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Gsk-3β aggravates depression symptoms in a chronic
stress mouse model
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Abstract
Depression caused by genetic and environmental factors is acomplicated disease. Here, it is demonstrated that glycogen
synthase kinase-3β is highly expressed and phosphorylated in the brain of a chronic stress mouse. Inhibition of glycogen
synthase kinase-3β leads to decreased depression-like symptoms which manifest in open-field test, tail-suspension test, forced-
swim test, and a novelty suppressed feeding test. It was also found that β -catenin is attenuated, and its target genes Cyclin D1
and c-Myc are down-regulated. Glycogen synthase kinase-3β was also found to inhibit Erk-Creb-BDNF signaling. These results
show that glycogen synthase kinase-3β may promote the progression of depression. Therefore, targeting glycogen synthase
kinase-3β may be an effective therapeutic strategy.
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1. Introduction

As one of the complex neuropsychiatric diseases, depression ranks
first among all neurological and mental diseases contributing to the
worldwide burden of disease and leads to an unnecessary burden
for patients and their families. However, current treatments are far
from ideal [1]. Animal models [2] and circulating measurements of
depression patients [3, 4] are believed by most researchers to under-
stand the development of major depressive disorder. The complex
and unique features of depressive disorder increase the necessity for
exploration of the particular pathogenesis of depression.

Glycogen synthase kinase (GSK)-3 is a serine threonine kinase
involving in many biomedical processes. It was originally identi-
fied as one of crucial regulators balancing glucose metabolism [5].
Recent studies report that glycogen synthase kinase-3β (GSK-3β )
might play an important role in the pathogenesis of affective and neu-
rodegenerative disorders [6, 7]. The GSK-3β isoform is associated
with cell mortality and is shown to activate pro-apoptotic signals in
multifarious neurons [8]. Inhibition of GSK-3β using specific in-
hibitors has neuroprotective effects in many preapoptotic insults [9].
Reports have suggested that GSK-3β might have a broader function
in regulation of the behavioral domain. However, there have been
contradictory results concerning GSK-3β expression and activity in
some studies of depressive models [10–13]. Therefore, a depressive
mice model was established to study the role of GSK-3β and related
signalling pathways. The schematic representation of the GSK-3β

signalling pathway identified through this study is shown in Fig. 1.

Fig. 1. Schematic representation of the GSK-3β signalling pathway.

2. Materials and methods
2.1. Animals

Adult male C57/B6 mice (two months old) were housed in specific-
pathogen free conditions with 12 h light/dark cycles and fed by free
access to a standard diet and water unless otherwise noted. Each
group contained 10 mice. All animals used were grouped randomly
and blind behavioral tests were employed. The animal experiments
were reviewed and approved by the Animal Ethics Committee of
People’s Hospital of Pingxiang City.

2.2. Induction of chronic stress mouse model

The chronic stress mouse model was produced via severe metamor-
phic stress [14, 15]. The detailed procedure is illustrated in Fig. 2,
stimulations were as follows: 1. fasted for 12 h; 2. no water for
12 h; 3. swimming in cold water (10◦C) for 6 min; 4. tail clamp
(clamp at 1 cm away from the caudal root) for 1 min; 5. housed in
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damp for 12 h; 6. noise environment (100 db) for 1 h; 7. high-speed
horizontal oscillation (200 r/min) for 45 min; 8. all-night lighting
for 12 h; 9. pelmatic shock (1 mA, 30 s/min) for 30 min; 10. cage
tilted 45 degrees (no sawdust) for 12 h. 1–2 of the above stresses
were executed randomly every day and continued for 30 days.

Fig. 2. Flow diagram of inducing chronic stress model.

2.3. Drug treatment

Highly stressed male C57/B6 mice were daily intraperitoneally in-
jected with either normal saline (vehicle) or TDZD8 (10 mg/kg,
Sigma), a specific inhibitor of GSK-3β . TDZD8 was dissolved in
Tween and diluted using saline.

2.4. Open field test

The experimental equipment was placed in a soundproof room. In-
door temperature and ventilation were strictly controlled. A black
box equipped with infrared positioning and fluorescent lighting was
employed as the experimental enclosure. Mice were placed in a cor-
ner of the square field (each mouse was positioned in the same place)
and they were free to explore for 15 min. Software was employed to
analyze the test data and obtain peripheral activity distance/time and
the central activity distance/time [16].

2.5. Forced-swim test

Experiments were performed in a transparent plexiglass cylinder
(diameter 20 cm, height 30 cm). Before the experiment, a tank
was filled with water (23∼25◦C). First day, mice were placed in
the tank and adapted to swimming for five minutes. Second day,
mice were placed in the cylinders and swam for 6 min (0–2 min
adaptation). The duration mice were immobile in the water during
2–6 min was recorded. Mice were considered to be immobile when
they floated on the surface of the water, making no movement, with
the exception of tiny movements to keep their head out of the water.
At the end of each experiment, mice were removed from the water,
dried using towels, and returned to normal temperature in warm air.
The total immobility time of mice in the water was analyzed by video
recording [14].

2.6. Tail-suspension test

The mouse was suspended by its tail from a metal ring 50 cm above
the ground using medical adhesive plaster. Activity of mice was
recorded by a camera. The duration of the experiment was 6 min,
with a 0–2 min adaptation time. When mice stopped struggling
during 2–6 min, the time was recorded (i.e. immobility time).

2.7. Novelty suppressed feeding test

First, sawdust was spread 1.0 cm over the bottom of a plastic box
(76×76×46 cm). 12 similarly suzed food pellets were then spread
evenly in the middle of the box. Mice were fasted for 24 h, and
placed in the experimental apparatus to calculate the incubation
period. The criterion for eating was when mice began chewing food
rather than just sniffing or playing with food. The incubation period
was employed as a measure of the behavioral activity of the drug. In
the experiment, the test environment was different from the feeding
environment. The light intensity of the test environment was greater
than that of the feeding environment. Each time, a mouse was tested,
it was placed in the same position and with the same orientation.

2.8. Western blot

Mice were anesthetized and decapitated, the whole brain was sepa-
rated and total protein was extracted with 1 mL lysate added to each
100 mg tissue. Tissue was fractured ultrasonically and ice-incubated
for 30 min. Cytosolic and nuclear fractions were separated and the
supernatant was centrifuged. The BCA method was used to detect
protein concentration. Proteins were separated by SDS-PAGE elec-
trophoresis (10% gel) and transferred onto nitrocellulose membranes.
Next, the membranes were blocked using 5% skimmed milk and
incubated overnight with corresponding antibodies at 4◦C. Mem-
branes were then washed three times with PBS containing 1% tween,
incubated with secondary antibodies, and washed and developed. All
antibodies were purchased from Cell Signaling Technology. Dilu-
tion factors were GSK-3β , p-GSK-3β , PKB, p-PKB, β -catenin (1:
1000); cyclin D1, c-myc, BDNF (1: 500); CREB, p-CREB, ERK,
p-ERK, GAPDH (1: 2000); secondary antibodies (1: 5000).

2.9. Real-time PCR

Whole brain of the mouse was separated and RNA extracted using
Trizol reagent (Takara) according to the manufacturer’s instructions.
Endogenous DNAs were removed from total RNAs, and RNAs were
reverse transcribed into cDNA. Real-time PCR was carried out with
a SYBR Green PCR kit (Takara). Amplifications were performed
in Roche 9700. Relative transcripts were calculated using the ∆∆Ct
method with β -actin as the reference gene. Samples were analyzed
in triplicate. The primer was 5'-ATGGCAGCAAGGTAACCACAG-
3'and 5'-TCTCGGTTCTTAAATCGCTTGTC-3'.

2.10. Statistical analysis

Quantified data are presented as mean ± SD, comparisons between
groups were analyzed by one way ANOVA, and p < 0.05 was con-
sidered statistically significant.

3. Results
3.1. Gsk-3β was activated in chronic stress mouse brain

To study the role of Gsk-3β in the development of depression, mice
were stressed to produce the chronic stress (CS) model. Accord-
ing to behavioral testing, it was found that CS mice were more de-
pressive than untreated mice after 30 days of stress treatment. CS
mice showed longer immobility times in forced swim test and tail-
suspension tests, longer latency time in a novelty suppressed feeding
test, shorter total and central distance moved and time and frequency
staying in the central areas in an open-field test (Fig. 3). All behaviors
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Fig. 3. Gsk-3β is activated in chronic stress-induced depressive brain. Behavioral testing (forced-swim test, tail-suspension test, novelty suppressed feeding
test and open field test) of untreated mice (Mock) and chronic stress mice (CS). N = 15 per groups. **p < 0.01.

of CS model were representative depressive characteristics. These
results illustrate that the CS model is more depressive and is suc-
cessful in producing a chronic stress depression mouse model which
provides a useful tool for the study of depression. The expression
of Gsk-3β was then tested in CS mouse brains.Gsk-3β was found
to be up-regulated in protein level and its activated phosphorylated
form also increased in CS brains, accompanied by PKB activation
(Fig. 4a). Real-time PCR showed that the RNA level of Gsk-3β was
also up-regulated (Fig. 4b). These findings illustrate Gsk-3β is high
activated in chronic stress depressed brains and may play a crucial
role in depression.

3.2. Inhibition of Gsk-3β ameliorates depression symptoms
in CS model

To further study the function of Gsk-3β in the development of de-
pression, activation of Gsk-3β was inhibited by TDZD8 during
chronic stress treatment. Behavioral testing showed mice injected
with TDZD8 were less depressive than those injected with saline.
Specifically, the group of mice with Gsk-3β inhibition by TDZD8
showed shorter duration of immobility in a forced-swim test and a
tail-suspension test, shorter latency time in a novelty suppressed feed-
ing test, and longer central distance moved and time and frequency

spent in central areas during an open-field test (Fig. 5). These results
reveal that inhibition of Gsk-3β ameliorates depressive symptoms.

3.3. β -catenin and BDNF may be involved Gsk-3β -associated
depression

Results reported here show that Gsk-3β plays an important role
in the progression of depression, but the mechanisms are obscure.
Hence, crucial molecules downstream of Gsk-3β were detected. It
was found that β -catenin and its target genes were inhibited in the
CS model employed. Protein expression of β -catenin was increased
in the nucleus and after TDZD8 treatment its target genes were
up-regulated (Fig. 6). Meanwhile, an Erk-Creb-BDNF pathway
showed a similar tendency. The pathway was inhibited by Gsk-
3β activation and re-activated accompanied by Gsk-3β inhibition
(Fig. 7). Obviously, β -catenin and BDNF play an important role in
the development of depression due to their roles in the cell cycle and
neurotrophy.

4. Discussion
Depressive disorder exhibits a high incidence of mental illness which
seriously damages human health. Its features include high morbidity,
high recurrence rate, and high suicide rate.
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Fig. 4. Upregulation of Gsk-3β in mRNA, protein and phosphorylation levels as well as PKB activation in CS brains. a, Western blot of corresponding brains
of two time-points and quantifications of indicated proteins. The data were mean of three scanning intensities. b, Relative RNA level of Gsk3β detected
through real-time PCR. **p < 0.01.

Fig. 5. Inhibition of Gsk-3β alleviates depressive symptom. Behavioral testing (forced-swim test, tail-suspension test, novelty suppressed feeding test and
open field test) of chronic stress mice injected with saline or TDZD8. N = 15 per groups. *p < 0.05; **p < 0.01.
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Fig. 6. β -catenin is depressed in chronic stress model. A, Protein expression of Gsk-3β , p-Gsk3β , Cyclin D1 and c-Myc in corresponding brains. B, Western
blot of β -catenin in corresponding cytosolic and nuclear fractions. The data were mean of three scanning intensities. **p < 0.01.

Fig. 7. Erk-Creb-BDNF pathway is inhibited in chronic stress model. a, Western blot of indicated proteins in corresponding brains. b, Quantifications of
p-Creb showed in a. c, Quantifications of p-Erk showed in a. d, Quantifications of BDNF showed in a. The data were mean of three scanning intensities. **p <

0.01.
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So far, the etiology of depression is unclear, although it is certain
that many psychological, biological, and social elements are involved
in the pathogenesis of depressive disorder [17]. Biological elements
are mainly related to heredity, nerve biochemistry, nerve incretion,
nerve regeneration, etc. The psychology which is closely related
to depression, is susceptible to premorbid personality traits, such
as depressive temperament [18]. In adulthood, stressful life events
are important triggers for the emergence of clinically significant
depressive episodes [19]. However, these factors never work alone.
The current emphasise is on environmental and genetic stress factors
or interactions. This interactive point likely has an important effect
on the development of depressive disorders.

Gsk-3β is involved in neuronal cell development, energy
metabolism, and body pattern formation [20]. Several studies have
implicated GSK-3β as a potent regulator of cell apoptosis and have
demonstrated its contribution to depressive behavior [21, 22]. This
has prompted the exploration reported here of how GSK-3β is ma-
nipulated in a physiological model of chronic stress, and whether
this may affect depressive disorder.It was found that chronic stress
influenced neuronal cell development but induced no apoptotic effect
on GSK-3c. Results showed a functional role Gsk-3β in the devel-
opment of chronic stress-induced depression. Furthermore, Gsk-3β

may promote the development of depression through inhibition of
β -catenin and Erk-Creb pathways due to its direct involvement in
the cell cycle or neurotrophy. Besides, Cyclin D1 is a required pro-
tein for progression through the G1 phase of the cell cycle. During
the G1 phase, Cyclin D1 is synthesized rapidly and accumulates in
the nucleus. It is degraded when the cell enters the S phase [23].
Meanwhile, c Myc is important, acting to drive cell proliferation and
regulating cell growth [24]. BDNF is a growth factor that acts on cer-
tain neurons to support the survival of existing neurons, and promote
the growth and differentiation of new neurons and synapses [25].
Therefore, the number of neurons may be decreased or the neurons
damaged due to nutritional deficiency when Cyclin D1, c-Myc, and
BDNF decrease in the brain, eventually leading to depression.

In summary, it was found that when using chronic stress mouse
model, Gsk-3β plays a crucial role in the development of depression.
Gsk-3β may inhibit β -catenin and Erk-Creb pathways to reduce the
development of depression. In the future, it well may be a valuable
target for treatment therapies of depression.
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