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SUMMARY

1. Schizophrenia and bipolar disorder are neurodevelopmental disorders with signifi-
cant genetic vulnerabilities. Several trophic genes and/or proteins have been implicated in
the causation for both disorders.

2. We hypothesized that these genes and/or proteins may impact neuronal growth in
both disorders.

3. Hippocampal tissue sections from CA1 area of schizophrenic, bipolar, depressed,
and controls subjects, matched for age, sex, PMI, drug exposure, and brain pH were pre-
pared for cell size determination using the Stanley Medical Research Foundation post-
mortem brain collection.

4. Quantification of hippocampal CA1 pyramidal neuron size showed a significant
12% reduction in cell size (p < 0.05) in bipolar subjects vs. controls. There were nonsignif-
icant trends for reduction in cell size in both schizophrenic and depressed subjects vs. con-
trols.

5. These results indicate for the first time that pyramidal cell atrophy is present in
hippocampus of subjects with bipolar disorder.

KEY WORDS: schizophrenia; hippocampus; bipolar disorder; pyramidal cell size; Reelin;
Bcl-2; DISC1; major depression.

INTRODUCTION

Schizophrenia and mood disorders are complex neuropsychiatric disorders with ge-
netic and environmental etiologies (Sawa and Snyder, 2005). Previous morphome-
tric studies of the brain show evidence for abnormalities in size/volume of various
brain structures in both disorders (Friedman et al., 1999). These structural changes
may be due to a combination of neurodevelopmental insults that may have occurred
in utero and later limited neurodegeneration. Such combination of processes could
affect cellular dimensions in various neuropsychiatric disorders. For example, neu-
ronal cell size is reduced in autism (Fatemi et al., 2002) and in schizophrenia, poten-
tially due to apoptotic mechanisms (Fatemi et al., 2002; Jarskog et al., 2000). Thus,
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dysregulation of apoptosis could underlie both of these seemingly divergent pro-
cesses (Jarskog et al., 2000). Neuronal cell atrophy is a surrogate marker for apop-
tosis and is present in schizophrenia (Jarskog, 2006), autism (Fatemi et al., 2002),
bipolar disorder, and major depression (Chana et al., 2003). Previous reports have
also indicated decreased neuronal somal size and increased neuronal density in cor-
tical layers IV, V, and VI of the anterior cingulate cortex (ACC) in schizophrenia,
bipolar disorder, and major depression (Chana et al., 2003; Torrey et al., 2000). We
sought to evaluate whether pyramidal somal size would be reduced in hippocam-
pus, an important center for processing memory and synaptic plasticity, in bipolar
disorder, as compared to psychiatric and normal control subjects.

MATERIALS AND METHODS

Slides of paraffin-embedded postmortem samples of anterior hippocampus
were obtained from the Stanley Foundation Neuropathology Consortium (Torrey
et al., 2000) under approved ethical guidelines. The collection consisted of 13 sub-
jects with schizophrenia, 14 with bipolar disorder, 14 with major depression and
without psychotic features, and 14 normal controls. All groups were matched for
age, sex, race, postmortem interval (PMI), and hemispheric side (Table I). Each
brain hemisphere was placed in formalin immediately after removal from the body.
The mean storage times in formalin were as follows: controls, 4.6 ± 3.86 months
(mean ± SD), bipolars 10.1 ± 3.38 months, depressed 8.00 ± 6.64 months, and
schizophrenics 10.3 ± 7.31 months. None of these values differed from control val-
ues statistically. The Stanley Foundation Neuropathology Consortium provided us
with all demographic information and medical data, including lifetime use of psy-
chotropic medications and history of drug abuse (Fatemi et al., 2000) (Table I). Two
psychiatrists used DSM-IV criteria to establish psychiatric diagnoses. All experi-
ments were performed blinded to diagnosis of each subject. Each slide was 10 µm
in thickness and selected slides were 40 µm apart in distance. Slides of the ante-
rior hippocampus (at the level of the genu) were deparaffinized and stained with
cresyl violet through a series of graded alcohols. Hippocampal anatomy was vi-
sualized under a 10X microscope. CA4 was identified first, as it is easily identifi-
able with the darkly stained granular cell layer of the dentate gyrus on its border,
then CA1 was brought into the center of the microscope field. Under 20X, we em-
ployed three boxes of equal dimensions (250 µm × 250 µm), and superimposed
these boxes on the cells of CA1. Cells with a clear nucleus, cell body, and cell
boundaries were identified and their circumferences were measured. StereoInves-
tigator software (MicroBrightField, Inc., Burlington, VT) was used for cell area de-
terminations. All area measurements were obtained in µm2 ± SD. In general, two
slides per brain were used for all cell measurements, and each slide was used for
three measurements at CA1. Cell measurements for each box numbered between
8 and 10 cells per box. All cell area measurements were performed under blind
conditions.
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Table I. Demographic Information on Brain Specimens Obtained from the Stanley Foundation Neu-
ropathology Consortium (Range Shown in Parentheses)

Variable Control Schizophrenia Bipolar disorder Major depression

Age (years) 48.6 (29–68) 45.7 (25–62) 41.8 (25–61) 45.2 (30–56)
Gender 8 M, 6 F 8 M, 5 F 8 M, 6 F 8 M, 6 F
Race 13 C, 1 AA 11 C, 2 As 12 C, 2 AA 14 C
PMI (h) 24.6 (8–42) 32.0 (12–61) 33.5 (13–62) 28.1 (7–47)
pH 6.3 (5.8–6.6) 6.2 (5.8–6.6) 6.2 (5.8–6.5) 6.2 (5.8–6.5)
Side of brain 6 R, 8 L 5 R, 8 L 8 R, 6 L 5 R, 9 L
Formalin storage time

(months)
4.6 (1–10) 10.3 (3–31) 10.1 (2–14) 8.0 (1–15)

Suicide as mode of death 0 3 8 7
Substance abuse

severitya
13 none; 1 low 10 none; 1 low; 1

high; 1 highest
6 none; 5 low; 1

high; 2 highest
10 none; 1 lowest; 1

high; 2 highest
Lifetime quantity of

fluphenazine or
equivalent use of
antipsychotics (mg)

0 50,307 (0–200,000) 22,945 (0–60,000) 0

Note. M = Male; F = Female; C = Caucasian; AA = African-American; As = Asian; R = Right;
L = Left; PMI = postmortem interval.
aSubstance abuse: none = little or none; lowest = social user; low = moderate use in past; high = mod-

erate use in present; highest = heavy use in present.

Statistical Analysis

Statistical analysis of data was conducted using SPSS v.12.0 (Chicago, IL) soft-
ware. Several confounders (i.e., age, sex, race, PMI, pH of brain, side of brain, brain
weight, mode of death, formalin storage time, age of onset of disease, psychosis, his-
tory of substance use, severity of substance use and severity of alcohol use) were
tested for differences across groups and for their effects on the cell size (Table II).
One-way analyses of variance (ANOVA), chi-square tests, or Pearson’s correlations
were calculated for the confounder effect analyses. Group difference involving the
cell size was examined using ANOVA. In case of significance, posthoc Tukey’s HSD
test was performed to examine differences among the three diagnostic groups.

RESULTS

Significant between-group differences were found in four confounder variables
(Table II): (1) Age of onset of disorder (depression mean age = 33.14 vs. bipo-
lar mean age = 21.79, Tukey’s HSD test p < 0.05); (2) Psychosis (schizophre-
nia = 100%, bipolar = 71%, major depression = 0%, and control = 0%,
χ2 = 43.26, p < 0.001); (3) Severity of substance abuse (bipolar mean = 2.07 vs.
control mean = 0.14, Tukey’s test p < 0.05); and finally (4) Formalin time
(schizophrenic mean months = 10.3 vs. control mean = 4.57, Tukey’s test
p < 0.05). None of these confounds had any significant effects on cell size
(Table II). The modes of death included suicide, cardiac causes, pneumonia, motor
vehicle accident, accidental fall, drowning, and pulmonary embolism. The number



354 Liu, Schulz, Lee, Reutiman, and Fatemi

Table II. Group Differences in Confounding Variables and Their Effects on Cell Size

Variable Group difference Effect on cell size

Age F = 0.86, p = 0.468 r = 0.119, p = 0.388
Sex χ2 = 0.08, p = 0.994 F = 4.17, p = 0.046f

Age of onset F = 4.76, p = 0.014 r = − 0.106, p = 0.510
PMI F = 1.34, p = 0.272 r = − 0.178, p = 0.194
pH F = 0.68, p = 0.567 r = 0.099, p = 0.478
Brain weight F = 0.51, p = 0.680 r = 0.230, p = 0.091
Side χ2 = 1.54, p = 0.673 F = 1.01, p = 0.321
Suicide χ2 = 3.50, p = 0.174a F = 0.44, p = 0.511
Storage time (months) in formalin F = 3.16, p = 0.032b r = 0.046, p = 0.741
Psychosis χ2 = 43.26, p = 0.000c F = 1.00, p = 0.322
Substance abuse history χ2 = 6.45, p = 0.109 F = 1.46, p = 0.243
Severity of substance abuse F = 3.38, p = 0.025d r = − 0.237, p = 0.085
Severity of alcohol abuse F = 2.63, p = 0.061e r = − 0.136, p = 0.348

aIf controls included, χ2 = 13.05, p = 0.005.
bPosthoc Tukey’s HSD test, normal < schizophrenia, p < 0.05.
cPsychosis in schizophrenia = 100%, bipolar = 71%, MD = 0%, and Control = 0%.
dPosthoc Tukey’s HSD test, normal < bipolar, p < 0.05.
ePosthoc Tukey’s HSD test, normal < bipolar, p < 0.05.
f Male > female.

of subjects who died by suicide included three in schizophrenia, eight in bipolar dis-
order, and seven in major depression (Table I). There were no significant effects
of suicide on cell size determination. There was only one significant confounder ef-
fect of sex on cell size, i.e., male subjects had a significantly larger cell size than
female subjects (male mean cell size (µm2) = 1811.49 vs. female mean cell size
(µm2) = 1692.66, ANOVA p < 0.05). However, this effect was seen in all males
with all psychiatric diagnoses vs. healthy controls. Cell size was not different be-
tween male and female bipolar patients. Finally, there was a marginally significant
group effect on pyramidal cell size (ANOVA p = 0.066). Posthoc test revealed that
the pyramidal cell size was determined to be smaller by 12% (p < 0.05) in bipolar
subjects (mean = 1640.11) as compared to controls (mean = 1856.36) (Fig. 1).

DISCUSSION

The present results show a significant decrease in pyramidal somal size in bipo-
lar disorder vs. controls. There were nonsignificant decreases in pyramidal somal
size in schizophrenia and major depression. Reduced somal size and increased neu-
ronal density in cortical layers V and VI of the anterior cingulate cortex (ACC)
have been recently reported in schizophrenia, major depression, and bipolar dis-
order (Chana et al., 2003). Additionally, abnormalities of cortical neuronal orga-
nization and reductions in neuronal somal size have been reported in schizophre-
nia (Guidotti et al., 2000). Reduction in size of pyramidal neurons in the posterior
hippocampus has also been reported in schizophrenia but not in bipolar disorder
(Benes et al., 1991). Reductions in levels of neurotrophic agents, such as Reelin,
Bcl-2, and DISC1, and increases in proapoptotic factors, such as P53, may be
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Fig. 1. A scatterplot of the mean cell area per subject.

involved in the genesis of these abnormalities (Guidotti et al., 2000; Fatemi et al.,
2000; Fatemi, 2001, 2005; Jarskog and Gilmore, 2000; Burdick et al., 2005).

The limitations of this study included: (1) Use of a two-dimensional cell size
measurement vs. a three-dimensional method of volume estimation; and (2) The
lack of absolute certainty that formalin exposure times did not affect cell size
measurements. However, while bipolar brains spent 10.1 months in formalin vs.
8 months for depression and 10.3 months for schizophrenics, only the schizophrenic
subjects showed a significant effect. Also, while bipolar subjects showed the small-
est cell size, one would have expected the other two groups to show significantly
smaller cell sizes than controls if tissue shrinkage caused these observations in bipo-
lar slides. This obviously is not the case, indicating lack of an association between
formalin exposure times and cell size.

Reelin glycoprotein is an important protein involved in dendrite development,
neural stem cell migration, learning, memory, and LTP (Fatemi, 2005). Decreases
in Reelin protein levels have been identified in schizophrenia and bipolar disorder
(Fatemi et al., 2000; Guidotti et al., 2000; Fatemi, 2001). Reelin protein is reduced in
the CA1–CA4 areas of the hippocampus and dentate gyrus in schizophrenia, bipolar
disorder, and major depression vs. controls (Fatemi et al., 2000). Reelin has clearly
defined neurodevelopmental roles during brain development in man and mouse
(Fatemi, 2001, 2005). It is possible that graded deficits in level of Reelin may cause
variable levels of brain synaptic and behavioral abnormalities. Reports also indicate
that Reelin deficiency may be associated with decreased synaptic transmission and
reduced learning and memory in psychiatric patients (Fatemi, 2005). Cell atrophy in
CA1 of hippocampus in bipolar disorder may also be related to decreased Reelin in
this area (Fatemi et al., 2000).
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Bcl-2 is an important antiapoptotic regulatory protein that exerts a powerful
neuroprotective effect on neurons (Jarskog and Gilmore, 2000; Zhong et al., 1993;
Chen et al., 2001). Bcl-2 shows developmental upregulation in human frontal cor-
tex across the lifespan, increasing from early childhood into adulthood (Jarskog and
Gilmore, 2000). Cells that overexpress Bcl-2 demonstrate considerable resistance
to a variety of proapoptotic insults (Chen et al., 2001). Importantly, Bcl-2 also has
a neurotrophic property that appears to be independent of its antiapoptotic func-
tion, i.e., it can promote dendritic branching and produce regeneration of damaged
central nervous system (CNS) neurons (Chen et al., 2001). Levels of Bcl-2 are re-
duced in schizophrenia, bipolar disorder, and autism (Araghi-Niknam and Fatemi,
2003; Jarskog et al., 2000; Jarskog, 2006). The deficit has several potential patho-
physiological implications: Firstly, Bcl-2 is a potent inhibitor of apoptosis, and a
reduction of this protein would suggest that brain neurons (like those in the hip-
pocampal CA1 area) in bipolar disorder and schizophrenia are more vulnerable to
proapoptotic stimuli, whether those stimuli are products of normal physiology and
aging (Kamiya et al., 2005) or are due to a pathological process. Secondly, because
Bcl-2 protein has neurotrophic properties that are independent of apoptosis (Chen
et al., 2001), a limited reduction of Bcl-2 could promote neuronal atrophy and result
in reduced axodendritic branching, without overt effects on cell death. These data
might suggest that pyramidal cells of CA1 in hippocampus in subjects with bipolar
disorder experience more neuronal atrophy than those of schizophrenic and major
depression subjects, leading to greater deficit in pyramidal somal size. However, lit-
tle is known of the effects of early developmental insults on long-term effects on Bcl-
2 expression in bipolar disorder, schizophrenia, or major depression. Additionally,
there may be differences in mechanisms of apoptosis operating in bipolar disorder
vs. schizophrenia. For example, the Bax/Bcl-2 ratio was higher, only in schizophre-
nia and not bipolar disorder (Jarskog et al., 2004) indicating increased apoptotic
activity in temporal cortex. However, support for increased vulnerability towards
insults in hippocampus of bipolar subjects is lacking currently.

Finally, the DISC1 gene (disrupted in schizophrenia) is a susceptibility gene in
patients with schizophrenia and mood disorders (Harrison and Weinberger, 2005;
Kamiya et al., 2005; Burdick et al., 2005; Thomson et al., 2005). DISC1 is expressed
in regions of the brain implicated in the genesis of psychiatric symptoms (Kamiya
et al., 2005). Reduced expression of DISC1 in mice disturbs proper neuronal mi-
gration and arborization of dendritic neuronal processes in the developing cerebral
cortex (Kamiya et al., 2005). How DISC1 influences mental function is unknown but
is beginning to be clarified. In schizophrenic patients, DISC1 variants are linked to
specific neurocognitive impairments (Burdick et al., 2005). A single-neuropeptide
polymorphism in DISC1 that leads to an amino acid change (Ser704Cys) is asso-
ciated with schizophrenia and correlates with variations in hippocampal size and
function during cognitive tasks in normal subjects as well as cognitive variations in
aged normal subjects (Thomson et al., 2005). This evidence suggests that DISC1
can reconcile developmental disturbances in brain structure with aberrations in
neurotransmitter-mediated information processing. It is possible that DISC1 gene
expression and its protein level change could be related to the CA1 pyramidal cell
atrophy in bipolar disorder, but its mechanistic role needs further exploration.
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In conclusion, our data indicate for the first time that CA1 hippocampal pyra-
midal cells are smaller in bipolar disorder, possibly as a result of decreased levels of
Reelin, Bcl-2, and potentially DISC1. Future studies should ascertain the causative
factors for this reduction in cell size.
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