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Abstract

Background—The mammalian FoxO transcription factors function to regulate diverse
physiological processes. Emerging evidence that both BDNF and lithium suppress FoxO activity
suggests a potential role of FoxOs in regulating mood-relevant behavior. Here, we investigated
whether brain FoxO1 and FoxO3a can be regulated by serotonin and antidepressant, and whether
their genetic deletion affects behaviors.

Methods—C57BL/6 mice were treated with d-fenfluramine to increase brain serotonergic activity,
or with the antidepressant imipramine. The functional status of brain FoxO1 and FoxO3a was audited
by immunoblot analysis for phosphorylation and subcellular localization. The behavioral
manifestations in FoxO1 and FoxO3a deficient mice were assessed via the Elevated Plus Maze Test,
Forced Swim Test, Tail Suspension Test, and Open Field Test.

Results—Increasing serotonergic activity by d-fenfluramine strongly increased phosphorylation of
FoxO1 and FoxO3a in several brain regions, and reduced nuclear FoxO1 and FoxO3a. The effect of
d-fenfluramine was mediated by the PI3K/Akt signaling pathway. Chronic, but not acute, treatment
with the antidepressant imipramine also increased the phosphorylation of brain FoxO1 and FoxO3a.
When FoxO1 was selectively deleted from brain, mice displayed reduced anxiety. In contrast,
FoxO3a-deficient mice presented with a significant antidepressant-like behavior.

Conclusion—FoxOs may be a transcriptional target for anxiety and mood disorder treatment.
Despite their physical and functional relatedness, FoxO1 and FoxO3a influence distinct behavioral
processes linked to anxiety and depression. Findings in this study reveal important new roles of
FoxOs in brain and provide a molecular framework for further investigation of how FoxOs may
govern mood and anxiety disorders.
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Introduction

FoxO (forkhead box, class O) belongs to the large family of forkhead transcription factors that
are characterized by a conserved “forkhead box”” DNA-binding domain (1-3). Four mammalian
FoxO transcription factors, FoxO1, FoxO3a, FoxO4, and FoxO6 (4-8), have been identified
as orthologs of DAF16, an insulin-responsive transcription factor involved in regulating
longevity of worms (9) and flies (10).

The activity of FoxO transcription factors is largely controlled by posttranslational regulation.
Activation of growth factor receptors activates phosphatidylinositol 3-kinase (PI3K)/Akt
signaling pathway which results in phosphorylation of FoxO proteins at three serine/threonine
residues — threonine 24, serine 256 and serine 316 for FoxO1, and threonine 32, serine 253 and
serine 315 for FoxO3a (11-16). Phosphorylation of FoxOs results in redistribution from the
nucleus to the cytosol and therefore prevents their binding to DNA (11,15-18). Besides
inhibition by Akt-induced phosphorylation, phosphorylation by other protein kinases, nuclear
acetylation, and proteasomal degradation also contribute to the multiple levels of
posttranslational regulation of FoxO transcriptional activity (19-23).

Studies in mammalian cells have shown that activation of FoxO transcription factors can induce
the expression of genes involved in apoptosis (11,16,24-26), cell survival and differentiation
(27-29), cell cycle arrest (30-33), and resistance to oxidative stress (34-37). Consistent with
their capacity to regulate diverse networks of genes, the FoxOs have been linked to a number
of human diseases, such as cancer (4-7,21,38-41) and diabetes (42-44). FoxOs also have diverse
roles in developmental and reproductive biology, in which FoxO1-null mice dying on
embryonic day 10 from impaired vasculogenesis (45,46), whereas FoxO3a-null mice
exhibiting premature ovarian failure (46,47).

Fewer studies have explored the function of FoxOs in the brain and its link to neuropsychiatric
diseases. In neuronal tissues, FoxO3a induces the expression of the proapoptotic Bcl-2
interactive mediator (Bim) (26,48-52). Ischemia in the brain has been shown to elevate the
level of active FoxO3a (49,53,54). Neurotrophins, such as BDNF, activate signaling pathways
leading to phosphorylation and inactivation of FoxOs (48,55,56). More recently, a study in C.
elegans (57) revealed that activation of serotonin receptors led to inhibition of FoxO
transcriptional activity via activation of Akt, which appeared to be an important mechanism in
stress modulation in worms. Additionally, we have also reported that FoxO3a transcriptional
activity in mouse brain is inhibited by the mood stabilizer lithium (58). We therefore
hypothesized that FoxO is an important mediator of behaviors normally regulated by
neuromodulators. In this study, we sought to test this hypothesis by examining the regulation
of mouse brain FoxO1 and FoxO3a by serotonin and antidepressant and by testing anxiety-
and mood-relevant behaviors in mice lacking FoxO1 or FoxO3a.

Materials and Methods

Animals and treatments

The Institutional Animal Care and Use Committee at the University of Alabama at Birmingham
approved the experimental protocol using mice. Adult male C57BL/6 mice (8-10 weeks of age,
Frederick Cancer Research, MD) were used for pharmacological treatments. After a one-week
accommodation in the university animal facility, mice were treated with d-fenfluramine or
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imipramine dissolved in saline and injected intraperitoneally (i.p.). For intra-cerebroventricular
(i.c.v.) injection, mice were anesthetized with ketamine and xylazine (100 mg/kg:10 mg/kg)
to placed a guide cannula (2.2 mm) stereotaxically (posterior 0.8 mm and left 1.6 mm to
Bregma). Five days later, the PI3K inhibitor LY 294002 (5 nM) or vehicle (10% DMSO) was
infused into the left ventricle via an internal cannula. Animals were given d-fenfluramine (i.p.)
90 min after LY294002. At the end of treatment, mice were rapidly decapitated and brain
regions (cerebral cortex, hippocampus, and striatum) were immediately dissected in ice-cold
saline and used for immunoassays.

FoxO1 and FoxO3a mouse strains

RT-PCR

See details in Supplemental Materials

Brain RNA was extracted with Trizol Reagent (Invitrogen Life Technologies, Carlsbad, CA)
and chloroform, precipitated with isopropanol, washed with 75% ethanol, and stored at -80°C
in DEPC-treated water. RT-PCR was performed using the SuperScript 111 One-step RT-PCR
system (Invitrogen Life Technologies, Carlsbad, CA) with the forward and reverse primers of
FoxO1 (5-CCTGTCGTACGCCGACCTCATCAC-3' and 5'-
GTCCATGGACGCAGCTCTTCTCCG-3'). PCR products (15 ul) were separated on a 2%
agarose gel, visualized by ethidium bromide staining, and photographed with Fluor-S
Multilmager (Bio-Rad, Hercules, CA).

Protein preparation and immunoblotting

Proteins from brain homogenate or cortical nuclear extracts were prepared as previously
described (48,59). Proteins were resolved in 7.5-10% SDS-polyacrylamide gels, and
immunoblotted with antibodies to phospho-Ser2%6-Fox01, FoxO1, phospho-Ser223-FoxO3a,
phospho-Thr308-Akt, phospho-Ser473-Akt, Akt (Cell Signaling Technologies, Danvers, MA),
phospho-Thr32-FoxO3a, FoxO3a, CREB (Upstate Biotech, Lake Placid, NY), and B-tubulin
(Sigma-Aldrich, St. Louis, MS). Following a reaction with horseradish peroxidase-conjugated
goat anti-mouse or anti-rabbit 1gG, the immunoreactions were detected by enhanced
chemiluminescence (Amersham Biosciences, Piscataway, NJ), and protein bands were
quantified with a densitometer.

Immunohistochemistry

The immunohistochemistry method was as previous described (59). Briefly, brains were
immersion-fixed in Bouin's fixative overnight at 4°C, processed in paraffin, and 4 um brain
sections were prepared on a microtome. Deparaffinized sections were incubated with anti-
FoxO1 or anti-FoxO3a, labeled with horseradish peroxidase-conjugated anti-rabbit 1gG, and
counter-stained with Hoechst 33,258. Immuno-fluorescence in brain sections was viewed with
a digital confocal microscope and photographed using a 100x objective. Negative controls of
FoxO1 and FoxO3a immunostains were obtained from Brain FoxO1 knockout mouse and
FoxO3a-deficient mouse, respectively.

Behavior tests

Male and female mice, 10-14 weeks old, were subjected to the Forced Swim Test (FST), Tail
Suspension Test (TST), Elevated Plus Maze Test (EPMT), and Open Field Test (OFT) (see
details in Supplemental Materials). No more than two behavior tests were conducted within
one week and mice were kept in their home cage with food and water between tests.
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Statistical analysis

Results

All data are presented as mean + SEM. Statistical analyses were conducted using unpaired
Student's t-test or one-way analysis of variance (ANOVA) for significant differences (p<0.05).
Any unexplained outlier value greater than +2 standard deviations from the mean of the group
was excluded. Any significant difference by ANOVA was followed by a post hoc test.

To assess whether FoxOs can be regulated by serotonin in the mammalian brain, we first
measured phosphorylation of brain FoxO1 and FoxO3a after serotonergic activity was
increased by administration of d-fenfluramine, a drug that selectively stimulates serotonin
release and blocks serotonin reuptake. C57BL/6 mice received an acute treatment with d-
fenfluramine (50 mg/kg, i.p.) for 0.5, 1, and 2 hr. Following the d-fenfluramine injection, the
Akt sensitive phosphorylation and the total levels of FoxO1 and FoxO3a in homogenates from
cerebral cortex, hippocampus, and striatum were detected by immunoblots (Figure 1).

Acute d-fenfluramine treatment greatly increased the level of phospho-Ser?%6-FoxO1 in the
cerebral cortex, hippocampus, and striatum (Figure 1a). The effect of d-fenfluramine was
statistically significant in all tested brain regions when data from the 2-hr d-fenfluramine
treatment were compared to saline controls (Figure 1b). D-fenfluramine did not significantly
change the level of total FoxO1, although a trend towards a decrease was observed in the
hippocampus and striatum. Thus, the initial data suggest that a surge of synaptic serotonin can
rapidly increase brain FoxO1 phosphorylation.

Similar to the effect on FoxO1, d-fenfluramine treatment greatly increased the levels of
phospho-Ser23-Fox03a and phospho-Thr32-FoxO3a in the cerebral cortex, hippocampus, and
striatum (Figure 1c). The level of phosphorylated FoxO3a after 2-hr d-fenfluramine treatment
was significantly higher than saline controls, whereas the level of total FoxO3a was not changed
by d-fenflurmaine in the tested brain regions (Figure 1d).

The above experiments were conducted using a high dose of d-fenfluramine (50 mg/kg) that
is comparable with our previously published results (60). Mice tolerated this dose of d-
fenfluramine well with 100% survival rate. To examine if the response of FoxOs to d-
fenfluramine is dose-dependent, mice were also treated with different doses of d-fenfluramine
(0, 1, 5, 10, 30 mg/kg) for 2 hr (Figure 1e). Except FoxO1 in the cerebral cortex, which was
more sensitive to a lower dose of d-fenfluramine (1 mg/kg), a dose range of 10-30 mg/kg was
sufficient to induce a 50% increase in FoxO1 phosphorylation in the hippocampus and FoxO3a
phosphorylation in both cerebral cortex and hippocampus. To assure maximal effect in all
experiments, we then used 50 mg/kg d-fenfluramine for all experiments and data analysis in
this study.

Phosphorylation of FoxOs at the Akt-sensitive serine/threonine residues is known to cause
translocation of FoxOs from the nucleus to the cytosol, resulting in transcriptional inactivation
(11,14-17). We therefore measured the nuclear and cytosolic FoxO1 and FoxO3a in the cerebral
cortex after d-fenfluramine treatment. Both immunoblots and immunostained images indicated
that d-fenfluramine treatment reduced nuclear FoxO1 and FoxO3a (Figure 1f, 1g), and the
effect of d-fenfluramine was statistically significant when compared to saline treatment (Figure
1f). These results suggest that d-fenfluramine can inactivate FoxO1 and FoxO3a in the brain,
likely through an increase in the inhibitory phosphorylation.

Since phosphorylation of FoxOs is primarily regulated by the growth factor-activated PI3K/
Akt signaling pathway, we measured Akt phosphorylation, an indicator of Akt activation, after
d-fenfluramine treatment. Similar to the effects on FoxOs, d-fenfluramine caused a rapid
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increase in phospho-Thr3%-Akt and phospho-Ser473-Akt in the cerebral cortex, hippocampus,
and striatum (Figure 2a). The level of Akt phosphorylation after 2-hr d-fenfluramine treatment
was significantly higher than saline controls, but d-fenfluramine had no effect on the level of
total Akt in the tested brain regions (Figure 2b).

To determine if the above changes resulted from PI3K activation, mice were treated with the
PI3K inhibitor LY294002 (5 nM in 1 pL i.c.v.) 90 min prior to d-fenfluramine treatment.
LY294002 moderately reduced the d-fenfluramine-induced increases in phospho-Thr3%8-Akt
and phospho-Ser#73-Akt in both cerebral cortex and hippocampus. It also reduced d-
fenfluramine-induced increases in phospho-Ser2°6-FoxO1 and phospho-Ser223-Fox03a, with
the effect significant in the cerebral cortex and moderate in the hippocampus (Figure 2¢ and
Table 1). The above results suggest that increasing brain serotonergic activity by d-
fenfluramine activates Akt at least partially via PI3K to phosphorylate and inactivate FoxO
transcription factors in the mouse brain.

The above findings, taken in conjunction with reports that FoxOs are regulated by the mood
regulating BDNF (48,55) and the mood stabilizer lithium (58), prompted us to hypothesize
that FoxOs may be a transcriptional target of mood disorder treatment. We therefore examined
if the monoamine-regulating antidepressant imipramine regulates brain FoxOs. An acute
imipramine treatment (30 mg/kg, i.p. for 1 hr) did not cause a significant change in either
phosphorylated or total FoxO1 and FoxO3a in the tested brain regions, except a trend toward
an increase in phospho-Ser2%6-FoxO1 was noted in the hippocampus (Table 2).

Since the therapeutic effects of antidepressants usually occur after prolonged treatment, we
then tested if chronic imipramine treatment (20 mg/kg, i.p.) may regulate brain FoxOs. Before
testing brain FoxOs, mice were subjected to the FST after receiving chronic imipramine
treatment (23 days) to confirm an antidepressant-like effect of this treatment. The result
demonstrated that the chronic imipramine treatment used in our experiment reduced the
immobility time when compared to saline treatment (Figure 3a). Interestingly, chronic
imipramine treatment (28 days) caused significant increases in phospho-Ser2°6-Fox01 and
phospho-Ser2>3-Fox03a in the cerebral cortex, hippocampus, and striatum, whereas the levels
of total FoxO1 and FoxO3a were not affected by chronic imipramine treatment (Figure 3b and
3c). This effect of imipramine was accompanied by a moderate increase in phospho-Thr308-
Akt but no change was observed in the level of total Akt. Thus, a therapeutically relevant
imipramine treatment can inhibit FoxO1 and FoxO3a in mouse brain.

Serotonin and antidepressants are key regulators of anxiety and mood. Since both serotonin
and imipramine increased the inhibitory phosphorylation of FoxO1 and FoxO3a in mouse
brain, we hypothesized that mice lacking brain FoxOs may exhibit an anxiolytic or
antidepressive behavioral phenotype. To test this hypothesis, we examined behavioral
phenotypes of brain FoxO1-knockout and systemic FoxO3a-deficient mice.

Although systemic FoxO1 knockout mice die on embryo day-10 from impaired vasculogenesis
(45), the survival of brain-targeted FoxO1 knockout mice has not yet been reported. In order
to measure FoxO1-mediated behavioral phenotypes, we generated brain-targeted FoxO1
knockout mice (Figure S1). These mice survived and remained viable through adulthood and
bred normally.

To measure anxiety-like behavior, the FoxO1 knockout mice were subjected to the EPMT. In
male mice, the time spent in open arms was significantly different among wild-type controls,
heterozygous, and homozygous FoxO1 knockout mice. Both heterozygous and homozygous
FoxO1 knockout mice stayed a significantly longer time in open arms of the maze during the
test period when compared to wild-type controls, whereas there was no difference between the
heterozygous and homozygous FoxO1 knockout mice (Figure 4a). Although time in closed

Biol Psychiatry. Author manuscript; available in PMC 2010 January 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Polter et al.

Page 6

arms was only mildly shorter in FoxO1 knockout mice, it was noted that the frequency to
entering closed arms was significantly lower in FoxO1 knockout mice than in wild-type
controls. Results shown in Figure 4a were a summary of three separate experiments and similar
results were observed in all three experiments. These results demonstrate that FoxO1 plays a
role in mediating anxiety-like behavior in mice.

To further test if the anxiolytic phenotype in FoxO1 knockout mice is gender-specific, three
groups of female mice were subjected to the EPMT. Although time spent in open arms and in
closed arms were not different among female wild-type controls, heterozygous, and
homozygous FoxO1 knockout mice, a statistically significant difference was observed in the
frequency of entering closed arms, in which female heterozygous and homozygous FoxO1
knockout mice had significantly lower frequency than wild-type controls (Figure 4b). Thus, it
appears that both male and female FoxO1 knockout mice carry an anxiolytic behavioral
phenotype, but the phenotype is more pronounced in males than in females.

When FoxO1 knockout mice were subjected to the FST, somewhat unexpectedly, both
heterozygous and homozygous FoxO1 knockout male mice displayed prolonged immobility
in the FST when compared to wild-type controls (Figure 4c), suggesting an increase in
depressive behavior in mice lacking brain FoxO1. Similarly, a prolonged immobility was also
observed in female homozygous FoxO1 knockout mice. To confirm the depressive behavior
in FoxO1 knockout mice, another group of male wild-type and homozygous FoxO1 knockout
mice were tested in the TST. Homozygous FoxO1 knockout mice again displayed prolonged
immobility (Figure 4d), confirming the depressive phenotype of these mice. The increased
immobility time in brain FoxO1 knockout mice was unlikely a result of impaired locomotor
activity since FoxO1 knockout mice and wild-type controls had similar travel distance and
velocity in the baseline Open Field Test (OFT) (Figure 4e). When the locomotor response of
mice to d-amphetamine treatment (4 mg/kg, i.p., 30 min) was tested, the travel distance and
velocity in wild-type and FoxO1 knockout mice were increased by 348.23+47.21% and 275.04
+43.19%, respectively. Although FoxO1 knockout mice showed a trend towards slightly lower
response to d-amphetamine, the difference was not significant.

To test if FoxO1 and FoxO3a have similar effects on anxiety- and mood-relevant behaviors,
these behavior tests were applied to a line of mice systemically lacking FoxO3a (FoxO3a-
deficient) (61). During the EPMT, both male and female FoxO3a-deficient mice tended to stay
longer times in the open arms, but no significant difference was detected among wild-type,
heterozygous, and homozygous FoxO3a-deficient mice (Figure 5a). This result suggests that
FoxO3a has less impact on anxiety-like behavior than FoxO1. When tested in the OFT, the
total travel distance and velocity were also similar among wild-type, heterozygous, and
homozygous FoxO3a-deficient mice (Figure 5b), indicating normal locomotor activity in
FoxO3a-deficient mice.

Interestingly, male homozygous FoxO3a-deficient mice, in strong contrast to the brain FoxO1
knockout mice, had a significantly lower immobility in the FST when compared to both
heterozygous FoxO3a-deficient and wild-type mice (Figure 5c¢). This antidepressant-like
behavioral phenotype required complete deletion of FoxO3a since heterozygous FoxO3a-
deficient mice did not display a significant decrease in immobility. Similarly to male mice, a
significantly lower immobility was also observed in female homozygous FoxO3a-deficient
mice when compared to wild-type controls.

To test if the low expression of FoxO3a in FoxO3a-deficient mouse brain contributes to the
antidepressant phenotype, we measured the levels of cytosolic and nuclear FoxO3a after wild
type mice were treated with the antidepressant imipramine (20 mg/kg/day, i.p.) for 28 days.
Comparing to saline-treated wild-type mice, an increase in the level of cytosolic FoxO3a and
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a corresponding decrease in the level of nuclear FoxO3a was noticeable in the cerebral cortex
of mice treated with imipramine (Figure 5d), therefore suggesting that the lowered level of
FoxO3a may contribute to the antidepressant behavior.

Furthermore, to compare the response of FoxO3a-deficient mice versus comparable wild type
mice to antidepressant, a group of homozygous FoxO3a-deficient and littermate wild-type mice
received daily injection of saline or imipramine (20 mg/kg/day, i.p.) for 23 days. When tested
in the FST, there was a significant difference in immobility among the four groups of mice
with different genotypes and treatments (Figure 5e). When multiple comparison with
Bonferroni correction was conducted using the wild type saline-treated mice as control,
imipramine significantly reduced immobility in wild type mice (p<0.0018), and FoxO3a-
defidient mice, either without or with imipramine treatment, also exhibited reduced immobility
(p<0.0019 and p<0.0001, respectively). On the other hand, when using the FoxO3a-deficient
mice with saline treatment as control, the immobility in imipramine-treated mice, either wild
type or FoxO3a-deficient, was not different from control.

Discussion

In this study, we tested the regulation of brain FoxO1 and FoxO3a by serotonin and imipramine,
and the behavioral manifestations of genetic insufficiency of each. We focused on FoxO1 and
FoxO3a because they are abundant in the adult brain (62-64).

The findings that enhancing brain serotonergic activity by d-fenfluramine treatment increases
the inhibitory phosphorylation of FoxO1 and FoxO3a in several regions of mouse brain
conform with findings in C. elegans by Liang et al. (57), and we confirm that serotonin can
regulate FoxO transcription factors in mammalian brain. Although serotonin often is not
considered as a primary activator of the PI3K/Akt signaling pathway, several studies in cultured
cells and in invertebrates have shown that stimulation of serotonin receptors can result in
phosphorylation and activation of Akt (57,65,66). The results shown in this study support the
conclusion that enhancing serotonin activity exhibits a regulatory effect in Akt-regulated
FoxO1 and FoxO3a in brain. Although the specific serotonin receptors mediating this effect
remain to be identified, our observations imply that brain FoxOs are important transcription
factors on which signals from serotonergic neurotransmission and neurotrophic activity
converge. In our experiments, the PI3K inhibitor LY 294002 partially reduced the effect of d-
fenfluramine. It is possible that the low dose LY 294002 is not sufficient to penetrate into all
brain areas, but we do not rule out that other signaling pathways other than the PI13K/Akt
signaling pathway involved also contribute to the effect of d-fenfluramine on FoxOs.

Unlike d-fenfluramine, which has a selective dual action on serotonin by blocking reuptake
and stimulating release, the antidepressant imipramine inhibits monoamine reuptake to
enhance serotonergic and noradrenergic activity in the brain. Interestingly, chronic, but not
acute imipramine treatment significantly increased phosphorylation of FoxO1 and FoxO3a, as
well as moderately increased phosphorylation of Akt. Additional to modulating monoamine
neurotransmission, chronic antidepressant treatment, including imipramine, is known to
increase brain BDNF (67,68), a neurotrophin that also phosphorylates and inactivates FoxOs
(48,56). Thus, imipramine may have increased FoxO phosphorylation by enhancing serotonin
action and increasing brain BDNF. Since the therapeutic effect of an antidepressant typically
requires prolonged treatment, the observation from this study links FoxO1 and FoxO3a to a
clinically relevant treatment for anxiety and depression. We examined this role of FoxOs by
taking advantage of mice with genetically modified FoxO1 and FoxO3a.

Unlike the systemic FoxO1 knockout mice, mice lacking brain FoxO1 survive through
adulthood, thus nestin-directed brain FoxO1 deletion provides a useful model to identify
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behaviors that involve complex neuronal circuits. Mice lacking brain FoxO1 consistently
displayed an anxiolytic behavioral phenotype, which in males only required a partial depletion
of FoxO1, indicating that FoxO1 has a prominent role in regulating anxiety-like behaviors.
This interesting finding is in accordance with the well-known effect of serotonin on anxiety
and the anxiolytic effect of most monoamine reuptake inhibitor antidepressants (69). A
somewhat surprising observation from this study is that mice lacking brain FoxO1 appear to
have a depression-like behavioral phenotype. A significant difference from the matching wild-
type mice suggests that the results represent a FoxO1-specific behavioral alteration. Since
mood is a complex behavior regulated diversely in brain by monoamines and neurotrophins in
a temporal and spatial-dependent manner (70,71), we speculate that several factors may
contribute to this differential mood/anxiety-related effect of FoxO1. Noticeably, unlike
FoxO3a, the distribution of FoxO1 in the brain is mostly confined to a few brain areas, including
dentate gyrus and ventral CA3 area of the hippocampus, the amygdalohippocampal region, the
piriform cortex, the striatum, the caudate putamen, and the nucleus accumbens (64). Serotonin
regulates mood and anxiety by activating, as well as desensitizing many types of serotonin
receptors located in different brain regions (72,73). BDNF, on the other hand, differentially
regulates mood and anxiety in selective brain regions (71,74,75). Serotonin and BDNF also
interact with each other to achieve enhanced regulation of mood and anxiety (76,77). The
localization of FoxO1 may determine its selective regulation by either BDNF or serotonin in
a brain region-specific manner. However, a conclusion cannot be reached until the regulation
of brain FoxO1 by neuromodulators is further investigated in detail. On the other hand, the
findings in this study may also suggest that maintaining FoxO1 transcriptional activity in brain
is necessary to stabilize mood and prevent depression developed under environmental changes,
suchas stress. A limitation of this study was that the brain FoxO1 knockout mice were generated
originally from a mouse line containing floxed alleles of FoxO1, 3a, and 4. During selection
for behavior tests, no homozygous FoxO3a knockout mouse was included in the tests. Since
FoxO4 expression was limited in brain (62,63), no FoxO4 genotype was excluded during
selection, and there was no significant behavioral difference noticed between Nestin-
Cre:FoxO4-floxed and wild type mice (data not shown). To avoid this potential limitation, we
tested FoxO3a behavior phenotypes in another line of mice that were only lack of FoxO3a.

In contrast to FoxO1 knockout mice, reducing anxiety was not a prominent feature in mice
systemically deficient of FoxO3a. Perhaps more interestingly, FoxO3a-deficient mice had
significantly less immobility in the FST. The non-responsiveness to chronic imipramine
treatment in FoxO3a-deficient mice provides evidence that FoxO3a may be a transcriptional
mediator of the antidepressant action of imipramine. The increased phosphorylation of Akt
and FoxO3a and the decreased nuclear FoxO3a after chronic imipramine treatment also suggest
that the Akt signaling pathway may contribute to the delayed antidepressant effect of
imipramine in which transcriptional regulation of gene expression is critical for sustained
therapeutic effect (78). Furthermore, our group previously reported that glycogen synthase
kinase 3 (GSK3), another major phosphorylation substrate of Akt, can be inhibited by serotonin
and antidepressants that increase its inhibitory serine phosphorylation (60), and Beaulieu et.
al. (79) reported that the depressive and anxiogenic behaviors of serotonin-deficient mice were
blunted when GSK3 was semi-deleted. Those studies, in agreement with our findings in this
study, indicate that Akt signaling pathway have an important impact in 5HT-regulated
behaviors, and a coordinated regulation of substrates of the Akt-dependent signaling pathway
by antidepressants may contribute to their therapeutic effects.

As has been observed in studies in other systems, FoxO1 and FoxO3a have divergent
physiological effects despite their physical and functional relatedness (45-47). Findings in this
study provides new evidence that the two major FoxO subtypes also exhibit distinct
physiological effects in brain, where they preferentially regulate behaviors related to anxiety
and mood. Detailed studies in the context of FoxO brain distribution, preferential regulation

Biol Psychiatry. Author manuscript; available in PMC 2010 January 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Polter et al.

Page 9

by serotonin and neurotrophins, and selective molecular targets of each FoxO may be useful
in addressing their differential roles in brain. On the other hand, the common regulation of
FoxOs by serotonin and antidepressant may add a level of complexity to the physiological
consequence when all subtypes of FoxOs are regulated simultaneously by a neuromodulator.
Using genetic mouse model that carries more than one FoxO mutant may help further identify
the common as well as the divergent functions of FoxOs in brain.
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Coronal section
Bregma -1.50 mm FoxO1 KO FoxO3a-def

FoxO1 FoxO3a

Figure 1.

Regulation of FoxOs by d-fenfluramine. C57BL/6 mice were treated with d-fenfluramine
before FoxO proteins from homogenates of the cerebral cortex (CTX), hippocampus (HIP),
and striatum (STR) were examined by immunoblots. (a) Immunoblots of brain phospho-
Ser256-Fox01 and total FoxO1 after saline (0 min) or d-fenfluramine treatment (50 mg/kg,
i.p.). (b) Quantification of phospho-Ser226-FoxO1 (t-test; CTX: t=-4.324, p=0.003; HIP:
t=-3.205, p=0.013; STR: t=-2.559, p=0.043; n=4-5 per group) and total FoxO1 after saline or
d-fenfluramine (d-Fen) treatment for 2 hr. (c) Immunoblots of brain phospho-Ser223-FoxO3a,
phospho-Thr32-FoxO3a, and total FoxO3a after d-fenfluramine treatment. (d) Quantification
of phospho-Ser223-Fox03a (t-test; CTX: t=-2.805, p=0.023; HIP: t=-4.356, p=0.005; STR:
t=-4.660, p=0.003; n=4-5 per group), phospho-Thr32-FoxO3a (t-test; CTX: t=-2.842, p=0.030;
HIP: t=-2.993, p=0.040; STR: t=-4.110, p=0.015; n=3-4 per group), and total FoxO3a after
saline or d-fenfluramine treatment for 2 hr. Data are mean £ SEM. *p<0.05 when values are
compared to saline treatment in Student's t-test. (€) Dose-dependent response of FoxO1 and
FoxO3a to d-fenfluramine in the cerebral cortex and hippocampus. Values are expressed as %
saline treatment (Control). (f) Immunoblots of nuclear and cytosolic FoxO1 and FoxO3a from
the cerebral cortex of mice treated with saline (0 min) or d-fenfluramine for indicated times
(left panel) or 1 hr (middle panel). Data from nuclear FoxO1 and FoxO3a were quantified and
calculated as % saline treatment. *p<0.01 when values are compared to saline treatment (t-test;
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FoxO1: t=5.765, p=0.001; FoxO3a: t=3.911, p=0.006; n=5 per group). (9)
Immunohistochemical detection of brain FoxO1 and FoxO3a. C57BL/6 mice were treated with
saline- or d-fenfluramine. Coronal section of mouse brain at Bregma -1.5 mm position was
photographed under a 10x objective (left) with the mid cortical region squared for capturing
Immuno-fluorescent images of FoxO1 and FoxO3a under a 100x objective. In the colored
fluorescent photographs, red color shows FoxO1 and FoxO3a, respectively, and blue color
shows nuclear stain. For negative controls, brain sections from the FoxO1 knockout mouse
and the FoxO3a-deficient mouse were immuno-stained with anti-FoxO1 and anti-FoxO3a
antibodies, respectively.
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Figure 2.

Regulation of Akt signaling pathway by d-fenfluramine. (2) C57BL/6 mice were treated with
d-fenfluramine (50 mg/kg, i.p.) before phospho-Thr308-Akt, phospho-Ser473-Akt and total Akt
were examined in brain homogenates. (b) Quantification of phospho-Thr3%8-Akt (t-test; CTX:
t=-2.873, p=0.021; HIP: t=-7.842, p=0.001; STR: t=-4.208, p=0.014; n=3-5 per group),
phospho-Ser473-Akt (t-test; CTX: t=-2.887, p=0.020; HIP: t=-2.848, p=0.047; STR: t=-3.588,
p=0.023; n=3-5 per group), and total Akt after saline and d-fenfluramine (d-Fen) treatment for
2 hr. Data are mean = SEM. *p<0.05 when values are compared to saline treatment in Student's
t-test. (c) Mice received unilateral intra-cerebroventricular (i.c.v.) injection of either LY294002
(5nMin 1 pl) or DMSO (vehicle, 1 pul) 1.5 hr prior to receiving saline or d-fenfluramine
treatment (2 hr). Immunoblots of phosphorylated and total Akt, FoxO1, and FoxO3a are
representatives of five separate experiments.
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Figure 3.

Regulation of FoxOs and Akt by imipramine. C57BL/6 mice were treated with imipramine
(20 mg/kg/d, i.p.) for 23 days before the FST, followed by immunoblotting brain FoxOs and
Akt at the end of imipramine treatment (28 days). (a) Mice were subjected to FST 30 min after
the 23™ day of saline or imipramine treatment. The immobility (resting time) was recorded
during the last 4 min of a 6-min test. Data are mean + SEM. *p<0.04 (t=2.194, n=10 per group)
when values are compared to saline treatment in Student's t-test. (b) Immunoblots of brain
FoxO1, FoxO3a, and Akt after saline (-) or imipramine treatment. (c) Quantification of
phospho-Ser2%6-Fox01 (t-test; CTX: t=-2.628, p=0.020; HIP: t=-2.226, p=0.041; STR:
t=-2.229, p=0.041), phospho-Ser23-FoxO3a (t-test; CTX: t=-2.209, p=0.044; HIP: t=-2.456,
p=0.027; STR: t=-3.674, p=0.002), and phospho-T3%8-Akt (t-test; CTX: t=-2.617, p=0.019;
HIP: t=-2.425, p=0.027; STR: t=-2.746, p=0.015). Protein levels in imipramine treated samples
are calculated as % saline treatment. Data are mean = SEM. *p<0.05 (n=7-9 per group) when

values are compared to saline treatment in Student's t-test.
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Figure 4.

Behavior tests in FoxO1 knockout mice. Homozygous (-/-) and heterozygous (+/-) FoxO1
knockout and matching wild-type (+/+) mice were subjected to the EPMT in (a) male mice
(ANOVA,; time in open arm: Fgenotype(2,48)=4-119, p=0.022; entries to closed arms:
Fgenotype(2,47)=3-411, p=0.041); (b) female mice (ANOVA,; entries to closed arms:
Fgenotype(2,39)=11.616, p<0.001); (c) the FST in male (ANOVA; Fyenotype(2,46)=4-350,
p=0.019) and female (ANOVA; Fgenotype(2,30)=2-608, p=0.045) mice; and (d) the TST in male
mice (t-test; t=-3.115, P=0.005). (e) The OFT was performed in male mice at baseline (no drug
treatment) and after d-amphetamine treatment (4 mg/kg, i.p., 30 min). Values after d-
amphetamine treatment were calculated as % baseline. Data are expressed as mean = SEM
(male: n=18; female: n=16 for each test). Statistical analysis is conducted using one-way
ANOVA with pair-wise comparisons of sample means via the Tukey HSD test or Student's t-
test (d). *p<0.05 when the testing group is compared to the wild-type mice.
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Figure 5.

Behavior tests in FoxO3a-deficient mice. Homozygous (trap/trap) and heterozygous (+/trap)
FoxO3a-deficient and matching wild-type (WT) mice were subjected to behavioral tests (male:
n=10; female: n=9 for each test). (a) The EPMT in male and female mice. (b) Baseline OFT
in male mice. (c) The FST in male and female mice. Data are expressed as mean + SEM.
Statistical analysis is conducted using one-way ANOVA (male: Fgenotype(2,30)=4-647, p=0.017;
female: Fgenotype(2,15)=5.959, p=0.012) with pair-wise comparisons of sample means via the
Tukey HSD test. *p<0.05 when the testing group was compared to the wild-type mice, and
**p<0.05 when heterozygous were compared to homozygous FoxO3a-deficient mice. (d) The
level of total FoxO3a in the cerebral cortex of FoxO3a-deficient (trap/trap) and wild-type (WT)
mice (left panel), and in the cytosolic and nuclear fractions of the cerebral cortex of wild-type
mice treated with saline or imipramine for 28 days (right panel). () Male FoxO3a-deficient
(trap/trap) and littermate wild-type (WT) mice were treated with either saline or imipramine
(20 mg/kg/d, i.p.) for 23 days before the FST. Data are mean + SEM. Statistical analysis is
conducted using one-way ANOVA (Fgenotypextreatment (3,25)=8-543, p<0.001) with post hoc
multiple group comparisons (n=6-8). Since this analysis involved 6 comparisons, all p-values
less than 0.008 were considered significant. *p<0.005 when data from each testing group was
compared to the saline-treated wild type group.
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