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Abstract
Silencing of fragile X mental retardation 1 (FMR1) gene and loss of fragile X mental retardation protein (FMRP) cause fragile X
syndrome (FXS), a genetic disorder characterized by intellectual disability and autistic behaviors. FMRP is an mRNA-binding
protein regulating neuronal translation of target mRNAs. Abnormalities in actin-rich dendritic spines are major neuronal
features in FXS, but themolecularmechanism and identity of FMRP targetsmediating this phenotype remain largely unknown.
Cytoplasmic FMR1-interacting protein 2 (Cyfip2) was identified as an interactor of FMRP, and its mRNA is a highly ranked FMRP
target in mouse brain. Importantly, Cyfip2 is a component of WAVE regulatory complex, a key regulator of actin cytoskeleton,
suggesting that Cyfip2 could be implicated in thedendritic spine phenotype of FXS.Here,we generated and characterizedCyfip2-
mutant (Cyfip2+/−) mice. We found that Cyfip2+/− mice exhibited behavioral phenotypes similar to Fmr1-null (Fmr1−/y) mice, an
animalmodel of FXS. Synaptic plasticity and dendritic spineswere normal in Cyfip2+/− hippocampus. However, dendritic spines
were altered in Cyfip2+/− cortex, and the dendritic spine phenotype of Fmr1−/y cortexwas aggravated in Fmr1−/y; Cyfip2+/− double-
mutantmice. In addition to the spine changes at basal state,metabotropic glutamate receptor (mGluR)-induced dendritic spine
regulation was impaired in both Fmr1−/y and Cyfip2+/− cortical neurons. Mechanistically, mGluR activation induced mRNA
translation-dependent increase of Cyfip2 in wild-type cortical neurons, but not in Fmr1−/y or Cyfip2+/− neurons. These results
suggest thatmisregulation of Cyfip2 function and itsmGluR-induced expression contribute to the neurobehavioral phenotypes
of FXS.

Introduction
Fragile X syndrome (FXS) is the most common inherited cause of
intellectual disability, accompanied by additional symptoms in-
cluding autistic behaviors, increased susceptibility to seizures,
craniofacial abnormalities andmacroorchidism (1,2). The major-
ity of FXS is caused by the expansion of CGG trinucleotide repeats

(>200) in the 5′untranslated region of fragile Xmental retardation
1 (FMR1) gene,which in turn results in transcriptional silencing of
the gene and loss of fragile X mental retardation protein (FMRP)
(3–6). FMRP is a polyribosome-associated mRNA-binding protein
that is highly abundant in neurons and is involved in regulating
the transport and translation of hundreds of target mRNAs (2,7).
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Therefore, loss of regulation of targetmRNAs is considered as the
core molecular pathophysiology of FXS (7).

Several forms of neuronal synaptic plasticity and function are
altered in themousemodel of FXS (1). Specifically, group 1meta-
botropic glutamate receptor (mGluR1 and mGluR5)-dependent
long-term depression (LTD) is enhanced and no longer requires
new protein synthesis in the hippocampus of Fmr1-null mice
(8,9). Moreover, genetic or pharmacological inhibition of mGluR
in animal models of FXS rescuesmany of the FXS-related pheno-
types (1,10). Increased number of immature dendritic spines is
also observed in the brains of Fmr1-null mice as well as FXS pa-
tients (11,12). The actin cytoskeleton is the structural basis of
dendritic spines and is regulated by Rho family of small GTPases
such as Cdc42, Rac1 and RhoA (13,14). FMRP has been associated
with Rac1 signaling either by directly interacting with the protein
components [p21-activated kinase (PAK) and Cytoplasmic FMR1-
interacting protein] or by regulating their mRNA translation
(15–18). Furthermore, genetic or pharmacological inhibition of
PAK, a downstream effector of Rac1, rescues the dendritic spine
phenotype and some of FXS-related behaviors in Fmr1-null
mice (18,19). These results suggest that, together with enhanced
mGluR signaling, abnormal regulation of the actin cytoskeleton
could underlie the neuropathogenesis of FXS. However, the
molecular mechanism and the identity of FMRP target proteins
involved in the regulation of actin cytoskeleton and dendritic
spines in FXS remain largely unknown.

Cytoplasmic FMR1-interacting protein 1 and 2 (Cyfip1/2, also
called Sra1 and Pir121, respectively) were identified as direct
binding partners of FMRP in yeast two-hybrid screening (20).
The most well-characterized function of Cyfip is as a component
of ∼400-kDa heteropentameric WAVE regulatory complex (WRC),
consisting of WAVE/SCAR, Cyfip, Nap/Hem/Kette, Abi and
HSPC300/Brick, which activates Arp2/3 complex to initiate actin
polymerization and branching (21). During basal condition,
Cyfip inhibits WAVE activity of WRC by sequestering the
activity-bearing VCA domain of WAVE (22). However, binding of
an upstream regulator Rac1-GTP to Cyfip induces conformational
change and subsequent release of the VCA domain to activate
Arp2/3 complex (22). In addition, Cyfip is important for the stabil-
ity ofWAVE (23). Because of this dual role of Cyfip, it is not easy to
decipher the net effect of loss of Cyfip on actin assembly.
Interestingly, in Cyfip-null Drosophila, the filamentous actin
assembly is enhanced in spite of reduced WAVE protein level,
suggesting that, without Cyfip, WAVE is first activated and then
degraded (24).

Several studies showed functional relationship between Cyfip
and FMRP (25). First, Cyfip1was proposed to be an initiation factor
4E-binding protein that, together with FMRP, represses cap-
dependent translational initiation (26). Second, a recent report
showed that Cyfip1 haploinsufficient mice have enhanced, and
protein synthesis-independent, mGluR-LTD, similar to Fmr1-
null mice (27). In contrast to Cyfip1, however, Cyfip2 is much
less characterized in terms of its functional relationship to
FMRP. Notably,Cyfip2mRNAwas ranked as the ninth FMRP target
among 842 FMRP-interacting brain polyribosomal mRNAs,
whereas Cyfip1 mRNAwas not identified in the same study (28).
Moreover, Cyfip2, but not Cyfip1, protein level is increased in
the FXS lymphocytes (29). These results suggest that FMRP
could directly regulate expression of Cyfip2, but not Cyfip1, and
that Cyfip1 andCyfip2 could have differential neuronal functions.
To answer these questions, we generated Cyfip2 heterozygous
(Cyfip2+/−) mice and, in parallel with Fmr1-null mice, character-
ized their behavioral phenotypes, biochemical, cellular and elec-
trophysiological changes in brain. Here, we provide evidence for

the role of Cyfip2 in fragile X-like behaviors and regulation of den-
dritic spines, and for the mGluR-induced regulation of Cyfip2 ex-
pression, which could provide new insight into the pathogenesis
of the neurological FXS phenotypes.

Results
Expression analysis of Cyfip2 and its interacting proteins
in Cyfip2+/− mice

We generated Cyfip2-mutant mice using the embryonic stem (ES)
cells where the N-terminal exons (2 to 15) of Cyfip2 gene were re-
placed with a lacZ cassette. However, we found that Cyfip2 homo-
zygous null mice were lethal before weaning age (postnatal day
21), consistentwith a recent reportwhere theyobserved perinatal
lethality of Cyfip2-null mice generated with different Cyfip2-
targeted ES cells (30). Therefore, in this study, we explored the
roles of Cyfip2 in brain function using Cyfip2 heterozygous
(Cyfip2+/−) mice that were viable with no overt phenotype. First,
we investigated the brain regional expression pattern of Cyfip2
using the lacZ cassette of Cyfip2 ES cell. The X-gal staining of
brain slices from 8-week-old Cyfip2+/− mice showed signals in
various regions including the outer layers of cortex, hippocam-
pus and striatum (Fig. 1A). In cerebellum, the signal was also de-
tected in Purkinje cells. The overall brain cytoarchitecture of
Cyfip2+/− mice was normal (Fig. 1B). We also performed quantita-
tive real-time reverse transcription PCR (qRT-PCR) tomeasure the
expression of Cyfip1, Cyfip2 and Wave-1 mRNAs in cortex, stri-
atum, hippocampus and cerebellum of 10-week-old wild-type
(WT) mice. We found that all three mRNAs were most abundant
in cortex followed by striatum and hippocampus, and least
expressed in cerebellum (Fig. 1C). Consistent with the mRNA
expression pattern, endogenous Cyfip2 and WAVE proteins
were detected in various brain regions with enrichment in the
cortex and striatum (Fig. 1D). In subcellular fractions, Cyfip2
was detected in both soluble cytosol (S2) and synaptic fraction
(PSDI), whereas WAVE was more localized in synaptic fractions
(P2 and PSDI) (Fig. 1D).

In Cyfip2+/−hippocampus and cortex,Cyfip2mRNA levelswere
decreased by ∼50%, but expression levels of Cyfip1 and Wave-1
mRNAs were not significantly changed (Fig. 1E). Hippocampal
and cortical Cyfip2 protein levels were decreased to 50 and 70%
of WT levels, respectively, in synaptosome of Cyfip2+/− mice
(Fig. 1F). Consistent with the role of Cyfip in WAVE stability (23),
WAVE protein level was also decreased in cortex, but not in
hippocampus of Cyfip2+/− mice (Fig. 1F). This region-specific
decrease of WAVE was not due to compensatory increase of
Cyfip1 in hippocampus, as Cyfip1 levels were normal in both
brain regions of Cyfip2+/− mice (Fig. 1F). It might suggest that
WAVE stability is more dependent on Cyfip2 in cortex.

Cyfip2+/− mice exhibit fragile X-like behaviors

Next, we investigated behavioral phenotypes of Cyfip2+/− mice.
We crossed male Cyfip2+/− mice with female Fmr1+/− mice to
obtain male littermates with four genotypic combinations (WT,
Fmr1−/y [null], Cyfip2+/− and Fmr1−/y;Cyfip2+/− [double mutant]).
This made it possible to test the behaviors of Cyfip2+/− mice in
parallel with Fmr1−/y mice, and any genetic interaction (rescue
or synergy) between them. The behavioral phenotypes of
Fmr1−/ymice have been extensively characterized in various gen-
etic backgrounds (31). We chose the following behavioral assays
to examine our mice because Fmr1−/y mice showed consistent
changes in these tests.
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In the open-field test, Fmr1−/y mice displayed increased loco-
motor activity (Fig. 2A and B), as reported previously (31). Inter-
estingly, Cyfip2+/− mice were also hyperactive compared with
WT mice (Fig. 2A and B). Notably, in double-mutant mice, the
hyperactivity was significantly aggravated compared with
Fmr1−/y mice (Fig. 2A). Center-to-total distance ratio and vertical
activity count during the open-field test were similar in all geno-
types (Fig. 2C and D). For the stereotypy count during the open-
field test, only double-mutant mice showed significant increase
compared with WT mice (Fig. 2E). In the light–dark box assay,
measuring anxiety-like behavior, both Fmr1−/y and Cyfip2+/−

mice displayed increased transitions between light and dark
areas (Fig. 2F). In double-mutant mice, this phenotype was sig-
nificantly enhanced (Fig. 2F). Furthermore, only double-mutant
mice spent significantly more time in the light area compared
withWTmice (Fig. 2G). In the test of auditory sensory processing,
Fmr1−/y, Cyfip2+/− and double-mutant mice commonly showed

decreased startle response and enhanced prepulse inhibition
(Fig. 2H and I). Finally, we tested nociception using hot plate
and found that only Fmr1−/y mice showed delayed response com-
pared with WT mice (Fig. 2J). The body weights were not signifi-
cantly different among all genotypes at 11 weeks old (Fig. 2K).
Taken together, these results suggest that Cyfip2+/− mice display
some of fragile X-like behaviors.

Normal steady-state expression of Cyfip2 and FMRP
in Fmr1−/y and Cyfip2+/− mice, respectively

The similar behaviors of Fmr1−/y and Cyfip2+/− mice suggest that
there could be shared molecular/cellular changes in the brains
of these mice. We sought to identify the pathways in the hope
of discovering some that might contribute to the FXS pathogen-
esis. As FMRP could regulate expression of hundreds of target
mRNAs in brain (28) and a recent report showed altered Cyfip2

Figure 1. Expression analysis of Cyfip2 and its interacting proteins in Cyfip2+/− mice. (A) X-gal staining of Cyfip2+/− brain shows signals in various regions including cortex

(Box 1), striatum, hippocampus (Box 2) and cerebellum (Box 3). The red arrows indicate Purkinje cells. There is no signal inWT brain. Scale bar 1 mm. CB, cerebellum; CTX,

cortex; DG; dentate gyrus; HP, hippocampus; OB olfactory bulb; TH, thalamus. (B) Cresyl violet staining shows normal brain cytoarchitecture of Cyfip2+/−mice. (C) qRT-PCR
analysis ofCyfip1,Cyfip2 andWave-1mRNAexpression inWTbrain regions. (D)Western blots showbrain regional and subcellular expression patterns of Cyfip2,WAVE and

Abi1. S2, soluble cytosol; P2, crude synaptosome; PSDI, Triton X-100 extract fromP2. (E) qRT-PCR analysis shows expression changes of Cyfip1,Cyfip2 andWave-1mRNAs in

Cyfip2+/− hippocampus and cortex compared with WT mice. (F) Representative western blots and quantification show expression changes of Cyfip2 and its interacting

proteins in hippocampal and cortical synaptosome of Cyfip2+/− mice compared with WT mice (n = 7 animals per genotype). Arpc2 is a subunit of Arp2/3 complex.

*P < 0.05, **P < 0.01. Statistical analyses for western blot assays are in Supplementary Material, Table S1.
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protein levels in the lymphocytes from FXS patients (29), we first
investigated whether basal Cyfip2 and WAVE protein levels were
changed in Fmr1−/y mice. We compared the protein levels in
whole lysates of hippocampus and whole brain from WT,
Cyfip2+/− and Fmr1−/y mice (8 weeks old). Consistent with our pre-
vious result (Fig. 1F), Cyfip2 and WAVE levels were decreased in
Cyfip2+/− mice (Fig. 3A). However, these proteins were not altered
in Fmr1−/y mice (Fig. 3A). We also prepared hippocampal and cor-
tical synaptosome from Fmr1−/y mice (8 weeks old) and found
that Cyfip2 and WAVE levels were normal (Fig. 3B). We observed
the same result from older (12 weeks old) Fmr1−/y mice (Fig. 3C).
These results suggest that, in mouse brains, loss of FMRP does
not affect steady-state Cyfip2 and WAVE protein levels.

Next, we investigated the expression of FMRP in Cyfip2+/−

mice. As Cyfip1/2 are direct interactors of FMRP (20), loss of
Cyfip1/2 might affect the amount, distribution or function of
FMRP in neurons. Indeed, in Cyfip1+/− brains, FMRP-mediated
translational inhibition is altered and the protein levels of some
of FMRP target mRNAs are increased (26). We first measured
FMRP protein levels in hippocampal and whole-brain lysates of
Cyfip2+/− mice and found that they were normal (Fig. 3A). We
also investigated FMRP protein localization in cultured cortical
neurons by immunostaining and found that the intensity of den-
dritic FMRP was normal in Cyfip2+/− neurons (Fig. 3D). Further-
more, the molecular size of major FMRP protein complex
analyzed by size fractionation was normal in Cyfip2+/− cortex
(Fig. 3E). Lastly, to test FMRP function, we measured the levels
of amyloid precursor protein (APP) and CaMKIIα proteins in
Cyfip2+/− cortex. APP and CaMKIIα are well-established FMRP tar-
gets and shown to be increased in Fmr1−/y and Cyfip1+/− brains
(26). However, APP, CaMKIIα and some other synaptic protein
(Homer, mGluR5, PSD-95 and Shank3) levels were normal in cor-
tical synaptome of Cyfip2+/− mice (Fig. 3F). These results suggest
that overall expression and function of FMRP are normal in
Cyfip2+/− brains.

Normal hippocampal synaptic plasticity in Cyfip2+/− mice

Altered hippocampal synaptic plasticity is one of the major phe-
notypes in the brains of Fmr1-null mice (1,32), and a recent report
showed enhanced hippocampal mGluR-LTD in Cyfip1+/− mice
(27). Thus, we decided to test whether hippocampal synaptic
plasticity was also altered in Cyfip2+/− mice, thereby contributing
to the behavioral phenotypes. We first measured N-methyl--as-
partate receptor (NMDAR)-dependent long-term potentiation
(LTP) by extracellular field recordings at Schaffer collateral–CA1
pyramidal synapses. We did not find a difference in the degree
of LTP formation between WT and Cyfip2+/− mice (Fig. 4A). Next,
we measured mGluR-dependent LTD formation induced by
paired-pulse low-frequency stimulation (PP-LFS) in the presence
of NMDAR antagonist D-APV and found that it was normal in
Cyfip2+/−hippocampus (Fig. 4B). Finally, we tested the effect of cy-
cloheximide, an inhibitor of protein synthesis, on mGluR-LTD.
Unlike in WT mice, hippocampal mGluR-LTD in Fmr1-null mice
is not blocked by cycloheximide (9). In Cyfip2+/− mice, however,
we found that cycloheximide completely blocked mGluR-LTD
(Fig. 4C). Synaptic input–output relationship and paired-pulse fa-
cilitation ratiowere also normal inCyfip2+/−hippocampus (Fig. 4D
and E). Taken together, these results suggest normal hippocam-
pal synaptic plasticity of Cyfip2+/−mice. Therefore, altered hippo-
campal synaptic plasticity is not the mechanism that could
account for the similar behavioral phenotypes between Fmr1−/y

and Cyfip2+/− mice.

Abnormal cortical dendritic spines in Cyfip2+/− mice

Next, we turned our attention to the dendritic spines of Cyfip2+/−

mice.We reasoned that reduced expression of Cyfip2 could affect
the function of WRC and downstream actin polymerization,
which will lead to changes in actin-rich dendritic spines. Sup-
porting this hypothesis, abnormal actin polymerization and

Figure 2. Cyfip2+/−mice display fragile X-like behaviors. (A) Hyperactivity of Fmr1−/y, Cyfip2+/− and double-mutantmice in open-field test. NS, not significant. (B) The 5-min

bin habituation curve for the open-field test. The statistical significance for each genotype is indicated by the asterisk with corresponding color. (C andD) Normal center-

to-total distance ratio (C) and vertical activity count (D) of the mice during the open-field test. (E) Double mutant, but not Fmr1−/y or Cyfip2+/−, mice showed increased

stereotypy count during the open-field test. (F) Increased light–dark box transitions of Fmr1−/y, Cyfip2+/− and double-mutant mice. (G) Double mutant, but not Fmr1−/y

or Cyfip2+/−, mice spent more time in the light area compared with WT mice. (H and I) Reduced acoustic startle response (H) and enhanced prepulse inhibition (PPI) (I)

in Fmr1−/y, Cyfip2+/− and double-mutant mice. (J) Latency to response in the hot plate test was increased in Fmr1−/y mice, but normal in Cyfip2+/− and double-mutant

mice. (K) Normal body weights of 11-week-old Fmr1−/y, Cyfip2+/− and double-mutant mice. *P < 0.05, **P < 0.01, ***P < 0.001. Statistical analyses for behavioral assays are

in Supplementary Material, Table S2.
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synaptic structures were observed in Cyfip-null Drosophila (24),
and decreased number of dendritic spines was reported in
Wave-1-null mice (33). We performed Golgi staining with
12-week-old WT and Cyfip2+/− brains to quantify the density of
dendritic protrusions (filopodia, thin andmature spines) of apical
dendrites in hippocampal CA1 and cortical layer II/III pyramidal
neurons. For CA1 neurons, no significant difference in the protru-
sion density between WT and Cyfip2+/− mice was identified
(Fig. 5A). Interestingly, for cortical neurons, numbers of mature
spines and total protrusions were increased in Cyfip2+/− mice
compared with WT mice (Fig. 5B).

Based on this finding, we investigatedwhether the changes in
dendritic protrusions could account in part for the enhancement
of some of fragile X-like behaviors in Fmr1−/y; Cyfip2+/− double-
mutant mice compared with Fmr1−/y mice (Fig. 2A and F).

We performed Golgi staining and measured the density of
dendritic protrusions in 10-week-old WT, Fmr1−/y and Fmr1−/y;
Cyfip2+/− double-mutant mice. As reported previously (11,18,34),
both hippocampal and cortical neurons of Fmr1−/y mice showed
increased density of thin (immature) spines compared with WT
mice (Fig. 5C and D). Moreover, the number of mature spines
was decreased in Fmr1−/y hippocampus (Fig. 5C). In the hippo-
campus of double-mutant mice, there was no further change of
dendritic protrusions comparedwith Fmr1−/ymice (Fig. 5C). How-
ever, in the cortex of double-mutant mice, the densities of total
protrusions and thin spines were further increased compared
with Fmr1−/y mice (Fig. 5D). This cortex-specific enhancement
of the dendritic spine phenotype in double-mutant mice is con-
sistent with the region-specific dendritic spine change in Cyfip2+/
− mice (Fig. 5A and B).

Figure 3. Steady-state expression of Cyfip2 and FMRP are normal in Fmr1−/y and Cyfip2+/−mice, respectively. (A) Representativewestern blots and quantification show that

Cyfip2 andWAVE levels are decreased in hippocampal or whole brain lysates of 8-week-old Cyfip2+/−mice, but normal in Fmr1−/y mice. FMRP levels are normal in Cyfip2+/−

hippocampus and whole brain (n = 5 animals per genotype). (B) Normal Cyfip2 andWAVE protein levels in hippocampal and cortical synaptosome of 8-week-old Fmr1−/y

mice (n = 7). (C) Normal Cyfip2 andWAVE protein levels in hippocampal and cortical synaptosome of 12-week-old Fmr1−/y mice (n = 7). (D) Normal dendritic FMRP protein

intensity in cultured Cyfip2+/− cortical neurons at DIV 14. VGlut1 is an excitatory presynaptic marker. Scale bar 10 µm. The values indicate FMRP intensity normalized to

WT neurons (n = 15, mean ± S.E.M.). NS, not significant. (E) Normal molecular size of major FMRP protein complex in Cyfip2+/− cortex. Fractions 6 to 17 from Superose 6 gel

purificationwere analyzed bywestern blot. The arrows indicate fractions of void, 667 and 150 kDa of calibrations. FMRP band intensity ratio of fractions 7, 8 and 9 to 13, 14

and 15wasmeasured and normalized toWT samples (n = 3). (F) Representativewestern blots and quantification shownormal expression levels of APP, CaMKIIα and other

synaptic proteins in Cyfip2+/− cortex (n = 8). *P < 0.05, **P < 0.01. Statistical analyses for western blot assays are in Supplementary Material, Table S1.
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mGluR-induced dendritic spine regulation and Cyfip2
expression are impaired in Fmr1−/y and Cyfip2+/− neurons

In addition to the dendritic spine changes at basal state, some
forms of activity-induced regulation of dendritic spines are altered
in Fmr1-null neurons (35). For example, mGluR agonist-induced

elongation of spines of layer II/III cortical neurons is defective
in early postnatal Fmr1-null mice (36). To determine whether
Cyfip2, as a downstream target of FMRP, is required for mGluR-
induced regulation of dendritic spines, we examined changes of
dendritic protrusions in WT, Fmr1−/y and Cyfip2+/− neurons upon

Figure 4. Normal hippocampal synaptic plasticity in Cyfip2+/− mice. (A) NMDAR-dependent hippocampal LTP is normal in Schaffer collateral–CA1 synapses of Cyfip2+/−

mice. Numbers of slices and animals used for the experiment are indicated. Representative EPSP traces recorded at last 2 min of before (dotted line) and after (solid

line) stimulation (arrow) are shown. Scale bar 2 ms, 1 mV. TBS, theta burst stimulation. (B) Paired-pulse low-frequency stimulation (PP-LFS)-induced hippocampal

mGluR-LTD is normal in Cyfip2+/− mice. (C) Cycloheximide (CHX, 60 µ, dotted line) blocks PP-LFS-induced hippocampal mGluR-LTD in Cyfip2+/− mice. (D) Normal

input–output relationship in Cyfip2+/− hippocampus. (E) Normal paired-pulse facilitation ratio in Cyfip2+/− hippocampus.

Figure 5. Abnormal cortical dendritic spines in Cyfip2+/− mice and aggravation of the Fmr1−/y cortical dendritic spine phenotype in Fmr1−/y;Cyfip2+/− double-mutant mice.

(A) Representative Golgi staining images and quantification show normal dendritic protrusions in hippocampal CA1 pyramidal neurons of Cyfip2+/− mice (n = 43–46

neurons from 3 animals per genotype). Scale bar 10 µm. (B) Increased density of mature spines and total protrusions in cortical layer II/III pyramidal neurons of

Cyfip2+/− mice (n = 33–34). (C) Increased density of total protrusions and thin spines but decreased density of mature spines in hippocampal CA1 pyramidal neurons of

Fmr1−/y and double-mutant mice (n = 32–36). NS, not significant. Scale bar 10 µm. (D) The densities of total protrusions and thin spines of cortical layer II/III pyramidal

neurons are further increased in double-mutant mice compared with Fmr1−/y mice (n = 44–46). *P < 0.05, **P < 0.01, ***P < 0.001. Statistical analyses for dendritic

protrusions are in Supplementary Material, Table S3.
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mGluR activation.We treated cultured cortical neurons of days in
vitro (DIV) 14 with mGluR agonist DHPG (100 µ, 30 min). We
found that treatment of DHPG decreased the number of mature
spines and increased the average length of dendritic protrusions
in WT neurons (Fig. 6A). In contrast, the same treatment did not
affect dendritic protrusions in either Fmr1−/y or Cyfip2+/− neurons
(Fig. 6B and C). These data suggest that Fmr1−/y and Cyfip2+/− cor-
tical neurons have similar defect inmGluR-induced spine regula-
tion. To explore the underlying mechanism, we first tested the
effect of cycloheximide. We found that pre-incubation of cyclo-
heximide (60 µ, 30 min) blocked the DHPG-induced spine
change in cultured WT cortical neurons, suggesting that new
protein synthesis was required for the process (Fig. 6D). This is
consistent with the previous finding in hippocampal slice
cultures where inhibition of protein synthesis blocked DHPG-
induced spine change (37).

Based on this result, we came back to the previous report that
Cyfip2 mRNA is a high-ranked FMRP target in mouse brain (28).
mGluR activation induces translation of FMRP-associated
mRNAs, and this process is impaired in Fmr1-null neurons

(38,39). We hypothesized that mGluR activation could induce
translation of Cyfip2 mRNA, which then might mediate mGluR-
induced spine regulation. If our hypothesis is correct, this pro-
cess should be impaired in both Fmr1−/y and Cyfip2+/− neurons,
owing to absence of the regulator or target mRNA, respectively
(Fig. 6E). We first tested whether DHPG treatment can increase
Cyfip2 proteins in cultured WT cortical neurons. Indeed, 20 min
of DHPG incubation increased Cyfip2 proteins by 40% (Fig. 6F).
As positive controls, APPand PSD-95 proteinswere also increased
by DHPG treatment (Fig. 6F) (39,40). Pre-incubation of cyclohexi-
mide blocked the DHPG-induced Cyfip2 increase, suggesting its
dependence on protein synthesis (Fig. 6F). Importantly, DHPG
treatment in either Fmr1−/y or Cyfip2+/− cortical neurons did not
significantly change Cyfip2 protein levels (Fig. 6G and H). WAVE
protein levels were not altered in any treatment conditions
(Fig. 6F–H). Taken together, these results suggest that mGluR ac-
tivation increases Cyfip2 proteins through its mRNA translation
and that a defect in this processmight account in part for the ab-
normal mGluR-induced spine regulation in Fmr1−/y and Cyfip2+/−

cortical neurons.

Figure 6. mGluR-induced dendritic spine change and Cyfip2 expression are defective in Fmr1−/y and Cyfip2+/− cortical neurons. (A) DHPG (100 µ, 30 min) treatment

decreases mature spine density and increases average protrusion length in cultured WT cortical neurons (n = 28–32 neurons per condition). Neurons were transfected

with EGFP-expressing plasmids and immunostained with GFP antibody. Scale bar 10 µm. (B and C) DHPG treatment fails to change dendritic spines in Fmr1−/y (n = 24)

(B) and Cyfip2+/− cortical neurons (n = 21-30) (C). (D) Pre-incubation of cycloheximide (CHX; 60 µ, 30 min) blocks DHPG-induced spine change in WT cortical neurons

(n = 20–21). (E) Diagram shows the hypothesis that mGluR activation induces FMRP-dependent translation of Cyfip2 mRNA, which could be required for mGluR-

induced regulation of dendritic spines. In Fmr1−/y or Cyfip2+/− neurons, mGluR activation fails to induce Cyfip2 expression. (F) 20 min of incubation of DHPG (100 µ)

increases Cyfip2 proteins in cultured WT cortical neurons, which is blocked by pre-incubation of cycloheximide (60 µ, 30 min). Cyfip2 levels are not significantly

changed by 10 or 30 min of DHPG incubation. WAVE levels are not affected by DHPG treatment. APP and PSD-95 are positive controls for DHPG treatment (n= 8). (G and H)
DHPG treatment fails to increase Cyfip2 protein levels in cultured Fmr1−/y (G) and Cyfip2+/− (H) cortical neurons (n= 4–6). *P< 0.05, **P< 0.01. Statistical analyses for western blot

assays and dendritic protrusions are in Supplementary Material, Table S1 and S3, respectively.
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Discussion
Despite recent identification of hundreds of FMRP target mRNAs
in brain, the proteins causing the respective neurobehavioral and
anatomical phenotypes of FXS are poorly defined (7). The behav-
ioral and dendritic spine phenotypes in Cyfip2+/− and Fmr1−/y;
Cyfip2+/− mice, together with mGluR-induced translation of
Cyfip2 mRNA that is impaired in Fmr1−/y neurons, suggest that
Cyfip2mediates, in part, the neuropathogenesis of FXS. By exam-
ining multiple potential mechanisms, we could reveal cortical
dendritic spines as the common pathway regulated by FMRP
and Cyfip2.

The cortical dendritic spines of Cyfip2+/− neurons were abnor-
mal in both basal andmGluR-induced conditions. In basal condi-
tion, Cyfip2+/− cortical neurons showed increased numbers of
mature and total dendritic spines. Notably, this is the opposite
phenotype to Wave-1 RNAi-transfected or null neurons (33,41),
suggesting that the net WAVE activity could be enhanced in
Cyfip2+/− cortical neurons in spite of reducedWAVE protein levels.
This is consistent with the enhanced filamentous actin assembly
in Cyfip-null Drosophila where WAVE proteins are also reduced
(24). The neuronal phenotype of Cyfip-null Drosophila is rescued
by deleting one copy of SCAR gene (the Drosophila homolog of
Wave), strongly supporting enhanced WAVE activity after loss of
Cyfip (24). This is further supported by another study showing
that the pentameric WRC is inactive whereas WAVE-Abi-
HSPC300 trimer (without Cyfip and Nap) is active in vitro (42). To-
gether, these results suggest that, without Cyfip2, WAVE is first
activated because of the free VCA domain and then is degraded
owing to reduced stability (24,25). This activation is sufficient to
drive the increased number of mature dendritic spines.

In contrast to the cortex, both WAVE protein levels and den-
dritic spines were normal in Cyfip2+/− hippocampus. One possi-
bility is that Cyfip1 is preferentially used to assemble WRC in
hippocampus; thus, haploinsufficiency of Cyfip2 does not affect
hippocampalWAVE activity and stability.We also found that hip-
pocampalmGluR-LTDwas normal in Cyfip2+/−mice, whereas it is
enhanced in Cyfip1+/− mice (27). This result suggests region-
specific differential roles of Cyfip1 and Cyfip2 in brain function
and suggests that Cyfip1 and Cyfip2 double-mutant mice might
have broader fragile X-like phenotypes than each of single-
mutant mice.

At this point, it is not easy to understand whether the in-
creased mature spines and WAVE activity in Cyfip2+/− cortex dir-
ectly cause the fragile X-like behaviors in the mice, because
Fmr1−/y brains have more immature spines and normal WAVE
protein levels. Nevertheless, Rac1 pathway including its down-
stream effectors, such as WAVE and PAK, could be overactivated
in Fmr1−/y brains, and this could contribute to the behavioral phe-
notypes, as inhibition of PAK rescues both cortical dendritic
spine phenotype and some of the behaviors in Fmr1−/y mice
(18,19). Accordingly, the aggravation of some of behavioral and
cortical dendritic spine phenotypes in Fmr1−/y;Cyfip2+/− double-
mutant mice compared with Fmr1−/y mice could be explained
by the additive or synergistic activation of Rac1 pathway in cor-
tical neurons. Testing the effect of genetic or pharmacological in-
hibition of WAVE activity in Fmr1−/y mice on their behavioral
phenotypes might provide further evidence for the pathogenic
role of Rac1 pathway in FXS.

In addition to the basal condition, we found that mGluR-in-
duced regulation of dendritic spines was defective in both
Fmr1−/y and Cyfip2+/− cortical neurons. New protein synthesis is
required for the mGluR-induced spine regulation, as cyclohexi-
mide blocked this process. Indeed, we found that mGluR

activation induced mRNA translation-dependent increase of
Cyfip2 in WT cortical neurons, which was also impaired in
Fmr1−/y and Cyfip2+/− neurons. Interestingly, the steady-state
level of Cyfip2 was normal in Fmr1-null brains. Therefore, FMRP
could be more involved in mGluR-induced expression of Cyfip2
than its basal expression in neurons. Similarly, normal basal,
but defectivemGluR-induced expression of PSD-95 was observed
in Fmr1-null cortical neurons (39). These results, together with a
previous study identifying Cyfip2 mRNA as a high-ranked FMRP
target in brain (28), suggest that FMRP could be directly associated
with Cyfip2mRNA to regulate its mGluR-induced translation and
that Cyfip2 expression might be required for the mGluR-induced
dendritic spine change.

As we observed the increase of Cyfip2 proteins from whole
neuronal lysates, it remains to be determined whether the
mGluR-induced Cyfip2 synthesis occurred in neuronal dendrites.
Notably, a recent study showed dendritic localization of Cyfip2
mRNAs (43). Thus, it might be possible that FMRP regulates
mGluR-induced dendritic transport and local translation of
Cyfip2 mRNAs, as it does for other target mRNAs (38). Visualiza-
tion of both Cyfip2mRNAs and proteins in neuronal dendrites be-
fore and aftermGluR activationwill be necessary to answer these
questions. It is also not clear yet how acute Cyfip2 expression
could contribute to the mGluR-induced spine regulation. One
possible hypothesis is that the newly synthesized Cyfip2 inter-
feres with the binding of Rac1-GTP to preexisting Cyfip2 in
WRC. This will block the activation of WAVE in WRC and down-
stream Arp2/3 complex, thereby leading to decrease number of
mature spines and increase protrusion length. Further investiga-
tion of the functional relationship between Cyfip2 and FMRP,
both at the protein and mRNA levels, and on their roles in regu-
lating actin cytoskeleton will help us better understand this
process and its implication to FXS.

Materials and Methods
Animals

Cyfip2+/− mice were generated by injecting the ES cell
(Cyfip2tm1(KOMP)Vlcg) purchased from UCDAVIS KOMP Repository.
Cyfip2+/− mice were maintained in C57BL/6J background. Fmr1-
null mice in C57BL/6J background were provided by Dr David
Nelson (Baylor College of Medicine). The mice were housed 3–5
per cage in a room with 12-h light and dark schedule. All experi-
ments were performedwith 2- to 3-month-oldmalemice, unless
otherwise specified. All experimental procedures were reviewed
and approved by the Institutional Animal Care and Use Commit-
tee for Baylor College of Medicine.

Biochemistry and antibodies

Mouse brain whole lysates, synaptosome and PSDI fraction were
prepared as described previously (44). Briefly, mouse brains were
homogenized in buffered sucrose (0.32  sucrose, 4 m HEPES,
1 mMgCl2, 0.5 mCaCl2, pH 7.3)with freshly added protease in-
hibitors (Roche; 04693159001). The homogenate was centrifuged
at 900g for 10 min. The resulting supernatant was centrifuged
again at 12 000g for 15 min (the supernatant after this centrifuge
is S2). The pellet was resuspended in buffered sucrose and centri-
fuged at 13 000g for 15 min (the resulting pellet is P2; crude synap-
tosome). To obtain PSDI fractions, the synaptosomal fraction was
extracted with Triton X-100.

To analyze the molecular size of FMRP protein complex,
mouse cortex was homogenized in extraction buffer (50 m
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Tris pH 8.0, 75 mNaCl, 0.5% Triton X-100, 30 m EDTA plus pro-
tease and phosphatase inhibitor cocktail) and centrifuged at
16 000g for 10 min. The supernatant was transferred into new
tube and centrifuged one more time. The resulting supernatant
was spun over a 0.45-µm microfuge spin filter (Corning) at 3 300g
for 1 min and applied to a Superose 6 10/300 GL column (GE
Healthcare) using an Akta Purifier 10 system (GE Healthcare).
The column was run with a flow rate of 0.3 ml/min and 1 ml/frac-
tion. The column was calibrated with thyroglobulin at 667 kDa,
alcohol dehydrogenase at 150 kDa and cytochrome-C at 12.3 kDa
(Sigma). Antibodies used for western blots are Abi1 (Sigma–
Aldrich; A5106), APP (Millipore; MAB348), Arpc2 (Millipore; 07-
227), β-actin (Abcam; ab20272), CaMKIIα (Abcam; ab22609), Cyfip1
(Abcam; ab108220), Cyfip2 (Abcam; ab95969), FMRP (Cell Signaling
Technology; 4317), GAPDH (Millipore; CB1001), mGluR5 (Millipore;
AB5675), PSD-95 (NeuroMab; 75-028), Shank3 (Santa Cruz; H-160)
and WAVE1 (NeuroMab; 75-048). Western blot images were ac-
quired by LAS 4000 (GE Healthcare) and quantified using ImageJ.

RNA extraction and quantitative real-time reverse
transcription PCR

Total RNA was extracted from 50 to 70 mg of each brain region
using a miRNeasy minikit (Qiagen) according to the manufac-
turer’s instruction. One microgram of DNase-treated total RNA
was used to synthesize cDNA using Quantitect Reverse Tran-
scription Kit (Qiagen). Quantitative real-time reverse transcrip-
tion PCR (qRT-PCR) experiments were performed using the
CFX96 Touch Real-Time PCR Detection System (Bio-Rad Labora-
tories) with PerfeCta SYBR Green FastMix, ROX (Quanta Bio-
sciences). To unambiguously distinguish spliced cDNA from
genomic DNA contamination, we designed specific exon primers
across introns using Primer3 v.0.4.0 (45) as follows:

Cyfip1 forward 5′ GGTTATGGCAGGAAGTTTGC 3′
reverse 5′ GATCGTGGCTCCCTGATTT 3′
Cyfip2 forward 5′ AGATGTACCTGACGCCCAGT 3′
reverse 5′ TGACATTTCCGTCCATCAGA 3′
Wave-1 forward 5′ CGATGTGTGTGAGCAACCTC 3′
reverse 5′ TCAGCCCTTCCTTACCATCA 3′
Gapdh forward 5′ GGCATTGCTCTCAATGACAA 3′
reverse 5′ CCCTGTTGCTGTAGCCGTAT 3′

The results were analyzed using the comparative Ctmethod nor-
malized against the housekeeping geneGapdh as described previ-
ously (46).

Behavioral assays

Behavioral assays were performed with 8- to 10-week-old ani-
mals as described previously (47). Before each test, micewere ha-
bituated in the test room at least for 30 min. For open-field test,
mice were habituated in the test room (600 lux, 60 dB white
noise) and placed in the center of a clear, open Plexiglass cham-
ber (40 × 40 × 30 cm). The activities weremeasured by photobeam
breaks (Accuscan) for 30 min. Light–dark box assay was per-
formed in the same test room using the box consisted of a clear
Plexiglas chamber (36 × 20 × 26 cm) with an open top separated
from a covered black chamber (15.5 × 20 × 26 cm) by a black parti-
tion with a small opening. The movements were measured by
photobeam breaks (Accuscan) for 10 min. For acoustic startle re-
sponse and prepulse inhibition, micewere placed in a test cham-
ber (San Diego Instruments) and habituated for 5 min with 70 dB
background white noise. Eight trial types (no stimulus, a 40-ms
120 dB sound as the startle stimulus, and three different prepulse

sounds (20 ms 74, 78, 82 dB) either alone or 100 ms before the star-
tle stimulus) were presented in pseudo-random order with six
times per each trial type. The interval between each trial type
was 10–20 s. The maximum startle amplitude during the 65-ms
period following the onset of the startle stimulus was used to
calculate percentage prepulse inhibition. Hot plate test was
performed using a Plexiglass chamber enclosing a hot plate at
55 ± 0.1°C. The latency to hind limb nociceptive response ( jump-
ing, shaking or licking the hind paw) was measured.

Electrophysiology

Mice were deeply anesthetized with isofluorane, followed by de-
capitation. The brain was removed and quickly immersed in ice-
cold cutting solution containing (in m): 110 sucrose, 60 NaCl, 3
KCl, 1.25 NaH2PO4, 28 NaHCO3, 0.5 CaCl2, 7 MgCl2 and 5 glucose.
Transverse hippocampal slices of 400 µm of thickness were pre-
pared with a Vibratome. Next, cortical tissue was removed and
hippocampal slices were recovered in an equal mix of cutting so-
lution and artificial cerebrospinalfluid (ACSF) containing (inm):
125 NaCl, 1.25 NaH2PO4, 2.5 KCl, 25 NaHCO3, 2 CaCl2, 1 MgCl2 and
15 glucose at room temperature for 10 to 20 min before transfer-
ring into interface recording chambers (Fine Science Tools). Slices
were perfused (1.5 ml per min) with ACSF saturated with 95%
O2/5% CO2 at 31°C.

Stimulation electrode was placed at the striatum radiatum to
stimulate the Schaffer collateral pathway, and fEPSPs of CA1 neu-
rons were recorded with an ACSF-filled glass recording electrode
(1–3 MΩ). Electrophysiological traces were amplified with
AC-coupled amplifier (model 1800; A-M Systems), digitized
using a Digidata 1320A and acquired with pClamp software (Mo-
lecular Devices). The input–output relationship was used to esti-
mate the general synaptic transmission properties of this
pathway. Specifically, the rising slope of the fEPSP evoked by
100 µs pulses over various stimulus intensities (1 to 10 V) was
measured. The stimulation intensity that evoked a fEPSP that
had a slope of 30–35% of the maximum fEPSP slope determined
by the input–output was used for measuring paired-pulse ratio
and LTP formation. For LTD formation, the stimulation strength
that gave 50–60% of the maximal fEPSP slope was used. Record-
ings that did not exhibit stable fEPSP slope during the first
20 min of recording were excluded.

Paired-pulse ratios were assessed via systematic variation of
the inter-stimulus interval (10, 20, 50, 100 and 200 ms). LTP for-
mation was induced by a theta burst stimulation (TBS) paradigm
consisting five bursts of four pulses at 100 Hz separated by 200 ms
(4-month-old mice). To monitor LTP formation, the fEPSPs were
recorded every 20 s for 20 min before and 60 min after TBS. The
magnitude of potentiationwas determined bymeasuring the ris-
ing slope of the fEPSP (for summary, traces were averaged for
every 1-min interval). LTD formation was induced with a
paired-pulse low-frequency stimulation paradigm consisting
1 Hz of paired stimuli separated by 50 ms for 20 min. 50 µ
D-AP5 (Tocris) was included in ACSF for LTD experiments. For
LTD, 5- to 7-week-old mice were used. 60 µ cycloheximide
(Sigma) were used to examine the contribution of protein synthe-
sis for LTD formation.

Golgi staining

Standard Golgi-Cox impregnation using the FD Rapid Golgistain
kit (NeuroTechnologies) was performed with serial sagittal
brain sections (50 µm). Images of dendritic spines on the second-
ary branches (apical dendrites of hippocampal CA1 and cortical
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layer II/III pyramidal neurons) were acquired by LSM710 (Zeiss)
confocal microscope under DIC mode. Dendritic filopodia were
defined as protrusions without head and having a length at
least twice the width. Mature spines were defined as protrusions
with heads and having a width greater than length. The rest of
protrusions with heads were categorized as thin spines. The
images were quantified in blind manner using ImageJ.

Neuron culture, transfection and immunostaining

Neuron culture, transfection and immunostaining were per-
formed as described previously (47). Neurons were transfected
with pEGFP-C1 (empty vector) at days in vitro (DIV) 10, and fixed
and immunostained at DIV 14. Antibodies used for immunos-
taining are FMRP (Millipore; MAB2160), GFP (Abcam; ab290) and
VGlut1 (Synaptic Systems; 135 302). (RS)-3,5-Dihydroxyphenyl-
glycine (DHPG; Tocris) (100 µ) was applied for 30 min before fix-
ation. The images were quantified in blindmanner using ImageJ.
To measure DHPG-induced protein expression, cultured neurons
(DIV 14) incubatedwithDHPG (100 µ) were directly lysedwith 2×
Laemmli sample buffer for western blot analysis. Cycloheximide
(60 µ) was added to the media 30 min before and during DHPG
treatment.

Statistical analysis

All data acquisition and analysis were carried out blinded to
genotype. Statistical significance was determined by Student’s
t-test or ANOVA with Tukey’s post hoc analysis using GraphPad
Prism version 6. All data are presented as mean ± S.E.M. *P < 0.05;
**P < 0.01; ***P < 0.001.

Supplemental Material
Supplementary Material is available at HMG online.
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