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Seven distinct 14-3-3 proteins are expressed in mammals. One of the 14-3-3 genes (eta) has been previously associated with decreased

expression in the prefrontal cortex (PFC) of subjects with schizophrenia. DNA microarray analysis of the PFC of 10 subjects with

schizophrenia and 10 matched controls indicated that the majority of 14-3-3 genes exhibited moderate to marked decreases in

expression in schizophrenia, which were significant at the group level across all 10 comparisons (po0.021). Selected changes in gene

expression were further examined using in situ hybridization (ISH) in the same subject pairs as well as in four monkeys treated chronically

with haloperidol and matched control animals. All analyses were performed blind to subject identity and diagnosis, or treatment. ISH

analysis and multivariate analysis of covariance confirmed the significant decreases in expression of two 14-3-3 genes: beta �31.9%, zeta

�18.2%. Two other 14-3-3 genes exhibited more modest decreases in expression levels that were significant only in pairwise

comparisons that did not factor in post-mortem interval or tissue storage time: gamma �11.9%, eta �15.4%. In the PFC of haloperidol-

treated monkeys, there was no difference in 14-3-3 zeta expression, while 14-3-3 beta increased 28% (po0.05) as a result of neuroleptic

treatment. Our results suggest that decreased expression of selected 14-3-3 genes is a common feature of schizophrenia and that the

14-3-3 beta transcript may be unique among the 14-3-3 genes in its increase in response to haloperidol and decrease in the disease state.
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INTRODUCTION

The 14-3-3 proteins have been implicated in several recent
studies exploring the potential genetic bases of schizo-
phrenia (Bell et al, 2000; Toyooka et al, 1999; Vawter et al,
2001; Wong et al, 2003). Seven distinct 14-3-3 proteins are
expressed in mammals (beta, eta, epsilon, gamma, sigma,
theta, and zeta). This group of proteins plays an integral
role in regulating many aspects of cellular function,
including signal transduction, neurotransmitter metabo-
lism, mitochondrial function, and cell cycle kinetics (Aitken
et al, 1992; Fu et al, 2000; Morrison, 1994; Muslin and Xing,
2000; Skoulakis and Davis, 1998; Takahashi, 2003; van
Hemert et al, 2001). 14-3-3 proteins typically exert this
influence by forming dimers that sequester two proteins in

close proximity in adjacent binding domains (see Aitken
et al, 2002). This action generally enhances the activation of
one of the proteins, but occasionally results in inhibition.
To date, more than 100 different potential binding partners
for 14-3-3 proteins have been identified. Interestingly,
despite some evidence of distinct roles for certain 14-3-3
proteins, there also appears to be great potential for
functional redundance of these proteins, since they can
form both homo- and heterodimers.

In schizophrenia, mRNA levels of one of the 14-3-3
members (eta) has been reported to be significantly
decreased in post-mortem cerebellum samples obtained
from medicated subjects with schizophrenia (Vawter et al,
2001). This particular gene (and 14-3-3 theta as well) is
located in the velocardial facial syndrome (VCFS)/schizo-
phrenia susceptibility region (22q12–q13). In addition,
significant association of specific tandem repeats in the 50-
UTR of this gene has been reported in one study of Japanese
subjects (Toyooka et al, 1999) and one study of subjects of
Portuguese descent (Wong et al, 2003), although not in
another study in the UK (Bell et al, 2000).

In our previous microarray studies of prefrontal cortical
gene expression in schizophrenia, we reported that certain
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groups of genes regulating presynaptic, postsynaptic, and
metabolic functions were consistently and significantly
decreased in schizophrenia (Middleton et al, 2002; Mirnics
et al, 2000). These gene groups represent a set of
functionally defined intracellular cascades. In the present
study, we examined the same data set to determine whether
the family of 14-3-3 genes showed expression abnormalities
in schizophrenia.

Gene families (as opposed to functional gene groups) are
composed of individual transcripts that generally have a
high degree of sequence similarity. Thus, it is possible that
any group effect in the 14-3-3 gene family in our microarray
data might be influenced by nonspecific (crosshybridiza-
tion) events. Thus, we also sought to examine 14-3-3 gene
expression patterns using independent techniques.

In the present study, our aims were to (1) use microarray
data to examine the 14-3-3 gene family in the prefrontal
cortex (PFC) of 10 pairs of subjects with schizophrenia and
their matched controls; (2) determine at the group level,
what type of relationship exists between the 14-3-3 gene
family effect and previously reported alterations in func-
tional gene groups in the same cohort of subjects; (3) verify
the expression of each of the seven members of the 14-3-3
gene family in the human PFC using RT-PCR; (4) verify the
schizophrenia-related changes in gene expression of se-
lected members of the 14-3-3 gene family using highly
specific riboprobes for quantitative in situ hybridization
(ISH); and (5) examine the potential influence of anti-
psychotic medication on 14-3-3 gene expression.

MATERIALS AND METHODS

Subjects

The subjects and case–control pairings used for these
studies are the same as those in a previous report
(Middleton et al, 2002). Briefly, tissue from 10 subjects
with schizophrenia and 11 matched control subjects was

used for both the microarray and ISH studies (Table 1). One
of the subject pairs (794c/665s) used in the microarray
studies did not have tissue available for ISH from the
control subject, so another matched control subject (806c)
was substituted. The two groups of normal subjects and
subjects with schizophrenia did not differ in mean (7SD)
age at the time of death (47.3714.5 and 46.0712.6 years,
respectively), post-mortem interval (PMI) (17.475.5 and
18.676.7 h, respectively), brain pH (6.8370.21 and
6.8470.35, respectively), or tissue storage time at �801C
(57.7716.6 and 67.7721.8 months, respectively). Subject
pairs were matched for gender (eight males and two females
per group), and eight of the pairs were matched for race.
Among the group of subjects diagnosed with schizophrenia,
eight were receiving antipsychotic medications at the time
of death, three had a history of alcohol abuse or
dependence, and one had a history of drug dependence
currently at the time of death. Two of the subjects with
schizophrenia died by suicide. Among the control subjects,
one (635c) had a past history of depressive disorder, not
otherwise specified, and another had a history of alcohol
abuse or dependence at the time of death. Consensus DSM-
IV diagnoses for all subjects were made using data from
clinical records, toxicology studies, and structured inter-
views with surviving relatives, as described in detail
previously (Volk et al, 2000).

Microarray Experiments

The explored microarray data set has been described
previously (Middleton et al, 2002; Mirnics et al, 2000).
While these previous manuscripts focused on presynaptic
and metabolic changes associated with schizophrenia, the
microarray data set also contained other promising leads,
including expression changes in the transcripts encoding
the 14-3-3 protein family members. Owing to the structural,
biochemical complexity of the 14-3-3 family of proteins and

Table 1 Characteristics of Subjects Used in Microarray and ISH Studies

Gender Race Aqe PMI (h) Brain pH Storage (mo)

Pair C S C S C S C S C S C S

635c/597s F F Ca Ca 54 46 17.8 10.1 6.47 7.02 58 64

551c/625s M M Ca AA 61 49 16.4 23.5 6.63 7.32 72 60

685c/622s M M Ca Ca 56 58 14.5 18.9 6.57 6.78 52 60

604c/581s M M Ca Ca 39 46 19.3 28.1 7.08 7.22 62 67

558c/317s M M Ca Ca 47 48 6.6 8.3 6.99 6.07 70 121

806c/665s M M Ca AA 57 59 24.0 28.1 6.94 6.92 31 55

822c/787s M M AA AA 28 27 25.3 19.2 7.04 6.67 28 35

567c/537s F F Ca Ca 46 37 15.0 14.5 6.72 6.68 69 74

516c/547s M M AA AA 20 27 14.0 16.5 6.86 6.95 76 72

630c/566s M M Ca Ca 65 63 21.2 18.3 6.95 6.80 59 69

Mean 47.3 46.0 17.4 18.6 6.83 6.84 57.7 67.7

SD 14.5 12.6 5.5 6.7 0.21 0.35 16.6 21.8

C¼ control subject; S¼ schizophrenic subject; M¼male; F¼ female; Ca¼Caucasian; AA¼African American; PMI¼ post-mortem interval; mo¼months.
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their unknown distribution in the human cortex, a
comprehensive follow-up was essential to validate the
specificity of the observed changes in the 14-3-3 transcript
family.

Methods of tissue preparation, nucleic acid isolation,
sample labeling, microarray hybridization and initial data
analysis were the same as those reported previously
(Middleton et al, 2002; Mirnics et al, 2000). Briefly, 200 ng
of mRNA was reverse transcribed using Cy3- or Cy5-labeled
fluorescent primers. Samples from matched subject pairs
were combined and hybridized onto the same UniGEM V or
UniGEM V2 cDNA microarray (Incyte Genomics Inc.,
Fremont, CA). Each UniGEM V array contained over 7800
unique and sequence verified cDNA or EST elements, while
each UniGEM V2 array contained nearly 10 000 elements,
including more than 7000 of the genes present on the
UniGEM V. If a transcript was differentially expressed, the
cDNA feature on the array bound more of the labeled target
from one sample than the other, producing either a greater
Cy3 or Cy5 signal intensity. Microarrays were scanned
under Cy3–Cy5 dual fluorescence, and the resulting images
were analyzed for signal intensity. Only genes whose signal
intensity was 3.5-fold greater than background-signal
intensity were called present. The operators performing
the labeling, hybridization, scanning, and signal analysis
were blind to the diagnostic category to which each sample
belonged.

Owing to the inherent variability in the distribution of
expression ratios from experiment to experiment, and the
use of two different microarray platforms with different
published confidence levels, we converted the balanced
differential expression (BDE) ratio (of Cy3:Cy5 intensity)
for each gene into a standard Z score for each gene as
follows:

Z ¼ individual gene BDE � mean BDE of each array

standard deviation of mean BDE

After this normalization procedure, the mean Z score for all
genes on each array comparison was 0.0, with a standard
deviation of 1.0.

The 14-3-3 gene family members represented on the
microarrays included six of the seven known 14-3-3 genes
(beta, eta, epsilon, sigma, theta, and zeta), but did not
include 14-3-3 gamma. The metabolic and other function-
ally defined gene groups discussed in this report were
constructed as described previously (Middleton et al, 2002;
Mirnics et al, 2000) using the Kyoto Encyclopedia of Genes
and Genomes (KEGG) Release 19.0, July 2001 (web site:
http://www.genome.ad.jp/kegg/metabolism.html).

Analysis of gene group expression was performed by
analysis of variance (ANOVA), using a post hoc test
(Scheffe) to compare the distribution of Z scores for all
genes in a group to the distribution of Z scores for all the
genes on an array. The probability values (p values) of these
post hoc tests were normalized by log transformation, with
the sign positive or negative depending on the direction of
the change in expression. A correlation matrix was then
computed to probe for correlated effects occurring among
the 14-3-3 gene family group and 72 other functional gene
groups that were described in previous papers (Middleton
et al, 2002; Mirnics et al, 2000). For this analysis, varimax
principal component analysis (PCA) was used. The factor

loadings for the 14-3-3 gene family group, presynaptic gene
group, and five gene metabolic groups described as
significantly changed in five or more comparisons from
previous studies were displayed in a radial plot (Figure 1,
bottom).

ISH Analysis

Tissue blocks. The same tissue blocks used for the
microarray experiments were used to obtain sections for
ISH. Area 9 was identified based on surface landmarks, as
previously described, and confirmed by examination of
Nissl-stained sections (Glantz and Lewis, 1997). Sections
(20 mm) were cut with a cryostat at �201C, mounted onto
gelatin-coated glass slides, and stored at �801C until use.
The slides were coded so that the investigator performing
the analysis was blind to the diagnosis of the subjects. Three
slides from each subject were used to examine the
expression of each of the four different 14-3-3 genes: beta,
gamma, eta, and zeta.

PCR, riboprobe generation, and specificity tests. Custom
primers for each 14-3-3 gene were designed with Primer3
software (Supplemental Table 1). Approximately 500 ng of
total RNA from area 9 of a control subject was used to
generate a template for PCR using reverse transcriptase
(Superscript II, Gibco) and oligodT primer. After this step,
approximately 10 ng of double-stranded, first-strand tem-
plate was used in a standard 35-cycle PCR reaction, using
AmpliTaq Gold (PE Biosystems). Products were resolved on
2% agarose/ethidium bromide gels and each yielded a single
band of the predicted size (data not shown). To generate the
riboprobes for ISH, the specific products of these PCR
reactions were cloned into a plasmid vector (pStBlue,
Novagen) and transformed into competent Escherichia coli
cells. After sequence verification of the cloned products,
cloned inserts with T7 or SP6 RNA polymerase sites were
amplified and used as a template for in vitro transcription
(IVT). During IVT, 35S-labeled CTP was incorporated into
each riboprobe. After purification of the labeled riboprobe
and measurement of the specific activity of each probe,
we performed ISH using approximately 2–3 ng of probe
(B1–2� 106 DPM) per slide in a total volume of 90–100 ml.
All other methods used were described previously (Mirnics
et al, 2000). Following hybridization (16 h, 561C) and film
exposure (16–35 h, BioMax MR), high-resolution scans of
each film image were used for quantification of signal with
Scion Image (version 4.0b). In addition, darkfield images
were captured from the slides that had been dipped in
radiographic emulsion (Kodak NTB-2, 14 days). Through all
procedures, subject pairs were always processed in parallel.
Hybridization of sections with sense riboprobe did not
result in detectable signal (data not shown). The absolute
levels (DPM/mm2) of radioactive probe labeling were
calculated using 14C-labeled standards that had been
crosscalibrated to known quantities of [35S]-containing
brain matter. The baseline levels for these measurements
were set at the zero DPM level included on each standard.

To examine the specificity of each probe, we performed
two types of analysis. First, using a Multiple Tissue
Northern Blot (Clontech-BD), we examined the size of the
14-3-3 beta and epsilon transcripts across multiple brain
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regions. This confirmed the presence of a single band in
each brain area of the predicted size (Figure 2a). As all of
the 14-3-3 transcripts are approximately the same size, we
also examined potential crosshybridization using a custom-
spotted membrane. In this case, 1 ml (500 ng) of purified and
freshly denatured, quick-frozen cDNA template was spotted
onto a nitrocellulose membrane, UV crosslinked, and used
for a membrane dot-blot protocol with 32P-labeled ribop-

robes for selected 14-3-3 genes (Figure 2b). During the
washing steps, all conditions were matched to those used in
the ISH conditions.

To examine the potential of selection bias affecting our
data collection, we also analyzed the within- and between-
tissue block expression levels of three different 14-3-3 genes
(14-3-3-beta, zeta, and eta). Four sections from each of the
three superior frontal gyrus blocks containing area 9 were

Figure 1 Microarray analysis of 14-3-3 gene expression. The transcript levels of six 14-3-3 genes were examined using high-density cDNA microarrays on
post-mortem samples of area 9 from 10 subjects with schizophrenia and their matched controls. (a) This analysis revealed a consistent shift toward reduced
expression of most 14-3-3 transcripts. The fluorescent signal intensity for each matched subject pair is plotted on a log scale. The dashed line indicates equal
expression, whereas the solid line indicates two-fold changes in expression. (b) The differences reported by the microarray were converted into Z scores,
which revealed that the most significantly affected transcripts were 14-3-3 beta and zeta, followed by eta and theta. The mean Z score for each transcript is
indicated by the solid bar. Notably, only the beta and zeta genes had mean Z scores less than �1.96 (the two-tailed cutoff for significance) across the 10
subject pairs. (c) Using PCA, the effect on the 14-3-3 gene group was analyzed in relation to previously documented effects on selected metabolic gene
groups and the presynaptic (PSYN) secretory function gene group. The factor weights for all of the significantly affected gene groups are displayed in a four-
dimensional plot. Note that the 14-3-3, Aspartate/Alanine, and PSYN group effects appear to be highly correlated.
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used for this analysis. Results indicated a fairly consistent
pattern of OD signal intensity (Figure 2c) for each of the
genes, with the standard error representing no more than
7% of the OD signal for any given gene, and interblock
variability being no greater than intrablock variability.

Riboprobe and ISH data analysis. Crosshybridization data
were analyzed using exploratory correlation analysis to
generate estimates of the crosshybridization signal. In most
cases, these estimates indicated that at least 85% of the
signal being measured was coming from the intended target.
Data from the ISH experiments were analyzed using
multivariate analysis of covariance (MANCOVA) for all
four 14-3-3 genes with diagnosis as the main effect, and PMI

and tissue storage time as covariates. These models were
applied both with and without subject pair as a blocking
factor. Post hoc tests of significant main effects were
performed using Scheffe’s method. In addition, we also
examined potential confounds between tissue and subject
variables using exploratory correlation analysis.

Monkey experiments. To examine formally the potential
influence of antipsychotic medication on the expression of
the most robustly affected 14-3-3 genes (14-3-3 beta and
zeta), we also used four pairs of male cynomolgus (Macaca
fascicularis) monkeys, matched for age and weight, as
subjects for ISH analysis in areas 9 and 46. In each pair, one
animal was treated for 9–12 months with the antipsychotic
medication haloperidol decanoate, as described previously
(Pierri et al, 1999). Serum levels were in the therapeutic
range for the treatment of schizophrenia. Extrapyramidal
symptoms were effectively managed by maintenance
administration of benztropine mesylate. Tissue sections
from these animals were acquired and used in parallel with
the human material.

All procedures were reviewed and approved by the
University of Pittsburgh’s Institutional Review Board for
Biomedical Research and Institutional Animal Care and Use
Committee.

RESULTS

14-3-3 Expression in Schizophrenia

We examined the expression levels of all seven 14-3-3 genes
in the PFC of 10 subjects with schizophrenia and their
matched controls (Table 1) using either cDNA microarrays
or ISH. According to the cDNA arrays, the majority of 14-3-
3 genes exhibited moderate to severe decreases in expres-
sion in schizophrenia, which were significant at the level of
the entire family across all 10 comparisons (po0.021)
(Figure 1, Table 2).

Relationship of 14-3-3 Group Effect and Previous Group
Effects

Having established that the expression of at least some 14-3-
3 genes was significantly altered in subjects with schizo-
phrenia, we wished to determine whether this family effect
was related to the presynaptic and metabolic gene group
effects we reported previously (see (Middleton et al, 2002;
Mirnics et al, 2000). To carry out this analysis, we
normalized the p-values (by log transformation) that were
obtained by the gene group analyses as described previously
(Middleton et al, 2002), and computed a correlation matrix
between the 14-3-3 gene group effect and effects on 72 other
gene groups that were described in previous papers
(Middleton et al, 2002; Mirnics et al, 2000). Varimax PCA
was then performed on this matrix, and the factor loading
scores for each of the gene groups of interest displayed in a
radial factor loading plot (Figure 1, bottom). This analysis
indicated that the 14-3-3 gene group effect was most
correlated with the presynaptic gene group (PSYN) and
Aspartate/Alanine gene group (Asp/Ala). The similarities
among these groups were evident in at least three of the four
eigenvector dimensions.

Figure 2 Examination of riboprobe specificity and intra-areal variability.
(Upper left) The expression of 14-3-3 beta and epsilon (not shown) was
examined using a multiple tissue Northern blot. This revealed a single band
across all brain regions examined. Nucleotide sizes are given at the left of
the blot (in thousands). Cb, cerebellum; Ctx, cortex; Med, medulla; SpCd,
spinal cord; Occ, occipital cortex; FrP, frontal pole; TeP, temporal pole; Put,
putamen. (Upper right) The specificity of each riboprobe was further
examined using custom cDNA dot blots. A measure of 1ml of cDNA from
each 14-3-3 transcript was freshly denatured and spotted onto
nitrocellulose membrane for hyridization with 32P-labeled cDNA probes
corresponding to selected 14-3-3 genes. Images are from film exposed to
the dot blots following washing. The location of the cDNA spot for each
14-3-3 transcript is given below the membrane (two different cDNAs for
14-3-3 beta were used). Note the high degree of specificity. (Bottom) The
expression levels of three different 14-3-3 genes were examined in 12
sections from three adjacent tissue blocks from a single control subject
using 32S-labeled riboprobes. The optical density of each section is plotted
along the entire sampled zone. There was no apparent intra-areal (ie
rostrocaudal) gradient within or between blocks. Values are mean7SE.
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Expression by PCR

Using PCR, we confirmed the robust expression of all seven
14-3-3 genes in area 9 of the human PFC (data not shown).
Each of the 14-3-3 gene products amplified by PCR was
visualized as a single bright band of the predicted size on an
ethidium bromide-stained agarose gel. Although most of the
14-3-3 genes were highly expressed in the brain, 14-3-3
sigma appeared to be less abundant by this analysis.
However, as we had virtually no data available on the
cellular distribution of the 14-3-3 isoforms, for a meaningful
interpretation of any gene expression changes, we needed to
establish the anatomical distribution of the 14-3-3 family
transcripts in the human cortex. As neither microarrays nor
PCR could resolve the distribution of the 14-3-3 gene
transcripts across the human cortical tissue, we needed to
employ an independent validation method with a precise
anatomical resolution. ISH was the method of choice in this
regard: it could simultaneously provide a quantitative
validation of gene expression changes and assess the
anatomical distribution of the transcript in the studied
tissue, yet it would not be dependent on putative tissue
harvest biases, RNA isolation, reverse transcription, or
amplification procedures.

Probe Specificity

Although it is possible to estimate potential crosshybridiza-
tion signals using Tm formulae, we have found that the
actual measures of crosshybridization can differ consider-
ably from these calculations. To examine explicitly the
specificity of each probe, we performed two types of
analysis. First, using a multiple tissue Northern blot
(Clontech-BD), we examined the size of the 14-3-3 beta
and epsilon transcripts across multiple brain regions. This
confirmed the presence of a single band in each brain area
of the predicted size (Figure 2, top left). Thus, the 14-3-3
gene probes we cloned appeared to detect the correct size
transcripts. However, because all of the 14-3-3 transcripts
are approximately the same size, we also examined potential
crosshybridization among 14-3-3 genes using a custom-
spotted cDNA membrane. In this case, 1 ml (0.5 ug) of each
purified and freshly denatured, quick-frozen 14-3-3 cDNA
was spotted onto a nitrocellulose membrane, UV cross-
linked, and hybridized with 32P-labeled cDNA probes for

selected 14-3-3 genes (Figure 2, top right). During the
posthybridization washing steps, all conditions were
matched to those used in the subsequent ISH conditions.
The cDNA spot ODs were analyzed using exploratory
correlation analysis to generate estimates of the cross-
hybridization signal. In most cases, these estimates
indicated that at least 85% of the signal being measured
was coming from the intended target.

Intra-Areal Expression by ISH

All ISH studies conducted with human post-mortem
material must systematically and randomly sample the
target area in order to produce unbiased results. It is usually
assumed, but not empirically determined, that the sampling
scheme is adequate enough to overcome potential intra-
areal variation in gene expression levels or patterns. To
avoid the possibility of confounding our ISH analysis of 14-
3-3 gene expression by sampling bias, we examined the
variation in expression of three different 14-3-3 genes in
three adjacent tissue blocks obtained from the superior
frontal gyrus of a single control subject. This analysis
involved four equally spaced sections from each of the three
tissue blocks (12 sections per gene). Optical densities were
determined for the entire section. This analysis revealed
that the standard error of the OD measurement equalled
approximately 5–7% of the total OD signal (Figure 2,
bottom). Moreover, there did not appear to be any
differences between the three blocks in overall expression
for any of the three 14-3-3 genes examined.

Examination of Differences in Expression by ISH

Having established the specificity of each probe, and the
lack of any apparent intra-areal effect, we next sought to
confirm the patterns of expression differences reported by
the microarrays for three of the 14-3-3 genes (beta, zeta, and
eta) and also to examine the potential expression abnorm-
alities in the single 14-3-3 gene that was not represented on
the array (14-3-3 gamma). MANCOVA confirmed the
significant decreased expression in schizophrenia of two
genes: beta �31.9% (F1,9¼ 5.74, p¼ 0.048) and zeta �18.2%
(F1,9¼ 16.98, p¼ 0.005) (Figure 3). Only in an alternate
MANOVA model that did not account for PMI and tissue
storage time did the 14-3-3 eta and gamma transcripts show

Table 2 Mean Pairwise Z Scores in 14-3-3 Gene Expression in Subjects with Schizophrenia

Isoform 685/622 567/537 635/597 551/625 822/787 516/547 604/581 558/317 794/665 630/566 Mean

Beta �2.99 �1.31 �2.10 �1.92 �2.55 �4.29 �2.39 �2.03 �2.68 �2.07 �2.43

Theta �1.41 �1.54 �1.52 �1.81 �1.77 �1.48 �1.12 0.10 �2.49 �1.85 �1.49

Eta �0.57 �1.89 �1.51 �1.73 �2.01 �2.23 �1.28 �1.76 �1.58 �0.45 �1.50

Epsilon �1.33 �0.51 �0.44 �0.14 �1.11 �2.51 �0.40 �0.32 �1.12 �0.20 �0.81

Zeta �2.32 �1.16 �2.42 �3.34 �2.78 �2.45 �0.46 �1.17 �2.45 �1.80 �2.03

Sigma �0.73 �0.27 �0.52 0.29 0.04 �0.06 �0.11 �0.19

Mean �1.72 �1.28 �1.60 �1.61 �1.75 �2.25 �0.89 �0.86 �1.73 �1.08 �1.47

p-value 0.0059 0.0003 0.0021 o0.0001 o0.0001 o0.0001 0.0018 0.0208 o0.0001 0.005 o.021
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significant pairwise decreases in expression (�15.4 and
�11.9%, respectively). Sheffe’s post hoc test confirmed the
significance of the 14-3-3 beta and zeta findings (p¼ 0.0094
and 0.0007, respectively).

Laminar Expression Patterns and Differences

Within the PFC, each of the 14-3-3 genes we examined was
expressed predominately in the gray matter (Figure 4). In

controls, the signals obtained for 14-3-3 gamma and beta
were the highest, with eta and zeta less (Figures 3 and 4).
Within the cortical lamina, the pairwise changes in
expression appeared to be present throughout each layer,
although in some cases there appeared to be a relative
sparing of the layer V signal for 14-3-3 beta (Figure 4,
bottom).

Examination of Potential Confounding Factors

Our probe specificity tests indicated that as much as 15% of
the signal for any given gene could be derived from other
14-3-3 genes. This prompted us to examine whether there
was a relationship between nucleotide similarity and the
amount of OD signal obtained in the ISH experiments. A
strong correlation could indicate crosshybridization con-
tamination of our results, while a weak correlation would

Figure 3 Examination of pairwise expression differences in 14-3-3
transcripts. The mean calibrated absolute intensity level (in disintegrations
per minute per square millimeter of tissue) of four different 14-3-3 genes
was obtained using three sections per subject through area 9 of the PFC.
The mean expression for all 10 subjects in each group is given by the solid
bar. Lines connect subject pairs. Differences were calculated using pairwise
MANCOVA with diagnosis as the main effect and PMI as a covariate. We
observed highly significant decreased expression of 14-3-3 beta and zeta,
but only marginal decreases in eta and gamma.

Figure 4 Patterns of prefrontal 14-3-3 gene expression and differences
in expression. The transcripts for 14-3-3 beta and gamma were the most
abundant according to 35S-labeled riboprobe ISH analyses. Each image
indicates the signal obtained (viewed in darkfield) from a single 20 mm
section through area 9 of the PFC. (Upper) Subject pairs represented
include 558c/317s and 551c/625s. (Lower) The expression of 14-3-3 beta
and zeta is shown at high power for another subject pair (685c/622s). Note
the loss of transcript expression throughout most cortical layers. c, control
subject; s, subject with schizophrenia; roman numerals II–VI indicate cortical
layers.
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strengthen our results and suggest that, although some of
the 14-3-3 genes might be expressed in a similar manner,
these similarities are not due to crosshybridization. Our
analysis indicated that fairly high correlations (R¼ 0.62–
0.8) were present between 14-3-3 beta and each of the other
14-3-3 genes (Table 3a). Likewise, 14-3-3 eta and gamma
also exhibited some similarity in expression levels among
the 20 subjects (R¼ 0.66). Interestingly, the similarities seen
in the OD measurements did not correlate with the amount
of nucleotide similarity between the same 14-3-3 genes
(Table 3b; R¼�0.25). Thus, the amount of correlation seen
in the different 14-3-3 genes would appear to be due to
similarities in expression pattern among the genes, not due
to crosshybridization events.

To examine the potential for antipsychotic medication to
influence our results, we examined 14-3-3 gene expression
in four PFC areas 9 and 46 from male cynomolgus monkeys
treated chronically with haloperidol decanoate and benzo-
tropine and matched control animals. We examined the
expression pattern of the two most robustly affected 14-3-3
genes in the human studies (14-3-3 beta and zeta) in three
to four sections from each animal. There was no difference
in 14-3-3 zeta expression, while 14-3-3 beta increased 28%
(po0.05; Figure 5, top). This increase is in direct contrast
to the decrease seen in the subjects with schizophrenia,
and appeared to occur primarily in pyramidal cell layers
(Figure 5, bottom).

DISCUSSION

Our microarray studies of the PFC in subjects with
schizophrenia revealed three principal findings regarding

the expression of 14-3-3 gene family members: (1) of the six
14-3-3 genes represented on the arrays (beta, eta, epsilon,
sigma, theta, and zeta), five were detectable in all 10 pair-
wise comparisons, with one (sigma) detectable in 7/10
comparisons; (2) all of the 14-3-3 family members except
for sigma were decreased in most comparisons; (3) at the
group level, these genes were significantly changed in all 10
arrays (po0.021), representing the single most-changed
gene group we have identified to date. The expression
changes reported on the microarrays were confirmed by
ISH, which revealed decreases for zeta and beta4eta4
gamma, supporting the microarray findings.

Using factor analysis, we determined that the expression
changes of all six 14-3-3 genes were moderately well
correlated across all 10 subject pairs (eigenvalue¼ 3.09,
variance proportion¼ 0.515). Among the 14-3-3 genes, the
theta transcript showed the weakest association (unrotated
factor weight¼ 0.432) compared to all the other 14-3-3
genes (variance proportion range¼ 0.713–0.825). This
indicates that the specific ranking of the changes in 14-3-3
genes across the subject pairs is somewhat consistent.

We have previously documented changes in the pre-
synaptic and selected metabolic gene groups in schizo-
phrenia. A direct comparison of all metabolic pathways,
the presynaptic gene group, and the 14-3-3 gene family

Table 3 (a) Correlations of In Situ Values and Tissue/Subject
Variables and (b) Nucleotide Similarity of Riboprobes

Zeta Eta Gamma Age PMI PH Storage

(a) Correlations of in situ values and tissue/subject variables

Beta 0.801 0.621 0.77 �0.206 �0.043 0.01 �0.37

Zeta 0.315 0.469 �0.344 �0.3 �0.07 �0.292

Eta 0.66 0.146 0.079 0.11 �0.276

Gamma �0.2 0.1 0.031 �0.373

Age 0.099 �0.147 0.076

PMI 0.494 �0.549

pH �0.435

Storage

Zeta Eta Gamma Sigma Theta Epsilon

(b) Nucleotide similarity of ribroprobes

Beta 64 67 16 73 63 62

Zeta 69 24 67 64 72

Eta 31 75 70 71

Gamma 24 25 24

Sigma 68 69

Theta 72

Epsilon
Figure 5 Examination of potential medication effects on 14-3-3 beta and
zeta expression in monkey prefrontal cortex. The two significantly affected
14-3-3 genes (beta and zeta) were examined in a primate model of typical
neuroleptic treatment (Pierri et al, 2001). Expression was quantified in four
pairs of animals using 35S-labeled riboprobes on multiple sections per
animal through area 9 of the prefrontal cortex. Units and conventions are
the same as in Figure 3. The darkfield image at the bottom is from area 9 of
a representative monkey pair, illustrating the large increase in pairwise
expression for the 14-3-3 beta transcript. Note that this gene was
significantly decreased in the subjects with schizophrenia.
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indicated a very high correlation for the expression changes
in the 14-3-3 gene group with the presynaptic and
Aspartate/Alanine metabolic (variance proportion 40.75)
gene groups and a lower correlation with the Ornithine/
Polyamine metabolic gene group. The factor tuning curve
(Figure 2) clearly shows that the relationship between these
gene groups is tightly clustered through four eigenvectors.

In schizophrenia, the expression of one 14-3-3 member
(eta) is significantly decreased in post-mortem cerebellum
samples obtained from medicated schizophrenic subjects
(Vawter et al, 2001). This particular gene (and 14-3-3 theta
as well) is located in the VCFS/schizophrenia susceptibility
region (22q12–q13), and significant association of certain
tandem repeats in the 50-UTR of this gene was found in
one study of Japanese subjects (Toyooka et al, 1999) and
sequence abnormalities in subjects of Portuguese descent
(Wong et al, 2003), although not in a follow-up study in the
UK (Bell et al, 2000). Collectively, our data and those of
these groups strongly support the notion of there being a
conserved alteration in 14-3-3 gene family expression and
possibly even sequence alteration in subjects with schizo-
phrenia. Our observations regarding the decreases in
expression of 14-3-3 beta and zeta are novel, but are not
likely to be directly related to the findings regarding the
genetic risk for schizophrenia. The 14-3-3 beta is located at
20q13.1 and zeta is located at 2p25.2–p25.1. Neither one of
these loci have any strong associations or linkages with
schizophrenia. Nonetheless, the changes in these transcripts
may form part of the conserved pathophysiology of the
disease.

As the 14-3-3 family of proteins plays an integral role in
regulating many aspects of cellular function in the brain,
including signal transduction, neurotransmitter metabo-
lism, and mitochondrial function (there are at least 100
different binding partners for these proteins that have been
identified), it is difficult to precisely define the appropriate
context in which to view 14-3-3 gene alterations in
schizophrenia. Of the more than 300 functionally defined
gene groups that we have studied in the same cohort of
subjects, we find compelling evidence that the magnitude
and statistical significance of the 14-3-3 gene family effect
closely parallels (and is highly correlated with) the changes
in presynaptic secretory function and Aspartate/Alanine
metabolism gene groups (see Figure 1). Thus, we tentatively
suggest that at least in schizophrenia, the most critical
functions, that an effect of the 14-3-3 gene family might
exert, are those related to neurotransmission and neuro-
transmitter metabolism. Indeed, the 14-3-3 gene familiy
was originally characterized by the descriptive title of
tyrosine monooxygenase-/tryptophan monooxygenase-acti-
vating proteins. The decreased synthesis of multiple 14-3-3
transcripts should produce in the cell a decrease in the
amount of dopamine available for neurotransmissionFan
event that could influence both excitatory and inhibitory
neurotransmission via D1 and D2 receptor classes. The
decreased aspartate metabolism could reduce the amount of
excitatory neurotransmitters (including both aspartate and
glutamate) available for release, as well as the bioenergetic
properties of mitochondria localized to the synapse. The
decrease in the presynaptic secretory machinery group
genes that also occurs in these subjects suggests that the
substrates for neurotransmission as well as the machinery

for neurotransmission are collectively and profoundly
altered in schizophrenia.

Our observations of altered expression of the 14-3-3 gene
group may also be of interest in relationship to the
disturbances in markers of GABA neurotransmission in
the PFC of subjects with schizophrenia. These include
reductions in the 67 kDa form of glutamatic acid decarbox-
ylase, GABA membrane transporter and the calcium-
binding protein parvalbumin in a subset of GABA neurons,
including chandelier cells (Akbarian et al, 1995; Hashimoto
et al, 2003; Volk et al, 2000, 2001), and an upregulation of
GABA receptors containing the alpha2 subunit at the
postsynaptic target of chandelier cells, the axon initial
segment of pyramidal neurons (Volk et al, 2002). The 14-3-3
proteins (including the zeta and eta forms) have been
shown to associate and colocalize with the C-terminus of
presynaptic GABA(B)R1 receptors in rat brain preparations
and tissue cultured cells (Couve et al, 2001). Furthermore,
in the presence of 14-3-3, the authors reported a reduction
in the dimerization of GABA(B)R1 and R2 subunits.
GABA(B)R1 is thought to account for the vast majority of
GABA binding sites in the brain, but in the absence of
GABA(B)R2, is poorly expressed on the plasma membrane
and largely fails to couple to ion channels (Jones et al,
2000). The coupling of GABA(B)R2 to R1 permits surface
expression of GABA(B)R1 and the appearance of potassium
and calcium currents (Jones et al, 2000). Thus, it is possible
that the reduction in 14-3-3 gene expression may represent
a compensatory mechanism for overcoming a reduction in
GABA signaling that is present in the PFC of subjects with
schizophrenia.

Finally, we also consider the potential functional im-
portance of our observations in light of the known
interactions between 14-3-3 proteins and some of the
proteins known as regulators of G-protein signaling (RGS)
(Benzing et al, 2000). Although at this point there has been
no evidence of a clear association between RGS4 and 14-3-3
proteins, we previously documented significant changes in
one of the RGS proteinsFRGS4 (Mirnics et al, 2001), in the
same subjects used in the present study.
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