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Abstract
Background—Abnormalities of cyclic-AMP (cAMP) response element binding protein (CREB)
function has been suggested in bipolar (BP) illness and schizophrenia (SZ), based on both indirect
and direct evidence. To further elucidate the role of CREB in these disorders, we studied CREB
expression and function in two brain areas implicated in these disorders, i.e., dorsolateral
prefrontal cortex (DLPFC) and cingulate gyrus (CG).

Methods—We determined CREB protein expression using Western blot technique, CRE-DNA
binding using gel shift assay, and mRNA expression using real-time RT-polymerase chain
reaction (qPCR) in DLPFC and CG of the postmortem brain of BP (n = 19), SZ (n = 20), and
normal control (NC, n = 20) subjects.

Results—We observed that CREB protein and mRNA expression and CRE-DNA binding
activity were significantly decreased in the nuclear fraction of DLPFC and CG obtained from BP
subjects compared with NC subjects. However, the protein and mRNA expression and CRE-DNA
binding in SZ subjects was significantly decreased in CG, but not in DLPFC, compared with NC.

Conclusion—These studies thus indicate region-specific abnormalities of CREB expression and
function in both BP and SZ. They suggest that abnormalities of CREB in CG may be associated
with both BP and SZ, but its abnormality in DLPFC is specific to BP illness.
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1. Introduction
Bipolar (BP) disorder and schizophrenia (SZ) are devastating illnesses that affect large
numbers of individuals. BP is characterized by recurrent episodes of mania and depression,
and it affects about 1.5% of the US population. It is a common, severe, chronic, and life-
threatening illness (Goodwin and Jamison, 2007; Hunsberger et al., 2009) with poor
recovery between episodes and a high relapse rate (Geller et al., 2004). About 1% to 2% of
the total population is at risk for BP disorder in the United States (Judd and Akiskal, 2003).
Although the BP disorder is a personal and social burden, the pathophysiology is poorly
understood. Magnetic resonance imaging studies reported structural alterations in brain areas
of BP and SZ patients (Beyer and Krishnan, 2002; Hajek et al., 2005; Haldane and Frangou,
2004; Savitz and Drevets, 2009). Accumulated evidence indicates decreased volume of
neurons and glial cells in the brain of BP subjects (Cotter et al., 2002a; Cotter et al., 2002b;
Rajkowska et al., 2001; Selemon and Rajkowska, 2003). Also, postmortem brain studies
indicate a decreased density of neurons in the prefrontal cortex and cingulate cortex of
schizophrenic subjects (Benes et al., 1986) and cell loss and cell atrophy in the PFC of
subjects with depression and bipolar illness (Rajkowska, 2000). These studies suggest
impaired neuroplasticity and resilience, and therefore, much attention has been paid to the
imbalance of intracellular signaling systems in the pathophysiology of BP.

Several studies indicate that abnormalities of phosphoinositide (PI) and the adenylyl
cyclase-cyclic AMP signaling system (AC), as well as several of their components may be
associated with the pathophysiology of BP (Bezchlibnyk and Young, 2002; Du et al., 2003;
Tanis and Duman, 2007) disorders and SZ (Muly, 2002). Activation of transcription factors
is the final step in the signaling pathway that is mediated by the binding of the cell surface
receptor with an agonist. One of the mechanisms by which these transcription factors are
activated is by their phosphorylation and de-phosphorylation (Nestler and Greengard, 1994).
The activation of protein kinase A (PKA), a component of the AC signaling system, and
protein kinase C (PKC), a component of the PI signaling system, causes the phosphorylation
of several transcription factors including the cAMP response element binding protein
(CREB) (Nichols et al., 1992; Xie and Rothstein, 1995). There are some studies that suggest
the abnormalities of PKA in the platelets of BP subjects (Tardito et al., 2003). Also, some
studies indicate that the protein expression of some of the PKC isozymes may be abnormally
expressed in the platelets of BP subjects (Pandey et al., 2002). These observations may
suggest an abnormality of CREB that is a target for phosphorylation by these two enzymes,
in addition to other signaling cascades. It is, therefore, possible that abnormalities of CREB
may be associated with the pathophysiology of BP disorders.

CREB is a member of the basic leucine zipper family of transcription factors (Borrelli et al.,
1992). CREB could be phosphorylated at ser-133 by many protein kinases, such as PKA and
PKC (Akin et al., 2005; Hagiwara et al., 1993; Xie and Rothstein, 1995). The
phosphorylation of CREB at serine-133 leads to its dimerization and activation by binding to
the cAMP response element (CRE) at the consensus motif 5’-TGACGTCA, which is found
in many neuronally expressed genes (Lee and Masson, 1993). On the other hand, CREB
could also be phosphorylated at ser-129 residue by GSK-3β and inactivated (Bullock and
Habener, 1998; Grimes and Jope, 2001). This inactivation is blocked by lithium treatment
(Bullock and Habener, 1998; Fiol et al., 1994; Grimes and Jope, 2001). In its active form,

Ren et al. Page 2

J Affect Disord. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the phosphorylated form of CREB regulates the transcription of many genes that are
involved in several aspects of neuronal function, such as brain-derived neurotrophic factor
(BDNF) (Moore et al., 1996; Walton and Dragunow, 2000). CREB plays a crucial role in
regulating gene expression, participating in development of the nervous system, learning,
memory, plasticity, adaptation, and cell survival (Carlezon et al., 2005; Hardingham et al.,
2001; Lonze and Ginty, 2002; Shaywitz and Greenberg, 1999).

There is both direct and indirect evidence to suggest that abnormalities of CREB may be
associated with the pathophysiology of BP disorders. Hammonds and Shim (2009) found
that chronic treatment with lithium decreased CREB phosphorylation in rats’ cerebral cortex
and hippocampus. On the other hand, Boer et al. (2008) observed that chronic lithium
treatment significantly reduced CRE/CREB directed gene expression in the hippocampus,
cortex, hypothalamus, and stratum in transgenic reporter gene mice. Since lithium is
efficacious in treatment of BP disorder, this may suggest the importance of CREB in BP
illness. CREB involvement in the pathophysiology of BP is also substantiated by a report by
Young et al. (2004) who observed that the pCREB stem cells were significantly increased in
several amygdala nuclei in subjects who died by suicide. On the other hand, those BP
subjects who were treated with lithium at the time of death had significantly lower pCREB
levels in the same region. There is some evidence to suggest abnormalities of CREB in BP
illness. The role of CREB in SZ is less clear.

In order to further clarify the role of CREB in the pathophysiology of BP disorders and SZ,
we determined the protein and mRNA expression of CREB and CRE-DNA binding in the
dorsolateral prefrontal cortex (DLPFC) and cingulate gyrus (CG) obtained from BP, SZ, and
normal control (NC) subjects. As mentioned before, since abnormalities of the DLPFC and
CG have been implicated in BP disorders and SZ (Benes et al., 1986; Bouras et al., 2001;
Haldane and Frangou, 2004), we have selected these two particular brain areas for our study.

2. Methods and Materials
2.1. Acquisition of Human Postmortem Brain Samples and Clinical Assessment

The frozen postmortem brain samples from DLPFC (Brodmann area 9 [BA9]), and CG
(BA24) were obtained from the Harvard Brain Tissue Resource Center (HBTRC) at McLean
Hospital, Belmont, Massachusetts, known as the McLean “66” cohort, and consisting of BP,
SZ, and NC subjects. All diagnoses for the subjects in the collection were established by two
psychiatrists at the HBTRC via retrospective review of all available medical records and
extensive questionnaires about social and medical history completed by family members of
the donors. The criteria of Feighner et al. (1972) for the diagnosis of SZ and DSM-III-R10
for the diagnosis of schizoaffective disorder and BP disorder were applied. Individuals with
a documented history of substance dependence or neurological illnesses were excluded from
the collection. The BP and SZ group also included subjects who died by suicide. This study
was approved by the Institutional Review Boards of McLean Hospital and the University of
Illinois at Chicago.

The demographics associated with these subjects are listed in Table 1. The sample included
19 BP subjects, 20 SZ subjects, and 20 NC subjects. Mean age, postmortem interval (PMI),
and pH of the frozen brain samples did not differ significantly between the three groups: age
(years, NC: 60.35 ± 16.94; BP: 62.68 ± 17.91; SZ: 56.25 ± 17.90); PMI (hours, NC: 21.19 ±
6.18; BP: 20.64 ± 9.70; SZ: 20.76 ± 5.35); and brain pH (NC: 6.37 ± 0.26; BP: 6.45 ± 0.23;
SZ: 6.43 ± 0.25). The BD and SZ subjects had been exposed to various psychotropic
medications (Table 1).
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2.2. Determination of Protein Expression and CRE-DNA Binding Activity in the Nuclear
Fraction of BP, SZ, and NC Subjects

2.2.1. Preparation of Nuclear Fractions—The preparation of nuclear fraction followed
the protocol from Pierce Biotechnology Inc. (Rockford, IL, USA). Briefly, tissue was
homogenized in ice-cold cytoplasmic extraction reagent 1 (CER I) containing 0.5 mg/ml
benzamidine, 2 ug/ml aprotinin, 2 ug/ml leupeptin, and 0.75 mM phenylmethylsulfonyl
fluoride (PMSF). The homogenate was added to cytoplasmic extraction reagentII (CERII)
and then centrifuged at 16000g for 5 min. The resulting pellet was suspended in ice-cold
nuclear extraction reagent (NER) containing 0.5 mg/ml benazmide, 2 ug/ml aprotinin, 2 ug/
ml leupeptin, and 2mM PMSF and incubated for 40 min on ice with frequent agitation. The
nuclear extracts were separated by centrifugation at 16000g for 10 min. The protein content
of the nuclear fraction was determined by the method of Lowry et al. (1951). This nuclear
fraction was used to determine the protein expression of CREB and CRE-DNA binding
activity.

2.2.2. Immunolabeling of CREB—The procedure for Western blotting has been
described in detail (Dwivedi et al., 2003). Protein samples (30 ug protein) were loaded onto
10% (w/v) sodium dodecyl sulphate (SDS)-polyacrylaminde gel. The gels were run and
transferred electrophoretically to an enhanced chemiluminescence (ECL) nitrocellulose
membrane (Amersham, Arlington Heights, IL, USA). The membranes were washed with
TBST buffer (10 mM Tris-base, 0.15 M NaCl, and 0.05% (w/v) Tween 20) for 10 min. The
blots were blocked by incubating with 5% (w/v) powdered non-fat milk in TBST, 0.02%
nonidet P-40, and 0.02% (w/v) SDS (pH 8.0). Then the bolts were incubated overnight at 4c
with primary polyclonal anti-CREB antibody (Santa Cruz Biotechnilogy Inc., Santa Cruz,
CA, USA) with a dilution of 1:3000. The membranes were washed with TBST and
incubated with horseradish-peroxidase-linked secondary antibody (anti-rabbit
immunoglobulin G(IgG);1:3000) for 5 h at room temperature. The membranes were
extensively washed with TBST and exposed to ECL autoradiography film. The same
nitrocellulose membrane was stripped and re-probed with β-actin antibody (Sigma Chemical
Co., St. Louis, MO, USA). The bands on the autoradiogram were quantified using the Loats
Image Analysis system (Westminster, MD, USA), and the optical density of each sample
was corrected by the optical density of the corresponding β-actin band. The values are
represented as a percent of control.

2.2.3. Determination of CRE-DNA Binding Activity by Gel Mobility Shift Assay
Preparation of DNA probe: Commercially available (Stratagene, La Jolla, CA, USA)
oligonucleotides incorporating regulatory elements of the CREB sequence (5’-
GATTGGCTGACGTCAGAGAGCT) were used. The probes are end-labeled with [y-32P)
ATP using T4 polynucleotide kinase according to the manufacturer’s methods.

Gel mobility DNA binding assay: Binding reactions were carried out by incubating 10 µg
of nuclear extract with 1 µg of poly(DI-DC) and BSA (6µg) in a reaction mixture of 20mM
Hepes (pH7.9); 1mM DTT; 0.3 mM EDTA; 0.2 mM EGTA; 80 mM NaCl; 10% glycerol;
and 0.2 mM PMSF for 15 min at room temperature. Approximately 5000 CPM of 32P-
labelled CREB oligonucleotide were added and incubated for another 30 min. DNA-protein
complexes were resolved on a 6.0% non-denaruring polyacrylamide gel in a buffer
containing 25 mM Tris-borat (pH8.2) and 0.5 mM EDTA. The gel is dried and
autoradiographed with intensifying screens on film (Kodak, Rochester, NY, USA) at −80°C.
The bands of the DNA-protein complex are estimated quantitatively on the autoradiogram
using the Loats Image Analysis system (Westminster, MD, USA).
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2.3 Determination of mRNA Levels
2.3.1 RNA Isolation—Total RNA was extracted from 100 mg of tissue using the TRIZOL
reagent according to the manufacturer's instructions and treated with DNAse 1 (Invitrogen,
USA). The RNA yield was determined by absorbance at 260 nm using
NanoDrop®ND-1000 (NanoDrop Technologies, Montchanin, DE, USA). RNA quality was
assessed using Agilent Bioanalyzer 2100 and only samples with 28S/18S ratios >1.2 and
RIN above 6.6 were included, 7.2 ± 0.6.

2.3.2 mRNA Quantitation—Expression levels of mRNA were determined using a two-
step, real-time RT-PCR (qPCR) method, which we have previously published (Pandey et al.,
2012). Briefly, 1 µg of total RNA was reverse transcribed using 50 ng random hexamers,
2mM dNTP mix, 10 units ribonuclease inhibitor, and 200 units MMLV-reverse transcriptase
enzyme in a final reaction volume of 20 µl. qRT-PCR was performed with MX3005p
sequence detection system (Agilent) using pre-designed Taqman gene expression assays
(Applied Biosystems, Foster City, CA) targeting CREB1, Hs00231713_m1 two
housekeeping genes β-actin (ACTB), Hs99999903_m1, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and Hs99999905_m1. The stability and optimal number of
housekeeping genes was determined using geNORM version 3.4 (PrimerDesign Ltd, UK)
according to the manufacturer's instructions (Vandesompele et al., 2002). This comparison
identified ACTB and GAPDH as the most stable housekeeping genes for this cohort. PCR
efficiency after 5-log dilution series of pooled cDNA was similar for all housekeeping and
target genes. For each primer/probe set, qPCR reaction was carried out using 10 µl of cDNA
(diluted 1:10) in 1X TaqMan Universal PCR Master Mix (Applied Biosystems) per
manufacturer’s instructions. Each qPCR plate included a “no reverse transcriptase” and “no
template” control to eliminate non-specific amplification and each sample was assayed in
triplicate.

For qPCR gene expression analysis, raw expression data (Ct) were normalized to the
geometric mean of the two housekeeping genes. Outliers were excluded if the normalized
(delta Ct) values were greater than 2 standard deviations from the group mean. Relative
expression levels, reported as fold change, were determined by 2−(ΔΔCt) method, as
described in Applied Biosystems User Bulletin No. 2 (P/N 4303859), and ΔCt values were
used for further statistical analysis.

2.4. Statistical Analysis and Effect of Confounding Variables
The data analyses were performed using the SAS 9.2 statistical software package. One-way
ANCOVA was performed to compare the effects of three groups — BP, SZ, and NC — on
CREB expression using covariates. In addition, for multiple comparisons we used t-test with
Bonferroni Correction to adjust the type I error rates. We also performed a post-hoc t-test for
each paired comparison separately.

To examine whether CREB protein and mRNA expression was affected by PMI, age,
gender, or brain pH, we determined their dependencies by using a linear regression model.

3. Results
3.1. Effect of Age, Gender, and Brain pH on CREB Protein and Gene Expression and CRE-
DNA Binding Activity

We determined CREB protein and mRNA expression and CRE-DNA binding activity in 19
BP, 20 SZ, and 20 NC subjects. The demographic and clinical characteristics of the study
subjects are presented in Table 1. There were no significant differences in age between NC,
BP, and SZ subjects. There was no significant correlation between CREB protein, CREB
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mRNA levels or CRE-DNA binding and age or gender. Our results from regression analyses
showed that age has a significant effect (in positive direction) on CREB mRNA expression
only in DLPFC. Brain pH has a significant effect (in positive direction) on both CREB
protein expression and CRE-DNA binding only in DLPFC.

3.2. CRE-DNA Binding Activity in DLPFC and CG of BP, SZ, and NC Subjects
We determined the functional status of CREB by determining the CRE-DNA binding
activity using a gel mobility shift assay in nuclear fraction of postmortem brain samples
(DLPFC and CG) obtained from BP, SZ, and NC subjects. A representative autoradiogram
showing CRE-DNA binding activity in the postmortem brain (DLPFC and CG) obtained
from two BP, SZ, and NC subjects is shown in Figure 1A.

We performed ANCOVA to compare CRE-DNA binding activity between the groups. F-
tests of ANCOVA showed that the three groups differ significantly in CRE-DNA binding in
DLPFC (p =.007) and CG (p<.0001). For multiple comparisons, t-test with Bonferroni
Correction showed that there is a significant difference in CRE-DNA binding between NC
and BP in both DLPFC and CG. In the SZ group, the CRE-DNA binding activity was
significantly different from NC only in the CG, and not the DLPFC.

Post-hoc t-test results showed that the mean CRE-DNA binding activity was significantly
decreased in the nuclear fraction of DLPFC obtained from BP subjects (p = .0003), but not
in the DLPFC of SZ subjects (p = .089), compared with NC subjects, as shown in Figure 1B.
However, when we compared the CRE-DNA binding in the CG, we observed that it was
significantly decreased in both BP (p<.0001) and SZ (p = 0.0023) subjects compared with
NC, as shown in Figure 1B.

3.3. Immunolabeling of CREB in Nuclear Fraction of DLPFC and CG Obtained from BP, SZ,
and NC Subjects

Because we observed a decrease in CRE-DNA binding activity in nuclear fraction of
postmortem brain obtained from BP (in DLPFC and CG), and SZ subjects (in CG only)
compared with NC subjects, we examined if this decrease in CRE-DNA binding activity in
the nuclear fraction of DLPFC and CG obtained from BP was related to altered protein
expression of CREB. We, therefore, determined the immunolabeling of CREB in the nuclear
fraction of DLPFC and CG obtained from BP, SZ, and NC subjects. Representative Western
blots showing immunolabeling of CREB protein in nuclear fraction of DLPFC and CG
obtained from two BP subjects, two SZ subjects, and two NC subjects are presented in
Figure 2A. As can be seen, the protein expression levels of CREB in these two BP subjects,
but not SZ subjects, appeared to be lower in DLPFC than those in the NC subjects.

F-tests of ANCOVA show that the three groups differ significantly in CREB protein
expression in the DLPFC (p = .001) and CG (p =.001). For multiple comparisons, t-test with
Bonferroni correction showed that there is significant difference in CREB protein expression
in both the DLPFC and CG between BP and NC subjects.

When we compared the mean protein expression levels of CREB in the nuclear fraction of
DLPFC obtained from BP, SZ, and NC subjects, we found that the CREB protein levels
were significantly decreased in the DLPFC of BP (p <.0001), but not in SZ subjects, as
shown in Figure 2B.

The protein expression of CREB appeared to be lower in the CG of both BP and SZ
subjects, as shown in the representative Western blots (Fig. 2A). When we compared the
mean protein expression levels of CREB in the CG, we observed that they were significantly
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decreased in both BP (p<0.001) and SZ subjects (p<0.05) compared with NC subjects, as
shown in Figure 2 B.

3.4. mRNA Expression Levels of CREB in the DLPFC and CG of BP, SZ, and NC Subjects
In order to examine if the abnormal protein expression of CREB in BP and SZ subjects is
related to altered transcription of CREB, we determined the mRNA levels of CREB in the
DLPFC and CG of BP, SZ, and NC subjects, and the results are shown in Figure 3.

F-tests of ANCOVA show that the CREB mRNA expression was significantly different in
DLPFC (p = .0008) and CG (p = .0015) of the three groups studied.

For multiple comparisons, t-test with Bonferroni Correction showed that CREB mRNA
expression was significantly decreased in the DLPFC and CG of BP subjects compared with
NC. However, CREB mRNA expressions was significantly decreased in only in the CG of
SZ subjects compared with NC

When we compared the mean mRNA expression levels of CREB in the nuclear fraction of
DLPFC obtained from BP, SZ, and NC subjects, we found that the CREB mRNA levels
were significantly decreased in the DLPFC of BP (p <.0004) subjects but not in the DLPFC
of SZ subjects, as shown in Figure 3. However, when we compared the mean mRNA
expression levels of CREB in the CG, we observed that they were significantly decreased in
both BP (p =.0011) and SZ (p = 0.13) subjects compared with NC subjects, as shown in
Figure 3.

4. Discussion
We determined the CREB protein and mRNA expression and CRE-DNA binding activity in
the nuclear fraction of DLPFC and CG obtained from BP, SZ, and matched NC subjects. We
found a significant decrease in the CRE-DNA binding, CREB protein, and mRNA
expression in DLPFC obtained from BP subjects, but not SZ subjects, compared with NC
subjects. On the other hand, the CRE-DNA binding, CREB protein, and mRNA expression
levels were significantly decreased in the CG of both BP and SZ subjects compared with NC
subjects.

Our observation that abnormality of CREB expression was found in the CG of both BP and
SZ subjects, but was observed in the DLPFC of only BP subjects was intriguing. Structural
and cellular abnormalities have been observed in the DLPFC and CG of both SZ and BP
subjects. However, the patterns of the cellular abnormality in those two areas may differ in
these disorders. For example, Bouras et al. (2001) observed decreased neuronal densities in
the CG of BP subjects. On the other hand, they observed decreased cortical thickness
without a decrease in neuronal density in the CG of SZ subjects. Decreased CG metabolic
rate has been observed in SZ subjects by Haznedar et al. (1997). Carter et al. (1997) have
reported anterior cingulate dysfunction and attention deficit in SZ subjects using a PET
study. Selemon and Rajkowska (2003) reported cellular abnormalities in the postmortem
brain of both BD and SZ subjects using morphometric studies. However, they found
increased neuronal density in SZ subjects but decreased neuronal density in BP subjects.

Our studies suggest region-specific abnormalities of CREB in BP and SZ. Both disorders
share CREB abnormality in the CG, but only BP subjects show CREB abnormality in the
DLPFC.

There is both direct and indirect evidence suggesting that CREB abnormality may be
associated with the pathophysiology of BP disorders. One of the major lines of evidence
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suggesting the involvement of CREB in the pathophysiology of BP is derived from the
observation that lithium, used for treatment of BP illness, causes changes in the expression
of CREB or the phosphorylation of CREB, both in vivo (Laifenfeld et al., 2005; Sairanen et
al., 2007; Tiraboschi et al., 2004) and in vitro (Koch et al., 2003; Manier et al., 2002)
conditions, thus suggesting that CREB alterations may be involved in the pathophysiology
of BP disorder. In fact, mood stabilizers produce different effects on CREB activity and
protein expression. For example, CREB protein expression and its activity are upregulated
by mood stabilizers (Chen et al., 1999; Mai et al., 2002; Nibuya et al., 1996; Ozaki and
Chuang, 1997; Thome et al., 2000; Yasuda et al., 2009). On the other hand, in an animal
model of mania induced by d-AMPH, d-AMPH significantly increased GSK-3, PKC, PKA,
CREB, and BDNF protein levels, and lithium could prevent and reverse these changes
induced by d-AMPH (Cechinel-Recco et al., 2012). Boer et al. (2008) reported that chronic
lithium salt treatment reduces CRE/CREB-directed gene transcription and reverses its
upregulation by chronic psychosocial stress in transgenic reporter gene mice (Boer et al.,
2008).

In a postmortem study, Young et al. (2004) found that the number of pCREB stained cells
was significantly increased in the several amygdala nuclei in subjects who died by suicide.
In contrast, patients treated with lithium at the time of death have significantly lower
pCREB levels in the same region.

Mamdani et al. (2008) have studied lithium response and genetic variation in the CREB
family of genes in a sample of 118 lithium responders and 69 non-responders, and 127
control subjects using single nucleotide polymorphisms (SNP) SNaPshot multiplex reaction.
After correcting for multiple testing, they found that the CREB-1H SNP and CREB-1H7
SNP may be associated with BP disorders and/or lithium response, thus suggesting that
genetic variations in CREB are associated with BP disorders and also that CREB may be
involved in lithium response in BP patients.

Yuan et al. (2010) determined extracellular signal regulated kinase (ERK) signaling
proteins, including CREB, in the cortex of subjects with BP, MDD, and SZ subjects.
Whereas they found a significant decrease of CREB protein levels in MDD and SZ subjects,
they did not observe any difference in CREB protein expression between BP and control
subjects.

It is hard to compare our study with that of Young et al. (2004), as the latter was performed
in amygdala. Nevertheless, our observation that CREB levels were lower in DLPFC is
similar to their observation. In contrast to the observation of Yuan et al. (2010), who found
no change in CREB protein levels between BP and control subjects, we observed a
significant decrease in BP subjects and no change in SZ subjects.

While there are some studies of CREB in BP disorder, the role of CREB in SZ appears to be
less clear. The only other study of CREB in SZ was reported by Kyosseva et al. (2000) in
the cerebellar vermis of SZ subjects. They found increased levels of CREB protein in the
cerebellar vermis of SZ subjects compared with controls, as opposed to our findings of
decreased CREB in CG. The reasons for this discrepancy may be due to a different brain
area used in their study.

The reasons or mechanisms that could alter CREB expression levels in BP or SZ subjects
are unclear. One possibility is that it may be related to an altered signaling cascade that
affects CREB expression and its translational activity. Several signaling systems converge at
the level of CREB. For example, CREB is activated by PKA, a component of the AC
signaling system, PKC, a component of the PI signaling system, or GSK-3β, a component of
the Wnt signaling system (Grimes and Jope, 2001; Hagiwara et al., 1993; Xie and Rothstein,
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1995). Since alteration of PKA, PKC, and GSK-3β has been suggested in BP illness (Pandey
et al., 2003; Pandey et al., 2010), it is quite possible that altered expression and function of
CREB may be related to abnormalities of these signaling cascades in BP disorder and
schizophrenia. Decreased CREB function, as evidenced by decreased CRE-DNA binding
activity, may be related to decreased CREB protein expression in the DLPFC and CG of BP
subjects and the CG of SZ subjects.

Since abnormalities of CREB expression have been reported in teenage suicide (Pandey et
al., 2007) and adult suicide (Dwivedi et al., 2003), we examined if CREB abnormalities in
BP and SZ subjects were due to suicide. However, we did not find significant difference in
CREB expression between total suicide and total non-suicide subjects, or BP suicide versus
BP non-suicide, or SZ suicide versus SZ non-suicide subjects.

One limitation of this study is that the BP subjects, as well as the SZ subjects, were treated
with lithium and other psychoactive drugs at the time of death. Specifically, it has been
shown that the treatment with lithium, but not with other mood stabilizing drugs, causes
changes in CREB levels (Wang et al., 1999). Thus, it is quite possible that the observed
changes may be related to the effect of lithium treatment. However, when we compared the
CREB in those BP patients who were treated with lithium or those who were not treated by
lithium, or who were treated with other psychoactive drugs, we did not find any significant
differences between the groups. Therefore, it appears unlikely that observed CREB changes
in BP or SZ subjects are related to previous exposure to psychoactive drugs.

In conclusion, this study shows abnormalities of CREB functions and its protein and gene
expression may be associated with the pathophysiology of BP illness and SZ. However,
abnormalities of CREB in SZ may be specific to certain brain regions, such as CG, which
has been shown to be associated with SZ. On the other hand, abnormalities of both DLPFC
and CG have been observed in BP disorders and our observation does suggest CREB
abnormality in these two areas of BP subjects. It will be of interest to examine if abnormal
CREB expression also results in the abnormality of its target genes, such as BDNF, in the
brain.
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Figure 1.
A. Representative radiograms of the gel mobility shift assay showing CRE-DNA binding
activity in nuclear fraction in dorsolateral prefrontal cortex (DLPFC) and cingulate gyrus
(CG) of two normal controls (NC), two schizophrenic (SZ), and two bipolar (BP) subjects.
B. The mean CRE-DNA binding activity in the DLPFC nuclear fractions of NC (n = 20), SZ
(n = 20), and BP (n = 19) subjects and in the CG nuclear fractions of NC (n = 15), SZ (n =
14), and BP (n = 13) subjects. The results are expressed as optical density (O.D.). Values are
mean ± SD.
*p < .05
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Figure 2.
A. Representative Western blots showing the immunolabeling of CREB and β-actin in the
membrane fraction of DLPFC and CG of two normal controls (NC), two schizophrenic (SZ),
and two bipolar (BP) subjects. kDa indicates kilo Daltons.
B. Mean protein expression levels of CREB in the DLPFC membrane fractions of NC (n =
20), SZ (n = 20), and BP (n = 19) subjects and in in the CG membrane fractions of NC (n =
15), SZ (n = 14), and BP (n = 13) subjects. The results are expressed as optical density
(O.D.). Values are mean ± SD.
*p < .05
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Figure 3.
The mean mRNA expression levels of CREB in the DLPFC of NC 1.00 ± 0.09 (n = 20), SZ
0.86 ± 0.10 (n = 20), and BP 0.71 ± 0.08 (n = 19) subjects.
The mean mRNA expression levels of CREB in the CG of NC 1.00 ± 0.07 (n = 15), SZ 0.83
± 0.07 (n = 13), and BP 0.77 ± 0.07 (n = 12) subjects.
The data are shown as fold change in mRNA levels. Values are fold change ± S.E.M.
*p< .05
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