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Objective: Neuroimaging findings have
identified lower cortical gray matter vol-
ume in schizophrenia. Apoptosis (pro-
grammed cell death) has been proposed
as a contributing pathophysiological
mechanism. Levels of antiapoptotic Bcl-2
protein are low in the temporal cortex of
schizophrenia patients. Bcl-2 interacts
with the proapoptotic Bax protein at an
upstream checkpoint to regulate the acti-
vation of apoptosis by caspase-3 and
other proteolytic caspase proteins. A high
Bax/Bcl-2 ratio is associated with greater
vulnerability to apoptotic activation,
while a high caspase-3 level is often asso-
ciated with apoptotic activity. It was hy-
pothesized that the Bax/Bcl-2 ratio, but
not caspase-3, would be high in the tem-
poral cortex of patients with chronic
schizophrenia.

Method: Bax, Bcl-2, and caspase-3 pro-
teins were measured by semiquantitative
Western blot in Brodmann’s area 21 (mid-
dle temporal gyrus) of postmortem tissue

from patients with schizophrenia (N=15),
bipolar disorder (N=15), or major depres-
sion (N=15) and nonpsychiatric compari-
son subjects (N=15).

Results: The Bax/Bcl-2 ratio was 50%
higher in the schizophrenia patients than
the nonpsychiatric comparison subjects.
The level of caspase-3 (inactive zymogen
and activated subunits) was not signifi-
cantly different.

Conclusions: The higher Bax/Bcl-2 ratio
suggests that cortical cells are vulnerable
to apoptosis in chronic schizophrenia.
However, the normal caspase-3 level sug-
gests that apoptosis is not active in this ill-
ness phase. Furthermore, the results ap-
pear to distinguish the pathophysiology
of schizophrenia from most classic neuro-
degenerative disorders, in which post-
mortem caspase-3 levels are high. Further
studies are needed to investigate the im-
plications of abnormal apoptotic proteins
in schizophrenia.

(Am J Psychiatry 2004; 161:109-115)

Neuronal apoptosis is highly active during early neu-
rodevelopment. It is estimated that, depending on the re-
gion, 20%-80% of all neurons formed in the CNS die by ap-
optosis in early life (1). Apoptosis is regulated by several
protein families, including the upstream Bcl-2 family (e.g.,
the antiapoptotic Bcl-2 and proapoptotic Bax) and the
downstream caspase family (e.g., caspase-3). Pathological
activation of neuronal apoptosis and abnormal expression
of apoptotic regulatory proteins have been demonstrated
in classic neurodegenerative disorders, including Alz-
heimer’s and Parkinson’s diseases (2-5). Apoptosis has also
been hypothesized to contribute to the pathophysiology of
schizophrenia (6), a neurodevelopmental disorder that
may encompass limited neurodegenerative features (7).
Postmortem evidence supports apoptotic involvement in
schizophrenia; low levels of Bcl-2 have been demonstrated
in Brodmann’s area 21 (middle temporal gyrus) (8). It is in-
teresting that this cortical area is also associated with low
gray matter volume (9), similar to low volumes in other
temporal and frontal areas and in total cortical gray matter
(10, 11). Low levels of Bcl-2 in Brodmann'’s area 21 may sig-
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nal a role for apoptotic proteins in the mechanisms under-
lying the low gray matter volumes in schizophrenia.

The activation of apoptosis is controlled at multiple
checkpoints within the cell. Upstream, the proapoptotic
Bax and antiapoptotic Bcl-2 are membrane-bound pore-
forming proteins that interact through heterodimeriza-
tion. Together they regulate the mitochondrial transmem-
brane passage of cytochrome c, which in turn activates
caspase proteins. The Bax/Bcl-2 ratio appears more im-
portant than the individual Bax or Bcl-2 level in determin-
ing a cell’s vulnerability to apoptosis; high Bax/Bcl-2 ratios
lead to greater apoptotic activity (12). Neuronal apoptosis
in the CNS is significantly lower than normal in Bax-de-
leted mice and in Bcl-2-overexpressing mice, while in Bcl-
2-deleted mice and in Bax-overexpressing mice, apoptosis
is greater than normal (13). Furthermore, in rat cortical
development, the Bax/Bcl-2 ratio is highest during the
first 2 postnatal weeks, which corresponds to the most ac-
tive interval of neurodevelopmental apoptosis, while the
Bax/Bcl-2 ratio decreases during normal aging, when neu-
ronal apoptosis is rare (13, 14). A high Bax/Bcl-2 ratio has
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TABLE 1. Characteristics of Postmortem Brain Tissue From Patients With Schizophrenia and Three Comparison Groups

Postmortem

Gender Ethnicity Age (years) Interval (hours)? Brain pHP
Group M F White Black Asian Mean SD Mean SD Mean SD
Nonpsychiatric comparison subjects (N=15) 9 6 14 1 0 48.1 10.7 23.7 9.9 6.3 0.2
Patients with schizophrenia (N=15) 9 6 13 0 2 44.5 13.1 33.7 14.6 6.2 0.3
Patients with bipolar disorder (N=15) 9 6 14 1 0 423 11.7 324 15.9 6.2 0.2
Patients with major depression (N=15) 9 6 15 0 0 46.5 9.3 27.5 10.7 6.2 0.2
2 No significant difference among groups (F=1.87, df=3, 59, p=0.15).
b No significant difference among groups (F=0.71, df=3, 59, p=0.55).

been demonstrated in the cortex of brains from patients
with Down’s syndrome (15) and in human neuronal cul-
tures treated with amyloid B, a model for Alzheimer’s
disease (16).

Caspase proteins are cysteine proteases that act down-
stream of the Bcl-2 family by initiating cellular breakdown
during apoptosis (17). Initiator caspases (e.g., caspase-8
and caspase-9) serve to activate effector caspases (e.g.,
caspase-3, caspase-6, and caspase-7). Among the effector
caspases, caspase-3 is most frequently involved in neu-
ronal apoptosis (18). Cleavage of inactive procaspase-3
protein into active caspase-3 subunits is a marker of apop-
totic activity (19), and levels of activated caspase-3 sub-
units are significantly higher than normal in both the
cortex of patients with Alzheimer’s disease (4) and the sub-
stantia nigra of patients with Parkinson’s disease (5). Thus,
measurement of caspase-3 can yield information about
ongoing neuronal apoptosis and provide a pathophysio-
logical comparison to classic neurodegeneration.

This is a continuing investigation of apoptotic proteins
in the temporal cortex of schizophrenia patients. It has
been demonstrated that in these patients the temporal
cortex, including Brodmann’s area 21, has a low volume of
gray matter (9, 20-22), experiences progressive volume
loss in early stages of the illness (23, 24), and is involved in
certain clinical manifestations of schizophrenia, including
auditory hallucinations (20, 25). Western blot analysis was
used to measure Bax, Bcl-2, procaspase-3, and activated
caspase-3 subunit levels in blocks of Brodmann’s area 21.
The primary hypothesis was that the Bax/Bcl-2 ratio
would be high in patients with schizophrenia.

Method

Postmortem Samples

This study was approved by the institutional review board of
the University of North Carolina School of Medicine. The post-
mortem middle temporal gyrus (Brodmann’s area 21) from 60
subjects was obtained from the Stanley Medical Research Insti-
tute (Bethesda, Md.); the subjects comprised patients with
schizophrenia, bipolar disorder, or major depression and non-
psychiatric comparison subjects (N=15 for each group). Subjects
over the age of 68 years were excluded to minimize comorbid
neurological disorders. The subjects were group matched for age,
gender, ethnicity, side of brain, brain pH, and postmortem inter-
val (Table 1). Demographic and clinical characteristics for indi-
vidual subjects, including cumulative antipsychotic medication
exposure and medications at the time of death, have been exten-
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sively detailed elsewhere (8, 26). All samples were stored at -80°C
until use. The schizophrenia and nonpsychiatric comparison
groups were the primary focus of this study. All data were col-
lected by investigators blind to diagnosis.

Procedure

Tissue homogenization. Tissue (100-300 mg) was placed in 10
volumes of 10 mM HEPES buffer (pH 7.0) with 0.32 M sucrose, 0.1
mM phenylmethylsulfonyl fluoride, 10 ug/ml aprotinin, 5 pg/ml
pepstatin A, 1 mM benzamidine, and 0.1 mM benzethonium
chloride. The samples were homogenized on ice for 30 seconds
and sonicated for 10 seconds at 10 mV. The tissue samples were
centrifuged for 15 minutes at 3,000 rpm and 4°C. The superna-
tants were assayed for total protein by the bicinchoninic acid
method (Micro BCA Protein Assay Kit, Pierce Chemical, Rockford,
I1L). All chemicals were obtained from Sigma (St. Louis).

Semiquantitative Western blots. Adapting previously de-
scribed methods (8), we resolved the samples on 12% (Bcl-2, pro-
caspase-3), 14% (Bax), and 16% (activated caspase-3) Tris-glycine
polyacrylamide gels using a mini-cell electrophoresis unit (XCell
II, NOVEX, San Diego). Equal amounts of total protein (10 pg for
Bax, 30 ug for Bcl-2, 20 pg for procaspase-3, and 90 pg for acti-
vated caspase-3) were boiled for 5 minutes in Tris-glycine sodium
dodecyl sulfate sample buffer and applied to triplicate gels. All
gels were run with a low-range molecular weight ladder (Rainbow
MW Marker, Amersham Pharmacia, Piscataway, N.J.) and con-
trols as follows: HeLa cell lysate (Transduction Laboratories, Lex-
ington, Ky.) for Bax and Jurkat cell lysate (Transduction Laborato-
ries) for Bcl-2 and procaspase-3. The proteins were transferred to
polyvinylidene difluoride membranes (Immobilon-P, Millipore,
Billerica, Mass.) at 25 V for 90 minutes, and complete transfer was
ascertained with Ponceau S stain. Nonspecific protein binding
was blocked for 1 hour with 5% blocking reagent in 0.1% Tween in
Tris-buffered saline. The membranes were incubated for 90 min-
utes at 25°C with primary antihuman antibodies as follows: rabbit
polyclonal Bax (N-20, 1:2000, Santa Cruz Biotechnology, Santa
Cruz, Calif.), mouse monoclonal Bcl-2 (1:500, Transduction
Laboratories), mouse monoclonal procaspase-3 (CPP32, 1:1000,
Transduction Laboratories), mouse monoclonal activated cas-
pase-3 (IMG 144, 1:200, Imgenex, San Diego, Calif.). The mem-
branes were then incubated for 1 hour with appropriate second-
ary antibodies labeled with horseradish peroxidase, as follows:
antimouse antibodies (1:1000) for monoclonal primary antibod-
ies and antirabbit antibodies (1:1000) for polyclonal primary anti-
bodies. The membranes were developed by using chemilumines-
cence (ECL, Amersham), and protein bands were detected on
radiographic film (Hyperfilm ECL, Amersham). Optical densi-
tometry was performed by using the public domain program NIH
Image 1.62 (http://rsb.info.nih.gov/nih-image/), and image anal-
ysis was accomplished by means of Adobe Photoshop 5.0 (Adobe
Systems, San Jose, Calif.). All raw optical densities were normal-
ized to a pooled control sample applied to all gels to allow for in-
tergel comparisons. In addition, a standard curve of pooled con-
trol sample was immunoblotted for each protein to ascertain that
all samples fell within the linear portion of the densitometric
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curve (data not shown). The Bax/Bcl-2 ratio was determined as
follows: 1) the optical densities of Bax and Bcl-2 for each sample
were standardized to the mean optical densities of the nonpsy-
chiatric comparison group for Bax and Bcl-2, respectively, then
2) Bax/Bcl-2 quotients of the standardized Bax and Bcl-2 values
were calculated for each sample. These indicate the difference in
the Bax/Bcl-2 ratio for each sample from the mean of the compar-
ison group.

Protein Stability and Drug Effects

Postmortem stability of Bax and caspase-3. Sprague-Daw-
ley rats (150-200 g, Charles River Laboratories, Raleigh, N.C.)
were killed and separated into two gender-matched groups (N=4
per group). In one group, the frontal cortex was dissected and im-
mediately frozen at -80°C. To approximate the human postmor-
tem condition, the heads of the other group were kept at 25°C for
6 hours and then at 4°C for 18 hours, after which the frontal cortex
was dissected and frozen. All tissues were homogenized and son-
icated, and Western blotting of Bax and caspase-3 was performed
as described in the preceding by using primary antibodies for Bax
and caspase-3. Bcl-2 postmortem stability has previously been
determined (27).

Haloperidol effects on Bax, Bcl-2, and caspase-3. Sprague-
Dawley rats (150-200 g) received haloperidol, 1 mg/kg per day
(N=7), or saline (N=6) intraperitoneally for 7 days. One hour after
the final dose, the rats were killed and the frontal cortex was dis-
sected and homogenized. Western blotting was performed by us-
ing primary antibodies for Bax, caspase-3, and Bcl-2 as described
in the preceding.

Statistical Analysis

Statistical analysis was performed by using GraphPad Prism,
version 3.00 (GraphPad Software, San Diego, Calif.). The a priori,
primary analysis was limited to the specimens of the nonpsychi-
atric comparison subjects versus those of the schizophrenia pa-
tients, given our hypothesis. The Bax/Bcl-2 ratio was the primary
outcome variable, and the two groups were compared by using a
Student’s t test with two-tailed p values considered significant at
p<0.05. Secondary analyses included individual comparisons of
Bax, Bcl-2, and caspase-3 levels (active and zymogen forms) by
Student’s t tests in the schizophrenia and comparison groups. Ap-
optotic protein levels were also compared by means of one-way
analysis of variance (ANOVA) across all diagnostic groups. The
Bax/Bcl-2 ratio and activated caspase-3 subunit levels were ana-
lyzed for age, gender, side of brain, and antipsychotic medication
effects. In the rat studies, postmortem stability and haloperidol
effects were analyzed by using Student’s t tests.

Results

Bax and Bcl-2 Immunoblots

The mean Bax/Bcl-2 ratio was 50% higher in the schizo-
phrenia group (mean=1.65, SD=0.90) than in the nonpsy-
chiatric comparison group (mean=1.10, SD=0.37) (Figure
1 and Figure 2). Individually, the mean Bax level in the pa-
tients with schizophrenia (mean=1.18 normalized optical
density, SD=0.59) did not differ from that of the compari-
son subjects (mean=1.06, SD=0.25) (t=0.72, df=28, p=0.48)
(Figure 2), and the mean Bcl-2 level of the schizophrenia
group (mean=1.39, SD=0.75) did not differ from that of the
comparison group (mean=1.75, SD=0.69) (t=1.35, df=28,
p=0.19) (Figure 2). It was the effect of differences in the Bax
and Bcl-2 levels and the resulting Bax/Bcl-2 ratio for each
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FIGURE 1. Representative Western Blots of Procaspase-3,
Bcl-2, Bax, and Activated Caspase-3 Subunit Proteins in
Postmortem Brain Tissue From Brodmann’s Area 21 in
Two Nonpsychiatric Comparison Subjects and Two Patients
Each With Schizophrenia, Bipolar Disorder, and Major
Depression?

Molecular
Weight

Procaspase-3 (kDa)

e — — —

- 30.0

- 20.1

- 30.0

- 20.1

Bax

- 30.0

— S —

0.1

Activated Caspase-3 Subunits
F 201
FT B ] 1

t_ - Bl

- 143

Non- Schizo- Bipolar Major Positive
psychiatric  phrenia disorder depression controlP
comparison patients patients patients

subjects

2 Equal amounts of total protein (20 pg for procaspase-3, 10 ug for
Bax, 30 ug for Bcl-2, 90 ug for activated caspase-3) were resolved on
12% (Bcl-2, procaspase-3), 14% (Bax), and 16% (activated caspase-3)
Tris-glycine polyacrylamide gels and transferred to polyvinylidene
difluoride membranes, which were incubated with the appropriate
primary antihuman antibodies and then developed by using chemi-
luminescence on radiographic film. The bands migrated to 32 kDa
(procaspase-3), 26 kDa (Bcl-2), 21 kDa (Bax), and 20, 17, and 12-14
kDa (activated caspase-3 isoforms) according to molecular weight
markers applied to all gels.

b positive controls were applied to the gels to further ascertain cor-
rect band identification, as follows: Jurkat cell lysate for Bcl-2 (26
kDa) and procaspase-3 (32 kDa), Hela cell lysate for Bax (21 kDa).

individual subject that produced a substantial difference
in Bax/Bcl-2 ratio between the two groups.

There was a nearly significant group effect on the mean
Bax/Bcl-2 ratio across all psychiatric groups according to
ANOVA (F=2.36, df=3, 59, p=0.09). The mean ratios for the
patients with bipolar disorder (mean=1.18, SD=0.71) and
major depression (mean=1.12, SD=0.52) were close to that
of the nonpsychiatric comparison subjects (mean=1.10,
SD=0.37). The ratio did not correlate with age across all
groups (r?=0.01, N=60, p=0.53) or with lifetime fluphena-
zine-equivalent dose in the schizophrenia group (r?=0.16,
N=15, p=0.14). The Bax/Bcl-2 ratio also did not differ be-
tween women (mean=1.11, SD=0.53) and men (mean=
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FIGURE 2. Bax/Bcl-2 Ratio and Bax and Bcl-2 Levels in Postmortem Brain Tissue From Brodmann’s Area 21 in Patients With
Schizophrenia (N=15) and Nonpsychiatric Comparison Subjects (N=15)?
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a Levels were measured by semiquantitative Western blot. Black horizontal lines are mean values.
b Derived from normalizing individual Bax and Bcl-2 optical densities to the mean optical densities of the comparison group for Bax and Bcl-
2, respectively, then calculating a Bax/Bcl-2 ratio for each individual. The mean ratio was significantly higher in the schizophrenia group than

in the comparison group (t=2.19, df=28, p=0.04, two-tailed test).

¢ Determined by optical densitometry of triplicate protein bands and normalization of each band to a pooled control sample applied to each gel.

1.37, SD=0.75) (t=1.46, df=58, p=0.15) or between the left
(mean=1.34, SD=0.57) and right (mean=1.20, SD=0.76) (t=
0.80, df=58, p=0.43) sides of the brain across all samples.

Caspase-3 Immunoblots

The immunoblots exposed to activated caspase-3 anti-
bodies revealed two large-fragment bands migrating to 20
and 17 kDa (Figure 1). Three isoforms of the large caspase-
3 subunit have previously been described at 20, 19, and 17
kDa (28). Among these bands, the 20-kDa isoform was
most readily quantifiable on our gels, and it was 8% lower
in the schizophrenia group (mean=1.01 normalized optical
density, SD=0.09) than in the nonpsychiatric comparison
group (mean=1.10, SD=0.16) (t=2.00, df=27, p=0.06) (Figure
3). The small caspase-3 subunit migrating to 12-14 kDa
could not be measured reliably across all samples owing to
faint expression and blot artifacts, but no qualitative group
differences were evident (Figure 1). Although the differ-
ence was not quite significant, the procaspase-3 levels also
appeared somewhat lower in the schizophrenia group
(mean=0.87 normalized optical density, SD=0.33) than in
the nonpsychiatric comparison group (mean=1.08, SD=
0.29) (t=1.87, df=28, p=0.08) (Figure 1 and Figure 3).

The mean values for the 20-kDa caspase-3 subunit for
the patients with major depression (mean=1.03 normal-
ized optical density, SD=0.09) and bipolar disorder
(mean=1.01, SD=0.21) did not produce a group effect by
ANOVA (F=1.29, df=3, 58, p=0.29). The 20-kDa caspase-3
values did not correlate with age across all groups (r>=0.00,
N=59, p=0.89) or with lifetime fluphenazine-equivalent
dose in the schizophrenia group (r?=0.00, N=14, p=0.84).
They also did not differ between women (mean=1.00, SD=
0.12) and men (mean=1.06, SD=0.16) (t=1.43, df=57, p=
0.16) or between the left (mean=1.05, SD=0.17) and right
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(mean=1.03, SD=0.13) (t=0.57, df=57, p=0.58) sides of the
brain across all groups. Finally, the procaspase-3 levels of
the patients with major depression (mean=0.90 normal-
ized optical density, SD=0.34) and bipolar disorder
(mean=0.94, SD=0.46) did not produce a group effect by
ANOVA (F=1.01, df=3, 59, p=0.40).

Postmortem Stability of Bax and Caspase-3

The Western blots of rat cortex revealed high postmor-
tem stability of the Bax and caspase-3 proteins over 24
hours. The mean Bax level in the rat cortex 24 hours post-
mortem (mean=0.20 optical density, SD=0.02) was not
significantly different from that at 0 hours postmortem
(mean=0.22, SD=0.02) (t=1.79, df=6, p=0.13). Likewise, the
mean value for the caspase-3 20-kDa subunit at 24 hours
postmortem (mean=0.22 optical density, SD=0.01) was
unchanged from that at 0 hours (mean=0.22, SD=0.00) (t=
1.10, df=5, p=0.33).

Haloperidol Effects on Bax, Bcl-2, and Caspase-3

The mean Bax/Bcl-2 ratio in the frontal cortex of the ha-
loperidol-treated rats (mean=0.88, SD=0.12) was not sig-
nificantly different from that of the rats given the saline
control (mean=0.99, SD=0.18) (t=1.47, df=11, p=0.17).
There was also no significant difference in the mean Bax
level between haloperidol (mean=0.99 normalized optical
density, SD=0.10) and saline (mean=1.10, SD=0.23) (t=1.14,
df=11, p=0.28) or in the mean Bcl-2 level between haloperi-
dol (mean=0.89, SD=0.06) and saline (mean=0.86, SD=
0.06) (t=1.01, df=11, p=0.34). The mean level for the 20-kDa
caspase-3 subunit also did not differ between haloperidol
(mean=1.01 normalized optical density, SD=0.28) and sa-
line (mean=1.04, SD=0.31) (t=0.21, df=11, p=0.85).
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FIGURE 3. Levels of the 20-kDa Activated Caspase-3 Subunit and Procaspase-3 in Postmortem Brain Tissue From Brod-
mann’s Area 21 in Patients With Schizophrenia (N=15) and Nonpsychiatric Comparison Subjects (N=15)2
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a Levels were measured by semiquantitative Western blot. The level of the activated caspase-3 subunit was missing for one comparison subject.

The black horizontal lines are mean values.

b Determined by optical densitometry of triplicate protein bands and normalization of each band to a pooled control sample applied to each gel.

Discussion

In this study, the mean Bax/Bcl-2 ratio in Brodmann’s
area 21 was 50% higher in patients with schizophrenia
than in nonpsychiatric comparison subjects. This finding
provides new evidence that apoptotic proteins contribute
to the underlying pathophysiology of schizophrenia. A
high Bax/Bcl-2 ratio has been found to increase the vul-
nerability of neurons to apoptosis (12), and a high ratio
occurs in several classic neurodegenerative disorders
characterized by progressive neuronal loss (15, 16). In
schizophrenia, this finding may be particularly relevant to
the evidence for progressive gray matter loss, as seen most
consistently in early stages of the disorder (22-24, 29, 30).

The individual mean levels of Bax and Bcl-2 in the
schizophrenia patients did not differ from those of the
comparison subjects. Using ELISA, we previously detected
25% less Bcl-2 in schizophrenia patients than comparison
subjects in Brodmann’s area 21 (8). Numerically, the Bcl-2
level was 21% lower in the schizophrenia patients in the
current study, but the lack of significance probably reflects
the lower sensitivity of Western blot compared to ELISA. It
was necessary to reanalyze Bcl-2 with a different method—
Western blot, in triplicate—in the current study in order to
derive the Bax/Bcl-2 ratio since a Bax ELISA was unavail-
able. Furthermore, Western blot has the advantage of
quantification and protein identification within one tech-
nique, while ELISA does not allow direct visualization of
protein bands.

In contrast to the high Bax/Bcl-2 ratio, neither the acti-
vated caspase-3 nor procaspase-3 level was statistically
different from that of the nonpsychiatric comparison sub-
jects, although they both were modestly lower. This result
may indicate that apoptosis is not active in Brodmann’s
area 21 in chronic schizophrenia. However, this interpre-
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tation is qualified by several considerations. First, apopto-
sis may be active only during distinct phases of illness. For
example, if apoptotic activity is limited to prodromal and
new-onset schizophrenia, when progressive gray matter
loss has been identified, then the current study using tis-
sue from patients with chronic illness would miss such ac-
tivity. Second, a high Bax/Bcl-2 ratio may reduce neuronal
viability in the absence of caspase-3 activity and/or in-
volve other effector caspases. It is interesting that the
somewhat lower caspase-3 levels may have relevance to a
recent study demonstrating a subset of neurons with
fewer single-stranded DNA breaks in the cingulate cortex
of patients with schizophrenia (31). In contrast, consis-
tently higher procaspase-3 and activated caspase-3 levels
in Alzheimer’s and Parkinson’s diseases (4, 5) suggest that
the pathophysiology of schizophrenia is distinct from
classic neurodegeneration.

The current findings raise several other considerations
for the pathophysiology of schizophrenia. First, schizo-
phrenia is increasingly conceptualized as a disorder of the
synapse, given converging lines of evidence from microar-
ray, neuropathological, and neuroimaging techniques (32,
33). Furthermore, several studies suggest that synaptic re-
modeling and elimination may be influenced by apoptotic
protein activity in a process termed “synaptic apoptosis”
(34, 35). Although this process is speculative, if synaptic
loss in schizophrenia is mediated by apoptotic protein ac-
tivity and is episodic rather than continuous (e.g., during
adolescent synaptic pruning or in response to discrete ep-
isodes of excitotoxic stress), then the caspase-3 level may
be increased only transiently and then return to baseline.
Second, the data do not rule out an early neurodevelop-
mental role for apoptosis in schizophrenia. A fetal or peri-
natal insult could transiently alter normal developmental
apoptosis to yield enduring cytoarchitectural deficits. It is
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interesting that multiple proapoptotic stimuli, such as is-
chemia, hypoxia, and pro-inflammatory cytokines (36,
37), have also been implicated as insults during early life
that increase the risk of developing schizophrenia (38-40).
Studies of the normal developmental pattern of apoptotic
protein expression in the human frontal cortex have re-
vealed that infancy is the period of highest Bax levels and
lowest Bcl-2 levels across the lifespan (27, 41). This sug-
gests that neuronal apoptosis during the perinatal period
may be especially vulnerable to dysregulation from neu-
rodevelopmental insults.

All of the subjects in this study were group matched for
age, gender, postmortem interval, side of brain, and brain
pH, limiting the potential confounding effects of these
variables. Although chronic antipsychotic treatment may
alter the expression of apoptotic proteins, one week of hal-
operidol treatment in animals did not produce changes.
Furthermore, cumulative antipsychotic medication expo-
sure did not correlate with the Bax/Bcl-2 ratio or caspase-
3 level. Postmortem interval could affect results if apop-
totic proteins demonstrated poor postmortem stability.
However, the study of postmortem stability showed no
change in Bax, procaspase-3, or activated caspase-3 (20-
kDa subunit) over 24 hours. Similarly, high postmortem
stability for Bcl-2 was previously determined (27). Finally,
patient-related factors, including diagnostic heterogene-
ity, substance abuse, and medical illness, could introduce
unintended variability, but efforts were made to limit
these factors during subject selection (26).

This study revealed limited associations with other psy-
chiatric diagnoses. The Bax/Bcl-2 ratio and caspase-3
level were essentially no different in the patients with bi-
polar disorder or major depression from those in the non-
psychiatric comparison subjects. Since substantially lower
cortical volume and neuronal and glial density have been
documented in affective disorders (42, 43), this finding
suggests that divergent pathophysiological mechanisms
may underlie the neuropathology of schizophrenia and
primary affective disorders.

In conclusion, this study indicates that apoptotic pro-
teins may reduce neuronal viability in adult schizophrenia
without inducing large-scale apoptosis. An intriguing pos-
sibility that merits further inquiry is the extent to which
apoptotic proteins influence synaptic elimination and
thereby contribute to neuropil loss in schizophrenia. The
differential regulation of the expression of Bax, Bcl-2, and
caspase-3 proteins demonstrates that the pathophysiol-
ogy of schizophrenia is distinct from that of classic neuro-
degenerative disorders. Ultimately, if clinically relevant
roles for apoptotic proteins can be demonstrated, their
pharmacological manipulation may permit novel ap-
proaches to schizophrenia treatment.
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