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Abstract
Objectives—Bipolar disorder is a debilitating psychiatric illness presenting with recurrent mania
and depression. The pathophysiology of bipolar disorder is poorly understood, and molecular
targets in the treatment of bipolar disorder remain to be identified. Preclinical studies have
suggested that glycogen synthase kinase-3 (GSK3) is a potential therapeutic target in bipolar
disorder, but evidence of abnormal GSK3 in human bipolar disorder and its response to treatment
is still lacking.

Methods—This study was conducted in acutely ill type I bipolar disorder subjects who were
hospitalized for a manic episode. The protein level and the inhibitory serine phosphorylation of
GSK3 in peripheral blood mononuclear cells of bipolar manic and healthy control subjects were
compared, and the response of GSK3 to antimanic treatment was evaluated.

Results—The levels of GSK3α and GSK3β in this group of bipolar manic subjects were higher
than healthy controls. Symptom improvement during an eight-week antimanic treatment with
lithium, valproate, and atypical antipsychotics was accompanied by a significant increase in the
inhibitory serine phosphorylation of GSK3, but not the total level of GSK3, whereas concomitant
electroconvulsive therapy treatment during a manic episode appeared to dampen the response of
GSK3 to pharmacological treatment.

Conclusions—Results of this study suggest that GSK3 can be modified during the treatment of
bipolar mania. This finding in human bipolar disorder is in agreement with preclinical data
suggesting that inhibition of GSK3 by increasing serine phosphorylation is a response of GSK3 to
psychotropics used in bipolar disorder, supporting the notion that GSK3 is a promising molecular
target in the pharmacological treatment of bipolar disorder.
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Bipolar disorder afflicts approximately 2% of the population and is debilitating and life-
threatening if untreated (1-3). The clinical course of bipolar disorder is characterized by the
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occurrence of one or more manic episodes that often cycles with depressive episodes. The
pathophysiological mechanisms underlying bipolar disorder are unknown, but may include
genetic variations, abnormal development of neural networks, and dysregulation of
neurotransmitters and signaling activities (4-6). Therefore, identifying key mood-regulating
molecules is critical for understanding the pathophysiology of bipolar disorder and
developing new therapeutic interventions (7).

Glycogen synthase kinase-3 (GSK3) is a serine/threonine protein kinase that is widely
distributed in many tissues, including brain and peripheral blood cells. Two GSK3 proteins,
GSK3α and GSK3β, are paralogous proteins that share 84% sequence homology, but are
encoded by different genes (8) and have similar and different substrates and functions
(9-15). GSK3 is a broadly influential enzyme that modulates many aspects of cellular
function, such as gene expression and neural plasticity (16,17).

GSK3 has been thought to be associated with bipolar disorder since lithium, an effective
mood stabilizer used therapeutically for bipolar disorder, was found to be a selective
inhibitor of GSK3 (18,19). Substantial preclinical evidence has also shown a relationship
between GSK3 and mood-related behavioral disturbances; e.g., GSK3β-overexpressing
transgenic mice exhibit hyperactive behavior (20), amphetamine-induced hyperactivity
concurs with disinhibition of GSK3 (21,22), and both lithium and selective GSK3 inhibitors
reduce hyperactivity in animals (21-23). In addition, GSK3 may play a role in depressive-
like behavioral disturbances, as mice with constitutively active GSK3 are vulnerable to
stress-induced depressive behaviors (22), whereas mice with reduced levels of either GSK3α
and GSK3β or treated with selective GSK3 inhibitors elicit antidepressant-like behaviors
(23-27).

GSK3 is constitutively partially active in the brain, while its activity is predominantly
regulated in an inhibitory manner by phosphorylation of serines in the N-terminal regions of
its two isoforms, serine-21 in GSK3α and serine-9 in GSK3β (8). This phosphorylation
transforms the N-terminus into a pseudosubstrate that blocks access of substrates to GSK3,
rendering GSK3 inactive (28). The serine phosphorylation mechanism is used by many
mood-regulating neuromodulators, such as dopamine (21), serotonin (29), and brain-derived
neurotrophic factor (BDNF) (30), raising the possibility that this regulatory mechanism is
critical for mood regulation (22,31-33). Besides directly inhibiting GSK3 activity by
competing with magnesium, lithium also increases the inhibitory serine-phosphorylation of
GSK3 (34), and this action is shared by other antimanic agents such as valproate and
antipsychotic drugs (34-37), and by established antidepressants fluoxetine and imipramine
(29).

Previously, we reported that the level of serine phosphorylation of GSK3 in human
peripheral blood mononuclear cells (PBMCs) was lower in bipolar disorder patients than in
healthy controls (22), but much higher in bipolar disorder patients stabilized on lithium (38).
In this study, we further examined the protein level and the inhibitory serine
phosphorylation of GSK3α and GSK3β in an independent group of acutely manic type I
bipolar disorder patients by comparing their GSK3 levels to those of healthy controls and by
testing their GSK3 responses to antimanic treatment. The results showed that the level of
total GSK3 was higher in bipolar manic patients than in healthy controls, and an eight-week
antimanic treatment increased the inhibitory serine phosphorylation of GSK3. These new
data therefore provide additional support of GSK3 as a potential molecular target during
bipolar disorder treatment.
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Materials and methods
Human subjects, demographics, and clinical evaluation

This study was approved by the local Institutional Review Board and was conducted from
December 2007 to March 2010 at the Beijing Anding Hospital, an ambulatory psychiatric
institution in Beijing, China. Written informed consent was obtained from all subjects after
receiving a complete description of the study.

The inclusion criteria for eligible subjects were: (i) men and women, 19–65 years of age; (ii)
DSM-IV diagnosis of type I bipolar disorder; (iii) hospitalization within the last seven days
for an acute manic episode, symptomatic at enrollment with a score of ≥ 20 on the Young
Mania Rating Scale (YMRS) (39), and no ongoing mixed or depressive episodes with a
score of ≤ 10 on the Montgomery-Åsberg Depression Rating Scale (MADRS) (40); (iv) not
taking psychotropic medications for at least four weeks prior to this hospital admission; and
(v) no major unstable medical illnesses for three months prior to enrollment. Subjects were
excluded if they concomitantly met criteria for any other major DSM-IV Axis I diagnoses,
such as psychotic disorder, major depressive disorder, anxiety disorder, or alcohol and/or
other substance dependence. Psychiatric history, DSM-IV diagnosis, and medical history
along with a physical examination and neurological examination were obtained prior to
enrollment. Clinical symptoms were assessed using the YMRS for mania, the MADRS and
the Hamilton Depression Rating Scale (HAM-D) (41) for depression, and the Clinical
Global Impression for Bipolar Disorder-Severity (CGI-S) (42). All assessments were
completed on the day of each blood collection at Week 0, Week 4, and Week 8. Vital signs,
laboratory tests for chemistry, blood cell count, thyroid function, liver function, and
metabolic profile were conducted at Week 0, and vital signs, blood glucose, liver function,
and blood cholesterol were repeated at Week 4 and Week 8.

A total of 73 type I bipolar disorder subjects who met inclusion criteria at the screening visit
were enrolled in the study and had blood collected at baseline. Blood samples from the first
30 medication-free (i.e., not taking psychotropics for four consecutive weeks prior to blood
collection) subjects were included in the comparative analysis with 30 healthy controls who
had no history of psychiatric illness and no major medical illnesses. All enrolled bipolar
disorder subjects received treatment as usual (TAU) for their manic episode. For subjects
whose medication treatment was initiated prior to Week 0 blood collection (n = 9), the
medication had not been used for longer than four days, and the YMRS score was > 20 at
the Week 0 blood draw. There was no washout phase for this study. Among all bipolar
disorder subjects, blood was collected from 47 at Week 4 treatment and from 28 of these at
Week 8. Data from these 47 samples were used for before- and after-treatment analysis.
Post-treatment blood samples from 26 subjects were not available due to loss to follow-up,
consent withdrawal, or change of pharmacological treatment during the study period. Two
cases were terminated due to switch to significant depression during the study period.
Treatment received by the 47 subjects included lithium, valproate, and an atypical
antipsychotic (olanzapine, risperidone, or quetiapine). Due to the severity of clinical
symptoms, 40 of the 47 subjects received a combination drug treatment. In addition to drug
treatment (monotherapy or combination therapy), a course of ECT from Week 0 to Week 3
was administered to 20 of the 47 subjects. Demographic and baseline clinical information of
the 47 subjects are summarized in Table 1, and detailed treatment information is shown in
Table 2.

Human PBMC preparation and GSK3 measurements
Blood samples were collected at Week 0, Week 4, and Week 8 following clinical evaluation.
Approximately 20 ml blood was collected from each subject by venipuncture. PBMCs were
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extracted from fresh whole blood, as described previously (38), by addition of 0.25-volume
of IsoPrep solution (Robbins Scientific Corp, Sunnyvale, CA, USA) into the bottom of the
blood-containing tube followed by centrifugation (2,000 rpm for 20 min at room
temperature). The cell layer containing PBMCs was transferred to a clean tube and was
washed twice with serum-free cell culture media. Approximately 2 × 107 PBMCs were
obtained from 20 ml of whole blood.

PBMCs were immediately lysed in ice-cold lysis buffer (10 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% NP-40, 10 μg/ml leupeptin, 10 μg/ml aprotinin, 5
μg/ml pepstatin, 0.1 mM β-glycerophosphate, 1 mM phenylmethanesulfonyl fluoride, 1 mM
sodium vanadate, and 100 nM okadaic acid). Protein lysate was collected by centrifugation
at 14,000 rpm for 10 min, and supernatant was immediately frozen. For immunoblot
analysis, all three protein samples from each subject (Weeks 0, 4, and 8) and one from an
age- and gender-matched healthy control subject were processed together for electrophoresis
and immunoblotting using antibodies specific for phospho-Ser21-GSK3α, phospho-Ser9-
GSKβ (Cell Signaling Technology, Danvers, MA, USA), GSK3α and GSK3β (Millipore,
Billerica, MA, USA), and β-tubulin (Sigma-Adrich, St. Louis, MO, USA). Protein bands on
immunoblots were quantified by densitometry.

Statistical analysis
Statistical analyses were conducted using SPSS (SPSS, Inc., Chicago, IL, USA). All data
were checked for assumptions of normal distribution and homogeneity of variance in study
samples. Difference between healthy controls and bipolar manic subjects was detected by
independent sample t-test if the data passed the homogeneity test, or nonparametric test if
the data failed the homogeneity test. Available data from the 47 treated bipolar manic
subjects were analyzed by ANOVA to test before- and after-treatment differences (p ≤
0.05). Any significant difference detected by ANOVA was followed by post-hoc analysis or
nonparametric measures. Data from the 28 subjects who provided samples on Weeks 0, 4,
and 8 were reanalyzed by repeated measures with ECT treatment as a factor. Pearson's
correlation analysis was conducted for treatment responses between clinical measure and
GSK3. The results presented may be worth investigating in future large-scale clinical
studies.

Results
To determine the activity level of GSK3 in bipolar manic subjects, the baseline levels of
total GSK3 and phospho-Ser-GSK3 in PBMCs of 30 medication-free bipolar manic subjects
were compared with 30 healthy controls. The total protein levels of both GSK3α and GSK3β
were significantly higher in bipolar manic subjects than in healthy controls (Table 3). When
phospho-Ser-GSK3 was calculated as the ratio of total GSK3, both phospho-Ser21-GSK3α
and phospho-Ser9-GSK3β showed a trend toward being lower in bipolar manic subjects than
in healthy controls, but the difference did not reach statistical significance.

The responses of both clinical symptoms and GSK3 in PBMCs to antimanic treatment were
analyzed in 47 bipolar manic subjects whose blood was collected both before and after
treatment, as described in the Methods. Manic symptoms significantly improved during the
treatment, with a reduction of average YMRS scores from 27.04 ± 4.37 at Week 0 to 4.81 ±
6.05 at Week 4 and 2.20 ± 5.86 at Week 8 (F = 270.4, p < 0.001), including a markedly
improved YMRS sleep score in 90% of subjects. When the levels of GSK3 among all 47
bipolar manic subjects at treatment Weeks 0, 4, and 8 were justified as ‘% Week 0 values’,
there was a significant increase in phospho-Ser21-GSK3α (F = 4.555, p = 0.012) and a trend
of increase in phospho-Ser9-GSK3β during the eight-week treatment (Figs. 1A, 1B).
Although the change of phospho-Ser9-GSK3β did not reach statistical significance (F =
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2.730, p = 0.069) when data from all 47 subjects were analyzed, a repeated-measure analysis
from the 28 subjects who completed the entire 8-week study showed significant increase in
phospho-Ser9-GSK3β (F = 3.906, p = 0.027) at both Week 4 (p = 0.049) and Week 8 (p =
0.009). The levels of total GSK3α and GSK3β among the 47 subjects were not significantly
different at treatment Week 0, Week 4, and Week 8 (F = 0.375, p = 0.688 for GSK3α, and F
= 0.275, p = 0.761 for GSK3β) (Figs. 1A, 1C).

To further analyze the response of phospho-Ser9-GSK3β to treatment, the 47 subjects were
grouped by clinical responders (defined as ≥ 50% change from Week 0 in YMRS scores)
and increase in phospho-Ser9-GSK3β (> 100% of Week 0 values). At Week 4, 51.1% of
total subjects (n = 47) were clinical responders with an increase in phospho-Ser9-GSK3β,
and at Week 8, this group of subjects was 71.4% of total remaining subjects (n = 28) (Fig.
2A). However, there was also a group of clinical responders whose phospho-Ser9-GSK3β
did not increase during treatment. To evaluate whether the change of phospho-Ser9-GSK3β
was due to a variation of total GSK3β among subjects (Fig. 1C), the level of phospho-Ser9-
GSK3β was normalized as the ratio of total GSK3β. This analysis among the 47 subjects
resulted only in a trend of increase in phospho-Ser9-GSK3β (Fig. 2B). Among all the
antimanic treatments used by the 47 subjects (Table 2), the most common regimen was
lithium + olanzapine (n = 20). Since both lithium and olanzapine have been reported in
several studies to increase the inhibitory serine phosphorylation of GSK3 (43), data from the
20 lithium + olanzapine treated subjects were stratified for further analysis (Table 4). Both
lithium and olanzapine were titrated to the tolerable therapeutic doses within the first four
weeks of the study period. The serum lithium concentration reached a low therapeutic level
at Week 4 and the level remained steady between Week 4 and Week 8 of treatment. The
total YMRS and CGI-S scores significantly improved during treatment. The metabolic
profiles were satisfactory without significant signs of developing metabolic syndrome
during the course of treatment. Lithium + olanzapine treatment significantly increased the
ratio of phospho-Ser9-GSK3β to total GSK3β (F = 4.203, p = 0.025) at both Week 4 (p =
0.013) and Week 8 (p = 0.036) (Fig. 2C), but did not change the levels of total GSK3β
during the eight weeks of treatment (p = 0.69).

To evaluate the effect of concomitant ECT treatment on the levels of GSK3, phospho-Ser21-
GSK3α and phospho-Ser9-GSK3β from all 47 medication-treated subjects were grouped as
without ECT treatment and with ECT treatment. Somewhat unexpectedly, increase in
phospho-Ser21-GSK3α at Week 8 was only apparent in patients without ECT treatment
(nonparametric χ2 = 8.377, p = 0.004), but not in patients who received concomitant ECT
treatment (Fig. 3A). For phospho-Ser9-GSK3β, although the levels in groups without ECT
and with ECT both increased at Week 8 treatment (nonparametric χ2 = 13.848, p < 0.001
and χ2 = 4.363, p = 0.037, respectively), the increase tended to initiate at Week 4 treatment
(χ2 = 3.054, p = 0.081) only in patients without ECT treatment (Fig. 3B). This impression
was further clarified using data from patients who received lithium + olanzapine treatment,
where a significant difference between groups with and without ECT was notable at Week 4
treatment (t = 2.078, p = 0.05) (Fig. 3C). Also, the lithium + olanzapine treatment
significantly increased the ratio of phospho-Ser9-GSK3β to total GSK3β in subjects without
ECT treatment (F = 4.302, p = 0.045), but not in subjects with ECT treatment (F = 1.336, p
= 0.292).

Discussion
The aim of this study was to test whether GSK3 level and its inhibitory serine
phosphorylation in human PBMCs are altered in type I bipolar disorder patients during acute
antimanic treatment. This study used PBMCs to measure GSK3 because PBMCs are
composed predominantly of lymphocytes that express intracellular signal proteins and genes
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that are regulated by many of the same genetic and environmental influences as neurons in
the brain (44,45) and allow the testing of time-dependent signal transduction responses to
pharmacological treatments in humans (46-48). We have previously found that GSK3 and
several of its regulatory signaling pathways are expressed in PBMCs and that GSK3
responds to in vitro and in vivo lithium treatment (38,49). The current study is the first to
report the time-dependent response of GSK3 in PBMCs during early treatment of bipolar
mania.

The key finding of this study is that antimanic treatment increases serine phosphorylation of
GSK3 in PBMCs during an eight-week treatment of bipolar mania, and the increased serine
phosphorylation of GSK3 is not due to a change of total GSK3. This study provides
additional clinical evidence to support the cumulative findings from preclinical studies
showing that lithium and other psychotropics used in mood disorders inhibit GSK3 activity
by enhancing the inhibitory serine phosphorylation. As a protein kinase regulated by most
pharmacological agents used in mood disorders (18,19,34-37), GSK3 is a promising
therapeutic target for new drug development. However, limited information is available
regarding its response to the clinical treatment of human mood disorders. In our previous
study, we found that the level of phospho-Ser9-GSK3β in PBMCs of lithium-treated,
clinically stable bipolar disorder patients was eightfold higher than healthy controls who
were never exposed to lithium (38), suggesting that the activity of GSK3 in PBMCs is
inactivated by lithium. In the current study, we further addressed the question of whether
serine phosphorylation of GSK3 is an initial response to antimanic treatment by testing the
before- and after-treatment difference in a group of bipolar manic patients. The study was
designed to include only type I bipolar disorder patients during a manic episode to ensure
that the treatment targeted symptom reduction in a relatively homogeneous patient group.
Since these are severely ill patients, however, monotherapy with one pharmacological agent
was not sufficient to rapidly reduce manic symptoms. Thus, the study used the TAU
approach for effective treatment. Since lithium, valproate, and all atypical antipsychotics
have been shown in preclinical animal studies to increase serine phosphorylation of GSK3
(21,31,34-37,50), we hypothesized that single-agent or combination treatment with these
drugs would increase serine phosphorylation of GSK3 in PBMCs. Our results largely proved
the hypothesis, both when ‘all treatments’ were included and when lithium + olanzapine
treatment was analyzed. We did not find a linear correlation between increased phospho-
Ser9-GSK3β and YMRS improvement at either 4 or 8 weeks of treatment, and there was a
small group of clinical responders whose phospho-Ser9-GSK3β did not increase during
treatment. This may be due to the markedly improved YMRS scores in most subjects as a
consequence of combined drug treatment and ECT; thus, the responsible treatment
component that regulates GSK3 remains to be further clarified in studies using single-drug
treatment. Nevertheless, among all drugs involved in this study, lithium is most likely
effective in increasing serine phosphorylation of GSK3 in PBMCs since lithium freely
penetrates cells and is known to directly inhibit GSK3 and increase GSK3 serine
phosphorylation (18,34,43). To reserve all analyzable data, this study included data from 9
subjects who received treatment (5 with lithium) for 1-4 days prior to blood collection. The
brief treatment time was allowed because evidence from animal studies shows that a
therapeutically relevant concentration of lithium (0.8 mEq/L) increases phospho-Ser-GSK3
only after chronic treatment for 28 days (34). Although direct inhibition of GSK3 and acute
increase in phospho-Ser-GSK3 can be induced by concentrations of lithium at least twice
above therapeutic level (18,21,38), subjects in this study were treated according to standard
clinical titration schedule, which was not expected to acutely change the level of phospho-
Ser-GSK3. The mechanism of GSK3 regulation by valproate is less understood (43), and its
effect in PBMCs as a single treatment remains to be determined. The pharmacological effect
of atypical antipsychotics depends on the presence of 5-HT2A and dopamine D2 receptors
on the cell surface (21,29,37), and the function of these receptors in PBMCs remains to be
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confirmed. Thus, to validate the use of PBMCs in assessing the significance of GSK3 as a
therapeutic target in bipolar disorder, parallel studies of the effect of drugs in GSK3
measurements in brains and PBMCs should be conducted in animal models of bipolar
disorder in future studies.

Results from this study suggest that ECT treatment may suppress or reduce
pharmacologically induced increase in serine phosphorylation of GSK3, at least when both
are applied in combination. ECT was applied in these bipolar manic patients mostly during
the first three weeks of treatment to rapidly reduce psychosis and behavioral disturbances,
but this treatment appears to delay the onset of pharmacological regulation of GSK3. If
GSK3 is proved to be a mood-stabilizing therapeutic target, application of ECT during
manic treatment should be initiated early and briefly for acute symptom relief, allowing
sufficient time for pharmacological agents to inactivate GSK3 along the course of treatment.
Electroconvulsive shock (ECS) was reported to change serine phosphorylation of GSK3 in
animal brain in a biphasic manner (51,52). After a single ECS in rats, the serine
phosphorylation of GSK3β was immediately decreased, but then increased above basal level
within 10 min and maintained at an increased level for more than 30 min. The early effect of
ECS was thought to be the result of transient activation of protein phosphatase 2A (PP2A) to
reduce GSK3 phosphorylation (53), which in conjunction with the subsequent activation of
an upstream protein kinase Akt (52) causes a biphasic phosphorylation of GSK3. However,
these measurements were conducted immediately after a single ECS in rats, which is not the
same as repeated ECT treatment in bipolar disorder patients. If repeated activation of PP2A
by ECT treatment occurs in human PBMCs, it could be a contributing factor for the
observed lower level of serine phosphorylation of GSK3 in subjects with ECT treatment.
Measuring PP2A activity and phosphorylation of GSK3 and other signal proteins after a
series of ECT may elucidate the mechanism of this action. However, since ECT treatment
specifically causes brain activation, the results observed in PBMCs may not fully reflect the
response of brain GSK3 to ECT. Simultaneous measurement of GSK3 in both the brain and
PBMCs after therapeutically relevant ECS application in animals may clarify this
possibility.

When GSK3 in this group of severely ill manic patients was compared to that of a group of
healthy controls, the between-group difference was more prominent in total GSK3α and
GSK3β, whereas phospho-Ser-GSK3 showed a trend of reduction when calculated as the
ratio of total GSK3. The elevated total GSK3 with a tendency for lower inhibitory serine
phosphorylation suggests that the overall activity of GSK3 in bipolar manic patients is
higher than in healthy controls. In another recent comparative study in a U.S. patient
population including both type I and type II bipolar disorder subjects, we found prominent
reduction in serine phosphorylation of GSK3, but less change in total GSK3, in PBMCs of
manic and hypomanic subjects than in healthy controls (22). The two studies agree that the
activity of GSK3 is higher in PBMCs of bipolar disorder patients. The different results of
these two studies on the level and serine phosphorylation of GSK3 could be the results of
characteristic symptoms of type I and type II bipolar disorder, chronicity of the illness,
history of previous treatment, racial difference, and different environmental settings; all
remain to be evaluated in larger cohort of samples. Furthermore, additional studies are
needed to conclude whether the change of serine phosphorylation of GSK3 is a mood state-
dependent change, whereas the change of total GSK3 is the trait of the illness. It should also
be noted that changes of GSK3 expression and protein level could be tissue-specific, as an
increase in total GSK3 proteins was not observed in previous studies using postmortem
brains from bipolar disorder subjects (54-56), but lower GSK3 messenger RNA (mRNA)
levels were found in teenage suicide victims (57) and reduced GSK3β protein levels were
reported in both membrane and cytosol of platelets from bipolar disorder patients (58).
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Taken together, results of this study provide clinical evidence that GSK3 is a
pharmacological target of psychotropics used in bipolar disorder treatment. Additional
studies utilizing a single-drug, clinically monitored design in a large cohort of racially and
demographically diverse bipolar manic patients are needed to confirm this pilot finding.
Proving the clinical response of GSK3 to pharmacological treatment may ultimately support
the development of new drugs targeting the inhibition of GSK3.
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Fig. 1.
The effect of antimanic treatment on glycogen synthase kinase-3 (GSK3) in peripheral blood
mononuclear cells (PBMCs) of bipolar manic subjects. (A) Representative immunoblots
from PBMCs of 2 of the 47 bipolar manic subjects. Immunoblots of (B) phospho-Ser21-
GSK3α and phospho-Ser9-GSK3β, and (C) total GSK3α and total GSK3β from PBMCs of
47 bipolar manic subjects were quantified and values are expressed as ‘% Week 0’ value of
each individual subject. Mean ± SEM, p-values show within-group ANOVA between Week
0, Week 4, and Week 8.
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Fig. 2.
Change of phospho-Ser9-GSK3β before and after antimanic treatment of bipolar manic
subjects. (A) Phospho-Ser9-GSK3β was plotted against Young Mania Rating Scale (YMRS)
score of each individual subject. Data were grouped as (i) clinical responders (defined as >
50% change from Week 0 YMRS score) with an increase in phospho-Ser9-GSK3β; (ii)
clinical responders without an increase in phospho-Ser9-GSK3β; (iii) poor clinical
responders (defined as < 50% change from Week 0 YMRS score) with an increase in
phospho-Ser9-GSK3 β; and (iv) poor clinical responders without an increase in phospho-
Ser9-GSK3 β. (B) The ratio of phospho-Ser9-GSK3β to total GSK3β from peripheral blood
mononuclear cells (PBMCs) of 47 bipolar manic subjects who received any combination of
antimanic treatment (see Table 2). (C) The ratio of phospho-Ser9-GSK3β to total GSK3β
from PBMCs of 20 bipolar manic subjects who received lithium + olanzapine treatment.
Mean ± SEM, *p < 0.05 in ANOVA post-hoc analysis comparing Week 4 and Week 8 to
Week 0. GSK = glycogen synthase kinase-3.
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Fig. 3.
The effect of concomitant electroconvulsive (ECT) treatment on phospho-Ser-GSK3 in
peripheral blood mononuclear cells (PBMCs) of bipolar manic subjects. (A) Phospho-Ser21-
GSK3α and (B) phospho-Ser9-GSK3β from PBMCs of 47 bipolar manic subjects who were
grouped by without ECT (n = 27) and with ECT (n = 20) treatment. Values are expressed as
‘% Week 0’. Mean ± SEM, *p < 0.05 in ANOVA when post-treatment values are compared
to Week 0. (C) Phospho-Ser9-GSK3β from lithium + olanzapine treated subjects who had
no ECT treatment (n = 10 at Week 4, and n = 6 at Week 8) was compared to those who
received concomitant ECT treatment (n = 10 at Week 4, and n = 7 at Week 8). Values are
expressed as ‘% Week 0’, Mean ± SEM, **p < 0.05 in independent sample t-test when
without-ECT treatment group was compared to with-ECT treatment group. (D) The ratio of
phospho-Ser9-GSK3β to total GSK3β in lithium + olanzapine treated subjects. Mean ±
SEM, *p < 0.05 in ANOVA when post-treatment values are compared to Week 0.
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Table 1

Baseline demographic and clinical information of bipolar manic subjects

Subjects, n 47

Age, years, mean (SD) 32.60 (12.47)

Gender, n: male/female 16/31

Education, years, mean (SD) 12.55 (3.22)

Course of bipolar disorder, months, mean (SD) 80.72 (117.48)

Current episode, days (median) 7∼120 (13)

Lifetime manic episodes, mean (SD) 3.23 (4.41)

Baseline YMRS score, mean (SD) 27.04 (4.37)

Baseline CGI-S score, mean (SD) 5.06 (0.75)

Baseline HAMD score, mean (SD) 3.15 (2.57)

Baseline MADRS score, mean (SD) 4.83 (2.44)

Subjects with ECT, n 20

Dropouts between Week 4 and Week 8, n 19

YMRS = Young Mania Rating Scale; CGI-S = Clinical Global Impression for Bipolar Disorder-Severity; HAM-D = Hamilton Depression Rating
Scale; MADRS = Montgomery-Åsberg Depression Rating Scale; ECT = electroconvulsive therapy.
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Table 3

The levels of glycogen synthase kinase-3 (GSK3) in bipolar manic patients and healthy controls

Healthy control Bipolar manic p-value

Subjects, n 30 30

Male, n 11 10

Female, n 19 20

Age, years, mean (SD) 37.1 (10.9) 35.5 (11.9) 0.884

Ratio of total GSK3α/tubulin, mean (SD) 1.20 (0.41) 1.48 (0.56) 0.035

Ratio of pS21/total GSK3α, mean (SD) 0.97 (0.35) 0.86 (0.29) 0.194

Ratio of total GSK3β/tubulin, mean (SD) 0.36 (0.14) 0.55 (0.28) 0.037

Ratio of pS9/total GSK3β, mean (SD) 2.06 (0.97) 1.49 (0.62) 0.070
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Table 4

Clinical data of subjects with lithium + olanzapine treatment

Assessment
Clinical visit

Week 0 Mean (SD) Week 4 Mean (SD) Week 8 Mean (SD)

Subjects, n 20 20 13

Lithium, mg/d 525.00 (111.80) 987.50 (221.76) 980.80 (189.89)

Serum lithium level, mEq/L – 0.71 (0.16) 0.62 (0.10)

Olanzapine, mg/d 7.63 (3.86) 12.63 (5.56) 7.00 (3.50)

YMRS score 28.50 (4.15) 3.35 (5.55) 1.43 (4.80)

CGI-S score 5.25 (0.64) 1.65 (0.93) 1.21 (0.58)

HAM-D score 2.40 (2.46) 0.50 (0.95) 0.43 (0.85)

MADRS score 4.25 (2.05) 0.45 (1.05) 0.71 (1.27)

Weight (kg) 59.50 (11.64) 60.89 (11.87) 59.75 (10.72)

Heart rate (bpm) 81.00 (7.47) 80.32 (5.63) 78.00 (6.38)

Systolic blood pressure (mmHg) 115.75 (10.92) 111.67 (12.60) 113.33 (11.55)

Diastolic blood pressure (mmHg) 78.00 (7.15) 70.83 (5.49) 72.50 (7.83)

Blood glucose (mmol/L) 4.79 (0.71) 4.79 (0.69) 5.12 (0.44)

Cholesterol (mmol/L) 4.13 (1.01) 4.64 (1.04) 4.72 (1.29)

Triglycerides (mmol/L) 1.17 (0.81) 1.64 (0.95) 1.91 (0.57)

Alanine aminotransferase (U/L) 20.70 (10.39) 43.04 (20.41) 33.10 (22.22)

Aspartate aminotransferase (U/L) 29.70 (18.41) 34.45 (19.79) 25.30 (10.74)

YMRS = Young Mania Rating Scale; CGI-S = Clinical Global Impression for Bipolar Disorder-Severity; HAM-D = Hamilton Depression Rating
Scale; MADRS = Montgomery-Åsberg Depression Rating Scale.
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