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Cellular Molecular

Ras Signaling Mechanisms Underlying Impaired GluR1-
Dependent Plasticity Associated with Fragile X Syndrome

Hailan Hu,'* Yi Qin,"** Genrieta Bochorishvili,' Yinghua Zhu,' Linda van Aelst,’ and J. Julius Zhu'>
Departments of 'Pharmacology and ?Neuroscience, University of Virginia School of Medicine, Charlottesville, Virginia 22908, and *Center for Cancer
Research, Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724

Fragile X syndrome, caused by the loss of FMRI gene function and loss of fragile X mental retardation protein (FMRP), is the most
commonly inherited form of mental retardation. The syndrome is characterized by associative learning deficits, reduced risk of cancer,
dendritic spine dysmorphogenesis, and facial dysmorphism. However, the molecular mechanism that links loss of function of FMRI to
the learning disability remains unclear. Here, we report an examination of small GTPase Ras signaling and synaptic AMPA receptor
(AMPA-R) trafficking in cultured slices and intact brains of wild-type and FMRI knock-out mice. In FMRI knock-out mice, synaptic
delivery of GluR1-, but not GluR2L- and GluR4-containing AMPA-Rs is impaired, resulting in a selective loss of GluR1-dependent
long-term synaptic potentiation (LTP). Although Ras activity is upregulated, its downstream MEK (extracellular signal-regulated kinase
kinase)-ERK (extracellular signal-regulated kinase) signaling appears normal, and phosphoinositide 3-kinase (PI3K)-protein kinase B
(PKB; or Akt) signaling is compromised in FMRI knock-out mice. Enhancing Ras-PI3K-PKB signaling restores synaptic delivery of
GluR1-containing AMPA-Rs and normal LTP in FMRI knock-out mice. These results suggest aberrant Ras signaling as a novel mecha-
nism for fragile X syndrome and indicate manipulating Ras-PI3K-PKB signaling to be a potentially effective approach for treating
patients with fragile X syndrome.
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Introduction

Fragile X syndrome is caused by loss of fragile X mental retarda-
tion protein (FMRP), which modulates the functions of a large
number of other proteins (O’Donnell and Warren, 2002; Bagni
and Greenough, 2005). Patients with fragile X syndrome typically
have a moderate learning disability with their intelligence quo-
tient declining from ~80 at 5 years of age to ~50 through the
pubertal years because of suboptimal intellectual growth (Loesch
et al., 2004; Skinner et al., 2005). In FMRI knock-out (KO) mice,
amouse model for fragile X syndrome (The Dutch-Belgian Frag-
ile X Consortium, 1994), NMDA-R-dependent long-term de-
pression (LTD) is unchanged, whereas metabotropic glutamate
receptor (mGluR)-dependent LTD is modestly upregulated by
~10-15% (Huber et al., 2002). It is controversial whether there is
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no change, a reduction, or complete loss of long-term potentia-
tion (LTP) and whether there are mild or profound learning
defects in FMRI knock-out mice (D’Hooge et al., 1997; Van Dam
etal., 2000; Li et al., 2002; Lauterborn et al., 2007). Thus, whether
loss of FMRP impairs particular form(s) of synaptic plasticity and
learning in human patients remains unclear.

Synaptic delivery of AMPA-Rs, dependent on small GTPase
Ras signaling, plays key roles in synaptic transmission and poten-
tiation (Malinow and Malenka, 2002; Thomas and Huganir,
2004; Tada and Sheng, 2006; Gu and Stornetta, 2007; Isaac et al.,
2007). Accordingly, a number of diseases causing cognitive im-
pairment are associated with aberrant Ras signaling (Costa and
Silva, 2003; Thomas and Huganir, 2004; Schubbert et al., 2007).
Fragile X syndrome shares behavioral disorders with some of
these diseases (e.g., autism) (O’Donnell and Warren, 2002; Loe-
sch et al., 2007), suggesting malfunctions of Ras signaling as a
possible common cause. In addition, mRNAs translation and
protein expression of Ras family GTPase regulators are altered in
fragile X cells (Zhong et al., 1999; Brown et al., 2001; Zalfa et al.,
2003). Moreover, downregulation of Ras signaling prevents spine
maturation (Govek et al., 2005), a prominent feature associated
with fragile X syndrome (Bagni and Greenough, 2005). Further-
more, aberrant Ras signaling is frequently linked to developmen-
tal disorders with facial dysmorphism (Schubbert et al., 2007),
one of the major characteristics for patients with fragile X syn-
drome (O’Donnell and Warren, 2002). Finally, upregulation of
Ras signaling is a common cause of cancer (Hanahan and Wein-
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berg, 2000). Patients with fragile X syndrome have a strikingly
low incidence of cancer (~28%) compared with the normal pop-
ulation (Schultz-Pedersen et al., 2001), suggesting a downregula-
tion of Ras signaling. Surprisingly, however, whether aberrant
Ras signaling is responsible for fragile X syndrome has never been
investigated.

In this study, we found that LTP was reduced by ~50% in
FMRI knock-out mice because of selective impairment of synap-
tic trafficking of GluR1-, but not GluR2L- (the C-terminal splice
variant of the GluR2 subunit) and GluR4-containing AMPA-Rs.
Interestingly, the overall Ras activity was upregulated, but extra-
cellular signal-regulated kinase kinase (MEK)-extracellular
signal-regulated kinase (ERK) signaling appeared normal and
phosphoinositide 3-kinase (PI3K)—protein kinase B (PKB) sig-
naling was compromised in knock-out mice, suggesting defects
in signal transduction between Ras and its downstream MEK—
ERK and PI3K-PKB pathways. Notably, enhancing Ras—PI3K—
PKB signaling using two distinct approaches restored synaptic
delivery of GluRI-containing AMPA-Rs and normal LTP in
knock-out mice.

Materials and Methods

Biochemical analyses. Hippocampal extracts were prepared by homoge-
nizing hippocampal CALl regions isolated from either cultured slices or
2-week-old mouse brains (Zhu et al., 2002; Qin et al., 2005). Wild-type
(WT) and FMRI knock-out mice bred congenically on a C57BL/6 back-
ground were obtained from The Jackson Laboratory. Mice were geno-
typed by Dr. Sanford Feldman, Department of Comparative Medicine/
Animal Care Facility of the University of Virginia. To isolate the CAl
regions from intact mouse brains, hippocampi were quickly isolated and
frozen with liquid N,, and CA1 regions were isolated from frozen hip-
pocampi immediately before homogenization. Homogenizing solution
contained 10 mm HEPES, 150 mMm NaCl, 10 mm EDTA, 4 mm EGTA, 0.2
mMm PMSF, 0.1 mm NaPPi, 0.5 mm NaF, 1 mm Na;VO,, 0.0001% chymo-
statin, 0.0001% leupeptin, 0.0001% antipain, 0.0001% pepstatin, and 1%
Triton. Membranes were blotted with anti-phospho-ERK (1:10000; Cell
Signaling Technology), anti-phospho-phosphoinositide-dependent ki-
nase 1 (PDK1) antibody (1:2000; Cell Signaling Technology), anti-
phospho-p308-PKB antibody (1:2000; Cell Signaling Technology), anti-
phospho-p845-GluR1 (1:800; Millipore), or anti-phospho-p831-GluR1
(1:1000; Millipore), and reblotted with anti-ERK (1:2000; Cell Signaling
Technology), anti-PDK1 antibody (1:2000; Cell Signaling Technology),
anti-PKB antibody (1:1000; Cell Signaling Technology), or anti-GluR1
(1:8000; Millipore). Active Ras was detected by affinity precipitation of
Ras-GTP with glutathione S-transferase-linked Ras-binding domain of
Rafl, as described in a previous study (de Rooij and Bos, 1997). The
bound Ras-GTP was then eluted and Western blotted with anti-Ras an-
tibody (1:1000; Transduction Laboratories). Western blots were quanti-
fied by chemiluminescence and densitometric scanning of the films un-
der linear exposure conditions.

Constructs and expression. GluR1-GFP-IRES-Ras(wt)-RFP was made
by subcloning GluR1-green fluorescent protein (GFP) and Ras(wt)-red
fluorescent protein (RFP) into a pCITE vector with an internal ribosome
entry site (IRES) as described previously (Zhu et al., 2005). Other con-
structs were made as described previously (Zhu et al., 2002; Qin et al.,
2005). Constructs were expressed in CA1 neurons in hippocampal slices
or in intact brains, using Sindbis virus or biolistics transfection. For in
vitro expression, slices were prepared from postnatal 6- to 7-d-old mice,
infected with virus or transfected using a gene gun after 6—8 d in vitro,
and incubated in culture media and 5% CO, for 15 = 3 h before exper-
iments. Biolistics transfection was efficient to get all cotransfected pro-
teins expressed (Qin et al., 2005). Activation of the PI3K-PKB signaling
pathway for >24 h induces significant changes in dendritic morphology
(Jaworski et al., 2005; Kumar et al., 2005). We found that a brief expres-
sion of PTEN(dn)-RFP for 15 = 3 h in CA1 neurons of FMRI knock-out
mice has no significant effect on AMPA and NMDA responses, basic
membrane properties, including the resting membrane potential, input
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resistance, and membrane capacity (supplemental Fig. S1, available at
www.jneurosci.org as supplemental material). For pharmacological ex-
periments, slices were maintained in culture media containing drugs and
or agonists [i.e., histamine and 4-(m-chlorophenylcarbamoyloxy)-2-
butynyltrimethylammonium (McN-A-343; McN)] from the time they
were infected or transfected for 15 = 3 h unless stated otherwise. For in
vivo expression, postnatal 13- to 15-d-old mice, which were developmen-
tally equivalent to the cultured slices we used (De Simoni et al., 2003),
were initially anesthetized by an intraperitoneal injection of ketamine
and xylazine (10 and 2 mg/kg, respectively). Animals were then placed in
a stereotaxic frame and a hole ~1 X 1 mm was opened above the right
somatosensory cortex (Zhu and Connors, 1999). A glass pipette was used
to penetrate into the hippocampus or barrel cortex according to stereo-
taxic coordinates and ~100 nl of viral solution was delivered into the
hippocampal CA1 region or cortical layer 2/3 by pressure injection (Qin
et al., 2005; McCormack et al., 2006). After injection, animals were al-
lowed to recover from the anesthesia and returned to the dam. To study
synaptic trafficking of GluR1 in vivo, expression of constructs were made
when the animals were awake, which was required for synaptic delivery of
GluR1 (Qin et al., 2005). Approximately 12—-16 h after injections, acute
hippocampal or cortical slices were prepared for electrophysiology
experiments.

Electrophysiology. Simultaneous whole-cell recordings were obtained
from nearby infected/transfected and noninfected/nontransfected hip-
pocampal CA1 or cortical layer 2/3 pyramidal neuron pairs (Zhu, 2000;
Zhu et al., 2000; Larkum and Zhu, 2002) under visual guidance using
fluorescence and transmitted light illumination with two Axopatch-200B
amplifiers (Molecular Devices). Cultured slices exhibit relatively high
spontaneous activity comparable with intact brains (Zhu and Connors,
1999; Zhu, 2000). Thus, high calcium and magnesium bath solution
(29 = 1.5°C) containing (in mm) 119 NaCl, 2.5 KCl, 4 CaCl,, 4 MgCl,, 26
NaHCO;, 1 NaH,PO,, 11 glucose, 0.1 picrotoxin, and 0.002
2-chloroadenosine, pH 7.4, was used to prevent epileptic activity after
blocking inhibition. For acute slices, normal bath solution (33 * 1.5°C)
containing (in mm) 125 NaCl, 2.5 KCI, 2 CaCl,, 1 MgCl,, 25 NaHCO,,
1.25 NaH,PO,, 11 glucose, and 0.1 picrotoxin at pH 7.4 was used (Zhu,
2000; Larkum and Zhu, 2002). The bath solutions were gassed with 5%
C0O,/95% O,. Patch recording pipettes (3—6 M{)) contained (in mwm) 115
cesium methanesulfonate, 20 CsCl, 10 HEPES, 2.5 MgCl,, 4 Na,ATP, 0.4
Na;GTP, 10 sodium phosphocreatine, 0.6 EGTA, and 0.1 spermine, pH
7.25. Synaptic responses were evoked by bipolar electrodes with single
voltage pulses (200 us, up to 20 V) placed in hippocampal stratum ra-
diatum or cortical layer 3 ~300 wm away from the recorded hippocam-
pal CA1 and cortical layer 2/3 pyramidal cells. Synaptic AMPA responses
at —60 and +40 mV were averaged over 90 trials and their ratio was used
as an index of rectification. To minimize the effect from AMPA re-
sponses, the peak NMDA responses at +40 mV were measured after
digital subtraction of estimated AMPA responses at +40 mV. LTP was
induced by a pairing protocol using 200 pulses at 2 Hz at —5 mV within
5 min after formation of the whole-cell configuration (Zhu et al., 2002;
Qin et al., 2005). The responses were sampled at 0.2 Hz and averaged
every 10 points. The amount of LTP was measured by averaging trans-
mission 25 min after the LTP induction for 20 min. All results are re-
ported as mean = SEM and statistical differences of the means were
determined using Wilcoxon and Mann—Whitney rank-sum nonpara-
metric tests for paired and unpaired samples, respectively. The level of
significance was set at p = 0.05.

Results

A number of previous studies, using high-frequency tetanus or
theta-burst LTP-inducing stimuli and extracellular recording
techniques, have examined synaptic plasticity in the hippocam-
pal and cortical acute slices prepared from FMRI knock-out and
wild-type mice (Godfraind et al., 1996; Paradee et al., 1999; Li et
al., 2002; Larson et al., 2005; Lauterborn et al., 2007). However,
these studies disagree as to whether LTP is impaired in FMRI
knock-out mice, and whether the impairment is stimulation
and/or age dependent. However, using a pairing or spike-timing
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Figure1. LTPisreducedin FMRTKO mice. A, Average AMPA-R-mediated synaptic responses obtained before (—60 mV, thick trace) and after (— 60 mV, thin trace) LTP-inducing pairing in paired

(top left) and control pathways (top right) in hippocampal CA1 neurons in acute slices prepared from WT and FMRT KO mice. Bottom plot, Normalized simultaneously evoked responses recorded
from all CA1 neurons against time. B, Steady-state AMPA response amplitudes in paired (WT: 197.2 = 19.4% from initial —25.0 == 3.5 pA, n = 19;K0: 138.7 == 8.9% from initial —32.4 = 3.1
pA, n = 22; p < 0.05) and control pathways (WT: 92.8 == 10.3% from initial —22.1 == 2.9 pA, n = 19; K0: 99.7 == 9.4% from initial —30.4 == 3.7 pA,n = 22; p = 0.51) in CA1 neurons from
WT and KO mice before and after pairing. Note that the paired pathways had a significant potentiation after LTP induction compared with the control pathways in both WT (n = 19; p < 0.005;
Wilcoxon test) and KO (n = 22; p < 0.005; Wilcoxon test) mice. €, Average AMPA-R-mediated synaptic responses obtained before (—60 mV, thick trace) and after (—60 mV, thin trace)
LTP-inducing pairing in paired (top left) and control pathway (top right) in hippocampal CAT neurons in cultured slices prepared from WT and FMRT KO mice. Bottom plot, Normalized simulta-
neously evoked responses recorded from all CAT neurons against time. D, Steady-state AMPA response amplitudes in paired (WT: 203.2 == 12.8% from initial —29.3 = 1.9 pA, n = 20;K0: 157.6 =
6.7% from initial —27.8 == 2.4 pA, n = 20; p << 0.01) and control pathways (WT: 102.2 == 7.8% from initial —28.7 == 2.4 pA, n = 20; K0: 101.3 = 6.3% from initial —26.2 = 2.2 pA,n = 20;
p = 0.97) in CA1 neurons from WT and KO mice before and after pairing. Note that the paired pathways had a significant potentiation after LTP induction compared with the control pathways in
both WT (n = 20; p << 0.005; Wilcoxon test) and KO (n = 20; p << 0.005; Wilcoxon test) mice. AMPA-R-mediated current amplitudes and SEs were normalized to average values of WT and KO cells

in paired pathways. *p = 0.05 (Mann—Whitney rank-sum nonparametric test).

LTP-inducing protocol, intracellular recordings have shown a
complete loss of LTP in cortical neurons of FMRI knock-out
mice (Zhao et al., 2005; Meredith et al., 2007).

LTP is reduced in FMR1 knock-out mice

We wished to know whether and how Ras-dependent synaptic
trafficking of AMPA-Rs is impaired in FMRI knock-out mice.
We first measured LTP in hippocampal CA1 pyramidal neurons
using a whole-cell voltage-clamp technique, which isolates po-
tentiated synaptic responses from other nonspecific effects [e.g.,
altered neuronal intrinsic properties (Zhang and Linden, 2003)
and inhibitory transmission (Lei and McBain, 2004)]. We used
the pairing protocol to induce maximal LTP in 2-week-old mice,
at which developmental stage synaptic delivery of GluR2L- and
GluR1-containing AMPA-Rs each contributes to ~50% LTP

(Kolleker et al., 2003; Qin et al., 2005). In the acute slice prepa-
ration, CAl neurons of both wild-type and FMRI knock-out
mice had LTP (Fig. 1A,B). However, LTP in FMRI knock-out
neurons was significantly smaller than that in wild-type neurons
(Fig. 1 B) (KO:138.7 = 8.9%, n = 22; WT: 197.2 * 19.4%, n =
19; p < 0.05). As controls, we examined AMPA and NMDA
responses in FMRI knock-out and wild-type neurons (Fig. 2).
The input-output responses, ratio of AMPA and NMDA re-
sponses, as well as voltage-dependence of NMDAR responses
were the same for FMRI knock-out and wild-type neurons, con-
sistent with previous reports (Godfraind et al., 1996; Huber et al.,
2002; Zhao et al., 2005).

We wished to use a hippocampal cultured slice preparation,
which has the advantage of molecular biology approaches, to
dissect the molecular mechanism(s) underlying the defective LTP
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Figure2.  Synapticresponses in wild-type and FMRT KO mice. A, Evoked AMPA-R-mediated
responses from a WT neuron and an FMR1 KO neuron at different stimulation intensities. B,
Plots of the average amplitudes of evoked AMPA responses against different stimulus intensi-
ties show no difference between WT (n = 24) and FMRT KO (n = 20) neurons ( p = 0.80;
ANOVA). €, Evoked AMPA-R- (—60 mV) and NMDA-R- (+40 mV) mediated responses from a
WT neuron and an FMR7 KO neuron. D, The ratio of NMDA and AMPA responses shows no
significant difference between WTand FMRTKO neurons (WT: 1.62 == 0.16,n = 20;K0:1.69 =
0.32, n = 20; p = 0.60; Mann—Whitney rank-sum nonparametric test). £, Evoked NMDA-R-
mediated responses from a WT neuron and an FMR1 KO neuron bathed in normal physiological
solution containing additional 5 wm DNQX at different holding potentials (from —70 mV to
+50 mVin 10 mV steps). F, Current—voltage (/-V) plot of average evoked NMDA responses
(normalized to the responses at +60 mV) against holding potentials shows no difference
between WT (n = 20) and FMRT KO (n = 16) neurons ( p = 0.83; ANOVA).

in FMRI knock-out mice. Thus, we reexamined LTP in cultured
slices prepared from the hippocampus of FMRI knock-out and
wild-type mice (Fig. 1C,D). As with acute slices, FMRI knock-out
CA1 neurons in cultured slices had a reduced LTP compared with
wild-type CAl neurons (Fig. 1D) (KO: 157.6 * 6.7%, n = 20;
WT: 203.2 = 12.8%, n = 20; p < 0.01). Together, these results
indicate that LTP is reduced by ~50% in CA1 neurons of FMRI
knock-out mice.

Synaptic delivery of GluR1 is impaired in FMR1

knock-out mice

AMPA-Rs with long cytoplasmic termini, including GluR1- and
GluR2L-containing AMPA-Rs, are normally restricted from syn-
apses and are driven into synapses by Ras signaling during
activity-induced synaptic enhancement (Malinow and Malenka,
2002; Zhu et al., 2002; Qin et al., 2005). Spontaneous neural
activity, such as occurs in cultured brain slices or intact brains of
sleeping animals, stimulates Ras—-MEK—ERK signaling, which is
sufficient to induce GluR2L-mediated synaptic potentiation. In
intact brains of awake animals, during which neuromodulator
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release is generally increased (Steriade and McCarley, 1990), neu-
ral activity stimulates additional Ras—PI3K—PKB signaling, which
is required for GluR1-mediated synaptic potentiation. Because
synaptic delivery of GluR2L- and GluR1-containing AMPA-Rs
each contributes to ~50% of LTP in hippocampal CA1 neurons
(Kolleker et al., 2003; Qin et al., 2005), we examined synaptic
trafficking of GluR2L- and GluR1-containing AMPA-Rs in hip-
pocampal cultured slices prepared from FMRI knock-out and
wild-type mice to determine whether a selective type of AMPA-
R-mediated LTP is impaired in FMRI knock-out mice. We first
expressed a GFP-tagged pore mutant of GluR2L,
GluR2L(R—Q)-GFP, in CA1l neurons. In this construct, an
R—Q mutation is generated at its pore region to make it a recti-
fied channel, or electrophysiologically “tagged” (Kolleker et al.,
2003). Because AMPA responses in pyramidal neurons are basi-
cally nonrectifying, the synaptic addition of rectified, recombi-
nant GluR2L(R— Q)-GFP will be indicated by the enhanced am-
plitude and rectification of AMPA responses (Kolleker et al.,
2003). We compared the evoked synaptic responses between
GluR2L(R— Q)-GFP-expressing neurons, identified by GFP flu-
orescence (Zhu et al., 2000), and nearby nonexpressing neurons
of FMRI knock-out and wild-type mice. FMRI knock-out and
wild-type neurons expressing GluR2L(R—Q)-GFP had en-
hanced amplitude and rectification of AMPA responses com-
pared with nonexpressing neurons (Fig. 24, B), indicating syn-
aptic delivery of GluR2L(R—Q)-GFP. The enhancements in
amplitude and rectification of AMPA responses were the same
for FMRI knock-out and wild-type neurons expressing
GluR2L(R—Q)-GFP (Fig. 3A,B). Neuromodulators, such as
histamine, stimulate more synaptic delivery of GluR2L (Qin et
al., 2005). In the presence of histamine, FMRI knock-out and
wild-type neurons expressing GluR2L(R— Q)-GFP had the same
enhanced rectification compared with nonexpressing neurons
(Fig. 3A,B), indicating synaptic delivery of the same amount of
rectified GluR2L(R—Q)-GFP in expressing FMRI knock-out
and wild-type neurons. In contrast to the nonhistamine condi-
tion, GluR2L(R—Q)-GFP expressing and nonexpressing neu-
rons had AMPA responses with the same amplitude (Fig. 3A, B).
These results suggest that histamine stimulates synaptic insertion
of endogenous GluR2L and recombinant GluR2L(R—Q)-GFP
in nonexpressing neurons and expressing neurons to a saturated
level (cf. Qin et al., 2005; McCormack et al., 2006). Together,
these results indicate that GluR2L-containing AMPA-Rs are de-
livered into synapses in FMRI knock-out CA1 neurons to a sim-
ilar level as in wild-type CA1 neurons.

To confirm that synaptic trafficking of endogenous GluR2L-
containing AMPA-Rs is normal in FMRI knock-out mice, we
expressed the GFP-tagged cytoplasmic termini (ct) of GluR2L,
GluR2Lct-GFP, in CAl neurons in cultured slices of FMRI
knock-out mice. GluR2Lct-GFP acts as a dominant-negative
construct and it selectively blocks synaptic trafficking of endoge-
nous GluR2L-containing AMPA-Rs (Kolleker et al., 2003; Qin et
al.,, 2005). Compared with nearby nonexpressing neurons,
GluR2Lct-GFP-expressing neurons had depressed AMPA re-
sponses, with or without histamine included in culture media
(Fig. 3C,D). NMDA responses were not different between
GluR2Lct-GFP-expressing and -nonexpressing neurons (Fig.
3C,D). Collectively, these results confirm that synaptic delivery of
GluR2L-containing AMPA-Rs is normal in CAl neurons of
FMRI knock-out mice.

We next asked whether GluR1-containing AMPA-Rs traffic
into synapses of FMRI knock-out mice. Spontaneous synaptic
activity in cultured slices is not sufficient to drive GluR1-
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pA; n = 18; p = 0.64), and GluR1-GFP-expressing neurons from KO (Ctrl, —41.9 = 5.3 pA; Exp, —42.9 == 4.8 pA; n = 20; p = 0.65) and WT (Ctrl, —37.3 = 3.5 pA; Exp, —37.7 == 4.4 pA;n =
19; p = 0.63) mice cultured in media with histamine. Bottom, Rectification of GluR2L(R—>Q)-GFP-expressing neurons from KO (Ctrl, 1.67 == 0.17; Exp, 2.37 == 0.22;n = 16;p << 0.05) and WT (Ctrl,
1.41 = 0.10; Exp, 2.11 = 0.18; n = 19; p << 0.005) mice cultured in normal media, GluR2L(R—>Q)-GFP-expressing neurons from KO (Ctrl, 1.74 == 0.11; Exp, 2.60 = 0.24; n = 16; p << 0.005) and
WT (Ctrl, 1.63 == 0.10; Exp, 2.26 = 0.17;,n = 14; p < 0.005) mice cultured in media with histamine, GluR1-GFP-expressing neurons from KO mice cultured in normal media (Ctrl, 1.75 = 0.13; Exp,
1.81 % 0.15;n = 18; p = 0.93), and GluR1-GFP-expressing neurons from KO (Ctrl, 1.69 == 0.14; Exp, 1.85 = 0.16; n = 20; p = 0.39) and WT (Ctrl, 1.74 == 0.09; Exp, 2.39 + 0.17;n = 19;p <
0.0005) mice cultured in media with histamine. Note that the relative increases in rectification were the same in GluR2L(R—> Q)-GFP-expressing neurons from KO and WT neurons cultured in normal
media (K0: 162.5 = 27.6%, n = 16; WT:153.5 = 10.5%; n = 19; p = 0.52, Mann—Whitney rank-sum nonparametric test) and media with histamine (K0: 154.8 == 16.5%, n = 14; WT: 142.1 =
10.5%; n = 16; p = 0.92, Mann—Whitney rank-sum nonparametric test), but are significantly different in GluR1-GFP-expressing neurons from KO and WT neurons cultured in media with histamine
(K0:113.0 == 7.4%, n = 20; WT: 140.0 == 10.0%; n = 19; p << 0.05, Mann—Whitney rank-sum nonparametric test). C, Evoked AMPA-R-mediated responses recorded from nonexpressing (Ctrl) and
GluR2Lct-GFP-expressing neurons from FMRT KO mice cultured in normal media or in media with 75 um histamine, or GluR1ct-GFP-expressing neurons from KO or WT mice cultured in media with
75 mhistamine. D, Top, AMPA responses in GluR2Lct-GFP-expressing neurons from KO mice cultured in normal media (Ctrl, —27.1 == 2.5 pA; Exp, —19.9 == 3.2 pA; n = 18;p << 0.05) and in media
with histamine (Ctrl, —28.7 = 2.5 pA; Exp, —17.9 == 1.3 pA; n = 18; p < 0.005), GluRTct-GFP-expressing neurons from KO mice cultured in normal media (Ctrl, —21.5 = 1.9 pA; Exp, —20.5 =
1.9 pA; n = 16; p = 0.68), and GluRTct-GFP-expressing neurons from KO (Ctrl, —26.9 = 3.4 pA; Exp, —24.8 == 2.3 pA;n = 16;p = 0.88) and WT (Ctrl, —28.0 == 4.1 pA; Exp, —20.4 = 3.1 pA;
n=16; p < 0.05) mice cultured in media with histamine. Bottom, NMDA responses in GluR2Lct-GFP-expressing neurons from KO mice cultured in normal media (Ctrl, 51.3 == 5.4 pA; Exp, 47.4 =
4.9pA; n = 18;p = 0.35) and in media with histamine (Ctrl, 50.1 == 4.4 pA; Exp, 46.6 == 3.3 pA; n = 18;p = 0.31), GluRTct-GFP-expressing neurons from KO mice cultured in normal media (Ctrl,
40.4 = 4.3 pA; Exp, 41.9 == 3.5 pA; n = 16; p = 0.80), and GluRTct-GFP-expressing neurons from KO (Ctrl, 49.1 == 4.0 pA; Exp, 46.2 == 4.7 pA; n = 16;p = 0.57) and WT (Ctrl, 50.3 == 7.5 pA; Exp,
47.2 £ 5.5pA; n = 16; p = 0.47) mice cultured in media with histamine. AMPA-R- and NMDA-R-mediated current amplitudes, rectifications, and SEs were normalized to average values of control
cells. *p = 0.05 (Wilcoxon test).

containing AMPA-Rs into synapses, but it does so in the presence  sults reveal that synaptic delivery of GluR1-GFP is compromised

of neuromodulators, such as histamine (Zhu et al., 2002; Qin et
al., 2005). We expressed the GFP-tagged GluR1, GluR1-GFP,
which is an “electrophysiologically-tagged” or rectified channel
(Hayashi etal., 2000), in CA1 neurons in cultured slices. Neurons
expressing GluR1-GFP had the same AMPA responses as nearby
nonexpressing neurons of FMRI knock-out mice, with or with-
out histamine included in culture media (Fig. 3 A, B). In contrast,
in the presence of histamine, wild-type CA1 neurons expressing
GluR1-GFP had enhanced rectification of AMPA responses com-
pared with nearby nonexpressing neurons (Fig. 3 A, B) (cf. Qin et
al., 2005), indicating synaptic delivery of GluR1-GFP. These re-

in CA1 neurons of FMRI knock-out mice.

To confirm that synaptic delivery of endogenous GluR1-
containing AMPA-Rs is compromised in FMRI knock-out mice,
we examined the effects of expressing the GFP-tagged cytoplas-
mic termini of GluR1, GluR1ct-GFP, which acts as a dominant-
negative construct and selectively blocks synaptic trafficking of
endogenous GluR1-containing AMPA-Rs (Kolleker et al., 2003;
Qin et al.,, 2005). GluR1ct-GFP-expressing neurons of FMRI
knock-out mice had the same AMPA and NMDA responses as
nearby nonexpressing neurons, with or without histamine in-
cluded in culture media (Fig. 3C,D). In the presence of histamine,
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Figure 4.

Synaptic delivery of GIuR1 is deficient in cortical neurons of FMRT KO mice. A, Evoked AMPA-R-mediated responses recorded from nonexpressing (Ctrl) and GluR1-GFP-expressing

neurons from WT and FMRT KO mice. B, Left, AMPA responses in GIuR1-GFP-expressing (Exp) neurons from WT (Ctrl, —34.4 = 2.9 pA; Exp, —36.8 == 3.8 pA; n = 16; p = 0.80) and KO (Ctrl,
—36.9 = 4.5pA; Exp, —37.1 = 3.0 pA; n = 22; p = 0.68) mice. Right, Rectification of GluR1-GFP-expressing neurons from WT (Ctrl, 1.38 == 0.10; Exp, 1.80 = 0.17;n = 16; p << 0.001) and KO
(Ctrl, 1.48 = 0.08; Exp, 1.52 == 0.10; n = 22; p = 0.99) mice. (, Evoked AMPA-R- and NMDA-R-mediated responses recorded from Ctrl and GluRct-GFP-expressing neurons from WT and FMRT KO
mice. D, Left, AMPA responses in GluR1ct-GFP-expressing neurons from WT (Ctrl, —42.9 == 3.7 pA; Exp, —25.5 == 2.9 pA; n = 16; p << 0.05) and KO (Ctrl, —32.5 == 3.5 pA; Exp, —31.0 == 3.5pA;
n=16;p = 0.72) mice. Right, NMDA responses in GluR1ct-GFP-expressing neurons from WT (Ctrl, 63.8 == 6.3 pA; Exp, 61.0 == 8.6 pA;n = 18; p = 0.47) and KO (Ctrl, 47.1 == 5.3 pA; Exp, 48.8 ==
8.6 pA; n = 18; p = 0.82) mice. E, Evoked AMPA-R-mediated responses recorded from Ctrl and GluR4-GFP-expressing neurons from WT and FMRT KO mice. F, Left, AMPA responses in
GluR4-GFP-expressing neurons from WT (Ctrl, —27.8 == 2.8 pA; Exp, —43.7 == 5.0 pA; n = 18; p << 0.01) and KO (Ctrl, —30.9 = 3.4 pA; Exp, —49.9 = 5.9 pA; n = 16; p < 0.05) mice. Right,
Rectification of GluR4-GFP-expressing neurons from WT (Ctrl, 1.48 = 0.09; Exp, 2.12 == 0.31;n = 18; p << 0.001) and KO (Ctrl, 1.45 == 0.08; Exp, 2.23 == 0.25;n = 16; p < 0.001) mice. G, Evoked
AMPA-R- and NMDA-R-mediated responses recorded from Ctrl and GluR4ct-GFP-expressing neurons from WT and FMRT KO mice. H, Left, AMPA responses in GluR4ct-GFP-expressing neurons from
WT (Ctrl, —46.8 = 4.3 pA; Exp, —30.5 == 4.4 pA; n = 12; p < 0.005) and KO (Ctrl, —44.2 == 4.8 pA; Exp, —30.8 = 4.3 pA; n = 14; p < 0.05) mice. Right, NMDA responses in GluR4ct-GFP-
expressing neurons from WT (Ctrl, 74.5 == 8.8 pA; Exp, 73.1 = 8.2pA;n = 12;p = 0.88) and KO (Ctrl, 73.5 == 4.0 pA; Exp, 69.3 == 9.1pA; n = 14; p = 0.36) mice. AMPA-R- and NMDA-R-mediated
current amplitudes, rectifications, and SEs were normalized to average values of control cells. *p = 0.05 (Wilcoxon test).

GluRIct-GFP-expressing neurons of wild-type mice had reduced
AMPA responses compared with nearby nonexpressing neurons
(Fig. 3C,D) (cf. Qin et al., 2005), suggesting a blockade of synaptic
delivery of endogenous GluR1 in GluR1ct-GFP-expressing neu-
rons. Together, these results indicate that synaptic delivery of
GluR1-containing AMPA-Rs is selectively impaired in CA1 neu-
rons of FMRI knock-out mice.

Is synaptic delivery of GluR1-containing AMPA-Rs impaired
in other types of neurons of FMRI knock-out mice? Previous
studies have reported a complete loss of LTP at intracortical syn-
apses in cortical layer 2/3 pyramidal neurons of FMRI knock-out
mice (Zhao et al., 2005; Meredith et al., 2007). GluR1- and
GluR4-containing AMPA-Rs are expressed in these neurons, and
trafficking of these receptors mediates synaptic potentiation at

intracortical synapses in these neurons (McCormack et al., 2006).
Thus, we virally expressed GluR1-GFP in FMRI knock-out and
wild-type mice in vivo and subsequently examined their AMPA
responses in an acute slice preparation (cf. McCormack et al.,
2006). GluR1-GFP-expressing neurons from wild-type, but not
EMRI knock-out mice had enhanced rectification compared
with nearby nonexpressing neurons (Fig. 4 A, B), indicating that
synaptic delivery of GluR1-GFP was impaired in layer 2/3 pyra-
midal neurons of FMRI knock-out mice. To confirm the im-
paired synaptic delivery of endogenous GluR1-containing
AMPA-Rs in FMRI knock-out mice, we virally expressed
GluR1ct-GFP in layer 2/3 pyramidal neurons of FMRI knock-out
and wild-type mice in vivo and subsequently examined their
AMPA and NMDA responses in vitro. Compared with nearby
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nonexpressing neurons, AMPA responses of GluR1lct-GFP-
expressing neurons from wild-type, but not FMRI knock-out
mice, were depressed by ~30% (Fig. 4C,D). NMDA responses
were not different between GluR1ct-GFP expressing and nonex-
pressing neurons (Fig. 4C,D). These results indicate that synaptic
delivery of GluR1-containing AMPA-Rs is impaired in cortical
layer 2/3 pyramidal neurons of FMRI knock-out mice.

As with GluR2L-containing AMPA-Rs, GluR4-containing
AMPA-Rs are driven into synapses by spontaneous activity dur-
ing synaptic potentiation (Zhu et al., 2002; Kolleker et al., 2003;
McCormack et al., 2006). To examine whether synaptic traffick-
ing of GluR4-containing AMPA-Rs is normal in FMRI knock-
out mice, we virally expressed the GFP-tagged GluR4, GluR4-
GFP, in layer 2/3 pyramidal neurons of FMRI knock-out and
wild-type mice in vivo and then examined their AMPA responses
in vitro (McCormack et al., 2006). GluR4-GFP-expressing neu-
rons from FMRI knock-out and wild-type mice had the same
enhanced amplitude and rectification of AMPA responses (Fig.
4E, F), indicating synaptic delivery of GluR4-GFP in both knock-
out and wild-type neurons. Expression of the GFP-tagged cyto-
plasmic termini of GluR4, GluR4ct-GFP, selectively blocks the
trafficking of endogenous GluR4-containing AMPA-Rs (Zhu et
al., 2002; Kolleker et al., 2003; McCormack et al., 2006). To con-
firm the normal synaptic trafficking of endogenous GluR4-
containing AMPA-Rs in FMRI knock-out mice, we virally ex-
pressed GluR4ct-GFP in layer 2/3 pyramidal neurons of FMRI
knock-out and wild-type neurons in vivo and subsequently ex-
amined their AMPA and NMDA responses in vitro (McCormack
et al, 2006). GluR4ct-GFP-expressing neurons from FMRI
knock-out and wild-type mice had the same depressed AMPA
responses (Fig. 4G,H). NMDA responses were not different be-
tween GluR4ct-GFP expressing and nonexpressing neurons (Fig.
4G,H). These results indicate that synaptic delivery of GluR4-
containing AMPA-Rs is normal in cortical layer 2/3 pyramidal
neurons of FMR1 knock-out mice.

Ras-PI3K-PKB signaling is compromised in FMR1

knock-out mice

Strong Ras activity stimulates the MEK-ERK and PI3K-PKB
pathways, and activation of both pathways is required for GluR1-
dependent LTP (Zhu et al., 2002; Qin et al., 2005). To determine
whether Ras—MEK-ERK and Ras—PI3K—PKB signaling is normal
in FMRI knock-out mice, we first compared the levels of phos-
phorylated ERK and PKB in CA1 cells in cultured slices prepared
from FMRI knock-out and wild-type mice (Fig. 5A). Western
blots showed that the levels of phosphorylated ERK1/2 and PKB
were the same in CA1 cells of FMRI knock-out and wild-type
mice (Fig. 5B, C), suggesting that the basal Ras-MEK-ERK and
Ras—PI3K-PKB activities were comparable between FMRI
knock-out and wild-type mice. Neuromodulators, such as hista-
mine and acetylcholine, stimulate Ras-MEK-ERK and Ras—
PI3K-PKB signaling via potentiation of NMDA responses in CA1
neurons (Bekkers, 1993; Mattingly and Macara, 1996; Murga et
al., 1998; Qin et al., 2005). Histamine induced a significant in-
crease in phosphorylation of ERK in CALl cells from both FMRI
knock-out and wild-type mice, although the increase was some-
what smaller in knock-out mice. Notably, whereas histamine
stimulated a significant increase in phosphorylation of PKB in
wild-type CA1 cells, it had little effect on phosphorylation of PKB
in FMRI knock-out CA1 cells (Fig. 5B,C). Similarly, McN, a
selective muscarinic acetylcholine subtype 1 (m1) receptor ago-
nist (Micheletti and Schiavone, 1990), stimulated phosphoryla-
tion of ERK in CA1 cells from both FMR1 knock-out and wild-
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type mice, but stimulated phosphorylation of PKB only in CA1
cells from wild-type mice (data not shown). These results suggest
that, whereas the basal MEK-ERK and PI3K-PKB activity ap-
pears normal, the neuromodulator-stimulated PI3K-PKB sig-
naling is severely impaired in FMRI knock-out mice.

PI3K stimulates the production of phosphosphotidylinosital-
3,4,5-triphosphate (PIP;), which brings PDK1 and PKB into
proximity and facilitates phosphorylation of PKB by PDKI1
(Manning and Cantley, 2007). Dependent on the cell type, PIP;
may or may not stimulate PDK1 activity (Riojas et al., 2006). We
found that the basal levels of phosphorylated PDK1 were slightly,
although not significantly, higher in CA1 cells of FMRI knock-
out mice compared with those of wild-type mice (Fig. 6). Hista-
mine increased the levels of phosphorylated PDK1 in wild-type
CA1 cells, but not in FMRI knock-out CA1 cells (Fig. 6), consis-
tent with the defective PI3K-PKB signaling in FMRI knock-out
mice. Together, these results indicate that the neuromodulator-
stimulated Ras—MEK—-ERK signaling is modestly altered, whereas
the neuromodulator-stimulated Ras—PI3K-PKB signaling is
considerably impaired in FMRI knock-out mice. Because PI3K—
PKB signaling is crucial for synaptic delivery of GluR1-
containing AMPA-Rs (Qin et al., 2005) (see also Passafaro et al.,
2001; Man et al., 2003), the prominent impairment of Ras—PI3K—
PKB signaling is consistent with the selective defect of histamine-
stimulated synaptic delivery of GluR1-containing AMPA-Rs in
FEMRI knock-out mice (Fig. 3).

PKA and PKC/calcium—calmodulin-dependent protein ki-
nase II (CaMKII) can phosphorylate S845 and S831 of GluR1 in
vitro (Thomas and Huganir, 2004). However, at synapses in cul-
tured slices and intact brains, CaMKII regulates Ras activity and,
via the MEK-ERK and PI3K-PKB signaling pathways, controls
phosphorylation of S845 and S831 of GluR1, respectively, which
are the key stepsleading to synaptic insertion of the receptor (Zhu
et al., 2002; Thomas and Huganir, 2004; Qin et al., 2005). We
wanted to further confirm the impairments of PI3K-PKB signal-
ing and synaptic trafficking of GluR1 in fragile X cells in vivo
given that the activities of Ras signaling and GluR1 trafficking in
sleeping and awake animals are comparable with those in slices
cultured in normal media and media with neuromodulators, re-
spectively (Qin et al., 2005) (Fig. 5A). Western blot analysis
showed that the levels of phosphorylated ERK, PKB, S845, and
$831 of GluR1 were the same in CA1 cells of sleeping FMRI
knock-out and wild-type mice (Fig. 5D, E). In awake mice, the
levels of phosphorylated ERK in CA1 cells of FMRI knock-out
mice were comparable with those of wild-type mice, whereas the
levels of phosphorylated PKB were significantly reduced in CAl
cells of FMR1 knock-out mice (Fig. 5F, G), confirming the prom-
inent deficit in Ras—PI3K-PKB signaling in FMRI knock-out
mice. Consistent with this idea, the levels of phosphorylated S845
of GluR1 were unchanged and those of phosphorylated S831
were reduced in CA1 cells of awake FMRI knock-out mice (Fig.
5F,G). Total GluR1 was not different between FMRI knock-out
and wild-type mice (Fig. 3 F, G), consistent with previous reports
(Zalfa et al., 2003; Giuffrida et al., 2005; Nosyreva and Huber,
2006) (but see Li et al., 2002). These results confirm that the
impaired Ras—PI3K-PKB signaling underlies the selective defect
of synaptic delivery of GluR1-containing AMPA-Rs in FMRI
knock-out mice (Fig. 3).

Signal transduction through Ras is deficient in FMR1
knock-out mice

To further explore where the defect observed in FMR1 knock-out
mice lies within the Ras signal transduction pathways, we mea-
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Figure5. PI3K—PKBsignalingis compromised in FMRT KO mice. A, Schematic drawing shows MEK—ERK and PI3K—PKB signaling in FMRT KO and WT mice. B, Western blots of phospho-ERK (left)
and phospho-PKB (right) in hippocampal CA1 tissues of FMRT KO and WT mice cultured in normal media or media containing 75 wm histamine (HA). C, Relative amounts of phosphorylated
(phos)-ERK (i.e., p42 and p44 bands) in CA1 cells from KO [phos-p42: nonexpressing (Ctrl), 100.0 = 5.7%; expressing (Exp), 119.4 == 7.1%; n = 16; p << 0.005; phos-p44: Ctrl, 100.0 == 7.5%; Exp,
128.9 = 9.1%; n = 16; p < 0.005] and WT (phos-p42: Ctrl, 9.3 == 8.2%; Exp, 147.3 == 11.6%; n = 16; p << 0.01; phos-p44: Ctrl, 93.7 == 10.5%; Exp, 149.5 == 17.1%; n = 16; p << 0.005) mice
cultured in media containing histamine. Relative amounts of total ERK (i.e., p42 and p44 bands) in CA1 cells from KO (p42: Ctrl, 100.0 == 10.9%; Exp, 96.2 == 10.4%; n = 16; p = 0.55; p44: (trl,
100.0 == 11.2%; Exp, 107.5 == 13.2%; n = 16; p = 0.61) and WT (p42: Ctrl, 111.1 == 12.1%; Exp, 111.5 == 13.7%; n = 16; p = 0.30; p44: Ctrl, 107.5 == 14.3%; Exp, 110.8 = 13.8%; n = 16;p =
0.93) mice cultured in media containing histamine are shown. Relative amounts of phos-PKB in CA1 cells from KO (Ctrl, 100.0 == 10.2%; Exp, 112.9 = 10.3%; n = 12; p = 0.48) and WT (Ctrl, 95.8 ==
9.4%; Exp, 140.9 == 13.3%; n = 12; p < 0.005) mice cultured in media containing histamine are shown. Relative amounts of total PKB in CA1 cells from KO (Ctrl, 100.0 == 12.5%; Exp, 111.9 =
11.5%; n = 12; p = 0.06) and WT (Ctrl, 106.8 == 9.1%; Exp, 105.2 == 13.6%; n = 12; p = 0.88) mice cultured in media containing histamine are shown. Note that phos-ERK (n = 16; phos-p42,
p = 0.78; phos-p44, p = 0.92), total ERK (n = 16; p42, p = 0.45; p44, p = 0.42), phos-PKB (n = 12; p = 0.94), and total PKB (n = 12; p = 0.64) did not differ between hippocampal (A1 tissues
from KO and WT mice cultured in normal media. D, Western blots of phos-ERK, phos-PKB, phos-p845-GluR1, and phos-p831-GluR1 in hippocampal (A1 tissue prepared from sleeping WT and FMRT
KO mice. E, Relative amounts of phos-ERK (phos-p42: WT, 100.0 = 3.9%; KO, 93.6 * 3.3%; n = 15; p = 0.18; phos-p44: WT, 100.0 = 7.6%; (Figure legend continues.)
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Figure6.  PDKsignal transduction is altered in FMR7 KO mice. A, Blots of phosphorylated PDK

(phos-PDK) and total PDKin CA1 tissues of WT and FMRT KO mice cultured in normal media (Ctrl)
or media containing 75 M histamine (HA). B, Relative amounts of phosphorylated PDK (WT
mice: Ctrl, 100.0 == 9.4%; HA, 138.8 == 10.0%; n = 12; p << 0.05; KO mice: Ctrl, 116.5 == 7.9%;
KO, 114.1 = 8.0%; n = 12; p = 0.31) and total PDK (WT mice: Ctrl, 100.0 == 13.0%; HA,
98.0 = 13.8%; n = 12; p = 0.94; KO mice: Ctrl, 89.2 = 7.1%; HA: 106.6 == 12.7%; n = 12;
p = 0.31) in CA1 tissues prepared from WT and KO mice. The relative values and SEs were
normalized to average amounts of phos-PDK or total PDK from CA1 cells from wild-type mice.
*p = 0.05 (Wilcoxon test).

sured the levels of the active form of Ras (GTP-bound Ras) in
FMRI knock-out and wild-type mice (Fig. 7A). Interestingly, the
Ras-GTP levels in CALl tissues of cultured slices prepared from
FMRI knock-out were higher than those of wild-type mice (Fig.
7B, C). Histamine stimulated the Ras-GTP levels in both FMR]1
knock-out and wild-type mice, but the enhancement of Ras-GTP
levels was smaller in FMR1I knock-out CA1 cells than wild-type
CAL cells (Fig. 7 B, C). The total amounts of Ras were the same in
all conditions (Fig. 7B, C). The same results were obtained when
the muscarinic agonist McN was used as the neuromodulator
agonist (data not shown). Because the Ras activity in CA1 cells
depends on behavioral states (Qin et al., 2005), to confirm the
aberrant Ras activity in FMRI knock-out mice in vivo, we further
examined the Ras-GTP levels in CA1 cells prepared from sleeping
and awake animals (Fig. 7 D, E). Consistent with the in vitro re-
sults, in the sleeping animals, FMRI knock-out CA1 cells had
significantly higher Ras-GTP levels than wild-type CA1 neurons.
In the awake animals, the Ras-GTP levels were increased in both
FMRI knock-out and wild-type CA1 cells. The enhancement of
Ras-GTP level was smaller in FMR1 knock-out cells than wild-
type cells. The total amounts of Ras were the same in CA1 cells of

<«

(Figure legend continued.) KO, 96.1 = 6.9%; n = 15; p = 0.41) and total ERK (p42: WT,
100.0 == 3.4%; KO, 95.8 == 3.6%; n = 15; p = 0.16; p44: WT, 100.0 == 9.5%; KO, 99.7 =
10.8%; n = 15; p = 0.80) in CA1 cells. Relative amounts of phos-PKB (WT, 100.0 = 6.3%; KO,
115.5 = 4.1%;n = 15; p = 0.16) and total PKB (WT, 100.0 == 2.3%; K0, 97.8 = 2.5%;n = 15;
p = 0.33) in CA1 cells are shown. Relative amounts of phos-p845-GIuR1 (WT, 100.0 == 9.9%;
KO, 96.6 = 9.8%; n = 12; p = 0.72) and total GIuR1 (WT, 100.0 = 3.6%; KO, 98.9 = 4.7%;
n=12;p=10.75)in CA1 cells are shown. Relative amounts of phos-p831-GluR1 (WT, 100.0 ==
8.6%; K0, 106.3 == 9.1%; n = 15; p = 0.21) and total GIuR1 (WT, 100.0 == 7.6%; K0, 95.5 +
9.0%; n = 15; p = 0.36) in CA1 cells are shown. F, Western blots of phos-ERK, phos-PKB,
phos-p845-GluR1, and phos-p831-GluR1 in hippocampal CA1 tissue prepared from awake WT
and FMR7KO mice. G, Relative amounts of phos-ERK (phos-p42: WT, 100.0 = 4.8%; K0, 96.9 =
3.3%;n = 13;p = 0.51; phos-p44: WT, 100.0 = 7.7%; KO, 93.7 == 10.9%; n = 13; p = 0.55)
and total ERK (p42: WT, 100.0 == 3.0%; KO, 98.1 == 3.4%; n = 13; p = 0.81; p44:WT, 100.0 =
3.7%; KO, 97.7 == 4.2%; n = 13; p = 0.78) in CA1 cells. Relative amounts of phos-PKB (WT,
100.0 == 7.8%; KO, 76.7 == 8.9%; n = 12; p << 0.05) and total PKB (WT, 100.0 == 6.6%; KO,
99.7 = 8.4%; n = 12;p = 0.98) in CA1 cells are shown. Relative amounts of phos-p845-GluR1
(WT, 100.0 == 6.3%; KO, 88.1 == 7.0%; n = 12;p = 0.25) and total GIuRT (WT, 100.0 == 6.4%;
KO, 95.4 == 9.2%; n = 12; p = 0.94) in CA1 cells are shown. Relative amounts of phos-p831-
GluRT (WT, 100.0 == 8.3%; KO, 81.4 = 9.2%; n = 13; p << 0.05) and total GIuR (WT, 100.0 =
5.7%; K0, 99.3 == 5.4%; n = 13; p = 0.70) in CA1 cells are shown. Each lane was loaded with
the same amount of protein (40 or 60 g). The relative values and SEs were normalized to
average amounts of phos-ERK, phos-PKB, phos-p845-GluR1, phos-p831-GluR1, total ERK, PKB,
or GluR1 from CAT cells from wild-type mice. *p = 0.05 (Wilcoxon test).
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sleeping and awake FMRI knock-out and wild-type mice. To-
gether, these results suggest that the basal Ras activity, although
upregulated, can be somewhat further stimulated by neuro-
modulators and increased vigilance (or the awake state). Because
MEK-ERK signaling seems to be mostly normal, whereas PI3K—
PKB signaling is reduced in FMRI knock-out mice (Fig. 4), the
upregulated Ras activity indicates that the signal transduction
between Ras and MEK-ERK is modestly reduced, whereas that
between Ras and PI3K-PKB is more severely impaired.

Expression of CaMKII, the upstream activator of Ras (Zhu et
al., 2002), is enhanced in FMRI knock-out mice (Zalfa et al.,
2003; Hou et al., 2006). To determine whether the upregulated
basal Ras activity is caused by the enhanced CaMKII expression,
we included in the culture media either additional 10 mm Mg2+,
which blocks spontaneous synaptic activity (Zhu et al., 2000), or
3 uM 1-[NO-bis-1,5-isoquinolinesulfonyl]-N-methyl-L-tyrosyl-
4-phenylpiperazine (KN-62),a CaMKII inhibitor. High Mg>* or
KN-62 reduced the Ras-GTP levels by ~50% in CA1 cells of
wild-type and FMR1I knock-out mice (Fig. 7F-I), indicating that
about half of Ras activity is dependent on synaptic activity and
CaMKII activity in wild-type and FMR1 knock-out mice. These
results suggest that the increased CaMKII protein expression ac-
counts in part for the elevated basal Ras activity in FMRI knock-
out mice.

The upregulated basal Ras activity, combined with the un-
changed MEK-ERK and decreased PI3K-PKB signaling outputs,
indicates inefficiencies of Ras in relaying the signal from up-
stream to downstream components, and particularly in propa-
gating the signal to the PI3K-PKB pathway in FMRI knock-out
mice. To further confirm this point, we coexpressed a truncated
constitutively active form of CaMKII, tCaMKII, with GluR1-GFP
using a vector containing an IRES, GluR1-GFP-IRES-tCaMKII,
in CA1 neurons in cultured slices prepared from FMRI knock-
out mice. This construct stimulates Ras signaling and drives syn-
aptic delivery of GluR1 in wild-type animals (Hayashi et al., 2000;
Zhu et al., 2002). GluR1-GFP-IRES-tCaMKII expressing CA1l
neurons of FMRI knock-out mice had enhanced AMPA re-
sponses, but no change in rectification (Fig. 8 A, B), indicating
that the potentiation was caused by synaptic delivery of
AMPA-Rs other than GluR1-GFP, presumably endogenous
GluR2L-containing AMPA-Rs (Zhu et al., 2002; Qin et al., 2005).
These results suggest that enhancing signaling upstream of Ras
does not effectively stimulate PI3K—PKB signaling and synaptic
delivery of GluRI-containing AMPA-Rs in FMRI knock-out
mice.

We wished to know whether the downstream pathways of Ras
are intact in FMRI knock-out mice. We expressed two GFP-
tagged constitutively active Ras mutants in CA1 neurons in cul-
tured slices prepared from FMRI knock-out mice: one was
Ras(G12—V, E37—G), called Ras(G37)-GFP, and the other was
Ras(G12—V, Y40—C), called Ras(C40)-GFP. These two con-
structs drive synaptic delivery of GluR2L- and GluR1-containing
AMPA-Rs via constitutively stimulating Ras-MEK-ERK and
Ras—PI3K-PKB signaling, respectively (Qin et al., 2005). Both
Ras(G37)-GFP- and Ras(C40)-GFP-expressing neurons of
FEMRI knock-out mice had significantly enhanced AMPA re-
sponses (Fig. 8A,B). As a control, neurons expressing a GFP-
tagged constitutively active Ras mutant Ras(G12—V, T35—S),
called Ras(S35)-GFP, which does not stimulate synaptic delivery
of AMPA-Rs in CA1 neurons (Qin et al., 2005), had the same
AMPA responses compared with nearby nonexpressing neurons
of FMR1 knock-out mice (Fig. 8 A, B). These results demonstrate
that the downstream MEK-ERK and PI3K-PKB pathways are
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0.05)and WT (n = 10; p << 0.01) mice. D, Blots of GTP-bound Ras and total Ras in CA1 tissues of sleeping and awake FMRT KO and WT mice. E, Relative amounts of Ras-GTP (WT mice: Sleep, 100.0 ==
9.9%; Awake, 155.8 = 13.5%; n = 12; p << 0.005; KO mice: Sleep, 133.0 == 11.7%; Awake, 170.5 = 10.7%; n = 12;p = 0.05) and total Ras (WT mice: Sleep, 100.0 = 5.8%; Awake, 101.6 = 6.1%;
n=12; p = 0.88; KO mice: Sleep, 102.4 = 5.4%; Awake, 102.0 = 4.8%; n = 12; p = 0.97) in CA1 tissues prepared from WT and KO mice. Note that CA1 cells had enhanced levels of Ras-GTP in
awake animals compared with sleeping animals in both KO (n = 12; p = 0.05) and WT (n = 12; p << 0.05) mice. F, Blots of GTP-bound Ras and total Ras in CA1 tissues of FMRT KO and WT mice
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8.4%;n = 12;p = 0.88)in (A tissues prepared from WT and KO mice. H, Blots of GTP-bound Ras and total Ras in CA1 tissues of WT and FMRT KO mice cultured in normal media or media containing
in 3 um KN-62 (KN). I, Relative amounts of Ras-GTP (WT mice: Ctrl, 100.0 == 16.2%; KN, 63.7 == 10.9%; n = 12; p << 0.01; KO mice: Ctrl, 179.6 == 18.6%; KN, 89.4 = 12.2%; n = 12; p < 0.005)
and total Ras (WT mice: Ctrl, 100.0 == 14.0%; KN, 105.6 == 19.5%; n = 12; p = 0.99; KO mice: Ctrl, 90.5 == 10.8%; KN, 86.4 = 11.9%; n = 12; p = 0.64) in CA1 tissues prepared from WT and KO
mice. For each set of cell lysates, 35 g of protein was used to purify and blot GTP-bound Ras and 7.5 g of protein was used to directly blot total Ras. The relative values and SEs were normalized
to average amounts of Ras-GTP or total Ras of CA1 cells from control WT tissues or sleeping WT mice. *p = 0.05 (Wilcoxon test).

mainly intact and exogenously expressed active Ras can signal
through the pathways and rescue synaptic GluR1 trafficking in
FMRI knock-out mice.

AMPA-Rs and LTP in these mice by enhancing Ras signaling or
by reducing the activation threshold for PI3K-PKB (Fig. 9A). To
test these ideas, we first examined whether overexpression of
wild-type Ras could potentiate responses of Ras to upstream

Enhancing Ras-PI3K-PKB signaling restores synaptic stimuli (i.e., synaptic and CaMKII activities) and restore synaptic

plasticity in FMR1 knock-out mice

Based on our findings that endogenous Ras is inefficient in relay-
ing signal from upstream to downstream, in particular to the
PI3K-PKB pathway to control synaptic GluR1 trafficking,
whereas exogenously expressed active Ras drives GluR1 into syn-
apses in FMR1 knock-out mice, we reasoned that it may be pos-
sible to restore normal synaptic delivery of GluR1-containing

delivery of GluRI-containing AMPA-Rs in FMRI knock-out
mice. We linked GluR1-GFP- and the RFP-tagged wild-type form
of Ras, Ras(wt)-RFP, using IRES, and then expressed this con-
struct, GluR1-GFP-IRES-Ras(wt)-RFP, in CA1 neurons of FMR1
knock-out mice. Neurons expressing GluR1-GFP-IRES-
Ras(wt)-RFP had the same AMPA responses as nearby nonex-
pressing neurons cultured in normal media (Fig. 9B, C). In the
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presence of histamine in culture media, GluR1-GFP-IRES-
Ras(wt)-RFP-expressing neurons had enhanced amplitude and
rectification of AMPA responses (Fig. 9 B, C), indicating synaptic
delivery of GluR1-GFP. These results indicate that overexpress-
ing wild-type Ras restores the histamine-stimulated synaptic de-
livery of GluR1-GFP in FMRI knock-out mice.

We wished to confirm the idea that enhancing Ras—PI3K—
PKB signaling restores synaptic delivery of GluR1-containing
AMPA-Rs using an independent approach. Phosphatase and ten-
sin homolog deleted on chromosome 10 (PTEN) negatively reg-
ulates PI3K-PKB signaling by dephosphorylating PIP; (Mae-
hama and Dixon, 1998; Sun et al., 1999). Therefore, expressing a
dominant-negative form of PTEN is expected to reduce the
threshold for activation of PI3K-PKB signaling and may restore
synaptic delivery of GluR1 (Fig. 9A4). We tested this idea by coex-
pressing GluR1-GFP with an RFP-tagged dominant-negative
form of PTEN(C124—S) (Sun et al., 1999), PTEN(dn)-RFP, in
CA1l neurons of FMRI knock-out mice. Neurons coexpressing
GluR1-GFP and PTEN(dn)-RFP had the same AMPA responses
as nearby nonexpressing neurons cultured in normal media,
whereas in the presence of histamine, neurons coexpressing
GluR1-GFP and PTEN(dn)-RFP had enhanced amplitude and
rectification of AMPA responses (Fig. 9B, C), indicating synaptic
delivery of GluR1-GFP. Including 10 um 2-(4-morpholinyl)-8-
phenyl-4H-1-benzopyran-4-one (LY294002), a PI3K inhibitor,
in culture media blocked the histamine-stimulated enhancement
of rectification and amplitude of AMPA responses in neurons
coexpressing GluR1-GFP and PTEN(dn)-RFP (Fig. 9B, C), con-
firming the requirement of PI3K activity. These results indicate
that reducing the threshold for activation of PI3K—PKB signaling
restores synaptic delivery of GluR1-GFP in FMRI knock-out
mice.

To determine whether restoration of synaptic delivery of
GluR1-containing AMPA-Rs works in vivo, we virally expressed
GluR1-GFP-IRES-Ras(wt)-RFP in hippocampal CA1 neurons in
intact brains of FMRI knock-out mice. During expression of the
construct, the animals were awake, which was required for syn-
aptic delivery of GluR1 (Qin et al., 2005). After ~16 h of expres-
sion, acute hippocampal slices were made from these animals and

AMPA responses were recorded and compared between GluR1-
GFP-IRES-Ras(wt)-RFP-expressing and nearby nonexpressing
CA1 neurons. Neurons expressing GluR1-GFP-IRES-Ras(wt)-
RFP had increased amplitude and rectification compared with
nearby nonexpressing neurons (Fig. 9B, C), indicating synaptic
insertion of GluR1-GFP in expressing neurons. As a control, ex-
pression of GluR1-GFP alone in awake FMRI knock-out mice
resulted in no synaptic delivery of the receptor because GluR1-
GFP-expressing neurons had the same AMPA responses com-
pared with nearby nonexpressing neurons (Fig. 9 B, C). Together,
these results suggest that enhancing signal transduction from Ras
to PI3K-PKB restores synaptic delivery of GluR1-containing
AMPA-Rs in FMRI knock-out mice.

To determine whether restoration of synaptic delivery of
GluR1-containing AMPA-Rs enhances LTP in FMRI knock-out
mice, we measured LTP in GluR1-GFP-IRES-Ras(wt)-RFP-
expressing CAl neurons in cultured slices prepared from FMRI
knock-out mice. GluR1-GFP-IRES-Ras(wt)-RFP-expressing
neurons had enhanced LTP compared with nearby nonexpress-
ing neurons (Fig. 10A,B) (expressing, 184.4 * 21.3%; control,
148.0 = 12.9%; n = 14; p < 0.05). The magnitude of LTP in
GluR1-GFP-IRES-Ras(wt)-RFP-expressing neurons of FMRI
knock-out mice was comparable with that of wild-type mice
(compare Fig. 1). The enhanced LTP in GluR1-GFP-IRES-
Ras(wt)-RFP-expressing neurons was accompanied by an in-
crease in rectification of AMPA responses compared with nearby
nonexpressing neurons, indicating synaptic insertion of GluR1-
GFP during LTP. A control experiment showed that FMRI
knock-out CA1 neurons expressing GluR1-GFP alone exhibited
neither enhanced LTP (144.9 * 10.6%; n = 12) nor larger recti-
fication after LTP (Fig. 10A,B). These results indicate that en-
hancing wild-type Ras signaling restores normal LTP in CA1 neu-
rons of FMRI knock-out mice by driving synaptic delivery of
GluR1-containing AMPA-Rs.

To confirm that expression of wild-type Ras enhances LTP via
stimulating PI3K-PKB signaling, we measured LTP in FMRI
knock-out CA1 neurons expressing Ras(wt)-GFP with or with-
out the PI3K inhibitor LY294002 (Fig. 10C,D). We found that
Ras(wt)-GFP-expressing neurons of FMRI knock-out mice had
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enhanced LTP compared with nearby
nonexpressing neurons (Fig. 7C,D) (ex-
pressing, 174.0 £ 12.8%; control, 137.5 *
8.4%;n = 18; p < 0.01). In the presence of
LY294002 in the bath solution, Ras(wt)-
GFP-expressing neurons of FMR1 knock-
out mice had the same LTP as nonexpress-
ing neurons (Fig. 10C,D) (expressing,
139.1 = 18.9%; control, 137.2 * 15.8%j;
n = 18; p = 0.91), indicating the require-
ment of PI3K activity for the Ras(wt)-
GFP-potentiated LTP. Collectively, these
results suggest that facilitating Ras or its
downstream PI3K-PKB signaling restores
normal synaptic delivery of GluRl1-
containing AMPA-Rs and LTP in FMRI
knock-out mice.

Discussion

In this study, we demonstrated that hip-
pocampal LTP is considerably reduced in
FMRI knock-out mice because of promi-
nent impairments of synaptic delivery of
GluR1-containing AMPA-Rs and trans-
duction of Ras signaling downstream to
the PI3K-PKB pathway. Enhancing the
signal transduction from Ras to PI3K-
PKB restores synaptic delivery of GluR1-
containing AMPA-Rs and normal LTP in
FMRI knock-out mice. These results sug-
gest that either genetic and/or pharmaco-
logical enhancement of Ras—PI3K signal-
ing may be a potential therapeutic
approach to alleviate the cognitive disor-
ders of patients with fragile X syndrome.

Altered synaptic plasticity and learning
in FMR1 knock-out mice

Here, we report a selective defect of synap-
tic delivery of GluR1- but not GluR2L- and
GluR4-containing AMPA-Rs. The partial
alteration of synaptic plasticity in knock-
out mice is expected because the fragile X
syndrome is accompanied by moderate
mental deficits (Paradee et al., 1999; Loe-
sch etal., 2004; Skinner et al., 2005). More-
over, our findings are in concert with re-
cent reports of reduced surface expression
of GluR1 in FMRI knock-out and FMRP
knockdown neurons (Nosyreva and Hu-
ber, 2006; Nakamoto et al., 2007), al-
though the majority of surface GluRI-
containing AMPA-Rs measured in those
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Figure9.  Enhancing Ras—PI3K—PKB signaling restores normal GluR1 trafficking in FMR7 KO mice. A, Schematic drawing shows

rescue of Ras—PI3K—PKB signaling in FMRT KO mice with the wild-type form of Ras or a dominant-negative form of PTEN. B,
Evoked AMPA-R-mediated responses recorded from nonexpressing (Ctrl) and GluR1-GFP-IRES-Ras(wt)-RFP-expressing CA1 neu-
rons, CA1 neurons coexpressing GIuR1-GFP and PTEN(dn)-RFP from FMRT KO mice cultured in media with 75 um histamine (HA),
or media with 75 M HA and 10 umLY294002, and GIuR1-GFP- and GIuR1-GFP-IRES-Ras(wt)-RFP-expressing CA1 neurons from
awake FMR1 KO mice. C, Top, AMPA responses in GluR1-GFP-IRES-Ras(wt)-RFP-expressing (Exp) neurons from KO mice cultured
in normal media (Ctrl, —24.8 == 2.7 pA; Exp, —27.9 = 4.6 pA; n = 16; p = 0.96) and in media with histamine (Ctrl, —21.0 =
3.0 pA; Exp, —32.9 = 4.6 pA; n = 14; p < 0.01); neurons coexpressing GluR1-GFP and PTEN(dn)-RFP from KO mice cultured in
normal media (Ctrl, —33.8 == 4.4 pA; Exp, —38.1 == 3.4 pA;n = 14; p = 0.47),in media with histamine (Ctrl, —28.6 == 4.6 pA;
Exp, —44.6 = 5.5 pA; n = 12; p < 0.05), and in media with histamine and 10 M LY294002 (Ctrl, —27.7 == 3.7 pA; Exp,
—27.5 %+ 3.7pA;n = 18;p = 0.81); GluR1-GFP-expressing CA1 neurons from awake KO (Ctrl, —27.9 == 3.5 pA; Exp, —25.6 =
3.0pA;n=16;p = 0.61) and WT (Ctrl, —27.1 == 3.7 pA; Exp, —28.6 = 2.7 pA; n = 16; p = 0.37) mice; and GluR1-GFP-IRES-
Ras(wt)-RFP-expressing (Ctrl, —34.7 = 4.3 pA; Exp, —49.9 = 5.5 pA; n = 12; p < 0.005) CA1 neurons from awake KO mice.
Bottom, Rectification of GluR1-GFP-IRES-Ras(wt)-RFP-expressing (Exp) neurons from KO mice cultured in normal media (Ctrl,
1.57 £ 0.45; Exp, 1.63 £ 0.14;n = 16; p = 0.96) and in media with histamine (Ctrl, 1.75 = 0.15; Exp, 2.47 £ 0.24;n = 14;p <
0.005); neurons coexpressing GIuR1-GFP and PTEN(dn)-RFP from KO mice cultured in normal media (Ctrl, 1.76 = 0.15; Exp,
1.93 = 0.12;n = 14; p = 0.30), in media with histamine (Ctrl, 1.74 = 0.17; Exp, 2.93 = 0.30;n = 12; p < 0.01), and in media
with histamine and 10 m LY294002 (Ctrl, 1.68 == 0.08; Exp, 1.74 = 0.09; n = 18; p = 0.65); GluR1-GFP-expressing CA1 neurons
from awake KO (Ctrl, 1.56 == 0.10; Exp, 1.64 = 0.11;n = 16;p = 0.76) and WT (Ctrl, 1.63 = 0.10; Exp, 2.31 = 0.17;n = 16;p <
0.005) mice; and GluR1-GFP-IRES-Ras(wt)-RFP-expressing (Ctrl, 1.33 = 0.18; Exp, 1.81 = 0.23; n = 12; p << 0.005) CA1 neurons
from awake KO mice. AMPA-R-mediated current amplitudes and SEs were normalized to average values in control cells. *p =< 0.05
(Wilcoxon test).

studies are likely to be extrasynaptic (Zamanillo et al., 1999).
Finally, both GluR1- and GluR4-containing AMPA-Rs mediate
synaptic transmission and potentiation in cortical neurons (Mc-
Cormack et al., 2006). However, only GluR1-containing AMPA-
Rs, but not GluR4-containing AMPA-Rs, participate in the po-
tentiation induced by classic LTP-inducing stimuli (our
unpublished data). Thus, selective impairment of synaptic traf-
ficking of GluR1- but not GluR4-containing AMPA-Rs at intra-
cortical synapses explains both the complete loss of LTP and
apparently normal postnatal growth of transmission at these syn-

apses in FMRI knock-out mice (Li et al., 2002; Zhao et al., 2005;
Meredith et al., 2007).

The behavior of FMRI knock-out mice has been extensively
examined, but whether learning is impaired in these mice re-
mains unclear (The Dutch-Belgian Fragile X Consortium, 1994;
D’Hooge etal., 1997; Paradee et al., 1999; Dobkin et al., 2000; Van
Dam et al., 2000; Frankland et al., 2004; Zhao et al., 2005). A
closer scrutiny of the literature reveals that FMRI knock-out mice
have only mild or no defect in the hippocampus-dependent spa-
tial learning assessed using the classic Morris water maze test
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Figure10.  Enhancing Ras—PI13K—PKB signaling restores normal LTP in FMR7 KO mice. A, Average AMPA-R-mediated synaptic responses obtained before (—60 mV, thick trace) and after (— 60

and +40 mV, thin traces) LTP-inducing pairing in nonexpressing (Ctrl) and GluR1-GFP-IRES-Ras(wt)-RFP- (recorded simultaneously) and GluR1-GFP- CA1 neurons from FMRT knock-out mice.
Bottom, Normalized simultaneously evoked responses recorded from all CA1 neurons against time. B, Steady-state AMPA response amplitudes (Ctrl, 18.0 == 12.9%, from initial —32.6 == 3.6 pA;
Exp, 184.4 == 21.3%, from initial —34.2 == 2.8 pA, n = 14; p < 0.05) and rectification (Ctrl, 1.78 == 0.10; Exp, 2.18 = 0.13; n = 14; p < 0.01) in GluR1-GFP-IRES-Ras(wt)-RFP-expressing (Exp)
neurons from FMRT knock-out mice after pairing, and steady-state AMPA response amplitudes (144.9 == 10.6%; n = 12; from initial —26.1 == 5.0 pA) and rectification (Ctrl, 1.77 = 0.14;n = 12;
p < 0.01) in GluRT-GFP-expressing neurons from FMRT knock-out mice after pairing. Note enhanced rectification in GluR1-GFP-IRES-Ras(wt)-RFP-expressing, but not in control nonexpressing,
neurons compared with GluR1-GFP-expressing neurons (Ctrl, n = 14; GIuR1-GFP, n = 12; p = 0.90; Mann—Whitney rank-sum nonparametric tests). €, Average AMPA-R-mediated synaptic
responses obtained before (—60 mV, thick trace) and after (—60 mV, thin trace) LTP-inducing pairing in nonexpressing (Ctrl) and Ras(wt)-GFP-expressing (recorded simultaneously) CA1 neurons
from FMRT knock-out mice bathed in normal solution (top left) or solution containing 10 m LY294002 (top right). Bottom, Normalized simultaneously evoked responses recorded from all CA1
neurons against time. D, Steady-state AMPA response amplitudes in CAT neurons from knock-out mice bathed in normal solution (Ctrl, 137.5 == 8.4%, from initial —29.4 == 3.1 pA; Exp, 174.0 =
12.8%, from initial —28.4 = 3.1pA; n = 18; p << 0.01) or solution containing 10 M LY294002 (Ctrl, 137.2 == 15.8%, from initial —26.9 == 2.0 pA; Exp, 139.1 == 18.9%, from initial —28.3 ==
4.3pA;n = 18;p = 0.91) before and after pairing. AMPA-R-mediated current amplitudes and SEs were normalized to average initial values in control cells or GluR1-GFP-expressing neurons. *p <

0.05 (Wilcoxon test).

(D’Hooge et al., 1997; Paradee et al., 1999; Dobkin et al., 2000;
Van Dam et al., 2000), but do exhibit learning impairment in a
modified task, the ensuing reversal trials of the Morris water maze
test (The Dutch-Belgian Fragile X Consortium, 1994; D’Hooge et
al., 1997). Given that spatial learning is preserved in GIuRI
knock-out mice, or is independent of GluR1, whereas the modi-
fied Morris task seems to require trial specific memory (or asso-
ciation of the trial-related information), which is dependent on
GluR1 (Zamanillo et al., 1999; Schmitt et al., 2005), these behav-
ioral data are consistent with our finding that GluR1-dependent,
but not GluR2L-dependent, synaptic potentiation is impaired in
FMRI knock-out mice. Moreover, GluR1 is required for other
versions of associative learning (Schmitt et al., 2004; Rumpel et
al., 2005; Hu et al., 2007; Matsuo et al., 2008). Consistent with our
finding of impaired GluR1-dependent plasticity, FMRI knock-
out mice performed poorly in fear conditioning, a classic form of

associative learning (Paradee et al., 1999; Van Dam et al., 2000;
Zhao et al., 2005) (but see Dobkin et al., 2000). Finally, human
patients with fragile X syndrome exhibit impairments in obtain-
ing associative experience-required academic skills, but not in
learning isolated, direct experience-dependent tasks (Loesch et
al., 2004; Roberts et al., 2005). Thus, the correspondence between
our results and previous behavioral observations suggests a spe-
cific link between Ras—PI3K—PKB signaling, synaptic GluR1 traf-
ficking, and associative learning.

In addition to the impairment of GluR1-dependent, but not
GluR2L-dependent LTP reported in this study, mGluR-
dependent, but not NMDA-R-dependent, LTD is modestly en-
hanced in CA1 neurons of FMRI knock-out mice (Huber et al.,
2002; Hou et al., 2006). Because the reduced LTP decreases syn-
aptic delivery of AMPA-Rs and enhanced mGluR-dependent
LTD increases synaptic removal of AMPA-Rs (Malinow and
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Malenka, 2002), whereas basal transmission (AMPA-R- and
NMDA-R-mediated) is unchanged in FMRI knock-out mice
(Fig. 2) (Godfraind et al., 1996; Huber et al., 2002; Zhao et al.,
2005), depotentiation, the other major form of synaptic plastic-
ity, is likely to be reduced in FMRI knock-out mice. Indeed, the
translational regulation of mRNA (Brown et al., 2001), protein
expression, and activity of small GTPase Rap2 (our unpublished
observations), which controls depotentiation (Zhu et al., 2005),
are all altered in FMRI knock-out mice. Interestingly, upregu-
lated mGluR-dependent LTD, which removes synaptic GluR2/3
AMPA-Rs (Hsieh etal., 2006), seems responsible for the impaired
inhibitory avoidance extinction in FMRI knock-out mice (Délen
et al., 2007). These results highlight the importance of linking
forms of altered synaptic plasticity, types of impaired AMPA-R
trafficking and distorted cognitive behaviors in future fragile X
research.

Ras signaling and fragile X syndrome

Dependent on the cell type, small GTPase Ras regulates cellular
processes via multiple downstream pathways, including MEK—
ERK and PI3K-PKB (Bos, 1995; White et al., 1995; Rodriguez-
Viciana et al., 1997; Tian et al., 2004). In neuronal cells, the Ras—
MEK-ERK and Ras—-PI3K-PKB pathways differentially control
GluR2L- and GluR1-dependent synaptic potentiation (Zhu et al.,
2002; Qin et al., 2005). Here, we report a prominent defect in
signal coupling between Ras and PI3K—PKB, explaining the pro-
found impairment in GluR1-dependent LTP in FMRI knock-out
mice. Moreover, enhancing Ras—PI3K signaling restores normal
synaptic delivery of GluR1 and LTP. Interestingly, two recent
studies have demonstrated that BDNF (Lauterborn et al., 2007),
and enriched environments (Meredith et al., 2007), which stim-
ulate neurotrophic factor release (Young et al., 1999; Ickes et al.,
2000; Gobbo and O’Mara, 2004), rescue the impaired LTP in
FMRI knock-out mice. Because neurotrophic factors stimulate
PI3K signaling (Patapoutian and Reichardt, 2001), these findings
support the notion that enhancing PI3K signaling may be an
effective way to restore normal synaptic plasticity in knock-out
mice.

In the present study, we have observed several unexpected Ras
activities in FMR1 knock-out mice. For example, a higher thresh-
old for PI3K-PKB signaling than MEK—-ERK signaling in knock-
out mice was not predicted by our previous report, which shows
that neuromodulators and increased vigilance simultaneously
stimulate PI3K—PKB and MEK-ERK signaling (Qin et al., 2005).
This finding may be explained if Ras signals Ras-PI3K and MEK—
ERK in different subcellular compartments at synapses. More-
over, the upregulated Ras activity but reduced downstream sig-
naling in knock-out mice is surprising. This result may imply that
subcellular trafficking of Ras to proper domains, particularly to
domains for PI3K signaling, is tightly regulated but impaired in
knock-out mice given that proper locations or interactions of
signaling components are crucial for Ras signaling (Jura et al.,
2006; Gupta et al., 2007). Finally, it was not anticipated that
Ras(wt) and PTEN(dn) expressions rescue GluR1 delivery and
GluR1-dependent LTP, but have little effect on basal transmis-
sion (cf. Zhu et al., 2002). These results implicate steep thresholds
for activating the downstream Ras signaling pathways, which are
possible if only a small number of active Ras molecules at syn-
apses (presumably those located in nanoclusters) are involved in
functional signaling, and they operate as nanoswitches (all-or-
none-like) (cf. Murakoshi et al., 2004; Sharma et al., 2004). Be-
cause loss of FMRP may affect mRNA translation and protein
expression of Ras regulators (Zhong et al., 1999; Brown et al.,
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2001; Zalfa et al., 2003), it is likely that proper trafficking and/or
function of Ras is impaired at subsynaptic compartments in
FMRI knock-out mice. Our results do not completely rule out
the possibility that loss of FMRP may impair the signal transduc-
tion downstream of Ras by altering the function of regulators of
PI3K-PKB and MEK-ERK (Brown et al., 2001; Kim et al., 2008).
However, at intact synapses, this downstream impairment is lim-
ited, if it exists at all, because these signaling pathways are mostly
functional when stimulated (Fig. 8).

The notion of reduced Ras—PI3K-PKB signaling immediately
provides a mechanism for other prominent features associated
with fragile X syndrome, including dendritic spine dysmorpho-
genesis (Comery et al., 1997; Irwin et al., 2001; Nimchinsky et al.,
2001; Govek et al., 2005; Grossman et al., 2006), facial dysmor-
phism (O’Donnell and Warren, 2002; Schubbert et al., 2007), and
reduced risk of cancer (Hanahan and Weinberg, 2000; Schultz-
Pedersen et al., 2001). Inhibiting the Ras—PI3K—PKB signaling
pathway is considered as a useful therapeutic approach for treat-
ing cancer; a number of compounds that inhibit PI3K-PKB sig-
naling are currently in the late preclinical development or early
phases of clinical trials (Downward, 2006). However, our find-
ings raise some concern of unwanted side effects of these PI3K—
PKB signaling inhibitors, and underscore the importance of de-
veloping tissue- or cell-specific therapeutic approaches in the
future to treat cancer and fragile X patients.
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