd Fl67 9.0 14.9 30 COPD
15 M/41 22.1 14.7 ASCVD CuUsPe+ M/48 22.0 6.1 24 Suicide by jumping
16 M/51 11.6 2.3 Hypertrophic CPS* M/51 12.8 49.6 34 Cardiomyopathy
cardiomyopathy
17 M/42 12.3 33.6 Pericardial tamponade Cus M/40 8.5 36.2 4 Suicide by combined drug
overdose
18 Fl46 15.0 115 Mitral valve prolapse SA* F/37 14.5 17.6 8 Suicide by hanging
19 M/26 16.0 3.0 Trauma SA M/27 16.5 9.4 9 Heat stroke
20 F/60 9.5 19.0  ASCVD SA? F/61 16.8 20.5 20 ASCVD
21 M/64 17.3 10.2 Accidental drowning cus¢ M/63 18.3 6.2 20 ASCVD
22 Fr27 16.5 7.5 Trauma cus¢ F/38 17.8 2.6 18 Myocardial hypertrophy
23 F/55 11.3 174 ASCVD SA F/46 10.1 13.8 25 Pneumonia
24 M/83 19.0 88.1 Tuberculosis Cus* M/83 16.0 9.6 55 Accidental asphyxiation
25 M/61 16.4 8.6 Cardiac tamponade Ccus* M/58 18.9 10.0 16 Right MCA infarction
26 M/52 16.2 8.7  ASCVD CDS® M/49 235 9.8 14 ASCVD
27 F/49 13.4 311 Hypertensive CVD SA® Fla7 20.1 6.5 30 Suicide by gunshot
28 M/50 24.0 7.8 ASCVD CPSaf M/46 28.1 17.7 30 Accidental combined drug
overdose
Mean 529 133 19.9 528 143 15.9
SD 13.8 5.3 18.7 124 6.2 11.9

*PMI indicates postmortem interval; ASCVD, atherosclerotic coronary vascular disease; CD, carbon monoxide, SA, schizoaffective disorder; CUS, chronic
undifferentiated schizophrenia; RS, residual schizophrenia; CPS, chronic paranoid schizophrenia; CDS, chronic disorganized schizophrenia; COPD, chronic
obstructive pulmonary disease; CVD, cardiovascular disease,; and MCA, middle cerebral artery.

tSuperscripts are as follows: a, alcohol dependence, current at time of death; b, alcohol dependence, in remission at time of death;, c, alcohol abuse, current at
time of death; d, alcohol abuse, in remission at time of death; f, other substance dependence, current at time of death; g, other substance abuse, in remission at
time of death; +, schizophrenic subjects not taking medications at time of death; and ++, schizophrenic subject who never received antipsychotic medication.

for estimating somal volume did not take into account
the possibility that alterations in the shape or orienta-
tion of pyramidal neurons in schizophrenia could lead
to underestimates or overestimates of somal volume. How-
ever, despite these caveats, the fact that a decrease in so-
mal size of deep layer 3 pyramidal neurons has been re-
ported by another independent group,” using a different
sampling scheme and estimator of cell size, strongly sug-
gests that decreased somal size of deep layer 3 pyrami-
dal neurons in schizophrenia is unlikely to be the result
of biased measurement methods.

Second, terminal conditions associated with changes
in brain volume, such as prolonged hypoxemia, could
result in altered somal size. However, in this study, 92%
of the subjects died suddenly, out of hospital, consis-
tent with a limited agonal state.

Third, neuronal size may change as a function of
PML,'*%> as was observed in this study. However, subject
pairs were closely matched for PMI, and inclusion of PMI

as a covariate revealed that subjects with schizophrenia
still showed a significant decrease in somal volume.

Fourth, the duration of brain tissue fixation repre-
sents a potential confound since tissue volume shrinks
as much as 14% after prolonged fixation.* In the pres-
ent study, each specimen was processed following a stan-
dard protocol, with a brief fixation time (48 hours), that
was identical for both diagnostic groups.

Finally, long-term exposure to antipsychotic medi-
cations might confound estimates of somal volume, as
dose of antipsychotic medication has been found to be
negatively associated with frontal lobe volume in schizo-
phrenia.’” In the present study, the somal volumes of sub-
jects with schizophrenia who were not taking antipsy-
chotic medications at the time of death did not differ from
subjects who were (Figure 6D). Moreover, the somal vol-
ume of the subject with schizophrenia who had never been
treated with antipsychotic medications was less than that
of the matched comparison subject.
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Figure 1. Brightfield photomicrograph of Nissl-stained neurons in prefrontal
cortex area 9. Note that pyramidal neurons in deep layer 3 are oriented
parallel to the plane of section and perpendicular to the pial surface,
consistent with the concept of a local vertical design. The 6 cortical layers
and white matter (WM) are identified. The bracket indicates the lower one
third of layer 3, where pyramidal neurons were sampled and measured.
Scale bar=300 um.

Decreased somal size is consistent with and possi-
bly related to other reported abnormalities of dPFC layer
3 pyramidal neurons in schizophrenia, such as de-
creased dendritic spine density.”'® Specifically, a de-
crease in the density of basilar dendritic spines on deep
layer 3 pyramidal neurons was associated with a de-
crease in the total length of these dendrites, as well as a
nonsignificant decrease in somal size.'

Similar to previous studies of PFC pyramidal neu-
rons,'* we also found no relationship between somal
size and age at time of death in our subjects, confirming
that somal size is stable across adulthood. Furthermore,
somal volume in schizophrenia was not related to age of
onset or duration of illness, suggesting that reductions
in somal volume may not progress with time, and that
the events leading to decreased somal size may have oc-
curred during development before illness onset or dur-
ing a limited progressive phase of the illness.*®

Alterations in deep layer 3 pyramidal neurons may
be related to changes in chandelier cells, a specific sub-

Nl

V 1

Figure 2. Schematic of the sampling and somal volume estimation
procedure. Panel A shows a camera lucida drawing of the superior frontal
gyrus in area 9. The gray area indicates the approximate medial and lateral
boundaries of area 9. Within this area, where pyramidal neurons met criteria
for a local vertical design, a contour was drawn outlining the lower one third
of layer 3. B, A sampling grid was randomly superimposed over this area to
designate sampling sites. C, At each sampling site, a 3-dimensional sampling
frame was used to identify neurons for measurement according to unbiased
inclusion and exclusion rules (broken and solid lines indicate inclusion and
exclusion boundaries, respectively). Each neuron was measured at a final
magnification of X 1000 using the nucleator principle (D), which involves
identifying the nucleolus of each pyramidal neuron by clicking on it with the
cursor, and marking (arrow) where each of a set of 5 equidistant (separated
by 72°) rays, which randomly overlay the neuron, intersect the boundary of
the soma. The photomicrograph depicts a pyramidal neuron undergoing
this procedure.

set of cortical inhibitory neurons. Chandelier neuron axon
terminals (termed “cartridges”) synapse on pyramidal neu-
ron axon initial segments, providing powerful regula-
tion of pyramidal neuron output.” In the dPFC, sub-
jects with schizophrenia exhibit a decrease in the density
of cartridges immunoreactive for the y-aminobutyric acid
transporter (GAT-1)*#!; interestingly, this decrease ap-
peared to be greatest in deep layers 3 and 4 of the same
subjects studied herein.*

Our findings also suggest that a reduction in somal
volume may contribute to the subtle reductions in dPFC
volume found in neuroimaging studies of schizophre-
nia.** In addition, our findings may account for the
reports of decreased concentrations of dPFC N-acetylas-
partate**>! in schizophrenia, since pyramidal cells make
up the majority of neurons in the cortex,’ and since the
concentration of N-acetylaspartate may be greatest in these
neurons.’” Interestingly, in subjects with schizophre-
nia, N-acetylaspartate levels in the dPFC were positively
correlated with changes in cortical activation, as mea-
sured by regional blood flow, in the prefrontal, temporal,
and parietal association cortices during performance of a
working memory task.” This relationship, found only for
the dPFC, suggests that activation of the working memory
network may be determined by the integrity of cortico-
cortically projecting dPFC pyramidal neurons.'*?
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Figures 3. Percentage of neurons across somal size bins for both the
comparison subjects and the subjects with schizophrenia, both before (A)
and after (B) the natural log transformation of individual somal volume
estimates.
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Figure 4. Geometric means of the somal volumes for the comparison
subjects and the subjects with schizophrenia. Cross bars indicate the
geometric means for each diagnostic group.

Understanding the pathophysiological significance
of a decrease in the somal size of pyramidal neurons in
deep layer 3 in persons with schizophrenia depends on
whether this abnormality reflects a defect intrinsic to
deep layer 3 pyramidal neurons or an extrinsic defect in
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Figure 5. Mean+SD percentages of deep layer 3 pyramidal neurons in
arbitrarily defined somal volume categories for the comparison subjects and
the subjects with schizophrenia. Note that the subjects with schizophrenia
appear to have fewer large neurons and more small neurons than the
comparison subjects.
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Figure 6. Mean+SD of the geometric means of somal volume estimates for
the comparison subjects and the subjects with schizophrenia grouped by sex
(A) (female, n=10; male, n=18), cause of death (B) (suicide, n=5; other,
n=23), history of substance abuse (C) (no, n=15; yes, n=13), and
antipsychotic medications at the time of death (D) (no, n=7; yes, n=21).
Groupings were based on the status of the subjects with schizophrenia for
each of these variables.

the inputs they receive. An intrinsic defect may be mani-
fest in a decrease in the capacity of these neurons to
form and maintain appropriate afferent and efferent con-
nections. For example, in certain neuronal populations,
somal size correlates with the extent of a neuron’s den-
dritic'*® and axonal arbor.*** If these correlations apply
to the findings of the present study, we would expect
evidence for decreases in these components of pyramidal
neuron architecture. Indeed, this possibility is suggested
by reported abnormalities in spine density and total den-
dritic length. Interestingly, for 12 subjects with schizo-
phrenia in the present study, who were also examined in
a previous study of spine density,'® average total den-
dritic length, measured in Golgi-stained deep layer 3
pyramidal neurons, and average somal volumes, esti-
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mated herein, are significantly correlated (r=0.64,
P=.02). In contrast to measures of a neuron’s dendritic
arbor, the axonal arbor of a neuron is much more diffi-
cult to measure in the postmortem state. However, given
that layer 3 pyramidal neurons participate in reciprocal
short- and long-range circuits intrinsic to the dPFC,* a
proportion of the decrease in pyramidal neuron spine
density in schizophrenia may be due to a decrease in
axonal arbor.

On the other hand, a decrease in somal size could
result from a loss of input from other brain areas, such
as the thalamus. Recent studies’’ of the mediodorsal
thalamic nucleus, which projects to the dPFC, have re-
ported a decrease in the number of neurons in subjects
with schizophrenia. These findings suggest that, in schizo-
phrenia, deep layer 3 pyramidal neurons may receive less
excitatory drive from the thalamus, and consequently,
they are less active and hypotrophic. This possibility of
“denervation atrophy” is supported by experiments in
which lesioning a subset of afferent inputs to the PFC
induced decreased somal size of layer 3 pyramidal neu-
rons and decreased performance on frontal lobe medi-
ated tasks.™

Further studies are needed to determine whether ab-
normalities in dPFC deep layer 3 pyramidal neurons in
schizophrenia reflect an intrinsic defect or are the result
of altered inputs from other brain regions. Either possi-
bility would support the hypothesis that abnormal thala-
mocortical and corticocortical circuitry underlie dPFC
dysfunction in schizophrenia.
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