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Abstract
Serotonin modulates brain physiology and behavior and has major roles in brain diseases
involving abnormal mood and cognition. Enhancing brain serotonin has been found to regulate
glycogen synthase Kinase-3 (GSK3), but the signaling mechanism and functional significance of
this regulation remain to be determined. In this study, we tested the signaling mechanism
mediating 5-HT1A receptor-regulated GSK3 in the hippocampus. Using mutant GSK3 knock-in
mice, we also tested the role of GSK3 in the behavioral effects of 5-HT1A receptors and the
serotonin reuptake inhibitor fluoxetine. The results showed that activation of 5-HT1A receptors by
8-hydroxy-N,N-dipropyl-2-aminotetralin (8-OH-DPAT) increased phosphorylation of the N-
terminal serine of both GSK3α and GSK3β in several areas of the hippocampus. The effect of 8-
OH-DPAT was accompanied by an increase in the active phosphorylation of Akt, and was blocked
by LY294002, an inhibitor of phosphoinositide 3-kinases (PI3K). Phosphorylation of GSK3β, but
not GSK3α, was necessary for 5-HT1A receptors to suppress the hippocampus-associated
contextual fear learning. Furthermore, acute fluoxetine treatment up-regulated both phospho-
Ser21-GSK3α and phospho-Ser9-GSK3β in the hippocampus. Blocking phosphorylation of
GSK3α and GSK3β diminished the anti-immobility effect of fluoxetine treatment in the forced
swim test, wherein the effect of GSK3β was more prominent. These results together suggest that
PI3K/Akt is a signaling mechanism mediating the GSK3-regulating effect of 5-HT1A receptors in
the hippocampus, and regulation of GSK3 is an important intermediate signaling process in the
behavioral functions of 5-HT1A receptors and fluoxetine.
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Introduction
Serotonin is synthesized in serotonin neurons that arise in the dorsal and median raphe
nucleus of the brain stem. Serotonin neuron projections reach throughout the brain, where
serotonin is released to affect functions of multiple neurons in the brain through a large
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family of serotonin receptor subtypes [1]. Serotonin is a crucial neurotransmitter involved in
regulation of brain physiological and behavioral states, such as mood, anxiety, and
cognition, and drugs that block serotonin reuptake have clinical implications in the treatment
of depression and anxiety.

In brain, serotonin was found to regulate the activity of glycogen synthase kinase-3 (GSK3)
[2, 3], a serine/threonine protein kinase that is highly expressed in brain, and plays important
roles in regulating neurotransmitter receptor activity [4-6], gene expression [7], synaptic
plasticity [8], neurogenesis [9], apoptosis [10], and behaviors [11]. GSK3 is also a major
pharmacological target of neuropsychiatric treatments, including lithium, monoamine-
regulating antidepressants, and antipsychotics [11-13]. Both isoforms of GSK3, GSK3α and
GSK3β, are constitutively active in vivo [14], but they normally undergo inhibitory
regulation by upstream protein kinases, such as Akt [15], protein kinase A (PKA) [16], and
protein kinase C (PKC) [17], via phosphorylation of a N-terminal serine residue, the
serine-21 of GSK3α and the serine-9 of GSK3β, respectively. This regulation prevents
GSK3 from access to its substrates, therefore resulting in inhibition of its kinase activity
[14]. In mice with serotonin synthesis deficiency, the level of phospho-Ser9-GSK3β was
lower than in wild type mice [2]. Reversely, increasing synaptic serotonin by d-fenfluramine
or blocking serotonin reuptake by fluoxetine results in increased level of phospho-Ser9-
GSK3β, an effect that can be blocked by 5-HT1A receptor antagonist [3]. Among all
subtypes of serotonin receptors, 5-HT1A receptors have been shown to increase phospho-
Ser9-GSK3β in brain [3, 18].

This study aimed to identify the signaling mechanism mediating the GSK3-regulating effect
of 5-HT1A receptors and to determine the behavioral significance of regulating GSK3 by 5-
HT1A receptors and fluoxetine. Findings of this study demonstrate that phosphorylation of
GSK3 in the hippocampus by activation of 5-HT1A receptors was mediated by the PI3K/
Akt signaling pathway. Phosphorylation of brain GSK3β is a necessary process for 5-HT1A
receptor-regulated contextual fear learning and for the anti-immobility effect of fluoxetine.

Materials and Methods
Animals and treatment

The Institutional Animal Care and Use Committee at the University of Alabama at
Birmingham approved all experimental protocols of this study. C57BL/6 wild type (WT)
mice (Frederick Cancer Research, MD) were accommodated in the university animal facility
for one week before used for pharmacological treatments. GSK3 knock-in (KI) mice bearing
the serine21 to alanine (S21A) mutant of GSK3α or S9A mutant of GSK3β were derived
from the S21A/S9A-GSK3α/β KI mice [19], all were backcrossed 10 generations into
C57BL/6 background. Homozygous GSK3 KI and littermate WT mice were continuously
bred from heterozygous breeders.

Pharmacological treatment
Eight-12 week-old adult male mice were treated with intraperitroneal (i.p.) injections of 8-
hydroxy-N,N-dipropyl-2-aminotetralin (8-OH-DPAT, Sigma, St. Louis, MO), N-[2-[4-(2-
methoxyphenyl)-1-piperazinyl]ethyl]- N-(2-pyridyl)cyclohexanecarboxamide
(WAY100635, Sigma, St. Louis, MO), 3-Methyl-N-[(1R)-1-methyl-3-(4-methyl-1-
piperidinyl)propyl]-N-methylbenzenesulfonamide (SB258719, Tocris, Ellsville, MO), or
fluoxetine (NIMH Chemical Synthesis and Drug Supply Program), all were dissolved in
saline (vehicle). All drugs and vehicle (saline) for i.p. injections were administered at a
volume of 5 μl/g body weight with the exception of fluoxetine, which was administered at a
volume of 10 μl/g body weight for complete solubility.
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For intrahippocampal (i.h.) injection, mice were anesthetized with a mixture of ketamine and
xylazine (100 mg/kg:10 mg/kg) and placed in a stereotaxic frame. Bilateral burr holes were
drilled 2.0 mm posterior to and 1.5 mm lateral to Bregma. A guide cannula (Plastic One,
Roanoke, VA) with the projection length of 1.8 mm was inserted through the burr holes to
give access to the surface of dorsal hippocampus. After post-surgery recovery for 5-7 days,
mice were lightly anesthetized with isofluorane and placed in the stereotaxic frame. An
injector projecting 0.5 mm past the guide was inserted into the guide cannula, and
LY294002 or vehicle were infused at 0.5 μl volume into each hippocampus over 2 min.

Protein preparation and immunoblotting
At the end of treatment, mice were rapidly decapitated. The cerebral cortex, hippocampus,
and striatum were rapidly dissected and homogenized in lysis buffer containing 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. The
lysate was collected after homogenates were centrifuged at 20,800 g for 10 min to remove
insoluble debris [3]. Proteins were resolved in 10% SDS-polyacrylamide gels, and
immunoblotted with antibodies to phospho-Ser21-GSK3α, phospho-Ser9-GSK3β, phospho-
Thr308-Akt, phospho-Ser473-Akt, total Akt (Cell Signaling Technologies, Danvers, MA),
and total GSK3α/β (Upstate Biotech, Lake Placid, NY), followed by horseradish peroxidase-
conjugated anti-mouse or goat anti-rabbit IgG. Immunoreactions were detected by enhanced
chemiluminescence (Amersham Biosciences, Piscataway, NJ), and protein bands were
quantified with densitometry software.

Immunohistochemistry
The immunohistochemistry method was as described previously [20, 21]. After decapitation,
brains were immediately immersed in Bouin’s solution and fixed overnight at 4°C. Fixed
brains were processed in paraffin, and 7 μm brain sections were prepared on a microtome.
Deparaffinized sections were incubated with antibodies to phospho-Ser9-GSK3β, total
GSK3β, phospho-Thr308-Akt, and total Akt (Cell Signaling Technologies, Danvers, MA),
labeled with horseradish peroxidase-conjugated anti-rabbit IgG, and developed with a TSA-
Plus kit (Perkin-Elmer, Waltham, MA). Sections were counter-stained with Hoechst 33,258
(Sigma, St. Louis, MO). Immuno-fluorescence in brain sections was viewed with an
Olympus BX-51 fluorescence microscope, and fluorescence intensity was measured using
MicroBrightField Stereo Investigator Software (MBF Bioscience, Williston, VT).

Fear Conditioning
Mice were placed in an operant chamber inside an sound-attenuating cubicle to allow
exploring the operant chamber for 2 min. After this acclimation, mice were administered
three rounds of a 15-second, 75-db white noise tone each followed immediately by a 0.5 mA
foot shock. Twenty-four hr after training, mice were tested for the contextual memory by
placing them back into the same operant chamber for 5 min. Three hr after contextual
testing, the cued memory was tested by placing mice in a novel context for 3 min (pre-tone),
followed by a 75-db white noise tone. Freezing was monitored using Video Freeze software
[22].

Forced Swim Test (FST)
Mice were placed in an automated apparatus consisting of clear Plexiglas cylinders
containing distilled water (23-25°C) and outfitted with 2 rings of photo-beam detectors
(Kinder Scientific, Poway, CA) [23]. Movements were continuously monitored by computer
for 6 min. Data were recorded using Motor Monitor Software (Kinder Scientific, Poway,
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CA) and transferred into Microsoft Excel. The immobility time was represented by
recording the resting time (seconds without beam breaks,) during the last 4 minu of testing
[21, 22].

Statistics
Statistical analyses were completed using SigmaStat software. Statistical significance was
determined by Student’s t-test for comparisons between two groups and one-way ANOVA
followed by post-hoc testing for experiments with multiple treatments. Studies examining
treatment effects in different genotypes were analyzed using two-way ANOVA followed by
post-hoc testing. Values are expressed as mean ± SEM and are considered significant when
p<0.05.

Results
We previously found that serotonin-induced increase in phospho-Ser9-GSK3β is primarily
mediated by 5-HT1A receptors [3]. In this study, we further tested GSK3-regulating effect
of 5-HT1A receptors in the hippocampus where 5-HT1A receptors are highly expressed [24]
and regulate specific behaviors [25]. Systemic injection of the 5-HT1A receptor agonist 8-
OH-DPAT (1 mg/kg, i.p., 30 min) caused a small but significant increase in the level of
phospho-Ser21-GSK3α, and robustly increased the level of phospho-Ser9-GSK3β in the
hippocampus (Figure 1A), but 8-OH-DPAT did not alter the levels of total GSK3α or
GSK3β. The 8-OH-DPAT-induced increases in phospho-Ser21-GSK3α and phospho-Ser9-
GSK3β were attenuated by the 5-HT1A receptor antagonist WAY100635 (42±10% and
40±6% responses of 8-OH-DPAT alone on GSK3α and GSK3β, respectively), but not by the
5-HT7 receptor antagonist SB258719 (107±41% and 169±13% response of 8-OH-DPAT
alone on GSK3α and GSK3β, respectively). GSK3β was ubiquitously expressed in the
hippocampus, with high levels of immunoreactivity in neuronal cell bodies and dendritic
processes (Figure 1B). 8-OH-DPAT caused a prominent increase in phospho-Ser9-GSK3β
in the dendrites and cell bodies of CA3, and an observable increase in the cell bodies and
projections of dentate granule cells and in the dendrites of CA1. Luminescence
quantification of phospho-Ser9-GSK3β as a ratio of nuclear stain in the subfields of the
hippocampus revealed significant increases in the stratum pyramidale and the stratum
radiatum/stratum lucidum of CA3 and in the Hilus of the dentate gyrus (Figure 1B). A trend
of increase was also seen in the stratum pyramidale and the stratum radiatum of CA1, and in
the granule cell layer of the dentate gyrus, but the change did not reach statistical
significance.

The PI3K/Akt is a major signaling pathway that regulates GSK3 [15]. To test if 5-HT1A
receptors also regulate Akt in mouse brain hippocampus, protein lysates from the
hippocampus were immunoblotted for phosphorylated Akt (representing active Akt) and
total Akt. Treatment with 8-OH-DPAT significantly increased the level of phospho-Thr308-
Akt, caused a small but significant increase in phospho-Ser473-Akt, but did not change the
level of total Akt (Figure 2A). To further test if the PI3K/Akt signaling pathway mediates 5-
HT1A receptor-regulated GSK3 phosphorylation, mice received bilateral intrahippocampal
infusion of the PI3K inhibitor LY294002 (2.5 nmoles/hippocampus, 90 min prior to 8-OH-
DPAT). Although LY294002 itself had little effect, it completely blocked 8-OH-DPAT-
induced increases in phospho-Thr308-Akt and phospho-Ser9-GSK3β in the hippocampus
(Figure 2B).

To determine if regulation of GSK3 by 5-HT1A receptors in the hippocampus has functional
significance, we used the S21A-GSK3α KI and S9A-GSK3β KI mice that express normal
levels of GSK3α and GSK3β, but the serine-21 of GSK3α or the serine-9 of GSK3β was
resistant to phosphorylation by Akt [19, 22] (Figure 3A).
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In S21A-GSK3α KI, S9A-GSK3β KI, and littermate WT mice, we tested the expression of
contextual and cued fear learnings (Figure 3B) that are hippocampus-associated behaviors
and are known to be modulated by 5-HT1A receptors [26, 27]. In WT mice, a standard
contextual fear test significantly increased the freezing behavior (Figure 3C). The freezing
effect was lost when mice were treated with 8-OH-DPAT (1 mg/kg) 30 min prior to the
contextual test. Similarly to WT mice, S21A-GSK3α KI mice had a significant increase in
freezing during contextual fear test, and 8-OH-DPAT treatment significantly reduced
freezing. However, in contrast to its effect in either WT or S21A-GSK3α KI mice, 8-OH-
DPAT did not cause significant reduction of contextual freezing in S9A-GSK3β KI mice. In
cued fear conditioning, a conditioned tone significantly increased freezing in WT mice.
Systemic administration of 8-OH-DPAT 30 min prior to testing prevented the increase in
freezing induced by the conditioned tone (Fig. 3D). Similarly to WT mice, both S21A-
GSK3α KI and S9A-GSK3β KI mice had a significant increase in freezing during cued fear
test. Unlike that seen in contextual fear test, 8-OH-DPAT treatment significantly reduced
cued freezing in both S21A-GSK3α KI and S9A-GSK3β KI mice. Thus, inhibition of
GSK3β, but not GSK3α, by 5-HT1A receptors is an intermediate process for 5-HT1A
receptor-regulated contextual fear learning. This function of GSK3β is specific to the
contextual fear, but not cued fear learning.

Several studies have found that both acute and chronic fluoxetine treatment up-regulates
phospho-Ser9-GSK3β in mouse brain [2, 3, 20, 28]. In WT mice, a 30-min fluoxetine
treatment (20 mg/kg, i.p.) caused moderate increases in both phospho-Ser21-GSK3α and
phospho-Ser9-GSK3β in the hippocampus, but fluoxetine did not change the total level of
GSK3α or GSK3β (Figure 4A).

We therefore tested if this effect of fluoxetine on GSK3 has an impact in its acute behavior
effect in the FST, a commonly applied animal behavior to test acute antidepressant effect
[29]. Among WT, S21A-GSK3α KI, S9A-GSK3β KI, and S21/9A-GSK3α/β double-KI
mice, the baseline immobility (saline treatment) was not significantly different (Figure 4B).
WT mice responded to fluoxetine (20 mg/kg, i.p., 30 min) with a significant 56% reduction
in immobility when compared to saline-treated mice (t=3.935, p<0.001). In S21A-GSK3α
KI mice, fluoxetine caused a 36% reduction in immobility, but it was not significantly
different from saline treatment. The anti-immobility effect of fluoxetine in S9A-GSK3β KI
mice, however, was markedly diminished, with only 17% non-significant reduction in
immobility. To confirm that the significant lack of effect by fluoxetine in S9A-GSK3β KI
mice was not due to compensatory increase in the baseline phospho-Ser21-GSK3α, the anti-
immobility effect of fluoxetine was further tested in GSK3α/β double-KI mice, wherein
fluoxetine only caused a non-significant 20% reduction in immobility. Therefore, both
GSK3α and GSK3β may be involved in the anti-immobility effect of fluoxetine, but the
effect of GSK3β is more prominent.

Discussion
Serotonin has been found to regulate brain GSK3β by phsophorylation at serine-9 residue [2,
3], and this effect of serotonin is mediated by activated 5-HT1A receptors [3]. 5-HT1A
receptors classically couple to the inhibitory Gi protein which inhibits adenylyl cyclase (AC)
activity and reduces cAMP production. Activation of this signaling pathway by 5-HT1A
receptors therefore results in inactivation of PKA. Since PKA is one of the protein kinases to
upregulate phosphorylation of GSK3 [16], it is unlikely that the 5-HT1A receptor-induced
Gi-mediated inactivation of PKA is responsible for the increase in GSK3β phosphorylation.
Alternatively, activation of PI3K and Akt by 5-HT1A receptors has been reported in 5-
HT1A receptor-expressing cells and primary hippocampal neurons [30-32]. Results of this
study further suggest that the GSK3-regulating effect of 5-HT1A receptors is mediated by

Polter et al. Page 5

Cell Signal. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the PI3K/Akt signaling pathway, since 8-OH-DPAT activates Akt (by increasing its
phosphorylation) in the hippocampus, and direct hippocampal inhibition of PI3K abolished
5-HT1A receptor agonist-induced increases in phospho-Thr308-Akt and phospho-Ser9-
GSK3β.

In this study we chose systemic administration of 5-HT1A receptor agonist because this is
the most likely route of drug delivery in clinical settings. However, this treatment involves
activation of 5-HT1A autoreceptors and heteroreceptors located in the raphe nucleus and
hippocampus [24], thus the result of this study cannot rule out that the PI3K/Akt-mediated
phosphorylation of GSK3β in the hippocampus is an indirect post-synaptic response to
serotonin [33], which remain to be determined in future studies.

The immunohistochemical findings in the hippocampus show that 5-HT1A receptor
activation leads to the greatest increase in phospho-Ser9-GSK3β in the CA3 pyramidal
glutamatergic neurons and their dendrites, suggesting that regulation of GSK3β by 5-HT1A
receptors may have an effect on the glutamatergic circuits of the hippocampus. GSK3β has
been shown to be a mediator of glutamate receptor activity and synaptic plasticity in the
hippocampus [5, 34, 35], thus regulation of GSK3β by 5-HT1A receptors in the
hippocampus may further link this signaling mechanism to an important learning and
memory task of glutamate neurotransmission in the hippocampus.

Among 5-HT1A receptor-regulated behaviors, inhibition of fear conditioning is a
hippocampus-associated learning process [36]. The 5-HT1A receptor-induced inhibition of
this behavior was compared between WT mice and either S21A-GSK3α KI or S9A-GSK3β
KI mice because result of this study revealed that 5-HT1A receptor activation not only
increased phospho-Ser9-GSK3β, but also had a small effect in increasing phospho-Ser21-
GSK3α. We present evidence here that phosphorylation of GSK3β, but not GSK3α, is
necessary for 5-HT1A receptor-induced inhibition of contextual fear learning. This is
another example showing that despite both GSK3α and GSK3β are expressed in brain, the
two isoforms of GSK3 have different substrates and mediate different physiological
functions [4, 37, 38]. Importantly, regulation of GSK3β phosphorylation only mediates 5-
HT1A receptor-regulated contextual fear, but not the cued fear conditioning. The result
suggests that inhibition of GSK3β may have important pharmacological effect in selectively
eliminate 5-HT1A receptor-regulated behaviors.

Several studies have found up-regulation of phospho-Ser9-GSK3β by fluoxetine in mouse
brain [2, 3, 20, 28]. In this current study, acute fluoxetine treatment caused equivalent
moderate increases in phospho-Ser21-GSK3α and phospho-Ser9-GSK3β in the
hippocampus. This differs from the uneven responses of GSK3α and GSK3β to the 5-HT1A
receptor agonist 8-OH-DPAT wherein the response of GSK3β is robust. Since increasing
synaptic serotonin by fluoxetine may activate serotonin receptor subtypes other than 5-
HT1A receptors, the effect of fluoxetine in the hippocampus could be mediated by several
serotonin receptor subtypes that remain to be identified in future studies.

Phosphorylation of either GSK3α or GSK3β at their N-terminal serine results in inhibition
[14], and inhibition of GSK3 by small molecule inhibitors or in GSK3-deficient mice elicit
anti-immobility effect in the FST [39-43], which is a similar effect seen with
antidepressants, including fluoxetine [44, 45]. We therefore hypothesized that
phosphorylation of GSK3 by fluoxetine could be an intermediate signaling process for its
anti-immobility effect. We tested the acute effect of fluoxetine on GSK3 and behavior
because a signaling protein kinase GSK3 is likely an early mediator of the behavioral effect
of serotonin and its receptors. The effect of fluoxetine on GSK3 and on behavior is tested
after an identical fluoxetine treatment to further demonstrate that the acute regulation of
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GSK3 and behavior occurs within the same time period. Indeed, results from GSK3 KI mice
demonstrate that phosphorylation of GSK3β is necessary for the acute anti-immobility effect
of fluoxetine. Although phosphorylation of GSK3α may also contribute to the anti-
immobility effect of fluoxetine, the effect is likely minimal because the reduced anti-
immobility effect of fluoxetine in S21/9A-GSK3α/β double-KI mice was not superior to that
in S9A-GSK3β KI mice. Additionally, taking into account that increasing synaptic serotonin
by fluoxetine may activate several serotonin receptor subtypes and the FST is not a
hippocampus-defined behavior, it is likely that GSK3α and GSK3β mediate the behavioral
effect of fluoxetine through several serotonin receptor subtypes in different brain regions.

Taken together, regulation of primarily GSK3β by 5-HT1A receptors and fluoxetine is an
important signaling mechanism for serotonin-regulated behaviors. These findings provide
crucial information on the signaling pathogenesis of brain disorders that involve impairment
of serotonin function and on new treatment development targeting GSK3 and its signaling
mechanisms.
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Highlights

➢ 5-HT1A receptors regulate phosphorylation of GSK3 in the hippocampus.

➢ PI3K/Akt signaling pathway mediates regulation of GSK3 by 5-HT1A
receptors.

➢ 5-HT1A receptor-induced inhibition of contextual fear learning is GSK3 -
dependent.

➢ Fluoxetine regulates phosphorylation of GSK3 in the hippocampus.

➢ Regulation of GSK3 is an intermediate of fluoxetine’s anti-immobility effect.
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Figure 1.
Regulation of GSK3 by 5-HT1A receptors in the hippocampus. C57BL/6 wild type mice
were treated with the 5-HT1A receptor agonist 8-OH-DPAT (DPAT, 1 mg/kg, i.p.) or saline
(Sal) for 30 min. (A) Representative immunoblots and quantification of phospho-Ser21-
GSK3α, phospho-Ser9-GSK3β, total GSK3α, and total GSK3β in the hippocampus. Data is
calculated as % Control (saline-treated). Mean ± SEM, n=12-16, *p<0.05 in Student’s t-test
when 8-OH-DPAT treatment is compared to saline treatment. (B) Immunohistochemical
images of total GSK3β and phospho-Ser9-GSK3β in the hippocampus. Red, total GSK3β or
phospho-Ser9-GSK3β; Blue, Hoescht 33342 nuclear marker. Immunofluorescence intensity
of phospho-Ser9-GSK3β in the dentate gyrus (DG), CA3, and CA1 is quantified, and data is
expressed as ratio of phospho-Ser9-GSK3β to Hoescht 33342. Mean ± SEM, n=3-4.
*p<0.05 in Student’s t-test when 8-OH-DPAT treatment is compared to saline treatment.
GL, Granule cell layer; SP, stratum pyramidale; SR, stratum radiatum; SL, stratum
lacunosum.
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Figure 2.
The effect of PI3K/Akt signaling in 5-HT1A receptor-regulated GSK3 in the hippocampus.
(A) Mice were treated as described in Figure 1. Representative immunoblots and
quantification of phospho-Thr308-Akt, phospho-Ser473-Akt and total Akt (left panel). Data
is expressed as % Control (saline-treated). Mean ± SEM, n=12-16, *p<0.05 in Student’s t-
test when 8-OH-DPAT treatment is compared to saline treatment. Immunohistochemical
images of total Akt and phospho-Thr308-Akt (right panel). Red, Akt or phospho-Thr308-
Akt; Blue, Hoescht 33342 nuclear marker. (B) Intrahippocampal (ih) infusion of LY294002
(LY, 2.5 nmole/side, 90 min) followed by 8-OH-DPAT (DPAT, 1 mg/kg, i.p., 30 min).
Representative immunoblots and quantified data of phospho-Thr308-Akt, total Akt,
phospho-Ser9-GSK3β, and total GSK3β. Data is expressed as % Control (saline-treated).
Mean ± SEM, n=4-6, *p<0.05 in one-way ANOVA followed by Holm-Sidak comparison.
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Figure 3.
5-HT1A receptor-induced inhibition of fear conditioning. (A) Immunoblots of phospho-
Ser21-GSK3α, phospho-Ser9-GSK3β and total GSK3α and GSK3β in WT, S21A-GSK3α
KI (αKI), and S9A-GSK3β KI (βKI) mice. (B) Fear conditioning and drug treatment
schedule. (C) Contextual fear conditioning (FC) 30 min after saline (Sal) or 8-OH-DPAT
(DPAT, 1 mg/kg) treatment in WT, S21A-GSK3α KI (αKI), and S9A-GSK3β KI (βKI)
mice. (D) Cued fear conditioning 30 min after drug treatment. Mean ± SEM, n=8-11,
*p<0.05 in Student’s t-test, **p<0.05 in two-way ANOVA followed by Holm-Sidak
comparison.
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Figure 4.
The effect of fluoxetine in regulation of GSK3 and in FST. (A) WT mice were treated with
saline (S or Sal) or fluoxetine (F or FLX, 20 mg/kg, i.p.) for 30 min, Representative
immunoblots and quantification of phospho-Ser21-GSK3α, phospho-Ser9-GSK3β, total
GSK3β and total GSK3β of serine-phosphorylated GSK3α and GSK3β in the hippocampus.
Data is expressed as % Control (saline-treated). Mean ± SEM, n=11-14, *p<0.05 in
Student’s t-test when fluoxetine is compared to saline treatment. (B) WT, S21A-GSK3α KI
(αKI), S9A-GSK3β KI (βKI), and S21/9A-GSK3α/β double-KI (α/βKI) mice were treated
with saline or fluoxetine (20 mg/kg, i.p.) for 30 min, followed by testing immobility in the
FST. Mean ± SEM, n=6-10, *p<0.05 between saline and fluoxetine in the same genotype by
Holm-Sidak comparison in two-way ANOVA. This test found no interaction between the
four genotypes and the two treatments (saline and fluoxetine) (DF=3, F-1.954, p=0.131).
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