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Abstract

Objectives—Dysregulated glycogen synthase kinase-3 (GSK3) may contribute to the
pathophysiology of mood disorders and other diseases, and appears to be a target of certain
therapeutic drugs. The growing recognition of heightened vulnerability during development to
many psychiatric diseases, including mood disorders, led us to test if there are developmental
changes in mouse brain GSK3 and its regulation by phosphorylation and by therapeutic drugs.

Methods—GSKa3 levels and phosphorylation were measured at seven ages of development in
mouse cerebral cortex and hippocampus.

Results—Two periods of rapid transitions in GSK3 levels were identified, a large rise between
postnatal day 1 and two to three weeks of age, where GSK3 levels were as high as four-fold adult
mouse brain levels, and a rapid decline between two to four and eight weeks of age, when adult
levels were reached. Inhibitory serine-phosphorylation of GSK3, particularly GSK3p, was
extremely high in one-day postnatal mouse brain, and rapidly declined thereafter. These
developmental changes in GSK3 were equivalent in male and female cerebral cortex, and differed
from other signaling kinases, including Akt, ERK1/2, JNK, and p38 levels and phosphorylation. In
contrast to adult mouse brain, where administration of lithium or fluoxetine rapidly and robustly
increased serine-phosphorylation of GSK3, in young mice these responses were blunted or absent.

Conclusions—High brain levels of GSK3 and large fluctuations in its levels and
phosphorylation in juvenile and adolescent mouse brain raise the possibility that they may
contribute to destabilized mood regulation induced by environmental and genetic factors.
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In a landmark study, Kessler and colleagues (1) found that 50% of all lifetime cases of
mental disorders begin by the age of 14 years, and 75% by the age of 24 years. This
prevalent onset in young people is reflected in the recent large increase in diagnosis and
prescriptions of psychotropic medications given to juveniles and adolescents (2, 3). These
medications particularly include antidepressants that increase serotonergic signaling, and
stimulants that increase dopaminergic signaling. The National Institute of Mental Health
(NIMH) has concluded that interventions targeting young, high-risk populations may have
remarkable benefits in reducing the risk for psychopathology over the lifespan, which
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currently afflicts approximately 25% of the population of the United States. However, it is
unclear what predisposes young people during development to many major psychiatric
diseases, such as mood disorders, schizophrenia, and attention-deficit hyperactivity disorder,
and if administered psychotropic medications during development have equivalent effects as
in adults (4).

This study was designed to examine glycogen synthase kinase-3 (GSK3) in juvenile,
adolescent, and adult mice as a possible risk factor for increased vulnerability to psychiatric
diseases during development and as a possible contributor to the potential for differential
medication responses in young people and adults. GSK3, comprising GSK3a and GSK3p
isoforms, is an important modulator of many cellular functions, such as regulating gene
expression, neural plasticity, cellular architecture, and cell survival (5-8). Unlike most
protein kinases, GSK3 is constitutively partially active, and most signaling pathways
converging on GSK3 decrease its activity. Phosphorylation is a major mechanism regulating
GSK3 activity, whereas the expression levels of GSK3 are generally stable. The activity of
GSK3 is optimal when phosphorylated on the regulatory tyrosine-279-GSK3a and
tyrosine-216-GSK3p, but mechanisms regulating GSK3 tyrosine-phosphorylation remain
unclear. In contrast, GSK3 is inhibited by serine-phosphorylation on serine-9 of GSK3p and
serine-21 of GSK3a. Many signaling pathways regulate GSK3 activity by this modification,
which can be catalyzed by several kinases, particularly Akt/protein kinase B (9, 10).

GSK3 was first linked to mood disorders by the discovery that the mood stabilizer lithium
selectively inhibits GSK3 by directly binding the enzyme (11, 12). This direct inhibition by
lithium appears to be amplified /n vivo at therapeutic lithium levels by an indirect
mechanism that increases the inhibitory serine-phosphorylation of GSK3 (13, 14).
Antidepressants and antipsychotics also increase inhibitory serine-phosphorylation of GSK3
in vivo (15-20). There is no evidence addressing whether these regulatory effects of
therapeutic drugs on GSK3 differ during development from adults. In mice, inhibitors of
GSK3 modify several behaviors that may model mood, such as reducing immobility in the
forced swim test (indicative of antidepressant-like effects) and reducing amphetamine-
induced hyperactivity (a model of manic-like behavior) (21-25). These and many additional
findings in animals and humans support the hypothesis that dysregulated GSK3 contributes
to susceptibility to mood disorders (26-28).

Little is known about GSK3 during development. Leroy and Brion (29) reported that in
whole rat brain the level of GSK3 from birth to 10 days of age was 50-60% higher than in
adults. Since GSK3 may contribute to the onset of mood disorders and other psychiatric
diseases that commonly occur in young people, we considered that if GSK3 is elevated at
susceptible stages of development it may contribute to heightened developmental
susceptibility to psychiatric diseases. Therefore, we analyzed developmental changes in the
levels of both isoforms of GSK3 in two brain regions of mice, its regulatory
phosphorylation, and the regulation of GSK3 by lithium and fluoxetine administered /in vivo
during development.

Materials and methods

Mice

C57BI/6 mice (Frederick Cancer Research, Frederick, MD, USA) were housed in a light-
and temperature-controlled mouse room. Mice were housed and treated in accordance with
National Institutes of Health and the University of Miami and University of Alabama at
Birmingham Institutional Animal Care and Use Committee guidelines. Where indicated,
mice were injected intraperitoneally (i.p.) with 4 mg/kg lithium chloride (Sigma Chemicals)
or 20 mg/kg fluoxetine (from the NIMH Chemical Synthesis and Drug Supply Program).
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Mouse cerebral cortex and hippocampus were rapidly dissected in ice-cold phosphate-
buffered saline. Brain regions were homogenized in ice-cold lysis buffer containing 20 mM
Tris-HCI, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 10% glycerol, 1 pg/ml
leupeptin, 1 pg/ml aprotinin, 1 pg/ml pepstatin, 1 mM phenylmethanesulfonyl fluoride, 50
mM NaF, 1 mM sodium orthovanadate, and 100 nM okadaic acid. The lysates were
centrifuged at 20,800 x g for 10 min. Protein concentrations in the supernatants were
determined using the Bradford protein assay (30).

Immunoblotting

Results

Samples were mixed with Laemmli sample buffer (2% SDS) and placed in a boiling water
bath for five min. Proteins (5-20 g protein) were resolved in 10% SDS-polyacrylamide
gels, and transferred to nitrocellulose. Blots were probed with antibodies to phospho-Ser9-
GSK3p, phospho-Ser21-GSK3a., phospho-Ser473-Akt, phosphor-Thr308-Akt, total Akt,
total extracellular-regulated kinases (ERK) 1/2, phospho-Thr202/Tyr204-ERK1/2, total c-
Jun N-terminal kinases (JNKSs), phospho-Thr183/Tyr185-JNK, phospho-Thr180/Tyr182-
p38, total p38 (Cell Signaling Technology, Beverly, MA, USA), phospho-Tyr279-GSK3a,
phospho-Tyr216-GSK3p, total GSK3a (Millipore), or total GSK3p (BD Transduction
Labs). Immunoblots were developed using horseradish peroxidase-conjugated goat anti-
mouse, or goat anti-rabbit 1gG, followed by detection with enhanced chemiluminescence.
Protein bands were quantitated with a densitometer and results expressed relative to a
standard sample obtained from five eight-week-old mice which was run on every GSK3
immunoblot.

Brain region levels of GSK3 and other kinases during development

Developmental changes in GSK3 were analyzed in the cerebral cortex and hippocampus of
C57BI/6 mice at seven ages: postnatal day 1, juveniles at two weeks and three weeks of age,
early adolescent at four weeks of age, middle adolescent at six weeks of age, late adolescent
at eight weeks of age, and adult at 16 weeks of age. Examination of the total levels of each
isoform of GSK3 revealed generally higher levels at postnatal day 1 than in adults (Fig. 1A).
Subsequently, except for GSK3a in the hippocampus, there were large increases in GSK3
levels between postnatal day 1 and juvenile ages. In the cerebral cortex maximal levels of
GSK3a and GSK3p occurred at two and three weeks of age that were > 3.5-fold higher than
adult levels. This was followed by diminishing levels during adolescence that were still
~two-fold higher than adult levels, which were reached by eight weeks of age. These
developmental changes are similar to those reported by Leroy and Brion (29) for GSK3p in
rat whole brain. Comparison of males and females at three and six weeks of age showed no
significant sex-dependent differences in the levels of either isoform of GSK3 in the cerebral
cortex (Fig. 1B).

These large biphasic changes in the levels of GSK3 during early development led us to
examine other intracellular signaling kinases to determine if this pattern of expression of
GSK3 was common or distinct. Kinases examined include ERK1/2, JNK, p38, and Akt.
ERKZ1/2 in the cerebral cortex, JNK in the cerebral cortex and hippocampus, and p38 in the
cerebral cortex displayed increases between postnatal day 1 and juvenile age (Fig. 2). In
contrast to the other kinases, the level of Akt was high at postnatal day 1 and it remained
high through juvenile ages. Like GSK3, levels of INK and Akt diminished between juvenile
and adult ages, whereas ERK1/2 and p38 levels remained relatively stable. Collectively, the
levels of each of these intracellular signaling kinases displayed different changes during
development, and the developmental changes for each were similar in the cerebral cortex
and the hippocampus with the notable exception of the initial levels of ERK1/2.
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Brain region phosphorylation of GSK3 and other kinases during development

We also examined the phosphorylation status of GSK3 during development. The extent of
serine-phosphorylation of GSK3, especially GSK3p, was remarkably high on postnatal day
1 (Fig. 3A). This was followed by a drastic decline in GSK3 phosphorylation during
juvenile ages. Phospho-Ser9-GSK3p levels remained higher in juvenile-aged mice than in
adults, followed by a gradual decline until adult levels were attained by eight weeks of age.
The developmental pattern of tyrosine-phosphorylation of GSK3 was very different from its
serine-phosphorylation (Fig. 3B). Tyrosine-phosphorylation levels of GSK3p in the cerebral
cortex and of GSK3a in the hippocampus remained relatively constant with age. In contrast,
hippocampal tyrosine-phosphorylation of GSK3p and cortical tyrosine-phosphorylation of
GSK3a were low at postnatal day 1 and through early development, followed by an increase
to adult phosphorylation levels. Comparison of males and females at three and six weeks of
age showed no significant sex-dependent differences in the phosphorylation status of either
isoform of GSK3 in the cerebral cortex (Fig. 4).

Developmental changes in the phosphorylation of other signaling kinases were measured to
compare with GSK3. In both the cerebral cortex and hippocampus the phosphorylation of
ERK1/2 and JNK were low at postnatal day 1 and increased to adult levels by two weeks of
age (Fig. 5). A low mobility, highly phosphorylated form of p38 was detected in the cerebral
cortex at postnatal day 1, and after diminishing early, the phosphorylation of p38 gradually
increased after three to four weeks of age. The phosphorylation of Akt on both Ser-473 and
Thr-308 was high at postnatal day 1 and juvenile ages, followed by a decline to adult levels.

Phosphorylation of GSK3 induced by lithium or fluoxetine

Lithium is the prototypical mood stabilizer used to treat bipolar disorder (26, 31). Lithium is
also an inhibitor of GSK3 (11, 12) and part of its therapeutic effect as a mood stabilizer may
result from its stimulation of increased inhibitory serine-phosphorylation of GSK3 (13).
Although the mechanisms by which lithium increases phospho-Ser-GSK3 remain
unresolved (14), since they may contribute to its therapeutic actions, we examined if lithium
administration was capable of increasing phospho-Ser-GSK3 similarly in young mice as in
adults. For this purpose, we measured the time-dependent increases in phospho-Ser-GSK3 in
cerebral cortex and hippocampus following administration of an acute dose of lithium to
mice of three ages; three, five, and 12 weeks, ages that express maximal, intermediate, and
adult levels of GSK3. In adults, acute lithium administration caused a rapid, transient
increase in the serine-phosphorylation of both GSK3 isoforms in both brain regions (Fig. 6).
The lithium-induced increase in serine-phosphorylation of both GSK3 isoforms was blunted
in three- and five-week-old mice in both the cerebral cortex and hippocampus.

Fluoxetine is a widely used antidepressant that increases serine-phosphorylation of GSK3 in
mouse brain /in vivo, presumably by increasing serotonergic activity, which may contribute
to its therapeutic actions (15). Therefore, we tested if there are differences in the capacity of
fluoxetine to increase serine-phosphorylation of GSK3 in the brains of three-, five-, and
twelve-week-old mice. As observed with lithium, fluoxetine-induced increases in serine-
phosphorylation of GSK3 were blunted in the brains of three- and five-week-old mice
compared with adult mice (Fig. 7).

Discussion

The causes of the heightened susceptibility of young people to several prevalent psychiatric
diseases, such as mood disorders, remain largely unknown (4). This problem is of increasing
importance because of the rapidly growing number of young people diagnosed with
psychiatric disorders and the associated rising numbers of psychotropic medications
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prescribed for them (2, 3). This study examined GSK3 in developing mouse brain to address
the possibility that developmental changes in GSK3 may be linked to heightened
susceptibility to psychiatric diseases in the young. This hypothesis was based on much
evidence from pre-clinical, clinical, and genetic studies that dysregulated GSK3 likely
increases susceptibility to mood disorders as well as other psychiatric diseases (26-28), and
that GSK3 is inhibited by mood stabilizers, antidepressants, and atypical antipsychotics (11,
12, 15-20). The results show that the brain levels and regulation of GSK3 undergo large
fluctuations during development and that lithium- and fluoxetine-induced inhibitory serine-
phosphorylation of GSK3 are blunted in young compared with adult mouse brain.

GSK3 levels were generally higher in the brains of young mice than adult mice until
approximately six to eight weeks of age. One day after birth, the levels of GSK3a and
GSK3p were ~1.8-fold higher than adult levels in the cerebral cortex, and hippocampal
GSK3p, but not GSK3a, was two-fold adult levels. With the exception of hippocampal
GSK3a, the brain region levels of GSK3 subsequently increased, reaching peak levels in
juveniles two to three weeks after birth which were nearly four-fold higher than adult levels.
These results extend the report by Leroy and Brion (29) that GSK3p levels are higher in
whole brain of young mice than adults.

High brain levels of GSK3 in young mice raise the possibility that mood regulation during
development may be more sensitive to disruption than adult brain in response to
impairments in the inhibitory control of GSK3. For example, serotonin and brain-derived
neurotrophic factor (BDNF) normally contribute to maintaining inhibitory control of GSK3
in the brain (15, 32), and each may be deficient in depression (33, 34). Disruptions in the
inhibition of GSK3 due to depression-associated deficits in BDNF or serotonin may
contribute to dysregulated GSK3 and susceptibility to mood disorders (28), which may be
accentuated in developing brains. Thus, a moderate 25% increase in GSK3 activity in adults
due to these deficiencies would be four-fold greater in young mice that express four times
greater brain levels of GSK3. Previous studies have indicated that elevated GSK3 is not
alone sufficient to cause depression, but heightens vulnerability to stress-induced
depression-like behavior and is a major target of lithium's effects in mice (25, 35), These
findings raise the possibility that high GSK3 levels during development may contribute to
the heightened susceptibility of young people to mood disorders and other psychiatric
diseases that involve dysregulated GSKa3.

The regulatory serine and tyrosine phosphorylation of GSK3 were also examined in mouse
brain regions during development. The inhibitory serine-phosphorylation of GSK3,
particularly GSK3p, was remarkably high in one day postnatal mouse brain. This
modification inhibits GSK3 in all known signaling pathways except for the Wnt pathway
that regulates p-catenin, which functions independently of GSK3 serine-phosphorylation (6,
36). Thus, the high serine-phosphorylation of GSK3 at one day postnatal age may serve to
allow normal Wnt signaling, which is critical for brain development (36, 37), while
inhibiting other actions of GSK3. The signal causing the early high serine-phosphorylation
of GSK3 remains unidentified. Although Akt, a common mediator of GSK3 serine-
phosphorylation, exhibited high levels in young mouse brain and was highly phosphorylated
on its activating residues at one day postnatal compared with adult brain, it remained highly
active at two and three weeks of age; ages when the serine-phosphorylation of GSK3 fell
precipitously. In comparison, the signaling kinases ERK1/2, p38, and JNK displayed
different developmental patterns of change in levels and phosphorylation. Compared with
GSK3 serine-phosphorylation, the tyrosine phosphorylation of GSK3 was relatively stable
during development, although it was notably low for one isoform of GSK3 in each brain
region examined in young mice. Differences between GSK3a and GSK3p in both serine-
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and tyrosine-phosphorylation during development highlight growing evidence for
differences in the regulation and functions of these two isoforms of GSK3 (6).

Since increasing numbers of young people are being treated with mood stabilizers and
antidepressants, it is important to determine if the actions of these drugs differ with age.
Both lithium and fluoxetine cause large increases in the inhibitory serine-phosphorylation of
GSK3 in adult mouse brain (13, 15), actions that may contribute to their therapeutic actions
as a mood stabilizer and antidepressant, respectively. However, as opposed to adult mice,
administration of each of these drugs to young mice had very blunted effects on the serine-
phosphorylation of GSK3. Although examining specific ages of mice necessitated studying
acute responses—rather than the effects of chronic treatments that are required for
therapeutic effects— and these findings suggest that the signaling mechanisms mediating
increased serine-phosphorylation of GSK3 induced by lithium and fluoxetine differ in young
and adult mouse brain.

GSK3 regulates many crucial neuronal processes, acting as an integrator of several major
signaling pathways linked to neurotransmitter receptors, hormones, and growth factors (6,
10). Impairments in these signaling systems that converge on GSK3, such as deficient
serotonergic activity, reduce the inhibitory control of GSK3. In the young, the high levels of
GSK3 and the age-related large fluctuations in levels and regulatory phosphorylation of
GSK3 may create an unstable condition that is especially susceptible to imbalance by
environmental and genetic influences. Furthermore, the diminished capacities of lithium and
fluoxetine to increase the inhibitory serine-phosphorylation of GSK3 raise the possibility
that in the young mechanisms controlling GSK3 and pharmacological control of GSK3 may
differ from adults.
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Fig 1.

Developmental changes in total levels of GSK3a and GSK3p in mouse brain. (A)
Representative immunoblots and quantitation of total GSK3a and GSK3p in mouse cerebral
cortex and hippocampus obtained at postnatal day 1, juveniles at two and three weeks of
age, early adolescent at four weeks of age, middle adolescent at six weeks of age, late
adolescent at eight weeks of age, and adult at 16 weeks of age. Values shown are relative to
values from eight-week-old mice. Means + standard error (SEM) (n = 4-5). (B) Comparison
of male and female levels of GSK3 isoforms in mouse cerebral cortex. Tissue was obtained
from male and female mice at three and six weeks of age. Values from female mice are
shown relative to those from male mice of the same age. Means + SEM (n = 4). GSK3 =
glycogen synthase kinase-3.
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Fig 2.

Developmental changes in total levels of extracellular-regulated kinases (ERK1/2), c-Jun N-
terminal kinases (JNK), p38, and Akt. Immunoblots of total levels of ERK1/2, INK, p38,
and Akt in mouse cerebral cortex and hippocampus obtained at postnatal day 1, juveniles at
two and three weeks of age, early adolescent at four weeks of age, middle adolescent at six
weeks of age, late adolescent at eight weeks of age, and adult at 12 and 16 weeks of age.

Immunoblots are representative of two independent experiments.
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Fig 3.

3 8 4 8 6 8

8 8

Developmental changes in serine-phosphorylation and tyrosine-phosphorylation of GSK3a
and GSK3p in mouse brain. (A) Representative immunoblots and quantitation of phospho-
Ser21-GSK3a and phospho-Ser9-GSK3p in mouse cerebral cortex and hippocampus
obtained from seven ages of mice. Values shown are ratios of phospho-serine to total GSK3
and are relative to values from eight-week-old mice. Means + standard error (SEM) (n = 4—
5). (B) Representative immunoblots and quantitation of phospho-Tyr279-GSK3a and
phospho-Tyr216-GSK3p in mouse cerebral cortex and hippocampus obtained from seven
ages of mice. Values shown are ratios of phospho-tyrosine to total GSK3 and are relative to
values from eight-week-old mice. Means £ SEM (n = 4-5). GSK3 = glycogen synthase

kinase-3.
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Fig 4.

Comparison of phosphorylation of GSK3 isoforms in male and female mice. (A)
Comparison of male and female mouse serine-phosphorylation of GSK3 isoforms in the
cerebral cortex at three and six weeks of age. Means + standard error (SEM) (n = 4). (B)
Comparison of male and female mouse tyrosine-phosphorylation of GSK3 isoforms in the
cerebral cortex at three and six weeks of age. Values from female mice are shown relative to
those from male mice of the same age. Means + SEM (n = 4). GSK3 = glycogen synthase
kinase-3.
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Fig5.

Developmental changes in phosphorylation of extracellular-regulated kinases (ERK1/2), c-
Jun N-terminal kinases (JNK), p38, and Akt. Representative immunoblots of phosphorylated
ERK1/2, JNK, p38, and Akt in mouse cerebral cortex and hippocampus obtained at
postnatal day 1, juveniles at two and three weeks of age, early adolescent at four weeks of
age, middle adolescent at six weeks of age, late adolescent at eight weeks of age, and adult
at 12 and 16 weeks of age. Immunoblots are representative of two independent experiments.
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Fig 6.

Effects of lithium administration on serine-phosphorylation of GSK3 in mouse brain.
Serine-phosphorylation and total levels of GSK3 were measured in three-week-old, five-
week-old, and 12-week-old mouse brain regions 0.5, 1.5, and 3.0 hours after administration
of 4 mg/kg lithium chloride. Values are presented as percent of untreated mice of the same
age. Means + standard error (SEM) (n = 3) per time point for each age. GSK3 = glycogen
synthase kinase-3.

*p < 0.05 compared with lithium-free controls of the same age (two-way ANOVA,
Bonferroni post-test).

**p < 0.05.

TTp < 0.07 response to lithium in adult mice compared with young mice (one-way ANOVA).
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Effects of fluoxetine administration on serine-phosphorylation of GSK3 in mouse brain.
Serine-phosphorylation and total levels of GSK3 were measured in three-week-old, five-

week-old, and 12-week-old mouse brain regions 0.5, one, two, and four hours after

administration of 20 mg/kg fluoxetine. Values are presented as percent of untreated mice of
the same age. Means + standard error (SEM) (n = 3). GSK3 = glycogen synthase kinase-3.

**p < 0.05 response to fluoxetine in adult mice compared with young mice (one-way

ANOVA).
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