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Abstract

Objectives—There are both direct and indirect evidence suggesting the abnormalities of GSK-3β 

and β-catenin, two important components of the Wnt signaling pathway in the pathophysiology of 

bipolar illness and possibly schizophrenia (SZ). In order to further clarify the role of Wnt-

signaling pathway in the pathophysiology of bipolar disorder (BP) and SZ, we studied GSK-3β 

and β-catenin in the postmortem brain of subjects with these disorders.

Methods—We determined the protein expression of GSK-3β, pGSK-3β-ser-9, and β-catenin 

using the Western blot technique, and mRNA using qPCR method, in the dorsolateral prefrontal 

cortex (DLPFC), cingulate gyrus (CG), and temporal cortex (TEMP) obtained from 19 subjects 

with BP, 20 subjects with SZ, and 20 normal control (NC) subjects.

Results—We found that the protein expression of GSK-3β, pGSK-3β-ser-9, and β-catenin was 

significantly decreased in the DLPFC and TEMP, but not in CG, of subjects with BP compared 

with NC subjects. The mRNA expression of GSK-3β and β-catenin was significantly decreased in 

the DLPFC and TEMP, but not in the CG, of subjects with BP compared with NC subjects. There 

were no significant differences in the protein or mRNA expression of GSK-3β, pGSK-3β-ser-9, or 

β-catenin between subjects with SZ and NC subjects in any of the brain areas studied.

Conclusions—These studies show region-specific abnormalities of both protein and mRNA 

expression of GSK-3β and β-catenin in postmortem brain of subjects with BP but not in subjects 

with SZ. Thus, abnormalities of Wnt signaling pathway may be associated with the 

pathophysiology of bipolar illness.
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Several lines of evidence suggest that disturbances in GSK-3β and β-catenin, two important 

components of the Wnt signaling pathway, may be involved in the pathophysiology of 

bipolar illness and schizophrenia (SZ). The Wnt signaling pathway is activated by the 
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interaction of a Wnt protein with a frizzled receptor, which leads to the phosphorylation of 

disheveled (DVL) and the inactivation of GSK-3β by DVL. The inactivation of GSK-3β 

results in the cytoplasmic accumulation of β-catenin and its subsequent translocation to the 

nucleus where it binds to TCF/LEF (T-cell factor and Lymphoid Enhancer Factor), thus 

forming a transcription factor complex that activates the transcription of several genes (1-4).

The main evidence suggesting a disturbance in Wnt signaling in bipolar disorder (BP) is 

derived from the observation that mood stabilizing drugs, such as lithium, used in the 

treatment of BP affect the Wnt signaling pathway, presumably by inhibiting GSK-3β 

activity and thus increasing β-catenin levels. It was first shown by Klein and Menton (5) that 

lithium causes inhibition of GSK-3β activity. Subsequently, it was shown that lithium 

inhibits GSK-3 both in intact cells and in the mammalian brain in vivo. Jope and Roh (6) and 

De Sarno et al. (7) found that chronic in vivo treatment with lithium increased the 

phosphorylation of Ser-9 in GSK-3β in the brain of mice. It was later shown by other 

investigators (8) that valproic acid treatment, an anticonvulsant and a mood-stabilizing drug, 

also directly inhibited GSK-3β activity. However, not all groups agree that valproate is a 

GSK-3β inhibitor (9). It was shown by Gould et al. (10) that lithium treatment inhibited 

GSK-3β in brain of rats. The observation that both mood-stabilizing drugs, lithium and 

valproic acid, cause inhibition of GSK-3β suggests that abnormalities of the Wnt signaling 

pathway in general, and GSK-3β in particular, may be associated with the pathophysiology 

of BP.

The involvement of GSK-3β in BP has also been supported by the observation that 

monozygotic twins discordant for BP have differential expression of genes in Wnt signaling 

(11). It has been observed that a single nucleotide polymorphism in the GSK-3β promoter 

gene influences the onset of illness in patients with BP (12).

GSK-3β has been studied in the platelets, lymphocytes, and postmortem brain of subjects 

with BP and SZ. Pandey et al. (13) found decreased GSK-3β protein expression in platelets 

of drug-free patients with BP. Nadri et al. (14) found no difference in GSK-3α and GSK-3β 

mRNA levels, GSK-3β protein levels, or total GSK-3 activity between patients with SZ and 

normal control (NC) subjects. Some studies used postmortem brain samples from subjects 

with SZ and BP. Lesort et al. (15) determined Wnt signaling in the postmortem brains of 

subjects with BP and observed that there are no significant differences in the protein 

expression levels of GSK-3β or β-catenin in subjects with BP compared with matched NC 

subjects. Similar results were reported by Kozlvosky et al. (16) who also did not find 

differences in the levels of GSK-3β between subjects with BP and NC subjects. Since 

antipsychotics also increase β-catenin levels in the rat brain and inhibit GSK-3β activity 

(17), GSK-3β and β-catenin have been studied in the postmortem brain of patients with SZ. 

Cotter et al. (18) and Lesort et al. (15) found decreased β-catenin in the postmortem brains 

of the patients with SZ. Emamian et al. (19) found decreased GSK-3β phosphorylation (i.e., 

increased activity) in the brains of subjects with SZ and a non-significant decrease in total 

GSK-3β. Beasley et al. (20) found significantly decreased GSK-3β protein levels in subjects 

with SZ. Kozlovsky et al. (16, 21) found lower GSK-3β levels in the frontal cortex of 

patients with SZ compared with NC subjects. However, they did not find significant 
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differences in GSK-3β between subjects with BP and NC subjects (21). Studies of GSK-3β 

in the postmortem brain of subjects with SZ by Nadri et al. (22) were inconclusive.

The suggestion that abnormalities of GSK-3β and/or β-catenin may be involved in the 

pathophysiology of bipolar illness and SZ is, thus, generally indirect, since the studies of 

GSK-3β in the postmortem brain were unclear. One of the reasons that the studies in the 

postmortem brain were inconclusive or unclear was because they studied only the protein 

expression of GSK-3β in the brain samples. However, determination of GSK-3β protein 

expression does not indicate or does not provide any index of its activity. GSK-3β is a multi-

functional serine/threonine kinase, and its activity is regulated negatively by serine 9 

(pGSK-3β-ser-9) and positively by the tyrosine 216 (pGSK-3β-tyr-216) phosphorylation. 

GSK-3β phosphorylation at Ser-9 appears to be an index of GSK-3β activity (23), and it is 

therefore important to determine both the protein expression of GSK-3β and pGSK-3β-ser-9, 

as well as its mRNA in order to obtain a comprehensive evaluation of the role of GSK-3β in 

the postmortem brain of subjects with BP and SZ.

To further clarify the role of the Wnt signaling pathway in general, and GSK-3β and β-

catenin in particular, we determined the protein expression of GSK-3β, pGSK-3β-ser-9, and 

β-catenin (in both cytosol and nuclear fractions) in the dorsolateral prefrontal cortex 

(DLPFC), cingulate gyrus (CG), and temporal cortex (TEMP) from subjects with BP and SZ 

and in NC subjects.

Materials and methods

Acquisition of human postmortem brain samples and clinical assessment

The frozen postmortem brain samples from DLPFC [Brodmann area 9 (BA9)], CG (BA24), 

and TEMP (BA38) were obtained from the Harvard Brain Tissue Resource Center 

(HBTRC) at McLean Hospital (Belmont, MA, USA) known as the McLean 66 Cohort, and 

consisting of subjects with BP and SZ and NC subjects. 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. (24) for the 

diagnosis of SZ and DSM-III-R10 for the diagnosis of schizoaffective disorder and BP 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 (Chicago, IL, USA).

The demographics associated with these subjects are listed in Table 1. The sample included 

19 subjects with BP, 20 subjects with SZ, 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 subjects with BD and SZ had been exposed to 

various psychotropic medications (Table 1).
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Determination of mRNA levels

RNA isolation—Total RNA was extracted from 100 mg of tissue using the TRIZOL 

reagent (Invitrogen) 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 (Agilent), and only samples with 28S/18S ratios 

>1.2 and RIN 7.0 were included.

mRNA determination—A constant amount (0.5 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. GSK-3β 

mRNA expression levels were determined using competitive RT-PCR method with internal 

standard as described earlier (25). Briefly, primer pairs were designed to allow amplification 

from 235–641 for GSK-3β (GenBank accession no. NM002093). The internal standard has 

the restriction site XhoI, engineered so that after digest the standard will give two bands of 

size 199 and 208 bp. cDNA aliquots are amplified using Hot Tub DNA polymerase and 

trace amounts of 32P-dCTP. For accurate determination of the target concentration PCR 

products were digested with XhoI and CPM was determined by excising target and internal 

standard (IS) bands from an ethidium bromide stained gel and running them through a 

scintilation counter. Standard curve is plotted, using EXCEL, for each sample as the counts 

incorporated into the IS divided by the counts incorporated into the target mRNA versus the 

known amount of IS added (Fig. 1) The amount of target molecule was calculated using the 

formula, y = mx + b, where x represents the concentration of the target when y = 1 (a molar 

ratio of 1:1). Results are expressed as attomoles target gene/μg of total RNA.

β-catenin mRNA was quantified with pre-developed TaqMan gene expression assays 

(Applied Biosystems) for relative quantitation. qPCR was performed with the MX3005p 

sequence detection system (Agilent) and TaqMan Universal PCR Master Mix, with UNG 

(Applied Biosystems) according to the manufacturer’s instructions. The TaqMan assay IDs 

were as follows: ACTB, Hs99999903; PPIA, Hs99999904_m1; and CTNNB1, 

Hs00355049_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 (26). This comparison identified β-actin and cyclophilin A (PPIA) as the most 

stable housekeeping genes. PCR efficiency after 5-log dilution series was 92–105%. Both β-

actin and PPIA had similar amplification efficiencies as the target genes and were run in 

parallel. For each primer/probe set, the PCR reaction was carried out using 10 μl of cDNA 

diluted 1:10 fold and included a non-RT and no template control. All measurements were 

performed in triplicates. The amount of target gene mRNA normalized to β-actin and PPIA 

and relative to the control reference samples is expressed as 2−(ΔΔCt).

Immunolabeling of GSK-3β, pGSK-3β-ser-9, and β-catenin

Preparation of cytosol and nuclear fractions for Western blot determination—
The preparation of cytosol and nuclear fraction followed the protocol from Piece 

Biotechnology Inc. (Rockford, IL, USA). Briefly, tissue was homogenized in ice-cold 

cytoplasmic extraction regent (CER-I) containing 0.5 mg/ml benzamidine, 2ug/ml aprotinin, 
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2 μg/ml leupeptin, and 0.75 mM phenylmethysulfonyl fluoride (PMSF). The homogenate 

was added to cytoplasmic extraction reagent-II (CER-II) and then centrifuged at 16.000 g 

for 5 min. The supernatant was the cytosol. The resulting pellet was suspended in ice-cold 

nuclear extraction (NER) containing 0.5 mg/ml benzamide, 2 μg/ml aprotinin, 2 μg/ml 

leupeptin, and 2 mM PMSF and incubated for 40 min on ice with frequent agitation. The 

nuclear extracts were separated by centrifugation at 16,000 g for 10 min. The protein content 

of the nuclear fraction was determined by the method of Lowry et al. (27). The cytosol was 

used to determine the GSK-3β protein, pGSK-3β-ser-9, and β-catenin. The nuclear fraction 

was used to determine the protein expression of β-catenin in the DLPFC, CG, and TEMP.

Quantitation of GSK-3β and β-catenin by Western blot—Immunolabeling of 

individual GSK-3β and pGSK-3β-ser-9 in cytosol fraction, and β-catenin in cytosol, and 

nuclear fractions was determined by Western blot. Equal volumes of cytosol and nuclear 

fractions (20 μl containing 20 μg protein) were resolved onto 7.5% (w/v) SDS-

polyacrylamide gel and blotted on enhanced chemiluminescence (ECL) membrane 

(Amersham, Arlington Heights, IL, USA). Membranes were incubated with polyclonal 

antibodies for GSK-3β, pGSK-3β-ser-9, and β-catenin overnight at 4°C. The dilution for 

each antibody was as follows: GSK-3β (1:3000); pGSK-3β-ser-9 (1:1000); and β-catenin 

(1:1000). The three antibodies were purchased from the Cell Signaling Technology, Inc. 

(Danvers, MA, USA). They were then exposed to ECL autoradiography film. The same 

membranes were stripped and reprobed with β-actin (Sigma Chemical Co., St. Louis, MO, 

USA), which was used as a housekeeping protein. The optical densities (OD) of the bands 

were quantified using the Loats Image Analysis System (Loats Associates, Inc., 

Westminster, MD, USA), and the OD of each band was corrected by the OD of the 

corresponding β-actin band.

Statistical analysis and effect of confounding variables

We analyzed the data using SAS 9.2 statistical software package. We used ANCOVA (Proc 

GLM) to jointly compare NC subjects and subjects with BP and SZ adjusting the effects of 

age, gender, postmortem interval (PMI), and pH of brain. For comparisons among the 

subjects with BP and SZ we used t-test with Bonferroni correction to adjust the type I error 

rates. We also performed a post-hoc t-test for group comparison separately.

Results

Effect of age, gender, and brain pH on protein and gene expression of GSK-3β, pGSK-3β-
ser-9, and β-catenin

The protein expression of GSK-3β, pGSK-3β-ser-9, and β-catenin, and gene expression of 

GSK-3β and β-catenin were determined in the DLPFC, CG, and TEMP obtained from 

subjects with BP and SZ and NC subjects. There was no significant correlation of either 

GSK-3β or β-catenin with age. Also, when we compared male and female subjects, we did 

not find any significant difference in any of the outcome measures in any group. Our results 

from regression analyses showed that age has a significant effect (in positive direction) on 

pGSK-3β-ser-9 only in the TEMP. Brain pH has a significant effect (in positive direction) 

on protein and mRNA expression of β-catenin only in the TEMP.
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Immunolabeling of GSK-3β and pGSK-3β-ser-9 in the cytosol fraction of the DLPFC, CG, 
and TEMP of subjects with BP and SZ and NC subjects

Representative Western blots showing the immunolabeling of GSK-3β and pGSK-3β-ser-9 

in the cytosol fractions of the DLPFC obtained from two NC subjects, two subjects with BP, 

and two subjects with SZ are shown in Figure 2A. GSK-3β and pGSK-3β-ser-9 migrated to 

46 kDa. As can be seen, GSK-3β appears to be decreased in the subjects with BP compared 

with NC subjects, with little or no change in the subjects with SZ. Similar decreases in the 

protein expression of GSK-3β and pGSK-3β-ser-9 were observed in the TEMP, but not in 

the CG of subjects with BP (results not shown).

To examine whether there were any group differences in the GSK-3β or pGSK-3β-ser-9 

protein levels between the three groups, we performed ANCOVA, which showed 

differences between the three groups. We then performed the post-hoc analysis using post-

hoc t-test and group t-test with Bonferroni correction for group comparisons. We found that 

there was a significant decrease in the protein expression of GSK-3β (p = 0.003) and 

pGSK-3beta-ser-9 (p = 0.003) in the DLPFC of subjects with BP compared with NC 

subjects without any significant changes in the protein expression of GSK-3β (p = 0.15) or 

pGSK-3β-ser-9 (p = 0.30) in the DLPFC of subjects with SZ compared with NC subjects, as 

shown in Figures 2B and 2C.

Since abnormalities of CG have been implicated in bipolar illness and SZ, we then 

determined the protein expression levels of GSK-3β and pGSK-3β-ser-9 in the CG of these 

subjects. However, we did not find any significant differences in the expression of either 

GSK-3β or pGSK-3β-ser-9 in the subjects with BP or SZ compared with NC subjects (Figs. 

2B and 2C), suggesting that there were no differences between the groups.

Since we did not observe changes in the CG but observed changes in the DLPFC, we 

examined if there was a region-specific change. We determined the protein expression of 

GSK-3β and pGSK-3β-ser-9 in the TEMP of these subjects. ANCOVA analysis showed 

significant differences between groups (p = 0.0005). When we compared the groups, we 

found that the mean protein expression of GSK-3β (p = 0.001), but not pGSK-3β-ser-9 (p = 

0.087), was significantly decreased in the TEMP of subjects with BP compared with NC 

subjects. There were no significant differences in the protein expression of either GSK-3β or 

the pGSK-3β-ser-9 in the TEMP of subjects with SZ compared with NC subjects.

Immunolabeling of β-catenin in the cytosol and nuclear fraction of the DLPFC, CG, and 
TEMP of subjects with BP and SZ and NC subjects

Immunolabeling of β-catenin was determined in the cytosol and nuclear fractions of the 

DLPFC, CG, and TEMP obtained from subjects with BP and SZ and NC subjects. 

Representative Western blots of β-catenin immunolabeling (cytosol and nuclear fractions) in 

the DLPFC obtained from two NC subjects, two subjects with BP, and two subjects with SZ 

are shown in Figure 3A. β-catenin migrated to 92 kDa. As can be seen, β-catenin in both 

cytosol and nuclear fractions appears to be decreased in subjects with BP, but not in subjects 

with SZ, compared with NC subjects.
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ANCOVA analysis showed significant differences in the protein expression of β-catenin in 

both cytosol (p = 0.0008) and nuclear (p < 0.0001) fractions in the DLPFC and TEMP, but 

not in the CG. When we compared the protein expression of β-catenin between the groups, 

the protein expression of β-catenin was significantly decreased in both the cytosol and 

nuclear fractions of DLPFC and TEMP, but not in CG of BP with BP compared with NC 

(Fig. 3B and C). There was no significant difference in the protein expression of β-catenin in 

either cytosol or nuclear fraction of any of the three brain areas (DLPFC, CG, TEMP) 

between SZ and NC subjects, as shown in Fig. 3B and C.

mRNA expression levels of GSK-3β and β-catenin in the DLPFC, CG, and TEMP of subjects 
with BP and SZ and NC subjects

We determined the mRNA expression of GSK-3β in the DLPFC, CG, and TEMP of BP, SZ, 

and NC subjects to examine if the gene expression of GSK-3β is altered in the subjects with 

BP or SZ. The results of the mRNA expression of GSK-3β are shown in Figure 4A. When 

we compared the subjects with BP and SZ with NC subjects, we found that the mRNA 

expression of GSK-3β was significantly decreased in the DLPFC (p = 0.025) and TEMP (p 

= 0.042), but not in the CG (p = 0.109), of subjects with BP compared with NC subjects. On 

the other hand, there were no significant changes in GSK-3β mRNA expression in any of 

these three areas of subjects with SZ compared with NC subjects. These results suggest that, 

similar to the protein expression, the mRNA expression of GSK-3β is decreased only in the 

subjects with BP in the DLPFC and TEMP, but not in the CG.

With Bonferroni correction we did not find significant differences in the mRNA expression 

of GSK-3β between subjects with BP and NC subjects in any of the three brain areas (i.e., 

DLPFC, CG, and TEMP). The reason may be that the post-hoc t-test without Bonferroni 

correction was not strong (BP versus NC group in DLPFC, p = 0.025; BP versus NC in 

TEMP, p = 0.042).

We then compared mRNA expression of β-catenin in the DLPFC, CG, and TEMP of BP, 

SZ, and NC subjects, as shown in Figure 4B. We found that the mRNA expression of β-

catenin was significantly decreased in the DLPFC (p = 0.006) and TEMP (p = 0.003), but 

not in CG (p = 0.074) of subjects with BP compared with NC subjects. In contrast, the 

mRNA expression of β-catenin was not significantly different in the subjects with SZ in any 

of the three brain areas compared with NC subjects.

Effect of suicide on GSK-3β and β-catenin expression

Since both GSK-3β and β-catenin have been shown to be altered in the postmortem brain of 

suicide victims (28), we examined if GSK-3β and β-catenin changes observed in subjects 

with BP are related to suicide. There were three subjects who died by suicide in the BP 

group and four subjects in the SZ group. When we compared the means of suicide subjects 

and non-suicide subjects in the BP and SZ groups, we did not find any significant 

differences in the protein or mRNA expression of GSK-3β or β-catenin between those 

subjects who died by suicide and those subjects who died of natural causes, indicating that 

there was no significant effect of suicide either on GSK-3β or β-catenin.
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Discussion

In this study we examined the role of the Wnt signaling pathway in bipolar illness and SZ by 

determining the protein and mRNA expression levels of GSK-3β and β-catenin, the major 

components and regulators of this pathway, in the DLPFC, CG, and TEMP of subjects with 

BP and SZ and NC subjects. We found that the protein and mRNA expression of GSK-3β 

was significantly decreased in the DLPFC and TEMP of subjects with BP but not in the CG. 

In contrast, neither protein nor mRNA expression of GSK-3β were significantly altered in 

any of these three brain areas obtained from subjects with SZ, suggesting a region-specific 

GSK-3β decrease in bipolar illness.

As stated earlier, β-catenin levels are regulated by GSK-3β. Increased activity of GSK-3β 

decreases, and decreased GSK-3β activity increases, β-catenin levels. Our observation of 

decreased protein and mRNA expression of GSK-3β in subjects with BP would suggest 

decreased GSK-3β activity leading to increased β-catenin levels in the DLPFC and TEMP of 

subjects with BP compared with NC subjects. Contrary to this expectation, we found that β-

catenin levels are also decreased in the DLPFC and TEMP of subjects with BP compared 

with NC subjects, suggesting that the GSK-3β activity may, in fact, be increased in subjects 

with BP compared with NC subjects.

There are several mechanisms that regulate β-catenin levels, one being the GSK-3β activity. 

Lower GSK-3β levels in subjects with BP do not necessarily indicate low GSK-3β activity. 

Since there is no direct method of determining GSK-3β activity, some investigators tried to 

assess it indirectly (23). One approach was to use the GSK-3β phosphorylation at Ser-9 as an 

index of GSK-3β activity (23). Thus, we also measured pGSK-3β-ser-9 levels in the three 

brain areas obtained from subjects with BP and SZ and NC subjects. Similar to GSK-3β 

protein and mRNA expression levels, we observed that pGSK-3β-ser-9 levels were 

significantly decreased in the DLPFC and TEMP of subjects with BP compared with NC 

subjects, suggesting increased GSK-3β activity. We observed decreased β-catenin (both 

protein and mRNA expression) levels in the DLPFC and TEMP of subjects with BP, 

suggesting that decreased β-catenin in these brain areas may be related, at least in part, to 

increased GSK-3β activity.

There are several lines of evidence that suggest the involvement of GSK-3β and probably 

the Wnt pathway in the pathophysiology of BP. The initial evidence was provided by the 

observation of Klein and Melton (5) and other investigators (5, 10, 29) indicating that 

lithium causes an inhibition of GSK-3β activity both in vitro and in vivo. Some genetic 

studies show that polymorphisms of the GSK-3β gene confer vulnerability to mood 

disorders, as well as BP (12, 30, 31). Animal studies also provide supporting evidence. For 

example, it was observed that GSK-3β over-expression in transgenic mice results in 

hyperactivity (32). Valproate and antipsychotic drugs increase GSK-3β phosphorylation at 

Ser-9, thus providing evidence of direct inhibition of GSK-3β activity by mood stabilizers 

and antipsychotics (7, 33, 34).

The present study clearly indicates decreased levels of GSK-3β, pGSK-3beta-ser-9, and β-

catenin in specific areas (i.e., in the DLPFC and TEMP) of the postmortem brain of patients 
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with BP. However, these changes appear to be specific to subjects with BP, since no 

changes in GSK-3β or β-catenin were observed in subjects with SZ in any of the brain areas 

we studied. Another interesting finding of our study is that β-catenin and GSK-3β changes in 

subjects with BP are specific to certain brain areas, as we did not find any changes in the 

Wnt signaling in the CG. The significance of this observation is still not clear.

Because of the importance of β-catenin in regulating many neuronal function and because its 

levels are regulated by GSK-3β, we also studied the protein and mRNA expression of β-

catenin in the DLPFC, CG, and TEMP from subjects with BP and SZ. β-catenin is located in 

the cell membrane and in the cytoplasm. The cytoplasmic fraction is involved in the 

signaling of Wnt, while the membrane-associated fraction is involved in providing the 

structural support in cell adhesions. The unphosphorylated β-catenin then translocates into 

the nucleus where it binds to the transcription factors of TCF/LEF family to promote the 

transcription of Wnt-related genes. Since we observed decreased protein expression levels of 

β-catenin in cytosol fraction, we examined whether this decrease is related to changes in its 

translocation to the nucleus. We therefore determined β-catenin levels in the nuclear fraction 

and found that it was also significantly decreased in the DLPFC and TEMP of subjects with 

BP compared with NC subjects, thus suggesting an overall decrease of β-catenin, in both 

cytosol and nuclear fractions.

Phosphorylation of GSK-3β by the Wnt signaling pathway is one of the mechanisms 

regulating its activity. However, the phosphorylation of GSK-3β at Ser-9 positions by 

several other kinases, such as protein kinase A (PKA), Akt, and protein kinase C (PKC), can 

also regulate GSK-3β activity (35, 36). As stated before, the phosphorylation of GSK-3β at 

the serine-9 position inhibits GSK-3β activity and causes an increase in β-catenin levels, 

while phosphorylation at Tyr-216 increases GSK-3β activity and decreases β-catenin levels. 

This suggests that the phosphorylation of GSK-3β and regulation of β-catenin levels are 

regulated by several other kinases.

The main limitation of this study is that most of the subjects with BP and SZ were taking 

psychoactive medication. It is therefore not entirely clear if the changes observed in GSK-3β 

and β-catenin expression were related to the presence of psychoactive medication. However, 

both mood stabilizers and antipsychotics have been shown to decrease GSK-3β and β-

catenin expression in the rat brain. In this study we observed changes in GSK-3β and β-

catenin expression only in the DLPFC and TEMP, but not in the CG, of subjects with BP. If 

our findings were the result of drug treatments, one would expect them to have similar 

effects in all three brain areas of subjects with BP. Similarly, one would also expect to see 

the drug effect in the subjects with SZ, as antipsychotics also produce changes in GSK-3β 

and β-catenin expression. It is therefore possible, but unlikely, that the region-specific 

changes in GSK-3β and β-catenin expression in subjects with BP are related to prior 

exposure to mood stabilizing drugs. Another possibility is that drugs do not necessarily 

distribute homogeneously among the brain regions and this may be one of the reasons for 

the absence of any significant effect in in the CG of patients with BP. Nonetheless, the 

results need to be interpreted with caution.
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In summary, our study shows the following: there is a region-specific alteration in GSK-3β 

and pGSK-3β-ser-9 protein levels in certain brain areas of subjects with BP, and the 

decrease in GSK-3β is specific to subjects with BP, as it is not observed in the subjects with 

SZ. In addition, there is a comparable decrease in the protein and mRNA expression levels 

of β-catenin in the DLPFC and TEMP of subjects with BP, but not in the CG of either 

subjects with BP or in any of the three brain areas of subjects with SZ. These observations 

suggest: (i) there is a disturbance in the Wnt signaling pathway in bipolar illness; (ii) 

GSK-3β and β-catenin abnormalities may be involved in the pathophysiology of bipolar 

illness; and (iii) that mood stabilizing drugs, such as lithium, may create their beneficial 

effect by acting on the GSK-3β and β-catenin in the Wnt signaling pathway.
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Fig. 1. 
(A) Representative agarose gel electrophoresis showing a competitive reverse transcriptase-

polymerase chain reaction (RT-PCR) for GSK-3β messenger RNA (mRNA) in dorsolateral 

prefrontal cortex (DLPFC) of one normal control (NC) subject. Decreasing concentrations 

of internal standard (IS) for GSK-3β (100–6.25 pg) were added to a constant amount (0.5 

μg) of total RNA. The mixtures were reverse transcribed and polymerase chain reaction 

amplified in the presence of trace amounts of 32P-dCTP (cytidine triphosphate); aliquots 

were digested by XhoI and electrophoresed on 1.5% agarose gel. The higher molecular size 

band corresponds to the amplification product arising from the target RNA, whereas the 

lower band arises from the IS RNA for GSK-3β after it is digested with XhoI. (B) Standard 

curve is plotted for each sample as the counts incorporated into the IS divided by the counts 

incorporated into the target mRNA versus the known amount of IS added. The amount of 

target molecule was calculated using the formula, y = mx + b, where x represents the 

concentration of the target when y = 1 (a molar ratio of 1:1). Results are expressed as 

attomoles target gene/μg of total RNA.
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Fig. 2. 
Representative Western blots (A) showing the immunolabeling of GSK-3β and pGSK-3β-

ser-9 in the cytosol fraction of dorsolateral prefrontal cortex (DLPFC) of two normal control 

(NC) subjects, two subjects with schizophrenia (SZ), and two subjects with bipolar disorder 

(BP). kDa indicates kilo Daltons. Mean protein expression levels of GSK-3β (B) and 

pGSK-3β-ser-9 (C) in the DLPFC cytosol fractions of NC subjects (n = 20), subjects with 

BP (n = 19), and subjects with SZ (n = 20) in the in the cingulate gyrus (CG) cytosol 

fractions of NC (n = 12), BP (n = 12), and SZ (n = 12), and in the temporal cortex (TEMP) 

cytosol fraction of NC (n = 16), BP (n = 16), and SZ (n = 15). The results are expressed as 

optical density (O.D.). Values are mean ± standard deviation. *p < 0.05.
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Fig. 3. 
Representative Western blots (A) showing the immunolabeling of β-catenin in the cytosol 

and nuclear fractions of dorsolateral prefrontal cortex (DLPFC) of two normal control (NC) 

subjects, two subjects with schizophrenia (SZ), and two subjects with bipolar disorder (BP). 

kDa indicates kilo Daltons. Mean protein expression levels of β-catenin in the cytosol 

fraction (B) and nuclear fraction (C) in the DLPFC of NC subjects (n = 20), subjects with 

BP (n = 19), and subjects with SZ (n = 20), in the in the cingulate gyrus (CG) of NC (n = 

15), BP (n = 14), and SZ (n = 13), and in the temporal cortex (TEMP) of NC (n = 16), BP (n 

= 16), and SZ (n = 15). The results are expressed as optical density (O.D.). Values are mean 

± SD. *p < 0.05.
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Fig. 4. 
(A) The mean mRNA expression levels of GSK-3β in the dorsolateral prefrontal cortex 

(DLPFC) of normal control (NC) subjects [1.00 ± standard error (SEM) 0.07, n = 20], 

subjects with bipolar disorder (BP) (0.80 ± SEM 0.14, n = 19), and subjects with 

schizophrenia (SZ) (1.08 ± SEM 0.14, n = 19); in the cingulate gyrus (CG) of NC (1.00 ± 

SEM 0.11, n = 15), BP (1.18 ± SEM 0.08, n = 12), and SZ (1.11 ± SEM 0.11, n = 15); and 

in the temporal cortex (TEMP) of NC (1.00 ± SEM 0.10, n = 15), BP (0.83 ± SEM 0.06, n = 

12), and SZ (0.84 ± SEM 0.12, n = 13). (B) The mean mRNA expression levels of β-catenin 

in the DLPFC of NC (1.00 ± SEM 0.10, n = 20), BP (0.73 ± SEM 0.11, n = 19), and SZ 

(1.16 ± SEM 0.09, n = 20); in the CG of NC (1.00 ± SEM 0.06, n = 15), BP (0.89 ± SEM 

0.06, n = 12), and SZ (1.00 ± SEM 0.09, n = 13); and in the TEMP of NC (1.00 ± 0.09, n = 

15), BP (0.76 ± SEM 0.09, n = 12), and SZ (0.85 ± 0.10, n = 13). The data are shown as fold 

change in mRNA levels. Values are fold change ± S.E.M. *p < 0.05.
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