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Evidence from a variety of sources suggests that structural alterations in the brain, including
neurogenesis, may play a role in both the pathogenesis of mood disorders and the
mechanism of action of anti-depressants (Duman, 2004; Schmidt and Duman, 2007).
Chronic antidepressant treatment has also been shown to increase TGF-b mediated
phosphorylation of Smad2, suggesting that this pathway may be important in the mechanism
of action of antidepressants (Dow et al., 2005). Other studies have implicated the
phosphatidyl inositol-3 kinase (PI3K)- Akt pathway in the neurogenesis-promoting
properties of antidepressants (reviewed in (Beech and Duman, 2005)).

FoxG1 (formerly called BF-1) is an important regulator of both of these pathways (Accili
and Arden, 2004; Katoh, 2004). FoxG1 inhibits signaling through the Smad/TGF-β pathway
(Dou et al., 2000) leading to a down-regulation of the growth-inhibitory protein p21 (WAF1/
CIP1), and thus allows proliferation of the neuroepithelium to continue during
embryogenesis (Seoane et al., 2004). FoxG1 also inhibits transcriptional activation by
another forkheadbox transcription factor, FoxO1, whose activity is regulated by PI3K and its
downstream activator Akt (Adesina et al., 2007; Aoki et al., 2004; Brunet et al., 1999).

FoxG1 knockout embryos die shortly before birth (E18.5)(Hanashima et al., 2004). FoxG1
heterozygous null mice (FoxG1+/−) were previously thought to have a normal
developmental phenotype (Hebert and McConnell, 2000; Xuan et al., 1995). However,
recent evidence shows that while FoxG1+/− mice survive and are able to breed normally,
they do not produce new neurons as adults and have behavioral abnormalities including
deficits in contextual fear learning (Shen et al., 2006). The role of FoxG1, if any, in the
response to antidepressants is unknown.

To investigate the role of the FoxG1 gene in the response to antidepressants, we tested
FoxG1+/− mice and littermate controls in two different rodent models of antidepressant
action: the tail suspension test (Steru et al., 1985) and the forced swim test (Porsolt et al.,
1977).

All procedures involving animals were performed in strict accordance with the NIH Guide
for the Care and Use of Laboratory Animals and were approved by the Yale Animal Care
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and Use Committee. Founder mice with a FoxG1 heterozygous “knock-in” in which the
intron-less FoxG1 coding region was replaced with the tetracycline transactivator (tTA)
[FoxG1+/tTA, C57BL/6 background (Hanashima et al., 2002)] were the generous gift of Dr.
Stewart Anderson, Weill Medical College of Cornell University.

In the tail suspension test, mice received fluoxetine (10mg/kg IP) 30 minutes prior to testing.
Mice were then taped by their tails (approximately 1 cm from the end) to a 36 cm piece of
plastic tubing approximately 120 cm above the floor and videotaped for 6 minutes.
Immobility was scored by an observer blinded to genotype and drug treatment group. As
shown in figure 1A, wild-type mice treated with fluoxetine showed a significant decrease in
immobility compared to saline treated controls, while FoxG1+/− mice showed no effect of
antidepressant treatment. Analysis of variance showed significant main effects of both
genotype [F(3,77) 10.01, p=0.002] and drug [F(3,77) 8.96, p=0.004], with post hoc tests
confirming that wild type (WT) mice treated with fluoxetine spent less time immobile than
WT mice that received saline injections, while FoxG1+/− mice treated with fluoxetine did
not differ significantly from FoxG1+/− mice injected with saline.

In the forced swim test, mice received fluoxetine (20mg/kg IP) 30 minutes prior to testing.
Mice were then placed into a 4L cylinder of water at room temperature (20–22° C.), and
videotaped for 15 min. Immobility, defined as absence of all movement except that required
to keep the animal's head above water, was scored by two independent observers who were
blinded to genotype and drug treatment group. As shown in figure 1B, wild-type mice
treated with fluoxetine showed a significant reduction in immobility during the first 5
minutes of the test, while FoxG1+/− mice showed no effect of antidepressant treatment.
There were no differences among groups during the last 10 minutes of the test. Analysis of
variance showed significant main effects of genotype [F(3,79) 9.21, p=0.003] and a
significant drug X genotype interaction [F(3,79) 5.53, p=0.021], with post hoc tests
confirming that WT mice treated with fluoxetine spent less time immobile than WT mice
that received saline injections, while the time spent immobile by FoxG1+/− mice treated
with fluoxetine did not differ from that of FoxG1+/− mice injected with saline.

In the current study we observed no significant behavioral response in FoxG1+/− mice in
two different rodent models of antidepressant action: the tail suspension test and the forced
swim test. These results suggest at least two (not mutually exclusive) interpretations: (1)
FoxG1 signaling may be a direct mediator of antidepressant-induced behavioral changes, or
(2) immature neurons or neuronal precursors (both of which are deficient in FoxG1
heterozygous animals (Shen et al., 2006)) may have unique signaling properties that are
required for behavioral responses to antidepressants. These data are consistent with previous
studies indicating a role for signaling through the TGF-b/Smad pathway in both regulation
of adult neurogenesis (Battista et al., 2006; Buckwalter et al., 2006; Wachs et al., 2006) and
the behavioral effects of antidepressant treatments (Dow et al., 2005).

FoxG1 is a negative regulator of the FoxO/TGFbeta/Smad complex (Arden, 2004; Seoane et
al., 2004). If inhibition of this complex is indeed a key step in the neurogenic and behavioral
actions of antidepressants and mood stabilizers, then decreased expression of FoxG1 should
be associated with decreased response to these agents. Our finding that FoxG1+/− mice do
not respond behaviorally to antidepressants is consistent with that hypothesis. Similarly, we
found that chronic treatment with antidepressants was not able to overcome the deficit in
adult neurogenesis previously described in these mice (Shen et al., 2006), suggesting that
normal levels of FoxG1 expression may be required for the pro-neurogenic properties of
antidepressants.
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Limitations of the current study include the fact that the deficiency in FoxG1 signaling in the
FoxG1+/− mice is present throughout embryonic and post-natal development (Shen et al.,
2006). Thus, differences in behavior may reflect prior developmental abnormalities
(Eagleson et al., 2007), rather than a specific defect in adult neurogenesis. In addition,
FoxG1+/− mice are hyperactive (Shen et al., 2006), which may be a confounding factor in
the behavioral tests used here. In our experiments we found that FoxG1+/− mice were less
active in tail suspension test, but more active in the forced swim test compared to wild type
mice in the absence of any antidepressant treatment. The differing direction of these baseline
differences makes it difficult to interpret the FoxG1+/− phenotype as either depressed-like
or antidepressant-like. However, the fact that there was no change in either test when the
FoxG1+/− mice were treated with fluoxetine suggests that defects in FoxG1 signaling can
significantly impair antidepressant response. Future experiments using other behavioral
paradigms may help to clarify more precisely the contribution of FoxG1 signaling to the
behavioral and neurogenic actions of antidepressants in the adult brain.
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figure 1.
A. Fox G1+/− mice do not respond to fluoxetine in the tail suspension test.
Wild type mice treated with fluoxetine (n=21) showed a significant (p<0.05) reduction in
time immobile compared with wild-type mice treated with saline (n=21), while FoxG1+/−
mice treated with fluoxetine (n=21) showed no significant change compared to FoxG1+/−
mice injected with saline (n=18). Data are shown as mean (±SEM) time immobile. (*)
indicates significant difference from other 3 groups (WT =wild-type).
B. Fox G1+/− mice do not respond to fluoxetine in the forced swim test.
Wild type mice treated with fluoxetine (n=20) showed a significant (p=.005) reduction in
time immobile compared with wild-type mice treated with saline (n=24),. FoxG1+/− mice
treated with fluoxetine (n=19) did not show a decrease in time immobile, compared to
FoxG1+/− mice injected with saline (n=20).Data are shown as mean (±SEM) time immobile
for first 5 minutes of test. (*) indicates significant difference from WT saline treated
animals.
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