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Abstract

Fragile X syndrome (FXS) is the most common inherited cause of intellectual disabilities and a
leading cause of autism. FXS is caused by a trinucleotide expansion in the gene FMRZ1 on the X
chromosome. The neuroanatomical hallmark of FXS is an overabundance of immature dendritic
spines, a factor thought to underlie synaptic dysfunction and impaired cognition. We showed that
aberrantly increased activity of the Rho GTPase Racl inhibited the actin-depolymerizing factor
cofilin, a major determinant of dendritic spine structure, and caused disease- associated spine
abnormalities in the somatosensory cortex of FXS model mice. Increased cofilin phosphorylation
and actin polymerization coincided with abnormal dendritic spines and impaired synaptic
maturation. Viral delivery of a constitutively active cofilin mutant (cofilinS3A) into the
somatosensory cortex of FmrI-deficient mice rescued the immature dendritic spine phenotype and
increased spine density. Inhibition of the Racl effector PAK1 with a small-molecule inhibitor
rescued cofilin signaling in FXS mice, indicating a causal relationship between PAK1 and cofilin
signaling. PAKL1 inhibition rescued synaptic signaling (specifically the synaptic ratio of NMDA/
AMPA in layer V pyramidal neurons) and improved sensory processing in FXS mice. These
findings suggest a causal relationship between increased Racl-cofilin signaling, synaptic defects,
and impaired sensory processing in FXS and uncover a previously unappreciated role for impaired
Rac1-cofilin signaling in the aberrant spine morphology and spine density associated with FXS.

“Corresponding author. suzanne.zukin@einstein.yu.edu.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/10/504/eaan0852/DC1

Author contributions: A.P,, Q.H., J.-Y.H., A.C., and R.S.Z. conceived and designed the experiments. A.P. performed behavioral,
molecular, and dendritic spine experiments and analyzed the results. Q.H. performed all electrophysiology experiments and analyzed
the results. M.P. performed behavioral experiments. A.C. and R.S.Z. helped guide the research. A.P.,, Q.H., J.-Y.H., A.C., and R.S.Z.
interpreted all the results and wrote the paper.

Competing interests: The authors declare that they have no competing interests.


http://www.sciencesignaling.org/cgi/content/full/10/504/eaan0852/DC1

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pyronneau et al. Page 2

INTRODUCTION

Fragile X syndrome (FXS) is the most common heritable form of intellectual disabilities and
a leading cause of autism (1-3). The primary cause of FXS is an unstable trinucleotide CGG
repeat expansion of the fragile X mental retardation 1 (FAMRI) gene, leading to its
hypermethylation and transcriptional silencing (4, 5). This results in the loss of the fragile X
mental retardation protein (FMRP), an mRNA- binding protein that tightly controls the
localization, stabilization, and translation of many mRNAs including those critical to
neuronal development, plasticity, and dendritic spine architecture (6). FXS causes a complex
and debilitating neurological phenotype including impaired cognition, social/language
deficits, increased susceptibility to seizures, attentional deficits, hyperactivity, sleep
disturbances, motor incoordination, and hypersensitivity to sensory stimuli (2, 7, 8). The
neuroanatomical hallmark of FXS is an increase in the density of dendritic spines, which
exhibit an immature (long and thin-shaped) morphology (9).

The Fmr1 knockout (KO) mouse is a well-established model of FXS that displays autistic-
relevant behaviors, impaired cognition, sensory hypersensitivity, and aberrant spine
morphology and density (10) in the brain, including the somatosensory cortex (11). The
somatosensory cortex has been an area of intense study because of precisely coordinated
events during its critical period that allow for proper development of spines, neurocortical
circuitry, and synaptic plasticity (12, 13). It is thought that deficits in sensory processing,
which arise in early childhood, occur as a result of altered developmental milestones during
the critical period (14-16). Critical period defects have been observed in the developing
somatosensory cortex of FmrZ KO mice. For instance, an overabundance of filopodial
protrusions, indicative of spine immaturity, is observed in 1-week-old Fmr1 KO dendrites of
layer V pyramidal neurons in somatosensory cortex, which normalized at the close of the
critical period (17). An increased proportion of silent synapses, indicative of immature
glutamatergic synapses, was observed on 1-week-old Fmr1 KO thalamocortical projection
neurons in layer 1V of somatosensory cortex, which also normalized at the close of the
critical period (18). Although abnormal spines and synaptic defects in the developing
somatosensory cortex of Fmrl KO mice have been observed, the molecular mechanisms
underlying these phenotypes remain unknown.

Actin is the most abundant cytoskeletal protein in dendritic spines (19-21). Actin-binding
proteins play a pivotal role in spine morphogenesis, synapse formation/elimination, and
synaptic plasticity (22). Cofilin is an actin-depolymerizing factor that severs the filamentous
actin (F-actin) at its pointed ends to regulate spine morphogenesis and synaptic plasticity
(23, 24). Although cofilin typically severs F-actin and thereby blocks spine growth and
maturation (25), it also promotes spine maturation (26) and reduces spine density (27). Upon
phosphorylation at its Ser3 residue, cofilin becomes inactive and can no longer bind and
sever F-actin (28, 29), whereby cofilin inactivation has been linked to spine immaturity (30).
The Rho family of small guanosine triphosphatases (GTPases), which consist of Racl,
Cdc42, and RhoA, can promote cofilin phosphorylation and inactivation (31). Through its
effector p21-activated kinase 1 (PAK1), Racl induces the phosphorylation of cofilin to
promote actin polymerization and spine remodeling. However, whether Rac1-to-cofilin
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signaling is dysregulated in FXS and causally related to abnormal dendritic spines, synaptic
dysfunction, and aberrant behaviors in a mouse model of FXS has not been investigated.

The present study was undertaken to examine a possible role for cofilin in the synaptic
defects associated with FXS. Here, we show that Rac1-PAK1 signaling is increased in the
somatosensory cortex of £mr1 KO mice. Overexpression of constitutively active cofilin
corrects aberrant spine morphology and density in the somatosensory cortex of Fmri1 KO
mice. PAK inhibition corrects impaired cofilin signaling, glutamatergic signaling, and
sensory processing in £mr KO mice in vivo. These findings implicate dysregulation of
Rac1-PAK1-cofilin signaling with dendritic spine defects, synaptic dysfunction, and
impaired sensory processing associated with FXS.

Increased cofilin phosphorylation and actin polymerization coincide with FXS-associated
spine defects

Cofilin plays a pivotal role in the regulation of spine morphology and density (26,32). We
first examined the abundance of cofilin and its phosphorylation status at Ser3, a biochemical
indicator of cofilin inactivity (28,29), in the somatosensory cortex of FmrZ KO mice. We
focused on the somatosensory cortex, because it affords a valuable system in which to
investigate the formation of topographic maps and their plasticity during critical periods in
development (12,13). Phosphorylation of cofilin at Ser3 was increased in whole-cell lysates
(Fig. 1, A and B, and table S1) and isolated synaptosomes (fig. S1) of the somatosensory
cortex of Fmr KO mice at 1 but not 4 weeks of age relative to control littermates (Fig. 1, C
and D, and table S1). Total cofilin abundance did not differ significantly in Fmr1 KO versus
wild-type mice at any age examined. Thus, the abundance of cofilin phosphorylated at Ser3
is increased, indicative of inactivation, in the somatosensory cortex of FmrZ KO mice at 1
week of age, a critical window of development associated with marked synaptogenesis.

Because phosphorylation status does not necessarily predict function, we used a functional
assay of cofilin activity. Toward this end, we assessed the F-actin/G-actin (globular actin)
ratio, which reflects the balance between actin polymerization and depolymerization, in
somatosensory synaptosomes of 1-week-old Fmr1 KO mice and wildtype littermates. We
reasoned that inactivation of cofilin would lead to an increase in actin polymerization and
thus a higher F-actin/G-actin ratio in synaptosomes from the somatosensory cortex of 1-
week-old Fmir1 KO than in those from wild-type littermates. £mr1 KO mice exhibited a
threefold increase in the F-actin/G-actin ratio relative to that of wild-type mice (Fig. 1E and
table S1), indicative of a shift toward increased actin polymerization. These findings suggest
that cofilin may be unable to depolymerize the actin cytoskeleton, and as a result, actin
polymerization is increased.

We next assessed whether elevated cofilin phosphorylation and actin polymerization
coincided with abnormal spine structure and density. We subjected brain slices at the level of
the somatosensory cortex to Golgi impregnation and assessed spine structure and density in
layer V pyramidal neurons at 1 week of age. We found a small, but significant, increase in
spine density and an increase in long, spindly filopodial-type protrusions (Fig. 1, F and G,
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and table S1), a mark of immature spine morphology, in Fmr1 KO mice relative to wild-type
littermates. Collectively, these findings show that aberrant cofilin phosphorylation coincides
with elevated actin polymerization, which may give rise to spine defects in the
somatosensory cortex of young Fmrl KO mice.

Racl signaling is increased in Fmrl KO mice

Cofilin is a central convergence point of signaling pathways, whereby kinases and
phosphatases can modulate cofilin activity and thus the structure of the actin cytoskeleton
(33-35). The actin cytoskeletal regulator and Rho GTPase, Racl, plays a pivotal role in
modulating cofilin activity and spine architecture, and its dysregulation is implicated in
Fmr1 KO (36-39). Thus, we examined Racl activity in the somatosensory cortex of 1-week-
old Fmr1 KO mice. Rac1-GTPase activity was increased in the somatosensory cortex of
Fmrl KO mice relative to wild-type littermates (Fig. 2A and table S2), with little or no
detectable difference in total Rac1 abundance.

The PAK proteins are critical effectors that link the Rho family of GTPases to cytoskeleton
remodeling (40). PAK1 serves as a target for the small guanosine triphosphate (GTP)-
binding protein Racl and is thought to play a role in cell motility and cell morphology (41).
However, whether PAK activity is dysregulated in FXS and affects cofilin phosphorylation
and activity is currently unknown. We examined PAK1 activity in the somatosensory cortex
of £Fmr1 KO mice. Phosphorylation of PAK1 at Serl9, a phosphosite that undergoes
autophosphorylation upon PAK1 activation (40), was greater in ~mr1 KO than in wild-type
mice (Fig. 2B and table S2), with little or no difference in total PAK1 abundance. In
contrast, phosphorylation of the Cdc42 effector PAK4 at Ser4’4, a site within its kinase
domain (40), was unaltered in Fmr1 KO versus wild-type mice (Fig. 2C and table S2),
consistent with increased Rac1-PAK1-cofilin signaling in FXS.

The small Rho-GTPase Racl, through its effector PAK1, phosphorylates and activates the
serine/threonine kinase Lim kinase 1 (LIMK1) and phosphorylates and inactivates the
phosphatase Slingshot1 (SSH1), thereby promoting phosphorylation and inactivation of
cofilin (22). We first examined the abundance and phosphorylation status of LIMKZ1. Upon
phosphorylation at Thr3%8, LIMK1 is activated and modulates the actin cytoskeleton by
promoting the phosphorylation and inactivation of its major substrate cofilin (28, 29).
Phosphorylation of LIMK1 at Thr5%8 was increased in synaptosomes isolated from the
somatosensory cortex of Fmr1 KO compared with those from wildtype mice (Fig. 2D and
table S2), with no significant difference in total LIMK1 abundance. These findings indicate
that increased phosphorylation of cofilin may be due, at least in part, to increased LIMK1
activity.

We next examined the abundance and phosphorylation of SSH1. Dephosphorylated/active
SSH1 exhibits dual activity in that it dephosphorylates and activates cofilin and, in parallel,
dephosphorylates and inactivates LIMKZX1. This releases the brake imposed by LIMK1 on
cofilin (42). However, phosphorylation of SSH1 at Ser®78 causes inactivation such that SSH1
can no longer dephosphorylate and inactivate LIMKZ or phosphorylate and activate cofilin
(34). Phosphorylation of SSH1 at Ser978 was elevated in synaptosomes isolated from the
somatosensory cortex of Fmrl KO versus wild-type littermates at 1 week of age (Fig. 2E
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and table S2), with little or no difference in total SSH1 abundance. These findings are
consistent with a model in which inactivation of cofilin may be a consequence of both
overactivation of LIMK1 and inactivation of SSH1. Together, these findings document
elevated Rac1-PAK1-cofilin signaling in a mouse model of FXS, which may cause an
imbalance in actin polymerization at the synapse (Fig. 2F).

Inhibition of PAK rescues cofilin signaling and actin polymerization in Fmrl KO mice

The findings thus far show that Rac1-PAK1 signaling, p-cofilin, and actin polymerization
are increased in the somatosensory cortex of young Fmr1 KO mice but do not address a
possible causal relationship between them. To address this issue, we treated FmrZ KO mice
with the small-molecule PAK inhibitor FRAX486, which is able to penetrate the blood-brain
barrier (43), and examined the ability of PAK inhibition to correct aberrant cofilin signaling
and actin polymerization. Administration of FRAX486 (single subcutaneous injection at 20
mg/kg for 8 hours) decreased the abundance of p-LIMK1 (Fig. 3A and table S3) and p-SSH1
(Fig. 3B and table S3) in the somatosensory cortex of 1-week-old FmrZ KO mice relative to
that of vehicle-treated KO mice, with no detectable effect on p-LIMK1 or p-SSH1 in wild-
type mice. In addition, treatment with FRAX486 restored (reduced) the phosphorylation of
cofilin (Fig. 3C and table S3) and the F-actin/G-actin ratio (Fig. 3D and table S3) in Fmr1
KO mice to near that of wild-type mice with little to no effect on cofilin or the F-actin/G-
actin ratio in the corresponding region of wild-type mice. The lack of effect of FRAX486 on
LIMKZ1-cofilin signaling in wildtype mice suggests a scenario whereby, in wild-type mice,
LIMK-cofilin signaling is downstream not only of PAK1 but also of other kinases, such as
ROCK1 (Rho-associated kinase 1) (44), which are not affected by FRAX486. Cofilin
signaling did not differ detectably in vehicle-treated mice compared with untreated mice
(fig. S2 and table S7). These data strongly suggest that increased Rac1-PAK1 activity causes
increased cofilin phosphorylation and actin polymerization in the FmrZ KO mouse (Fig. 3E).

Adult Fmr1l KO mice exhibit normal Racl-cofilin signaling

The results thus far show that LIMK-cofilin signaling is increased in total lysates and
synaptosomes at 1 but not 4 weeks of age (Fig. 1, B and D), but they do not address
signaling upstream or downstream of p-cofilin at 4 weeks of age. Rac1-GTPase, p-PAKL, p-
LIMK1, and the F-actin/G-actin ratio were unaltered in samples of FmrZ KO and wildtype
littermates at 4 weeks of age (fig. S3, A to C and E, and table S8). By contrast, p-SSH1 was
increased in synaptosomes of Fmr1 KO mice at 4 weeks of age (fig. S3D and table S8),
consistent with the concept that SSH1 is phosphorylated by kinases other than PAK1, such
as protein kinase D1 (34). By contrast, all members of the pathway (Rac1-GTP, p-PAK1, p-
LIMK1, and p-SSH1) and the F-actin/G-actin ratio were comparable in the somatosensory
cortex of Fmr1 KO and wildtype mice at 2 to 5 months of age (fig. S3, F to J, and table S8),
and p-cofilin remained unaltered in FmrZ KO mice relative to wild-type mice (fig. S4 and
table S8). Thus, aberrant Rac1-cofilin signaling (with the exception of p-SSH1) is restricted
to the critical period in the somatosensory cortex of Fmr1 KO mice.

CofilinS3A overexpression rescues spine defects in Fmrl KO mice

The results thus far indicate that aberrant cofilin signaling in the somatosensory cortex
coincides with defects in dendritic spines in FmrZ KO mice, but do not address a causal
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relation between the two. We reasoned that if elevated actin polymerization (F-actin/G-actin
ratio), due to cofilin inactivation, is driving the spine defects observed in the somatosensory
cortex of Fmr1 KO mice during the critical period, then overexpression of a constitutively
active nonphosphorylatable cofilin mutant in which the Ser3 residue is converted to an
alanine (cofilinS3A) may depolymerize the actin cytoskeleton and correct spine morphology
and spine density. To assess causality between increased abundance of p-cofilin and spine
defects, we delivered green fluorescent protein (GFP)-tagged cofilinS3A (a constitutively
active mutant), GFP-tagged wild-type cofilin, or GFP alone (negative control).

Before the delivery of cofilinS3A into the somatosensory cortex of Fmr1 KO and wild-type
littermates, constructs were subcloned into a self-inactivating lentiviral vector, sequenced,
and validated in cortical cultured neurons. To determine whether constitutively active cofilin
could depolymerize the actin cytoskeleton, cofilinS3A was overexpressed in somatosensory
cultured neurons at 4 to 5 days in vitro (DIV) and cultured for a further 5 to 7 days. The F-
actin/G-actin ratio was significantly reduced in neurons overexpressing cofilinS3A relative
to untreated cultures (Fig. 4, A and B, and table S4). In neurons overexpressing GFP, wild-
type cofilin, or a constitutively inactive phosphomimetic cofilin mutant (cofilinS3D), the F-
actin/G-actin ratio did not differ detectably from that of untreated cultures (Fig. 4B and table
S4). These findings provide technical and biological validation that cofilinS3A
depolymerizes the actin cytoskeleton in neurons when administered by means of the
lentiviral expression system.

We next assessed whether overexpression of cofilinS3A in the somatosensory cortex of
Fmrl KO mice in early postnatal life could correct aberrant dendritic spine morphology and
density to wild-type levels. Lentiviral vector containing GFP-tagged cofilinS3A, GFP-
tagged wild-type cofilin, or GFP alone was injected unilaterally into the somatosensory
cortex of postnatal day 4 (P4) or P5 mice, followed by 5 to 7 days to allow for viral
expression (Fig. 4C and table S4). Spine analysis was performed on layer V neurons of mice
aged P10 to P12, a critical time windowwhen spine defects are prominent (17). Fmr1 KO
neurons overexpressing GFP or wild-type cofilin showed a marked increase in average spine
length relative to that of wild-type mice (Fig. 4, C and D, and table S4), indicative of an
immature phenotype. In contrast, overexpression of wild-type cofilin had little or no effect
on the F-actin/G-actin ratio or spine morphology in wild-type neurons (Fig. 4B), presumably
because mature wild-type neurons normally exhibit short, stubby mature spines, indicative
of normal actin depolymerization (26, 45). Overexpression of cofilinS3A modestly reduced
the average spine length in wild-type neurons and rescued the increased spine length in
Fmr1 KO neurons. Neurons from Fmr1 KO mice exhibited a marked decrease in average
spine head width compared with those from wild-type mice (Fig. 4, C and E, and table S4).
Whereas cofilinS3A did not alter spine head width, it rescued the increased spine length—to—
head width ratio, a measure of spine immaturity, in £mr1 KO neurons (Fig. 4, C and F, and
table S4). This is consistent with the idea that actin-binding proteins located in the spine
core away from the postsynaptic density (PSD), such as cortactin (46), can bind to cofilin
independent of its Ser? residue and presumably inhibit its depolymerizing activity in the
spine core, thus not changing spine head shape. We next classified spines as mature (stubby
and mushroom-shaped) and immature (long, thin, or spindly filopodial protrusions). Fmr1
KO neurons exhibited a marked increase in percent spindly or immature spines and a

Sci Signal. Author manuscript; available in PMC 2018 June 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pyronneau et al.

Page 7

marked decrease in the percent mushroom or stubby spines, which were restored to wild-
type levels by overexpression of cofilinS3A (Fig. 4, C, G, and H, and table S4). Last, Fmrl
KO neurons exhibited a small, but significant, increase in spine density relative to that of
wild-type neurons (Fig. 41 and table S4), which was restored to wild-type levels by
overexpression of cofilinS3A. Collectively, these findings document that inactivation of
cofilin is causally linked to spine defects in the developing somatosensory cortex of Fmrl
KO mice during the critical period.

Altered glutamatergic signaling in Fmrl KO mice is corrected by PAK inhibition

The results thus far demonstrate a causal relation between cofilin inactivation and dendritic
spine defects in Fmr1 KO but do not address the functional consequences of elevated Racl-
PAK1-cofilin signaling in the somatosensory cortex of FmrZ KO mice during the critical
period. Excitatory intracortical circuitry in the somatosensory cortex develops primarily
within the first 2 weeks of life (47). To investigate whether elevated Rac1-PAK1-cofilin
signaling affects synaptic responses of intracortical synapses of layer V neurons, Fmr1 KO
and wild-type littermates were treated with a single subcutaneous injection of the PAK
inhibitor FRAX486 (20 mg/kg) or vehicle at P6 and again at P14. \Joltage-clamp recordings
were made from neurons at P7 or P15, respectively, in the presence of the -y-aminobutyric
acid (GABA) inhibitor picrotoxin (50 uM) to isolate the excitatory postsynaptic current
(EPSC). In vehicle-treated wild-type mice at P7, the A-methyl-D-aspartate (NMDA)
component of synaptic transmission was small relative to the AMPA component (NMDA/
AMPA ratio, 0.67 £ 0.06; Fig. 5, A and B, and table S5). In contrast, age-matched, vehicle-
treated Fmr1 KO mice exhibited a significantly greater NMDA/AMPA ratio (1.53 + 0.29;
Fig. 5, A and B, and table S5). A single injection of the PAK inhibitor FRAX486 did not
detectably alter the NMDA/AMPA ratio in wild-type animals (Fig. 5, A and B), but
significantly reduced the NMDA/AMPA ratio in £Fmr1 KO mice to a value indistinguishable
from that of vehicle-treated wild-type animals.

To determine whether the alteration in the NMDA/AMPA ratio could be attributed to
changes in the synaptic content of AMPA or NMDA receptors (NMDARS), we recorded
miniature EPSCs (MEPSCs) in layer V neurons in the presence of picrotoxin and
tetrodotoxin (TTX) (500 nM). The mEPSC amplitude was not significantly different
between the vehicle-treated FmrZ KO and wild-type littermate groups at P7, suggesting that
there was no change in the AMPA content of synapses in KO animals. FRAX486 caused an
increase in mEPSC amplitude in the KO animals, with little or no change in the mEPSC of
wild-type mice. KO mice exhibited a reduction in mEPSC frequency relative to that of wild-
type mice, which was not rescued by the administration of FRAX486. FRAX486-treated
wild-type mice also had a significantly lower mEPSC frequency (Fig. 5, C and D, and table
S5). These results demonstrate that the AMPA content of synapses is not altered in layer V
neurons of Fmr1 KO mice; however, the reduced frequency of mEPSCs in the vehicle-
treated KO could represent either a reduced release probability or postsynaptic processes
such as loss of functional synapses, which are more prevalent in layer V neurons in Fmrl
KO mice.
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We observed that Racl1-cofilin signaling is normalized after P14 in Fmr1 KO mice.
Therefore, we assessed the NMDA/AMPA ratio in layer V in 2-week-old mice, a time when
spine density is normal (17). At P15, the NMDA/AMPA ratio of vehicle-treated Fmr1 KO
was not significantly different from that of FRAX486-treated Fmr KO mice or vehicle-
treated wild-type littermates (Fig. 5E and table S5). The mEPSC amplitude and frequency
did not differ detectably in KO and wild-type mice. However, the amplitude of mEPSCs was
reduced in both drug-treated groups. It is possible that the reduction in mEPSC amplitude
may be attributed to the distinct mechanisms of action of the drug on AMPA receptor
(AMPAR) expression and synaptic targeting (48).

PAK inhibition rescues impaired sensory processing in Fmrl KO mice

After the critical period of the barrel cortex is closed, Fmr1 KO mice exhibit a greater tactile
response in the sensory cortex (49). Because the somatosensory cortex is critical for
processing tactile information, we hypothesized that FmrZ KO mice may not process tactile
information properly. To test this, we used a whisker-dependent texture discrimination task
(50). Three- to 4-week-old mice were used for this task (Fig. 6A and table S6), because after
3 to 4 weeks of age, the critical period closes, a period in which the hardwiring of synaptic
circuits in the somatosensory cortex is generally established (18, 49, 51, 52). Wild-type mice
could discriminate a novel texture (100-grit sandpaper of coarse texture) from a visually
identical familiar textured object (80-grit sandpaper of fine texture; Fig. 6B and table S6),
indicating normal sensory processing. In contrast, FmrZ KO mice failed to discriminate a
novel texture from a familiar texture (Fig. 6B and table S6), indicating impaired sensory
processing. The texture discrimination task is dependent on sensory processing through
intact mystacial vibrissae, given that wild-type mice with trimmed whiskers or introduced to
“texture-less” objects (80- or 100-grit objects wrapped with parafilm) failed to discriminate
the novel texture (Fig. 6, C and D, and table S6). Furthermore, the Fmr1 KO defect in
texture discrimination was most likely not hippocampal-dependent, given that a 5-min
retention time between the learning phase and the testing phase did not impair the ability of
Fmr1 KO mice to distinguish a novel object in the novel object recognition task, which
assesses hippocampal-dependent memory (Fig. 6E and table S6).

Finally, we asked whether increased Rac1-PAK1-cofilin signaling caused the impaired
sensory processing in £Fmr KO mice. Wild-type and Fmr1 KO animals were given a single
subcutaneous injection of the brain-penetrant PAK inhibitor FRAX486 or vehicle control
once at P7, once at P14, and once at 3 to 4 weeks of age, 24 hours before the testing phase of
the texture discrimination task. Vehicle-treated FmrZ KO mice exhibited impaired sensory
processing, which was rescued by FRAX486 (Fig. 6F and table S6). In separate control
experiments, a single injection of FRAX486 at 3 to 4 weeks of age also rescued sensory
processing, indicating that it is not essential to administer the inhibitor during the critical
period. These findings link aberrant Rac1-PAK1-cofilin signaling to impaired sensory
processing in FXS.
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DISCUSSION

Here, we show that the actin-depolymerizing factor cofilin, a downstream target of the small
Rho GTPase Racl and major determinant of dendritic spine structure, is dysregulated in the
somatosensory cortex of young Fmr1 KO mice and causally related to spine abnormalities.
We further show that Rac1-PAKL signaling is elevated in the somatosensory cortex of Fmr1
KO mice and causally related to impaired cofilin signaling. Accordingly, Rac1-PAK1
signaling promotes phosphorylation and activation of LIMKZ1, an upstream inhibitor of
cofilin, and in parallel promotes phosphorylation and inactivation of the phosphatase SSH1,
an upstream activator of cofilin. This is significant in that LIMK1 phosphorylates and
inactivates cofilin at Ser3, a highly conserved LIMK site, whereas SSH1 dephosphorylates
and inactivates LIMK and dephosphorylates and activates cofilin at Ser3. These findings are
consistent with a model whereby cofilin serves as a convergence point of signaling pathways
that modulate the structure of the actin cytoskeleton (34). In the somatosensory cortex of
wildtype mice, phosphorylation of cofilin at the LIMK site Ser3 is low and its activity is
high. Depolymerization of actin by cofilin limits spine density and promotes maturation of
spines. In the somatosensory cortex of Fmr1 KO mice, the translational brake imposed by
FMRP is released, leading to elevated Rac1-PAK1 signaling. Accordingly, cofilin
phosphorylation is high and its activity is low. This results in an imbalance in the actin
cytoskeleton, which is shifted toward elevated actin polymerization (increased F-actin/G-
actin ratio) and an immature spine phenotype. This, in turn, represses maturation of dendritic
spines and allows spine numbers to go unchecked. The concept that increased Rac-PAK
signaling coincides with increased spine density concurs with findings of others (53, 54).
Constitutively active (nonphosphorylatable) cofilinS3A corrected aberrant spine morphology
and density in the somatosensory cortex, indicating a causal relation between elevated
cofilin phosphorylation and an overabundance of immature spines. These findings provide a
novel and previously unappreciated mechanism, whereby FMRP regulates the activity of the
actin-depolymerizing agent cofilin via aberrant Rac1-PAK1 signaling. When we were in the
final stages of writing our paper, Kashima and colleagues (55) published a paper in which
they showed that in fragile X mice, the abundance of the full-length isoform of bone
morphogenetic protein type Il receptor (BMPR2) is increased and activates LIMK1, which
phosphorylates and inhibits cofilin to promote neurite outgrowth and dendritogenesis.
Although not addressed by the paper, it is interesting to speculate that BMPR2 may activate
LIMK via Rac1/PAK activation. In a sequel to this paper, Kashima and colleagues (56) go
on to show that hyperactive locomotion in a Drosgphila model of fragile X is a functional
readout for the synaptic abnormalities (and increased BMPR2-LIMK signaling) associated
with FXS.

Findings from the present study link aberrantly increased Rac1-PAK1 signaling to
alterations in glutamatergic synaptic transmission. We show that the NMDA/AMPA ratio is
increased at intracortical excitatory synapses in layer V of the somatosensory cortex of Fmrl
KO mice at P7. This is significant in that as glutamatergic synapses mature, activity-
dependent incorporation of AMPARS increases, resulting in a reduction in the NMDA/
AMPA ratio (57,58). Our finding that the NMDA/AMPA ratio is increased in £mr1 KO mice
at P7, but is normal at P15, is consistent with a delay in maturation of (rather than a
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permanent defect in) glutamatergic synapses in layer IV (18). Our finding of a reduction in
mEPSC frequency, but not amplitude, at cortical synapses of Fmr1 KO mice early in
development (P7) is consistent with the finding of elevated (NMDA only) “silent” synapses
and a decrease in functional synapses at this age (57). The PAK inhibitor FRAX486 corrects
the NMDA/AMPA ratio in layer V of Fmr1 KO mice to wild-type levels, indicating a causal
relation between elevated Rac1-PAK1 signaling and aberrantly regulated glutamatergic
transmission. This is significant in that cofilin drives AMPAR trafficking and synaptic
incorporation during synaptic plasticity (48), a mechanism that may underlie the ability of
FRAX486 to correct the NMDA/AMPAR ratio in £Fmr1 KO mice. At the same time, the
overabundance of immature filopodial protrusions observed in the somatosensory cortex of
these FXS model mice may delay stabilization and maturation of synapses. Our finding that
FRAX486 reduces the mEPSC frequency in wild-type animals suggests that PAK inhibition
alters not only postsynaptic receptor dynamics and spine organization but also presynaptic
release. An alternative interpretation is that PAK inhibition does not necessarily alter
presynaptic release but rather the number of functional synapses.

Our finding that tactile learning, assessed by means of a whisker-dependent texture
discrimination task (50), is impaired in Fmr1 KO mice is significant in that humans with
FXS exhibit hypersensitivity to sensory stimuli such as touch (59, 60), and FXS model mice
exhibit tactile hypersensitivity in response to whisker stimulation (49, 61). Tactile
hypersensitivity may underlie the inability of FmrZ KO mice to distinguish novel versus
familiar textures. Our finding that activation of cofilin during the critical period corrects
tactile hypersensitivity links aberrant Rac1-PAK1-cofilin signaling to impaired sensory
processing in FXS model mice. However, our findings do not preclude the possibility that
FRAX486 is acting independently of PAK. Previous studies show that pharmacological
inhibition of PAK corrects spine density and hyperactive/repetitive behaviors (43).
Moreover, crossing Fmrl KO mice with mice expressing dominant-negative PAK corrects
spine density, long-term potentiation at cortical synapses, and hyperactive/repetitive
behaviors (62). Our study represents an advance over previous studies in that we
demonstrate that activation of cofilin corrects spine morphology and number, and that PAK
inhibition corrects aberrant cofilin signaling, actin polymerization (F-actin/G-actin ratio),
NMDA/AMPA ratio, and a somatosensory cortex—specific behavior. Whereas our study
shows rescue of the FXS phenotype in young mice at ages when the phenotype is strong, the
earlier studies show rescue in adult mice, when the phenotype is thought to be more subtle.

In summary, the present study links aberrant Rac1-PAK-cofilin signaling to impaired spine
morphology, synaptic transmission in layer V of the somatosensory cortex, and sensory
perception in Fmr1 KO mice. These findings reveal a novel role for cofilin as a therapeutic
target for FXS. Given that spine abnormalities are observed in different neuronal populations
at different ages, the advent of cofilin as a therapeutic target for amelioration of FXS
remains controversial. Dysregulation of cofilin signaling and its upstream regulators are
implicated not only in FXS but also in Alzheimer’s, Parkinson’s, and Huntington’s diseases
and schizophrenia (63-66). Thus, findings in the present study may have profound
implications not only for patients with FXS but also for those with other neurobehavioral
and neuropsychiatric disorders.
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MATERIALS AND METHODS

Animals

Genotyping

FVB.129P2-Pde6b+ Tyre-th Fmr1tm1Car/j (Fmr1 KO) and FVB.129P2-Pde6b+ Tyrcch/Ant]
(wild-type) mice were obtained from the Jackson Laboratory, maintained in a temperature-
and light-controlled environment with a 12-hour/12-hour light/dark cycle, and treated in
accordance with the principles and procedures of the National Institutes of Health (NIH)
Guide for the Care and Use of Laboratory Animals. Protocols were approved by the
Institutional Animal Care and Use Committee of the Albert Einstein College of Medicine.
Because FXS is X-linked, all experiments were performed on male mice.

Animals were genotyped using standard polymerase chain reaction (PCR) techniques as
previously described (67). To detect the Fmrl wild-type allele [527-base pair (bp) product],
PCR was performed on DNA from mouse tails using primers for Fmr1_S1 (5'-
GTGGTTAGC-TAAAGTGAGGATGAT-3") andFmrl_S2 (5"-CAGGTTTGTTGGG-
ATTAACAGATC-3"). To detect the Fmrl KO allele (501-bp product), primers for Fmrl_S1
and Fmrl_N2 (5'-TGGGCTCTATGGCTTCT-GA-3"), which bind to the Neo cassette that
replaced exon 5 from the Fmr1 gene, were used. The PCR conditions were identical for both
Fmrl S1/S2 and S1/N2 combinations: 94°C for 2 min, 35x% (94°C for 30 s, 60°C for 40 s,
72°C for 90 s) and 5 min at 72°C using standard PCR reagents.

Golgi staining and neuronal morphology

FD Rapid GolgiStain Kit (FD NeuroTechnologies) was used as the staining procedure. One-
week-old Fmrl KO or wild-type littermate control animals were anesthetized with
isoflurane, and whole brains were removed from each animal. Brains were quickly rinsed
with Milli-Q water, immersed in Golgi impregnation solution (solutions A and B), and
stored in the dark at room temperature for 2 weeks. Brains were then transferred to solution
C and stored in the dark at 4°C for 1 to 3 days. Brains were then snap-frozen in cold 2-
methylbutane on dry ice for 2 min and stored in —80°C. Thick sections (200 mm) were cut
using a Leica cryostat at —20°C from brains embedded in Tissue Freezing Medium (Triangle
Biomedical Sciences). Sections were then transferred to cold SuperFrost Plus microscope
slides. To complete the staining procedure, microscope slides containing the brains sections
were rinsed in Milli-Q water twice for 2 min each, placed in a mixture (one part solution D,
one part solution E, and two parts of Milli-Q water) for 10 min and rinsed again in Milli-Q
water twice for 4 min each. Slides were dehydrated with 50, 75, and 95% ethanol for 4 min
followed by absolute ethanol two times for 8 min each. Slides were cleared with xylene
three times for 4 min each and coverslipped with Permount. Six animals (three animals and
12 to 13 neurons per genotype) were used for dendritic spine analysis. Dendritic spines of
layer V pyramidal neurons from the primary somatosensory cortex were imaged on an
Olympus brightfield microscope using Neurolucida software with a 100x oil immersion
lens. Dendritic spine density was determined by counting the total number of spines along
the apical dendrite from the soma to 130 pm whether it was a primary, secondary, or tertiary
branch. All neurons per genotype were pooled, and the average spine number per unit length
(10 um) was established. The classification of dendritic spine morphology was based on
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previous findings (68, 69) and determined in all imaged neurons using a categorization
macro in Neurolucida software. All neurons for a given genotype were pooled, and fractions
of all of the individually classified spines were assessed for statistical significance. All
experiments were performed with an examiner blinded to genotype. Distracting artifacts
were digitally removed in Adobe Photoshop for display purposes only.

Synaptosomal preparation and Western blotting

Synaptosomes were prepared as described (70). Briefly, Fmr1 KO and wild-type littermate
controls aged 1 week, 4 weeks, or 2 to 5 months were anesthetized with isoflurane and
decapitated, and whole brains were removed. Brains were quickly rinsed with Milli-Q water,
and the somatosensory cortex was isolated and homogenized in gradient buffer [1 ml of 1.28
M sucrose, 4 mM EDTA, 50 mM dithiothreitol (DTT), 20 mM tris (pH 7.4) with protease
and phosphatase inhibitors (Sigma-Aldrich)]. The homogenate was centrifuged at 1000g for
10 min. The pellet was discarded, and the supernatant was loaded on a Percoll discontinuous
gradient (3, 10, 15, and 23%) and centrifuged at 31,0009 for 6 min. Synaptosome fractions
were removed from the 15 to 23% interface. Phosphate-buffered saline was added, and
synaptosomes were centrifuged at 20,0009 for 10 min. Supernatants were discarded, and the
pellets were resuspended and lysed in 50 mM tris, 150 mM NaCl, 1% Triton X-100,0.5%
deoxycholate (pH 7.2) for Western blotting. Protein concentrations of synaptosome fractions
were measured by means of the bicinchoninic acid assay (Pierce). Aliquots of equal protein
samples (between 2 and 15 pg) were run on SDS—polyacrylamide gel electrophoresis (4 to
12%), transferred to a nitrocellulose membrane, and probed with a primary antibody
overnight at 4°C and a secondary antibody for 1 hour at room temperature. Membranes were
washed and reacted with enhanced chemiluminescence reagent (Pierce). Band densities were
normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Lentiviral vectors

For overexpression of wild-type and mutant cofilin in neurons of intact animals, we
subcloned pEGFP-N1, pcDNA3-EGFP-cofilin, pcDNA3- EGFP-cofilinS3A, and pcDNA3-
EGFP-cofilinS3D (gift of I. Ethell, University of California at Riverside) into a self-
inactivating lentiviral vector pRRLsin.cPPT.CMV.eGFP.Wpre to generate
PRRLsin.cPPT.CMV.eGFP.Wpre, pRRLsin.cPPT.CMV.eGFP-WTcofilin.Wpre, pRRLsin.
cPPT.CMV.eGFP-cofilinS3A.Wpre, and pRRLsin.cPPT.CMV.eGFP-cofilinS3D.Wpre
transfer constructs. High-titer vesicular stomatitis virus-pseudotyped lentiviral stocks were
produced in human embryonic kidney (HEK)-293T cells (71-73). Briefly, cells were
transfected with the pRRLsin.cPPT.CMV.eGFP.Wpre, pRRLsin.cPPT.CMV.eGFP-
WTcofilin.Wpre, pRRLsin.cPPT.CMV.eGFP-cofilinS3A.Wpre, or
pRRLsin.cPPT.CMV.eGFP-cofilinS3D.Wpre transfer constructs; the packaging constructs
pMDLg-pRRE and pRSV-REV; and pMD2.G envelope protein construct by means of
calcium phosphate (73, 74). Viral titers were determined by transducing HelL a cells with
serial dilutions of lentivirus concentrated by ultracentrifugation as previously described (75).
GFP fluorescence was evaluated by flow cytometry (Becton Dickinson LSR 11 flow
cytometer) 72 hours after transduction. Titer was 3 x 108 transducing units/ml after 200-fold
concentration of vector supernatant.
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In vivo delivery of viral constructs

A self-inactivation lentivirus encoding either GFP, wild-type cofilin, or cofilinS3A was
delivered into the right somatosensory cortex of P4 or P5 Fmr1 KO mice and wild-type
littermates by stereotaxic injection. Briefly, animals were placed on a stereotaxic frame,
anesthetized with 4% isoflurane, and maintained at 1.5% isoflurane anesthesia. Throughout
the injection procedure, supplemental heat was provided using a heating lamp. The incision
site was scrubbed with Betadine (Purdue) antiseptic. A small burr hole was drilled in the
skull overlaying the right somatosensory cortex. Concentrated viral solution (1.0 ml) was
injected into the right somatosensory cortex by means of a 10-ml Hamilton syringe with a
26-gauge needle driven by a Quintessential Stereotaxic Injector (Stoelting Company) at a
flow rate of 0.1 ml/min. The injection site was defined by the following coordinates: at P5,
2.5 to 3 mm posterior to bregma, 2 mm lateral to bregma, and 0.3 mm ventral from dura.
The needle was left in place for an additional 2 min and then gently withdrawn. The incision
was closed with cyanoacrylate glue. After injection, animals were placed in a clean-heated
cage to recover. The animals were anesthetized again 5 to 7 days after surgery and
decapitated, and brains were put in a cold 4% paraformaldehyde/4% sucrose solution to sit
overnight at 4°C in the dark. Brains were snap- frozen and cut into 100-mm-thick sections in
the coronal plane with a Leica CM30505 cryostat. Sections were mounted, and labeled
neurons were identified and imaged using an LSM 510 Meta confocal microscope.

Confocal microscopy imaging analysis and quantification

An LSM 510 Meta confocal microscope was used to image GFP-labeled sections, whereby
GFP was excited using the argon 488-nm laser line. Layer VV somatosensory neurons were
imaged using a series of high-resolution optical sections (1024 pixel x 1024 pixel format)
that were acquired using a 63x oil immersion objective (numerical aperture, 1.4), with 1x to
1.5x zoom at 0.38-mm step intervals (z-stack). Three-dimensional image stacks were
processed and analyzed using ImageJ (NIH). The segmented line tool was used to assess
spine length and head width. Spine length was defined as the distance from the tip of the
spine head to the base of the dendrite, whereas the head width was defined as the largest
diameter across the spine head perpendicular to the spine length. The LWR, which reflects
spine morphology (76), was assessed by dividing the length of each individual spine by the
head width of that spine (the higher the LWR, the more immature the spine, and the lower
the LWR, the more mature the spine). Dendritic spine density was determined by counting
the total number of spines along the apical dendrite from the soma to 100 um whether it was
a primary, secondary, or tertiary branch. Last, dendritic spines were grouped according to
morphology, and the percentage of spines based on morphology was quantified, whereby
morphology included (i) mature spines (mushroom spines defined as a short protrusion with
a thick head and a thin neck, and stubby spines defined as a short protrusion with a thick
head and no well-defined neck) and (ii) immature spines (thin/filopodia spines defined as a
long protrusion with small heads). Six to 10 animals were used per group, and one to seven
dendrites were analyzed per animal. In some images, distracting fluorescent processes were
digitally removed in Adobe Photoshop for display purposes only.
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PAK inhibition
The small-molecule inhibitor FRAX486 (Tocris Bioscience), which provides good potency
and selectivity of group | PAKs (PAK1/2/3) over group 1l PAKs (PAK4/5/6) (43), was
dissolved in 20% (w/v) hydroxypropyl-p-cyclodextrin vehicle (Sigma-Aldrich). At P7 in
both wild-type and KO animals, a solution (2 mg/ml) of drug or vehicle control was
administered by subcutaneous injection at 20 mg/kg in a volume proportional to the animal’s
weight. Eight hours after drug administration, whereby the maximum concentration of
FRAX486 is reached in the brain (43), mice were sacrificed, synaptosomes from mouse
brains were isolated, and Western analysis was conducted to assess cofilin signaling and F-
actin/G-actin ratio. For electrophysiology experiments, animals were injected at P6 or P14,
and experiments were performed at P7 or P15, respectively.

Electrophysiological recordings

Coronal slices (400 um) were prepared from FmrZ KO mice and littermate wild-type mice at
1 or 2 weeks of age. The investigator was blind to the genotype, and post hoc genotyping
was completed after experiments and analysis. Acute sections were prepared for
electrophysiological recordings as previously described (18, 77). Whole-cell patch
recordings were made from upper layer V pyramidal neurons in somatosensory cortex using
a Multiclamp 700B patch clamp amplifier (Axon Instruments) at 31°C. Borosilicate glass
electrodes were made to have resistances of 4 to 5 megohms when filled with cerebrospinal
fluid (CSF) internal solution containing 95 mM CSF, 25 mM CsCl, 10 mM Cs-Hepes, 10
mM Cs-EGTA, 2 mM NaCl, 2 mM Mg-adenosine triphosphate (ATP), 10 mM QX-314,5
mM TEA-CI (tetraethylammonium chloride), 5 mM 4-AP, pH adjusted to 7.3 with CsOH.
For measurement of the NMDA/AMPA ratio, extracellular stimulation was delivered with a
unipolar stimulating electrode placed in lower layer V. Only stable evoked EPSC recordings
with constant latency were accepted as monosynaptic EPSCs. Series resistance was
continuously monitored using hyperpolarizing voltage steps generated by pClamp 10
software (Axon Instruments), and recordings were discarded if there was a >15% change
during the course of the experiment. All recordings were made in the presence of the GABA
type A (GABA) receptor antagonist picrotoxin (50 pM). Recordings of epileptic discharge,
voltage-activated currents, or polysynaptic currents were discarded. In a single trial, an
AMPAR-mediated current was evoked first while holding the cell at =70 mV before stepping
to +40 mV, where an NMDAR- mediated current was recorded. Twenty-five sweeps were
used to calculate the average AMPAR current amplitude measured as the peak current at —=70
mV and NMDAR currents measured during a 2.5-ms window, 60 ms after the response onset
at +40 mV. To record mEPSC, whole-cell recordings were performed by holding the cell at
=70 mV with K-gluconate internal solution containing 120 mM K-gluconate, 9 mM KCI, 10
mM KOH, 3.48 mM MgCl,, 10 mM Hepes, 4 mM NaCl, 4 mM Na,ATP, 0.4 mM Na3GTP,
and 17.5 mM sucrose (pH 7.25 to 7.35). Ten-minute epochs of mMEPSCs recordings were
performed in the presence of picrotoxin (50 pM) and TTX (500 nM). mEPSCs were
analyzed using MiniAnalysis (Synaptosoft), and amplitude and frequency were averaged
from the 10-min recording.
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Rac1l activation assay

Total somatosensory cortex lysates from wild-type and KO animals were homogenized with
Mg?2* lysis buffer (Millipore) with a complete protease inhibitor cocktail. The expression
level of Rac1-GTP was then assessed using a Rac/Cdc42 pull-down kit (Millipore). Samples
(100 mg) were incubated and rocked with 10 mg of glutathione S-transferase (GST)-tagged
PAK-PBD agarose beads (Millipore) for 2 hours. Beads were pelleted by centrifugation
(14,0009 for 15 s at 4 °C), and the supernatant was discarded. The pelleted beads were
washed with lysis buffer three times, resuspended in 50 ml of 2x Laemmli buffer, boiled for
5 min, and subjected to Western blot analysis. GTP and guanosine diphosphate (GDP)
loading controls were incubated with 100 uM GTP-gS or 1 mM GDP for 30 min at 30°C.

F-actin/G-actin ratio

F-actin/G-actin ratio was assessed as previously described (27). Briefly, once synaptosome
fractions from wild-type and KO animals were isolated, fractions were resuspended in cold
lysis buffer [10 mM K,HPOy4, 100 mM NaF, 50 mM KCI, 2 mM MgCl,, 1 mM EGTA, 0.2
mM DTT, 0.5% Triton X-100, 1 mM sucrose (pH 7.0)] and centrifuged at 15,0009 for 30
min. Separation of F-actin to G-actin was achieved in that F-actin is insoluble (pellet) to this
buffer, whereas G-actin is soluble (supernatant). The G-actin supernatant was transferred to
a fresh tube, and the F-actin pellet was resuspended in lysis buffer plus an equal volume of a
second buffer [1.5 mM guanidine hydrochloride, 1 mM sodium acetate, 1 mM CaCl2, 1 mM
ATP, 20 mM tris-HCI (pH 7.5)] and then incubated on ice for 1 hour to convert F-actin into
soluble G-actin with gentle mixing every 15 min. Samples were centrifuged at 15,000¢ for
30 min, and the supernatant (containing the F-actin, which was converted to G-actin) was
transferred to a fresh tube. F-actin and G-actin samples were loaded with equal volumes and
analyzed by Western blotting.

Whisker-dependent texture discrimination task

The whisker-dependent discrimination task was performed as previously described (50).
Wild-type and Fmr1 KO mice aged 3 to 4 weeks were used in this study because this marks
a window after the critical period closes when the hardwiring of synaptic circuits in the
somatosensory cortex is generally established. A plastic rectangular arena was used that
consisted of transparent walls and a transparent floor. Objects used for the texture
discrimination task were constructed with metal blocks wrapped with red-colored sandpaper.
Different grades of red sandpaper (80 and 100 grit) were used to create objects that could be
distinguished through texture. To minimize object recognition by olfactory cues, at least
three identical objects with a certain grade of sandpaper were used. For three consecutive
days before the testing day, each animal was allowed to explore the empty arena for 10 min.
The testing day was consisted of two sessions, which were recorded with a video camera
centered above the arena. A mouse was placed in the center of the arena between two
identical objects (80-grit blocks) equidistant from each other and allowed to explore for 5
min. The mouse was then placed in a holding cage for 5 min. During this waiting period, an
80-grit block was replaced with a new identical 80-grit block and the other 80-grit block was
replaced with a 100-grit block (the position of this block was switched from mouse to
mouse). The mouse was placed back in the arena and allowed to explore for 5 min.
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Investigation was defined as directing the nose toward the object or touching the object with
a distance of less than 2 cm. Resting, grooming, or sitting on the object was not considered
investigation. Mice that did not investigate both objects for a minimum of 10 s were
excluded from the study. Time (in seconds) exploring the novel texture divided by the total
time exploring both objects yielded a preference index, where a preference index above 50
indicated an ability to discriminate the novel texture from the familiar texture. For “whisker-
less” control experiments, whiskers from wild-type animals were completely trimmed before
habituation. For texture-less control experiments, wild-type animals were subjected to
objects wrapped with parafilm to eliminate the ability to palpate the sandpaper. For PAK
inhibition experiments, a solution (2 mg/ml) of drug or vehicle control was administered by
subcutaneous injection at 20 mg/kg in a volume proportional to the animal’s weight once at
P7 (during the critical period), once at P14 (toward the close of the critical period), and once
more at 3 to 4 weeks (after the critical period closes) of age on the third day of habituation
24 hours before the testing phase. All experiments were recorded and scored by two
observers blind to the genotype.

The following antibodies were used in this study: rabbit anti-phospho-cofilin (Ser3; 1:1000;
Cell Signaling), rabbit anti-cofilin (1:1000; Cell Signaling Technology), rabbit anti-phospho-
LIMK1 (Thr98: 1:1000; Abcam), rabbit anti-LIMK1 (1:1000; Cell Signaling Technology),
rabbit anti-phospho-Slingshot1 (Ser®’8; 1:1000; ECM Biosciences), rabbit anti-Slingshot1
(1:1000; Abcam), rabbit anti-phospho-PAK1 (Ser199: 1:1000; Abcam), rabbit anti-phospho-
PAK1 (Thr423; 1:1000; Cell Signaling Technology), rabbit anti-PAK1 (1:1000; Cell
Signaling Technology), mouse anti-phospho-PAK4 (Ser474; 1:1000; Santa Cruz
Biotechnology), rabbit anti-PAK4 (1:1000; Cell Signaling Technology), mouse anti-Racl
(1:1000; Millipore), mouse anti-GAPDH (1:50,000; Fitzgerald), mouse anti-actin (1:10,000;
Sigma-Aldrich), rabbit anti-FMRP (1:1000; Abcam), rabbit anti-PSD95 (1:1000; Cell
Signaling Technology), mouse anti-SV2 (1:2000; Developmental Studies Hybridoma Bank),
mouse anti-VAMP2 (1:1000; Thermo Fisher Scientific), rabbit histone H3 (1:1000; Cell
Signaling Technology), horseradish peroxidase (HRP)-linked rabbit anti-immunoglobulin G
(1gG) (1:5000; Cell Signaling Technology), and HRP-linked mouse anti-IgG (1:5000; Cell
Signaling Technology).

Cell culture and viral transduction

Primary cultures of somatosensory cortical neurons were prepared from embryonic day 18
(E18) rats, and cortical cells were cultured in Neurobasal medium with B-27 supplement and
GlutaMAX. Neuronal cultures were maintained 4 or 5 DIV before application of lentivirus
containing GFP, wild-type cofilin, cofilinS3A, or cofilinS3D. Five to 7 days were allowed
for transduction of the virus to occur. Cultures were used to assess transduction efficiency in
primary neuronal cultures and F-actin/G-actin ratio by Western blotting analysis.

Statistical analysis

Data are presented as means + SEM. For Western blot experiments, Golgi staining
experiments, and behavioral experiments, significance was assessed by means of Student’s ¢
test (unpaired, two-tailed). For PAK inhibition experiments, electrophysiology experiments,
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F-actin/G-actin ratio experiments to validate cofilin constructs, and for cofilin
overexpression dendritic spine rescue experiments, significance was assessed by means of a
two-way analysis of variance (ANOVA) followed by a Tukey’s test. < 0.05 was considered
to be statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Increased cofilin phosphorylation and actin polymerization coincide with spine defectsin

the developing somatosensory cortex of Fmrl KO mice
(A to D) Representative Western blots (top) and summary data (bottom) assessing the

abundance of phosphorylated (p-) and total cofilin in lysates (A and B) and synaptosome
fractions (C and D) of the somatosensory cortex of male Fmr1 KO and wild-type (WT) mice
at1 (A and C) and 4 (B and D) weeks of age. WT, n=12; KO, n= 9 mice. (E)
Representative Western blots (top) and summary data (bottom) for F-actin and G-actin in
male Fmr1 KO animals and control littermates (WT, n=5; KO, n=6). (F) Representative
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Golgi staining images of the apical dendrites of layer V pyramidal neurons from WT (left)
and Fmr1 KO (right) somatosensory cortices isolated from 1-week-old male mice. Scale bar,
5 um. (G) Summary data showing percent change of immature spines and dendritic spine
density (WT, n= 3 animals and 12 dendrites; KO, n7= 3 animals and 13 dendrites). Data are
means + SEM. *P < 0.05, ***P < 0.001 (see table S1 for further details of the statistical
tests).
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Fig. 2. Racl signaling isincreased in the somatosensory cortex of FXS mice
(A to E) Representative Western blotting of proteins in the Racl signaling pathway in

somatosensory lysates (A) or synaptosomes (B to E) from 1-week-old male WT and Fmr1
KO mice (WT, n=41t0 12;KO, n=4to 15). Data are means £ SEM. *P< 0.05, ****p
<0.0001. (F) Model depicting a mechanism by which loss of FMRP leads to increased Racl
signaling, cofilin phosphorylation (a measure of inactivation), and actin polymerization.
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Fig. 3. Inhibition of PAK restores cofilin signaling and actin polymerization in FXS model mice
(A to D) Representative Western blots and summary data for p-Thr2%-LIMK (A), p-Ser?780-

Slinghot1 (B), p-Ser3-cofilin (C), and the F-actin/G-actin ratio (D) in somatosensory
synaptosomes from 1-week-old male WT and Fmr1 KO mice given a single subcutaneous
injection of FRAX486 or vehicle [20% (w/v) hydroxypropyl-p-cyclodextrin] 8 hours before
sacrifice (WT vehicle, n= 12; KO vehicle, n= 10;WT FRAX486, n= 8;KO FRAX486, n=
9). We note that overall there was no significant difference in total actin abundance in
synaptosomes from FRAX486- versus vehicle-treated mice. Data are means = SEM. *P<
0.05, **P < 0.01. (E) Schematic of Rac-cofilin signaling depicting proposed mechanism by
which inhibition of group 1 PAKs (PAK1, PAK2, and PAK3) restores the abundance of p-
LIMKZ1, p-Slingshot1, p-cofilin, and actin polymerization in Fmr1 KO animals.
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Fig. 4. Constitutively active cofilin rescues aberrant spine morphology and density In the
somatosensory cortex of young Fmrl KO mice

(A) Experimental timeline of viral application on cultured neurons or viral delivery and
stereotaxic injection into the somatosensory cortex. (B) Representative Western blots and
summary data of the F-actin/G-actin ratio in lysates from somatosensory cortical cultures
(10 to 12 DIV) either unperturbed or infected with virus expressing GFP, WT cofilin,
constitutively active coflinS3A, or phosphomimetic cofilinS3D (n7= 13 to 15 culture wells
per group from three independent experiments). (C) Representative fluorescent images
assessing viral-mediated transduction of apical dendrites of layer VV somatosensory cortex
pyramidal neurons with GFP (left), GFP-WT cofilin (middle), and GFP-cofilinS3A (right) in
male WT and Fmr1 KO mice at P10 to P12. Scale bar, 2 pm. Examples of mature spines
(arrowheads) and immature protrusions (arrows) are indicated. (D to I) Summary data of
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average spine length (D), head width (E), spine length-to-width ratio (LWR) (F), % mature
(stubby/mushroom) spines (G), % immature (thin/filopodia) spines (H), and spine density (1)
of the samples imaged in (C) (n7= 15 to 21 neurons pooled from 6 to 10 animals per group).
Data are means £ SEM. *P< 0.05, **P< 0.01, ***P< 0.001, ****F < 0.0001.
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Fig. 5. Inhibition of PAK correctsfunctional synaptic deficitsin layer V of the somatosensory
cortex

(A) Representative evoked EPSC recordings from male WT (left) and Fmir1 KO (right)
mice, either vehicle-treated (top) or FRAX486-treated (bottom) at P7. AMPAR-mediated
EPSCs were measured as the peak current at =70 mV, and the NMDA component was
measured by depolarizing the cell to +40 mV and measuring the current 60 ms after the
onset of the outward current in the presence of 50 UM picrotoxin. Calibration: 100 ms, 50
pA. (B) Summary data of the NMDA/AMPA ratio in all recordings (WT vehicle, 7= 13;
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Fmr1 KO vehicle, n=11; WT FRAX486, n=11; Fmrl1 KO FRAX486, n=6). (C)
Representative traces of mEPSC recordings from male WT and Fmr KO animals, vehicle-
or FRAX486-treated at P7. Calibration: 500 ms, 50 pA. (D) Summary data of mEPSC
amplitude and frequency in all recordings (WT vehicle, n= 10; Fmri1 KO vehicle, n= 10;
WT FRAX486, n=11; Fmri1 KO FRAX486, n=29). (E) Summary data for all recordings at
P15 (NMDA/AMPA ratio: WT vehicle, n=15; Fmr1 KO vehicle, n=7; WT FRAX486, n
=11; Fmrl1 KO FRAX486, n= 10; mEPSC amplitude and frequency: WT vehicle, 7= 18;
Fmrl1 KO, n=7; WT FRAX486, n=16; Fmr1 KO FRAX486, n= 12). Data are means +
SEM. *P<0.05, **P< 0.01.
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Fig. 6. Inhibition of PAK correctsimpaired sensory processing in FXS model mice
(A) Timeline of the whisker-dependent texture discrimination task. (B) Discrimination of a

novel versus familiar texture in WT and Fmr1 KO mice, as assessed by a preference index at
chance level indicating impaired sensory processing (WT, n=13; KO, n=7). (C and D)
Discrimination of a novel texture versus a familiar texture WT mice subjected to (C) whisker
trimming (n= 10 animals) or (D) a texture-less object (n7= 7 animals), indicating the
necessity for an intact mystacial vibrissae to discriminate textures. (E) Novel object
recognition task in WT and Fmr1 KO mice (WT, n=7; KO, n= 8 animals). (F) Sensory
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processing, as assessed by the ability to discriminate a novel texture versus a familiar
texture, in Fmrl KO animals subjected to chronic administration of FRAX486 (once at P7,
once at P14, and once at 3 to 4 weeks of age 24 hours before testing) (WT vehicle, n= 15;
KO vehicle, n=9; WT FRAX486, n=10;KO FRAX486, n=10). Data are means + SEM.
*P<0.05, **P<0.01, ***P<0.001.
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