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A B S T R A C T

Fragile X syndrome (FXS), the most common form of inherited mental retardation and a genetic cause of

autism, results from mutated fragile X mental retardation-1 (Fmr1). This study examined the effects on

glycogen synthase kinase-3 (GSK3) of treatment with a metabotropic glutamate receptor (mGluR)

antagonist, MPEP, and the GSK3 inhibitor, lithium, in C57Bl/6 Fmr1 knockout mice. Increased mGluR

signaling may contribute to the pathology of FXS, and the mGluR5 antagonist MPEP increased inhibitory

serine-phosphorylation of brain GSK3 selectively in Fmr1 knockout mice but not in wild-type mice.

Inhibitory serine-phosphorylation of GSK3 was lower in Fmr1 knockout, than wild-type, mouse brain

regions and was increased by acute or chronic lithium treatment, which also increased hippocampal

brain-derived neurotrophic factor levels. Fmr1 knockout mice displayed alterations in open-field

activity, elevated plus-maze, and passive avoidance, and these differences were ameliorated by chronic

lithium treatment. These findings support the hypothesis that impaired inhibition of GSK3 contributes to

the pathogenesis of FXS and support GSK3 as a potential therapeutic target.

� 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Fragile X syndrome (FXS), the most common cause of inherited
developmental intellectual impairment, is caused by loss of
expression of the fragile X mental retardation-1 (Fmr1) gene [1]
that encodes fragile X mental retardation protein (FMRP) [2]. Fmr1

also is the first identified autism-related gene [3]. Fmr1 knockout
mice [4] display several FXS- and autism-relevant behavioral
phenotypes, including hyperactivity [4], impaired fear-condi-
tioned memory [5,6], and social behavior deficits [7–10]. Thus,
Fmr1 knockout mice provide an animal model to study FXS and
autism deficits and to test potential therapeutics.

Studies of Fmr1 knockout mice have identified two drugs that
may be therapeutic for FXS, lithium and metabotropic glutamate
receptor (mGluR) antagonists, such as MPEP (2-methyl-6-pheny-
lethynyl-pyridine). Lithium treatment ameliorated behavioral
deficits in Drosophila [11] and mouse [12] models of FXS. Lithium
is particularly interesting because it already is used in humans as a
mood stabilizer [13], likely due to its inhibition of glycogen
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synthase kinase-3 (GSK3) [14], suggesting that GSK3 also may be
the therapeutic target of lithium in FXS. GSK3 comprises two
isoforms GSK3a and GSK3b, is constitutively partially-active,
phosphorylates >50 substrates, and has effects on many cellular
processes [15–18]. GSK3 is mainly regulated by phosphorylation
on an N-terminal serine, Ser-21-GSK3a and Ser-9-GSK3b, to
inhibit GSK3 activity. This inhibitory serine-phosphorylation is
widely used as an indicator of changes in GSK3 activity because,
when phosphorylated, it has been shown to act as a pseudosub-
strate that folds into the primed substrate binding pocket of GSK3
to block access of substrates and thereby block their phosphoryla-
tion by GSK3 [15,16,18]. Lithium directly inhibits GSK3 [19,20] and
also increases the inhibitory serine-phosphorylation of GSK3
[21,22]. We recently reported that the inhibitory serine-phos-
phorylation of GSK3 is impaired in FVB/NJ Fmr1 knockout mice
[12].

mGluR signaling activity is increased in models of FXS [23].
Treatment of Fmr1 knockout mice with mGluR antagonists
corrected heightened audiogenic seizure susceptibility, abnormal
center-field behavior [24], and impaired pre-pulse inhibition [25].
mGluRs can regulate GSK3, as stimulation of mGluR5 receptors
transiently increased serine-phosphorylation of GSK3 in hippo-
campal slices from wild-type mice [26]. In brains of FVB/NJ Fmr1

knockout mice, serine-phosphorylation of GSK3 in the brain was
increased by administration of MPEP [12]. It is not known,
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however, if this is a sustained effect or if similar changes occur in
wild-type mice—two points which are addressed in the current
study.

In the present study, we first extended upon our preliminary
findings in Fmr1 knockout mice after acute MPEP or lithium
treatment [12]. MPEP increased inhibitory serine-phosphoryla-
tion of both isoforms of GSK3 selectively in Fmr1 knockout mice
but not wild-type mice, a distinction not previously character-
ized. Acute lithium treatment significantly increased inhibitory
serine-phosphorylation of both isoforms of GSK3, but to variable
degrees among brain regions. Importantly, we also show that in

vivo chronic, therapeutically relevant lithium treatment both
rescued hyperactive GSK3 and several behavioral deficits
exhibited by C57BL/6 Fmr1 knockout mice. Taken together, the
results support the hypothesis that impaired regulation of GSK3
contributes to impairments in FXS and that lithium may have
therapeutic effects.

2. Materials and methods

2.1. Animals and in vivo treatments

Adult, male C57BL/6 mice,�3 months of age, with or without a
disruption of the Fmr1 gene, were used in all experiments. The
Fmr1 knockout mice were generated by breeding male and female
C57BL/6J Fmr1 heterozygous mice to generate Fmr1 knockout and
wild-type littermates. For chronic lithium treatment, mice were
given water and saline ad libitum and were fed pelleted chow
containing 0.2% lithium carbonate (Teklad, Madison, WI) for three
weeks. This is widely considered as a therapeutically relevant
treatment regimen because it involves chronic administration, it
produces serum lithium levels within the 0.5–1.2 mM serum
lithium concentration range that is therapeutic in humans, it
significantly increases inhibitory serine-phosphorylation of GSK3
in mouse brain, and it causes no deleterious effects on the physical
state of mice except for polyuria that can cause hyponatremia,
which is counterbalanced by self-administration of the saline
solution that is provided [21,27–31]. For acute treatments, mice
were given an intraperitoneal (ip) injection of 4 mmole/kg lithium
chloride (Sigma), a dose that is effective in behavioral tests and
increases serine-phosphorylation of GSK3 in mouse brain [12,31],
or 30 mg/kg MPEP (2-methyl-6-phenylethynyl-pyridine; from
the FRAXA Research Foundation) dissolved in saline, a dose
previously reported to increase mouse brain serine-phosphory-
lated GSK3 and reduce audiogenic seizures in FVB Fmr1 knockout
mice [12,24]. All mice were housed and treated in accordance with
the National Institutes of Health and the University of Alabama at
Birmingham Institutional Animal Care and Use Committee
guidelines.

2.2. Tissue preparation and analyses

Mice were decapitated and brains were rapidly removed and
frozen. Brain regions were dissected on ice and homogenized in
ice-cold lysis buffer containing 10 mM Tris–HCl, pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% NP-40, 10 mg/ml leupeptin,
10 mg/ml aprotinin, 5 mg/ml pepstatin, 1 mM phenylmethane-
sulfonyl fluoride, 1 mM sodium vanadate, 50 mM sodium
fluoride, and 100 nM okadaic acid. The lysates were centrifuged
at 14,000 rpm for 10 min to remove insoluble debris. Protein
concentrations in the supernatants were determined in triplicate
using the Bradford protein assay. Extracts were mixed with
Laemmli sample buffer (2% SDS) and placed in a boiling water
bath for 5 min. Proteins were resolved in SDS-polyacrylamide
gels, and transferred to nitrocellulose. Blots were probed with
antibodies to phospho-Ser9-GSK3b, phospho-Ser21-GSK3a (Cell
Signaling Technology, Beverly, MA), and total GSK3a/b (Milli-
pore, Bedford, MA). Immunoblots were developed using horse-
radish peroxidase-conjugated goat anti-mouse or goat anti-
rabbit IgG (Bio-Rad Laboratories, Hercules, CA), followed by
detection with enhanced chemiluminescence. Immunoblots
were quantitated by densitometry. Values from Fmr1 knockout
mice are shown as the percents of densities of immunoblots of
wild-type, control samples analyzed on the same gels and
statistical significance was calculated using Student’s t-test. To
measure brain-derived neurotrophic factor (BDNF), hippocampal
extracts were diluted 5-fold with Dulbecco’s PBS and acidified to
pH 2.6. After 15 min of incubation at room temperature, the
supernatants were neutralized to pH 7.6 and frozen. The level of
brain-derived neurotrophic factor was measured by ELISA
according to the manufacturer’s instructions (Promega Corpora-
tion, Madison, WI).

2.3. Behavior

Passive avoidance behavior was tested using a two-compart-
ment box consisting of one darkened chamber and one lighted
chamber with a grid floor of stainless steel bars connected to an
internal shock source (Gemini II Avoidance System, San Diego
Instruments, San Diego, CA). On the training day, each mouse was
placed in the lighted chamber with the interchamber door closed.
After 60 s the door was opened and when the mouse crossed to the
darkened side the door was closed and a 0.5 mA � 0.5 s scrambled
foot-shock was delivered. Mice were left in the dark chamber for
30 s before being returned to their home cage. For the test trial 24 h
later, the protocol was repeated but without application of a foot-
shock, with a cutoff time of 9 min. For both training and testing, the
latency was measured as the time when all four paws entered into
the darkened chamber.

For the elevated plus-maze, mice were placed on the central
platform of a plexiglass maze that is one meter high with two open
arms and two closed arms (Med Associates, St. Albans, VT). During
a 5 min trial, entries and time spent in the open and closed arms
were measured. The tail suspension test used an automated
system consisting of an open-front testing chamber with a
hanging vertical metal bar attached to a strain gauge that detects
any movement (Med Associates). The mouse tail was attached to
the apparatus with adhesive tape, movement was measured for
6 min, and the duration of immobility during the last 4 min of the
test was recorded by the computer. Depression-like immobility
behavior was calculated as the time the movement force was
below a preset threshold. For the forced swim test each mouse was
placed in a clear plexiglass cylinder (10 cm diameter), such that
the mouse could not touch the bottom or rim of the cylinder,
containing fresh water (23–25 8C) and outfitted with photo-beam
detectors (Kinder Scientific). Activity was monitored by computer
for 6 min and immobility time and basic movements were
measured.

Locomotion and center-square behavior were measured in an
open-field arena (43.2 cm � 43.2 cm � 30.5 cm) fitted with 16
evenly spaced I/R sources and sensors juxtaposed around the
periphery of the four sides of the chamber (Med Associates, St
Albans, VT). The outer walls were wrapped with white paper to
limit external stimuli and light gradients, the room lights were
dimmed, and a white noise generator was used (55 dB) during
all tests. Each chamber was connected to a computer that
recorded beam breaks (50 ms sampling rate). Three consecutive
beam breaks represented an ambulatory episode (horizontal
activity) and the total distance of all ambulatory episodes was
recorded. Statistical significance was assessed by one factor
ANOVA followed by Tukey–Kramer HSD test or by Student’s
t-test.
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3. Results

3.1. The mGluR5 antagonist MPEP selectively increases serine-

phosphorylation of GSK3 in Fmr1 knockout mouse brain

mGluR5 antagonists, such as MPEP, may have therapeutic
effects in FXS [24,25,32,33] and we previously reported that
serine-phosphorylated GSK3 was increased 30 min after admin-
istration of MPEP in FVB Fmr1 knockout mouse brain [12]. This
finding raised the important questions of whether this is an FXS-
selective effect or if it also occurs in wild-type mice, and if the
response in Fmr1 knockout mice is strain specific. Therefore, we
tested if MPEP administration increased serine-phosphorylation of
GSK3 in brain regions of C57BL/6 Fmr1 knockout and wild-type
mice, and tested if this was a transient or long-lasting effect. Initial
time course experiments indicated a short duration of action,
leading to the choice of 30 and 90 min for the current study. The
serine-phosphorylation of GSK3a and GSK3b was measured in
four brain regions of Fmr1 knockout and wild-type mice 30 and
90 min after MPEP (30 mg/kg) administration. In Fmr1 knockout
mice, 30 min after MPEP administration, there were significant
increases in phospho-Ser21-GSK3a in the striatum (148 � 9% of
untreated values), hippocampus (130 � 17%), cerebral cortex
(154 � 26%), and cerebellum (191 � 14%) (Fig. 1A–D). Similarly,
significant increases in phospho-Ser9-GSK3b occurred after 30 min
of MPEP treatment in Fmr1 knockout striatum (167 � 18%), hippo-
campus (211 � 41%), cerebral cortex (178 � 36%), and cerebellum
(174 � 5%) (Fig. 1E–H). The striatum was the only brain region with a
sustained increase in inhibitory phospho-Ser9-GSK3b 90 min after
MPEP treatment. No changes in total levels of either GSK3a or GSK3b
occurred (Fig. 1A–H). These findings extend our previous report [12]
that MPEP rescues hyperactive GSK3 in FVB Fmr1 knockout mice to
C57BL/6 Fmr1 knockout mice, and demonstrate that it is a transient
inhibition of GSK3. Most importantly, in marked contrast to Fmr1

knockout mice, MPEP administration did not increase serine-
phosphorylation of GSK3a or GSK3b in wild-type mice in any brain
region, but instead tended to decrease GSK3 serine-phosphorylation,
particularly in the striatum and cerebellum (Fig. 2A–H). No changes in
total levels of GSK3a or GSK3b were caused by MPEP treatment of
wild-type mice (Fig. 2A–H). These results demonstrate that MPEP
causes a Fmr1 knockout-specific increase in the inhibitory serine-
phosphorylation of GSK3 in the brain, which may be due to increased
mGluR5 receptor signaling and decreased serine-phosphorylated
GSK3 in these mice.

3.2. Acute lithium treatment increases inhibitory serine-

phosphorylation of both GSK3a and GSK3b in Fmr1 knockout mice

Our previous results demonstrated that acute 30 min lithium
treatment increased the phospho-Ser9-GSK3b in whole brain
extracts of F1 hybrid C57BL/6J � FVB/NJ background Fmr1 knock-
out mice [12]. Here we extended that study by assessing the
pharmacokinetics and brain regional differences in the lithium-
induced increase in the inhibitory serine-phosphorylation of both
GSK3a and GSK3b in Fmr1 knockout and wild-type mice using the
same dose of 4 mmole/kg lithium that was effective in rescuing
behavioral impairments in Fmr1 knockout mice [12]. Phospho-
Ser21-GSK3a and phospho-Ser9-GSK3b were measured in the
striatum, hippocampus, cerebral cortex, and cerebellum of mice
30, 90 and 180 min after an acute injection of 4 mmole/kg lithium.
Both Fmr1 knockout mice (Fig. 3A) and wild-type (Fig. 3B)
displayed significant increases over untreated levels of both
phospho-Ser21-GSK3a and phospho-Ser9-GSK3b in all brain
regions at 30 min. Thus, the mechanisms regulating inhibitory
phosphorylation of GSK3 following lithium treatment are intact in
Fmr1 knockout mice, an important therapeutic consideration since
this mechanism likely amplifies the direct inhibitory effect of
lithium on GSK3 to generate therapeutic outcomes [22].

Regional differences in the response to lithium existed between
both genotypes, for example the largest increase in phospho-Ser9-
GSK3b was detected the hippocampus of both wild-type and Fmr1

knockout mice. In Fmr1 knockout mice, a sustained lithium-
induced increase to 90 min was observed in the cerebellum for
both phospho-Ser21-GSK3a and phospho-Ser9-GSK3b and in the
cortex for phospho-Ser21-GSK3a, while in wild-type mice only the
cerebellum exhibited a sustained increase in phospho-Ser21-
GSK3a after acute lithium treatment. Taken together this data
extends to several brain regions our previous finding that acute
lithium administration can counteract the lower inhibitory serine-
phosphorylation of GSK3 in Fmr1 knockout mice.

3.3. Decreased inhibitory serine-phosphorylation of GSK3 is a robust

phenotype of Fmr1 knockout mice

To further address the possibility of background strain effects,
we tested if there were differences in the inhibitory serine-
phosphorylation or total levels of GSK3a and GSK3b in four brain
regions of Fmr1 knockout compared to wild-type C57BL/6 mice.
Both GSK3a (Fig. 4A–D) and GSK3b (Fig. 4I–L) were less
phosphorylated on the inhibitory serines in the striatum, cerebral
cortex, and hippocampus, but not in the cerebellum, in Fmr1

knockout mice compared with wild-type mice. Total levels of each
isoform of GSK3 were equivalent in wild-type and Fmr1 knockout
mouse brain regions (Fig. 4E–H and M–P), indicating that loss of
FMRP did not alter the expression of GSK3 but impaired inhibitory
signaling to GSK3. This extends to Fmr1 knockout mice on a C57BL/
6 background our previous finding of a similar deficit in the
inhibitory control of GSK3 in Fmr1 knockout mice on a FVB
background [12]. However, more robust changes in inhibitory
serine-phosphorylation of GSK3 were evident in C57BL/6 Fmr1

knockout mice compared to our previous results on the FVB
background. In particular, phospho-Ser9-GSK3b was significantly
decreased in the hippocampus of C57BL/6 Fmr1 knockout mice,
while no change was detected in mice on the FVB background.
Taken together, this data demonstrates that decreased serine-
phosphorylation of GSK3 in brain regions is a robust phenotype
associated with loss of FMRP, yet differences in certain brain
regions exist between background strains.

3.4. Chronic lithium treatment rescues impaired inhibitory serine-

phosphorylation of GSK3 in Fmr1 knockout mice

In order to model its use in humans, we tested if chronic lithium
treatment reversed the impairment in the inhibitory serine-
phosphorylation of GSK3 in Fmr1 knockout mice. Lithium is a
selective inhibitor of GSK3 [19,20,34] that increases GSK3 serine-
phosphorylation in vivo [21], and lithium ameliorates some
behavioral deficits associated with loss of FMRP [11,12,35].
Compared to untreated, wild-type mice, chronic lithium treatment
caused significant increases in both wild-type and Fmr1 knockout
mice in phospho-Ser21-GSK3a in the striatum (Fig. 4A, WT + Li:
170 � 13%; FX + Li: 209 � 23%), hippocampus (Fig. 4B, WT +
Li: 174 � 17%; FX + Li: 185� 15%), cerebral cortex (Fig. 4C, WT + Li:
181� 24%; FX + Li: 291� 33%), and cerebellum (Fig. 4D, WT + Li:
191� 34%; FX + Li: 245 � 28%). Phospho-Ser9-GSK3b also was sig-
nificantly increased after chronic lithium treatment in wild-type and
Fmr1 knockout mice, compared to untreated, wild-type mice, in the
striatum (Fig. 4I, WT + Li: 181� 16%; FX + Li: 141� 9%), hippocampus
(Fig. 4J, WT + Li: 149� 9%; FX + Li: 167� 19%), cerebral cortex (Fig. 4K,
WT + Li: 166 � 18%; FX + Li: 226� 16%), and cerebellum (Fig. 4L,
WT + Li: 129 � 12%; FX + Li: 181� 16%). Total levels of each isoform of
GSK3 were not changed in any brain region by chronic lithium



Fig. 1. Acute MPEP administration increases GSK3 serine-phosphorylation selectively in Fmr1 knockout mice. Fmr1 knockout mice were administered MPEP (30 mg/kg; ip) or

vehicle 30 or 90 min prior to sacrifice. Extracts of striatum, hippocampus, cerebral cortex, and cerebellum were probed with antibodies to (A–D) phospho-Ser21-GSK3a or

total GSK3a, and (E–H) phospho-Ser9-GSK3b or total GSK3b. Shown are representative immunoblots and quantitative values presented as the percent of values from

untreated mice analyzed on the same gel. n = 6 mice for control and 30 min groups, and n = 3 for 90 min group; *p < 0.05; yp < 0.06 compared to untreated values.
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Fig. 2. Acute MPEP administration does not change GSK3 serine-phosphorylation in wild-type mice. Wild-type mice were administered MPEP (30 mg/kg; ip) or vehicle 30 or

90 min prior to sacrifice. Extracts of striatum, hippocampus, cerebral cortex, and cerebellum were probed with antibodies to (A–D) phospho-Ser21-GSK3a or total GSK3a,

and (E–H,) phospho-Ser9-GSK3b or total GSK3b. Shown are representative immunoblots and quantitative values presented as the percent of values from untreated mice

analyzed on the same gel. n = 6 mice for control and 30 min groups, and n = 3 for 90 min group; *p < 0.05 compared to untreated values.
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Fig. 3. GSK3 serine-phosphorylation modulated by acute lithium administration. (A) Fmr1 knockout and (B) wild-type mice were administered lithium chloride (ip; 4 mmole/

kg) in PBS for 30, 60, or 180 min. Extracts of striatum, hippocampus, cerebral cortex, and cerebellum were immunoblotted for phospho-Ser21-GSK3a, phospho-Ser9-GSK3b,

total GSK3a, or total GSK3b. Shown are representative immunoblots and quantitative values presented as the percent of values from untreated mice analyzed on the same

gel. n = 4 mice per group; *p < 0.05 compared to untreated values.
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Fig. 3. (Continued ).
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treatment in wild-type or Fmr1 knockout mice (Fig. 4E–H and M–P).
These results extend our previous finding that an acute 30 min
treatment with lithium increased phospho-Ser9-GSK3b in Fmr1

knockout mouse brain [12], demonstrating that chronic lithium
treatment provides a sustained rescue of deficient serine-phosphor-
ylation of GSK3 in four brain regions of Fmr1 knockout mice.
3.5. Chronic lithium treatment increases hippocampal BDNF

BDNF regulates learning and memory, synaptic plasticity, and
activity levels in animal models [36]. Exogenous BDNF rescued
plasticity associated with learning and memory in Fmr1 knockout
mice [37], and lithium has been reported to increase in vivo brain



Fig. 4. Chronic lithium treatment rescues hyperactive GSK3 in Fmr1 knockout mice. Fmr1 knockout (Fragile X) and wild-type mice were treated with lithium for 3–4 weeks

prior to sacrifice and compared to untreated littermates. Homogenates of the striatum, hippocampus, cerebral cortex, and cerebellum were probed with antibodies to (A–D)

phospho-Ser21-GSK3a, (E–H) total GSK3a, (I–L) phospho-Ser9-GSK3b, (M-P) or total GSK3b. Immunoblots were quantified by densitometry and are presented as the

percents of values from untreated wild-type mice. n = 10 mice per group; **p < 0.05 comparing untreated Fragile X and wild-type values; *p < 0.05 compared with matched

sample without lithium treatment.
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Fig. 5. Chronic lithium treatment increases hippocampal BDNF levels. Fmr1

knockout and wild-type mice were treated with lithium for 3–4 weeks prior to

sacrifice and compared to untreated littermates. BDNF levels were measured in

hippocampal extracts by ELISA. Results are expressed as a percent of values in

untreated wild-type controls; n = 10 mice per group; *p < 0.05 compared with

matched sample without lithium treatment.
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levels of BDNF [38–40]. Therefore, we tested if lithium adminis-
tration increased BDNF levels in Fmr1 knockout mice. BDNF levels
from hippocampal extracts of Fmr1 knockout mice chronically
treated with lithium (41 � 6 pg/mg) were significantly higher (19%)
than untreated Fmr1 knockout mice (34 � 4 pg/mg) (Fig. 5).
Untreated wild-type mice had equivalent levels of BDNF
(34 � 4 pg/mg) as Fmr1 knockout mice, and also had a significant
increase in BDNF after chronic lithium treatment (40 � 5 pg/mg).
Thus, increases BDNF levels following chronic lithium administration
may contribute to its therapeutic effects in Fmr1 knockout mice.
Fig. 6. Chronic lithium treatment rescues hyperactive behavior of Fmr1 knockout mice. Fm

prior to 30 min open-field testing of activity. (A) Distance traveled was analyzed in 5 m

square behavior, defined as the central zone of the open-field, was measured as distanc

5 min bin. n = 5 mice per group. **p < 0.05 compared to untreated, wild-type values; *
3.6. Chronic lithium treatment rescues several FXS-specific

behavioral phenotypes

Since GSK3 is hyperactive in Fmr1 knockout mouse brain and
this is reversed by chronic lithium treatment, we tested if lithium
treatment rescued behavioral phenotypes in Fmr1 knockout mice.
A robust phenotype displayed by Fmr1 knockout mice is
hyperactivity [4,9,12,41,42], and we previously reported that
acute administration of a GSK3 inhibitor, SB-216763, normalized
hyperactivity of C57BL/6 Fmr1 knockout mice [12]. Therefore, in
the present study we addressed if chronic lithium treatment could
rescue the hyperactivity of C57BL/6 Fmr1 knockout mice.
Throughout the 30 min measurement the Fmr1 knockout mice
traveled a greater distance than wild-type mice (Fig. 6A), which
corresponded to a total distance of 8027 � 899 cm traveled by the
Fmr1 knockout mice, a significant 71% increase compared with wild-
type mice (4693 � 391 cm) (Fig. 6B). This hyperactive behavior of
Fmr1 knockout mice was completely abolished by chronic lithium
treatment, whereas lithium treatment only slightly reduced activity
of wild-type mice. The current data importantly show that chronic
lithium treatment specifically rescues the hyperactivity of Fmr1

knockout mice without significantly reducing the activity of wild-
type mice.

Fmr1 knockout mice also exhibit an increase in center-square
behavior in the open-field [43]. Previously, we demonstrated that
chronic lithium administration rescued the increased center-
square behavior of Fmr1 knockout mice on the FVB/NJ background
[12]. In the present study, we also measured center-square
behavior after chronic lithium treatment using mice on the
C57BL/6 background. Center-square travel distance was greater in
Fmr1 knockout mice than wild-type mice (Fig. 6C and D). Chronic
r1 knockout (FX) and wild-type (WT) mice were treated with lithium for 3–4 weeks

in bins. (B) Total, cumulative distance traveled during the 30 min test. (C) Center-

e traveled in the central area in 5 min bins. (D) Average center-square distance per

p < 0.05 compared with matched sample without lithium treatment.
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lithium treatment significantly reduced center-square behavior in
both the wild-type and C57BL/6 Fmr1 knockout mice. Taken
together, the data suggests that chronic lithium treatment reduces
the increased center-square behavior of Fmr1 knockout mice, but
lithium also reduces it in C57BL/6 wild-type mice, contrasting with
results previously reported in FVB/NJ mice [12].
Fig. 7. Lithium partially rescues altered elevated plus-maze behavior of Fmr1 knocko

knockout (FX) and wild-type (WT) mice were treated with lithium for 3–4 weeks prior to

in the open arms, (B) percentage of time spent in the open arms compared with total tim

explorations. (F) Immobility time was measured during the last 4 min of the 6 min tail sus

test. n = 10 mice per group; *p < 0.05 compared to untreated, wild-type values.
We tested if C57BL/6 Fmr1 knockout mice displayed altered
behavior in the elevated plus-maze, as previously was reported for
FVB Fmr1 knockout mice [5,7,44] and C57BL/6 Fmr1 knockout mice
[42,45]. This test measures the proclivity of mice to spend time in
the two enclosed arms rather than the two open arms. Fmr1

knockout mice spent significantly more total time (Fig. 7A) and
ut mice, and Fmr1 knockout mice do not display depressive-like behaviors. Fmr1

testing. Behavior in the 5 min elevated plus-maze test was analyzed as (A) total time

e spent in all arms, (C) closed arm entries, (D) open arm entries, and (E) open arm

pension test. (G) Immobility time was measured by beam breaks in the forced swim



Fig. 8. Chronic lithium treatment rescues impaired passive avoidance behavior of Fmr1 knockout mice. Fmr1 knockout and wild-type mice were treated with lithium for 3–4

weeks prior to behavioral assessment. (A) On training day, the latency to enter the dark chamber was measured during a 60 s test. Mice remaining in the light chamber for 60 s

were excluded from further analysis. (B) Latency to enter the dark chamber 24 h after training was measured, with a cutoff time of 9 min. (C) Percentage of mice in each group

crossing into the dark chamber within the 9 min cutoff time. n = 15 mice per group; **p < 0.05 compared to untreated, wild-type values; *p < 0.05 compared with matched

sample without lithium treatment.
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higher percentage of time (Fig. 7B) on the open arms than did wild-
type mice. Notably, this difference was partially ameliorated by
lithium, as after chronic lithium treatment time spent on the open
arm by Fmr1 knockout mice was not significantly different from
untreated wild-type or Fmr1 knockout mice (WT 15 � 3%; FX
26 � 3%; WT + Li 14 � 3%; FX + Li 21 � 4%). Similar to the open-field,
Fmr1 knockout mice displayed hyperactive behavior in the elevated
plus-maze as measured by closed arm entrances (Fig. 7C), which is the
most reliable measure of activity in the elevated plus-maze [46].
However, the differences detected in open arm time between
genotypes or treatments were not attributed to open arm entrances
(Fig. 7D) or explorations (Fig. 7E), as no changes among these
measures were observed. Taken together, these results indicate that
lithium partially reduced the altered elevated plus-maze behavior of
C57BL/6 Fmr1 knockout mice.

We also examined the behaviors of Fmr1 knockout and wild-
type mice in two tests that measure depression-like immobility
behavior in stressful conditions, the tail suspension test and the
forced swim test [47]. In both the tail suspension test and the
forced swim test there were no differences between Fmr1 knockout
and wild-type mice in immobility times (Fig. 7F and G,
respectively), indicating that other behavioral changes were not
due to a depressive-like phenotype in Fmr1 knockout mice.

Based on previous findings that Fmr1 knockout mice exhibit
defects in passive avoidance behavior [5,7], we tested if this was
ameliorated by chronic lithium administration. During the training
session, untreated and lithium-treated wild-type and Fmr1

knockout mice displayed the same latency to cross to the dark
side of the chamber (Fig. 8A), whereupon they received a single
foot-shock. Testing 24 h after conditioning revealed that Fmr1

knockout mice exhibited a significant 30% decreased latency to
cross to the foot-shock-paired side (Fig. 8B), and 87% of Fmr1

knockout mice crossed into the dark chamber during the 9 min
trial as opposed to 60% of wild-type mice (Fig. 8C). After chronic
lithium treatment Fmr1 knockout mice displayed a significant 44%
increase in latency to enter the dark chamber (FX = 242 � 41 s;
FX + Li = 348 � 53 s), and reduced the number of Fmr1 knockout mice
entering the chamber to 53% during the 9 min trial. Chronic lithium
administration also increased the latency of wild-type mice to enter
the dark chamber (WT = 346 � 60 s; WT + Li = 481 � 36 s), and only
27% crossed into the dark chamber during the trial. These results
indicate that lithium ameliorates the passive avoidance deficit in
Fmr1 knockout mice and also enhances recall in the passive avoidance
task in wild-type mice.

4. Discussion

Loss of FMRP expression in FXS causes mental retardation and
autistic characteristics, but there are no known therapeutic
treatments. Recent research raised the possibility that lithium
may be therapeutically useful in FXS [11,12,35]. This is exciting
because lithium is already used therapeutically as a mood
stabilizer, likely due to its inhibition of GSK3 [48], so much is
known about its pharmacokinetics, safety, and tolerability in
humans [13]. Therefore, this study further investigated the
potential involvement of GSK3 and the in vivo effects of lithium
on Fmr1 knockout mice phenotypes. The regulation of GSK3 by
inhibitory serine-phosphorylation was impaired in the brains of
C57BL/6 Fmr1 knockout mice, supporting this as an underlying
rationale for therapeutic application of lithium. Furthermore,
administration of lithium or another potential therapy for FXS,
MPEP, reversed the deficit in inhibitory serine-phosphorylation of
GSK3 in Fmr1 knockout mouse brains, and lithium ameliorated
several behavioral deficits in C57BL/6 Fmr1 knockout mice.

The therapeutic application of MPEP and other mGluR5
antagonists in FXS derives from the finding that mGluR5 receptor
signaling is elevated in Fmr1 knockout mice [23,49–51]. In the
present study, we extended our previous findings [12] to show that
MPEP administration to C57BL/6 Fmr1 knockout mice caused a
rapid increase in the serine-phosphorylation of GSK3 in the brain,
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demonstrating that this action occurs in Fmr1 knockout mice on
both C57BL/6 and FVB backgrounds [12], although the response to
MPEP was more robust in the C57BL/6 Fmr1 knockout mice. Here
we found that the MPEP effect on the serine-phosphorylation of
GSK3 was rapid and transient, in accordance with the short in vivo
half-life of MPEP [52]. Notably, the current study revealed for the
first time that this effect of 30 mg/kg MPEP administration only
occurred in Fmr1 knockout mice, not wild-type mice, indicating a
differential sensitivity to this dose of MPEP between the two
groups of mice. Higher doses may be effective in wild-type mice,
but a dose of 100 mg/kg MPEP was reported to cause sedation [24].
In contrast to the effect in Fmr1 knockout mice, there was a
tendency for MPEP to decrease serine-phosphorylation of GSK3 in
the brains of wild-type mice, consistent with previous reports that
activation of mGluR5 receptors inhibits GSK3 activity [26,53,54].
This difference between Fmr1 knockout mice and wild-type mice
suggests that the abnormally active mGluR5 signaling in Fmr1

knockout mice leads to an aberrant activation of GSK3 that is
blocked by antagonists of mGluR5. Interaction between mGluR5
and the postsynaptic scaffolding protein, Homer, are reduced in
Fmr1 knockout mice [55], which blocks mGluR5-stimulated Akt
activation [56]. This blockade could reduce Akt-mediated serine-
phosphorylation of GSK3 in Fmr1 knockout mice, which could
underlie decreased inhibitory serine-phosphorylation of GSK3 in
Fmr1 knockout mice. These results suggest that GSK3 may be an
important component of the mGluR-linked impairments in FXS
[32,49]. Since blocking mGluR5 receptors by MPEP administration
increased serine-phosphorylation of GSK3 in several brain regions
of Fmr1 knockout mice, and directly increasing GSK3 serine-
phosphorylation by lithium treatment ameliorated several beha-
vioral abnormalities in these mice, this action of MPEP on GSK3
may contribute to its therapeutic effects in models of FXS.

Acute administration of lithium increased serine-phosphoryla-
tion of GSK3 in mouse brain, an indicator of lithium’s inhibition of
GSK3 [22]. Lithium inhibits GSK3 by a direct action [19,20], and
this inhibitory effect is amplified by a subsequent increase in the
inhibitory serine-phosphorylation of GSK3 [21]. Previous work
showed that a 30 min lithium treatment increased phospho-Ser9-
GSK3b in whole brain extracts from FVB Fmr1 knockout mice [12].
In the current study, we assessed if acute lithium treatment
increased inhibitory serine-phosphorylation of both isoforms of
GSK3, GSK3a and GSK3b, tested the time course of this action, and
tested if differences in brain regions were evident in the effect of
lithium on GSK3 serine-phosphorylation. These experiments
showed that acute lithium-induced increases both phospho-
Ser21-GSK3a and phospho-Ser9-GSK3b, that these increases
occurred to variable extents in different brain regions, and that
the increases were similar in Fmr1 knockout and wild-type mice.
These results demonstrated that although serine-phosphorylation
of GSK3 is deficient under basal conditions in Fmr1 knockout mice,
the mechanism mediating this indirect inhibitory phosphorylation
of GSK3 induced by lithium is intact in Fmr1 knockout mice.

We then determined if chronic lithium treatment, which
models its therapeutic use in humans, also counteracts deficient
serine-phosphorylation of GSK3 in Fmr1 knockout mice. Chronic
lithium treatment robustly increased serine-phosphorylation of
both GSK3 isoforms in Fmr1 knockout and wild-type mice in all
brain regions examined. Specifically in Fmr1 knockout mice,
chronic lithium treatment was able to rescue the reduced serine-
phosphorylated GSK3, also extending to Fmr1 knockout mice on a
C57BL/6 background our previous finding of impaired inhibitory
serine-phosphorylation of GSK3 in the brains of FVB Fmr1

knockout mice [12]. This is important because, like many animal
models of diseases [57,58], inconsistent phenotypes occur among
different strains of Fmr1 knockout mice [59]. The reduced serine-
phosphorylation of GSK3 in the brain was more robust with mice
on the C57BL/6 background than the FVB/NJ background. In the
C57BL/6 Fmr1 knockout mice the striatum and hippocampus
displayed the largest reductions in both GSK3a and GSK3b serine-
phosphorylation, which may be linked to the high level of mGluR5
receptor expression in these regions [60]. As previously discussed
[12], several targets of GSK3 are associated with abnormalities in
FXS, supporting the hypothesis that loss of FMRP impairs
inhibitory control of GSK3, which may contribute to some
characteristics of FXS.

Although BDNF levels are not reduced in Fmr1 knockout mice,
BDNF rescued LTP deficits of Fmr1 knockout mice, suggesting that
increasing BDNF levels in FXS may be therapeutic [37]. Chronic
lithium treatment increased BDNF levels in wild-type mice similar
to previous reports [38–40,61], but importantly also in Fmr1

knockout mice. This action has been ascribed to inhibition of GSK3
by lithium resulting in increased expression of BDNF [40]. These
findings suggest that part of the therapeutic effect of inhibiting
GSK3 with lithium in FXS may stem from increased BDNF.

To test if impaired inhibition of GSK3 contributes to FXS-linked
phenotypic behaviors, we examined if lithium administration,
using a therapeutically relevant regimen, ameliorated behavioral
deficits in Fmr1 knockout mice. Hyperactive behavior in the open-
field is a robust behavioral phenotype of Fmr1 knockout mice [59]
and acute lithium treatment was reported to reduce this
phenotypic behavior in FVB Fmr1 knockout mice [12]. C57BL/6
Fmr1 knockout mice also were found to be hyperactive and chronic
lithium administration reduced activity to a level equivalent to
wild-type mice. Importantly, lithium did not have a significant
effect on the activity of wild-type mice in the open-field,
demonstrating a FXS-specific reduction in hyperactive behavior
by lithium. Taken in conjunction with a report that overexpression
of constitutively active S9A-GSK3b caused open-field hyperactiv-
ity [62], these findings suggest that increased GSK3 activity
contributes to the hyperactive behavior of Fmr1 knockout mice,
which would explain the FXS-specific rescue of hyperactivity by
lithium. Fmr1 knockout mice traveled a greater distance in the
center-square of the apparatus than wild-type mice and this was
rescued by chronic lithium treatment. Taken with the previous
findings of these effects of lithium in FVB Fmr1 knockout mice [12],
this is clearly a robust phenotype that is normalized by lithium
administration.

Mixed results have been reported in elevated plus-maze
behavior of Fmr1 knockout mice. FVB Fmr1 knockout mice spent
more time than wild-type mice on the open arm of the elevated
plus-maze [44], but the opposite result was reported for 3 week old
FVB Fmr1 knockout mice [45], and other studies reported no
differences between either FVB or C57BL/6 Fmr1 knockout and
wild-type mice [42,63]. In the present study, C57BL/6 Fmr1

knockout mice spent more time on the open arm of the elevated
plus-maze than wild-type mice. This difference was partially
corrected by chronic lithium treatment, which reduced the time
spent on the open arm by Fmr1 knockout mice to an intermediate
level between untreated Fmr1 knockout and wild-type mice, but
lithium treatment had no effect in wild-type mice.

Fmr1 knockout mice exhibited a decreased latency to enter the
dark chamber in the passive avoidance test, as previously reported
[5,6]. Experimental differences may explain the contrasting results
from other groups [4,23]. The current results suggest that Fmr1

knockout mice retain some ability to recall the shock that they
received in the dark chamber because they displayed delayed
entrance into the dark chamber. However, memory retrieval may
not be as robust as in wild-type mice, which would explain the
observed decreased latency of Fmr1 knockout mice. This correlates
with the subtle memory deficits of Fmr1 knockout mice described
in several other tests of memory [59]. Chronic lithium treatment
rescued the passive avoidance deficit in Fmr1 knockout mice,
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suggesting a contribution of hyperactive GSK3 in the impairment.
Chronic lithium treatment caused equivalent increases in the
latency to cross to the dark chamber in both wild-type and Fmr1

knockout mice. Chronic lithium treatment was previously reported
to increase memory in passive avoidance behavior in wild-type
rats [64]. This data support the hypothesis that GSK3 regulates
passive avoidance behavior and that lithium has beneficial effects
in passive avoidance behavior.

In summary, this study showed that impaired inhibitory serine-
phosphorylation of GSK3 is a robust phenotype in Fmr1 knockout
mice, and that administration of lithium rescues some of the
behavioral phenotypes of Fmr1 knockout mice. This extends
previous indications in flies [11], mice [12], and a preliminary trial
in FXS patients [35] that lithium ameliorates some characteristics
of FXS. Importantly, the involvement of GSK3 appears to be linked
to the prevalent mGluR hypothesis of FXS [49], because the
mGluR5 antagonist MPEP increased inhibitory phosphorylation of
GSK3 in Fmr1 knockout mice, but not in wild-type mice, suggesting
that the increased mGluR signaling in Fmr1 knockout mice
contributes to the deficit in inhibitory control of GSK3. The
capacity of lithium to reduce abnormal behaviors in Fmr1 knockout
mice strengthens the hypothesis that lithium may provide
therapeutic benefits in FXS. Thus, as suggested previously, both
lithium and mGluR antagonists may be therapeutically useful in
the treatment of FXS [11,12,32,33,35].
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[27] O’Brien WT, Harper AD, Jové F, Woodgett JR, Maretto S, Piccolo S, et al.
Glycogen synthase kinase-3b haploinsufficiency mimics the behavioral and
molecular effects of lithium. J Neurosci 2004;24:6791–8.

[28] Su Y, Ryder J, Li B, Wu X, Fox N, Solenberg P, et al. Lithium, a common drug for
bipolar disorder treatment, regulates amyloid-b precursor protein processing.
Biochemistry 2004;43:6899–908.

[29] Zhou R, Gray NA, Yuan P, Li X, Chen J, Chen G, et al. The anti-apoptotic,
glucocorticoid receptor cochaperone protein BAG-1 is a long-term target for
the actions of mood stabilizers. J Neurosci 2005;25:4493–502.

[30] Jope RS. Lithium, the seminal GSK3 inhibitor. In: Martinez A, Castro A, Medina
M, editors. Glycogen synthase kinase 3 (GSK-3) and its inhibitors. John Wiley
and Sons, Inc.; 2006. p. 223–42.

[31] Gould TD, O’Donnell KC, Picchini AM, Manji HK. Strain differences in lithium
attenuation of d-amphetamine-induced hyperlocomotion: a mouse model for
the genetics of clinical response to lithium. Neuropsychopharmacology
2007;32:1321–33.

[32] Dolen G, Bear MF. Role for metabotropic glutamate receptor 5 (mGluR5) in the
pathogenesis of fragile X syndrome. J Physiol 2008;586:1503–8.

[33] Berry-Kravis E, Hessl D, Coffey S, Hervey C, Schneider A, Yuhas J, et al. A pilot
open label, single dose trial of fenobam in adults with fragile X syndrome. J
Med Genet 2009;46:266–71.

[34] Davies SP, Reddy H, Caivano M, Cohen P. Specificity and mechanism of action
of some commonly used protein kinase inhibitors. Biochem J 2000;351:95–
105.

[35] Berry-Kravis E, Sumis A, Hervey C, Nelson M, Porges SW, Weng N, et al. Open-
label treatment trial of lithium to target the underlying defect in fragile X
syndrome. J Dev Behav Pediatr 2008;29:293–302.

[36] Monteggia LM, Barrot M, Powell CM, Berton O, Galanis V, Gemelli T, et al.
Essential role of brain-derived neurotrophic factor in adult hippocampal
function. Proc Natl Acad Sci USA 2004;101:10827–32.

[37] Lauterborn JC, Rex CS, Kramar E, Chen LY, Pandyarajan V, Lynch G, et al. Brain-
derived neurotrophic factor rescues synaptic plasticity in a mouse model of
fragile X syndrome. J Neurosci 2007;27:10685–94.

[38] Angelucci F, Aloe L, Jimenez-Vasquez P, Mathe AA. Lithium treatment alters
brain concentrations of nerve growth factor, brain-derived neurotrophic factor
and glial cell line-derived neurotrophic factor in a rat model of depression. Int J
Neuropsychopharmacol 2003;6:225–31.

[39] Jacobsen JP, Mork A. The effect of escitalopram, desipramine, electroconvul-
sive seizures and lithium on brain-derived neurotrophic factor mRNA and
protein expression in the rat brain and the correlation to 5-HT and 5-HIAA
levels. Brain Res 2004;1024:183–92.

[40] Yasuda S, Liang MH, Marinova Z, Yahyavi A, Chuang DM. The mood stabilizers
lithium and valproate selectively activate the promoter IV of brain-derived
neurotrophic factor in neurons. Mol Psychiatry 2009;14:51–9.

[41] Peier AM, McIlwain KL, Kenneson A, Warren ST, Paylor R, Nelson DL. (Over)-
correction of FMR1 deficiency with YAC transgenics: behavioral and physical
features. Hum Mol Genet 2000;9:1145–59.

[42] Mineur YS, Sluyter F, de Wit S, Oostra BA, Crusio WE. Behavioral and neuroa-
natomical characterization of the Fmr1 knockout mouse. Hippocampus
2002;12:39–46.

[43] Yan QJ, Asafo-Adjei PK, Arnold HM, Brown RE, Bauchwitz RP. A phenotypic and
molecular characterization of the fmr1-tm1Cgr fragile X mouse. Genes Brain
Behav 2004;3:337–59.

[44] Qin M, Smith CB. Unaltered hormonal response to stress in a mouse model of
fragile X syndrome. Psychoneuroendocrinology 2008;33:883–9.



C.J. Yuskaitis et al. / Biochemical Pharmacology 79 (2010) 632–646646
[45] Bilousova TV, Dansie L, Ngo M, Aye J, Charles JR, Ethell DW, et al. Minocycline
promotes dendritic spine maturation and improves behavioural performance
in the fragile X mouse model. J Med Genet 2009;46:94–102.

[46] Hogg S. A review of the validity and variability of the elevated plus-maze as an
animal model of anxiety. Pharmacol Biochem Behav 1996;54:21–30.

[47] Porsolt RD, Brossard G, Hautbois C, Roux S. Rodent models of depression:
forced swimming and tail suspension behavioral despair tests in rats and mice.
Curr Protoc Neurosci 2001 [Chapter 8:Unit 8 10A].

[48] Jope RS, Roh MS. Glycogen synthase kinase-3 (GSK3) in psychiatric diseases
and therapeutic interventions. Curr Drug Targets 2006;7:1421–34.

[49] Bear MF, Huber KM, Warren ST. The mGluR theory of fragile X mental
retardation. Trends Neurosci 2004;27:370–7.

[50] Huber KM, Gallagher SM, Warren ST, Bear MF. Altered synaptic plasticity in a
mouse model of fragile X mental retardation. Proc Natl Acad Sci USA
2002;99:7746–50.

[51] Nakamoto M, Nalavadi V, Epstein MP, Narayanan U, Bassell GJ, Warren ST.
Fragile X mental retardation protein deficiency leads to excessive mGluR5-
dependent internalization of AMPA receptors. Proc Natl Acad Sci USA
2007;104:15537–42.

[52] Anderson JJ, Bradbury MJ, Giracello DR, Chapman DF, Holtz G, Roppe J, et al. In
vivo receptor occupancy of mGlu5 receptor antagonists using the novel
radioligand [3H]3-methoxy-5-(pyridin-2-ylethynyl)pyridine). Eur J Pharma-
col 2003;473:35–40.

[53] Chong ZZ, Li F, Maiese K. Group I metabotropic receptor neuroprotection
requires Akt and its substrates that govern FOXO3a, Bim, and beta-catenin
during oxidative stress. Curr Neurovasc Res 2006;3:107–17.

[54] Spinsanti P, De Vita T, Di Castro S, Storto M, Formisano P, Nicoletti F, et al.
Endogenously activated mGlu5 metabotropic glutamate receptors sustain the
increase in c-Myc expression induced by leukaemia inhibitory factor in
cultured mouse embryonic stem cells. J Neurochem 2006;99:299–307.
[55] Giuffrida R, Musumeci S, D’Antoni S, Bonaccorso CM, Giuffrida-Stella AM,
Oostra BA, et al. A reduced number of metabotropic glutamate subtype 5
receptors are associated with constitutive homer proteins in a mouse model of
fragile X syndrome. J Neurosci 2005;25:8908–16.

[56] Ronesi JA, Huber KM. Homer interactions are necessary for metabotropic
glutamate receptor-induced long-term depression and translational activa-
tion. J Neurosci 2008;28:543–7.

[57] Ibarguen-Vargas Y, Surget A, Touma C, Palme R, Belzung C. Multifaceted strain-
specific effects in a mouse model of depression and of antidepressant reversal.
Psychoneuroendocrinology 2008;33:1357–68.

[58] Mohajeri MH, Madani R, Saini K, Lipp HP, Nitsch RM, Wolfer DP. The impact of
genetic background on neurodegeneration and behavior in seizured mice.
Genes Brain Behav 2004;3:228–39.

[59] Bernardet M, Crusio WE. Fmr1 KO mice as a possible model of autistic features.
ScientificWorldJournal 2006;6:1164–76.

[60] Abe T, Sugihara H, Nawa H, Shigemoto R, Mizuno N, Nakanishi S. Molecular
characterization of a novel metabotropic glutamate receptor mGluR5 coupled to
inositol phosphate/Ca2+ signal transduction. J Biol Chem 1992;267:13361–8.

[61] Fukumoto T, Morinobu S, Okamoto Y, Kagaya A, Yamawaki S. Chronic lithium
treatment increases the expression of brain-derived neurotrophic factor in the
rat brain. Psychopharmacology (Berl) 2001;158:100–6.

[62] Prickaerts J, Moechars D, Cryns K, Lenaerts I, van Craenendonck H, Goris I, et al.
Transgenic mice overexpressing glycogen synthase kinase 3beta: a putative
model of hyperactivity and mania. J Neurosci 2006;26:9022–9.

[63] Nielsen DM, Derber WJ, McClellan DA, Crnic LS. Alterations in the auditory
startle response in Fmr1 targeted mutant mouse models of fragile X syndrome.
Brain Res 2002;927:8–17.

[64] Tsaltas E, Kontis D, Boulougouris V, Papakosta VM, Giannou H, Poulopoulou C,
et al. Enhancing effects of chronic lithium on memory in the rat. Behav Brain
Res 2007;177:51–60.


	Lithium ameliorates altered glycogen synthase kinase-3 and behavior in a mouse model of Fragile X syndrome
	Introduction
	Materials and methods
	Animals and in vivo treatments
	Tissue preparation and analyses
	Behavior

	Results
	The mGluR5 antagonist MPEP selectively increases serine-phosphorylation of GSK3 in Fmr1 knockout mouse brain
	Acute lithium treatment increases inhibitory serine-phosphorylation of both GSK3&alpha; and GSK3&beta; in Fmr1 knockout mice
	Decreased inhibitory serine-phosphorylation of GSK3 is a robust phenotype of Fmr1 knockout mice
	Chronic lithium treatment rescues impaired inhibitory serine-phosphorylation of GSK3 in Fmr1 knockout mice
	Chronic lithium treatment increases hippocampal BDNF
	Chronic lithium treatment rescues several FXS-specific behavioral phenotypes

	Discussion
	Acknowledgments
	References


