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Background: Structural and functional neuroimaging studies suggest abnormal activity in the striatum of patients with the fragile X
syndrome (FXS), the most common form of inherited mental retardation.

Methods: Neurophysiological and immunofluorescence experiments in striatal brain slices. We studied the synaptic transmission in a
mouse model for FXS, as well as the subcellular localization of fragile X mental retardation protein (FMRP) and brain cytoplasmic (BC1) RNA
in striatal axons.

Results: Our results show that absence of FMRP is associated with apparently normal striatal glutamate-mediated transmission, but
abnormal y-aminobutyric acid (GABA) transmission. This effect is likely secondary to increased transmitter release from GABAergic nerve
terminals. We detected the presence of FMRP in axons of striatal neurons and observed a selective increase in the frequency of spontaneous
and miniature inhibitory postsynaptic currents (sIPSCs, mIPSCs) in fmr1-knockout mice. We also observed reduced paired-pulse ratio of
evoked IPSCs, a finding that is consistent with the idea that transmitter release probability from striatal GABAergic nerve terminals is higher
than normal in these mutants. Finally, we have identified the small noncoding BC1 RNA as a critical coplayer of FMRP in the regulation of
striatal synaptic transmission.

Conclusions: Understanding the physiologic action of FMRP and the synaptic defects associated with GABA transmission might be useful

to design appropriate pharmacologic interventions for FXS.
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mosome causes fragile X syndrome (FXS), the most com-

mon form of inherited mental retardation (1). fmrl gene
encodes the fragile X mental retardation protein (FMRP), an
RNA-binding protein involved in mRNA metabolism in neurons
(2,3). Patients with FXS show a spine dysmorphogenesis (2).
Dendritic spines are a preferential working location of FMRP in
neurons (2,4), but evidence is now accumulating that axons also
contain this protein (5-7). These findings raise the possibility that
FMRP controls synaptic transmission through pre- and postsyn-
aptic actions.

FMRP mediates its complex activity on synaptic transmission
by interacting with specific RNA and protein partners. At least 18
putative FMRP-interacting proteins (2,4) and a plethora of FMRP-
binding mRNAs have been identified (8—13). In addition, FMRP
can also control synaptic protein translation indirectly by associ-
ating with either the small dendritic noncoding brain cytoplasmic
(BC1) RNA (12,14), or possibly with microRNAs (15), which act
as an “adaptor molecules” between FMRP and its target mRNAs.

Abnormal plasticity of excitatory transmission represents a
prominent synaptic alteration described in fmrl knockout (fmrl-
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KO) mice (4,16-19), a reliable model of FXS showing, as in the
human disorder, macroorchidism, learning deficits, hyperactiv-
ity, and dendritic spine abnormalities (2). In this model, the
possible parallel alteration of inhibitory GABAergic transmission
has also been postulated in morphological, neurochemical, and
molecular studies (20-26), but it has never been addressed
physiologically.

Several brain imaging studies in humans have established an
association between reduced expression of FMRP and morpho-
logical and functional abnormalities in the basal ganglia of
patients with FXS. Accordingly, FXS patients present frontostria-
tal deficits and larger striatum than normal, abnormalities that
tightly correlate with the severity of the disease (27-33). This
evidence suggests synaptic deficits in this brain area, but no
study thus far has addressed striatal synaptic functioning in
models of FXS.

In this study, we investigated both inhibitory and excitatory
synaptic transmission in the striatum of fmrl-KO mice. In this
model of FXS, we found enhanced y-aminobutyric acid (GABA)-
mediated synaptic inhibition, secondary to loss of presynaptic
FMRP-mediated control of transmitter release. By comparing the
neurophysiologic effects of fmrl KO with those of BC1 RNA KO
and those of double fmrl and BC1 KO, we also identified BC1
RNA as a critical coplayer of FMRP in the regulation of striatal
synaptic transmission.

Methods and Materials

Mice lacking fmrl (fmr1-KO) (34), BC1 RNA (BC1-KO) (35),
and both fmrl and BC1 (fmr1-BC1-KO) were employed, along
with respective age-matched wildtype (WT) counterparts (2-3
months old) for all the experiments. Animals were maintained in
light:dark cycles of 12:12 hours and weaned after 21 days. The
WT and KO mice used in these experiments were of different
background strains: C57BL/6 for fmr1-KO mice, 129Sv/C57BL/6
for BC1-KO and fmrl-BC1-KO. Appropriate matching strains
were used as controls. All efforts were made to minimize animal
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suffering and to reduce the number of mice used, in accordance
with the European Communities Council Directive of 24 Novem-

ber, 1986 (86/609/EEC).

Generation of fmr1-BC1-KO Mice

fmr1-KO mice were obtained from Ben Oostra’s laboratory
(34), and BC1-KO mice were obtained from Jurgen Brosius’s
laboratory (35). One fmrl-KO female (X~ X7) was crossed to
BC1-KO male (77 77) to generate heterozygous female mice for
both the fmrl-BC1-KO loci and fmrl-KO male mice heterozy-
gous for BC1-KO locus. These mice (X X/77 7 x X~Y/7°7%)
were then crossed to generate the following genotypes: 1) mice
lacking X~Y/777 ) or XX /777 or XTY/7 7D or XX/
777%); 2) mice lacking BC1 RNA (X*Y/777) or X*X*/7777);
3) normal male mice (X"Y/7"7"); 4) heterozygous mice for BC1
(X*Y/7%77); 5) heterozygous mice for fmrl (X" X*/777%); 6)
heterozygous female mice for both fmrl and BC1 (X~ X*/777%);
7) mice lacking both fmrl and BC1 X"Y/7"77) or X"X/
7777). All mice were genotyped by polymerase chain reaction
(PCR) using genomic DNA extracted from the tail. Screening for
the presence or absence of the BC1 WT allele was performed
using primer BMN176 (5-GGACAAAGTGGCTCCTCCTG-) and
BMN177 5'(-GGAGTATCCGGCATCCTCTG-) to detect the 436 frag-
ment (nt 31094-31530 ID No. AF384675), and screening for the
presence or absence of the BC1-KO allele was performed using
primer BMN174 5'(-CCCAGCAATGGTGATGAGAC-) and
BMN175 5'(-CCTTCTATCGCCTTCTTGACG) to detect the 462
fragment of the mutant allele (nt 28796 ID No. AF384675—NEO
cassette). Following an initial cycle at 94°C for 5 min, 20 PCR
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cycles were performed comprising 1 min denaturation at 94°C, 1
min annealing at 60°C, and 1 min extension at 72°C. The
products were electrophoresed on 1.5% agarose gel. The analysis
of fmr1 locus was conducted as previously described (34).

Electrophysiology

Corticostriatal coronal slices (200 um) were prepared from
tissue blocks of the mouse brain with the use of a vibratome
(36,37). A single slice was then transferred to a recording
chamber and submerged in a continuously flowing Krebs solu-
tion (32°C, 2-3 mL/min) gassed with 95% O,-5% CO,. The
composition of the control solution was (in mmol/mL): 126 NaCl,
2.5 KCl, 1.2 MgCl,, 1.2 NaH,PO,, 2.4 CaCl,, 11 Glucose, and 25
NaHCOs.

The striatum could be readily identified under low-power
magnification, whereas individual neurons were visualized in
situ using a differential interference contrast (Nomarski) optical
system. This employed an Olympus BX50WI (Tokyo, Japan)
noninverted microscope with X40 water immersion objective
combined with an infrared filter, a monochrome charge-coupled
device camera (COHU 4912), and a PC-compatible system for
analysis of images and contrast enhancement (WinVision 2000,
Delta Sistemi, Italy).

Whole-cell patch clamp recordings were made with borosili-
cate glass pipettes (1.8 mm outer diameter; 2—4 M()), in voltage-
clamp mode, at the holding potential (HP) of —80 mV. Recording
pipettes were advanced toward individual striatal cells in the
slice under positive pressure, and on contact, tight G{) seals were
made by applying negative pressure. The membrane patch was
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Figure 1. Properties of spontaneous inhibitory postsynaptic currents (sIPSCs) recorded from striatal neurons of wildtype (WT) and fmr1-knockout (KO) mice.
(A) Examples of voltage-clamp recordings showing striatal sIPSCs (downward deflections) recorded from WT and fmr1-KO mice. (B) The graph shows that the
kinetic properties (rise time, decay time, and half width) of sIPSCs are similar in the two genotypes. (C) The histograms show that the absence of fragile X
mental retardation protein remarkably increases the frequency of sIPSCs without altering the mean amplitude of these synaptic events. (D) Cumulative

distribution of sIPSC interevent interval recorded from WT and fmr1-KO mice.
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then ruptured by suction and membrane current and potential
monitored using an Axopatch 1D patch clamp amplifier (Axon
Instruments, Foster City, California). Whole-cell access resis-
tances measured in voltage clamp were in the range of 5-20 MQ).
To detect evoked (eIPSCs), spontaneous (sIPSCs), and miniature
GABAA-mediated inhibitory postsynaptic currents (mIPSCs), in-
traelectrode solution had the following composition (mM): CsCl
(110), K'-gluconate (30), ethylene glycol-bis (B-aminoethyl
ether)-N,N,N’ N'-tetra-acetic acid (EGTA; 1.1), N-(2-hydroxy-
ethyD-piperazine-N-s-ethanesulfonic acid (HEPES) (10), CaCl,
(0.1), Mg-adenosine triphosphate (Mg-ATP) (4), Na-guanosine
triphosphate (GTP) (.3). (+)-5-methyl-10,11-dihydro-5H-diben-
zola,dlcyclohepten-5, 10-imine maleate (MK-801) (30 wmol/mL)
and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (10 pmol/
mL) were added to the external solution to block, respectively,
N-methyl-D-aspartate (NMDA) and non-NMDA glutamate recep-
tors. Conversely, to study the intrinsic properties of the neurons
and evoked, spontaneous and miniature glutamate-mediated
excitatory postsynaptic currents (eEPSCs, sEPSCs, mEPSCs), the
recording pipettes were filled with internal solution of the
following composition: (mM) K*—gluconate (125), NaCl (10),
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Figure 2. Distribution of y-aminobutyric acid (GABA)-ergic synapses in wild-
type (WT) and fmr1-knockout (KO) cultured striatal neurons. (A, B) Phalloidin
staining in WT and fmr1-KO. (C, D) Fragile X mental retardation protein
(FMRP) immunofluorescence in WT and fmr1-KO. (E, F) Vesicular y-hydroxy-
butyric acid (GABA) transporter (VGAT) immunofluorescence in WT and
fmr1-KO. (G) Quantification of the VGAT puncta in WT and fmr1-KO cells.
Bar = 10 pm.
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Figure 3. Paired-pulse ratio (PPR) in wildtype (WT) and fmr-knockout (KO)
striatal neurons. The histogram shows that at 50-msec, but not at 80-msec,
interstimulus intervals, the evoked spontaneous inhibitory postsynaptic
currents (elPSC) PPR in fmr1-KO mice is lower than in their WT counterparts.
The right panel shows examples of PPR recordings at 50-msec interstimulus
intervals from WT (upper trace) and fmr1-KO (lower trace) striatal neurons.

CaCl,, (1.0), MgCl, (2.0), 1,2-bis (2-aminophenoxy) ethane-
N,N,N,N-tetraacetic acid (BAPTA; 0.5), HEPES (19), GTP (.3),
Mg-ATP (1.0), adjusted to pH 7.3 with potassium hydroxide
(KOH). Bicuculline (10 pmol/mL) was added to the perfusing
solution to block GABAA-mediated transmission.

Spontaneous and miniature synaptic events were stored by
using P-CLAMP 9 (Axon Instruments) and analyzed offline on a
personal computer with Mini Analysis 5.1 (Synaptosoft, Leonia,
New Jersey) software. The detection threshold of spontaneous
and miniature excitatory and inhibitory events was set at twice
the baseline noise. The fact that no false events would be
identified was confirmed by visual inspection for each experi-
ment. Offline analysis was performed on spontaneous and
miniature synaptic events recorded during fixed time epochs
(2-3 min, 5-10 samplings), sampled every 2-3 minutes. Only
cells that exhibited stable frequencies in control (less than 20%
changes during the control samplings) were taken into account.
For kinetic analysis, events with peak amplitude between 10 and
50 pA were grouped, aligned by half-rise time, normalized by
peak amplitude, and averaged to obtain rise times, decay times,
and half widths. Events with complex peaks were eliminated.

Evoked synaptic events (eEPSCs, eIPSCs) were elicited at
.1-Hz frequency by using bipolar electrodes located either in the
white matter between the cortex and the striatum (to activate
corticostriatal glutamatergic fibers) or within the striatum (to
stimulate intrastriatal GABAergic terminals). P-CLAMP 9 was used
to store the data. In distinct neurons, eEPSCs or eIPSCs of similar
amplitude were obtained with highly variable intensities of
stimulation, mainly depending on the distance between the
stimulating and recording sites. eEPSCs normally ranged be-
tween 50 and 400 pA, and eIPSCs ranged between 30 and 200
pA. No gross difference in the intensity of stimulation required to
obtain a given synaptic event was observed across genotypes.

For data presented as the mean * SEM, statistical analysis
between two groups was performed using a paired or unpaired
Student’s ¢ test or Wilcoxon’s test. Multiple comparisons were
analyzed by one-way analysis of variance followed by Tukey’s
honest significant difference (HSD). The significance level was
established at p < .05. To determine differences between two
cumulative distributions, the Kolmogorov-Smirnov test was used.
Throughout the text, # refers to the number of cells. One to six
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neurons per animal were recorded. Each electrophysiologic
measure in KO and WT mice was obtained by pooling data from
at least six animals. Only one animal per day was used.

Drugs were applied by dissolving them to the desired final
concentration in the bathing artificial cerebrospinal fluid (ACSF).
The concentrations of the various drugs were chosen according
to previous in vitro studies on corticostriatal brain slices (33,34)
and were as follows: CNQX (10 pmol/mL), MK-801 (30 wmol/
mL), tetrodotoxin (TTX, 1 wmol/mL) (Tocris Cookson, Bristol,
United Kingdom), bicuculline (10 pmol/mL), cadmium (200
pmol/mL), forskolin (10 wmol/mL) (Sigma, St. Louis, Missouri).

Preparation of cRNA Probe

RNA in situ hybridization was performed using antisense and
sense probes for BC1 RNA. BC1 RNA was cloned into pGemTeasy
vector starting from total brain RNA. Using the following primers:
Mouse BC1 (U01310): -upstream 5'-GTT GGG GAT TTA GCT CAG
TGG-3'; -downstream 5'-AGG TTG TGT GTG CCA GTT ACC-3".

Linearization with Sacll or Sacl and transcription with SP6 or
T7 polymerases leads to antisense or sense digoxygenin-labeled
cRNA probes. Specificity of the probe was assessed performing
Northern blot analysis on WT and BC1-KO mice (not shown).

Tissue Preparation for Fluorescence In Situ Hybridization
(FISH) and Immunofluorescence

Mice were anesthetized and then perfused with 4% para-
formaldehyde in .1 mol/mL phosphate buffered saline (PBS
pH 7.4). Brains were removed and postfixed for 1 day in 4%
paraformaldehyde/PBS. Brains were placed in 30% sucrose in
.1 mol/mL PBS until the brains sank and were then embedded
in the optimal cutting temperature (OCT) compound (Sakura,
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supplied by Bio-Optica) and frozen on dry ice. Frozen brains
were cryosectioned (20-pm thickness).

FISH and Immunofluorescence on Striatal Tissue and
Striatal Neurons

Striatal neurons were fixed at room temperature for 15 min
with 4% paraformaldheyde in PBS 1X. Immunofluorescence
was performed as previously described (6). FISH and immu-
nofluorescence on striatal tissue was performed as previously
described (38).

Antibodies

Rabbit polyclonal anti-FMRP-rAM2 (1:300) (6), mouse mono-
clonal anti-Neurofilament-L (NF-L; 1:100, from Cell Signaling
Technology, Danvers, Massachusetts), mouse monoclonal anti—
vesicular GABA transporter (VGAT; 1:200, Synaptic System,
Goettingen, Germany), Phalloidin-fluoresceine isothiocianate (1:
1000, SIGMA), anti-digoxigenin rhodamine conjugate (1:100,
from Roche, Mannheim, Germany). Antimouse, antirabbit sec-
ondary antibodies conjugated to fluorophores (cyanine 2/3/5;
1:100, Jackson ImmunoResearch, West Grove, Pennsylvania).

Counting of the VGAT Density

Counting of VGAT, a reliable marker for GABAergic nerve
terminals and GABAergic synapses (39) in WT and fmrl-KO
cells (cultured striatal cells), was performed. The images
were acquired using a confocal laser scanning microscope
(TCS SP5, Leica Microsystem, Wetzlar, Germany). Quantitative
analysis in triple-labelled material was performed in different
cell cultures by counting the VGAT density of 15 cells for WT
(64 dendrites with a total length of 9845 pm contained 3210
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Figure 4. Properties of miniature inhibitory postsynaptic currents (mIPSCs) recorded from striatal neurons of wildtype (WT) and fmr1-knockout (KO) mice.
(A, B) The graphs show that the blockade of voltage-dependent sodium channels by tetrodotoxin (TTX) changes the cumulative distribution of spontaneous
IPSC (sIPSC) interevent interval (A) but not of sIPSC amplitude (B) in fmr1-KO mice. (C) The histograms show that absence of fragile X mental retardation
protein (FMRP) remarkably increases the frequency of mIPSCs without altering the mean amplitude. (D) Examples of voltage-clamp recordings in the presence
of TTX showing the increase of mIPSC frequency in fmr1-KO mice with respect to their WT controls.
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VGAT puncta) and 15 cells for fmr1-KO (55 dendrites with a
total length of 7675 pm contained 2180 VGAT puncta).
One-way analysis of variance on the data were performed
with the Tukey HSD comparison post hoc test.

Results

Membrane Properties of Striatal Neurons

Whole-cell patch clamp recordings were obtained from stria-
tal spiny neurons identified by morphologic and electrophysi-
ologic criteria. Striatal spiny neurons had significantly smaller
somata than interneurons (15-25 pm vs. 30-40 wm) and dis-
played high resting membrane potential (-81 = 4 mV), action
potential discharge with little adaptation during depolarizing
current pulses, and, in voltage-clamp mode, a typical current-
voltage relationship. These electrophysiologic properties were
similar in fmr1-KO, BC1-KO, and fmr1-BC1-KO mice and the
respective WT control mice and did not differ from those
reported previously for spiny neurons of the mouse striatum
(36-38) (not shown).

Spontaneous GABAergic Activity in fmr1-KO Neurons

As an indicator of the physiologic activity of GABA synapses,
we measured sIPSCs in the striatum of WT and fmr1-KO mice.
Electrophysiologic recordings with CsCl-containing pipettes al-
lowed detecting, at —80 mV HP and in the presence of CNQX
plus MK-801, spontaneous synaptic events that could be blocked
in both genotypes by bicuculline (7 = 6 for both groups). Most
events had amplitudes ranging between 5 and 40 pA and had
kinetic properties (rise time, decay time constant, and half width)
indistinguishable in the two genotypes (1 = 20 and p > .05 for
the two experimental groups and for each parameter). The
frequency of sIPSCs was conversely increased in fmr1-KO mice
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(n = 28 for both groups, p < .001), a result compatible with the
idea that striatal GABAergic nerve terminals are disinhibited in
this model of FXS (Figure 1).

Density of GABA Synapses in fmr1-KO Striatal Neurons

To assess whether the observed increase in GABA release
probability could result from higher number of GABAergic
synapses per cell in fmr1-KO mice, we investigated the presence
of VGAT as a marker of GABAergic synapses (39). As shown in
Figure 2, the amount of GABAergic synapses was decreased in
the fmr1-KO cells (p < .05).

Paired-Pulse Ratio in fmr1-KO Striatal Neurons

The idea that the observed difference in sIPSC frequencies
could result from genotypic differences in release probability
was supported by paired-pulse experiments on eIPSCs. At 50-
msec interstimulus interval, in fact, fmrl-KO mice (n = 8)
exhibited a lower paired-pulse ratio (PPR) compared with their
WT counterparts (nz = 6, p < .01). This difference, however, was
not evident when the two stimuli were delivered with an
interstimulus interval of 80 msec (7 = 6 for WT and n = 8 for
fmr1-KO neurons, p > .05) (Figure 3).

Miniature IPSCs in fmr1-KO Neurons

To study further the physiologic properties of GABA synapses
in WT and fmrl-KO striatal neurons, mIPSCs were recorded
following blockade of voltage-dependent sodium channels with
TTX (n = 19 for both genotypes). When compared with sIPSCs,
mean frequency of mIPSCs was significantly lower in both
genotypes, whereas mean amplitude was unchanged. Fre-
quency, but not amplitude, of mIPSCs was higher than normal in
fmr1-KOs (p < .01), supporting the idea that FMRP modulates
transmitter release through a presynaptic action and indepen-
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Figure 5. y-aminobutyric acid (GABA) transmission in BC1-knockout (KO) striatal neurons. (A) The histograms show that the frequency of both spontaneous
inhibitory postsynaptic currents (sIPSCs) and miniature IPSCs (mIPSCs) was higher in BC1-KO mice compared with their wildtype (WT) controls. (B) The
histograms show that the amplitude of both sIPSCs and mIPSCs was similar in the two genotypes. (C) Examples of voltage-clamp recordings showing that
inactivation of BC1 gene increased the frequency of sIPSCs. (D) Examples of voltage-clamp recordings in the presence of tetrodotoxin showing that BC1-KO

increased the frequency of mIPSCs.
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dently of action potential generation (Figure 4). In both WT and
fmr1-KO mice, mIPSCs were insensitive to the application of
cadmium (200 pmol/mL, 10 min), to block calcium channels

(n = 9 for both genotypes, p > .05).

Figure 7. y-aminobutyric acid (GABA) transmission in
double fmr1-brain cytoplasmic (BC1) knockout (KO) stria-
tal neurons. (A) The histograms show that the frequency
of spontaneous inhibitory postsynaptic currents (sIPSCs)
(left panel) and miniature IPSCs (mIPSCs) (right panel) is
higher in double fmr1-BC1-KO mice compared with their
WT counterparts but similar compared with fmr1- and
BC1-KO mice. (B) Lack of significant effects of double
fmr1-BC1-KO, compared with isolated BC1-KO, on sIPSC
interevent interval distribution.
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Part of the physiologic activities of FMRP at synapses depends
on the interaction of this protein with BC1 RNA, a small
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Figure 6. Brain cytoplasmic (BC1) RNA and fragile X men-
tal retardation protein (FMRP) colocalization in striatal
axonal bundles. (A) Left, examples of three axonal bun-
dlesin astriatal preparation marked with Neurofilament-L
(NF-L). Right, drawing of one of the axonal bundles shown
in the left part of the panel. Immunofluorescence for NF-L
in wildtype (WT) (B, F) and BC1-knockout (KO) (J), for
FMRP in WT (C, G) and BC1-KO mice (K), coupled with
fluorescence in situ hybridization (FISH) for BCT RNA anti-
sense (as) (D, L) and sense (s) in (H). (E, I, M) are the
merged images. (B-E) Arrows indicate areas of localiza-
tion of BC1 RNA (D) and FMRP (C) in one axon of the
bundle (B). (E) Arrow points to a white spot of BCT RNA
and FMRP colocalization. Arrows in (I, M) indicate localiza-
tion of FMRP in one axon of the bundle in WT and BC1-KO
mice, respectively. Bars indicate 10 pm.

noncoding RNA (40). Thus, to test whether altered FMRP-BC1
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RNA interaction was involved in the abnormal GABA transmis-
sion seen in fmrl-KO neurons, we performed electrophysiologic
recordings in mice lacking the BC1 RNA. In BC1-KO striatal
neurons, the frequency of sIPSCs (1 = 26 for both genotyes, p <
.001) and of mIPSCs (72 = 16 for both genotypes, p < .001) was
higher than in controls and similar to those of FMRP KOs,
whereas their amplitudes were unchanged (p > .05 for both
sIPSCs and mIPSCs), as expected for a presynaptic alteration of
GABA transmission in these mice (Figure 5).

FMRP and BC1 RNA Partially Colocalize in Striatal Axonal
Bundles

GABAergic innervation of striatal neurons is entirely intrinsic,
originating from axonal collaterals of projection cells (95% of
striatal neuronal population) or from GABA interneurons (41—
46). Our electrophysiologic data pointed toward a presynaptic
site for increased GABA transmission in mice lacking FMRP and
BC1 RNA, implying that both molecules are present in axons of
striatal cells. Thus, to verify the presence of FMRP and of BC1
RNA in axons of striatal neurons, we performed FISH conjugated
to immunofluorescence in striatal slices. We observed that FMRP
and BC1 RNA colocalize (= 10%) within striatal axonal bundles
(bundles are detected by the NF-L staining, see Figure 6A), as
shown by their costaining with the NF-L, indicating a specific role
for both molecules at presynaptic sites (Figure 6B—6E). Specific-
ity of the BC1 detection is shown by the absence of signal by the
use of BC1 RNA sense probe on WT tissue (Figure 6F—00), as well
as by the use of BC1 RNA antisense probe in BC1-KO striatal
tissue (Figure 6J—OM).

GABA Transmission in Double fmr1-BC1-KO Striatal Neurons

The electrophysiologic experiments described show that BC1
RNA absence mimics the effects of genetic inactivation of FMRP
on striatal GABA transmission. To confirm that the effects of the
two genetic manipulations were mediated by the disruption of a
common molecular cascade, we performed electrophysiologic
experiments by using mice lacking both FMRP and BC1 RNA, to
verify whether the synaptic effects of the two manipulations were
additive. In these double mutants, the frequency of sIPSCs (n =
35) and of mIPSCs (7 = 14) was significantly higher than in
control mice (n = 24 for sIPSCs, n = 12 for mIPSCs, p < .001 for
both sIPSCs and mIPSCs) and remarkably similar to the frequen-
cies recorded in isolated fmrl- and BC1-KOs (p = .55 for sIPSCs
and p = .86 for mIPSCs), indicating that the effects of BC1
absence occluded those of fmrl disruption (Figure 7).

Effects of Forskolin in WT and Mutant Mice

The results obtained by using the double mutants are consis-
tent with the idea that fmr1l and BC1 disruption interferes with a
common signaling cascade to increase striatal GABA transmis-
sion. Saturation mechanisms of transmitter release, however, are
an alternative explanation for these nonadditive effects. Thus, to
address this possibility, we measured the effects of forskolin, an
adenylyl cyclase activator known to increase GABA release from
presynaptic terminals (47-49). Forskolin significantly increased
the frequency of sIPSCs in WT mice (1 = 6). Similar effects were
observed in fmr1-KO (n# = 6), BC1-KO (n = 7), and fmrl-
BC1-KO (7 = 0) striatal neurons (p = .77, comparing the effect
in the three genotypes) (Figure 8).

Spontaneous Glutamatergic Activity in fmr1-KO, BC1-KO,
and fmr1-BC1-KO Striatal Neurons

To see whether the synaptic abnormalities found in the three
mutant mice were restricted to GABA-mediated transmission or
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Figure 8. Effects of forskolin in wildtype (WT) and mutant mice. (A) The
graph shows that forskolin enhances spontaneous inhibitory postsynaptic
currents (sIPSCs) frequency in fmr1-KO mice, in brain cytoplasmic (BC1)-KO
mice as well as in their WT counterparts. (B) Examples of voltage-clamp
recordings showing the effects of forskolin on sIPSCs recorded from WT
(upper traces) and fmr1 KO mice (lower traces).

also involved in glutamate-mediated transmission, we also re-
corded sEPSCs and mEPSCs. In fmrl-KO, BC1-KO, and fmrl-
BC1-KO striatal neurons, frequency and amplitude of sEPSCs
were indistinguishable from the respective mEPSCs (7 = 12 and
p > .05 for each genotype and both sEPSCs and mEPSCs) and
were remarkably similar to SEPSCs (z = 10) and mEPSCs (12 = 9)
recorded from their WT counterparts (p > .05). Also PPR of
eEPSCs measured at 50-msec (#z = 9) and 80-msec (n = 7)
interstimulus intervals was unaltered in the three mutants
(Figure 9).

Discussion

Reduced expression of FMRP in FXS patients causes a wide
range of neuropsychiatric manifestations, which include mental
retardation, hyperactivity, and autism (27, 50-52). Abnormal
activity of striatal neurons and frontostriatal projections seem to
play critical roles in FXS, as suggested by structural and func-
tional neuroimaging studies. Accordingly, larger than normal
caudate nucleus volumes have been found in human FXS brains,
and a clear association between reduced FMRP expression,
clinical severity, and morphological abnormalities of the basal
ganglia has been detected (27-32). Furthermore, reduced activa-
tion of frontostriatal circuits has also been reported in these
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patients, a finding also correlated with the level of FMRP
expression (33).

In addition to its involvement in motor control, the striatum
plays important roles in specific aspects of cognition and moti-
vation, so that abnormal striatal function might account for the
frequent observation of stereotypies, hyperactivity, and perse-
verative motor behavior in FXS patients (27,50-53). A further
striking association between the fmrl gene and basal ganglia
deficits has recently emerged with the description of a new
tremor-ataxia syndrome (FXTAS) characterized by both parkin-
sonism and hyperkinetic symptoms in carriers of premutation
expansions of the gene (54,55). Despite this recent evidence,
synaptic transmission in the striatum of fmrl-KO mice has not
been investigated before.

www.sobp.org/journal
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FMRP in the Control of Striatal Synaptic Transmission

FMRP functions as a platform for multiple interactions but the
precise biological actions of this protein in neurons is still
unknown. Of note, absence or mutation of this protein causes
dendritic spine dysmorphogenesis and abnormal synaptic plasticity
(2). Only glutamatergic pathways have been electrophysiologically
and systematically investigated in fmr1-KO mice (16-19,56-59),
although neurochemical and molecular studies suggested a parallel
involvement of GABA system in these mutants. GABAA receptor
expression is downregulated (21,22,26) and cortical GABAergic
interneurons are less abundant in fmrl-KO mice (25), suggesting
reduced GABA signaling. Conversely, our data show that the
frequency of GABAergic sIPSCs and of mIPSCs is enhanced in
the striatum of FXS mice, even if GABAergic synapses appear to
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be reduced. A possible explanation for these discrepant results is
that the downregulation of GABAA receptors and of GABA
synapses reflects an adaptive mechanism aimed at countering the
effects of abnormal GABA release in fmrl-KO mice. Notably,
increased GABA synthesis and release has also been reported in
previous studies in these mutants (22,24).

This study is the first investigation of the synaptic properties
of striatal neurons in fmrl-KO mice. It also represents the first
work addressing the physiologic properties of GABA synapses in
these mutants. Our results show that absence of FMRP is
associated with normal glutamate-mediated transmission but
abnormal GABA transmission in this brain area, an effect likely
secondary to increased transmitter release from GABAergic nerve
terminals. Accordingly, we have observed a selective increase of
the frequency of GABA-mediated sIPSCs, whereas amplitude and
kinetic properties of these events are unaltered. We have also
observed reduced PPR of eIPSCs, in agreement with the idea that
transmitter release probability of striatal GABAergic nerve termi-
nals is higher in these mutants. The frequency of mIPSCs is also
higher in fmr1-KO mice, indicating that abnormal action poten-
tial-independent release mediates, at least in part, the observed
hyperactivity of GABA transmission.

The identification of FMRP in axons of striatal neurons
provides a further support for the concept that this protein is
involved in the control of GABA release within this nucleus.
Indeed, the striatum is composed almost entirely of GABAergic
cells, and almost all of GABA inputs to striatal cells arise from
axon collateral of striatal neurons themselves or from striatal
GABAergic interneurons (41-46). Dendrites and dendritic spines
are the major locus of FMRP action (2), but recent evidence
described the presence of this protein even along distal axon
segments in the hippocampus (5,6) and in peripheral neurons
(7). The role of axonal FMRP is obscure, although its involvement
in axonal growth and in synapse maturation during development
has been proposed (5). Our data therefore provide the novel
indication that FMRP may regulate transmitter release in mature
GABAergic neurons.

BC1 RNA in the Control of Striatal Synaptic Transmission

FMRP is a RNA binding protein that interacts with several
molecules (2,4). The interaction with BC1 RNA seems to be crucial
for its involvement in translation regulation because this small
noncoding RNA has the potential to base pair to neuronal target
mRNAs, connecting the mRNAs and FMRP (14,40,60,61). BC1 RNA,
as FMRP, is efficiently transported along dendrites and axons
(38,62—65) through a process requiring intact microtubules. In vitro,
BC1 has been shown to act as translational repressor of chimeric
mRNAs (66,67). Although the involvement of BC1 RNA in the
control of synaptic transmission has been postulated on the basis
of its localization in neuritis, thus far no study addressed physi-
ologically the synaptic effects of BC1 inactivation. Our findings
show that this molecule is involved, as FMRP, in the regulation of
striatal GABA-mediated transmission. Accordingly, we have rep-
licated in BC1-KO mice the findings observed in fmrl KOs: 1)
selective increase of GABA-mediated sIPSC and mIPSC fre-
quency and 2) normal glutamate-mediated transmission. Finally,
we have also demonstrated the presence of BC1 RNA in axons of
putative GABAergic neurons of the striatum, further confirming
the role of this molecule in the control of GABA transmission.

FMRP-BC1 RNA Interaction in the Control of Striatal
Synaptic Transmission

Considering the similar actions of FMRP and BC1 RNA on
synaptic transmission and the molecular characterization of
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FMRP-BC1 complex in regulating neuronal mRNA translation
(12), one would expect that the synaptic defects observed in
isolated fmr1- and BC1-KOs could be exacerbated when the two
genes are simultaneously inactivated. The data obtained in the
fmr1-BC1 double KO are suggestive of an in vivo interaction
between the two molecules in the regulation of striatal synapses
because we failed to observe additive alterations of GABA transmis-
sion in the fmr1-BC1 KO mice. This conclusion is also supported by
the experiments with forskolin, which shows that in the three KO
mice releasable pools of neurotransmitters are present in the
GABAergic terminals, ruling out a saturation mechanism at the basis
of the effects observed in fmr1-BC1 KO mice.

Conclusions

Emerging evidence indicates that correct synaptic transmis-
sion in central neurons depends on appropriate protein synthesis
at synapses. Alterations of this process leads to FXS. Understand-
ing the physiological role of FMRP and the synaptic defects
associated with fmrl disruption might be useful to design
appropriate pharmacological interventions in FXS.
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