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Transgenic Mice Overexpressing Glycogen Synthase Kinase
3�: A Putative Model of Hyperactivity and Mania
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Lithium is used as treatment for bipolar disorder with particular efficacy in the treatment of mania. Lithium inhibits glycogen synthase
kinase 3� (GSK-3�) directly or indirectly via stimulation of the kinase Akt-1. We therefore investigated the possibility that transgenic
mice overexpressing GSK-3� could be of relevance to model bipolar disorder. Transgenic mice showed hypophagia, an increased general
locomotor activity, and decreased habituation as assessed in an open field, an increased acoustic startle response, and again decreased
habituation. The forced swim test revealed a reduced immobility in transgenic mice, but this is probably related to the hyperactivity of the
animals. There were no differences in baseline and stress-induced increases of plasma adrenocorticotrophic hormone and corticosterone
levels. Molecular analysis suggests compensatory mechanisms in the striatum of these transgenic mice for the overload of active GSK-3�
by dimming the endogenous GSK-3� signaling pathway via upregulation of Akt-1 expression. Brain-derived neurotrophic factor protein
levels were increased in the hippocampus of the transgenic mice. This suggests some kind of compensatory mechanism to the observed
reduction in brain weight, which has been related previously to a reduced size of the somatodendritic compartment. Together, in mice
overexpressing GSK-3�, specific intracellular signaling pathways are affected, which is accompanied by altered plasticity processes and
increased activity and reactivity, whereas habituation processes seem to be decreased. The behavioral observations led to the suggestion
that the model at hand recapitulates hyperactivity as observed in the manic phase of bipolar disorder.
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Introduction
Glycogen synthase kinase 3 (GSK-3) is a serine/threonine kinase
that was first isolated and purified as an enzyme capable of phos-
phorylating and inactivating the enzyme glycogen synthase. In
vertebrates, GSK-3 is found as two isoforms: GSK-3� and GSK-
3�. Beyond its role in glycogen metabolism, GSK-3 acts as a
downstream regulatory switch that determines the output of nu-
merous signaling pathways coupled to receptors, e.g., growth fac-
tors, neurotransmitters, and neurotrophins (Frame and Cohen,
2001; Grimes and Jope, 2001; Doble and Woodgett, 2003). Sig-
naling pathways act by inhibiting GSK-3 activity by phosphory-
lation of serine at positions 21 and 9 for GSK-3� and GSK-3�,
respectively. Examples of such kinases are Akt-1 and protein ki-
nases C and A (Cross et al., 1995; Doble and Woodgett, 2003;
Gould et al., 2004b).

The pathways in which GSK-3 acts as a key regulator have
been implicated in the development of a wide variety of psychi-
atric and nonpsychiatric human diseases, such as diabetes, can-

cer, inflammation, Alzheimer’s disease, schizophrenia, attention
deficit hyperactivity disorder (ADHD), and bipolar disorder
(Manji et al., 2003; Van Wauwe and Haefner, 2003; Beaulieu et
al., 2004; Emamian et al., 2004; Gould et al., 2004b). The role of
GSK-3-mediated signaling in the pathophysiology of bipolar dis-
order received special attention over recent years, in particular
because of the effects of lithium on GSK-3 activity (Klein and
Melton, 1996; Beaulieu et al., 2004; Gould et al., 2004b). Bipolar
disorder is characterized by both manic and depressed states, and
lithium is in particular a potent therapeutic drug for the acute
treatment of mania. Although the mechanism of its therapeutic
effect remains unknown, lithium was found to be a selective in-
hibitor of a limited number of enzymes, including GSK-3, as well
as four related phosphomonoesterases (Berridge et al., 1989;
Klein and Melton, 1996; Gould et al., 2004a). Along these lines, it
has been demonstrated recently that pharmacologic inhibition of
GSK-3 activity produces antidepressant-like effects in rodents
(Redrobe and Bourin, 1999; Gould et al., 2004c; Kaidanovich-
Beilin et al., 2004).

In light of the emerging role of GSK-3 in the pathophysiology
of psychiatric disorders such as bipolar disorder, we investigated
the possibility that transgenic mice overexpressing GSK-3� could
be of relevance to model in particular depressive or manic states
of bipolar disorder. These transgenic mice express a constitu-
tively active mutated form of GSK-3�, i.e., GSK-3�[S9A], under
the transcriptional regulation of a Thy-1 promotor (Spittaels et
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al., 2000, 2002). Postnatal expression of GSK-3�[S9A] was shown
to interfere with neuronal development, resulting in a volume
loss in the brain that has been related to a reduced size in the
somatodendritic compartment (Spittaels et al., 2002). At the be-
havioral level, only subtle changes in psychomotor function have
been reported in these mice thus far (Spittaels et al., 2002). In the
present study, we assessed the striatal Akt-1/GSK-3� pathway in
heterozygous GSK-3�[S9A]-overexpressing (GSK) mice. Ani-
mals were tested on activity (open field), reactivity (startle
response), and affect (forced swimming). Hypothalamus–pitu-
itary–adrenal axis activation was measured [adrenocorticotro-
phic hormone (ACTH) and corticosterone (CORT)], as well as
plasticity (brain-derived neurotrophic factor protein levels and
cell proliferation) in the neurogenic hippocampus and subven-
tricular zone (SVZ).

Materials and Methods
Animals and experiments
Heterozygous GSK mice on FVB/NTac background and FVB/NTac lit-
termate wild-type (WT) mice were bred and reared in-house. The gen-
eration of these transgenic mice has been described in detail previously
(Spittaels et al., 2000, 2002). The animals were housed individually in
ventilated cages on sawdust bedding in an air-conditioned room
(�24°C). The animals were kept under a normal 12 h light/dark cycle
(lights on from 6:00 A.M. to 6:00 P.M.) and had access to food and water
ad libitum. Experimental animals were 4 –5 months old. All tests were
performed during the light phase. All experiments were performed in
accordance with the European Communities Council Directives (86/
609/EEC) and were approved by the local ethical committee.

Molecular protocols
Quantitative reverse transcription (RT)-PCR analysis was used to deter-
mine expression levels of human and murine GSK-3�, murine GSK-3�,
Akt-1, protein phosphatase 2, regulatory subunit ��, alpha (PPP2R3A),
phosphoinositide-dependent kinase 1 (PDK1), and dopamine and
cAMP-regulated phosphoprotein-32 (DARPP-32). Total RNA was iso-
lated from striatum and cortex of six WT and six GSK male littermates
using RNeasy (Qiagen, Hilden, Germany), and first-strand cDNA syn-
thesis was performed on 0.5 �g of total RNA using random hexamer
primers and SuperscriptII RT (Invitrogen, Carlsbad, CA). Quantitative
PCR was performed on an ABI Prism 7700 cycler (Applied Biosystems,
Foster City, CA) using a Taqman PCR kit. Serial dilutions of cDNA were
used to generate standard curves of threshold cycles versus the loga-
rithms of concentration for �-actin and the respective genes of interest. A
linear regression line calculated from the standard curves allowed the
determination of transcript levels in RNA samples from mice. The prim-
er–probe pair of the respective genes of interest (see below) relative to
actin was used to asses expression levels. For human and murine GSK-
3�, the respective “assay on demand” primer–probe sets (human GSK-
3�, Hs00275656_m1; murine GSK-3�, Mm00444911_m1) were ob-
tained from Applied Biosystems. The following sequences were used:
actin, 5� CATCTTGGCCTCACTGTCCAC3�, 5� GGGCCGGACT-
CATCGTACT3�, and 5� TGCTTGCTGATCCACATCTGCTGGA3�
([5�] 6-carboxyfluorescein (FAM), [3�] 6-carboxytetramethyl-
rhodamine (TAMRA)); GSK-3�, 5�CAAGTTCCCCCAGATCAAA-
GC3�, 5�GGCTAGAGCAGAGTGCAATGG3�, and 5�CCCTTGGA-
CAAAGGTGTTCAAATCTTCAAAG3� ([5�]FAM, [3�]TAMRA); Akt-1,
5�GAACGACGTAGCCATTGTGAAG3�, 5�TGGCCGCCAGGTTTTA-
ATAT3�, and 5�CCTCGTTTGTGCAGCCAGCCCT3� ([5�]FAM,
[3�]TAMRA); PPP2R3A, 5�GATGAACCTGTATCTCCCTCTGAAC3�,
5�TGAAGCTTTCCACATTTCTCTGAA3�, and 5�GGCTTGAAGTTA-
CTATTTTATTGCCCTTGTTTCCA3� ([5�]FAM, [3�]TAMRA); PDK1,
5�TGCTATGGCAACTACGACAATCTC3�, 5�TGGGAAGAGGAGGA-
GGATGA3�, and 5�CCTGCATGAAGCCAAACTGGCTCA3� ([5�]FAM,
[3�]TAMRA); and DARPP-32, 5�ACGCCCCCATCACTGAAA3�,
5�GGCCTGGTTCTCACTCAAGTTG3�, and 5�TGTGCAGCACCTG-
CAGACCATT3� ([5�]FAM, [3�]TAMRA).

Biochemical protocols
GSK-3� protein. ELISAs were used to determine the levels of total
GSK-3� protein (catalog #KHO0451; Biosource, Camarillo, CA) and
phosphorylated GSK-3� Ser9 protein (catalog #KHO0461; Biosource) in
the striatum of 10 WT and 10 GSK male littermates. Samples were pre-
pared and measured as described by the manufacturer.

DNA synthetic rate. First, to reduce tracer injection stress, animals were
habituated to the injection by a daily saline injection (0.25 ml, i.p.) in the
week preceding the experiment. Eight WT and seven GSK male litter-
mates were used to assess the DNA synthetic rate and were injected
intraperitoneally with 8 �Ci/g [ 3H]thymidine (20 Ci/mmol, 1 mCi/ml;
PerkinElmer, Zaventem, Belgium), returned to their home cage, and
rapidly decapitated after 1 h. After decapitation, the entire hippocampal
formation and the SVZ (contained within the rostral forebrain) were
dissected using the method of Wagner et al. (1999). After meninges and
surface blood were removed, the dissected regions were weighed, quickly
snap frozen in liquid nitrogen, and stored at �70°C.

Brain regions were homogenized in 350 �l (hippocampus) or 1 ml
(SVZ) of lysis buffer [137 mM NaCl, 20 mM Tris-HCl, pH 8.0, 1% NP-40,
10% glycerol, and a complete EDTA-free protease inhibitor tablet
(Roche, Vilvoorde, Belgium)] using a Mini-Bead beater (BioSpec,
Bartlesville, OK). Samples were homogenized at least three times for 30 s
each, with cooling of the samples on ice between runs. Aliquots of the
homogenates were stored at �70°C.

The assay used to measure DNA synthetic rate in specific brain regions
by means of [ 3H]thymidine incorporation into DNA as an index of
mitotic activity has been previously described (Tao et al., 1997; Wagner et
al., 1999; Scheepens et al., 2003). Briefly, one aliquot of the homogenate
was precipitated using a standard trichloroacetic precipitation protocol
to measure the incorporation of the amount of [ 3H]thymidine into
newly synthesized DNA during the 1 h exposure. Essentially, this mea-
sure represents the product of the number of S-phase cells within the
sample times the DNA synthetic rate of these S-phase cells. However,
incorporation of the labeled precursor into DNA depends on the amount
of precursor taken up by the tissue. As a consequence, differences in brain
penetration of the precursor or differences in blood flow between exper-
imental groups might result in experimental effects on incorporation
that do not reflect differences in DNA synthetic rate. Therefore, the in-
corporation was calculated as the fraction of the total radioactivity of the
tissue sample, which was measured in one aliquot of the same size. The
DNA and tissue samples were solubilized in 1 ml of Soluene-350 (Pack-
ard, Groningen, The Netherlands) at 50°C for 2–24 h or until the samples
were completely dissolved. A 5 ml volume of Hionic-Flour scintillation
cocktail (Packard) was then added, and the samples were read for 15 min
in a liquid scintillation counter. Radioactivity measures (in disintegra-
tions per minute) were corrected for the wet weight of tissue (in milli-
grams), and the percentage of [ 3H]thymidine incorporated into DNA
relative to the complete radioactivity counted in the appropriate tissue of
each brain region was calculated.

BDNF protein. BDNF was determined in hippocampal samples of an-
imals, which had been used 3 d earlier in the forced swim test (see below,
Behavioral protocols). Dissections, homogenizing, and storage was the
same as for the DNA synthetic rate measurements. BDNF protein levels
were measured using the Emax ImmunoAssay system from Promega
(Madison, WI) according to the protocol of the manufacturer. Samples
were acid treated because this reliably increased the detectable BDNF in a
dilution-dependent way. Corning (Corning, NY) high-affinity enzyme
immunoassay/radioimmunoassay (RIA) 96-well plates (catalog #9018)
were used. Samples were diluted 10 times, and the resulting absorbency
was read in duplicate using a Bio-Rad (Hercules, CA) Benchmark micro-
plate reader at 450 nm. BDNF protein levels were expressed in nano-
grams, corrected for the tissue wet weight (in grams).

ACTH and CORT. Three weeks after the open-field study (see below,
Behavioral protocols), eight WT and six GSK male mice were placed in a
glass cylinder (diameter of 10 cm) filled with 10 cm of water (25°C) for a
period of 6 min. Ten minutes after this forced swimming, animals were
decapitated and trunk blood was collected in EDTA-coated blood collec-
tion tubes (Microtainer EDTA; Becton Dickinson, Basal, Switzerland).
Basal plasma ACTH and CORT levels were also measured in seven un-
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stressed WT and six unstressed GSK mice. All
tubes were kept on ice and then centrifuged at
3200 rpm for 5 min at 4°C. Next, the plasma was
frozen down to �70°C for subsequent ACTH
or CORT determination (both in duplicate) us-
ing the RSL 125I ACTH RIA kit and Im-
muChem double antibody CORT 125I kit from
MP Biomedicals (Morgan Irvine, CA) follow-
ing the protocol of the manufacturer. ACTH
and CORT levels were expressed in picograms
per milliliter and nanograms per milliliter
plasma, respectively.

Behavioral protocols
Food and water intake. Body weight and food and water intake (absolute
and relative to body weight) were determined twice a day for 5 consecu-
tive days in 15 WT and 16 GSK female littermate mice. To not disturb the
animals during the active dark phase, measurements were performed at
�1 h after lights turned on and before lights turned off. Water bottles and
the amount of food on the cage were weighed, and data were subtracted
per phase (light or dark). Furthermore, the body weight value at the end
of the phase was used to calculate the relative intake over that particular
phase.

Open-field test. Locomotor activity was measured using 17 WT and 15
GSK male littermate mice. Each mouse was subjected to a 60 min testing
session in an automated open-field system (Tru-scan system; Coulbourn
Instruments, Allentown, PA). The open field consisted of a transparent
Perspex cage (width � depth � height, 260 � 260 � 400 mm) equipped
with two photobeam sensor rings to register horizontal and vertical ac-
tivity. The illumination level was 55– 85 lux at the floor of the open field.
An animal was placed in the center of the field, and the total distance
traveled (in centimeters), time spent moving (in seconds), velocity (in
centimeters per second), and number of moves were recorded in 5 min
time bins with a sample rate of two samples per second. Per bin habitu-
ation of the distance in percentage was calculated as 100 � [(distance in
bin/mean distance in bin 1) � 100].

Acoustic startle response. Behavioral reactivity (startle responsivity) was
measured in 4 male WT, 13 female WT, 10 male GSK, and 11 female GSK
littermates. The startle response was measured in a noise burst intensity
function test, which was done in a fully automated setup (Med Associ-
ates, Georgia, VT). To acclimatize, the mice were placed into the test
tubes and into the chamber for 10 min on 3 consecutive days. On the day
of testing (day 4), mice were placed into the test tubes and chambers, and
30 startle stimuli were presented (10 of each intensity of 100, 105, and 110
dB, 20 ms duration per stimulus, at 1 min intertrial intervals). The startle
response was defined as the largest peak amplitude during the first 100
ms from the onset of the startle stimulus. The percentage of habituation
of the startle response was calculated as 100 � [(mean startle stimuli
27–30/mean startle stimuli 1– 4) � 100].

Forced swim test. Three weeks after the startle response study, all mice
of both sexes were used for a forced swim test (FST). Mice were placed in
a glass cylinder (diameter of 10 cm) filled with 10 cm of water (25°C).
Over a period of 6 min, all movements were registered with a video
tracking system (Viewpoint, Champagne au Mont d’Or, France). The
total immobility time (in seconds), i.e., the time that no movements of
the animal were registered, was calculated from these data.

Statistics
Overall, data were expressed as mean � SEM and were analyzed para-
metrically. However, hippocampal BDNF protein levels were not nor-
mally distributed as tested with a one-sample Kolmogorov–Smirnov test,
and, therefore, rank scores were used for parametric analyses. The open-
field test data were analyzed using an ANOVA (genotype � time) with
repeated measures (time). Furthermore, a repeated-measures design was
used to analyze parts of the startle data (genotype � trial), as well as the
food and water intake (genotype � phase). For the remaining analyses,
one-way ANOVAs or Student’s t tests were used. When appropriate, post
hoc comparisons were made using least significant difference post hoc
tests. For all analyses, significance was accepted at p � 0.05.

Results
GSK-3 signaling
We analyzed the Akt-1/GSK-3 signaling pathway at a molecular
level. As established by quantitative RT-PCR, expression of mu-
rine GSK-3� was upregulated in the cortex of GSK mice (t(9) �
3.32; p � 0.01) compared with WT mice, although it was not
changed in striatum. Murine GSK-3� was downregulated in the
striatum of GSK mice compared with WT (t(8) � 3.54; p � 0.01),
although it was not changed in cortex (Table 1). The constitu-
tively active human GSK-3� was expressed specifically in the
brain of the GSK transgenic mice. Expression of Akt-1 was up-
regulated in striatum of GSK mice (t(9) � 6.66; p � 0.001). Akt-1
is mostly regulated via the phosphoinositol-dependent phos-
phorylation of both its Thr308 [by PDK1 (Alessi et al., 1996)] and
Ser473 [by the elusive PDK2 (Doble and Woodgett, 2003)], re-
sulting in its activation. The heterotrimeric serine/threonine
phosphatase protein phosphatase 2A (PP2A) mediates this de-
phosphorylation and, as such, inactivation of Akt-1 (Andjelkovic
et al., 1996; Beaulieu et al., 2005). Expression of PPP2R3A, a
subunit of PP2A, was downregulated in striatum of the GSK mice
(t(9) � 3.73; p � 0.01). In the cortex of GSK mice, the same trend
for an upregulation of Akt-1 expression and a downregulation of
PPP2R3A expression was present, but this was not significant.
Expression of PDK1 and DARPP-32, a cAMP/protein kinase A
pathway-dependent regulatory subunit of PP1 (Greengard et al.,
1999), was not different in GSK versus WT striatum and cortex
(Table 1).

As established by ELISA, protein levels of total GSK-3� (mu-
rine and human) were significantly higher in the striatum of GSK
mice compared with WT (t(18) � 15.53; p � 0.001) (Table 2).
Protein levels of GSK-3� phosphorylated at the Ser9 position
were significantly higher in the striatum of GSK mice compared
with WT (t(18) � 5.00; p � 0.001) (Table 2). Because the human-
derived GSK-3� is mutated at position Ser9, the levels of phos-
phorylated GSK-3� are mouse derived.

Food and water intake
Food and water intake was measured over 5 consecutive days. All
mice showed increased food intake in the dark phase compared
with the light phase (phase effect, F(1,29) � 285.9; p � 0.001) (Fig.
1A). Compared with WT mice, food intake in the GSK mice was
significantly lower in both the dark and light phases (genotype
effect, F(1,29) � 8.92; p � 0.01). After adjustment for the body
weight, which was not different between the GSK and WT mice

Table 1. Expression analysis in WT (n � 6) and GSK (n � 6) male mouse brain

WT, cortex GSK, cortex WT, striatum GSK, striatum

Human GSK-3� 0.00 � 0.00 3.01 � 0.21** 0.00 � 0.00 1.39 � 0.17**
Murine GSK-3� 1.17 � 0.10 1.68 � 0.11* 1.60 � 0.24 1.61 � 0.70
Murine GSK-3� 2.21 � 0.15 1.90 � 0.11 1.73 � 0.07 1.23 � 0.14*
Murine Akt-1 3.35 � 0.70 5.37 � 1.47 2.70 � 0.14 5.61 � 0.46**
Murine PPP2R3A 1.51 � 0.16 1.42 � 0.11 2.00 � 0.17 1.26 � 0.08*
Murine PDK1 1.56 � 0.04 1.43 � 0.13 2.08 � 0.20 1.96 � 0.28
Murine DARP32 2.56 � 0.35 2.30 � 0.41 25.26 � 3.44 27.96 � 1.48

Values are shown as means � SEM . *p � 0.01 and **p � 0.001 (t test; different between WT and GSK mice for the same region).

Table 2. Protein analysis in WT (n � 10) and GSK (n � 10) male mouse striatum

WT, brain GSK, brain

GSK-3� (human and murine) 54.46 � 1.75 89.91 � 1.27*
P-GSK-3� (Ser9) (murine) 24.10 � 0.94 30.29 � 0.55*

Values are shown as means in picograms per milliliter � SEM. *p � 0.001 (t test; different between WT and GSK
mice).
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(data not shown, but this applied to all of the experiments done),
the observed differences in food intake were even more pro-
nounced (genotype effect, F(1,29) � 347.71; p � 0.001) (Fig. 1B),
with a differentially affected food intake in the two phases be-
tween the two genotypes (genotype � phase effect, F(1,29) � 8.92;
p � 0.01). Thus, the reduction in relative food intake in GSK mice
was stronger in the dark compared with the light phase. All mice
consumed more water in the dark phase compared with the light
phase (phase effect, F(1,29) � 224.2; p � 0.001) (Fig. 1C). After
correction for body weight, a significant interaction between
phase and genotype was found (F(1,29) � 4.47; p � 0.05) (Fig.
1D). This shows that GSK mice also exhibit reduced water intake
per gram body weight during the dark phase but not during the
light phase in which water intake is low.

DNA synthetic rate
On average, all brain region wet weights were reduced by 15% in
GSK mice, although the olfactory bulb and SVZ weight did not
reach significance (Fig. 2A). This weight loss is in accordance
with the previous reports that the transgenic mice expressing a
constitutively active mutant GSK-3� display a relative loss in the
brain volume (Spittaels et al., 2002).

Investigation of [ 3H]thymidine incorporation revealed an av-
erage of 15,908 � 249 dpm/mg hippocampal wet weight in WT
and 15,972 � 668 dpm/mg hippocampal wet weight in GSK mice.
In the SVZ tissue fraction, radioactivity was 14,425 � 711 and
15,090 � 849 dpm/mg wet weight in WT and GSK mice, respec-
tively. These radioactivity measures of the tissue fractions of the
hippocampus and SVZ were not different between the two exper-
imental groups (t(13) � 0.10 and t(12) � 0.60, respectively; NS).
This indicates that there were no differences in the amount of
labeled precursor tissue uptake between WT and GSK mice.

The percentages of [ 3H]thymidine incorporation reflecting
DNA synthetic rate in the hippocampus and SVZ were also not
different between WT and GSK mice (t(13) � 0.74 and t(12) �
0.50, respectively; NS) (Fig. 2B). This indicates that the cell pro-
liferation rate was not affected in GSK mice.

Locomotor activity
Locomotor activity in response to a novel environment was mea-
sured in the open field. Overall locomotor activity was higher in
the GSK group than in the WT group, as evident from the total
distance traveled (17,582 � 1207 cm in GSK and 12,096 � 318
cm in WT; genotype effect, F(1,30) � 21.55; p � 0.01), total time
traveled (2179 � 63 s in GSK and 1865 � 26 s in WT; genotype
effect, F(1,30) � 23.05; p � 0.01), and the velocity (7.95 � 0.37
cm/s in GSK and 6.47 � 0.11 cm/s in WT; genotype effect,
F(1,30) � 16.39; p � 0.01). Compared with their WT littermates,
the GSK mice were observed not only to travel longer and a larger
distance but to do so using slightly less moves (2153 � 44 in GSK
and 2280 � 19 in WT mice; genotype effect F(1,30) � 7.69; p �
0.01).

As exemplified by the distance traveled, both genotypes
showed reduced locomotor activity over a period of 1 h (time
effect, F(11,330) � 37.32; p � 0.01) (Fig. 3A), suggesting habitua-
tion. The slope of the curves did not differ between genotypes,
i.e., both groups decreased activity in parallel (genotype � time,
F(11,330) � 1.12; NS). However, habituation expressed as percent-
age relative to the initial activity during the first bin was different
for GSK versus WT littermates, i.e., GSK mice showed less habit-
uation in time than the WT mice did (genotype � time effect,
F(11,330) � 2.02; p � 0.05) (Fig. 3B).

Plasma ACTH and corticosterone
Six minutes of forced swimming was used to assess the stress
hormone response in the animals, which had been used previ-
ously for the assessment of locomotor activity. ACTH and CORT
plasma concentrations were increased in both genotypes 10 min
after forced swimming (stress effect, F(1,21) � 16.57 and F(1,23) �
14.33, respectively; both p � 0.01) (Table 3). There was no geno-
type effect on either baseline or post-stress ACTH and CORT
levels (all F values �0.58; NS).

Figure 1. Averaged food intake (means � SEM) (A), food intake relative to body weight (B),
water intake (C), and water intake relative to body weight (D) over 5 consecutive days in female
WT mice (n � 15) and female GSK mice (n � 16) during the light and dark phase. #p � 0.05
(genotype � phase effect); *p � 0.01 and **p � 0.001 (overall genotype effect).

Figure 2. Brain region wet weights (means � SEM; **p � 0.01, t tests) (A) and DNA
synthetic rate as an index of proliferation rate expressed as a percentage [ 3H]thymidine incor-
poration in the hippocampus and SVZ (no differences between groups) (B) of male WT mice
(n � 8) and male GSK mice (n � 7). OB, Olfactory bulb.
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Behavioral reactivity
Potential differences in sensorimotor responsivity were evaluated
by measuring the acoustic startle response (ASR). GSK-3� trans-
genic mice were hyper-reactive compared with their WT litter-
mates, as evident from the increased startle response at each stim-
ulus intensity tested (genotype effects, all F values 	25.77; p
values �0.01) (Fig. 4A). In contrast to the previous experiments,
both male and female mice were tested, although there was no
gender difference (all F values �1.20; NS).

To gain insight in potential differences in habituation of the
startle response, pooled responses of both genders per experi-
mental group measured after the first four and the last four stim-
uli administered were compared (the first four stimuli consisted
of two stimuli with a intensity of 100 dB and two stimuli with an
intensity of 105 dB, the last four stimuli consisted of two stimuli
with a intensity of 100 dB and one of 105 and 110 dB). Again, GSK
mice showed overall increased startle responses compared with

their WT littermates (genotype effect, F(1,300) � 105.59; p �
0.001). Both the GSK mice and their WT littermates demon-
strated overall habituation (period effect, F(1,300) � 11.57; p �
0.001), but no significant genotype by period effect was observed
(F(1,300) � 0.33; NS). However, when the percentage habituation
relative to the first four stimuli was calculated, GSK mice showed
significantly less habituation than did the WT littermates (t(36) �
2.33; p � 0.01) (Table 4).

Forced swim test
When both genders were tested in the FST, GSK mice had lower
immobility than WT mice (genotype effect, F(1,34) � 9.48; p �
0.01) (Fig. 4B). In addition, immobility was lower in females than
in males (gender effect, F(1,34) � 5.58; p � 0.05) (Fig. 4B),
whereas the genotype effect was not differently affected by gender
(genotype � gender effect, F(1,34) � 1.24; NS).

BDNF protein
Three days after the FST, mice were decapitated and fresh tissue
was collected. There was an effect of genotype on hippocampal wet
weights (F(1,34) � 50.01; p � 0.01; WT male, 35.0 � 0.7 mg; WT
female, 33.8�0.7 mg; GSK male, 27.6�0.8 mg; GSK female, 28.3�
0.8 mg). There was no gender effect (F(1,34) � 0.06; NS).

Hippocampal BDNF protein levels were higher in female than
in male mice (gender effect, F(1,34) � 14.60; p � 0.01) (Fig. 4C).
Furthermore, hippocampal BDNF protein levels were increased
in GSK mice when compared with WT mice (genotype effect,

Figure 3. Locomotor activity (means � SEM) in an open field during 1 h (in 5 min bins). A,
Male GSK mice (n � 15) traveled a longer distance than male WT mice (n � 17). B, Percentage
habituation of the distance traveled. **p � 0.01 (overall genotype effect); ‡p � 0.05 (geno-
type � time bin effect).

Table 3. Plasma ACTH and CORT concentrations 10 min after 6 min of forced
swimming

WT, no stress WT, swim stress GSK, no stress GSK, swim stress

ACTH (pg/ml) 313.5 � 39.2 489.9 � 32.8* 264.5 � 48.5 468.1 � 70.8*
CORT (ng/ml) 133.0 � 44.0 246.8 � 10.0* 143.7 � 46.5 276.1 � 18.4*

Values are shown as means�SEM. There were no differences between male WT mice (no stress, n�7; swim stress,
n � 6) and male GSK mice (no stress, n � 8; swim stress, n � 6) in the ACTH and CORT response after forced swim
stress. *p � 0.05 (least significant difference post hoc test; different from the no-stress group of the same
genotype).

Figure 4. Startle responses (means � SEM) in the noise burst intensity function test with 20
ms startle stimuli of 100, 105, and 110 dB (A), immobility time in the FST for 6 min (B), and BDNF
protein concentrations in homogenates of the hippocampus (C) of male WT mice (n � 4),
female WT mice (n � 13), male GSK mice (n � 10), and female GSK mice (n � 11). †p � 0.05
and ††p � 0.01 (overall sex effect); **p � 0.01 (overall genotype effect).

Table 4. Habituation of acoustic startle responses in male and female WT mice
(n � 17) and male and female GSK mice (n � 21)

WT, first
four stimuli

WT, last
four stimuli

GSK, first
four stimuli

GSK, last four
stimuli

Startle response 8.5 � 0.7 6.2 � 0.4* 14.1 � 0.5 12.4 � 0.6*
Percent habituation 26.6 � 5.1 12.0 � 4.2**

Values are shown as means� SEM . *p �0.05 (t test; different from first stimuli of the same genotype); **p �0.01
(t test; different between GSK and WT mice).

9026 • J. Neurosci., August 30, 2006 • 26(35):9022–9029 Prickaerts et al. • Hyper(re)activity in GSK-3� Transgenic Mice



F(1,34) � 17.36; p � 0.01) (Fig. 4C). Hippocampal BDNF levels of
the sexes were not differently affected by genotype (genotype �
gender effect, F(1,34) � 0.56; NS).

Discussion
We investigated the possibility that transgenic mice overexpress-
ing GSK-3� could be of relevance to model-specific aspects of
bipolar disorder. Our molecular analysis of the Akt-mediated
signaling pathway suggests that the GSK overexpression leads to
compensation in the striatum and to a lesser extend in the cortex,
as indicated by an upregulation of the expression of Akt-1 and a
downregulation of the expression of PPP2R3A, a regulatory sub-
unit of the phosphatase PP2A that inactivates Akt-1. This com-
bination should result in an increased level of phosphorylated,
and thus active, Akt-1. In turn, this should lead to increased levels
of phosphorylated, and thus inactive, murine GSK-3� and GSK-
3�, which for the latter was confirmed by ELISA on striatum.

The expression of constitutively active GSK-3� in the brain
triggered locomotor hyperactivity, which is associated with many
animal models of mania (Lyon, 1999; Machado-Vieira et al.,
2004). Among the neurotransmitter systems that might play a
role in the pathophysiology of mania, changes in dopaminergic
neurotransmission have received much attention recently
(Machado-Vieira et al., 2004), and locomotor hyperactivity has
been associated with the activation of the mesolimbic dopami-
nergic system (D’Aquila et al., 2000). Mouse mutants lacking a
functional dopamine transporter [DAT knock-out (KO) or DAT
knockdown] are hyperactive (Giros et al., 1996; Ralph et al., 2001;
Zhuang et al., 2001; Ralph-Williams et al., 2003). In addition,
both of these DAT mouse mutants displayed impaired response
habituation in novel environments (Gainetdinov et al., 1999;
Zhuang et al., 2001; Ralph-Williams et al., 2003), just as the GSK
mice. Interestingly, recent evidence from DAT KO mice suggests
that GSK-3 partly mediates locomotor hyperactivity via the stri-
atal Akt-1/GSK-3 signaling pathway, i.e., both Akt-1 and GSK-3�
were less phosphorylated than in WT mice (Beaulieu et al., 2004,
2005). The Akt-1/GSK-3� pathway is similarly affected by treat-
ment with amphetamine (Beaulieu et al., 2004, 2005). Lithium as
well as specific GSK-3 inhibitors were reported to attenuate the
locomotor hyperactivity in mice with increased dopamine neu-
rotransmission as a result of absence of the DAT or administra-
tion of amphetamine. Likewise, administration of the selective
GSK-3 inhibitor AR-A014418 [N-(4-methoxybenzyl)-N�-(5-
nitro-1,3-thiazol-2-yl)urea] in rats was found to decrease
amphetamine-induced hyperactivity (Gould et al., 2004c). Fur-
thermore, heterozygote GSK-3� knock-out mice showed atten-
uated hyperlocomotion after amphetamine administration
(Beaulieu et al., 2004). Thus, our findings indicate that GSK-3�
overexpression in the brain of the transgenic mice results in in-
creased locomotor activity, which shows similarity with
dopamine-induced, Akt-1/GSK-3�-mediated hyperactivity.

Recently, it has been observed that dopamine overactivity as
seen in DAT KO mice resulted in locomotor hyperactivity that
became evident after more than 5 min (Pogorelov et al., 2005).
This is comparable with our data with the GSK-3 mice. The same
DAT KO mice displayed anxiety-like behavior only during the
first 5 min in a zero maze, i.e., the relative time spent in the less
safe open arms was decreased. After 5 min, these mice became
stereotypically activated, making the behavior inflexible. The rel-
ative time spent in the center of the open field during the first 5
min was decreased in our GSK mice (21 � 1% in GSK and 28 �
2% in WT; t(30) � 3.50; p � 0.01). This might be indicative of

altered anxiety-related behavior, although additional studies are
required to further evaluate this type of behavior.

In addition to increased activity in an open-field arena, GSK-
3�-overexpressing mice also showed an increased ASR and a de-
creased habituation of the ASR. The amplitude of the ASR is
under control of various modulatory neural circuits that mediate
the enhancement of the ASR by fear or anxiety and the inhibition
of the ASR by prepulse (Koch, 1999). A consequence of the latter
may be an impaired habituation of the ASR because deficits in
habituation of ASR have been reported in manic patients with
psychotic symptoms (Perry et al., 2001) and schizophrenics
(Braff et al., 1978; Perry et al., 2001). An increased ASR has been
observed in the DAT knockdown mouse (Ralph-Williams et al.,
2003). Likewise, activation of the dopaminergic system by am-
phetamine or cocaine is known to increase the ASR in man and
rodents (Swerdlow et al., 1990; Zhang et al., 2000; Lewis and
Gould, 2003). In addition, habituation of the ASR in rodents is
disrupted by amphetamine (Klamer et al., 2004). Thus, our ASR
data are also in agreement with dopamine-induced changes in
sensory information processing.

GSK-3 has a role in the regulation of energy metabolism
(Gould and Manji, 2005). In particular, peripherally, GSK-3 is
mediating the insulin/Akt pathway, i.e., GSK-3 inhibits glycogen
synthesis. In the hypothalamus, insulin has food intake-lowering
effects via Akt signaling (Niswender et al., 2003). However, the
role of the two isoforms GSK-3� and GSK-3� in food, but also
water, intake is to our knowledge not known. Expression of con-
stitutively active GSK-3� in the brain of our GSK mice resulted in
a decreased intake of food and water. Changes in eating patterns,
both hyperphagia and hypophagia, have been described in a wide
variety of psychiatric illnesses, including bipolar disease and
schizophrenia (Foulon, 2003; Kishi and Elmquist, 2005; Krish-
nan, 2005). The dopamine system also plays a key role in the
regulation of food and water intake (Bray, 2000), and it is sug-
gested that, next to hypothalamic catecholamines, regulated stri-
atal dopamine signaling is required for adequate feeding (Can-
non et al., 2004). Acute systemic administration of drugs that
prolong normal dopamine signaling, including amphetamine,
methamphetamine, cocaine, DAT blockers, monoamine oxidase
inhibitors, and dopamine receptor agonists, can produce hypo-
phagia (Cannon et al., 2004). Consequently, our finding of hypo-
phagia in GSK mice suggests that striatal dopamine regulation of
food and water intake involves GSK-3� regulation.

Lithium has modest clinical antidepressant effects, but it can
potentiate the action of antidepressants (De Montigny et al.,
1981; Gould and Manji, 2005). It has been speculated that some
mood stabilizers and antidepressants might share common
mechanisms influencing GSK-3 activity (Li et al., 2002). The
cAMP regulatory element-binding protein transcription factor
(CREB), which has been shown to be activated by antidepressant
drug activity, is inhibited by GSK-3 (Salas et al., 2003). CREB
activation results in elevated levels of BDNF protein, and the
latter is assumed to produce at least some of the antidepressant
drug activity in animal models (Nibuya et al., 1996). Lithium
administration has been reported to increase BDNF content in
the frontal cortex and hippocampus of rats (Jacobsen and Mork,
2004). Conversely, BDNF inhibits GSK-3 in vitro (Mai et al.,
2002), probably through Akt activation (Gould and Manji, 2005).
Pharmacologic inhibition of GSK-3 activity was shown to pro-
duce antidepressant-like effects in rodents (Gould et al., 2004c;
Kaidanovich-Beilin et al., 2004). We therefore investigated
whether overexpression of the constitutively active GSK-3� re-
sulted in the induction of depression-like behavior in the FST.
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However, an expected increase in immobility was not observed,
although the behavioral readout is probably compromised by the
locomotor hyperactivity. Alternatively, this finding could imply
that GSK-3� overexpression is more related to a state of mania
than a state of depression.

ACTH and CORT levels, which have been reported to be al-
tered in psychiatric disorders such as depression and bipolar dis-
order (Steckler et al., 1999), were not altered in the GSK-3�-
overexpressing mice. The observed volume loss in different brain
regions including the hippocampus has been reported previ-
ously, whereas the total number of neurons in GSK-3�-
overexpressing mice remained unaltered and no necrosis and
apoptosis were observed (Spittaels et al., 2002). This is corrobo-
rated by our finding that the cell proliferation rate was not af-
fected in the neurogenic hippocampus. Of note, inhibition of
GSK-3 with lithium increases hippocampal cell proliferation in
mice (Chen et al., 2000). It might be speculated that GSK-3�
overexpression in the mice was not high enough to influence cell
proliferation. However, upregulated hippocampal BDNF levels
were observed in GSK-3�-overexpressing mice. This increase in
BDNF protein levels is possibly a compensatory response to the
reduction of the dendritic compartment and reduced size of neu-
ronal cell bodies that is responsible for the reduction in brain
volume in the GSK-3�-overexpressing mice (Spittaels et al.,
2002). The mechanism by which GSK-3� causes this reduction is
unknown. Circumstantial evidence suggested that the Akt-1/
GSK-3 pathway is involved (Beck et al., 1995; Cheng et al., 2000;
Spittaels et al., 2002). Recently, it has been shown that Akt-1 and
GSK-3� indeed have multiple roles in axonal and dendritic de-
velopment and establishment and maintenance of neuronal po-
larity (Jiang et al., 2005).

Based on the current data, we suggest that GSK-3�-
overexpressing mice can be used as a model for studying hyper-
activity, hyperreactivity, and a disturbed eating pattern as seen in
the manic phase of bipolar disorder, but also as in dopamine-
related disorders such as ADHD and schizophrenia because of
the overlap with dopamine-induced behavioral changes as ob-
served previously in mice (Manji et al., 2003; Beaulieu et al., 2004,
2005; Emamian et al., 2004; Gould et al., 2004b). Thus, overex-
pression of the constitutively active GSK-3� in the transgenic
mouse might reflect a state of constitutive activation of the dopa-
minergic system in the brain. An important future challenge is to
determine the signaling pathway(s) downstream of activated
GSK-3� that is (are) responsible for the induction of the hyper-
(re)activity in this mouse model. Delineation of this pathway
could well deliver potential novel drug targets for the treatment
of psychiatric disorders involving deregulated Akt-1/GSK-3� sig-
naling, such as bipolar disorder, ADHD, or schizophrenia.
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