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Fmr1 knock-out (ko) mice display key features of fragile X syndrome (FXS), including delayed dendritic spine maturation and FXS-
associated behaviors, such as poor socialization, obsessive-compulsive behavior, and hyperactivity. Here we provide conclusive evidence
that matrix metalloproteinase-9 (MMP-9) is necessary to the development of FXS-associated defects in Fmr1 ko mice. Genetic disruption
of Mmp-9 rescued key aspects of Fmr1 deficiency, including dendritic spine abnormalities, abnormal mGluR5-dependent LTD, as well as
aberrant behaviors in open field and social novelty tests. Remarkably, MMP-9 deficiency also corrected non-neural features of Fmr1
deficiency—specifically macroorchidism—indicating that MMP-9 dysregulation contributes to FXS-associated abnormalities outside
the CNS. Further, MMP-9 deficiency suppressed elevations of Akt, mammalian target of rapamycin, and eukaryotic translation initiation
factor 4E phosphorylation seen in Fmr1 ko mice, which are also associated with other autistic spectrum disorders. These findings
establish that MMP-9 is critical to the mechanisms responsible for neural and non-neural aspects of the FXS phenotype.
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Introduction
Fragile X syndrome (FXS) is the most common known single-
gene cause of autism (Hagerman et al., 2009; Hagerman and
Hagerman, 2013). FXS subjects display cognitive and behavioral
impairments, as well as characteristic physical traits that include
large ears, hyperextensible joints, and macroorchidism (Garber
et al., 2008; Schneider et al., 2013). Expansion of a CGG triplet
repeat in the untranslated 5� region of the fragile X mental retarda-
tion (FMR1) gene results in hypermethylation of the promoter and
low levels of fragile X mental retardation protein (FMRP; Verkerk et
al., 1991). FMRP is highly expressed in neurons, where it regulates
local protein synthesis by transporting target mRNAs to dendrites
and regulating mRNA translation on polyribosomes (Feng et al.,
1997; Stefani et al., 2004; Dictenberg et al., 2008; Khandjian et al.,
2009; Blackwell et al., 2010; Darnell et al., 2011). The dysregulation of
FMRP target genes that control synaptic strength and neuronal cir-
cuit development may underlie cognitive and behavioral aspects of
this disorder (Rudelli et al., 1985; Hinton et al., 1991; Fiala et al.,

1998; Weiler and Greenough, 1999; Irwin et al., 2000; Zhang et al.,
2001; Hanson and Madison, 2007; Zalfa et al., 2007; Bureau et al.,
2008). Fmr1 knock-out (ko) mice provide an established model for
FXS as they display similar dendritic spine abnormalities, cognitive
deficits, impaired social behaviors, and susceptibility to audiogenic
seizures as FXS subjects (Comery et al., 1997; Braun and Segal, 2000;
Bassell and Gross, 2008; Bilousova et al., 2009; Cruz-Martín et al.,
2010; Levenga et al., 2011).

Matrix metalloproteinase-9 (MMP-9) mRNA was recently
identified as an FMRP target, and its translation is locally regu-
lated by FMRP in the dendrites following neuronal stimulation
(Dziembowska and Wlodarczyk, 2012; Janusz et al., 2013). We
previously reported higher MMP-9 activity in Fmr1 ko mouse
brains, suggesting that MMP-9 dysregulation may contribute to
FXS-associated deficits (Bilousova et al., 2006, 2009). Further,
minocycline rescues dendritic spine defects in Fmr1 ko neurons
(Bilousova et al., 2009), and attenuates behavioral and cognitive
abnormalities in Fmr1 ko mice (Rotschafer et al., 2012; Dansie et
al., 2013). Moreover, clinical trials have reported that minocy-
cline has beneficial effects on cognition and aberrant social be-
haviors in FXS subjects (Paribello et al., 2010; Dziembowska et
al., 2013; Leigh et al., 2013; Schneider et al., 2013). However, it
remains unclear whether the benefits of minocycline are due to its
inhibitory effects on MMP-9 or its antibiotic properties.

To evaluate the role of MMP-9 in behavioral and morpholog-
ical deficits associated with loss of FMRP, we produced double ko
(dbl ko) mice that are deficient for both Mmp-9 and Fmr1. Our
findings establish that MMP-9 is necessary for the development
of anatomical, behavioral, and biochemical abnormalities associ-
ated with the FXS phenotype. The dbl ko mice exhibited normal
dendritic spine maturation, normal mGluR5-dependent long-
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term depression (LTD), and performed similarly to wild-type
(wt) mice in open field and social novelty tests. Remarkably,
MMP-9 deficiency also prevented macroorchidism in dbl ko
mice, suggesting that MMP-9 dysregulation also contributes to
FXS-associated abnormalities outside the CNS.

Materials and Methods
Ethics statement. All animal care protocols and procedures were ap-
proved by the University of California Riverside Animal Care and Use
Program, which is accredited by Association for Assessment and Accred-
itation of Laboratory Animal Care International (AAALAC), and animal
welfare assurance number A3439 – 01 is on file with the Office of Labo-
ratory Animal Welfare.

Mice. The FVB.Cg-Mmp-9tm1Tvu/J and FVB.129P2-Fmr1tm1Cgr/J
(Fmr1 ko) and FVB.129P2-Pde6b �Tyr c-ch/AntJ controls (wt) were ob-
tained from The Jackson Laboratory. The FVB.Cg-Mmp-9tm1Tvu/J mice
were backcrossed, in-house, with the Fmr1 ko and wt mice to generate
Fmr1/Mmp-9 dbl ko mice and Mmp-9 ko mice, respectively. These mice
do not suffer from retinal degeneration due to restoration of the pde6b
allele and do not develop blindness, making them a suitable model for
behavioral analysis. All genotypes were confirmed by PCR analysis of
genomic DNA isolated from mouse tails. Mice were maintained in an
AAALAC-accredited facility under 12 h light/dark cycles and were fed
standard mouse chow. All mouse studies were performed within Na-
tional Institutes of Health and Institutional Animal Care and Use Com-
mittee guidelines.

Hippocampal neuron cultures. Cultures of hippocampal neurons were
prepared from embryonic day 15 (E15) or E16 pups. Briefly, hippocam-
pal cells were treated with papain (0.5 mg/ml) and DNase (0.6 �g/ml) for
20 min at 37°C, mechanically dissociated, and then plated on glass cov-
erslips that had been precoated with poly-DL-ornithine (0.5 mg/ml in
borate buffer) and laminin (5 �g/ml in PBS). The hippocampal cells were
cultured in Neurobasal medium with 25 �M glutamine, 1% penicillin-
streptomycin, and B27 supplement (Invitrogen), under 5% CO2/10% O2

atmosphere at 37°C. Hippocampal neurons were transfected with pEGFP
plasmid at 10 d in vitro (DIV) using a calcium phosphate method, as
previously described (Shi and Ethell, 2006).

Human brain tissue samples and ELISA. Brain tissue samples of human
neocortex and hippocampus were obtained from Dr. Cara Westmark
from the University of Wisconsin (Madison, WI) with permission from
the National Institute of Child Health and Human Development Brain
and Tissue Bank for Developmental Disorders at the University of Mary-
land (Baltimore, MD).

Brain tissue samples were homogenized in lysis buffer containing 10
mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, and 0.5% Triton
X-100. Total activity of MMP-9 was measured in brain tissue lysates
following the protocol for lower endogenous levels using the MMP-9
Biotrak Activity Assay (RPN2634, GE Healthcare). Total levels of tissue
inhibitor of metalloproteinase-1 (TIMP-1) were measured in brain tissue
lysates following the protocol for the TIMP-1 Human Biotrak ELISA
System (RPN2611, GE Healthcare). Original brain tissue lysates were
diluted and measured for total protein concentrations following the pro-
tocol for the BCA colorimetric protein assay (catalog #23235, Pierce).
Appropriate dilutions were determined for every trial by running a dilu-
tion curve on two randomly selected prepared samples. Data processing
was performed following the instructions provided with the protocols.
Each assay was performed at least two times, and each sample was ana-
lyzed in duplicate. Statistical analysis was performed using Student’s t test
for comparisons between two groups (control and FXS).

Quantitative RT-PCR. Hippocampal and cortical tissues were dis-
sected from mice at postnatal day (P) 8, P14, and P21 (n � 3–5 mice per
group per time point). Total RNA from each tissue sample was prepared
using Trizol (Life Technologies) according to the manufacturer’s in-
structions, and cDNA was transcribed using SuperScript VILO cDNA
Synthesis Kit (Life Technologies). Each reaction mixture contained 1�
Power SYBR Green PCR Master Mix (Life Technologies), and all the
reactions were run in triplicate. The PCR amplification protocol was as
follows: initial DNA polymerase activation at 95°C for 10 min, followed

by 40 cycles with denaturation at 95°C for 15 s, and annealing plus ex-
tension at 60°C for 1 min. Amplification was performed in a StepOne
Real Time PCR System (96-well format; Life Technologies) and analyzed
by normalizing the expression of each gene to GAPDH within each tissue
sample. Statistical analysis was performed using two-way ANOVA fol-
lowed by pair-by-pair comparisons using the Bonferroni post hoc test.

The following primers were used: Mmp2_F-GGACCCCGGTTTC
CCTAA; Mmp2_R-CAGGTTATCAGGGATGGCATTC; Mmp3_F-CC
CCTGATGTCCTCGTGGTA; Mmp3_R-GCACATTGGTGATGTCTC
AGGTT; Mmp7_F-CCTAGGCGGAGATGCTCACT; Mmp7_R-CCT
GCGTCCTCACCATCAG; Mmp8_F-CACGCACCCTATGAGGACAA;
Mmp8_R-GCAGGACACGTGGGATGAGT; Mmp9_F-AGTGGGACC
ATCATAACATCACAT; Mmp9_R-TCTCGCGGCAAGTCTTCAG;
Mmp12_F-TGAGGCAGGAGCTCATGGA; Mmp12_R-GGCTTGATT
CCTGGGAAGTG; Mmp21_F-GCACCATCACCAGCTCCTTT; Mmp21_R-
CGTAAGCCGCGTCCACAT; Mmp24_F-TCACCGGTGTGTTGGAT
CAG; Mmp24_R-GGACGCCACATCGAGGTTT, Gapdh_F-CCACAG
TCCATGCCATCAC; Gapdh_R-CACCACCCTGTTGCTGTAGCC.

Immunoblotting. The hippocampus was removed from each mouse
(n � 4 mice per group), cooled in PBS, and homogenized in cold RIPA
buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, pH 8.0, 1%
Triton X-100, 0.1% SDS, and 0.5% 21-hydroxyprogesterone) containing
protease inhibitor cocktail (Sigma) and 0.5 mM sodium pervanadate. The
samples were rotated at 4°C for at least 1 h to allow for complete cell lysis
and then cleared by centrifugation at 13,200 rpm for 15 min at 4°C.
Supernatants were isolated and boiled in reducing sample buffer (Laem-
mli 2� concentrate, S3401, Sigma), and separated on 8 –16% Tris-
glycine SDS-PAGE precast gels (EC6045BOX, Life Technologies).
Proteins were transferred onto Protran BA 85 Nitrocellulose membrane
(GE Healthcare) and blocked for 1 h at room temperature in 5% skim
milk (catalog #170-6404, Bio-Rad). Primary antibody incubations were
performed overnight at 4°C with antibodies diluted in TBS/0.1% Tween-
20/5% BSA. The following primary antibodies were used: rabbit �- eu-
karyotic translation initiation factor 4E (eIF4E; C46H6; catalog #2067,
RRID:AB_2097675); rabbit �-phospho-eIF4E (Ser209; catalog #9741,
RRID:AB_331677); rabbit �-mammalian target of rapamycin (mTOR;
7C10; catalog #2983, RRID:AB_2105622); rabbit �-phospho-mTOR
(Ser2481; catalog #2974, RRID:AB_2231885); rabbit �-Akt (catalog
#9272; RRID:AB_10699016); rabbit �-phospho-Akt (Ser473; catalog
#9271, 329825); rabbit �-p44/p42 mitogen-activated protein kinase
(MAPK) (catalog #9102; RRID:AB_10695746); rabbit �-phospho-p44/
p42 MAPK (Thr202/Tyr204; catalog #9101, RRID:AB_331646); rabbit
a-phospho-focal adhesion kinase (p-FAK; catalog #44-624G, Invitrogen,
RRID:AB_1500097); rabbit a-FAK (catalog #06-543, Millipore, RRID:
AB_310162); rabbit a-Integrin �3 (catalog # AB1932, Millipore, RRID:
AB_2128910); rabbit a-eIF4E binding protein (4E-BP; 53H11; catalog
#9644P, RRID: AB_2097841); rabbit a-p-4E-BP (Ser65; catalog #9451P,
RRID: AB_330947) and mouse �-GAPDH at 1:1000 (catalog #10R-
G1099, Fitzgerald). All primary antibodies were from Cell Signaling
Technology and used at a dilution of 1:1000, unless stated otherwise.
Blots were washed 3 � 10 min with TBS/0.1% Tween-20 and incubated
with the appropriate HRP-conjugated secondary antibodies for 1 h at
room temperature in a TBS/0.1% Tween-20/5% BSA solution. The sec-
ondary antibodies used were �-rabbit-HRP at 1:5000 and �-mouse-HRP
at 1:5000 (GE Healthcare). After secondary antibody incubations, blots
were washed 3 � 10 min in TBS/0.1% Tween-20 and developed with ECL
Detection reagent (catalog #80196, Thermo Scientific). For reprobing,
membrane blots were washed in stripping buffer (2% SDS, 100 mM

�-mercaptoethanol, 50 mM Tris-HCl, pH 6.8) for 30 min at 56°C, then
rinsed repeatedly with TBS/0.1% Tween-20, finally blocked with 5%
skim milk, and then reprobed. Developed films were then scanned, and
protein levels were quantified by comparing band density values ob-
tained using ImageJ. Two samples per group were run per blot, and
precision/tolerance (P/T) ratios for different samples were normalized to
averaged P/T ratios of wt samples. Statistical analysis was performed
using two-way ANOVA followed by post hoc pair-by-pair comparisons
with Fisher’s least significant difference (LSD) method.

APMA-mediated activation of MMP-9. Recombinant mouse MMP-9
(catalog #CC069, Millipore Bioscience Research Reagents; catalog #909-
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MM-010, R&D Systems) was activated with 1 mM APMA (catalog
#A9563, Sigma) in 50 mM Tris-HCl, pH 7.5, containing 150 mM NaCl, 5
mM CaCl2, 2.5 mM ZnCl2, and 0.05% Brij-35 (activation buffer) at 37°C
for 2 h. Activated MMP-9 was used to treat hippocampal cultures at a
concentration of 100 ng/ml for 5, 15, and 30 min under 5% CO2/10% O2

atmosphere at 37°C.
Immunoprecipitation. The 14 DIV treated and untreated hippocampal

neurons were lysed in ice-cold TBS (25 mM Tris, pH 7.4; 0.15 mM NaCl)
containing 1% Triton X-100, 5 mM EDTA, 0.5 mM sodium pervanadate,
and protease inhibitor mixture (catalog #P8340, Sigma). Cell lysates were
cleared by centrifugation at 12,000 � g. Supernatant was incubated with
2 �l of rabbit anti-FAK antibody (catalog #06-543, Millipore) and 20 �l
of protein A-Agarose beads (catalog #P1406, Sigma) for 4 h at 4°C.
Bound materials were eluted with SDS-PAGE sample buffer and ana-
lyzed via Western immunoblotting.

Gelatin zymography. Gelatin gel zymography was performed as previ-
ously described (Zhang and Gottschall, 1997; Manabe et al., 2005) with
minor modifications. Briefly, hippocampal tissues isolated from age-
matched male mice (n � 4 mice per group) were resuspended in 50 mM

Tris-HCl (pH 7.6) buffer containing 150 mM NaCl, 5 mM CaCl2, 0.05%
Brij35, 0.02% Na3N, 1% Triton X-100, 100 �M PMSF, and protease
inhibitor cocktail (Sigma). The gelatinases, MMP-2 and MMP-9, were
pulled down with gelatin agarose beads (catalog #G5384, Sigma) and
separated on nonreducing SDS-PAGE gels containing 0.1% gelatin (In-
vitrogen). Following separation, gels were soaked in 1� renaturing buf-
fer (catalog #LC2670, Invitrogen) to remove all traces of SDS and allow
the MMPs to refold, thus regaining most of their enzymatic activity.
Following renaturation, gels were incubated in 1� developing buffer
(catalog #LC2671, Invitrogen) for 96 h, which allowed the gelatinases
(MMP-2 and MMP-9) to degrade gelatin in the gel. Gels were then
stained with Coomassie Blue overnight to uniformly stain the gels, after
which destaining revealed areas of MMP activity as unstained bands.
Levels of MMP-2 and MMP-9 proteins were quantified by densitometry.
Statistical analysis was performed using Student’s t test for comparisons
between two groups and two-way ANOVA for multiple comparisons
when appropriate.

Immunocytochemistry and image analysis. Cultured hippocampal neu-
rons were fixed in 2% paraformaldehyde (PFA) in PBS, permeabilized in
0.01% Triton X-100 in PBS, and then blocked in PBS containing 5%
normal goat serum and 1% BSA. Dendritic spines and filopodia were
visualized by GFP fluorescence. Presynaptic boutons were labeled by
immunostaining for the presynaptic vesicle marker synapsin using rabbit
anti-synapsin I antibody (10 �g/ml; AB1543P, Millipore, RRID:
AB_90757), the excitatory synapse marker vesicular glutamate trans-
porter 1 (vGLUT1) using rabbit anti-vGLUT1 (1 �g/4 �l; catalog
#482400, Invitrogen), and the inhibitory synapse marker glutamate de-
carboxylase 65 (GAD65) and using mouse anti-GAD65 (10 �g/ml; cata-
log #559931, BD Pharmingen, RRID:AB_397380). Postsynaptic sites
were identified by immunostaining against PSD-95 using rabbit anti-
PSD95 (catalog #CP35, Calbiochem, RRID:AB_2092542). The second-
ary antibodies used were Alexa Fluor 594-conjugated goat anti-mouse
IgG (4 �g/ml; catalog #A11005, Invitrogen, RRID:AB_141372), Alexa
Fluor 647-conjugated donkey anti-rabbit IgG (4 �g/ml; catalog
#A31573, Invitrogen, RRID:AB_162544), or Alexa Fluor 488-conjugated
donkey anti-rabbit IgG (4 �g/ml; catalog #A21206, Invitrogen, RRID:
AB_141708). Fluorescent images were taken using a confocal laser-
scanning microscope (model LSM 510, Carl Zeiss MicroImaging) with
63� water Fluor objective. Image analysis was performed using ImageJ
software (RRID: nif-0000-30467) as previously described (Bilousova et
al., 2006). Briefly, experimental and control samples were encoded for
blind analysis. In each experiment two to three coverslips were analyzed
for each condition. At least 10 GFP-transfected spiny pyramidal neurons
were randomly imaged in each group. Secondary dendrites were selected
for morphometric analysis of dendritic spines using the LSM Image
Browser (Carl Zeiss). Densities of dendritic protrusions were determined
as the number of protrusions per 10 �m of dendrite. Lengths of dendritic
protrusions were measured from protrusion tip to dendritic shaft. Den-
dritic spines were identified as dendritic protrusions connected with
synapsin-positive presynaptic terminals and were grouped into the fol-

lowing three categories according to their morphology: (1) thin (long,
thin protrusions with small heads); (2) mushroom (short protrusions
with large heads and thin necks); and (3) stubby (short protrusions with
thick necks and no heads). Dendritic protrusions lacking adjacent pre-
synaptic boutons were considered to be filopodia. Each experiment was
performed at least three times. Statistical analysis was performed using
two-way ANOVA followed by post hoc pair-by-pair comparisons with the
Bonferroni correction for multiple comparisons.

Immunohistochemistry and spine analysis. Age-matched male mice at
ages P8, P14, P21, and P60 (adult) were anesthetized with isoflurane and
perfused with cold PBS followed by 4% PFA. Brains were extracted and
postfixed in 4% PFA at 4°C for 2– 4 h before being sectioned coronally
into 100 �m slices on a vibratome. Sections were then biolistically labeled
with 1,1�-dioctadecyl-3,3,3�,3�-tetramethylindocarbocyanine perchlor-
ate (DiI) using a gene gun and incubated in PBS for 3 d at 4°C before
being mounted onto slides in PBS and sealed with Cytoseal 60 (Fisher
Scientific). Pyramidal neurons in CA1 were imaged by confocal micros-
copy (model LSM 510, Carl Zeiss MicroImaging) using a series of high-
resolution optical sections (1024 � 1024-pixel format) that were
captured for each neuron with a 63� water-immersion objective (1.2
numerical aperture), with 1� zoom at 1 �m step intervals (z-stack). All
images were acquired under identical conditions. Each z-stack was col-
lapsed into a single image by projection (LSM Image Browser, Zeiss),
converted to a tiff file, encoded for blind analysis, and analyzed using
ImageJ. The “line tool” was used to measure dendritic spine lengths by
drawing over the lengths of dendrites or the lengths of spines from the
base of the dendrite to the base of the spine head if any or the tip of the
spine in the case of filopodial spines. The “freehand selection” tool was
used to draw regions of interest around the spine heads, and those areas
were taken as a measure of spine head area. Sections analyzed for puncta
number were labeled by immunostaining for synapsin I, vGlut1, GAD65,
and/or PSD-95, as described above; imaged using confocal microscopy in
z-stacks; each image in the series was threshold adjusted to identical
levels; and finally puncta were analyzed using ImageJ. At least three ani-
mals were analyzed per group, and sections from at least 20 neurons were
imaged per animal. Statistical analysis was performed using two-way
ANOVA followed by post hoc pair-by-pair comparisons with the Bonfer-
roni correction for multiple comparisons.

Electrophysiology. Mice at P21–P28 (six animals, 10 –17 slices per
group) were anesthetized by isoflurane inhalation. Brains were removed
from the skull, and immediately immersed in chilled cutting solution
containing 110 mM sucrose, 60 mM NaCl, 28 mM NaHCO3, 1.25 mM

NaH2PO4, 3 mM KCl, 7 mM MgSO4, 0.5 mM CaCl2, 5 mM glucose, and 0.6
mM ascorbic acid, bubbled with 95% O2/5% CO2. Transverse hippocam-
pal slices (400 �m thick) were prepared using a Vibratome (model
VT1200S, Leica) and were allowed to recover in the cutting solution for
30 min at room temperature followed by an additional hour in artificial
CSF (ACSF) containing 124 mM NaCl, 25 mM NaHCO3, 1 mM NaHPO4,
4.4 mM KCl, 1.2 mM MgSO4, 2 mM CaCl2, and 10 mM glucose with
constant bubbling of 95% O2/5% CO2 gas. Extracellular field EPSPs
(fEPSPs) were recorded in the stratum radiatum of CA1 with glass elec-
trodes (5 M�) filled with ACSF. Stimuli were delivered to the commis-
sural/Schaffer collateral afferents with a bipolar electrode positioned
parallel to the recording electrode and 200 �m from it. For mGluR5
LTD, after 10 min of stable baseline recording, 100 �M (S)-3,5-
dihydroxyphenylglycine (DHPG) was washed into the slice for 10 min
before being replaced with ACSF, and LTD was sampled at 30 s intervals
for 60 min after DHPG treatment. Initial fEPSP slopes were calculated as
20 – 80% of the field recordings obtained, and depression was calculated
by dividing the average slope of postinduction responses by the average
slope of preinduction baseline responses. Statistical analysis was per-
formed using two-way ANOVA followed by post hoc pair-by-pair com-
parisons with the Bonferroni correction.

Open field test. Anxiety was tested in P60 mice (12–17 mice per group)
by quantifying their tendency to travel to the center of an open field (Yan
et al., 2004; Yan et al., 2005). A 72 � 72 cm open field arena with 50-cm-
high walls was constructed from opaque acrylic sheets with a clear acrylic
sheet for the bottom with a grid placed underneath it for scoring pur-
poses. The open field arena was placed in a brightly lit room, and one
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mouse at a time was placed in a corner of the open field and allowed to
explore for 20 min while being recorded with digital video from above.
The tester left the room during testing. The floor was cleaned with 2–3%
acetic acid, 70% ethanol, and water between tests to eliminate odor trails.
The mice were tested between the hours of 8:00 A.M. and 1:00 P.M., and
had not undergone any other behavioral tests before this testing para-
digm. Locomotor activity was scored as described previously with some
modifications (Brown et al., 1999; Yan et al., 2005) using TopScan Lite
software (CleverSys Inc). The arena was subdivided into a 4 � 4 grid of
squares with a separate square of equal size in the middle. A line 4 cm
from each wall was added to measure thigmotaxis. Total horizontal and
vertical line crosses, average velocity, total entries into large and small
center squares, time spent in the large and small center squares, velocity
within the large and small center squares, and time spent along the walls
(thigmotaxis) were scored by the program, and a tendency to travel to the
center (total number of entries into large and small center squares) was
used as an indicator of anxiety. Average velocity and total line crosses
were measured to score locomotor activity. The analysis was performed
in 5 min intervals for the total 10 min exploration duration. Assessments

of the digital recordings were performed by blinded observers using Top-
Scan Lite software (CleverSys Inc). Statistical analysis was performed
using two-way ANOVA followed by post hoc pair-by-pair comparisons
with the Newman–Keuls correction for multiple comparisons.

Social novelty test. Sociability and social memory were studied using a
three-chamber paradigm as described previously (Kaidanovich-Beilin et
al., 2011). Briefly, a rectangular box contained three adjacent chambers
19 � 45 cm each, with 30-cm-high walls and a bottom constructed from
clear Plexiglas. The three chambers were separated by dividing walls
made from clear Plexiglas with openings between the middle chamber
and each side chamber. Removable doors over these openings permitted
chamber isolation or free access to all chambers. All testing was per-
formed in a brightly lit room (650 lux), between 9:00 A.M. and 6:00 P.M.
Before testing, mice were housed five mice per cage in a room with a 12 h
light/dark cycle with ad libitum access to food and water. The cages were
transferred to the behavioral room 30 min before the first trial began. The
test mouse was placed in the central chamber with no access to the left
and right chambers, and was allowed to habituate to the test chamber for
5 min before testing began. In session 1, another mouse [stranger 1 (S1)]

Figure 1. Gelatinase levels are upregulated in the hippocampi of Fmr1 ko mice and brain samples of FXS human subjects. A, Detection of MMP-9 and MMP-2 levels in the hippocampi of wt, Fmr1
ko, Mmp-9 ko, and dbl ko adult mice. Levels of the gelatinases were detected by gelatin zymography, quantified by densitometry, and normalized to total protein concentration. Bar graphs show
average MMP-9 and MMP-2 levels, and the error bars indicate SEM (n � 4 mice per group). Statistical analysis was performed using Student’s t test for MMP-9 and two-way ANOVA for MMP-2: *p �
0.05, ***p � 0.001. B, Total levels of MMP-9 and TIMP-1 in the hippocampal and cortical tissue samples of FXS subjects and age-matched controls were quantified by MMP Activity Assays and
TIMP-1 ELISA. The bar graphs indicate average values normalized to total tissue weight and total protein levels. Error bars indicate SEM (n � 4 human subjects per group). Statistical analysis was
performed using Student’s t test: *p � 0.05, **p � 0.01). C, Mmp-9 and Mmp-2 mRNA levels were detected by quantitative real-time PCR in P7, P14, and P21 hippocampi of wt, Fmr1 ko, Mmp-9
ko, and dbl ko mice. The bar graphs represent the Mmp mRNA levels normalized to Gapdh levels for each sample. Error bars indicate SEM (n � 3–5 mice per group). Statistical analysis was performed
using two-way ANOVA followed by Bonferroni multiple-comparison post-test: nd, Not detected.
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was placed in a wire cup-like container in one of the side chambers. The
opposite side had an empty cup of the same design. The doors between
the chambers were removed, and the test mouse was allowed to explore
all three chambers freely for 10 min, while being video recorded from
above. The following parameters were monitored: the duration and number
of direct contacts between the test mouse and the stranger mouse or the
empty cup; the duration and number of other behaviors exhibited by the
subject mouse, such as self-grooming, walking, and freezing; as well as the
number and duration of entries into each chamber. In session 2, a new
mouse (stranger 2) was placed in the empty wire cup in the second side
chamber. Stranger 1, the now familiar mouse, remained in the first side
chamber. The test mouse was allowed to freely explore all three chambers for
another 10 min, and the same parameters were monitored. The placement of
stranger 1 in the left or right side of the chamber was randomly altered
between trials. Each testing session lasted 10 min, and the session was re-
corded digitally from above, with the tester leaving the room for the duration
of the trial. The floor of the chamber was cleaned with 2–3% acetic acid, 70%
ethanol, and water between tests to eliminate odor trails. Assessments of the
digital recordings were performed by blinded observers using TopScan Lite
software (CleverSys Inc). Statistical analysis was performed using two-way
ANOVA followed by post hoc pair-by-pair comparisons with the Bonferroni
correction.

Testes measurements. Testes were dissected from male P30 mice into a
1� PBS solution. Six mice were used for each genotype, yielding a total of
12 testes per group. The weight of each testis was measured to three
decimal places using a scale. The volume was calculated based on the
amount of water the testes displaced from an Eppendorf tube filled with
1 ml of PBS. Finally, pictures of testes were analyzed with ImageJ to
calculate the area of each testis. Each measurement was repeated at least
three times for every individual testis. Statistical analysis was performed
using two-way ANOVA followed by post hoc pair-by-pair comparisons
with the Bonferroni correction for multiple comparisons.

Results
MMP-9 levels are higher in the hippocampus of FXS human
subjects and Fmr1 ko mice
We previously showed high levels of MMP-9 in the hippocampus
of Fmr1 ko mice at P8 and P14 (Bilousova et al., 2009), and here
we found that this upregulation of MMP-9 levels is maintained in
the adult Fmr1 ko hippocampus (Fig. 1A). Gelatin zymography
revealed a significant increase in protein levels of both gelatinases,
MMP-9 and MMP-2, in the adult hippocampus of Fmr1 ko mice,
compared with wt mice (p � 0.0001 and p � 0.0176; Fig. 1A).
MMP-9 protein levels were also significantly higher in postmor-
tem brain samples from FXS human subjects compared with con-
trol subjects (p � 0.0259, n � 4; Fig. 1B), although levels of
TIMP-1 were not significantly different (Fig. 1B). While protein
levels of MMP-9 and MMP-2 were higher in the brains of FXS
subjects and Fmr1 ko mice, mRNA levels for these gelatinases
were not elevated in hippocampi of Fmr1 ko mice (Fig. 1C),
suggesting post-transcriptional dysregulation of MMP-9 and
MMP-2 in the hippocampi of Fmr1 ko mice.

Loss of MMP-9 corrects spine maturation in Fmr1/Mmp-9 ko
hippocampal neurons in vitro
We investigated whether high MMP-9 levels contribute to the
abnormal development of dendritic spines in Fmr1 ko mice by
generating dbl ko mice that are deficient for both Fmr1 and
MMP-9. As we previously reported (Bilousova et al., 2009), Fmr1
ko neurons develop a higher proportion of immature spines with
small heads and more filopodia in vitro (p � 0.0001; Fig. 2B,D).
We found a significant enlargement of spine heads, a decrease in

Figure 2. Genetic deletion of Mmp-9 promotes the formation of mature dendritic spines in the Fmr1 ko hippocampal neurons in vitro. A, Confocal images showing the dendrites of 14 DIV
hippocampal neurons from wt, Fmr1 ko, Mmp-9 ko, and dbl ko mice. Dendritic morphology was visualized by GFP fluorescence. Arrowheads denote mature mushroom spines, while the arrows
denote immature thin spines. Scale bars, 10 �m. B–E, Quantitative analysis of spine head areas (B); spine lengths (C); filopodia density (D); and the proportion of thin, mushroom, and stubby spines
in wt, Fmr1 ko, Mmp-9 ko, and dbl ko hippocampal neurons (E). All bar graphs show average values, and error bars indicate SEM (n � 400 –700 dendritic spines from 8 to 12 neurons per group).
Statistical analysis was performed using two-way ANOVA followed by Bonferroni multiple-comparison post-test: *p � 0.05, **p � 0.01, ***p � 0.001. F, Presynaptic boutons were identified by
immunostaining against Synapsin 1 and GAD65. Average density of puncta and size were quantified. Bar graphs represent average values, and the error bars indicate SEM (n � 8 –12 neurons per
group). Statistical analysis was performed using two-way ANOVA followed by Bonferroni multiple-comparison post-test. No significant differences were found between the groups.
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the number of filopodia, and a higher pro-
portion of mature mushroom-shaped
spines in Fmr1/Mmp-9 dbl ko hippocam-
pal neurons compared with Fmr1 ko
neurons (p � 0.0001; Fig. 2B,D,E). Inter-
estingly, MMP-9-deficient neurons ex-
hibited significantly shorter spines than
wt mice (p � 0.0122; Fig. 2C). However,
hippocampal neurons from dbl ko mice
showed no significant differences in the
number and morphology of dendritic
spines compared with wt mice (Fig. 2A–
E). While dbl ko neurons developed more
mature spines with larger heads and fewer
filopodia than Fmr1 ko neurons, the over-
all number of presynaptic inputs did not
change (p � 0.8638; Fig. 2F). The increase
in the number of mushroom-shaped
spines accompanied a corresponding de-
crease in the number of thin spines (Fig.
2E), indicating that MMP-9 deletion pro-
motes spine maturation in dbl ko neu-
rons. These observations establish that
MMP-9 contributes to dendritic spine abnormalities in Fmr1 ko
neurons, as normal dendritic spine maturation was restored in
Fmr1 ko mice lacking the Mmp-9 gene.

Genetic deletion of Mmp-9 rescues Fmr1 ko-associated
dendritic spine abnormalities in adult hippocampus
To determine whether MMP-9 deficiency could prevent den-
dritic spine defects resulting from FMRP loss in vivo, we analyzed

Figure 3. Hippocampal neurons develop normal mature dendritic spines in the Fmr1/Mmp-9 dbl ko mice in vivo. A, Confocal images of DiI-labeled dendrites of wt, Fmr1 ko, Mmp-9 ko, and dbl
ko hippocampal neurons from CA1 stratum radiatum at P8, P14, P21, and 2 months. Arrowheads denote mature mushroom-shaped spines, and arrows mark immature thin spines. Scale bars, 10 �m.
B–D, Quantitative analysis of average spine head areas (B), spine lengths (C), and density (D) in CA1 hippocampal neurons of wt, Fmr1 ko, Mmp-9 ko, and dbl ko mice at P8, P14, P21, and
2 months. Error bars indicate SEM (n � 3 mice per group). Statistical analysis was performed using two-way ANOVA followed by Bonferroni multiple-comparison post-test: *p � 0.05,
**p � 0.01, ***p � 0.001. Spine density in 2-month-old Fmr1 ko neurons was significantly higher than in the other three groups with two-way ANOVA followed by Fisher’s LSD method
of multiple comparisons: #p � 0.05.

Figure 4. Genetic deletion of Mmp-9 ameliorates enhanced DHPG-dependent LTD in hippocampal slices from Fmr1 ko mice. A,
B, LTD of Schaffer collateral–CA1 synapses was evoked by the application of 100 �M DHPG for 10 min in hippocampal slices from
wt, Fmr1 ko, Mmp-9 ko, and dbl ko mice. Field EPSPs were recorded for 10 min before the induction to establish a baseline and 60
min after DHPG removal at 0.5 min interval. The fEPSPs were normalized to baseline. A, The graph shows mean and SEM values
(n � 11–17 slices from 6 mice per group). Inset, Overlaid representative fEPSP traces collected during baseline (1), immediately
after DHPG treatment (2), and 60 min after DHPG treatment (3) for wt, Fmr1 ko, and dbl ko mice. Calibration: 50 mV, 2 ms. B, Bar
graph shows mean normalized fEPSP values for 65– 80 min. Error bars indicate SEM. Statistical analysis was performed using
two-way ANOVA followed by Bonferroni multiple-comparison post-test: **p � 0.01, ***p � 0.001.
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spine numbers and morphology in wt, Fmr1 ko, Mmp-9 ko, and
dbl ko mice at P8, P14, P21, and P60 (adults; Fig. 3A–D). We
found a significant reduction in the size of spine heads, as well as
an increase in spine length and density in CA1 hippocampal neu-
rons of both developing and adult Fmr1 ko mice (Fig. 3B–D).
Interestingly, Mmp-9 deletion triggered an early increase in spine
size with significantly larger spine heads in Mmp-9 ko neurons at
P8 and P14 (p � 0.001; Fig. 3B). However, P8 neurons lacking
both Fmr1 and Mmp-9 (dbl ko neurons) exhibited normal spines
that were not significantly different from wt neurons (Fig. 3B,C).
Dendritic spines in dbl ko neurons were significantly shorter, had

larger heads, and were fewer in number
than in Fmr1 ko neurons at P8 (p � 0.001,
Fig. 3B–D), but the spine heads in dbl ko
neurons were smaller than in Mmp-9 ko
neurons (p � 0.001). Although at P21
spine heads were smaller in both Fmr1 ko
and dbl ko neurons than in wt neurons, at
2 months of age dbl ko neurons exhibited
spines that were similar to those in wt
neurons with larger heads and shorter
lengths than Fmr1 ko neurons (p �
0.0263 and p � 0.0402; Fig. 3B,C). There
were also fewer spines in adult dbl ko neu-
rons compared with Fmr1 ko neurons
(p � 0.05; Fig. 3D). Together, these re-
sults indicate that MMP-9 regulation is
involved in the development and mainte-
nance of dendritic spines in vitro and in
vivo, and that enhanced MMP-9 activity
may contribute to abnormal development
of dendritic spines in Fmr1 ko neurons.

Genetic deletion of Mmp-9 ameliorates
enhanced mGluR5-dependent LTD in
hippocampal slices of Mmp-9/Fmr1 ko
mice
We examined LTD in hippocampal slices
from wt, Fmr1 ko, Mmp-9 ko, and dbl ko
mice, induced by bath application of the
mGluR5 agonist DHPG for 10 min. A de-
pression of the fEPSP was found in all four
groups, but was significantly greater in
Fmr1 ko mice (58%), 60 min after DHPG
washout, compared with wt (79%, p �
0.0022), Mmp-9 ko (86%, p � 0.0001),
and dbl ko mice (83%, p � 0.0001; Fig.
4A,B). These results indicate that MMP-9
impacts mechanisms that underlie en-
hanced mGluR5-induced LTD in Fmr1 ko
mice since genetic deletion of Mmp-9 pre-
vents that deficit.

Behaviors in open field and social
novelty preference tests are improved in
Mmp-9/Fmr1 dbl ko mice
We assessed anxiety and locomotor activ-
ity in the open field test by determining
the tendency of mice to travel to the center
of the open field and total line crosses, re-
spectively (Fig. 5A). We found that Fmr1
ko mice displayed an increased tendency
to travel to the center of the open field and

also had enhanced locomotor activity (Fig. 5A). Fmr1 ko mice
spent significantly more time in the center of the open field than
wt mice (p � 0.01; Fig. 5A, left) and less time in thigmotaxis.
Although Fmr1 ko mice were more hyperactive and made more
line crosses than wt mice (p � 0.05; Fig. 5A, right), Fmr1 ko mice
also spent more time in the center per entry than wt mice (p �
0.01; Fig. 5A, middle). Mmp-9 deletion reduced the tendency of
Fmr1 ko mice to travel to the center of the open field. The dbl ko
mice spent significantly less time per center entry and less total
time in the center of the open field than Fmr1 ko mice (p � 0.01
and p � 0.05; Fig. 5A, left and middle); however, dbl ko mice

Figure 5. Behavioral deficits and macroorchidism are ameliorated in the dbl ko mice. A, The open field test was performed to
measure anxiety and hyperactivity in wt, Fmr1 ko, Mmp-9 ko, and dbl ko mice. Bar graphs show the time that mice spent in the
center of the open field (left), the time spent in the center per entry (middle), and the total number of line crosses (right). The bar graphs
represent average values, and the error bars indicate SEM (n�11–17 mice per group). Statistical analysis was performed using two-way
ANOVA followed by Newman–Keuls correction for multiple comparisons post-test: *p�0.05, **p�0.01, ***p�0.001. B, To measure
social interaction behavior, we tested the time that mice spent with S1 compared with an empty cage (�) during session 1 and the time
that mice spent with S2 compared with now familiar S1 during session 2. The bar graphs represent average values, and the error bars
indicate SEM (n � 13–30 mice per group). Statistical analysis was performed using two-way ANOVA followed by a Bonferroni multiple-
comparisonpost-test:*p�0.05,**p�0.01,***p�0.001.ns,Nonsignificant.C, Imagesshowingrepresentativetestesisolatedfromwt,
Fmr1 ko, Mmp-9 ko, and dbl ko month-old mice (left). The bar graphs show average values of the testicular volume (middle) and testicular
weight (right). Error bars indicate SEM (n � 12 testes from 6 mice per group). Statistical analysis was performed using two-way ANOVA
followed by Bonferroni multiple-comparison post-test: ***p � 0.001.
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Figure 6. Increased Akt, mTOR, and eIF4E phosphorylation in Fmr1 ko mice is reduced by MMP-9 deletion. A–E, Western blots were used to quantify phosphorylated and total levels of specific
proteins. A–F, The bar graphs show phospho/total ratios of mTOR (A), eIF4E (B), Akt (C), 4E-BP (D), FAK (E), and Erk1/2 (F ) in the hippocampi of wt, (Figure legend continues.)
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made more total line crosses than wt mice (p � 0.05; Fig. 5A,
right). Fmr1 ko and dbl ko mice also exhibited higher overall
velocities compared with wt mice.

A major feature of FXS is reduced socialization. To determine
whether MMP-9 contributes to this behavior in Fmrp-deficient
mice, we tested dbl ko, Fmr1 ko, Mmp-9 ko, and wt mice in a social
novelty test. Mice were placed in an enclosure that contained two
smaller cages for two 10 min sessions. In session 1, an unfamiliar
mouse (S1) was placed in one of the smaller cages. All mice spent
significantly more time near the stranger mouse cage than the empty
cage (p � 0.0001; Fig. 5B, left). However, Fmr1 ko mice spent sig-
nificantly more time near the empty cage than wt mice (p � 0.0170;
Fig. 5B, left). In the second session, another mouse (S2) was placed in
the empty cage, so the subject mouse could choose to interact with a
familiar mouse (S1) or a new mouse (S2). The wt, Mmp-9 ko, and
dbl ko mice spent significantly more time with the novel mouse (S2)
than the familiar mouse (S1; p � 0.0001; Fig. 5B, right), but Fmr1 ko
mice spent the same amount of time with both S1 and S2 mice,
suggesting they could not or would not discriminate between famil-
iar and novel mice. Importantly, the loss of Mmp-9 in Fmr1 ko mice
(dbl ko) corrected this defect.

Fmr1 ko animals display macroorchidism that is ameliorated
by MMP-9 deficiency
To determine whether high levels of MMP-9 activity might also
contribute to the characteristic physical traits associated with FXS,
we examined macroorchidism in Fmr1 ko, Mmp-9 ko, dbl ko, and
wt mice. Testes from Fmr1 ko mice appeared visibly larger than those
of wt mice (Fig. 5C, left). Measurement of volume and weight
showed that Fmr1 ko testes were significantly larger than testes in wt
or Mmp-9 ko mice (p � 0.0001; Fig. 5C, middle and right). Remark-
ably, testes from dbl ko mice were significantly smaller than those
of Fmr1 ko mice ( p � 0.0001; Fig. 5C).

MMP-9 deficiency reduces Akt, mTOR, and eIF4E
phosphorylation in Fmr1 ko mice
To investigate intracellular signaling cascades that could mediate
the effects of enhanced MMP-9 activity in Fmr1 ko neurons, we
examined mTOR, eIF4E, 4E-BP, Akt, and FAK activation in dbl
ko mice by assessing phosphorylation levels of these proteins.
Higher levels of the phosphorylated (i.e., active) forms of all three
proteins were detected in the hippocampus of adult Fmr1 ko
mice, compared with wt mice. Specifically, there was a 50% in-
crease in the p-mTOR/mTOR ratio in the Fmr1 ko mice (p �
0.0171), but in dbl ko mice p-mTOR was at the same levels as in
wt mice and was significantly lower than in Fmr1 ko mice (p �
0.0319; Fig. 6A). This same effect was also seen for the p-eIF4E/

eIF4E ratio, which was 50% higher in the Fmr1 ko mice, com-
pared with wt mice, and was 30% lower in dbl ko mice compared
with Fmr1 ko mice (p � 0.0133 and p � 0.0202 respectively; Fig.
6B). Fmr1 ko mice also had a 30% increase in p-Akt/Akt ratio
compared with wt (p � 0.0255) and dbl ko mice (p � 0.0179),
suggesting that Akt activation may mediate the effects of MMP-9
on mTOR and eIF4E phosphorylation levels (Fig. 6C). Thirty
percent increases were also seen in phosphorylation levels of FAK
and the eIF4E binding partner 4E-BP in Fmr1 ko mice compared
with wt mice, which were reduced to near normal levels in dbl ko
mice, although the differences were not statistically significant due to
large variations between the samples (Fig. 6D,E, respectively). MAP
kinase Erk1/2 activity was not affected by the deletion of MMP-9
(Fig. 6F). Since MMP-9 is a secreted extracellular protein, it suggests
that signaling effector activation is mediated by MMP-9 impacting a
cell surface receptor, a primary candidate being the integrin family of
ECM receptors. Western blotting revealed a transient increase in the
levels of the activated, phosphorylated form of FAK (Fig. 6G) and a
significant increase in the association of FAK with integrin-�3 sub-
unit, but not EphB2 receptor in 14 DIV hippocampal neurons after
15 min of MMP-9 treatment (Fig. 6G). These results suggest that
MMP-9 cleavage of the ECM initiates an integrin signaling cascade
that leads to the activation of intracellular signaling cascades involv-
ing Akt, mTOR, and eIF4E, leading to the changes in translational
activity (Figs. 6, 7). Indeed, we observed significant increases in
phosphorylation levels of FAK (p � 0.0019), Akt (p � 0.0002),
mTOR (p � 0.0084), eIF4E (p � 0.0375), and 4E-BP (p � 0.001)
following the treatment of wt hippocampal neurons with active
MMP-9 (Fig. 6H).

Discussion
Minocycline promotes dendritic spine maturation and improves
FXS-associated behaviors in both Fmr1 ko mice and FXS subjects
(Bilousova et al., 2009; Paribello et al., 2010; Rotschafer et al.,
2012; Dansie et al., 2013; Leigh et al., 2013; Schneider et al., 2013).
Pharmacological studies in Fmr1 ko mice suggest that MMP-9
inhibition as a possible mechanism of action for minocycline in
FXS (Bilousova et al., 2009). Here we provide further evidence
that MMP-9 dysregulation contributes to FXS-associated defects,
including aberrant dendritic spine maturation, enhanced
mGluR5-dependent LTD, poor socialization, and macroorchid-
ism. In sharp contrast to Fmr1 ko mice, dbl ko mice show normal
dendritic spine development, LTD, social preference behavior,
and testicular size. Using genetics, we have validated the impor-
tance of MMP-9 expression in FXS by showing that most defects
associated with FMRP deficiency do not occur in the brains and
testes of Mmp-9/Fmr1 dbl ko mice.

High levels of MMP-9 activity could account for FXS-
associated defects through several possible mechanisms (Ethell
and Ethell, 2007). MMPs were initially discovered due to their
proteolytic activity on ECM components, many of which impact
dendritic spine development and plasticity (Ethell and Ethell,
2007; Dziembowska and Wlodarczyk, 2012; Huntley, 2012).
Neurons are supported by perineuronal nets (PNNs) comprised
of loose ECM components that participate in neuronal function
(Brückner et al., 2000; Dansie and Ethell, 2011; Wlodarczyk et al.,
2011), and MMP-9-mediated cleavage of PNN components
could modulate synaptic structure and function (Nagy et al.,
2006; Bozdagi et al., 2007; Szepesi et al., 2013). MMP-9-mediated
release of arginine-glycine-aspartate (RGD)-containing peptides from
ECM components, such as laminin, could induce integrin activa-
tion in perisynaptic areas and trigger synapse remodeling (Shi
and Ethell, 2006). Indeed, MMP-9 regulates synaptic plasticity

4

(Figure legend continued.) Fmr1 ko, Mmp-9 ko, and dbl ko mice. The bar graphs represent
average values, and error bars indicate SEM (n � 4 mice per group). Statistical analysis was
performed using two-way ANOVA with Fisher’s LSD method: *p � 0.05). G, The 14 DIV hip-
pocampal neurons were treated with 100 ng/ml active MMP-9 for 5, 15, or 30 min. Immuno-
precipitation and Western blot analysis were performed to detect levels of pFAK and
integrin-�3 in association with FAK in untreated and MMP-9-treated cultures. Graphs show the
levels of pFAK and integrin-�3 associated with FAK at 0, 5, 15, or 30 min after MMP-9 treat-
ment. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc
test: *p � 0.05. H, The 14 DIV wt hippocampal neurons were treated with 100 ng/ml active
MMP-9 for 15 min. Western blot analysis was performed to detect phosphorylated and total
levels of specific proteins. The bar graphs show phospho/total ratios of FAK, Akt, mTOR, eIF4E
and 4E-BP in control-treated and MMP-9 treated cultures. The bar graphs represent average
values, and error bars indicate SEM (n � 3 cultures per group). Statistical analysis was per-
formed using Student’s t test: *p � 0.05, **p � 0.01, ***p � 0.001.
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and NMDAR currents through integrin
signaling (Meighan et al., 2006; Nagy et
al., 2006). Integrins are powerful regula-
tors of the actin cytoskeleton and could
also mediate the effects of MMP-9 on den-
dritic spine morphology (Moeller et al.,
2006; Wang et al., 2008).

Dendritic spine size directly correlates
with the size of the postsynaptic density
(Tashiro and Yuste, 2003). Several groups
have previously reported an abundance of
immature dendritic spines with small
heads in the hippocampi of adult Frm1 ko
mice (Bhattacharya et al., 2012; Lauter-
born et al., 2013). Interestingly, a greater
number of thin spines and overall higher
spine density were observed in the hip-
pocampus of adult Frm1 ko mice than
WTs when the mice were housed in an
enriched environment (Lauterborn et al.,
2013). Immature thin spines with small
heads, which are also abundant in human
subjects with FXS, usually display fewer
AMPARs in the postsynaptic density
(Matsuzaki et al., 2001). Synaptic plastic-
ity is dependent on AMPAR levels at post-
synaptic spines, and both are regulated by
cytoskeletal changes and protein synthe-
sis. For example, increased translation of
Arc induces AMPAR internalization in
Fmr1 ko mice (Bagni et al., 2012) and may
contribute to enhanced mGluR5-induced
LTD and impaired LTP in Fmr1 ko mice
(Huber et al., 2002; Lauterborn et al.,
2007). Enhanced hippocampal mGluR5-
dependent LTD was suggested to underlie
cognitive and behavioral defects in Fmr1
ko mice and FXS subjects (Huber et al.,
2002; Michalon et al., 2012). In the ab-
sence of FMRP, type I mGluR expression
is higher and more AMPARs are internal-
ized before glutamate signaling, thereby
lengthening LTD (Bear et al., 2004; Hou et
al., 2006; Oostra and Willemsen, 2009).
The resulting hyperactivity of type I
mGluRs has been shown to contribute to
enhanced LTD since receptor antagonists,
including MPEP, Fenobam, and CTEP,
block this increase and alleviate some
FXS-associated behaviors in Fmr1 ko
mice and FXS human subjects (Yan et al.,
2005; Michalon et al., 2012). Alterna-
tively, it has been proposed that FMRP
deficiency alters GABA receptor subunit
composition, thereby lowering GABAer-
gic inputs to hippocampal circuits
(D’Hulst et al., 2009). GABA receptor
agonists, such as baclofen and nipecotic
acid, partially rescue FXS-associated be-
haviors in mice (Pacey et al., 2009; Lev-
enga et al., 2011). In this study, we also
observed enhanced mGluR5-dependent
LTD in the hippocampus of Fmr1 ko

Figure 7. Schematic depiction of MMP-9 effects in dendritic spines. A, Schematic of key processes that impact dendritic
spine morphology in wt, Fmr1 ko, and dbl ko mice. Left, Dendritic spines in wt mice that express FMRP exhibit mature
morphology and normal levels of MMP-9. Middle, The absence of FMRP in Fmr1 ko mice results in excess MMP-9 produc-
tion, leading to excessive degradation of the perineuronal nets (yellow) and release of RGD-containing peptides that
activate integrins. Excessive integrin signaling contributes to an increase in mTOR signaling, protein translation, and actin
remodeling, leading to the formation of immature spines. Right, Genetic deletion of Mmp-9 normalizes spine morphology
and mTOR signaling in Fmr1/Mmp-9 dbl ko neurons. B, Bottom, The translation of Mmp-9 is regulated by FMRP. Right,
When Fmr1 is absent, more pro-MMP-9 is produced and released into extracellular spaces. The activation of MMP-9 allows
it to cleave the ephrinB receptor, EphB, and pro-BDNF to release BDNF, which binds to TrkB. Active MMP-9 also cleaves ECM
components releasing RGD-containing peptides (green) that trigger integrin signaling. TrkB and integrin signaling in-
crease PI3K activity, which increases Akt phosphorylation and activity. MMP-9 effects on EphB receptor signaling impact
actin dynamics through Rho GTPases. Higher levels of PI3K can also impact actin dynamics through the mTORC2 complex,
which also affects Rho kinases and the actin cytoskeleton. High levels of p-Akt increase mTORC1 complex activation,
blocking 4EBP and inducing S6K, which increase mRNA translation through eIF4E and S6, respectively. Hence Mmp-9
mRNA is translated more actively, and the MMP-9 gene product amplifies the loop. The association of the metabotropic
glutamate receptor mGluR5 with a short form of Homer 1a leads to increased PI3K activity, adding to the same loop.
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mice, but the accompanying genetic disruption of Mmp-9 pre-
vented this enhancement of LTD in dbl ko mice. Higher levels of
MMP-9 may affect AMPAR trafficking during LTD by regulating
the actin cytoskeleton through integrin signaling.

Although many MMP-9 substrates occur in and around CNS
synapses (Ethell and Ethell, 2007), integrins and Eph receptors
are the most likely candidates to mediate MMP-9 effects in Fmr1
ko neurons (Fig. 7). Both integrins and EphB receptors are
known to signal through the recruitment and activation of FAK,
Src, and the PI3K/Akt cascade (Moeller et al., 2006; Chen et al.,
2009; Legate et al., 2009; Maddigan et al., 2011; Yu et al., 2012).
Moreover, �1 integrin negatively regulates the activity of protein
phosphatase 2A, which dephosphorylates and inactivates Akt
(Nho and Kahm, 2010). BDNF signaling through TrkB-PI3K-
Akt could also contribute to enhanced mTOR phosphorylation
since BDNF levels are higher in the hippocampus of Fmr1 ko
mice and mRNA for the high-affinity BDNF receptor (TrkB) is a
known target of FMRP (Louhivouri et al., 2011; Uutela et al.,
2012). Notably, MMP-9 has been shown to cleave pro-BDNF
(Hwang et al., 2005; Yang et al., 2009). PI3K-Akt-mTOR signal-
ing is implicated in FXS and is known to regulate protein synthe-
sis through elongation factor 1� (Hou and Klann, 2004; Ronesi
and Huber, 2008; Gross et al., 2010; Sharma et al., 2010; Hoeffer
et al., 2012). Although mGluR-dependent LTD depends on pro-
tein synthesis in wild-type mice, in Fmr1 ko mice mGluR-
dependent LTD was reported to be protein synthesis
independent, most likely due to an increase in basal levels of
protein synthesis that disrupt mGluR-dependent translational
control (Nosyreva and Huber, 2006). Changes in mGluR scaffold
through its association with a short form of Homer 1a and in-
creased PI3K signaling were attributed to coupling mGluR to
mTORC1 in Fmr1 ko mice (Ronesi et al., 2012). Restoring pro-
tein synthesis by inhibiting PI3K or the genetic deletion of S6
kinase 1 (S6K1) have been shown to correct mGluR-dependent
LTD, abnormal spine morphology, and several behavioral abnor-
malities in Fmr1 ko mice (Gross et al., 2010; Bhattacharya et al.,
2012). Our results suggest that reduced activation of downstream
effectors of mGluR5-dependent translation, such as mTOR and
eIF4E, due to the loss of MMP-9 may be responsible for the
normalization of mGluR-dependent responses in dbl ko mice. It
is also possible that the mGluR/Homer scaffold could be regu-
lated via MMP-9-dependent changes in actin cytoskeletal orga-
nization (Ethell and Ethell, 2007).

Our results establish that MMP-9 deletion returns phosphor-
ylation of mTOR and eIF4E to normal levels in dbl ko mice, likely
due to the changes in Akt activity, which is also normalized in dbl
ko mice (Fig. 6). In contrast, MAP kinase Erk1/2 activity was not
affected by the deletion of MMP-9. In FXS, the absence of FMRP
has been shown to result in increased eIF4E phosphorylation
(Furic et al., 2010; Bagni et al., 2012). FMRP also regulates
MMP-9 mRNA localization and translation by binding to and
suppressing the translation of MMP-9 mRNA (Janusz et al.,
2013). Activation of mGluR5 triggers FMRP dissociation from
Mmp-9 mRNA and promotes Mmp-9 translation, suggesting that
FMRP may act as a negative regulator of MMP-9 translation in
neurons (Janusz et al., 2013). Excessive MMP-9 can activate Akt-
mediated signaling to further enhance mTOR, which in turn can
phosphorylate 4E-BP2 and disinhibit eIF4E (Fig. 7). Dissociation
of eIF4E from 4E-BP2 and CYFIP1 would further enhance pro-
tein translation, leading to excessive protein synthesis in the brain
of Fmr1 ko mice, and shift CYFIP1 into the WAVE regulatory
complex that regulates actin polymerization in dendritic spines
(Napoli et al., 2008; De Rubeis et al., 2013; Udagawa et al., 2013).

Activation of mTOR can also regulate the activity of p70 ribo-
somal S6K1, which has been shown to regulate protein synthesis
in Fmr1 ko mice (Bhattacharya et al., 2012).

Outside of the brain, FMRP is also highly expressed in the
testis, where it regulates the translation of target mRNAs. Inter-
estingly, Mmp-9 deletion rescues FXS-associated macroorchid-
ism in dbl ko mice establishing for the first time a critical role for
excess MMP-9 activity in this phenotype. Slegtenhorst-
Eegdeman et al. (1998) reported higher Sertoli cell proliferation
in the testis of Fmr1 ko mice. Sertoli cells produce MMP-9 and
TIMP-1, and MMPs are known to cleave type IV collagen and
increase the permeability of the blood–testis barrier, which per-
mits the migration of the developing spermatocytes (Fritz et al.,
1993; Robinson et al., 2001; Siu et al., 2003). Increased MMP-9
levels might affect basement membrane permeability and in-
crease the number of migrating spermatocytes. High MMP-9
activity may also influence the proliferative capacity of the Sertoli
and/or germ cells, contributing to increased testicular size (macro-
orchidism). Characteristic physical traits of FXS subjects are associ-
ated with connective tissue in joints, skin, ears, testes, and other
areas. The correction of FXS-associated macroorchidism by MMP-9
deficiency implicates MMP-9 dysregulation in those physical traits.
This gonadal link between MMP-9 and FXS may also extend to
women, as many mothers of FXS sons carry FMR1 premutations
and often develop premature ovarian insufficiency, by an unknown
mechanism. It is possible that excessive MMP-9 causes gonad abnor-
malities in FMRP-deficient males and mosaic females. This relation-
ship between Fmrp and Mmp-9 has also been observed in a
Drosophila model of FXS where overexpression of Timp1 (an endog-
enous MMP regulator) or a mmp-null mutation rescued some of the
defects that occur in dfmr-null flies, establishing a genetic link be-
tween these two genes (Siller and Broadie, 2011).

Here we have shown that enhanced MMP-9 activity is a cen-
tral mediator of neural and non-neural defects associated with
FMRP deficiency—the cause of FXS. The lack of MMP-9 in Fmr1
ko mice (i.e., dbl ko) ameliorated neurological and behavioral
deficits associated with Fmrp deficiency, as well as macroorchid-
ism. These findings indicate that MMP-9-specific inhibitors are
promising therapeutic agents for treating behavioral, cognitive,
and non-neural aspects of FXS.
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