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The behavioral and anatomical deficits seen in fragile X syn-
drome (FXS) are widely believed to result from imbalances in
the relative strengths of excitatory and inhibitory neurotrans-
mission. Although modified neuronal excitability is thought to
be of significance, the contribution that alterations in GABAer-
gic inhibition play in the pathophysiology of FXS are ill defined.
Slow sustained neuronal inhibition is mediated by �-aminobu-
tyric acid type B (GABAB) receptors, which are heterodimeric
G-protein-coupled receptors constructed from R1a and R2 or
R1b and R2 subunits. Via the activation of Gi/o, they limit cAMP
accumulation, diminish neurotransmitter release, and induce
neuronal hyperpolarization. Here we reveal that selective defi-
cits in R1a subunit expression are seen in Fmr1 knock-out mice
(KO) mice, a widely used animal model of FXS, but the levels of
the respective mRNAs were unaffected. Similar trends of R1a
expression were seen in a subset of FXS patients. GABAB recep-
tors (GABABRs) exert powerful pre- and postsynaptic inhibitory
effects on neurotransmission. R1a-containing GABABRs are
believed to mediate presynaptic inhibition in principal neu-
rons. In accordance with this result, deficits in the ability
of GABABRs to suppress glutamate release were seen in
Fmr1-KO mice. In contrast, the ability of GABABRs to sup-
press GABA release and induce postsynaptic hyperpolariza-
tion was unaffected. Significantly, this deficit contributes
to the pathophysiology of FXS as the GABABR agonist (R)-
baclofen rescued the imbalances between excitatory and
inhibitory neurotransmission evident in Fmr1-KO mice. Col-

lectively, our results provided evidence that selective deficits
in the activity of presynaptic GABABRs contribute to the
pathophysiology of FXS.

Fragile X syndrome (FXS)2 is the most common cause of
inherited intellectual disability and the leading monogenic
cause of autism spectrum disorders. Approximately one in
every 4,000 males and one in every 6,000 females are diagnosed
with FXS, and the patients suffer from developmental, cogni-
tive, and neuropsychological complications throughout life (1,
2). FXS originates from the silencing of the fragile X mental
retardation 1 (FMR1) gene, caused by hypermethylation of the
expanded CGG trinucleotide repeats in the 5�-untranslated
region (UTR) of the gene (3– 6). FMR1 codes for fragile X men-
tal retardation protein (FMRP), an RNA-binding protein essen-
tial in regulating protein translation and synaptic plasticity
(7–12). FMRP binds to numerous mRNAs important in neuro-
nal network physiology, including calcium/calmodulin-depen-
dent protein kinase type II � chain, amyloid precursor protein,
postsynaptic density protein 95 (DLG4), �-aminobutyric acid
receptor subunits � and �-1, and myelin basic protein (13).

Our understanding of the pathophysiology FXS has been
greatly facilitated by the development of a mouse model that
lacks expression of the FMR1 protein (Fmr1-KO) (14, 15).
Fmr1-KO mice share several phenotypes with FXS patients
such as altered spine morphology, cognitive deficits, hyper-
activity, sensory hypersensitivity, repetitive behaviors, and
macroorchidism (15, 16). Studies from Fmr1-KO mice have
revealed profound alterations in excitatory neurotransmission
that are thought to primarily arise from excessive activity of
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group 1 metabotropic glutamate receptors (mGluR1/5) (17).
Increased mGluR1/5 signaling is believed to enhance the
removal of �-amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onic acid (AMPA) receptors from excitatory synapses. This pro-
cess leads to exaggerated long term depression, a well studied
model of synaptic plasticity, which is believed to contribute to
the deficits in dendritic morphology seen in FXS (9).

In addition to compromised glutamatergic neurotransmis-
sion, deficits in the efficacy of inhibitory neurotransmission are
also implicated in FXS, leading to the concept that imbalances
in the efficacy of excitatory and inhibitory neurotransmission
(E/I balance) drive the behavioral and anatomical deficits (18 –
22). Slow prolonged synaptic inhibition in the brain is mediated
by GABABRs, which are heterodimeric G-protein-coupled
receptors composed of GABABR1 and GABABR2 subunits that
activate Gi/o signaling pathways. Their activation leads to
diminished neurotransmitter release and increased neuronal
hyperpolarization (23–25). Two major isoforms of GABABR1
are found in mammals, R1a and R1b (26). R1a-containing
GABAB receptors are enriched predominantly in axonal termi-
nals of glutamatergic neurons, whereas postsynaptic GABABRs
contain R1b subunits (27–31). There has been considerable
interest in the use of the selective GABABR agonist baclofen as
a treatment for FXS (32–36). However, it remains to be deter-
mined whether deficits in GABABR signaling directly contrib-
ute to the pathophysiology of FXS.

In this study, we have compared GABABR expression levels
and function in the hippocampus of Fmr1-KO mice. We dem-
onstrate selective down-regulation of the GABABR1a isoform
in Fmr1-KO mice and post-mortem hippocampi from FXS
patients. This deficit compromised the ability of (R)-baclofen to
reduce excitatory neurotransmission without compromising
its ability to modify GABAergic neurotransmission. Further-
more, (R)-baclofen was able to alleviate the deficits in E/I bal-
ance seen in Fmr1-KO mice. Collectively, our results provide a
rationale why correcting deficits in GABABR signaling may be a
useful therapeutic strategy in FXS.

Results

Inactivation of the Fmr1 gene in mice leads to selective deficits
in GABABR1 subunit expression

To address whether alterations in GABAB receptor signaling
contribute to the pathophysiology of FXS, we used Fmr1-KO
mice maintained on a C57BL/6 background (14). We first
assessed GABAB receptor expression levels in the hippocampus
of male Fmr1-KO and age-matched male wild-type (WT) con-
trols (Fig. 1, A and B) using immunoblotting. In SDS-soluble
extracts, an antibody specific to GABABR1 (University of
California Davis/National Institutes of Health NeuroMab,
N94A/49) detected two bands, R1a and R1b, respectively.

As detailed previously, the R1a isoform is slightly larger (108
kDa) than R1b isoform (95 kDa) due to the presence of addi-
tional N-terminal extracellular sushi domains (27). Expression
levels of the R1a subunit were significantly decreased in
Fmr1-KO mice (5 weeks old) (Fig. 1, A and B; WT � 0.78 � 0.15
and Fmr1-KO � 0.24 � 0.02, t test, p � 0.02, n � 3). However,
expression of R1b was comparable between genotypes (WT �

0.87 � 0.12 and Fmr1-KO � 0.91 � 0.09, t test, p � 0.77, n � 3)
as was expression of the GABABR2 subunit (WT � 3.21 � 0.16
and Fmr1-KO � 3.31 � 0.40, p � 0.83, n � 3). Significantly,
deficits in R1a expression were seen in the cortex and midbrain
(Fig. 1, C–F; cortex, p � 0.01; midbrain, p � 0.01; t test, n �
3– 4). To further evaluate the mechanism underlying the defi-
cits in GABABR1 expression seen in Fmr1-KO, we assessed
possible effects on the levels of the encoding mRNAs using
quantitative PCR. This revealed that the levels of the R1a, R1b,
and R2 subunit mRNAs were comparable in WT and Fmr1-KO
mice (Fig. 2A).

The efficacy of GABABR signaling is subject to dynamic
modulation via direct phosphorylation of serine residues 783
and 892 in the R2 subunit (37). Immunoblotting with the
respective phosphospecific antibodies revealed that phosphor-
ylation of both residues was comparable between WT and
Fmr1-KO mice (Fig. 3, A and B).

As a means of further analyzing GABABR expression in
Fmr1-KO mice, hippocampal sections were stained with a
GABABR1 antibody, as specified, and imaged by confocal
microscopy. Within CA1 (WT � 69.4 � 12.2 and Fmr1-KO �
41.6 � 2.7, t test, p � 0.01, n � 18 –21 cells) and the dentate
gyrus (WT � 65.5 � 9.1 and Fmr1-KO � 39.3 � 1.6, t test, p �
0.01, n � 52–70 cells) decreases in the maximum expression
level of the GABABR1 subunit were seen in Fmr1-KO mice,
consistent with the phenotype identified by immunoblotting
(Fig. 3, C–F). Thus, Fmr1-KO mice exhibit selective deficits in
GABABR1a expression compared with WT mice.

Deficits in GABABR expression are evident in post-mortem
tissue from FXS patients

To examine the translational significance of our measure-
ments in mice, we compared the expression levels of GABABRs
in posterior hippocampal tissue from three FXS patients and
three controls (Fig. 3; male, Caucasian, and 72– 86 years old).
Two FXS patients showed weak expression of R1a isoform but
comparable R1b isoform expression relative to control individ-
uals (Fig. 4A, red square). One FXS patient did not show any
change in R1a or R1b expression. GABABR2 subunit expression
was similar across the subjects (Fig. 4B). Quantitative PCR
revealed that levels of the R1a, R1b, and R2 subunit mRNAs
were unaltered in FXS patients (Fig. 2B). The respective patient
demographics are shown in Fig. 4D. Given the limited availabil-
ity of post-mortem tissue, our results suggest that, in common
with Fmr-1-KO mice, a similar trend of decreased GABABR1
subunit is seen in a subset of FXS patients.

GABABR-dependent modulation of excitatory transmission is
reduced in Fmr1-KO mice

GABABRs exert profound pre- and postsynaptic effects on
neuronal excitability via the activation of Gi/o. More specifi-
cally, they reduce neurotransmitter release via inhibiting volt-
age-gated Ca2� channels, whereas postsynaptically they induce
hyperpolarization via the activation of G-protein-activated
inwardly rectifying potassium (GIRK) channels (24, 25).

To assess whether Fmr1-KO mice exhibit impaired GABABR
signaling, we first examined their ability to modulate glutama-
tergic neurotransmission. To do so, we examined the effects of
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the GABAAR agonist (R)-baclofen on the properties of evoked
excitatory postsynaptic currents (eEPSCs) in the CA1 region of
the hippocampus following activation of the Schaffer collateral
pathway (Fig. 5A). Consistent with published studies, (R)-
baclofen decreased eEPSC amplitude in WT mice (Fig. 5B).
Interestingly, in Fmr-1KO mice, 5 �M (R)-baclofen was less
effective in suppressing eEPSCs (Fig. 5C) as the residual current
observed in the presence of this drug was significantly higher
than that seen in WT (Fig. 5D; WT � 0.13 � 0.01 and Fmr1-
KO � 0.27 � 0.04, t test, p � 0.01, n � 3 animals per group,
11–31 recordings from each animal). To control for the speci-
ficity of the effects seen with (R)-baclofen, we assessed whether
the ability of adenosine A1 receptors to modulate eEPSCs was
altered in Fmr1-KO mice. In common with GABABRs, A1
receptors modulate eEPSCs via activation of Gi/o (38, 39). In

contrast to (R)-baclofen, the effects of adenosine on eEPSCs
were comparable between genotypes (Fig. 5D).

To further analyze the role of GABABRs in regulating excit-
atory neurotransmission, paired pulse facilitation (PPF) was
compared between Fmr1-KO and WT mice (Fig. 5, E–G). PPF
was defined as follows: (Amplitude of the second peak �
Amplitude of the first peak)/Amplitude of the first peak. Impor-
tantly, Fmr1-KO mice showed higher PPF than WT mice
before baclofen administration (t test, p � 0.01, n � 5– 8 slices).
Consistent with previous results (40, 41), (R)-baclofen
potentiated PPF in WT mice (Fig. 5E; before � 1.06 � 0.11
and (R)-Bac � 1.42 � 0.17, t test, p � 0.01, n � 5 slices).
However, in Fmr1-KO mice, baclofen did not modulate PPF
(Fig. 5F; before � 1.41 � 0.12 and (R)-Bac � 1.36 � 0.14, t
test, p � 0.79, n � 8 slices). Expressed as a percentage of

Figure 1. Analyzing GABABR Expression in Fmr1-KO and WT mice. A, representative Western blots of FMRP, GABABR1, GABABR2, and �-tubulin (5 weeks old,
male, hippocampus). FMRP is not expressed in Fmr1-KO mice. GABABR1 subunit is shown as a doublet composed of R1a (upper band, arrow) and R1b (lower
band, arrow). R1a was selectively decreased in Fmr1-KO mice. Neither R1b nor GABABR2 expression was different between Fmr1-KO and WT mice. B, quanti-
fication of GABAB receptor expression normalized to �-tubulin expression (�-Tu). Fmr1-KO mice, n � 3; WT mice, n � 3; t test, *, p � 0.025. C, representative
results from Western blotting of GABABR1 and �-tubulin in prefrontal cortex and midbrain (9 weeks old, male). R1a down-regulation is observed in Fmr1-KO
mice in different brain regions. D, quantification of R1a and R1b expression normalized to �-tubulin. Fmr1-KO mice, n � 4; WT mice, n � 3; t test; cortex *, p �
0.01; midbrain *, p � 0.01. E, Western blot of GABABR2 and �-tubulin in prefrontal cortex and midbrain (from the same animals as C) F, quantification of GABABR2
expression normalized to �-tubulin. Fmr1-KO mice, n � 4; WT mice, n � 3. Error bars represent S.E.
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change, PPF modulation by baclofen in WT synapses was
significantly greater than in Fmr1-KO synapses, further indi-
cating a deficit in GABABR signaling (Fig. 5G; WT � 37.6 �
16.0% and Fmr1-KO � �3.4 � 9.8%; t test; *, p � 0.02; n �
5– 8 slices).

Collectively, our results suggest that the ability of GABABRs
to modulate excitatory neurotransmission is compromised in
Fmr1-KO mice, which correlates with reduced R1a subunit
expression as shown in Fig. 1. Consistent with our results, R1a-
deficient mice show selective deficits in the ability of GABABRs
to modulate excitatory neurotransmission (27, 28).

The ability of GABABRs to modulate inhibitory
neurotransmission is comparable in WT and Fmr1-KO mice

To assess whether Fmr1-KO mice exhibit global deficits in
GABABR signaling, we compared the ability of baclofen to
modulate inhibitory neurotransmission between genotypes.
First we compared the ability of presynaptic GABABRs to mod-
ulate inhibitory neurotransmission between strains. To do so,
we compared the effects of baclofen and adenosine to regulate
the evoked inhibitory synaptic currents (eIPSCs) in CA1 neu-
rons following activation of the Schaffer collateral pathway.
The ability of baclofen and adenosine to modulate eIPSCs was
comparable between genotypes (Fig. 6, A–C; WT (R)-Bac �
0.36 � 0.07 and Fmr1-KO (R)-Bac � 0.38 � 0.09, t test,
p � 0.82, n � 6 –7 slices). Next we analyzed the efficacy of
postsynaptic GABABR signaling by comparing the ability of

(R)-baclofen to activate GIRK channels. (R)-Baclofen exerted
similar effects in WT and Fmr1-KO mice (Fig. 6, D and E;
WT � 3.35 � 0.57 pA/picofarad and Fmr1-KO � 3.31 � 0.59
pA/picofarad, t test, p � 0.96, n � 5 slices). Thus, in contrast to
our observations on excitatory neurotransmission, the ability of
GABABR to modulate inhibitory synaptic transmission was
unaltered in Fmr1-KO mice.

Comparing the properties of spontaneous EPSCs and IPSCs
and their modulation by baclofen in Fmr-1-KO mice

To ascertain the significance of our findings with GABABRs
for the pathophysiology of FXS, we compared the properties of
spontaneous excitatory and inhibitory synaptic currents in CA1
neurons from WT and Fmr1-KO mice using voltage clamp
recordings (Fig. 7). Spontaneous EPSCs (sEPSCs) were
recorded at �70 mV in the presence of 50 �M picrotoxin,
whereas spontaneous inhibitory postsynaptic currents (sIPSCs)
were measured at the same potential in the presence of 50 �M

2-amino-5-phosphonopentanoic acid and 10 �M 6,7-dinitro-
quinoxaline-2,3-dione. sEPSC frequency was significantly
lower in Fmr1-KO mice (Fig. 7A; WT � 6.69 � 0.11 Hz and
Fmr1-KO � 6.04 � 0.10 Hz, Dunn’s post hoc test, p � 0.01, n �
12–14 cells). This decrease in sEPSC frequency is consistent
with the reductions in presynaptic GABABR-dependent mod-
ulation of eEPSCs and increased PPF seen in Fmr1-KO mice
(Fig. 4). In addition to this, Fmr1-KO mice exhibited lower
sIPSC frequency (Fig. 7B; WT � 10.66 � 0.07 Hz and Fmr1-
KO � 9.05 � 0.07 Hz, Dunn’s post hoc test, p � 0.01, n � 18 –19
cells), leading to a net increase in the ratio of sEPSC/sIPSC
frequency (Fig. 7C; WT � 0.63 � 0.01 and Fmr1-KO � 0.67 �
0.01, Dunn’s post hoc test, p � 0.01, n � 12–14 cells). The
deficit in sEPSC/sIPSC frequency in Fmr1-KO mice was “nor-
malized” to levels seen in WT mice upon exposure to a subsatu-
rating concentration of 5 �M (R)-baclofen (Fig. 7C; WT �
0.23 � 0.02 and Fmr1-KO � 0.25 � 0.03, Dunn’s post hoc test,
p � 0.99, n � 12–14 cells).

We also compared sEPSC and sIPSC amplitudes between
genotypes. Fmr1-KO mice exhibited larger sEPSC amplitudes
(Fig. 7A; WT � 19.65 � 0.29 and Fmr1-KO � 20.26 � 0.31,
Dunn’s post hoc test, p � 0.01, n � 12–14 cells). However,
sIPSC amplitudes were reduced in Fmr1-KO mice (Fig. 7B;
WT � 63.48 � 0.53 and Fmr1-KO � 40.14 � 0.91, Dunn’s post
hoc test, p � 0.01, n � 18 –19 cells), leading to an increase in the
ratio of sEPSC/sIPSC amplitude (Fig. 6D; WT � 0.31 � 0.00
and Fmr1-KO � 0.50 � 0.01, Dunn’s post hoc test, p � 0.01,
n � 12–14 cells). This modification in sIPSC amplitude is likely
to arise from alterations in the activity of GABAARs that have
been previously observed in Fmr-1 KO mice (42). Consistent
with this, (R)-baclofen was unable to fully reverse the altera-
tions in sEPSC/sIPSC amplitude seen in Fmr1-KO mice (Fig.
7D; WT � 0.39 � 0.02 and Fmr1-KO � 0.44 � 0.02, Dunn’s
post hoc test, p � 0.01 n � 12–14 cells).

Finally, the relative charge transfer of spontaneous activity
was determined by multiplying peak event area by frequency
(43). The ratio of sEPSC/sIPSC charge transfer or “E/I balance”
was then compared between genotypes (Fig. 7E). Changes in
both frequency and amplitude contributed to a net increase of
E/I balance charge transfer in Fmr1-KO mice (Fig. 7E; WT �

Figure 2. Comparing the levels of GABABR1a, GABABR1b, and GABABR2
mRNAs in the hippocampus of Frm1-KO and FXS patients. cDNA was pre-
pared from the hippocampi of Frm1-KO mice (A) and FXS patients (B) and
subjected to quantitative PCR. Expression is calculated relative to �-tubulin
(�-Tu) mRNA levels. Frm1-KO mice, open circles, n � 7; wild-type mice, solid
circles, n � 7; FXS patients, open circles, n � 4; control, solid circles, n � 3. Error
bars represent S.E.
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0.22 � 0.01 and Fmr1-KO � 0.29 � 0.01, Dunn’s post hoc test,
p � 0.01, n � 12–14 cells). Significantly, this imbalance was
normalized in Fmr1-KO mice by exposure to (R)-baclofen (Fig.
7E; WT � 0.11 � 0.01 and Fmr1-KO � 0.10 � 0.02, Dunn’s
post hoc test, p � 0.36, n � 12–14 cells). Collectively, these
results reveal that Fmr1-KO mice have deficits in the properties
of sEPSC and sIPSC that result in a net relative increase of
excitatory/inhibitory transmission, a phenomenon that can be
reversed by the GABABR agonist (R)-baclofen.

Discussion

In this study, we compared GABABR expression levels and
signaling in the brains of Fmr1-KO mice. In this model of FXS,
we establish that GABABR1a subunit protein expression was
significantly decreased in multiple brain regions. In contrast,
the expression levels of GABABR1b and GABABR2 subunits
were comparable between genotypes. Significantly, the levels of

the mRNAs encoding GABABRs were comparable in Fmr1-KO
mice with those in WT, suggesting that FMRP does not act to
modify the stability and or transcription of the respective gene
transcripts. Interestingly, similar trends in GABABR1 expres-
sion were seen in a small sample of post-mortem brain samples
obtained from male FXS patients. However, the paucity of suit-
able human tissue precluded further investigation of these
observations.

Evidence accrued from isoform-specific knock-out mice
strongly suggests that the sushi domains at the N terminus of
GABABR1a subunits are critical in determining the accumula-
tion of heterodimeric GABABRs on presynaptic glutamatergic
terminals. GABABRs on these structures are believed to play a
key role in limiting glutamate release and in modulating synap-
tic plasticity. In keeping with our biochemical deficits, the abil-
ity of (R)-baclofen to suppress eEPSCs was decreased in
Fmr1-KO mice. Likewise, a selective deficit in PPF was

Figure 3. Analyzing GABABR phosphorylation in Fmr1-KO and WT mice. Western blots of phosphorylated GABABR2 from Fmr1-KO and WT mice whole-cell
brain lysates are shown. A, representative Western blot of the total GABABR2, GABABR2-Ser(P)-783, GABABR2-Ser(P)-892, and �-tubulin (5 weeks old, male,
hippocampus). B, quantification of phosphorylation relative to the total GABABR2 expression (R2). Fmr1-KO mice, open bars, n � 3; WT mice, solid bars, n � 3.
C–F, immunohistochemical staining of acute hippocampal slice CA1 (C and D) and dentate gyrus (E and F) regions from Fmr1-KO and WT mice (5 weeks old,
male). C, representative fluorescence image of hippocampal CA1 region stained with GABABR1 antibody. D, quantified fluorescence levels from GABABR1-
positive neurons in CA1 region (n � 18 –21 cells from six mice) showed slightly decreased mean GABABR1 staining (left) and significantly lower maximum
GABABR1 staining (right) in Fmr1-KO mice. Fmr1-KO mice, open bars; WT mice, solid bars; t test; *, p � 0.01. E, representative fluorescence image of hippocampal
dentate gyrus region stained with GABABR1 antibody. F, quantified fluorescence levels from GABABR1-positive neurons in dentate gyrus (n � 52–70 cells from
six mice) showed slightly decreased mean GABABR1 staining (left) and significantly lower maximum GABABR1 staining (right) in Fmr1-KO mice. Fmr1-KO mice,
open bars; WT mice, solid bars; t test; *, p � 0.01. Error bars represent S.E.
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observed in Fmr1-KO mice. These deficits are likely to arise
from reduced levels of GABABR expression and not GPCR
effector coupling as the ability of adenosine receptors to sup-
press EPSCs was not compromised in the Fmr1-KO mice.
GABABRs composed of R1b/R2 are found on GABAergic pre-
synaptic specializations and postsynaptic sites adjacent to den-
dritic spines where they regulate GABA release and neuronal
hyperpolarization, respectively. In agreement with our bio-
chemical studies, the ability of GABABRs to modulate
eIPSCs and induce GIRK channel-mediated hyperpolariza-
tion was comparable in Fmr1-KO and WT mice. The fre-
quency of spontaneous synaptic activity in Fmr1-KO mice
did not change upon (R)-baclofen application, further dem-
onstrating deficient GABABR modulation in axonal termi-

nals. Thus, collectively, our results suggest that Fmr1-KO
mice have selective deficits in the function of presynaptic
GABABRs on principal neurons. This in turns leads to a
reduction in the ability of (R)-baclofen to regulate excitatory
neurotransmission.

It is widely believed that alterations in E/I balance are central
to the behavioral and anatomical deficits seen in FXS. There-
fore, we examined whether the deficits in GABABR signaling
seen in Fmr1-KO mice impact these respective parameters.
Consistent with our biochemical and electrophysiological mea-
surements, which suggest selective deficits in GABABR recep-
tor signaling in glutamatergic nerve terminals, the deficits in E/I
balance are reversed by (R)-baclofen. This highly stable and
potent GABABR agonist may be more effective in activating the

Figure 4. Comparing GABABR expression in the hippocampus of fragile X patients. A, left, GABABR1 Western blot. GABABR1 is shown as a doublet
composed of R1a (upper band, arrow) and R1b (lower band, arrow). Right, quantification of R1a/R1b expression ratio relative to �-tubulin (�-Tu). Control (Ctrl)
individuals, black, n � 3; FXS patients, gray, n � 3. B, Western blot of GABABR2 (left) and expression level quantified relative to �-tubulin (right). Control
individuals, black, n � 3; FXS patients, gray, n � 3. The asterisk likely represents a truncated GABABR2 protein. C, Western blot of FMRP (left) and expression level
quantified relative to �-tubulin (right). The asterisk represents a nonspecific band. Control individuals, black, n � 3; FXS patients, gray, n � 3; t test; **, p � 0.01.
D, patient demographics of fragile X patients and control individuals. Error bars represent S.E.
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remaining populations of GABABRs in Fmr1-KO compared
with the endogenous neurotransmitter GABA. Consistent with
this notion, there is evidence that GABA levels are also dimin-
ished in FXS (1– 4, 20). Collectively, these results suggest that
the deficits in R1a subunit expression levels and subsequent
signaling seen in our experiments contribute to altered neuro-
nal excitability seen in FXS. In keeping with this view, it is inter-
esting to note that R1a knock-out mice share some phenotypes
in common with Fmr1-KO mice. In particular, both strains
exhibit cognitive deficits, social avoidance, and sleep disturb-
ance (27, 44 – 49). Thus, some of the phenotypes seen in FXS are
likely to arise from deficits in the activity of GABABRs contain-
ing R1a subunits.

The mechanisms by which FMRP impacts GABABR function
remain to be determined. However, our results strongly suggest
that FMRP does not modulate the expression levels of the
mRNAs encoding these receptors. A study using a cross-link-
ing-immunoprecipitation assay revealed that FMRP binds to
GABABR1 and GABABR2 in the mouse brain; however, this
result has been difficult to reproduce in subsequent studies
(13, 50). It is also emerging that GABABR activity itself may
play a role in promoting FMRP expression in neurons (51).
FMRP is enriched in the soma and dendrites via its interac-
tion with the messenger ribonucleoprotein complex (10).
Less is understood about the role FMRP plays in axonal ter-
minals; however, it is implicated in axon guidance and pre-

Figure 5. Analyzing the effects of GABABR activation on excitatory neurotransmission in Fmr1-KO and WT mice. A, an exemplary bright field
image of acute slice (top) and schematic representation (bottom) of recording. The Shaffer collaterals were stimulated using a stimulating electrode, and
effects on CA1 pyramidal cell activity were recorded by whole-cell patch clamp. eEPSCs were measured from the CA1 region after stimulating from
Schaffer collateral (0.1-ms pulse, 0.5 Hz, �70 mV). B, exemplar traces of eEPSCs recorded from WT under control conditions before (black) and after
exposure to 5 �M (R)-baclofen (red) or 100 �M adenosine. C, exemplar traces of eEPSCs recorded from Fmr1-KO under control conditions before (black)
and after exposure to 5 �M (R)-baclofen (red) or 100 �M adenosine. D, amplitude of residual eEPSCs after 5 �M (R)-baclofen or 100 �M adenosine. Fmr1-KO
mice, open bars, n � 5 mice; WT mice, solid bars, n � 5 mice; 11–31 eEPSCs were measured from each animal and averaged; t test; *, p � 0.01. E–G, PPF
of eEPSCs was measured from the CA1 region after stimulating from Schaffer collateral (0.1-ms pulse, 100-ms interval, 0.33 Hz, �70 mV). E, represen-
tative WT eEPSC traces (left) and quantification (right) showing PPF before (black) and after (red) 1 �M (R)-baclofen (n � 65 from five animals; *, p � 0.01).
F, left, representative Fmr1-KO eEPSC traces showing PPF before (black) and after (red) 1 �M (R)-baclofen. Right, quantification of PPF before (white) and
after (red) 1 �M (R)-baclofen (n � 8 mice). G, PPF change after 1 �M (R)-baclofen from WT (solid bars, n � 5 animals) and Fmr1-KO (open bars, n � 8 mice)
(t test; *, p � 0.02). Error bars represent S.E. DG, dentate gyrus.
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synaptic short term plasticity (10, 52–54). It has been esti-
mated that upward of 30% of the presynaptic proteome is
potentially regulated by FMRP (55). However, it is unclear
which of these potential binding partners influence the
function of presynaptic GABABRs in glutamatergic nerve
terminals. It may be possible that FMRP binds directly to
GABABRs to regulate their functions as similar modulation
of big potassium (BK) channels by FMRP has recently been
reported in CA3 pyramidal neurons (56).

In summary, our results highlight the importance of
GABABR dysfunction in FXS. Further investigation of the
mechanism by which GABABRs are modulated or controlled by
FMRP could aid the development of improved therapeutic
strategies that target GABABRs for the treatment of FXS.

Experimental procedures

Animals

Fmr1-KO mice were originally purchased from The Jackson
Laboratory (B6.129P2-Fmr1tm1Cgr/J) and then bred in house
(homozygous female 	 hemizygous male). Fmr1-KO and WT
C57BL/6 mice were housed under constant temperature and
humidity on a 12-h light/dark cycle with standard rodent food
and water ad libitum. Male mice were used in the current study.
All animal protocols were carried out in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by Institutional Animal
Care and Use Committee of Tufts University.

Antibodies

The following antibodies were used for Western blotting:
anti-GABABR1 (for mouse; 1:1000; University of California
Davis/National Institutes of Health NeuroMab, N94A/49),
anti-GABABR1 (for human; 1:1000; Millipore, AB2256), anti-
GABABR2 (1:1000; University of California Davis/National
Institutes of Health NeuroMab, N81/2), anti-�-tubulin
(1:10,000; Millipore, 05661), anti-FMRP (1:1000; Abcam,
ab17722), anti-phospho-Ser-783-GABABR2 (1:1000; Phos-
phoSolutions, p1148-783) (57), and anti-phospho-Ser-892-
GABABR2 (Ser(P)-S892) (The Rockefeller University, Protein/
DNA Technology Center) (58). The following antibody was
used for immunohistochemistry: anti-GABABR1 (for human;
1:1000; Millipore, AB2256).

Human tissue

Post-mortem hippocampal brain tissues from FXS patients
and control subjects were gifted from the Lieber Institute for
Brain Development (Baltimore, MD). For the control subjects,
consent for the use of post-mortem human brains was obtained
through the Lieber Institute for Brain Development under
Maryland Department of Health and Mental Hygiene protocol
number 12-24 and Western Institutional Review Board proto-
col number 20111080. Clinical characterization, macroscopic
and microscopic neuropathological examinations, toxicologi-
cal analyses, and quality control measures were performed as
described previously (59, 60). Each subject was diagnosed ret-
rospectively by two board-certified psychiatrists according to
criteria in the Diagnostic and Statistical Manual of Mental Dis-
orders, 4th Ed. A psychiatric narrative summary was compiled
for every case from a combination of data from a telephone
screening on the day of donation with next of kin; from police,
autopsy, and toxicology reports; from psychiatric records; from
family informant interviews with next of kin (a psychological
autopsy interview and the Structured Clinical Interview for
Diagnostic and Statistical Manual of Mental Disorders, 4th
Ed.); and from interviews with psychiatric treatment providers
(59). The healthy controls had no known history of psychiatric
illness or substance abuse or dependence and were screened for
drug intoxication at time of death. The information about neu-
roleptic and antidepressant medications in subjects with psy-
chiatric disorders was acquired from toxicology testing as
described previously (60). The FXS tissue was obtained by the
National Institute of Child Health and the Human Develop-
ment Brain and Tissue Bank for Developmental Disorders
under contracts NO1-HD-4-3368 and NO1-HD-4-3383. The
Institutional Review Board of the University of Maryland at
Baltimore and the State of Maryland approved the protocol.
The University of Maryland cases were processed, curated,
handled, and evaluated in a similar fashion to the Lieber Insti-
tute for Brain Development cases. Brain specimens from the
University of Maryland were transferred from University of
Maryland to the Lieber Institute for Brain Development under
a Materials Transfer Agreement.

Immunohistochemistry

Five-week-old male mice were intracardially perfused with
4% (w/v) paraformaldehyde. Brains were extracted and

Figure 6. Comparing the effects of GABABR activation on inhibitory neu-
rotransmission in Fmr1-KO and WT mice. A–C, eIPSCs were measured from
the CA1 region after stimulating from the Schaffer collateral (0.1-ms pulse, 0.5
Hz, �70 mV). A, WT. B, Fmr1-KO. Representative eIPSC traces before (black)
and after (red) 10 �M (R)-baclofen application are shown. C, amplitude (Amp)
of residual eIPSCs after 10 �M (R)-baclofen or 100 �M adenosine. Fmr1-KO
mice, open bars, n � 6 mice; WT mice, solid bars, n � 6 mice; 2–14 eIPSC were
measured from each animal and averaged. D–F, sIPSCs were measured from
the CA1 region. (R)-Baclofen perfusion activated GIRK current. D, representa-
tive sIPSC traces from WT (black) and Fmr1-KO (green) mice. 10 �M (R)-
baclofen was applied in the bath as indicated (red bar). E, GIRK current density
is plotted. Fmr1-KO mice, open bars, n � 5 mice; WT mice, solid bars, n � 5
mice. Error bars represent S.E. pF, picofarad.
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immersed in 30% (w/v) sucrose for 72 h. Coronal sections of
40-�m thickness were prepared, and free-floating sections
were rinsed in BupH-PBS (Thermo Fisher Scientific), blocked
for 1 h in 10% (w/v) BSA with 0.3% Triton X-100 in PBS, and
incubated overnight at room temperature with the indicated
antibodies. The following day, the tissue was rinsed in PBS and
incubated for 2 h in Alexa Fluor 488 secondary antibodies (Life
Technologies, Thermo Fisher Scientific). After extensive rins-
ing with PBS, tissues were mounted, dried, and placed on cov-
erslips with ProLong Gold antifade reagent (Invitrogen).
Images were acquired with a Nikon Ti microscope and analyzed
using NIH ImageJ. Images were recorded using the same micro-
scope settings for each treatment and were taken within the
linear range as detailed previously (61). Controls were obtained

by incubating slices in the absence of primary antibody. Data
were presented as mean � S.E.

Quantitative PCR

RNA was extracted from mouse and human hippocampi
using the RNeasy Lipid Tissue Mini kit (Qiagen). cDNA was
synthesized using a SuperScript� III First-Strand Synthesis kit
(Life Technologies) with random hexamers following the man-
ufacturer’s instructions. For quantitative PCR, cDNA was
amplified using 600 nM primers and 2	 SYBR Green Master
Mix in a volume of 25 �l in the Mx3000P system (Agilent) in
duplicates using the following primers: mouse: GABABR1a:
forward, 5�-CCTGCCTGTGGACTATGAGATTG; reverse,
5�-CAGATGGAAGTCGGGGTCAC; GABABR1b: forward,

Figure 7. Analyzing the efficacies of excitatory and inhibitory neurotransmission in Fmr1-KO and WT mice. Whole-cell recordings from the CA1 region
of acute hippocampal slices of WT and Fmr1-KO mice (5 weeks old, male) are shown. Spontaneous EPSCs and IPSCs were recorded from a single cell held at �70
mV. A, left, representative traces of sEPSCs from WT and KO mice. Middle, histograms of sEPSC frequency are plotted for WT (solid line) and Fmr1-KO (dashed line)
mice before (black) and after (red) 5 �M baclofen was perfused in the bath. Before (R)-baclofen, Dunn’s post hoc test, p � 0.01; after (R)-baclofen, Dunn’s post
hoc test, p � 0.99. Right, histograms of sEPSC amplitude are plotted for WT (solid line) and Fmr1-KO (dashed line) mice before (black) and after (red) 5 �M baclofen
was perfused in the bath. Before (R)-baclofen, Dunn’s post hoc test, p � 0.01; after (R)-baclofen, Dunn’s post hoc test, p � 0.7338. B, left, representative traces
of sIPSCs from WT and KO mice. Middle, histograms of sIPSC frequency are plotted for WT (solid line) and Fmr1-KO (dashed line) mice before (black) and after (red)
5 �M baclofen was perfused in the bath. Before (R)-baclofen, Dunn’s post hoc test, p � 0.01; after (R)-baclofen, Dunn’s post hoc test, p � 0.10. Right, histogram
of sIPSC amplitude is plotted for WT (solid line) and Fmr1-KO (dashed line) mice before (black) and after (red) 5 �M baclofen was perfused in the bath. Before
(R)-baclofen, Dunn’s post hoc test, p � 0.01; after (R)-baclofen, Dunn’s post hoc test, p � 0.01. C, ratio of sEPSC frequency over sIPSC frequency is plotted. Before
(R)-baclofen, Dunn’s post hoc test; *, p � 0.01; after (R)-baclofen, Dunn’s post hoc test, p � 0.99. D, ratio of sEPSC amplitude over sIPSC amplitude is plotted.
Before (R)-baclofen, Dunn’s post hoc test; *, p � 0.01; after (R)-baclofen, Dunn’s post hoc test; *, p � 0.01. E, ratio of sEPSC synaptic transmission over sIPSC
transmission is plotted. Before (R)-baclofen, Dunn’s post hoc test; *, p � 0.01; after (R)-baclofen, Dunn’s post hoc test, p � 0.3571. Error bars represent S.E.
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5�-CTCTTCTGCTGGTGATGGC; reverse, 5�-TACTGCAC-
GCCGTTCTGAG; GABABR2: forward, 5�-GACCTGCGACT-
CTACGACACC; reverse, 5�-GCGTTGTCTGAGGGCACC;
TUBB: forward, 5�-GAGGATCAATGTCTACTACAATGA-
GGC; reverse, 5�-CCTCTCGGATCTTGCTGATGAG; human:
GABABR1a: forward, 5�-AGATCATACACCCGCCCTG;
reverse, 5�-ACCTTCCCATTTTCCAGGGT; GABABR1b: for-
ward, 5�-CTGCCGCTTCTGGTTGTGA; reverse, 5�-CCGTT-
CTGAGGAGGGGTGC; GABABR2: forward, 5�-CGACCTG-
CGGCTCTATGAC; reverse, 5�-GGCTGGATTCACCGCA-
TTG; TUBB: forward, 5�-CAGAGCGGTGCTGGTGGAC;
reverse, 5�-GAGGGCACCACGCTGAAG. The gene dose was
calculated based on the standard curve method relative to
TUBB and normalized to mean control values.

Slice electrophysiology

Five-week-old male Fmr1-KO or WT mice were decapitated
under isoflurane anesthesia. The brain was dissected and coro-
nal hippocampal slices (310 �m) were prepared in an ice-cold
solution containing 87 mM NaCl, 3 mM KCl, 7 mM MgCl2, 0.5
mM CaCl2, 1.25 mM NaH2PO4, 50 mM sucrose, 25 mM glucose,
and 25 mM NaHCO3 continuously bubbled with 95% and 5%
O2/CO2 carbogen. Slices were warmed to 33–34 °C and incu-
bated for 45 min in carbogen-bubbled artificial cerebral spinal
fluid (ACSF) (126 mM NaCl, 2.5 mM KCl, 2 mM MgCl2, 2 mM

CaCl2, 1.25 mM NaH2PO4, 1 mM L-glutamine, 1.5 mM sodium
pyruvate, 10 mM glucose, and 26 mM NaHCO3) supplemented
with 3 mM myo-inositol and 0.4 mM ascorbic acid. For whole-
cell recordings, a coronal slice was transferred to the recording
chamber and superfused with ACSF at 30 °C. Neurons were
visualized with a digital camera (Andor) on a fixed stage upright
microscope (Nikon FN-PT) with a 40	 water immersion objec-
tive equipped with differential interference contrast/infrared
optics.Whole-cellpatchclamprecordingsweremadefrompyra-
midal neurons in the CA1 region of dorsal hippocampus using
an Axopatch 200B amplifier (Molecular Devices) and a Digi-
data 1550 digitizer (Molecular Devices).

For eEPSCs and eIPSCs, a stimulating electrode (FHC, model
CBARC75) was positioned to stimulate Schaffer collaterals and
commanded by a Stimulus Isolator (World Precision Instru-
ments). Patch pipettes were filled with internal solution (140
mM KCl, 2 mM MgCl2, 0.1 mM CaCl2, 1.1 mM EGTA, 10 mM

HEPES, 2 mM MgATP, 1 mM NaGTP, and 10 mM sodium phos-
phocreatine, pH 7.4). Series resistance and whole-cell capaci-
tance were continually monitored throughout the experiments.
Using voltage clamp, eEPSCs and eIPSCs were recorded at
�70 mV in response to electrical stimulation. For sEPSC and
eEPSC recordings, ACSF supplemented with 50 �M picro-
toxin was perfused for 2–3 min before recording. For sIPSC
and eIPSC recordings, ACSF supplemented with 50 �M 2-a-
mino-5-phosphonopentanoic acid and 20 �M 6,7-dinitro-
quinoxaline-2,3-dione was perfused for 2–3 min before
recording. Recordings were analyzed in pClamp 10.5
(Clampfit, Axon Instruments). Recording data were also ana-
lyzed using MiniAnalysis software (Synaptosoft, Inc.). Data
were presented as mean � S.E.

Western blotting

Hippocampal, prefrontal cortical, and midbrain tissues were
dissected from isoflurane-anesthetized Fmr1-KO and WT
mice (3–16 weeks), flash frozen, and stored at �80 °C. Alterna-
tively, post-mortem hippocampal tissues from FXS and control
subjects were used. On the day of experiment, the brain tissue
was homogenized in lysis buffer containing 20 mM Tris-HCl,
pH 8.0, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 5 mM EDTA,
10 mM NaF, 2 mM Na3VO4, and 10 mM sodium pyrophosphate
plus 1:1000 protease inhibitors 4-(2-aminoethyl)benzen-
esulfonyl fluoride, antipain, aprotinin, leupeptin, and pepstatin.
After incubating for an hour at 4 °C, the brain lysate was cen-
trifuged at 13,200 rpm at 4 °C for 15 min. Using standard West-
ern blotting techniques, the supernatant was subjected to
SDS-PAGE (8 –10% gel) and transferred to a nitrocellulose
membrane overnight at 4 °C. The membrane was blocked with
5% nonfat milk in PBST for an hour. Subsequently, it was incu-
bated in a specific primary antibody in 5% milk in PBST. After
rigorous washes, a specific horseradish peroxidase-conjugated
secondary antibody (in 5% milk in PBST) was incubated with
the membrane for an hour at room temperature. The blots
were developed using enhanced chemiluminescence systems
(Amresco and Thermo Fisher Scientific), imaged using the
charge-coupled device-based LAS 3000 system (FujiFilm), and
quantified with NIH ImageJ software. Data were presented as
mean � S.E.
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