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Abstract
Fragile X syndrome is the leading single gene cause of intellectual disabilities. Treatment of a
Drosophila model of Fragile X syndrome with metabotropic glutamate receptor (mGluR)
antagonists or lithium rescues social and cognitive impairments. A hallmark feature of the Fragile
X mouse model is enhanced mGluR-dependent long-term depression (LTD) at Schaffer collateral
to CA1 pyramidal synapses of the hippocampus. Here we examine the effects of chronic treatment
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of Fragile X mice in vivo with lithium or a group II mGluR antagonist on mGluR-LTD at CA1
synapses. We find that long term lithium treatment initiated during development (5–6 weeks of
age) and continued throughout the lifetime of the Fragile X mice until 9–11 months of age restores
normal mGluR-LTD. Additionally, chronic short term treatment beginning in adult Fragile X mice
(8 weeks of age) with either lithium or an mGluR antagonist is also able to restore normal mGluR-
LTD. Translating the findings of successful pharmacologic intervention from the Drosophila
model into the mouse model of Fragile X syndrome is an important advance, in that this identifies
and validates these targets as potential therapeutic interventions for the treatment of individuals
afflicted with Fragile X syndrome.

Keywords
Fragile X; FMRP; long-term depression (LTD); group II mGluR; lithium; Fragile X syndrome;
metabotropic glutamate receptor; LY341495

Introduction
Fragile X syndrome is the most prevalent heritable cause of intellectual disabilities, affecting
1 in 2,500 births (Hagerman, 2008). Fragile X is caused by the loss of FMR1 gene function,
which leads to a constellation of symptoms including seizures, sleep disorders, anxiety and
autism, with the overriding clinical manifestation ranging from mild to severe intellectual
disability (Jacquemont et al., 2007). Although the function of FMRP remains to be fully
understood, it is known to be enriched both presynaptically and postsynaptically, and is
associated with and regulates a number of mRNAs in response to synaptic activity (Bassell
and Warren, 2008; Jacquemont et al., 2007; Kelleher and Bear, 2008; Ronesi and Huber,
2008; Wang et al., 2010; Zukin et al., 2009).

A Drosophila model for Fragile X syndrome, based on the loss of dfmr1 expression, exhibits
several phenotypes in common with Fragile X-related symptoms (Dockendorff et al., 2002;
McBride et al., 2005; Morales et al., 2002; Zhang et al., 2001). Chronic treatment with
antagonists of the Drosophila metabotropic glutamate receptor (DmGluRA) or with lithium
can rescue courtship behavior (social interaction), cognitive defects and neuroanatomical
defects in the major learning and memory center of the brain (McBride et al., 2005). The
Drosophila genome contains a single metabotropic receptor (mGluR) and its
characterization indicates it activates signaling pathways downstream of both Group I and
Group II mGluRs (Choi et al., 2010; McBride et al., 2005; Pan and Broadie, 2007; Pan et al.,
2008). At therapeutic doses lithium has been shown to inhibit inositol trisphosphate
synthesis and recycling via inhibition of IPPase and IMPase (Acharya et al., 1998; Baraban
et al., 1989; Berridge, 1993; Berridge et al., 1989; Hallcher and Sherman, 1980; Williams et
al., 2002) as well as to inhibit GSK-3β activity (Klein and Melton, 1996). Therefore, lithium
has activities that are capable of inhibiting the downstream signaling of both the group I and
group II mGluRs, thus it is not clear which downstream pathways are relevant to the
observed phenotypic rescue (Dolen and Bear, 2005; McBride et al., 2005; Walsh et al.,
2008). This is an important point when considering how to translate these results into
mammalian systems. Relevant to this point, studies in the mouse model of fragile X (Fmr1
KO) have shown that genetic reduction or short-term pharmacologic inhibition of group 1
mGluRs or the downstream signaling of group I mGluRs can rescue a wide array of mutant
phenotypes (de Vrij et al., 2008; Dolen et al., 2007; Min et al., 2009; Yan et al., 2005).
However, it is not known if chronic treatments with lithium or group II mGluR antagonists
are effective in the mouse, as they have not been formally tested. This is an important
question for guiding potential therapies in humans.
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Whereas the behavioral and cognitive deficits displayed by the Drosophila Fragile X model
are robust (Bolduc et al., 2008; McBride et al., 2005), Fmr1 KO mice display subtle
behavioral and cognitive deficits (Bakker and Oostra, 2003; Bassell and Warren, 2008;
Jacquemont et al., 2007; Ronesi and Huber, 2008; Wang et al., 2010; Zukin et al., 2009).
The most robust endophenotype to date in the Fragile X mouse model is exaggerated
metabotropic glutamate receptor (mGluR)-dependent long-term depression (LTD) in the
CA1 region of the hippocampus at 6–8 weeks of age (Hou et al., 2006; Huber et al., 2002;
Nosyreva and Huber, 2006; Sharma et al., 2010). This is both very interesting and important
as it is widely accepted that long-term depression (LTD) as well as long-term potentiation
(LTP) are cellular models of learning and memory (Altinbilek and Manahan-Vaughan,
2009; Kelleher et al., 2004; Malenka and Bear, 2004; Whitlock et al., 2006).

In this study, the mGluR-LTD phenotype was examined in acute hippocampal slice
preparations at 4–6 months of age and at 9–11 months of age in the Fmr1 KO mice. Fragile
X and control mice were chronically treated with lithium or the selective mGluRII
antagonist, LY341495. We establish that chronic administration of lithium in a mammalian
model of Fragile X similar can rescue deficits, replicating our previous findings reported in a
Drosophila model. Moreover, we report that short-term administration of either lithium or
mGluR inhibitor during adulthood can ameliorate the enhanced mGluR LTD in Fmr1 KO
mice, indicating their potential therapeutic value.

Results
DHPG-induced mGluR-LTD in WT and Fmr1 KO mice at 5–6 months of age

Long-term potentiation (LTP) and long-term depression (LTD) have long been thought to
provide cellular models of learning and memory, and have recently been shown to be
associated with memory in vivo (Altinbilek and Manahan-Vaughan, 2009; Whitlock et al.,
2006). In this study, we elicited mGluR-dependent LTD by application of acute
hippocampal slices with DHPG (100 µM, 10 minutes) (Huber et al., 2000; Huber et al.,
2001). DHPG is a relatively selective group I mGluR agonist that at 100 µM stimulates
maximal mGluR-LTD in wild-type mice (Huber et al., 2002; Huber et al., 2000; Huber et
al., 2001). Consistent with these results, we found in hippocampal slices of WT (wild-type
control) mice at 5–6 months of age, DHPG elicited a depression of the baseline synaptic
response to 82.9 ± 2.3% (n = 6) and 83.5 ± 2.8% (n = 6) of the average pre-DHPG baseline
values at 60 and 80 minutes after induction, respectively (Figure 1A, 1D) (Huber et al.,
2002; Huber et al., 2000; Palmer et al., 1997). In hippocampal slices from similarly aged
Fragile X (Fmr1 KO) mice, DHPG elicited a depression in the synaptic responses to 68.3 ±
1.5% (n = 8) and 68.9 ± 1.6% (n = 8) of pre-DHPG baseline values at 60 and 80 minutes
after induction, respectively; the magnitude of depression was significantly greater than that
measured in slices from WT mice (p = 0.0009 at 60 and 80 minutes) (Figure 1A, 1D). These
findings demonstrate that the enhanced DHPG-induced mGluR-LTD observed in younger
mice (Hou et al., 2006; Huber et al., 2002; Nosyreva and Huber, 2006) is still present in
Fmr1 KO mice at 5–6 months of age. Also, similar to the previous studies, basal synaptic
transmission and paired-pulse facilitation (PPF) did not differ between the WT (n = 6) and
Fmr1 KO (n = 8) mice at 5–6 months of age (WT mice) (Figure 1B and 1C)(Hou et al.,
2006; Huber et al., 2002), indicating that the difference in the magnitude of LTD is not due
to changes in presynaptic release mechanisms.

mGluR-LTD is enhanced in 9–11 month old Fragile X mice compared to controls
Since Fragile X is generally thought of as a developmental disorder that affects the
individual throughout the lifespan, our goal was to start treatment early and to continue
throughout the majority of the lifetime of mice to determine if such prolonged treatment was
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effective. Before initiating these long-term treatment studies, we next examined DHPG-
induced mGluR-LTD in older (9–11 month old) Fragile X mice to determine if and how it
was affected vs WT mice. At this age, DHPG-induced LTD in WT mice to 81.1 ± 3.5% (n =
9) and 81.9 ± 3.4% (n = 9) of the average pre-DHPG baseline fEPSP slope values at 60 and
80 minutes, respectively, after induction (Figure 1E, 1H). In age-matched Fmr1 KO mice,
DHPG-induced LTD to 62.9 ± 4.1 (n = 8) and 63.5 ± 3.8% (n = 8) of average pre-DHPG
baseline values at 60 and 80 minutes, respectively, after induction (Figure 1E, 1H). Thus at
this age there was also a significantly larger decrease in amplitude in the Fmr1 KO mice
than in the WT controls (p = 0.0001 at 60 and 80 minutes). There was a trend toward having
a larger strength of LTD with age in the Fmr1 KO mice, but it did not reach the level of
significance. There was no difference in basal synaptic transmission or PPF in slices of WT
(n = 9) vs. Fmr1 KO (n = 8) mice at 9–11 months of age (Figure 1F, 1G), again indicating
that the difference in the magnitude of LTD is not due to changes in presynaptic release
mechanisms.

Long-term chronic lithium treatment abrogates the enhanced mGluR-LTD in Fragile X mice
To assess the efficacy of chronic treatment initiated early and continued throughout the
lifetime of the animals, lithium chow or control vehicle chow was administered to WT or
Fmr1 KO mice beginning at 5–6 weeks and continued until 10–11 months of age. The effect
of such a long-term lithium treatment on synaptic plasticity has not been examined
previously in WT or Fmr1 KO mice. Also as groups of mice were weighed weekly, it
remained to be determined if this extra handling of the mice would have any effect on
DHPG-induced LTD.

In WT mice, long-term treatment with control chow had no effect on DHPG-induced LTD,
with LTD of 81.8 ± 2.9% (n = 5) and 81.1 ± 3.5% (n = 5) at 60 and 80 minutes after
induction, which is comparable to DHPG-induced LTD in young control chow treated WT
mice (Figures 2A and 3A, p > 0.05) and in age matched untreated WT mice (1E, Figure 2A,
p > 0.05). WT mice that were long-term chronically treated with lithium chow also
demonstrated normal LTD at 82.2 ± 1.8% (n = 8) and 84.1 ± 1.9% (n = 8) at 60 and 80
minutes after induction (p > 0.05) (Figure 2A, G, H). There was no difference in basal
synaptic transmission or PPF between WT mice treated long-term with either lithium chow
(n = 8) or control vehicle chow (n = 5) (Figure 2B, C). Thus long-term treatment with
lithium had no effect on DHPG-induced LTD in control mice.

Fmr1 KO mice on long-term treatment with control vehicle chow had DHPG-induced LTD
of 62.1 ± 4.5% (n = 5) and 61.8 ± 3.8% (n = 5) at 60 minutes and 80 minutes after induction,
comparable to findings in young control chow treated Fmr1 KO mice (3D, p > 0.05) and in
age matched untreated Fmr1 KO mice (Figures 1E, 2D, p > 0.05) (Hou et al., 2006; Huber et
al., 2002; Nosyreva and Huber, 2006). This DHPG-induced LTD in vehicle treated Fmr1
KO mice was significantly enhanced compared to age-matched, interleaved, vehicle-treated
WT mice which had DHPG-induced mGluR-LTD at 81.8 ± 2.9% and 81.1 ± 3.5% at 60 and
80 minutes after induction (p = 0.0001 and p = 0.0002 respectively) (Figure 2A, 2D, 2G,
2H). Consistent with our hypothesis, we found that Fmr1 KO mice that were long-term
chronically treated with lithium demonstrated abrogation of the enhanced LTD
endophenotype, displaying LTD of 79.3 ± 1.4% (n = 9) and 83.9 ± 1.4% (n = 9) at 60
minutes and 80 minutes of age (Figure 2D, 2G, 2H). Basal synaptic transmission was not
altered in Fmr1 KO mice treated with lithium (n = 9) or control vehicle chow (n = 5) (Figure
2E). Also, chronic long-term treatment of Fmr1 KO mice with lithium (n = 9) or control
vehicle chow (n = 5) did not alter PPF (Figure 2F). Thus long-term treatment of Fmr1 KO
mice rescued the DHPG induced enhanced LTD phenotype.
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Chronic adult onset lithium treatment abrogates the enhanced mGluR-LTD in Fragile X
mice

The potential for amelioration in adulthood of cognitive phenotypes in animal models
associated with mental retardation and autism remains a new concept (Ehninger et al., 2008;
McBride et al., 2005; Raymond and Tarpey, 2006; Walsh et al., 2008). We next investigated
whether treatments initiated in adulthood and continued over a shorter time period could
also rescue exaggerated mGluR-LTD in Fmr1 KO mice. Lithium chow treatment or control
chow treatment was given to WT or Fmr1 KO mice for 10–12 weeks beginning at 8 weeks
of age (adulthood), referred to as short-term chronic treatment. As done in the previous
experiment, mice were weighed weekly. In WT mice tested at the end of this treatment (4–5
months of age) control chow had no effect on DHPG-induced LTD, compared to untreated
5–6 month-old mice (Figure 1A), with LTD of 78.7 ± 2.0% (n = 6) and 78.3 ± 1.9% (n = 6)
at 60 and 80 minutes after induction (Figure 3A, G, H). Similarly, short-term chronic
treatment of WT mice with lithium chow did not detectably alter DHPG-induced mGluR
LTD, demonstrating LTD of 83.5 ± 2.1% (n = 8) and 82.6 ± 1.6% (n = 8) at 60 and 80
minutes of age (Figure 3A, G, H). Moreover, neither basal synaptic transmission nor PPF
differed significantly in WT mice treated with lithium (n = 8) vs. control vehicle chow (n =
6) (Figure 3B, C).

In Fmr1 KO mice, short-term chronic treatment with control vehicle chow had no effect on
DHPG-induced LTD compared to untreated 5–6 month old mutant mice (Figure 1A), with
LTD of 66.6 ± 3.1% (n =7) and 66.3 ± 3.1% (n = 7) at 60 and 80 minutes after induction
(Figure 3D). This DHPG-induced LTD in Fmr1 KO mice was significantly enhanced
compared to LTD in age-matched, control vehicle chow-treated WT mice at 60 (p = 0.0071)
and 80 minutes (p = 0.0077)(78.7 ± 2.0% and 78.3 ± 1.9%; Figures 3A, 3D, 3G, 3H). Short
term chronic treatment of Fmr1 KO mice with lithium significantly decreased DHPG-
induced mGluR-LTD, with depression of fEPSP slopes to 81.8 ± 3.5% (n=8, p = 0.0003)
and 80.8 ± 2.4% (n=8, p = 0.0006) at 60 and 80 minutes, respectively, after DHPG induction
(Figure 3D, 3G, 3H). Short term chronic lithium treatment (n = 8) administered to Fmr1 KO
mice did not significantly alter basal synaptic transmission or PPF compared to control chow
treated mice (n = 7) (Figure 3E, 3F). Thus, short-term chronic treatment with lithium was
sufficient to rescue the enhanced DHPG-induced LTD observed at CA1 synapses of Fmr1
KO mice, without detectably altering synaptic transmission or mGluR-LTD in WT control
mice.

Chronic mGluR antagonist treatment during adulthood corrects mGluR-LTD in Fragile X
mice

We next examined whether the group II mGluR antagonist LY431495 administered to adult
mice could rescue exaggerated mGluR-LTD (Johnson et al., 1999; Ornstein et al., 1998;
Sato et al., 2004). Unlike group I mGluRs antagonists, which impair induction of NMDAR-
dependent LTP, and L-LTP (Late phase-LTP), group II mGluR antagonists inhibit only LTD
at CA1 synapses. Both L-LTP and LTD require de novo protein synthesis and may utilize
overlapping cellular machinery involved in protein synthesis (Altinbilek and Manahan-
Vaughan, 2007; Altinbilek and Manahan-Vaughan, 2009; Balschun and Wetzel, 2002; Bordi
et al., 1997; Kulla and Manahan-Vaughan, 2008; Manahan-Vaughan and Reymann, 1997;
ManahanVaughan, 1997; Naie and Manahan-Vaughan, 2005; Neyman and Manahan-
Vaughan, 2008; Santschi et al., 2006). Group II mGluRs are expressed predominantly pre-
synaptically, but are also expressed post-synaptically (Lujan et al., 1997; Tanabe et al.,
1992; Tanabe et al., 1993). LY341495 or vehicle was administered to WT or Fmr1 KO mice
for 8 weeks beginning at 8 weeks of age. The concentration of LY341495 used was the
minimal dose previously shown to reverse the in vivo effects of a group II mGluR agonist
(Johnson et al., 1999; Ornstein et al., 1998). At the cessation of treatment, the mice were
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given a hiatus for 3–5 weeks before being tested for DHPG-induced LTD. This was done to
ensure that LY341495 had cleared the system prior to electrophysiological experiments, as it
has previously been established that a high concentration of LY341495 can acutely block
DHPG-induced LTD (Fernandez et al., 2007; Gong et al., 2004; Huber et al., 2000). It was
also done to determine if more permanent changes had occurred, such as in the
transcriptional profile, that could maintain rescue of the enhanced LTD (Fernandez et al.,
2007; Gong et al., 2004).

In WT mice, treatment with LY341495 vehicle for 8 weeks did not detectably alter DHPG-
induced LTD, as compared with untreated WT mice (Figure 1A), with LTD of 83.1 ± 1.8%
(n = 5) and 83.5 ± 1.8% (n = 5) at 60 and 80 minutes after induction, respectively (Figure
4A, 4G, 4H). In contrast, compared to LY341495 vehicle treated WT mice, WT mice that
were chronically treated with LY341495 demonstrated significantly enhanced LTD of 69.1
± 2.2% (n = 5) and 69.8 ± 2.8 (n = 5) at 60 and 80 minutes after induction (p = 0.0001 for
both time points) (Figure 4A, 4G, 4H). Chronic administration of LY341495 to WT mice (n
= 5) did not significantly alter basal synaptic transmission or PPF compared to vehicle
treated WT mice (n = 5) (Figure 4B, 4C).

In Fmr1 KO mice, an 8 week treatment with vehicle had no effect on DHPG-induced LTD,
as compared with untreated Fmr1 KO mice of a similar age (Figure 1A), with LTD of 72.6 ±
1.5% (n = 6) and 72.7 ± 1.3% (n = 6) at 60 and 80 minutes after induction compared to
untreated Fmr1 KO mice (Figure 4D). DHPG-induced LTD in vehicle-treated Fmr1 KO
mice was significantly enhanced compared to LTD in interleaved, age-matched, LY341495
vehicle-treated WT mice at 60 and 80 minutes (83.1 ± 1.8% and 83.5 ± 1.8%; p = 0.0005
and p = 0.0004; Figures 4D and 4A). In contrast, Fmr1 KO mice that were chronically
treated with LY341495 demonstrated abrogation of the enhanced mGluR-LTD at CA1
synapses, with fEPSP slope values of 84.1 ± 1.9% (n = 7) and 81.2 ± 2.0% (n = 7) at 60 and
80 minutes (p = 0.0001 and p = 0.0021; Figure 4D, 4G, 4H). LY341495 treatment of Fmr1
KO mice (n = 7) did not detectably alter basal synaptic transmission or PPF compared to
LY341495 vehicle treated Fmr1 KO mice (n = 6) (Figure 4E–F), indicating that correction
of mGluR-LTD by LY341495 treatment was not due to changes in presynaptic release
mechanisms.

Discussion
DHPG-induced mGluR-LTD is enhanced in aged Fmr1 KO mice

The endophenotype of enhanced DHPG-induced mGluR-LTD in the CA1 region of the
hippocampus in Fmr1 KO mice was chosen to examine the effects of chronic treatment with
lithium and LY341495 because of its proven reproducibility. Previous studies, however,
were limited to examining DHPG-induced LTD in young mice between 3–8 weeks of age
(Banko et al., 2006; Huber et al., 2002; Nosyreva and Huber, 2006). In this study we
examined enhanced DHPG-induced mGluR-LTD in older mice and found it to persist well
into adulthood as tested at 4–6 and 9–11 months of age in the Fmr1 KO mice. This finding
provides a useful phenotype to examine more long-term effects of pharmacological
treatment paradigms

Long-term and short-term lithium treatment effectively restored proper mGluR-LTD in the
Fmr1 KO mouse

In previous studies we observed that the treatment of a fly Fragile X model with lithium
during development and/or adulthood rescued social interaction, immediate recall and short-
term memory (McBride et al., 2005). These results, especially those demonstrating the
efficacy of adult only treatment, provided an impetus for examining the effect of lithium
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treatment in the mouse Fragile X model. Moreover, lithium treatment has been found to
rescue enhanced audiogenic seizures and ameliorates aberrant behaviors in Fmr1 KO mice,
as assessed by open-field activity, elevated plus-maze, and passive avoidance assays (Min et
al., 2009; Yuskaitis et al., 2010). Lithium also ameliorates some behaviors in human
subjects with Fragile X, as reported in a recent open label clinical trial (Berry-Kravis et al.,
2008).

A novel finding of the present study is that long-term chronic lithium treatment initiated
early in life and continued until 10–11 months of age rescues exaggerated DHPG-induced
mGluR LTD at the Schaffer collateral to CA1 synapse in Fragile X mice, restoring LTD to
the level observed in WT mice. In contrast, long-term lithium treatment does not have any
obvious effect on DHPG-induced LTD in WT mice. This demonstrates the efficacy of using
lithium treatment continued throughout adulthood to rescue impaired synaptic plasticity in a
mouse model of Fragile X syndrome.

The efficacy of the long-term chronic lithium treatment begun early and given throughout
adulthood in correcting the enhanced LTD endophenotype in the Fmr1 KO mice left open
the extremely important question of whether a shorter course of adulthood only treatments
could also be effective. Here we demonstrate that chronic short-term lithium treatment
initiated in adulthood (at 8 weeks of age) corrects the enhanced DHPG-induced LTD
endophenotype in Fmr1 KO mice. These findings are consistent with our previous findings
that pharmacologic treatment beginning in adulthood could rescue social interaction,
immediate recall and short-term in the fly model of Fragile X (McBride et al., 2005). These
findings are also consistent with findings of others that chronic (5-day) treatment of Fmr1
KO mice with lithium ameliorated aberrant behavior of Fmr1 KO mice, as assessed by
performance in open-field activity, elevated plus-maze, and passive avoidance assays
(Yuskaitis et al., 2010). Collectively, these findings together with findings in the present
study support further studies of the efficacy of treating some Fragile X symptoms with
lithium.

LY341495 treatment effectively restored proper mGluR-LTD in Fmr1 KO mouse
Initially it was speculated, based on our fly data, that group II mGluR antagonists may have
efficacy in treating the Fragile X mouse model and Fragile X patients since antagonism of
the Drosophila mGluR (DmGluRA) was able to rescue memory and social interaction
impairments in the Fragile X fly model and DmGluRA has group II mGluR activity
(McBride et al., 2005; Parmentier et al., 1996). LY341495 is a selective mGluR antagonist
with 10 fold higher affinity for mGluR2/3 (Group II) than mGluR7/8 (Group III) and a
1,000 fold higher affinity for mGluR2/3 than for group I mGluRs (Fitzjohn et al., 1998;
Johnson et al., 1999; Kingston et al., 1998; Linden et al., 2009; Ornstein et al., 1998; Wright
et al., 2000). Since elegant work has demonstrated that heterozygous genetic deletion of the
group I mGluR5 can rescue many phenotypes in the Fragile X mouse model (Dolen et al.,
2007), we tried to minimize the potential of antagonizing group I mGluRs by utilizing the
LY341495 at the lowest dose demonstrated to reverse the in vivo effects of a group II
mGluR agonist (Johnson et al., 1999; Ornstein et al., 1998). For further discussion on the
selectivity and dosing of LY341495 please see the methods.

We reasoned that group II mGluR antagonists would increase cAMP levels in response to
synaptic stimulation, owing to the fact that the majority of group II mGluRs are coupled to
Gi and localize to both pre- and post-synaptic compartments. A rise in intracellular cAMP
would, in turn, promote PKA activity and antagonize GSK-3β activity (Fang et al., 2000; Li
et al., 2000; Tanji et al., 2002) (Supplemental Figure 1). Consistent with this, lithium
treatment has been shown to abrogate elevated GSK-3β activity in Fmr1 KO mice
(Yuskaitis et al., 2010). There has also been postulated a potential role for decreased cAMP
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signaling after synaptic stimulation in the Drosophila and mouse models of Fragile X as
well as demonstrated decreased levels of cAMP in the brains of the Drosophila and mouse
models of Fragile X and from samples from patients afflicted with Fragile X (Berry-Kravis
and Ciurlionis, 1998; Berry-Kravis et al., 1995; Berry-Kravis and Huttenlocher, 1992;
Kelley et al., 2007; McBride et al., 2005)

Mammalian group II mGluRs also to a lesser extent couple to Gq; therefore, group II
mGluR antagonists would be expected to decrease activity-dependent, InsP3R-mediated
Ca2+ release from internal stores (Supplemental Figure 1). Lithium can also inhibit this
downstream pathway as it can InsP3R-mediated calcium signaling through inhibition of
IMPase and IPPase (Acharya et al., 1998; Baraban et al., 1989; Berridge, 1993; Berridge et
al., 1989; Hallcher and Sherman, 1980). Thus although we feel that the results obtained in
this study are most likely due to reducing mGluR group II mediated pathways
(predominantly via Gi coupling, but to a lesser degree possibly via Gq coupling;
Supplemental Figure 1), we cannot fully discount the possibility of some rescue coming
from decreases in group I pathways as well, especially considering the novelty of using long
term pharmacological treatments.

We found that chronic LY341495 treatment initiated in adulthood and continued for 8 weeks
rescued the endophenotype of enhanced DHPG-induced LTD in the Fragile X mouse model.
The fact that this rescue was observed after a cessation period of 3–5 weeks after the final
treatment indicates that changes at the transcriptional level were likely induced by treatment
(Fernandez et al., 2007; Gong et al., 2004). In contrast to the results obtained with the Fmr1
KO mice, chronic LY341495 treatment enhanced DHPG-induced LTD in WT mice. This is
a very interesting finding because it is the opposite of the outcome that was seen in Fmr1
KO mice. Although it is beyond the scope of the current research, one could speculate that
this happened due to compensation in the system given that the neuronal signaling network
is set up to maintain an optimal range for cAMP signaling in the brain (Sato et al., 2004).

This work demonstrates that group II mGluR antagonists and lithium (GSK-3β inhibitors)
are potential therapeutic agents for the treatment of Fragile X and further illustrates the
potential efficacy of lithium as a treatment for Fragile X associated pathology. This is an
expansion of the mGluR theory to include group II mGluR receptors (Bear et al., 2004).
Lastly we would like to point out that the present study shows the novel finding that chronic
LY341495 treatment initiated in adulthood and continued for 8 weeks rescues enhanced
DHPG-induced LTD in Fragile X mice for at least 3–5 weeks beyond the last drug
treatment. The full duration of the rescue has yet to be determined, but the persistence of this
rescue indicates that more lasting changes, possibly at the level of transcription or epigenetic
modification of the genome were induced by the LY341495 treatment (Fernandez et al.,
2007; Gong et al., 2004). This is a very interesting finding in that it indicates the possibility
that some drug treatments can induce more lasting changes in the FMR1 KO brain. To
pursue these studies further we need to determine if other FMR1 KO phenotypes are rescued
by LY341495 treatment and if the rescue of other phenotypes also persists beyond a given
drug treatment period and for what period of time. Results from these studies are critically
important for exploring the use of similar compounds for clinical treatment of Fragile X
patients as they indicate that pharmacological treatments may not require continuous drug
treatment thus reducing cost and chance of adverse side effects caused by continuous drug
exposure.
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Experimental Procedure
Mouse Studies

All animal studies were conducted in accordance with protocols approved by the
Institutional Animal Care and Use Committee at the Drexel University College of Medicine
and Albert Einstein College of Medicine. Fmr1 KO mice backcrossed onto the FVB
background and the appropriate control strain were purchased from the Jackson Laboratory
(Bar Harbor, ME) and bred in-house. The genotype of animals was confirmed by PCR. All
mice were subjected to a 12h:12h light: dark cycle. Food and water were provided ad
libitum. Only male mice were used for experimentation in this paper.

Electrophysiology
Mice were deeply anesthetized with isoflurane and decapitated. The brain was collected in
ice-cold dissection buffer (in mM: sucrose, 215; NaHCO3, 26; NaH2PO4, 1.6; CaCl2, 1;
KCl, 2.5; MgSO4, 4; MgCl2, 4; glucose, 20) and the hippocampi were dissected. Transverse
sections of the hippocampi (400 µm thickness) were prepared in ice-cold aCSF (in mM:
NaCl, 124; NaHCO3, 25; NaH2PO4, 1.25; CaCl2, 2.5; KCl, 2.5; MgCl2, 1.3; glucose, 10)
using a vibrating slicer (Vibratome 3000EP, Vibratome, MO). The slices were allowed to
recover at 33° Celsius for 1 hour prior to transecting the CA3 region and placing them in a
submersion-style recording chamber, where they were perfused for at least 1 hour (32°
Celsius, 2–2.5 ml/min) prior to recording. Dissection and recording buffers were saturated
with a 95% O2 / 5% CO2 mixture (pH 7.4).

Extracellular field excitatory postsynaptic potentials (fEPSPs) were recorded in the stratum
radiatum of area CA1 using extracellular recording electrodes filled with aCSF (resistances:
1 ~ 2 MOhm). Synaptic responses were evoked by stimulating the Schaffer collateral axons
with a 200-µsec pulse using a bipolar stainless steel electrode (Rhodes Medical Instruments,
CA). The slices were stimulated every 30 s (0.033Hz) for a minimum of 15 minutes to
verify stability of response. Basal synaptic transmission (BST) was measured by stimulating
the slices at 8 to 10 different stimulus intensities ranging from 5 µA to 50 µA. Paired-pulse
facilitation (PPF) was determined at interstimulus intervals of 15 ms, 30 ms, 50 ms and 100
ms. Baseline responses were evoked by stimulating the slices at 0.033 Hz using 50–60% of
maximal stimulating intensity, and the data were averaged every minute for a minimum of
30 minutes. Slices were not further used if their responses drifted beyond 5% of the average
baseline response. Long-term depression was induced chemically using 100 µM (R,S)-
dihydroxyphenylglycine (DHPG) for 10 minutes.

Extracellular recordings were performed with a Multi-Clamp 700A amplifier (Axon
Instruments Inc., Union City, CA). Analysis of data was performed blind to the genotype
and experimental group. Results were obtained using at least two different litters of mice for
all experimental groups. All experiments were interleaved as appropriate. BST and PPF
results are reported as mean ± SD. LTD results are reported as mean ± SEM. Significant
differences between groups were determined by using a Student’s t-test and ANOVA
analysis. Significance was similar for all data analyzed by both the Student’s t-test and
ANOVA, and therefore only the ANOVA p values are shown.

Drug administration
R, S-DHPG and LY341495 were purchased from Tocris (St. Louis, MO). DHPG and
LY341495 were prepared as recommended. Fresh stocks were prepared weekly for DHPG,
and biweekly for LY341495 and NaOH vehicle. Mice were weighed weekly to help monitor
general well-being.
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Lithium—5–6 week old (long term treatment group) or 10–12 week old (short term
treatment group) male Fmr1 KO mice and age-matched male WT control mice were
administered custom-made chow containing 2.4 g/kg lithium carbonate or vehicle (Bio-Serv,
Frenchtown, NJ) for either 10–12 weeks (short term treatment group) or until they reached
10–11 months of age (long term treatment group). This dose and route of administration
have previously been shown to achieve clinically relevant concentrations of serum lithium
(0.6–1.2 mM) in mice (Son et al., 2003; Su et al., 2004). The serum levels of lithium
obtained ranged from 0.66 to 0.96 mM for lithium treated mice (WT and Fmr1 KO) and <
0.05 (the level of detection) for control treated mice. Food and water were provided ad-
libitum. Serum lithium concentration was determined by collecting trunk blood, isolating the
serum by centrifugation (11,000 rpm, 5 mins) and then utilizing services provided by the
Hospital of the University of Pennsylvania. The tested samples of trunk blood demonstrated
that the serum lithium concentration was in the clinically relevant range for all treated mice
and none of the control mice.

LY341495—Eight week old male Fmr1 KO mice and age-matched male control mice were
administered 0.9 % saline containing 0.3 mg/kg LY341495 or vehicle alone via
subcutaneous injections once daily for 8 weeks. This dose has previously been to shown to
be the lowest dose that reverses the in vivo effects of a group II mGluR agonist (Johnson et
al., 1999; Ornstein et al., 1998). The IC 50 of LY341495 for mGluR2 and mGluR3 are 2.3
and 1.3 nM. The efficacy of LY341495 treatment on reversing the in vivo effects of the
mGluR2/3 agonist LY354750 appears to be selective at this low dose that we utilize, which
is why we chose to utilize this dose (Johnson et al., 1999; Ornstein et al., 1998; Sato et al.,
2004). However the IC 50 of LY341495 for mGluR7 and mGluR8 are 173 and 990nM,
therefore at 10–100 fold higher concentration it also has a the potential to hit four of the
mGluR subtypes, all of which are group II and group III mGluRs (Fitzjohn et al., 1998;
Johnson et al., 1999; Kingston et al., 1998; Ornstein et al., 1998; Wright et al., 2000). This
ability to antagonize mGluR7 and mGluR8 in addition to mGluR2 and mGluR3 appears to
be why additional effects of LY341495 treatment arise at doses of 1–3mg/kg or greater
(Bespalov et al., 2008; Chaki et al., 2004; Linden et al., 2009; O'Neill et al., 2003). At even
higher doses LY341495 becomes a non-selective mGluR antagonist with an IC50 of 6.8 uM
for mGluR1 and 8.2 uM for mGluR5 and antagonization of group I mGluRs has been
demonstrated in synaptoneurosome preparations at such doses (Fitzjohn et al., 1998;
Johnson et al., 1999; Kingston et al., 1998; Sawtell et al., 1999; Wright et al., 2000). The
mice were given at a three to five-week drug and handling hiatus prior to testing.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
We would like to thank Myles Akabas, Allison Terlizzi, Neal Ferrick, Thomas Dockendorff, Pablo Castillo,
Graham Ellis-Davies, Eric Koenigsberg, Alex Harris, Boris Heifets, Kanji Takahashi, Diana Petit, Randi
Hagerman, David Nelson, Peter Davies, Peter Klein, Peter Vanderklish, Eric Klann and Sumantra Chattarji for
critical comments during this project. We would like to thank Melanie Talent for the use of space and equipment.
We would like to thank the Animal Care Facility at Drexel College of Medicine and Albert Einstein College of
Medicine, specifically we would like to thank Janet Schulenberg, Andy Nelson, Charlene Glenn and Carlton Reed
for assistance with animal care. We would like to acknowledge funding from the FRAXA Research Foundation to
S.M.J.M., C.H.C. and T.A.J. We thank the National Fragile X Foundation for a summer fellowship award to Eric
Koenigsberg. We would like to acknowledge funding from Autism Speaks to T.V.M and S.M.J.M. We would like
to thank the Albert Einstein College of Medicine MSTP grant for funding S.M.J.M and NIH-NINDS and NIGMS
funding to T.A.J.

Choi et al. Page 10

Brain Res. Author manuscript; available in PMC 2012 March 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Literature references
Acharya JK, et al. Synaptic defects and compensatory regulation of inositol metabolism in inositol

polyphosphate 1-phosphatase mutants. Neuron 1998;20:1219–1229. [PubMed: 9655509]
Altinbilek B, Manahan-Vaughan D. Antagonism of group III metabotropic glutamate receptors results

in impairment of LTD but not LTP in the hippocampal CA1 region, and prevents long-term spatial
memory. Eur J Neurosci 2007;26:1166–1172. [PubMed: 17767495]

Altinbilek B, Manahan-Vaughan D. A specific role for group II metabotropic glutamate receptors in
hippocampal long-term depression and spatial memory. Neuroscience 2009;158:149–158.
[PubMed: 18722513]

Bakker CE, Oostra BA. Understanding fragile X syndrome: insights from animal models. Cytogenet
Genome Res 2003;100:111–123. [PubMed: 14526171]

Balschun D, Wetzel W. Inhibition of mGluR5 blocks hippocampal LTP in vivo and spatial learning in
rats. Pharmacol Biochem Behav 2002;73:375–380. [PubMed: 12117592]

Banko JL, et al. Regulation of eukaryotic initiation factor 4E by converging signaling pathways during
metabotropic glutamate receptor-dependent long-term depression. J Neurosci 2006;26:2167–2173.
[PubMed: 16495443]

Baraban JM, et al. Second messenger systems and psychoactive drug action: focus on the
phosphoinositide system and lithium. Am J Psychiatry 1989;146:1251–1260. [PubMed: 2571304]

Bassell GJ, Warren ST. Fragile X syndrome: loss of local mRNA regulation alters synaptic
development and function. Neuron 2008;60:201–214. [PubMed: 18957214]

Bear MF, et al. The mGluR theory of fragile X mental retardation. Trends Neurosci 2004;27:370–377.
[PubMed: 15219735]

Berridge MJ. Inositol trisphosphate and calcium signalling. Nature 1993;361:315–325. [PubMed:
8381210]

Berridge MJ, et al. Neural and developmental actions of lithium: a unifying hypothesis. Cell
1989;59:411–419. [PubMed: 2553271]

Berry-Kravis E, Ciurlionis R. Overexpression of fragile X gene (FMR-1) transcripts increases cAMP
production in neural cells. J Neurosci Res 1998;51:41–48. [PubMed: 9452307]

Berry-Kravis E, et al. Reduced cyclic AMP production in fragile X syndrome: cytogenetic and
molecular correlations. Pediatr Res 1995;38:638–643. [PubMed: 8552427]

Berry-Kravis E, Huttenlocher PR. Cyclic AMP metabolism in fragile X syndrome. Ann Neurol
1992;31:22–26. [PubMed: 1371909]

Berry-Kravis E, 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. [PubMed: 18698192]

Bespalov AY, et al. Behavioral characterization of the mGlu group II/III receptor antagonist,
LY-341495, in animal models of anxiety and depression. Eur J Pharmacol 2008;592:96–102.
[PubMed: 18634781]

Bolduc FV, et al. Excess protein synthesis in Drosophila fragile X mutants impairs long-term memory.
Nat Neurosci 2008;11:1143–1145. [PubMed: 18776892]

Bordi F, et al. Regulation of synaptic plasticity by mGluR1 studied in vivo in mGluR1 mutant mice.
Brain Res 1997;761:121–126. [PubMed: 9247074]

Chaki S, et al. MGS0039: a potent and selective group II metabotropic glutamate receptor antagonist
with antidepressant-like activity. Neuropharmacology 2004;46:457–467. [PubMed: 14975669]

Choi CH, et al. Age-dependent cognitive impairment in a Drosophila fragile X model and its
pharmacological rescue. Biogerontology 2010;11:347–362. [PubMed: 20039205]

de Vrij FM, et al. Rescue of behavioral phenotype and neuronal protrusion morphology in Fmr1 KO
mice. Neurobiol Dis 2008;31:127–132. [PubMed: 18571098]

Dockendorff TC, et al. Drosophila lacking dfmr1 activity show defects in circadian output and fail to
maintain courtship interest. Neuron 2002;34:973–984. [PubMed: 12086644]

Dolen G, Bear MF. Courting a cure for fragile X. Neuron 2005;45:642–644. [PubMed: 15748838]
Dolen G, et al. Correction of fragile X syndrome in mice. Neuron 2007;56:955–962. [PubMed:

18093519]

Choi et al. Page 11

Brain Res. Author manuscript; available in PMC 2012 March 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Ehninger D, et al. Reversing neurodevelopmental disorders in adults. Neuron 2008;60:950–960.
[PubMed: 19109903]

Fang X, et al. Phosphorylation and inactivation of glycogen synthase kinase 3 by protein kinase A.
Proc Natl Acad Sci U S A 2000;97:11960–11965. [PubMed: 11035810]

Fernandez F, et al. Pharmacotherapy for cognitive impairment in a mouse model of Down syndrome.
Nat Neurosci 2007;10:411–413. [PubMed: 17322876]

Fitzjohn SM, et al. The potent mGlu receptor antagonist LY341495 identifies roles for both cloned and
novel mGlu receptors in hippocampal synaptic plasticity. Neuropharmacology 1998;37:1445–
1458. [PubMed: 9886667]

Gong B, et al. Persistent improvement in synaptic and cognitive functions in an Alzheimer mouse
model after rolipram treatment. J Clin Invest 2004;114:1624–1634. [PubMed: 15578094]

Hagerman PJ. The fragile X prevalence paradox. J Med Genet 2008;45:498–499. [PubMed: 18413371]
Hallcher LM, Sherman WR. The effects of lithium ion and other agents on the activity of myo-

inositol-1-phosphatase from bovine brain. J Biol Chem 1980;255:10896–10901. [PubMed:
6253491]

Hou L, et al. Dynamic translational and proteasomal regulation of fragile X mental retardation protein
controls mGluR-dependent long-term depression. Neuron 2006;51:441–454. [PubMed: 16908410]

Huber KM, et al. Altered synaptic plasticity in a mouse model of fragile X mental retardation. Proc
Natl Acad Sci U S A 2002;99:7746–7750. [PubMed: 12032354]

Huber KM, et al. Role for rapid dendritic protein synthesis in hippocampal mGluR-dependent long-
term depression. Science 2000;288:1254–1257. [PubMed: 10818003]

Huber KM, et al. Chemical induction of mGluR5- and protein synthesis--dependent long-term
depression in hippocampal area CA1. J Neurophysiol 2001;86:321–325. [PubMed: 11431513]

Jacquemont S, et al. Fragile-X syndrome and fragile X-associated tremor/ataxia syndrome: two faces
of FMR1. Lancet Neurol 2007;6:45–55. [PubMed: 17166801]

Johnson BG, et al. [3H]-LY341495 as a novel antagonist radioligand for group II metabotropic
glutamate (mGlu) receptors: characterization of binding to membranes of mGlu receptor subtype
expressing cells. Neuropharmacology 1999;38:1519–1529. [PubMed: 10530814]

Kelleher RJ 3rd, Bear MF. The autistic neuron: troubled translation? Cell 2008;135:401–406.
[PubMed: 18984149]

Kelleher RJ 3rd, et al. Translational regulatory mechanisms in persistent forms of synaptic plasticity.
Neuron 2004;44:59–73. [PubMed: 15450160]

Kelley DJ, et al. The cyclic AMP cascade is altered in the fragile X nervous system. PLoS ONE
2007;2:e931. [PubMed: 17895972]

Kingston AE, et al. LY341495 is a nanomolar potent and selective antagonist of group II metabotropic
glutamate receptors. Neuropharmacology 1998;37:1–12. [PubMed: 9680254]

Klein PS, Melton DA. A molecular mechanism for the effect of lithium on development. Proc Natl
Acad Sci U S A 1996;93:8455–8459. [PubMed: 8710892]

Kulla A, Manahan-Vaughan D. Modulation by group 1 metabotropic glutamate receptors of
depotentiation in the dentate gyrus of freely moving rats. Hippocampus 2008;18:48–54. [PubMed:
17924526]

Li M, et al. Cyclic AMP promotes neuronal survival by phosphorylation of glycogen synthase kinase
3beta. Mol Cell Biol 2000;20:9356–9363. [PubMed: 11094086]

Linden AM, et al. Use of MGLUR2 and MGLUR3 knockout mice to explore in vivo receptor
specificity of the MGLUR2/3 selective antagonist LY341495. Neuropharmacology 2009;57:172–
182. [PubMed: 19477188]

Lujan R, et al. Differential plasma membrane distribution of metabotropic glutamate receptors
mGluR1 alpha, mGluR2 and mGluR5, relative to neurotransmitter release sites. J Chem Neuroanat
1997;13:219–241. [PubMed: 9412905]

Malenka RC, Bear MF. LTP and LTD: an embarrassment of riches. Neuron 2004;44:5–21. [PubMed:
15450156]

Choi et al. Page 12

Brain Res. Author manuscript; available in PMC 2012 March 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Manahan-Vaughan D, Reymann KG. Group 1 metabotropic glutamate receptors contribute to slow-
onset potentiation in the rat CA1 region in vivo. Neuropharmacology 1997;36:1533–1538.
[PubMed: 9517423]

ManahanVaughan D. Group 1 and 2 metabotropic glutamate receptors play differential roles in
hippocampal long-term depression and long-term potentiation in freely moving rats. Journal of
Neuroscience 1997;17:3303–3311. [PubMed: 9096163]

McBride SM, et al. Pharmacological rescue of synaptic plasticity, courtship behavior, and mushroom
body defects in a Drosophila model of fragile X syndrome. Neuron 2005;45:753–764. [PubMed:
15748850]

Min WW, et al. Elevated glycogen synthase kinase-3 activity in Fragile X mice: key metabolic
regulator with evidence for treatment potential. Neuropharmacology 2009;56:463–472. [PubMed:
18952114]

Morales J, et al. Drosophila fragile X protein, DFXR, regulates neuronal morphology and function in
the brain. Neuron 2002;34:961–972. [PubMed: 12086643]

Naie K, Manahan-Vaughan D. Pharmacological antagonism of metabotropic glutamate receptor 1
regulates long-term potentiation and spatial reference memory in the dentate gyrus of freely
moving rats via N-methyl-D-aspartate and metabotropic glutamate receptor-dependent
mechanisms. Eur J Neurosci 2005;21:411–421. [PubMed: 15673440]

Neyman S, Manahan-Vaughan D. Metabotropic glutamate receptor 1 (mGluR1) and 5 (mGluR5)
regulate late phases of LTP and LTD in the hippocampal CA1 region in vitro. Eur J Neurosci
2008;27:1345–1352. [PubMed: 18364018]

Nosyreva ED, Huber KM. Metabotropic receptor-dependent long-term depression persists in the
absence of protein synthesis in the mouse model of fragile X syndrome. J Neurophysiol
2006;95:3291–3295. [PubMed: 16452252]

O'Neill MF, et al. Group II metabotropic glutamate receptor antagonists LY341495 and LY366457
increase locomotor activity in mice. Neuropharmacology 2003;45:565–574. [PubMed: 12941370]

Ornstein PL, et al. 2-substituted (2SR)-2-amino-2-((1SR,2SR)-2-carboxycycloprop-1-yl)glycines as
potent and selective antagonists of group II metabotropic glutamate receptors. 2. Effects of
aromatic substitution, pharmacological characterization, and bioavailability. J Med Chem
1998;41:358–378. [PubMed: 9464367]

Palmer MJ, et al. The group I mGlu receptor agonist DHPG induces a novel form of LTD in the CA1
region of the hippocampus. Neuropharmacology 1997;36:1517–1532. [PubMed: 9517422]

Pan L, Broadie KS. Drosophila fragile X mental retardation protein and metabotropic glutamate
receptor A convergently regulate the synaptic ratio of ionotropic glutamate receptor subclasses. J
Neurosci 2007;27:12378–12389. [PubMed: 17989302]

Pan L, et al. Mechanistic relationships between Drosophila fragile X mental retardation protein and
metabotropic glutamate receptor A signaling. Mol Cell Neurosci 2008;37:747–760. [PubMed:
18280750]

Parmentier ML, et al. Cloning and functional expression of a Drosophila metabotropic glutamate
receptor expressed in the embryonic CNS. J Neurosci 1996;16:6687–6694. [PubMed: 8824309]

Raymond FL, Tarpey P. The genetics of mental retardation. Hum Mol Genet 2006;15(Spec No
2):R110–R116. [PubMed: 16987873]

Ronesi JA, Huber KM. Metabotropic glutamate receptors and fragile x mental retardation protein:
partners in translational regulation at the synapse. Sci Signal 2008;1:pe6. [PubMed: 18272470]

Santschi LA, et al. Activation of receptors negatively coupled to adenylate cyclase is required for
induction of long-term synaptic depression at Schaffer collateral-CA1 synapses. J Neurobiol
2006;66:205–219. [PubMed: 16329119]

Sato T, et al. Inhibitory effects of group II mGluR-related drugs on memory performance in mice.
Physiol Behav 2004;80:747–758. [PubMed: 14984810]

Sawtell NB, et al. Induction of NMDA receptor-dependent long-term depression in visual cortex does
not require metabotropic glutamate receptors. J Neurophysiol 1999;82:3594–3597. [PubMed:
10601487]

Sharma A, et al. Dysregulation of mTOR signaling in fragile X syndrome. J Neurosci 2010;30:694–
702. [PubMed: 20071534]

Choi et al. Page 13

Brain Res. Author manuscript; available in PMC 2012 March 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Son H, et al. Lithium enhances long-term potentiation independently of hippocampal neurogenesis in
the rat dentate gyrus. J Neurochem 2003;85:872–881. [PubMed: 12716419]

Su Y, et al. Lithium, a common drug for bipolar disorder treatment, regulates amyloid-beta precursor
protein processing. Biochemistry 2004;43:6899–6908. [PubMed: 15170327]

Tanabe Y, et al. A family of metabotropic glutamate receptors. Neuron 1992;8:169–179. [PubMed:
1309649]

Tanabe Y, et al. Signal transduction, pharmacological properties, and expression patterns of two rat
metabotropic glutamate receptors, mGluR3 and mGluR4. J Neurosci 1993;13:1372–1378.
[PubMed: 8463825]

Tanji C, et al. A-kinase anchoring protein AKAP220 binds to glycogen synthase kinase-3beta
(GSK-3beta ) and mediates protein kinase A-dependent inhibition of GSK-3beta. J Biol Chem
2002;277:36955–36961. [PubMed: 12147701]

Walsh CA, et al. Autism and brain development. Cell 2008;135:396–400. [PubMed: 18984148]
Wang DO, et al. Spatially restricting gene expression by local translation at synapses. Trends Neurosci

2010;33:173–182. [PubMed: 20303187]
Whitlock JR, et al. Learning induces long-term potentiation in the hippocampus. Science

2006;313:1093–1097. [PubMed: 16931756]
Williams RS, et al. A common mechanism of action for three mood-stabilizing drugs. Nature

2002;417:292–295. [PubMed: 12015604]
Wright RA, et al. Binding of [3H](2S,1'S,2'S)-2-(9-xanthylmethyl)-2-(2'-carboxycyclopropyl) glycine

([3H]LY341495) to cell membranes expressing recombinant human group III metabotropic
glutamate receptor subtypes. Naunyn Schmiedebergs Arch Pharmacol 2000;362:546–554.
[PubMed: 11138847]

Yan QJ, et al. Suppression of two major Fragile X Syndrome mouse model phenotypes by the mGluR5
antagonist MPEP. Neuropharmacology 2005;49:1053–1066. [PubMed: 16054174]

Yuskaitis CJ, et al. Lithium ameliorates altered glycogen synthase kinase-3 and behavior in a mouse
model of fragile X syndrome. Biochem Pharmacol 2010;79:632–646. [PubMed: 19799873]

Zhang YQ, et al. Drosophila fragile X-related gene regulates the MAP1B homolog Futsch to control
synaptic structure and function. Cell 2001;107:591–603. [PubMed: 11733059]

Zukin RS, et al. Signals, synapses, and synthesis: how new proteins control plasticity. Front Neural
Circuits 2009;3:14. [PubMed: 19838324]

Choi et al. Page 14

Brain Res. Author manuscript; available in PMC 2012 March 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. mGluR-LTD is enhanced in Fmr1 KO mice at 5–6 months of age
(A) In panels A–H Fmr1 KO (open circles or bars) and interleaved age-matched WT mice
(filled squares or bars). Long-term depression of synaptic transmission was induced by brief
bath application of the mGluR agonist DHPG (100 µM, 10 min). Mean fEPSP slopes (±
SEM) are plotted as a percentage of average pre-induction baseline values. DHPG-induced
mGluR-LTD was enhanced in 5–6 month old Fmr1 KO mice (n = 8 slices) compared to
interleaved age-matched WT mice (n = 6 slices) at 60 minutes (WT 5–6 months: 82.9 ±
2.3%; Fmr1 KO 5–6 months: 68.3 ± 1.5%; p = 0.0009) and at 80 minutes (WT 5–6 months:
83.5 ± 2.8%; Fmr1 KO 5–6 months: 68.9 ± 1.6%; p = 0.0009) post-induction.
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Representative traces of field potentials are from times indicated by the numbers on the
graph (1 and 2). Calibration bars depict 2 mV and 5 ms.
(B) Basal synaptic transmission is normal in Fmr1 KO mice at 5–6 months of age. Mean
evoked fEPSP slopes (± SD) are plotted at three different stimulus intensities. Synaptic
responses at threshold, half-maximal and maximal stimulus intensities were not significantly
different between 5–6 month old Fmr1 KO (n = 8) and interleaved age-matched WT mice (n
= 6).
(C) Paired-pulse facilitation is normal in Fmr1 KO mice at 5–6 months of age. Synaptic
responses to paired stimulation were evoked at interstimulus intervals ranging from 15 ms to
100 ms. Plotted are mean percent facilitation (± SD), as determined by calculating the ratio
of the second fEPSP slope to the first fEPSP slope. At all interpulse intervals, no significant
differences were observed in PPF between 5–6 month old Fmr1 KO mice (n = 8) and
interleaved age-matched WT mice (n = 6).
(D) Graphical representation of panel A at 60 and at 80 minutes after DHPG induction of
LTD. ** represents p < 0.001. The number above each bar denotes the n. Color code as in
panel A.
(E) Long-term depression of synaptic transmission was induced and plotted as in panel A.
DHPG-induced mGluR-LTD was enhanced in 9–11 month old Fmr1 KO mice (n = 8 slices)
compared to interleaved age-matched WT mice (n = 9 slices) at 60 minutes (WT: 81.1 ±
3.5%; Fmr1 KO: 62.9 ± 4.1%; p = 0.0001) and at 80 minutes (WT: 81.9 ± 3.4%; Fmr1 KO:
63.5 ± 3.8%; p = 0.0001) post-induction. Representative traces of field potentials are from
times indicated by the numbers on the graph (1 and 2). Calibration bars depict 2 mV and 5
ms.
(F) Basal synaptic transmission is normal in Fmr1 KO mice at 9–11 months of age and is
plotted as in panel B. Synaptic responses at threshold, half-maximal and maximal stimulus
intensities were not significantly different between 9–11 month old Fmr1 KO (n = 8 slices)
and interleaved age-matched WT mice (n = 9 slices).
(G) Paired-pulse facilitation is normal in Fmr1 KO mice at 9–11 months of age and is
plotted as in panel C. No significant differences were observed in PPF between 9–11 month
old Fmr1 KO mice (n = 8 slices) and interleaved age-matched WT mice (n = 9 slices).
(H) Graphical representation of panel E at 60 and at 80 minutes after DHPG induction of
LTD. *** represents p < 0.0001. Color code as in panel E.
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Figure 2. Long-term chronic treatment of WT mice with lithium does not alter mGluR-LTD,
while in contrast it abrogates the enhanced mGluR-LTD in Fragile X mice
(A) mGluR-LTD is normal in aged WT after chronic long-term treatment with lithium. 5–6
week old WT mice were administered lithium-containing chow ad libitum throughout
adulthood until 10–11 months of age. LTD was induced by brief bath application of the
mGluR agonist DHPG (100 µM, 10 min). DHPG-induced mGluR-LTD was not
significantly different between long-term lithium-treated WT mice (n = 8 slices, open
circles, A–C) and interleaved age-matched vehicle-treated WT mice (n = 5 slices, filled
squares, A–C) at 60 minutes (WT LT vehicle: 81.8 ± 2.9%; WT LT lithium: 82.2 ± 1.8%) or
at 80 minutes (WT long-term vehicle: 81.1 ± 3.5%; WT long-term lithium: 84.1 ± 1.9%)
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post-induction. Plotted are average fEPSP slopes (± SEM) as a percentage of average pre-
induction baseline values. Representative traces of field potentials are from times indicated
by the numbers on the graph (1 and 2). Calibration bars depict 2 mV and 5 ms.
(B) Basal synaptic transmission is not affected by chronic long-term lithium treatment in
aged WT mice and is plotted as in Figure 1. (vehicle treated WT mice, n = 5; lithium treated
WT mice, n = 8)
(C) Paired-pulse facilitation is not affected by chronic long-term lithium treatment in aged
WT mice and is plotted as in Figure 1. (vehicle treated WT mice, n = 5; lithium treated WT
mice, n = 8)
(D) The enhanced DHPG-induced LTD was abrogated in Fmr1 KO mice that were
administered lithium-containing chow ad libitum beginning at 5–6 weeks of age throughout
adulthood until 10–11 months of age. LTD was induced by brief application of the mGluR
agonist DHPG (100 µM, 10 min). mGluR-LTD was significantly enhanced in long-term
vehicle-treated Fmr1 KO mice (n = 5 slices, filled squares, D–F) compared to interleaved
age-matched vehicle-treated WT mice (2A; n = 5 slices, filled squares) at 60 minutes (WT
LT vehicle: 81.8 ± 2.9%; Fmr1 KO LT vehicle: 62.1 ± 4.5%; p = 0.0001) and at 80 minutes
(WT LT vehicle: 81.1 ± 3.5%; Fmr1 KO LT vehicle: 61.8 ± 3.8%; p = 0.0002) post
induction. Chronic long-term treatment of Fmr1 KO mice with lithium (n = 9 slices, open
circles, D–F) abrogated the enhanced mGluR-LTD phenotype compared to vehicle-treated
Fmr1 KO mice at 60 minutes (Fmr1 KO LT vehicle 62.1 ± 4.5%; Fmr1 KO LT lithium:
79.3 ± 1.4%; p = 0.0001) and at 80 minutes (Fmr1 KO LT vehicle: 61.8 ± 3.8%; Fmr1 KO
LT lithium: 83.9 ± 1.4%; p = 0.0001) post-induction. Plotted are average fEPSP slopes (±
SEM) as a percentage of average pre-induction baseline values. Representative traces of
field potentials are from times indicated by the numbers on the graph (1 and 2). Calibration
bars depict 2 mV and 5 ms.
(E) Basal synaptic transmission is normal in long-term lithium treated Fmr1 KO mice at 10–
11 months of age and is plotted as in Figure 1. (vehicle treated Fmr1 KO mice, n = 5;
lithium treated Fmr1 KO mice, n = 9)
(F) Paired-pulse facilitation is normal in long-term lithium treated Fmr1 KO mice at 10–11
months of age and is plotted as in Figure 1. (vehicle treated Fmr1 KO mice, n = 5; lithium
treated Fmr1 KO mice, n = 9)
(G) Chronic long-term treatment of Fmr1 KO mice with lithium beginning at 5–6 weeks old
and continuing throughout adulthood until 10–11 months of age abrogates the enhanced
mGluR-LTD phenotype. DHPG-LTD in WT (filled bars) and Fmr1 KO (open bars) mice
treated with control chow or lithium chow at 60 minutes after induction as shown in Figures
2A and 2D. The asterisks *** represent p < 0.0001 for comparisons of drug versus vehicle
treatment within the same genotype. The § represents a significant difference between WT
and Fmr1 KO mice on vehicle control chow (p = 0.0001). The number above each bar
denotes the n. Plotted are average fEPSP slopes (± SEM) as a percentage of average pre-
induction baseline values.
(H) DHPG-LTD in WT and Fmr1 KO mice treated with vehicle or lithium chow at 80
minutes after induction as shown in Figures 2A and 2D. The asterisks *** represent p <
0.0001 for comparisons of drug versus vehicle treatment within the same genotype. The §
represents a significant difference between WT and Fmr1 KO mice on vehicle control chow
(p = 0.0002). The number above each bar denotes the n. Plotted are average fEPSP slopes (±
SEM) as a percentage of average pre-induction baseline values.
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Figure 3. Chronic short-term treatment of WT mice with lithium does not alter mGluR-LTD,
while in contrast it abrogates the enhanced mGluR-LTD in Fragile X mice
(A) mGluR-LTD is not changed in WT mice after chronic treatment with lithium. Two-
month old WT mice were administered lithium-containing chow ad libitum until 4–5 months
of age. LTD was induced by brief bath application of the mGluR agonist DHPG (100 µM,
10 min). DHPG-induced mGluR-LTD was not significantly different in the lithium-treated
WT mice (n = 8 slices, open circles) compared to interleaved age-matched vehicle-treated
WT mice (n = 6 slices, filled squares) at 60 minutes (WT vehicle: 78.7 ± 2.0%; WT lithium:
83.5 ± 2.1%) or at 80 minutes (WT vehicle: 78.3 ± 1.9%; WT lithium: 82.6 ± 1.6%) post-
induction. Plotted are average fEPSP slopes (± SEM) as a percentage of average pre-
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induction baseline values. Representative traces of field potentials are from times indicated
by the numbers on the graph (1 and 2). Calibration bars depict 2 mV and 5 ms.
(B) Basal synaptic transmission is not affected by chronic short-term lithium treatment in
WT mice. Mean evoked fEPSP slopes (± SD) are plotted at three different stimulus
intensities. Synaptic responses at threshold, half-maximal and maximal stimulus intensities
were not significantly different between lithium-treated WT mice (open circles) and
interleaved age-matched vehicle-treated WT mice (filled squares). (vehicle treated WT
mice, n = 6; lithium treated WT mice, n = 8)
(C) Paired-pulse facilitation is not affected by chronic short-term lithium treatment in WT
mice. Synaptic responses to paired stimulation were evoked at interstimulus intervals
ranging from 15 ms to 100 ms. Plotted are mean percent facilitation (± SD), as determined
by calculating the ratio of the second fEPSP slope to the first fEPSP slope. At all interpulse
intervals, no significant differences were observed in PPF between lithium-treated WT mice
(open circles) and interleaved age-matched vehicle-treated WT mice (filled squares).
(vehicle treated WT mice, n = 6; lithium treated WT mice, n = 8)
(D) Chronic short-term treatment of Fmr1 KO mice with lithium abrogates the enhanced
mGluR-LTD phenotype. Eight week old Fmr1 KO mice were administered lithium-
containing chow ad libitum until 4–5 months of age. LTD was induced by brief application
of the mGluR agonist DHPG (100 µM, 10 min). mGluR-LTD was significantly enhanced in
vehicle-treated Fmr1 KO mice (n = 7 slices, filled squares) compared to interleaved age-
matched vehicle-treated WT mice (Figure 3A; n = 6 slices, filled squares) at 60 minutes
(WT vehicle: 78.7 ± 2.0%; Fmr1 KO vehicle: 66.6 ± 3.1%; p = 0.0071) and at 80 minutes
(WT vehicle: 78.3 ± 1.9%; Fmr1 KO vehicle: 66.3 ± 3.1%; p = 0.0077) post-induction.
Chronic treatment of Fmr1 KO mice with lithium (n = 8 slices, open circles) abrogated the
enhanced mGluR-LTD phenotype compared to vehicle-treated Fmr1 KO mice at 60 minutes
(Fmr1 KO vehicle: 66.6 ± 3.1%; Fmr1 KO lithium: 81.8 ± 3.5%; p = 0.0003) and at 80
minutes (Fmr1 KO vehicle: 66.3 ± 3.1%; Fmr1 KO lithium: 80.8 ± 2.4%; p = 0.0006) post-
induction. Plotted are average fEPSP slopes (± SEM) as a percentage of average pre-
induction baseline values. Representative traces of field potentials are from times indicated
by the numbers on the graph (1 and 2). Calibration bars depict 2 mV and 5 ms.
(E) Basal synaptic transmission is not affected by chronic short-term lithium treatment in
Fmr1 KO mice. Mean evoked fEPSP slopes (± SD) are plotted at three different stimulus
intensities. Synaptic responses at threshold, half-maximal and maximal stimulus intensities
were not significantly different between lithium-treated Fmr1 KO mice (open circles) and
interleaved age-matched vehicle-treated Fmr1 KO mice (filled squares). (vehicle treated
Fmr1 KO mice, n = 7; lithium treated Fmr1 KO mice, n = 8)
(F) Paired-pulse facilitation is not affected by chronic short-term lithium treatment in Fmr1
KO mice. Synaptic responses to paired stimulation were evoked at interstimulus intervals
ranging from 15 ms to 100 ms. Plotted are mean percent facilitation (± SD), as determined
by calculating the ratio of the second fEPSP slope to the first fEPSP slope. At all interpulse
intervals, no significant differences were observed in PPF between lithium-treated Fmr1 KO
mice (open circles) and interleaved age-matched vehicle-treated Fmr1 KO mice (filled
squares). (vehicle treated Fmr1 KO mice, n = 7; lithium treated Fmr1 KO mice, n = 8)
(G) Chronic short-term treatment of Fmr1 KO mice with lithium beginning in adulthood
until 4–5 months of age abrogates the enhanced mGluR-LTD phenotype. DHPG-LTD in
WT (filled bars) and Fmr1 KO (open bars) mice treated with vehicle or lithium at 60
minutes after induction as shown in Figures 3A and 3D. The asterisks ** represent p < 0.001
for comparisons of drug versus vehicle treatment within the same genotype. The §
represents a significant difference between WT and Fmr1 KO mice on vehicle control chow
(p = 0.0071). The number above each bar denotes the n. Plotted are average fEPSP slopes (±
SEM) as a percentage of average pre-induction baseline values.
(H) DHPG-LTD in WT and Fmr1 KO mice treated with vehicle or lithium at 80 minutes
after induction as shown in Figures 3A and 3D. The asterisks *** represent p < 0.0001 for
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comparisons of drug versus vehicle treatment within the same genotype. The § represents a
significant difference between WT and Fmr1 KO mice on vehicle control chow (p =
0.0077). The number above each bar denotes the n. Plotted are average fEPSP slopes (±
SEM) as a percentage of average pre-induction baseline values.
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Figure 4. Chronic treatment of WT mice with the mGluR antagonist LY341495 enhances
mGluR-LTD, while in contrast it abrogates the enhanced mGluR-LTD in Fragile X mice
(A) Chronic treatment of WT mice with the group II mGluR antagonist LY341495 enhances
mGluR-LTD. Eight week old WT mice were administered daily injections of LY341495 for
8 weeks followed by a hiatus of 3–5 weeks. LTD was induced by brief bath application of
the mGluR agonist DHPG (100 µM, 10 min). mGluR-LTD was significantly enhanced in
LY341495-treated WT mice (n = 5 slices, open circles) compared to interleaved age-
matched vehicle-treated WT mice (n = 5 slices, filled squares) at 60 minutes (WT vehicle:
83.1 ± 1.8%; WT LY341495: 69.1 ± 2.2%; p = 0.0001) and at 80 minutes (WT vehicle: 83.5
± 1.8%; WT LY341495: 69.8 ± 2.8%; p = 0.0001) post-induction. Plotted are average fEPSP

Choi et al. Page 22

Brain Res. Author manuscript; available in PMC 2012 March 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



slope values (± SEM) as a percentage of average pre-induction baseline values.
Representative traces of field potentials are from times indicated by the numbers on the
graph (1 and 2). Calibration bars depict 1.5 mV and 5 ms.
(B) Basal synaptic transmission is not affected by chronic LY341495 treatment in WT mice.
Mean evoked fEPSP slopes (± SD) are plotted at three different stimulus intensities.
Synaptic responses at threshold, half-maximal and maximal stimulus intensities were not
significantly different between the LY341495-treated WT mice (open circles) and
interleaved age-matched vehicle-treated WT mice (filled squares). (vehicle treated WT
mice, n = 5; LY341495 treated WT mice, n = 5)
(C) Paired-pulse facilitation is normal in WT mice after chronic LY341495 treatment.
Synaptic responses to paired stimulation were evoked at interstimulus intervals ranging from
15 ms to 100 ms. Plotted are mean percent facilitation (± SD), as determined by calculating
the ratio of the second fEPSP slope to the first fEPSP slope. At all interpulse intervals, no
significant differences were observed in PPF between LY341495-treated WT mice (open
circles) and interleaved age-matched vehicle-treated WT mice (filled squares). (vehicle
treated WT mice, n = 5; LY341495 treated WT mice, n = 5)
(D) Chronic treatment of Fmr1 KO mice with the group II mGluR antagonist LY341495
abrogates the enhanced mGluR-LTD phenotype. Eight week old Fmr1 KO mice were
administered daily injections of LY341495 for 8 weeks followed by a hiatus of 3–5 weeks.
LTD was induced by brief bath application of the mGluR agonist DHPG (100 µM, 10 min).
mGluR-LTD was significantly enhanced in vehicle-treated Fmr1 KO mice (n = 6 slices,
filled squares) compared to interleaved age-matched vehicle-treated WT mice (Figure 4A; n
= 4 slices, filled squares) at 60 minutes (WT vehicle: 83.1 ± 1.8%; Fmr1 KO vehicle: 72.6 ±
1.5%; p = 0.0005) and at 80 minutes (WT vehicle: 83.5 ± 1.8%; Fmr1 KO vehicle: 72.7 ±
1.3%; p = 0.0004) post-induction. Chronic treatment of Fmr1 KO mice with LY341495 (n =
7 slices, open circles) abrogated the enhanced mGluR-LTD phenotype compared to vehicle-
treated Fmr1 KO mice at 60 minutes (Fmr1 KO vehicle: 72.6 ± 1.5%; Fmr1 KO LY341495:
84.1 ± 1.9%; p = 0.0001) and at 80 minutes (Fmr1 KO vehicle: 72.7 ± 1.3%; Fmr1 KO
LY341495: 81.2 ± 2.0%; p = 0.0021) post-induction. Plotted are average fEPSP slopes
(±SEM) as a percentage of average pre-induction baseline values. Representative traces of
field potentials are from times indicated by the numbers on the graph (1 and 2). Calibration
bars depict 2 mV and 5 ms.
(E) Basal synaptic transmission is not affected by chronic LY341495 treatment in Fmr1 KO
mice. Mean evoked fEPSP slopes (± SD) are plotted at three different stimulus intensities.
Synaptic responses at threshold, half-maximal and maximal stimulus intensities were not
significantly different between LY341495-treated Fmr1 KO mice (open circles) and
interleaved age-matched vehicle-treated Fmr1 KO mice (filled squares). (vehicle treated
Fmr1 KO mice, n = 6; LY341495 treated Fmr1 KO mice, n = 7)
(F) Paired-pulse facilitation is not affected by chronic LY341495 treatment in Fmr1 KO
mice. Synaptic responses to paired stimulation were evoked at interstimulus intervals
ranging from 15 ms to 100 ms. Plotted are mean percent facilitation (± SD), as determined
by calculating the ratio of the second fEPSP slope to the first fEPSP slope. At all interpulse
intervals, no significant differences were observed in PPF between LY341495-treated Fmr1
KO mice (open circles) and interleaved age-matched vehicle-treated Fmr1 KO mice (filled
squares). (vehicle treated Fmr1 KO mice, n = 6; LY341495 treated Fmr1 KO mice, n = 7)
(G) Chronic treatment of Fmr1 KO mice with lithium throughout adulthood until 5–6
months of age abrogates the enhanced mGluR-LTD phenotype. DHPG-LTD in WT (filled
bars) and Fmr1 KO (open bars) mice treated with vehicle or lithium at 60 minutes after
induction as shown in Figures 4A and 4D. The asterisks *** represent p < 0.0001 for
comparisons of drug versus vehicle treatment within the same genotype. The § represents a
significant difference between WT and Fmr1 KO mice on vehicle control chow (p =
0.0005). The number above each bar denotes the n. Plotted are average fEPSP slopes (±
SEM) as a percentage of average preinduction baseline values.
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(H) DHPG-LTD in WT and Fmr1 KO mice treated with vehicle or lithium at 80 minutes
after induction as shown in Figures 4A and 4D. The asterisks ** represent p < 0.001 and ***
represent p < 0.0001 for comparisons of drug versus vehicle treatment within the same
genotype. The § represents a significant difference between WT and Fmr1 KO mice on
vehicle control chow (p = 0.0004). The number above each bar denotes the n. Plotted are
average fEPSP slopes (± SEM) as a percentage of average pre-induction baseline values.
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