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Abstract

Individuals with Fragile X Syndrome (FXS) and autism spectrum disorder (ASD) exhibit
cognitive impairments, social deficits, increased anxiety, and sensory hyperexcitabil-
ity. Previously, we showed that elevated levels of matrix metalloproteinase-9 (MMP-
9) may contribute to abnormal development of parvalbumin (PV) interneurons and
perineuronal nets (PNNs) in the developing auditory cortex (AC) of Fmr1 knock-out
(KO) mice, which likely underlie auditory hypersensitivity. Thus, MMP-9 may serve
as a potential target for treatment of auditory hypersensitivity in FXS. Here, we used
the MMP-2/9 inhibitor, SB-3CT, to pharmacologically inhibit MMP-9 activity during
a specific developmental period and to test whether inhibition of MMP-9 activity
reverses neural oscillation deficits and behavioral impairments by enhancing PNN
formation around PV cells in Fmr1 KO mice. Electroencephalography (EEG) was used
to measure resting state and sound-evoked electrocortical activity in auditory and
frontal cortices of postnatal day (P)22-23 male mice before and one-day after treat-
ment with SB-3CT (25 mg/kg) or vehicle. At P27-28, animal behaviors were tested
to measure the effects of the treatment on anxiety and hyperactivity. Results show
that acute inhibition of MMP-9 activity improved evoked synchronization to auditory
stimuli and ameliorated mouse behavioral deficits. MMP-9 inhibition enhanced PNN
formation, increased PV levels and TrkB phosphorylation yet reduced Akt phospho-
rylation in the AC of Fmrl KO mice. Our results show that MMP-9 inhibition during
early postnatal development is beneficial in reducing some auditory processing defi-
cits in the FXS mouse model and may serve as a candidate therapeutic for reversing

sensory hypersensitivity in FXS and possibly other ASDs.

KEYWORDS
electroencephalography, fragile X syndrome, matrix metalloproteinase-9, parvalbumin,
perineuronal nets, sensory hypersensitivity

Abbreviations: AC, auditory cortex; Akt, protein kinase B; ASD, autism spectrum disorders; EEG, electroencephalography; FC, frontal cortex; FFT, fast fourier transform; Fmr1
KO, Fragile X mental retardation 1 gene knock-out; FXS, fragile X syndrome; ITPC, inter-trial phase coherence; MMP-2/9, matrix metalloproteinase-2/9; mTOR, mammalian target of

rapamycin; PNN, perineuronal net; PV, parvalbumin; RRID, research resource identifier; STP, single trial power; TrkB, tropomyosin-related kinase B.

Journal of Neurochemistry. 2020;00:1-21.

wileyonlinelibrary.com/journal/jnc © 2020 International Society for Neurochemistry

1


www.wileyonlinelibrary.com/journal/jnc
https://orcid.org/0000-0001-8733-7447
https://orcid.org/0000-0001-5734-6801
mailto:﻿
https://orcid.org/0000-0002-1324-6611
mailto:iryna.ethell@medsch.ucr.edu
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjnc.15037&domain=pdf&date_stamp=2020-06-08

Journal of

JNG;

PIRBHOY ET AL.

2
J_Wl LEY Neurochemistry
1 | INTRODUCTION

Fragile X Syndrome (FXS) is a neurodevelopmental disorder caused
by the hypermethylation of the Fragile X mental retardation 1 (Fmr1)
gene, resulting in the loss of the Fragile X Mental Retardation
Protein (FMRP) (Verkerk et al., 1991), a regulator of protein synthe-
sis (Laggerbauer, 2001). FXS is the most prevalent cause of inher-
ited intellectual disability (Hagerman, Rivera, & Hagerman, 2008)
and a leading genetic cause of autism, providing a genetic model to
study the neurobiological mechanisms underlying autism spectrum
disorders (ASD) (Crawford, Acuna, & Sherman, 2001; Hagerman
et al, 2008). Individuals with FXS exhibit cognitive dysfunctions
(Freund & Reiss 1991; Kaufmann et al., 2004), increased anxiety
(Talisa, Boyle, Crafa, & Kaufmann, 2014), and sensory hyperex-
citability (Ethridge et al., 2016; Miller et al., 1999; Rotschafer &
Razak, 2013).

Auditory hypersensitivity inindividuals with FXS and Fmr1 knock-
out (KO) mice is commonly characterized by a heightened response
to non-aversive stimuli (Crane, Goddard, & Pring, 2009; McDiarmid,
Bernardos, & Rankin, 2017; Rais, Binder, Razak, & Ethell, 2018;
Sinclair, Oranje, Razak, Siegel, & Schmid, 2017), reduced ability
to habituate to sounds (Castren, Paakkonen, Tarkka, Ryynanen,
& Partanen, 2003; Ethridge et al., 2016; Lovelace et al., 2016;
Wang et al., 2017), and greater resting state gamma power in
electroencephalography (EEG) recordings (Ethridge et al., 2017;
Lovelace, Ethell, Binder, & Razak, 2018; Lovelace et al., 2019; Wang
et al., 2017). Studies in the Fmr1 KO mice also show increased sen-
sory responses, broader receptive fields, impaired sound selectivity
(Rotschafer & Razak, 2013), and abnormal network synchroniza-
tion (Paluszkiewicz, Olmos-Serrano, Corbin, & Huntsman, 2011). It
is hypothesized that the inability to habituate to auditory stimuli
(Castren et al., 2003; Ethridge et al., 2016) including ongoing back-
ground noise, a phenotype that is also observed in Fmrl KO mice
(Lovelace et al., 2016, 2018), may contribute to hypersensitivity to
sounds and cortical hyperexcitability (Ethridge et al., 2016, 2017;
Gibson, Bartley, Hays, & Huber, 2008; Lovelace et al., 2018, 2019).
Notably, EEG gamma frequency band abnormalities are associated
with heightened sensory sensitivities and social communication
deficits in FXS individuals (Ethridge et al., 2016, 2017, 2019). Taking
advantage of the link between EEG abnormalities and sensory hy-
persensitivity in FXS, this study used these EEG measures to test the
efficacy of a candidate treatment in Fmr1 KO mice.

Individuals with FXS (Dziembowska et al., 2013) and Fmrl KO
mice (Bilousova et al., 2009; Gkogkas et al., 2014; Sidhu, Dansie,
Hickmott, Ethell, & Ethell, 2014) exhibit increased levels of the
secreted endopeptidase, matrix metalloproteinase-9 (MMP-9).
Specifically, Fmrl KO mice show elevated levels of MMP-9 in the
auditory cortex (AC) during postnatal day (P) 3-18 period. It is hy-
pothesized that increased activity of MMP-9 may contribute to the
development of auditory hypersensitivity by excessively degrading
PNNs, thereby resulting in impaired PNN formation around PV in-
terneurons and affecting PV development in the AC of Fmrl KO
mice at P21 (Wen et al., 2018). Indeed, genetic reduction of MMP-9

levels enhanced PNN formation around PV interneurons and re-
stored sound-evoked responses and spontaneous activity to WT
levels (Wen et al., 2018). Genetic removal of MMP-9 also rescued
altered event-related potential (ERP) habituation responses in the
AC of adult Fmr1 KO mice (Lovelace et al., 2016), normalized den-
dritic spine abnormalities in the hippocampus and improved abnor-
mal behaviors in Fmrl KO mice (Sidhu et al., 2014). PV interneuron
dysfunction contributes to abnormal network synchrony and alter-
ations in gamma oscillations (Lewis, Hashimoto, & Volk, 2005; Sohal,
Zhang, Yizhar, & Deisseroth, 2009; Vreugdenhil, Jefferys, Celio, &
Schwaller, 2003). Overall, these studies indicate that (1) MMP-9
may influence the development of hypersensitive networks during
the third and fourth postnatal weeks, a time that coincides with a
critical developmental window for inhibitory and excitatory circuit
maturation (Gibson et al., 2008; Oswald & Reyes, 2008) and (2) that
targeted inhibition of MMP-9 may serve as a candidate therapeutic
to reduce auditory hypersensitivity in FXS.

In this study, we tested the hypothesis that acute pharmaco-
logical inhibition of aberrant MMP-9 activity during the critical de-
velopmental period would ameliorate cortical processing deficits,
including abnormal resting state neural oscillatory patterns, the
ability to synchronize to stimulus-induced oscillations, PV/PNN defi-
cits, and behavioral impairments. Our results show that acute inhi-
bition of MMP-9 during the P22-23 developmental period improved
evoked synchronization to auditory stimuli and enhanced PNN for-
mation around PV cells. We also observed beneficial effects of acute
MMP-9 inhibition at P27-28 on animal behaviors, such as anxiety
and hyperactivity. MMP-9 inhibition at P27-28 also increased PV
levels and TrkB phosphorylation, and reduced aberrant Akt phos-
phorylation in the developing AC of Fmr1 KO mice.

2 | MATERIALS AND METHODS
2.1 | Ethics statement

All experiments and animal care/use protocols were approved by
the Institutional Animal Care and Use Committee at the University
of California, Riverside (approval number 20190015 and 20190029)
and were carried out in accordance with NIH ‘Guide for the Care and

Use of Laboratory Animals’. The study was not pre-registered.

2.2 | Animals

Experimental animals, C57BL/6 mice, were obtained from Jackson
Laboratories (RRID: IMSR_JAX:003025). Age-matched wild-type
(WT) and Fmrl KO male mice were used between postnatal day
(P) 18-19 (EEG surgery N = 79, N = 14 died post-surgery), P22-23
(EEG recording [N = 65] and PV/PNN analysis [N = 24: note the same
EEG animals were used for analysis] and DQ gelatin assay [N = 16]),
and P27-29 for behavior (N = 37) and Western blot (N = 8). For a

detailed description of total animals and animals per group, please
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refer to Figures 1, 6, and 7. A total of 140 male mice were used in
this study with an average weight of 8 g and range from 6 to 18 g.
All genotypes were confirmed with the analysis of tail samples by
Transnetyx, using real-time PCR-based system to probe for WT
(fmr+/+forward: 5-TGTGATAGAATATGCAGCATGTGA-3') or KO
(fmr-/-forward: 5’CACGAGACTAGTGAGACGTG-3’) target sequence
in each sample. Mice were maintained in an AAALAC accredited fa-
cility in 12-hr light/dark cycles and food and water was available ad
libitum. All experimental procedures were performed on C57BL/6
(WT, RRID:IMSR_JAX:000664) and Fragile X mental retardation
gene-1 (Fmr1) knock-out (KO) mice (RRID: IMSR_JAX:003025, The
Jackson Laboratory).

2.3 | Surgery for electroencephalography recordings

Surgical procedures were performed as described in detail previ-
ously (Lovelace et al., 2018, 2019). Briefly, mice were anesthetized
with isoflurane inhalation (0.2%-0.5%) and given an intraperitoneal
(i.p.) injection of ketamine and xylazine (K/X: 100/20 mg/kg). Toe
pinch reflex was used to measure anesthetic state every 10 min
throughout the surgery, and supplemental doses, no more than half
of the original dose of K/X, were administered as needed. Mice were
placed in a stereotaxic frame (model 930; Kopf, CA). Artificial tear
gel was applied to the eyes to prevent drying. Once the mouse was
anesthetized, a midline sagittal incision was made along the scalp
to expose the skull. A Foredom dental drill was used to drill three
holes 1 mm in diameter in the skull overlying the right AC (-1.6 mm,
+4.8 mm), right frontal lobe (+2.6 mm, +1.0 mm), and left occipital
cortex (-3.5 mm, -5.2 mm) (coordinate relative to bregma: anterior/
posterior, medial/lateral). Three channel electrode posts (Plastics
One, MS333-2-A-SPC) were attached to 1-mm stainless steel screws
(Plastics One, 8LO03905201F) and screws were advanced into the
drilled holes until secure. Special care was taken not to advance the
screws beyond the point of contact with the dura. Dental cement
was applied around the screws, on the base of the post, and exposed
skull. Postoperative care included topical application of a triple an-
tibiotic ointment along the edges of the dental cement followed by
two subcutaneous injections of buprenorphine (0.05 mg/kg), one
immediately after surgery, and one 6-10 hr after surgery. Mice were
placed on a heating pad to aid recovery from anesthesia. Mice were
group housed, returned to the vivarium, and monitored daily until
the day of EEG recordings, which allowed 4-5 days recovery post-
surgery before recording.

2.4 | Electrophysiology

All EEG recordings were performed during 5 a.m.-7 p.m. Mice were
habituated for 20 min in an anechoic foam-lined sound-attenuating
chamber (Gretch-Ken Industries Inc.) and connected to the BioPac
acquisition system (BIOPAC Systems, Inc) through a three-channel
tether under brief isoflurane anesthesia. The tether was connected
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lowed to habituate to being connected to the tether for an additional
15 min before EEG recordings were obtained. During the recording
session, a piezoelectric sensor placed under the floor of the cage
detected mouse movement in the recording arena.

EEG activity was obtained using the BioPac system and
Acgknowledge recording software from awake and freely moving
mice. The BioPac MP150 acquisition system was connected to two
EEG 100C amplifier units (one for each channel) to which the com-
mutator was attached. The lead to the occipital cortex served as a
reference for both frontal and auditory cortex screw electrodes.
The acquisition hardware was set to high-pass (> 0.5 Hz) and low-
pass (< 100 Hz) filters. Normal EEG output data were collected with
gain maintained the same (10,000 X) between all recordings. Data
were sampled at a rate of 2.5 kHz using Acgknowledge software and
down sampled to 1,024 Hz post hoc using Analyzer 2.1 (Brain Vision
LLC). Sound delivery was synchronized with EEG recording using a
TTL pulse to mark the onset of each sound in a train. Resting EEGs
were recorded for 5 min (during this time no auditory stimuli were
presented) followed by recordings in response to auditory stimula-
tion. After all EEG experiments were completed, mice were perfused

for histology or used for behavioral tasks and Western blot analysis.

2.5 | Acoustic stimulation

Acoustic stimulation paradigms were similar as those previously
used in Fmrl KO mice (Lovelace et al., 2018, 2019), which is anal-
ogous to work in humans with FXS. Acoustic stimuli were gener-
ated using RPvdsEx software and RZé hardware (Tucker-Davis
Technologies) and presented through a free-field speaker (MF1
Multi-Field Magnetic Speaker; Tucker-Davis Technologies) located
30 cm away directly above the cage. Sound pressure level (SPL) was
modified using programmable attenuators in the RZ6 system. The
speaker output was ~ 70 dB SPL at the floor of recording chamber
with fluctuation of + 3 dB for frequencies between 5 and 35 kHz as
measured with a % in Bruel and Kjaer microphone.

A chirp-modulated signal (henceforth ‘chirp’) to induce synchro-
nized oscillations in EEG recordings was used to quantify fidelity
of responses to time-varying stimuli. The chirp is a two-second
broadband noise stimulus with amplitude modulated (100% mod-
ulation depth) by a sinusoid whose frequencies increase (Up-chirp)
or decrease (Down-chirp) linearly in the 1-100 Hz range (Artieda
et al., 2004; Perez-Alcazar et al., 2008; Purcell, John, Schneider, &
Picton, 2004). The chirp facilitates a rapid measurement of tran-
sient oscillatory response (delta to gamma frequency range) to au-
ditory stimuli of varying frequencies and can be used to compare
oscillatory response in different groups in clinical and preclinical
settings. Inter-trial phase coherence analysis (phase locking factor)
can then be used to determine the ability of the neural generator
to synchronize oscillations to the frequencies present in the stimu-
lus (Tallon-Baudry, Bertrand, Delpuech, & Pernier, 1996). The chirp

stimulus may be preferable over the traditional steady state stimulus
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in studies of children with neurodevelopmental disorders, as it can
quickly and efficiently measure multiple modulation frequencies in a
shorter period of time.

To avoid onset responses contaminating phase locking to
the amplitude modulation of the chirp, the stimulus was ramped
in sound level from 0% to 100% over 1 s (rise time), which then
smoothly transitioned into chirp modulation of the noise (see
Figure 3c for example). Up- and Down-chirp trains were presented
300 times each (for a total of 600 trains). Both directions of mod-

ulation were tested to ensure any frequency-specific effects were

not due to the frequency transition history within the stimulus. Up-
and Down-chirp trains were presented in an alternating sequence.
The interval between each train was randomly varied between 1
and 1.5s.

2.6 | Data analysis

All EEG data analyses were performed as described previously
(Lovelace et al., 2018, 2019). Briefly, EEG data were extracted from
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FIGURE 1 Developing Fmrl KO mice exhibit increased low gamma power. (a) Experimental timeline shows mice were implanted at
P18 with two-channel EEG electrodes (WT, N = 35; Fmr1 KO, N = 30) in the auditory cortex (AC) and the frontal cortex (FC), and with an
occipital cortex reference electrode. Animals were allowed 4-5 days to recover post-surgery (WT, N = 35; Fmr1 KO, N = 30; N = 14 (WT
N = 8; KO N = 6) animals died post-surgery) and EEG recording was done prior to treatment (PRE) at P22-23 (WT, N = 23, excluded N = 1;
Fmr1 KO, N = 21, excluded N = 1). Inmediately after the EEG recording, animals were given either an intraperitoneal injection of SB-3CT
(25 mg/kg) or vehicle. At P23-24, a post-treatment EEG recording was performed. Brains were collected for PV/PNN analysis immediately
after EEG recording. (b) Schematic shows placement of electrodes, which consisted of a three-channel electrode post with three 1-mm
stainless steel screws (depicted by red dots). (c-j) EEG recording was done prior to treatment (PRE) at P22-23. Resting data (baseline, in the
absence of auditory stimulation) were collected for 5 min and divided into 2-s segments for spectral analysis. Depicted are examples of EEG
segments from individual WT (c) and Fmr1 KO (d) mice, which include simultaneous recording from the AC and the FC. (e and f) Graphs show
average spectral power (1V2/Hz) in the AC and FC of Fmr1 KO mice (N = 20) in a histogram (e) and bar graph format (f) expressed as the
ratio of WT controls (N = 22) prior to treatment (PRE). A value of 1 indicates no mean difference in power between WT and Fmr1 KO mice,
while values above the black line indicate KO > WT, and below indicate KO < WT. (f) Statistical analysis was performed using a one-way
MANCOVA with the percentage of time spent moving as a covariate. Genotype differences were compared using six spectral bands per
region: Delta (D), Theta (T), Alpha (A), Beta (B), Low Gamma (LG), and High Gamma (HG). Since assumptions were not violated, we report an
effect of genotype (AC: Pillai's Trace = 2.465, p = .04; FC: Pillai's Trace = 2.587, p = .036) across all six of the combined frequency variables.
Low gamma was significantly increased after correction for multiple comparisons in the both the AC and FC: AC low gamma, F(1,27) = 10,

p =.003, r12 =0.204, FC low gamma, F(1,27) = 9.012, p = .005, r12 =0.188 (WT N =22, Fmr1 KO N = 20). All graphs represent average values
and the error bars indicate SEM. To determine whether there is a relationship between power across different frequencies and/or regions, a
Pearson's correlation was done for resting baseline segments comparing Fmr1 KO (N = 21, excluded N = 3) versus WT control mice (N = 23,
excluded N = 2). (g) Graph shows Pearson's correlation (r) for each mouse for AC Theta/Low Gamma and AC Alpha/Low Gamma (WT, N = 21;
Fmr1 KO, N = 18; T1G1: p = .02; A1G1: p = .008). (h) Graph shows the Pearson's correlation (r) for FC Theta/Low Gamma and FC Alpha/Low
Gamma. (i) Graph shows the Pearson's correlation (r) for AC Theta/FC Low Gamma and AC Alpha/FC Low Gamma (T1G2: p = .03); A1G2:

p =.04). (j) Graph shows the Pearson's correlation (r) for the FC Theta/AC Low Gamma and FC Alpha/AC Low Gamma (T2G1: p = .04; A2G1:

p = .03). For power coupling comparisons, animals that moved < 5% during the resting baseline were excluded from the analysis

Acgknowledge and converted to files compatible with Analyzer 2.1
software. All data were notched filtered at 60 Hz to remove re-
sidual line noise from recordings. Artifact rejection was performed
using BrainVision Analyzer. Several criteria were used to search for
artifacts including amplitude, gradient, max-min, and low activity.
Less than 30% of data were rejected due to artifacts from any sin-
gle mouse. If more than 30% of the data was rejected, the animal
was excluded from analysis (Resting baseline: WT PRE, N = 1; Fmr1
KO PRE, N = 1; vehicle-treated Fmr1 KO, N = 2; vehicle-treated WT,
N = 2; SB-3CT-treated Fmr1 KO, N = 1; Chirp: Fmrl KO PRE, N = 2,
vehicle-treated WT, N = 1; SB-3CT-treated WT, N = 1; Fmrl KO,
N = 2, SB-3CT-treated Fmr1 KO, N = 1). Notably, no outlier test was
performed; instead, animals were excluded based on the exclusion

criterion described above or movement percentage.

2.7 | Resting EEG analysis

Five minutes of EEG data (no auditory stimulus) were divided into
2-s segments and Fast Fourier Transforms (FFT) were calculated on
each segment using 0.5 Hz bins, using a Hanning window, with no
overlap, and then average power (uV2/Hz) was calculated for each
mouse from 1 to 100 Hz. Power was then further binned into stand-
ard frequency bands. We compared genotype mean differences on
six bands per region: Delta (1-4 Hz), Theta (4-8 Hz), Alpha (8-13 Hz),
Beta (13-30 Hz), Low Gamma (30-55 Hz), and High Gamma (65-
100 Hz). The gamma band (30-100 Hz) was divided into low (30-
60 Hz) versus high (> 60 Hz) bands in gamma range because studies
show that the lower gamma frequency rhythm may be associated
with activity of PV cells (Balakrishnan & Pearce, 2014; Dvorak &

Fenton, 2014; Ray & Maunsell, 2011), whereas the higher gamma
frequencies may be related to spiking activity near the electrodes
(Buzsaki & Wang, 2012; Ray & Maunsell, 2011). The spectral bands
used are based on a number of previous studies on FXS in both mice
(Radwan, Dvorak, & Fenton, 2016) and humans (Ethridge et al., 2016,
2017; Wang et al., 2017).

Responses to chirp trains were analyzed using Morlet wavelet
analysis. Chirp trains were segmented into windows of 500 ms be-
fore chirp onset to 500 ms after the end of the chirp sound (total
of 3 s because each chirp was 2 s in duration). EEG traces were
processed with Morlet wavelets from 1 to 100 Hz using com-
plex number output (voltage density, uV/Hz) for Inter-Trial Phase
Coherence (ITPC) calculations, and power density (uV?/Hz) for
non-phase locked single trial power (STP). Wavelets were run with
a Morlet parameter of 10 as this gave the best frequency/power
discrimination. This parameter was chosen since studies in humans
found most robust difference around 40 Hz, where this parameter
is centered (Ethridge et al., 2017). To measure phase synchroniza-
tion at each frequency across trials, Inter-Trial Phase Coherence
(ITPC) was calculated. The equation used to calculate ITPC is as

follows:

_1 . F(f,t)
TPt = 2. e

where f is the frequency, t is the time point, and k is the trial num-
ber. Thus, F, (f, t) refers to the complex wavelet coefficient at a given
frequency and time for the kth trial. There were no < 225 trials (out
of 300) for any given mouse after segments containing artifacts were

rejected.
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2.8 | Statistical analysis and definition of
movement states

All statistical analysis was performed as described previously
(Lovelace et al., 2018, 2019). Statistical group comparisons of
chirp responses (ITPC and STP) were quantified by wavelet analy-
sis using MATLAB (MATLAB, RRID:SCR_001622). The analysis
was conducted by binning time (2 s segments) into 256 parts and
frequency into 100 parts, resulting in a 100 x 256 matrix. Non-
parametric cluster analysis was used to determine contiguous
regions in the matrix that were significantly different from a dis-
tribution of 2000 randomized Monte Carlo permutations based on
previously published methods (Maris & Oostenveld, 2007). Briefly,
if the cluster size of the real genotype assignments (both positive
and negative direction, resulting in a two-tailed alpha of p = .025)
were larger than 97.25% of the random group assignments, those
clusters were considered significantly different between geno-
types. This method avoids statistical assumptions about the data
and corrects for multiple comparisons. In all cases, p < .05 was
considered significant for ANOVA and Student's t tests. Where
t tests were performed, r was calculated as an effect size. When
interactions were found and multiple comparisons for ANOVA
were made, data were analyzed on each factor for simple ef-
fects and corrected using Bonferroni adjustments. If assumptions
of sphericity were violated for repeated measures ANOVA, the
Greenhouse-Geisser correction was used.

As movement can alter cortical gain (Niell & Stryker, 2010), and
Fmr1 KO mice show hyperactivity, a piezoelectric transducer was
placed under the EEG recording arena to detect when the mouse
was moving. The term ‘resting’ is used to indicate EEGs recorded
in these mice without any specific auditory stimuli. The term ‘still’
is used to describe resting EEG when the mouse was stationary.
The term ‘moving’ is used to describe resting EEG when the mouse
was moving based on a threshold criterion for the piezoelectric
signal that was confirmed by analyzing the video recording (under
IR light) that was taken throughout the EEG recording procedure.
In all cases where genotype means are reported, standard error
of the mean (SEM) was used. The genotype differences in resting
power were analyzed on six dependent variables using one-way
Multivariate analysis of co-variance (MANCOVA) with one covari-
ate (movement), independent variables (IV): genotype (Fmr1 KO,
WT), dependent variables (DV): six frequency bins (delta to high
gamma). The proportion of time spent moving during the 5-min
recording session was used as a covariate to isolate effects of gen-
otype and control for the effect movement has on cortical gain.
When multiple comparisons for MANCOVA were made, genotype
comparisons were corrected using Bonferroni adjustments. The
divisor for Bonferroni correction for multiple comparisons (for six
frequency bands) on MANCOVA was set to 6, a = 0.05/6 =0.0083.
Data are often expressed and plotted as ratio of control group val-
ues to gauge relative differences in various factors using the same
scale. Statistical analysis was done using SPSS software package
(SPSS, RRID:SCR_002865).

2.9 | Treatment

The matrix metalloproteinase-2/9 inhibitor, SB-3CT, in saline con-
taining 10% DMSO (Millipore, Cat. 444274), or vehicle (10% DMSO
in saline) was administered intraperitoneally (i.p., 25 mg/kg) to
WT and Fmr1 KO mice at P22-23 (for timeline, see Figure 1a). For
treatment, animals were assigned based on simple randomization.
To blind experimenter to treatment, animals were given a numeri-
cal identifier with no treatment identification that was used during
EEG recording and PV/PNN analysis. A second group of mice that
did not undergo EEG surgery or recording received a single treat-
ment of SB-3CT (25 mg/kg) or vehicle injections at P27-28 and
were subjected to behavioral tests at P28-29 (Figure 6a). To blind
experimenter to treatments during behavior, tests were performed
by two experimenters, one experimenter administered treatment
and second experimenter was blinded to assigned treatment of each
mouse. A third group that did not undergo EEG surgery or recording
received a single treatment of SB-3CT (25 mg/kg) or vehicle injec-
tions at P21-22 (Figure 7a). To blind experimenter to treatments, one
experimenter prepared drugs and assigned a numerical identifier to
each treatment/animal and a second experimenter administered
the treatment and was blinded to each assigned treatment. Initial
number of animals used per group: EEG implant surgery (WT, N = 35;
Fmr1l KO, N = 30), EEG recording (WT PRE, N = 23; Fmrl KO PRE,
N = 21; vehicle-treated WT, N = 18; SB-3CT-treated WT, N = 15;
vehicle-treated Fmr1 KO, N = 14; SB-3CT-treated Fmr1 KO, N = 13;),
PV/PNN analysis (N = 6 per group; vehicle-treated WT, n = 18;
SB-3CT-treated WT, n = 23; vehicle-treated Fmrl KO, n = 20; SB-
3CT-treated Fmrl KO, n = 17), behavior (vehicle-treated Fmr1 KO,
N =10; SB-3CT-treated Fmr1 KO, N = 9; vehicle-treated WT, N = 10;
SB-3CT-treated WT, N = 8), Western blot (vehicle-treated Fmr1 KO,
N = 4; SB-3CT-treated Fmr1 KO, N = 4; vehicle-treated WT, N = 4;
SB-3CT-treated WT, N = 4), and DQ gelatin assay (vehicle-treated
Fmr1 KO, N = 5; SB-3CT-treated Fmr1 KO, N = 5; vehicle-treated WT,
N = 3; SB-3CT-treated WT, N = 3).

2.10 | Dye-quenched (DQ) gelatin
assay and analysis

The dye-quenched (DQ) gelatinase activity assay is a hydrolytic ac-
tivity assay used to measure MMP-2/9 activity. The DQ gelatin assay
measures MMP-2/9 activity by measuring the fluorescent intensity
of a FITC-quenched gelatin peptide that fluoresces following cleav-
age by MMP-2 or MMP-9 to measure MMP-2/MMP-9 proteolytic
activity (Vandooren et al., 2011). To confirm that i.p. administration
of SB-3CT results in the inhibition of MMP-9 activity in the brain,
1 hr after treatment with SB-3CT inhibitor or vehicle P22 WT mice
(N = 3 per group) were euthanized with isoflurane and the auditory
cortex and surrounding temporal cortex (average weight of tissue
~20 mg) were dissected based on coordinates (Paxinos and Franklin
2004) and previous electrophysiological and dye-placement stud-

ies (Martin del Campo, Measor, & Razak, 2012). For an example of
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auditory cortex dissection, please see Figure S2-1. The 1-hr time
point was chosen based on the ~ 45 min half-life of SB-3CT (Gooyit
et al.,, 2012). The AC was resuspended in lysis buffer (50mM Tris-
HCL [pH = 7.4] buffer containing 150mM NaCl, 5mM EDTA,Y 0.05%
Triton X-100, 1mM PMSF) containing protease inhibitor cocktail
(Sigma-Aldrich, cat. #P8340) and phosphatase inhibitor cocktail
(Sigma-Aldrich, cat. #P0044). Lysates were measured for total pro-
tein concentrations using the protocol for the BCA colorimetric pro-
tein assay (Pierce, cat. #23-235).

Lysates were diluted in reaction buffer and mixed with DQ-
gelatin stock, a fluorescence-labeled gelatin substrate (Molecular
Probes, E12055) as described previously (Lovelace et al., 2019).
Lysates were coded and processed by experimenter blinded to
codes. Fluorescence intensity was analyzed using 495 nm exci-
tation wavelength and 515 nm emission wavelength in a fluores-
cence microplate reader equipped with standard fluorescein filters
(SpectraMax M2, Molecular Devices). The signal from the samples
was measured every 20 min during a 3-hr incubation period. For
each time point, background fluorescence intensity was corrected
by subtracting the values derived from the blank, which consisted
of only reaction buffer and DQ gelatin. A standard curve to assess
gelatinase activity was generated using recombinant mouse MMP-9
activity (rmMMP-9, specific activity approx. 1,500 pmol min? ug'l,
R&D Systems, Cat. # 909-MM-010). A linear regression of rmMMP-9
activity (standard curve) and relative gelatinase activity based on the
average fluorescence intensity of three replicates was used to assess

gelatinase proteolytic activity in the lysates.

2.11 | Immunohistochemistry

For histology, mice were euthanized with isoflurane and perfused
transcardially with ice-cold phosphate-buffered saline (0.1 M PBS,
pH 7.4) and 4% paraformaldehyde (PFA). Brains were sectioned in
the coronal plane on a Vibratome (Leica S1000) at 100 um and sec-
tions were stored in PBS before staining. Prior to immunostaining,
free-floating sections were post-fixed for an additional 2 hr in 4%
PFA and then washed in 0.1M PBS. Sections were then quenched
with 50mM ammonium chloride for 15 min, permeabilized with 0.1%
Triton X-100 for 10 min, and blocked for 1 hr at 20-22°C in 5% don-
key serum (DS; Sigma-Aldrich Cat# D9663, RRID:AB_2810235) and
1% bovine serum albumin (BSA,; Fisher Scientific, Catalog #9048468)
in 0.1 M PBS. Sections were incubated overnight in primary antibod-
ies and a 1:500 dilution of fluorescein-tagged Wisteria floribunda
Lectin (4 pg/ml WFA, Vector Laboratories Cat# FL-1351, RRID:
AB_2336875) in a 1% DS, 0.5% BSA, and 0.1% Tween-20 solution.
Primary antibodies included a 1:1,000 dilution of mouse anti-PV
antibody (Sigma-Aldrich Cat#P3088, RRID:AB_477329) to label PV
interneurons. Sections were incubated in a 1:500 dilution of donkey
anti-mouse Alexa Fluor 594 for 1 hr. After immunostaining, sections
were mounted on slides and cover slipped with Vectashield contain-
ing DAPI (Vector Laboratories Cat#H-1200, RRID:AB_2336790) and
Cytoseal (ThermoScientific, Catalog #8310-16).

JNGC:

2.12 | Image quantification
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Slices were imaged by confocal microscopy (model LSM 510, Carl
Zeiss Microlmagining or Leica SP5) using a series of 10 high-res-
olution optical sections (1,024 x 1,024 pixel format) that were
captured for each slice at 10 x magnification at 1um step intervals
(z-stack). All images were acquired under identical conditions. Each
z-stack was collapsed into a single image by projection, converted to
a TIFF file, and encoded for blind analysis using ImageJ (NIH soft-
ware, ImageJ, RRID:SCR_003070). The AC was identified using hip-
pocampal landmarks (Figure S2-1). This method has been previously
validated using tonotopic mapping and dye injection (Martin del
Campo et al., 2012) and comparison with the Paxinos mouse atlas
and other publications on the mouse AC (Anderson, Christianson, &
Linden, 2009). Nevertheless, the precise boundary between primary
AC (A1) and anterior auditory field (AAF) of the mouse AC cannot be
clearly established. Both these fields are part of the lemniscal audi-
tory system and comprise the core AC. Therefore, we use the AC
to include both A1 and AAF. ImageJ was used to identify and count
PNN-positive, PV-positive cells, and PV/PNN co-localization (N = 6
per group; vehicle-treated WT, n = 18; SB-3CT-treated WT, n = 23;
vehicle-treated Fmr1 KO, n = 20; SB-3CT-treated Fmr1 KO, n = 17).
Cortical layers were identified (Anderson et al., 2009) and used for
layer-specific counts (Layers 1-5/6 of the AC). A selection tool was
used to measure and specify layers of the AC and the point tool was
used to label PNNs and PV cells and added to the ROl manager.

2.13 | Behavior
2.13.1 | Open-field test

Behavioral tests were performed as described previously (Lovelace
et al., 2019; Sidhu et al., 2014). Briefly, anxiety-like behavior was
tested in P27-28 mice (N = 6-7 per group) by quantifying their
tendency to travel to the center of an open field and time spent in
thigmotaxis (Yan, Asafo-Adjei, Arnold, Brown, & Bauchwitz, 2004;
Yan, Rammal, Tranfaglia, & Bauchwitz, 2005). A 43 x 43 cm open-
field arena with 43-cm-high walls was constructed from clear acrylic
sheets. The open-field arena was placed in a brightly lit room, and
one mouse at a time was placed in a corner of the open field and al-
lowed to explore for 10 min while being recorded with digital video
from above. The floor was cleaned with 3% acetic acid, 70% etha-
nol 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 this test
was always performed prior to the elevated plus maze by the same
experimenter. The arena was subdivided into a 4 x 4 grid of squares
with the middle of the grid defined as the center. A line 4 cm from
each wall was added to measure thigmotaxis. Locomotor activity was
scored by the analysis of total line crosses and speed as described
previously with some modifications (Yan et al., 2005) using TopScan
Lite Software (Clever Sys., Inc.). A tendency to travel to the center

(total number of entries into large and small center squares) and the
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iors using TopScan Lite software (CleverSys Inc). The analysis was
performed in 5-min intervals for the total 10-min exploration dura-
tion. Assessments of the digital recordings were performed blind to
the condition. Statistical analysis was performed with unpaired t test
using GraphPad Prism 6 software. Data represent mean * standard
error of the mean (SEM).

2.13.2 | Elevated plus maze

The elevated plus maze consisted of four arms in a plus configura-
tion. Two opposing arms had 15-cm tall walls (closed arms), and two
arms were without walls (open arms). The entire maze sat on a stand
1 m above the floor. Each arm measured 30 cm long and 10 cm wide.
Mice were allowed to explore the maze for 10 min while being re-
corded by digital video from above. The maze was wiped with 3%
acetic acid, 70% ethanol and water between each test to eliminate
odor trails. This test was always done following the open-field test.
TopScan Lite software was used to measure the percent of time
spent in open arms and speed. The time spent in open arm was used
to evaluate anxiety-like behavior. The velocity and total arm entries
were measured to evaluate overall locomotor activity. The analysis
was performed in 5-min intervals for the total 10-min exploration
duration. Assessments of the digital recordings were done blind to
the condition using TopScan Lite software. Statistical analysis was
performed with unpaired t test using GraphPad Prism 6 software.

Data represent mean + standard error of the mean (SEM).

2.14 | Western blot analysis

Western blot analysis was performed as described previously
(Lovelace et al., 2019). The AC was removed from each mouse
(N = 3-4 mice per group), cooled in PBS, and homogenized in ice-cold
lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 5 mM EDTA,
0.05% Triton X-100, and 1 mM PMSF) containing protease inhibi-
tor cocktail (Sigma-Aldrich, cat. # P8340) and phosphatase inhibitor
cocktail (Sigma-Aldrich, cat. #P0044). The samples were rotated at
4°Cforatleast 1 hrto allow for complete cell lysis and then cleared by
centrifugation at 10,000 g for 15 min at 4°C. Supernatants were iso-
lated and boiled in reducing sample buffer (Sigma-Aldrich, Laemmli
2 x concentrate, S3401), 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 hr at 20-22°C 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 anti-Akt
(Cell Signaling Technology Cat# 9272, RRID:AB_329827); rabbit
anti-phospho-Akt (Ser473; Cell Signaling Technology Cat# 9271,
RRID: AB_329825); mouse anti-PV (Millipore, Cat#MAB1572,
RRID:AB_2174013), mouse anti-total TrkB (1:2000; BD Biosciences

Cat# 610101, RRID:AB_397507), rabbit anti-phospho-TrkB (Tyr515)
(1:1,000, Bioworld, catalog #AP0236), and rabbit anti-pactin at
1:2000 (Abcam Cat #ab8227, RRID:AB_2305186). All primary anti-
bodies were from Cell Signaling Technology and used at a dilution of
1:1,000, unless stated otherwise.

Blots were washed 3 x 10 min with TBS/0.1% Tween-20 and
incubated with the appropriate HRP-conjugated secondary anti-
bodies for 1 hr at 20-22°C in a TBS/0.1% Tween-20/5% BSA solu-
tion. The secondary antibodies used were HRP-conjugated donkey
anti-mouse 1gG (Jackson ImmunoResearch Labs Cat#715-035-150,
RRID:AB_2340770) or HRP-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch Labs Cat# 111-035-003, RRID:AB_2313567). After
secondary antibody incubations, blots were washed 3 x 10 min in
TBS/0.1% Tween-20, incubated in ECL 2 Western Blotting Substrate
(Thermo Scientific, catalog #80196) and a signal was collected with
CL-XPosure film (Thermo Scientific, catalog #34090). For re-probing,
membrane blots were washed in stripping buffer (2% SDS, 100 mM
B-mercaptoethanol, 50mM Tris-HCI, pH 6.8) for 30 min at 55°C, then
rinsed repeatedly with TBS/0.1% Tween-20, finally blocked with 5%
skim milk, and then re-probed. Developed films were then scanned,
and band density was analyzed by measuring band and background
intensity using Adobe Photoshop CS5.1 software (Adobe Photoshop,
RRID:SCR_014199). Four to five samples per group of vehicle versus.
SB-3CT WT versus. Fmrl KO were run per blot. Statistical analysis
was performed with unpaired t test using GraphPad Prism 6 software
(GraphPad Prism, RRID:SCR_002798). Data represent mean * stan-
dard error of the mean (SEM).

2.15 | Statistical analysis

All statistical analyses for cell density quantification, Western blot,
behavior, and DQ gelatin assay were done using Prism (GraphPad
Software). For cell density quantification, theta/gamma ratio, and
behavior, two-way ANOVA was used to compare Genotype (WT x
KO) versus. Treatment (SB-3CT x vehicle) followed by post hoc pair-
wise comparisons with the Bonferroni's or Tukey's correction, unless
otherwise specified. For Western blot and the DQ gelatin assay, the
Student's t test was used to assess the effects of treatment in KO or
WT mice. For all analyses, ‘N’ = number of animals and ‘n’ = number
of coronal sections. No power analysis was performed to calculate
sample size for each experiment. The number of animals for each
study was determined using previously published studies using simi-
lar techniques [EEG (Lovelace et al., 2018; Wen, Lovelace, Ethell,
Binder, & Razak, 2019), PV/PNN analysis (Lovelace et al., 2019; Wen
et al., 2018), behavior, and DQ gelatin (Lovelace et al., 2019)].

3 | RESULTS

In the current study, we examined whether acute pharmacological
inhibition of MMP-9 activity during a developmental critical period

reduces auditory hypersensitivity in developing Fmr1 KO mice. First,
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we evaluated changes in spectral power and synchronization to au-
ditory stimuli using EEG, as well as changes in PV/PNN density. Next,
we assessed anxiety-like behaviors and hyperactivity along with
changes in key molecular targets associated with FXS, including PV

levels and phosphorylation of TrkB and Akt.

3.1 | Developing Fmrl KO mice exhibit increased
resting state gamma EEG power and abnormal EEG
power coupling

Previously, we have shown that adult Fmrl KO mice exhibit in-
creased resting state gamma power (Lovelace et al., 2018), a phe-
notype that is similar to that observed in humans with FXS (Ethridge
etal., 2017; Wang et al., 2017). Here, we assessed whether develop-
ing Fmr1 KO mice on C57BL/6 background (for FVB background, see
[Wen et al., 2019]) also exhibit increased resting state gamma power
during the P21-28 period when maturation of various neuronal cir-
cuits occurs. To do this, mice were implanted with two-channel EEG
electrodes placed in the auditory (AC) and frontal cortex (FC) at P18
(Figure 1a and b), allowed to recover for 4-5 days, and baseline EEG
activity was recorded at P22 prior to treatment (PRE). Resting EEG
data (in the absence of auditory stimulation) were collected for 5 min
and were divided into 2-s segments for spectral analysis. Resting
EEG raw power (uV2/Hz) was calculated in the AC and FC of WT
and Fmr1l KO mice by analyzing all frequency bands during the en-
tire 5-min resting period. Examples of one-second segments of EEG
traces for individual WT and Fmr1 KO mice are shown in Figure 1c
and d, respectively (AC: top; FC: bottom). The group average power
spectral densities for the AC and the FC are shown in histogram
(Figure 1e) and bar graph format (Figure 1f), respectively. To normal-
ize data for each region and to determine relative changes in power
across frequency bands, power values were expressed as a ratio of
Fmr1l KO (N = 20) to WT (N = 22) means (for non-normalized data,
see Figure S1-1). A value of 1 indicates no mean difference in power
between WT and Fmrl KO, whereas values above 1 indicate Fmr1
KO > WT, and below indicate Fmr1 KO < WT mice.

Statistical analysis was performed using a one-way MANCOVA
with the percentage of time spent moving as a covariate. We com-
pared genotype mean differences on six bands per region: Delta
(1-4 Hz), Theta (4-8 Hz), Alpha (8-13 Hz), Beta (13-30 Hz), Low
Gamma (30-55 Hz), and High Gamma (65-100 Hz). Frequencies from
55 to 65 Hz were excluded in all analysis, as a 60 Hz notch filter
was utilized to eliminate line noise. We confirmed assumptions of
equality of covariance using Levene's test of equality of error vari-
ance and no differences between genotypes were observed in error
variance (all p > .05). Since assumptions were not violated, we report
an effect of genotype (AC: Pillai's Trace = 2.465, p = .04; FC: Pillai's
Trace = 2.587, p = .036) across all six of the combined frequency
variables. The low gamma band was the only frequency band sig-
nificantly different between genotypes in the AC and FC (Figure 1f;
AC: low gamma, F (1,27) =10, p =.003, r12 =0.204, FC: low gamma,
F(1,27) = 9.012, p = .005, n? = 0.188; WT N = 22, Fmr1 KO N = 20;

JNGC:
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Fmr1 KO mice exhibit increased resting state low gamma power (30-
55 Hz) early in development at P22-23.

Human EEG studies also report power abnormalities in delta,
theta, alpha frequencies, and impaired coupling between low- and
high-frequency oscillations in individuals with FXS and ASD (Sinclair
et al., 2017; Wang et al., 2013). To determine whether there are ab-
normalities in power coupling in early development, a Pearson's cor-
relation was done during the resting baseline period to assess the
relationship between power across different frequencies and/or re-
gions, using the same approach that was used in a study for human
FXS (Wang et al., 2013). Results show a negative correlation in power
coupling of the AC Theta/Low Gamma and AC Alpha/Low Gamma in
WT mice (Figure 1g). These correlations were significantly reduced
in Fmr1 KO mice (T1G1: p = .02; A1G1: p = .008). Results also show a
negative correlation in across region power coupling of the AC Theta/
FC Low Gamma and AC Alpha/FC Low Gamma in WT mice (Figure 1i),
and FC Theta/AC Low Gamma and FC Alpha/AC Low Gamma
(Figure 1j). These correlations were also significantly reduced in Fmr1
KO mice (T1G2: p = .03; A1G2: p =.04; T2G1: p = .04; A2G1: p = .03).

Overall, these findings indicate that abnormalities in resting
gamma power and EEG power coupling, in particular changes in
theta/low gamma and alpha/low gamma power coupling in the AC
and cross regional impairments, are present in developing Fmr1 KO
mice as early as P22-23.

3.2 | Fmr1 KO mice treated with MMP-9 inhibitor
show no effect on resting state EEG gamma
power and EEG power coupling

Next, both Fmr1 KO and WT mice received a single i.p. injection of the
MMP-2/9 inhibitor, SB-3CT (25 mg/kg), or vehicle immediately follow-
ing EEG recording to assess the efficacy of acute MMP-9 inhibition to
normalize resting EEG oscillation pattern (Figure 1a). One day after
treatment, resting EEG baseline data were again collected for 5 min
and was divided into 2-s segments for spectral analysis. The percent-
age of time that the mice spent moving during the recording period
was not different between genotypes (Figure S1-2) or treatment
groups (Figure S2-7). Figure 2 shows the average spectral power as
a ratio of the corresponding control group in histogram (Figure 2a-c)
and bar graph format (Figure 2d-f) for each group (AC: top; FC: bot-
tom; for non-normalized data see Figure S2-2). To determine resting
EEG in vehicle groups, vehicle-treated Fmrl KO mice were compared
to vehicle-treated WT mice. Although resting state low (LG) and high
gamma (HG) power was trending higher in the AC of vehicle-treated
Fmr1 KO (N = 12) compared to vehicle-treated WT (N = 16) mice, this
was not statistically significant possibly due to large variability in vehi-
cle-injected Fmr1 KO mice (Figure 2d; also see Figure S2-4). Although
SB-3CT-treated Fmr1 KO (N = 12) mice exhibited normal low and high
gamma in the AC and FC that was comparable to SB-3CT-treated
WT (N = 15) mice (Figure 2e), comparison of SB-3CT-treated Fmr1
KO (N = 12) mice to vehicle-treated Fmrl KO (N = 12) mice showed
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FIGURE 2 Effects of acute inhibition of MMP-9 activity on resting EEG power in Fmrl KO mice. Five minutes of resting EEG activity

was recorded from WT and Fmr1 KO mice post-treatment at P23-24 (from treatment groups, N = 2 from vehicle-treated WT and Fmr1 KO
groups, respectively, and N = 1 from the SB-3CT-treated Fmr1 KO group was excluded from resting baseline EEG analysis). FFT calculated
spectral power (1V2/Hz) for each group is shown as a ratio of a corresponding control group. (a and d) Average power in the AC (top) and FC
(bottom) of vehicle-treated Fmr1 KO (N = 14, excluded N = 2) compared to vehicle-treated WT (N = 18, excluded N = 2). (b and e) Average
power in the AC and FC of SB-3CT-treated Fmr1 KO (N = 13, excluded N = 1) compared to SB-3CT-treated WT (N = 15, no excluded animals).
(c and f) Average power of SB-3CT-treated Fmr1 KO compared to vehicle-treated Fmr1 KO. All graphs represent average values and the error
bars indicate SEM. Delta (D), Theta (T), Alpha (A), Beta (B), Low Gamma (LG), and High Gamma (HG)

a trending reduction in low and high gamma power, but this was not
statistically significant (Figure 2f; for summary of all frequency aver-
ages, see Table S2). Vehicle-treated WT mice (N = 16) and SB-3CT-
treated WT mice (N = 15; for non-normalized data, see Figure 52-3)
did not show any significant changes in spectral frequencies compared
to WT mice before treatment (PRE) in AC or FC (Figure 52-5a and 2-5d
[Vehicle-WT] and Figure S2-5b and 2-5e [SB-3CT-WT]).

To determine whether EEG power coupling abnormalities were
ameliorated following treatment with SB-3CT, a Pearson's cor-
relation was done during the resting baseline period to assess the
relationship between power across different frequencies and/or re-
gions. Results show that treatment with SB-3CT did not alter the
EEG power coupling profiles in WT or Fmr1 KO mice (Figure S2-6).

Together, these results indicate no significant effects of treat-
ment in Fmrl KO mice when resting EEG power or EEG power cou-
pling was analyzed for individual frequencies between vehicle- and
SB3CT-treated groups.

3.3 | Phase locking to auditory ‘up chirp’ stimuli is
impaired in developing Fmrl KO mice

To assess whether P22-23 Fmrl KO mice also exhibit deficits in the

consistency of phase locking to time-varying stimuli as seen in adult

Fmr1 KO mice (Lovelace et al., 2018), and humans with FXS (Ethridge
et al., 2017), we recorded responses to chirp stimuli. We tested both
Up- and Down-chirpstimuli to ensure that the differences are specific
to modulation frequencies and are not affected by the direction of
frequency change in the sound (Lovelace et al., 2019). Following EEG
resting state baseline recording, repeated chirp stimuli (300 trials for
up, 300 trials for down) was delivered and electrocortical activity was
recorded. Inter-trial phase coherence (ITPC) was calculated across
trials in the time x frequency domain using Morlet Wavelet analysis
(Lovelace et al., 2018). After grand average ITPC was calculated for
each group, we found EEG oscillations that matched the frequency of
the chirp and were seen as increased ITPC along a diagonal, from O to
2 s and 1-100 Hz. The means for WT PRE (Figure 3a; only ‘up chirp’
data are shown) were subtracted from Fmr1 KO PRE mice (Figure 3b)
to show the difference between Fmrl KO and WT (Figure 3c) in the
AC (top) and FC (bottom). For statistical analysis, clusters of p values
were calculated, and significant differences (p < .025) were overlaid on
the chirp response to demonstrate quantitative differences between
each genotype after correction for multiple comparisons (Lovelace
et al.,, 2019). We observed a statistical difference between genotypes
in one main cluster, which spans the low gamma band ITPC in both the
AC (35-55 Hz) and FC (35-65 Hz); significant clusters are highlighted
by bold-lined contours in Figure 3c. In the FC, there was also a statisti-

cal difference between genotypes in the high gamma band in the FC
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FIGURE 3 Fmrl KO mice are deficient
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in phase locking to auditory ‘UpChirp’
stimuli. (a and b) Inter-Trial Phase
Coherence (ITPC: ability to synchronize
oscillations to stimulus frequencies)
grand average for WT (N = 23) and Fmr1
KO (N = 19) mice in the AC (top) and FC
(bottom). EEG oscillations matched the
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(80-100 Hz). Similar patterns of statistics of ITPC were observed for
both up and down chirps (down chirp data not shown).

To examine whether P22-23 Fmr1 KO mice also exhibit an in-
crease in background gamma power in both the AC and FC during
the chirp presentation, similar to adult Fmrl KO mice (Lovelace
et al., 2018), we assessed non-phase locked single trial power (STP)
during chirp stimulation in Fmr1l KO mice compared to WT control
mice. Using the same statistical cluster analysis as for the chirp ITPC,
results indicate that P22-23 Fmr1l KO mice exhibit a significant in-
crease in background gamma power in the AC (~30-55 Hz) and FC
(~30-70 Hz) compared to WT control mice (Figure 3d).

Together, these data show that developing Fmr1 KO mice exhibit
low and high gamma synchronization deficits and increased back-
ground gamma power in both the AC and FC in a manner similar to
adult Fmr1 KO mice and humans with FXS.

3.4 | Acute MMP-9 inhibition improves phase-locking
to time-varying auditory stimuli in Fmrl KO mice

To test whether acute treatment of SB-3CT would ameliorate
the ITPC deficit to the auditory chirp stimuli, both up and down
chirps were presented during EEG recording 1 day after treat-

ment. Figure 4a and b shows the grand average ITPC values for

500 0 500

)

Example of “Up” Chirp sound stimuli

vehicle-treated and SB-3CT-treated Fmrl KO, respectively. The
mean for vehicle-treated Fmrl KO mice was subtracted from
vehicle-treated WT mice (Figure 4c) to show the difference
between ITPC values in Fmrl KO and WT mice in both the AC
and FC. Similarly, the mean for SB-3CT-treated Fmrl1 KO mice
was subtracted from the mean of vehicle-treated Fmr1 KO mice
(Figure 4d). For statistical analysis, clusters of p values were calcu-
lated, and these differences were overlaid on the chirp response
to demonstrate quantitative differences between each genotype
after correction for multiple comparisons. Monte Carlo statistical
method on cluster analysis revealed a significant reduction in av-
erage ITPC values between vehicle-treated Fmr1 KO (N = 12) mice
and vehicle-treated WT (N = 17) mice in low gamma band range
(~40-50 Hz) in the AC (Figure 4c: top), consistent with the reduc-
tion observed in un-treated mice (Figure 3d). Statistical analysis
of average ITPC values shows a significant enhancement in the
same low gamma band range (~40-50 Hz) ITPC in the AC of SB-
3CT-treated Fmrl KO mice (N = 12) to vehicle-treated Fmrl KO
(N = 12) mice (Figure 4d: top). However, a significant decrease
in ~30-40 Hz gamma band range ITPC band in both AC and FC was
observed (time x frequency bands that are significantly different
between groups are highlighted in bolded black lines). Grand aver-
age ITPC values were also calculated for vehicle-treated (N = 17)
and SB-3CT-treated WT (N = 14) mice (Figure S4-1a and S4-1b,
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FIGURE 4 Acute SB-3CT treatment improves Inter-Trial Phase Coherence (ITPC) to auditory ‘Up Chirp’ stimuli in Fmr1 KO mice. (a and
b) Grand average ITPC in AC and FC of vehicle-treated Fmr1 KO (a, N = 12) and SB-3CT-treated Fmr1 KO (b, N = 12). Warmer colors, yellow/
red, represent high ITPC values, while cooler colors, blue/green, represent low ITPC values. Significant clusters (p < .025) are highlighted

by bold-lined contours. (c) Graph shows the difference in ITPC values between vehicle-treated Fmr1 KO (N = 12) and vehicle-treated WT

(N = 17). (d) Graph shows the difference in ITPC values between SB-3CT-treated Fmr1 KO (N = 12) and vehicle-treated Fmr1 KO (N = 12)

respectively). No significant differences were detected in AC or FC
for average ITPC values between vehicle-treated WT (N = 17) mice
and WT PRE (N = 23) mice in the low and high gamma ITPC band
except for a small decrease in the FC at ~ 25-35 Hz (Figure S4-1c),
suggesting the effects of injection on the ~ 25-35 Hz gamma band
range. SB-3CT-treated WT (N = 14) mice exhibited a significant
increase in high gamma band ITPC in the AC, but not FC, specifi-
cally in 70-85 Hz ITPC band compared to WT PRE (Figure S4-1d).
Similar patterns and statistics of ITPC were observed for both up
and down chirps. These results indicate that an acute treatment
of the MMP-9 inhibitor, SB-3CT, improves fidelity of temporal re-
sponses to auditory stimuli by specifically increasing low gamma
band (40-50 Hz) ITPC in developing Fmrl KO mouse cortex.

3.5 | Acute inhibition of MMP-9 enhances PNN
formation in the developing auditory cortex of Fmr1
KO mice

Previously, we showed evidence for delayed development of PV

interneurons and PNN formation around PV interneurons in layers

2-4 of the developing AC of Fmr1 KO mice (Wen et al., 2018). Here,
we examined whether acute pharmacological inhibition of MMP-9
would ameliorate the PV/PNN deficits in P22-23 Fmr1 KO mice. To
test this, immediately after EEG recordings (1 day after treatment),
mice were sacrificed, and brains were collected for PV immunostain-
ing and PNN labeling using Wisteria floribunda Agglutinin (WFA,
Figure 1a, PV/PNN analysis). We analyzed the density of PV-positive
(Figure 5a, e, i, m), PNN-positive (Figure 5b, f, j, 5n), and PV/PNN co-
labeled neurons (Figure 5c, g, k, o) in layer 4 of the AC contralateral
to the EEG electrode (for layers 1, 2/3, and 5/6, see Figure S5-1). We
observed a significant increase in PNN density in SB-3CT-treated
Fmr1 KO mice compared to vehicle-treated Fmr1 KO mice (Figure 5r,
p = .02). There was also a significant increase of PNN density in
SB-3CT-treated WT mice compared to vehicle-treated WT mice
(Figure 5r, p = .009). Statistical analysis of PV/PNN co-localization
revealed a significant increase in PV/PNN co-localization in SB-3CT-
treated Fmrl KO mice compared to vehicle-treated Fmrl KO mice
(Figure 5s, p = .008). There was also a significant increase in PV/
PNN co-localization in SB-3CT-treated WT mice compared to ve-
hicle-treated WT mice (Figure 5s, p = .04; for all average values and
statistics, see Tables S3 and S4).
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FIGURE 5 Acute SB-3CT treatment enhances PNN formation around PV cells in layer 4 auditory cortex of Fmrl KO mice. Confocal
images of PV immunoreactivity (red; a, e, i, m), PNN labeling with WFA (green; b, f, j, n) and PV/PNN double labeling (c, g, k, o) in vehicle-
treated WT (a-d), SB-3CT-treated WT (e-h), vehicle-treated Fmr1 KO (i-l), and SB-3CT-treated Fmr1 KO (m-p). Scale bar, 150 um (b). High-
magnification images of PV/PNN in vehicle-treated WT (d), SB-3CT-treated WT (h), vehicle-treated Fmr1 KO (l), and SB-3CT-treated Fmr1
KO (p). Scale bar, 50 um . (g-t) Graphs show density of PV cells (q), PNN-positive cells (r), PV/PNN co-localization (s) and PV-negative cells
with PNN (t). All graphs represent average values and the error bars indicate SEM (n = 17-23 per group, N = 6 per group; *p < .05; **p < .01;

***p < .001; ****p < .0001)

Taken together, these data suggest that acute pharmacological
inhibition of MMP-9 normalizes PNN development and co-localiza-
tion of PNN predominantly around PV interneurons in layer 4 of the
developing AC of Fmrl KO mice, consistent with improved phase

locking at low gamma band frequencies.

3.6 | Acute inhibition of MMP-9 ameliorates
anxiety and hyperactivity in Fmrl KO mice

Next, we assessed whether SB-3CT treatment reduces anxiety-
like behaviors and hyperactivity in Fmrl KO mice that received
an i.p. injections of SB-3CT (25 mg/kg) at P27-28 (for timeline,
see Figure 6a). Anxiety-like behaviors were assessed on P28-29

mice (1 day after treatment) using the elevated plus maze (EPM)

and open field (OF). In the EPM, mice were allowed to explore the
cross-shaped field for 10 min. TopScan Live software was used to
evaluate anxiety-like behaviors by determining the percent of time
spent in the open arms (Figure 6b). To evaluate locomotor activity
and hyperactivity, the number of total entries into open and closed
arms (Figure 6c), and the average speed (Figure 6d) were quanti-
fied. Results showed that vehicle-treated Fmr1 KO mice spent less
time in the open arms compared to vehicle-treated WT controls
(Figure 6b). Statistical analysis using two-way ANOVA revealed
significant effect of treatment, genotype, and significant interac-
tion (for statistical comparisons, refer to Table S5). Post hoc com-
parisons showed that SB-3CT-treated Fmr1 KO mice spent more
time in open arms than vehicle-treated Fmr1 KO mice (Figure 6b,
p < .0001). Treatment with SB-3CT did not alter behavior of WT
mice, suggesting specificity of the drug to the Fmrl KO group.
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FIGURE 6 Acute SB-3CT-treatment normalizes anxiety/hyperactivity phenotype associated with Fmr1 KO mice. (a) Experimental
timeline for behavior and Western blot analysis. For this, mice were given either an intraperitoneal injection of SB-3CT (25 mg/kg) or vehicle
at P27-28 and were tested for anxiety, locomotor, and hyperactivity using the open field and elevated plus maze test 1-day post-treatment.
Brain samples were collected for Western blot analysis immediately after behavior. (b—d) Graphs show the percent time spent in the open
arms (b), total entries into open and closed arms (c), and the average speed (d) in the elevated plus maze. (e-i) Graphs show the total number
of center entries (e), the percent time spent in thigmotaxis (f), the time spent in the center per entry (g), the total number of line crosses

(h), and the average speed (i) in the open-field test. All graphs represent average values and the error bars indicate SEM (WT vs. Fmr1 KO:

*p < .05, **p < .01, ****p < .0001; vehicle-treated versus SB-3CT-treated Fmr1 KO: #p < .05, ##p < .01, ###p < .001, ####p < .0001, vehicle-
treated WT, N = 10; SB-3CT-treated WT, N = 8; vehicle-treated Fmr1 KO, N = 10; SB-3CT-treated Fmr1 KO, N = 9)

Vehicle-treated Fmr1 KO mice also showed an increase in the num-
ber of total entries (Figure 6c, p = .0001) and speed (Figure 6éd,
p = .0030) compared to vehicle-treated WT controls. Treatment
of Fmr1 KO mice with SB-3CT reduced the number of total entries
(Figure 6c, p = .0001) and speed (Figure éd, p = .0008), yet it did
not significantly alter the number of total entries or speed in WT
controls (Figure 6c and d).

In the OF task, animals were allowed to explore an open field
for 10 min. Anxiety-like behaviors were evaluated by measuring
the total number of center entries (Figure 6e), the percent of time
spent in thigmotaxis (Figure 6f), and the time spent in the center
per entry (Figure 6g). Locomotor activity was assessed by determin-
ing the number of total line crosses (Figure 6h) and average speed
(Figure 6i). All behaviors were quantified using TopScan Live soft-

ware. Statistical analysis using two-way ANOVA revealed significant

main effects of treatment and interaction (for statistical compari-
sons, refer to Tables S5 and Sé). Post hoc comparisons showed that
vehicle-treated Fmr1 KO mice made fewer center entries (Figure 6e,
p = .0316), spent more time in thigmotaxis (Figure 6f, p < .0001) and
spent less time in the center per entry (Figure 6g, p = .0173) com-
pared to vehicle-treated WT controls. However, SB-3CT-treated
Fmr1 KO mice made more center entries (Figure 6e, p =.0101), spent
less time in thigmotaxis (Figure 6f, p < .0001) and more time in the
center per entry (Figure 6g, p = .0086) compared to vehicle-treated
Fmr1l KO mice. Statistical analysis using two-way ANOVA also re-
vealed a significant increase in the total line crosses (Figure 6h,
p <.0001) and average speed (Figure 6i, p < .0001) in vehicle-treated
Fmrl KO mice compared to vehicle-treated WT mice. SB-3CT
treatment significantly decreased the total line crosses (Figure 6h,
p < .0001) and average speed (Figure 6i, p = .0021; for all average
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FIGURE 7 Acute MMP-9 inhibition reduces gelatinase activity and phosphorylation of Akt while increasing PV levels and
phosphorylation of TrkB in the AC of Fmr1 KO mice. To confirm that the MMP-2/9 inhibitor, SB-3CT, reduced MMP-2/9 activity following
treatment, gelatinase activity was measured using a Dye-Quenched (DQ) gelatin assay. (a) Experimental timeline for DQ gelatin assay.

Mice (no EEG) were given either an intraperitoneal injection of SB-3CT (25 mg/kg) or vehicle at P21-22 and brains were collected for the
DQ Gelatin assay 1-hr post-injection. (b) Graph shows standard curve. (c) Fmr1 KO mice injected with SB-3CT (25 mg/kg) show reduced
gelatinase activity compared to vehicle-treated mice 1-hr post-injection (N = 5 per group, t test, p = .02). (d-g) Western blots show levels of
pAkt and Akt (d), PV and actin (e), pTrkBY515 (F), and TrkB (d). Graphs show pAkt/Akt (d), PV/actin (e), pTrkBY515/TrkB (f), and TrkB/actin
(g) ratios in the AC of vehicle-treated and SB-3CT-treated Fmr1 KO mice (N = 4 per group) 24-hr post-injection. All graphs represent average
values and error bars indicate SEM (*p < .05)

values and statistics, see Tables S5 and 6) of Fmr1 KO mice. SB-3CT gelatinase activity 1-hr post-injection compared to vehicle-treated
treatment did not change the behavior of WT mice in the open field. Fmr1 KO mice (Figure 7c, t test, N = 5 per group, p = .02, Table S7).
These results suggest that acute inhibition of MMP-9 using SB- SB-3CT-treated WT mice also show significantly reduced gelatinase
3CT alleviates anxiety/hyperactivity observed in Fmrl KO mice, activity compared to vehicle-treated WT mice (Figure S7-1).
without altering these behaviors in WT mice. Previous studies have shown over-activation and enhanced phos-

phorylation of Akt/mTOR in the cortex of Fmrl KO mice (Lovelace

et al., 2019) may underlie abnormalities in synaptic functions and hy-
3.7 | Acute inhibition of MMP-9 with SB-3CT reduces perexcitability (Klann & Dever, 2004; Sharma et al., 2010). In addition,
gelatinase activity and phosphorylation of AKT while genetic deletion of MMP-9 restored Akt/mTOR phosphorylation to the
increasing PV levels and phosphorylation of TRKB normal levels in the hippocampus of Fmrl KO mice, while treatment of

WT neurons with active MMP-9 enhanced Akt/mTOR phosphorylation
To confirm that the MMP-2/9 inhibitor, SB-3CT, reduced MMP-2/9 (Sidhu et al., 2014). Therefore, to determine whether acute pharmaco-
activity following treatment, gelatinase activity was measured using logical MMP-9 inhibition influenced Akt/mTOR-related signaling, we
a Dye-Quenched (DQ) gelatin assay. Fmrl KO mice were injected analyzed Akt phosphorylation in the AC of SB-3CT and vehicle-treated
with SB-3CT (25 mg/kg) or vehicle, the auditory and surrounding Fmr1 KO mice. Fmr1 KO mouse brains were collected for Western blot
temporal cortex (Figure S2-1) was collected and homogenized for analysis at P27-28 immediately after behavior, 1 day following treat-
the DQ gelatin assay 1-hr post-injection (for timeline, see Figure 7a). ment (for timeline see Figure 6a). Results show reduced levels of Akt
A mouse recombinant MMP-9 (~1,500 pmol min™ ug'l) was used as a phosphorylation in SB-3CT-treated Fmrl KO mice compared to vehi-
standard to calculate the approximate MMP-9 activity in the sample cle-treated Fmr1 KO mice (Figure 7d; N = 4, t(6) = 4.274, p = .0235, t
using a linear regression curve (Figure 7b). Results reveal that SB- test). There were no significant changes in Akt phosphorylation in SB-
3CT-treated Fmrl KO mice exhibit significantly decreased levels of 3CT-treated compared to vehicle-treated WT mice (Figure S7-2a).
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vival (Nomura et al., 2017; Xenos et al., 2018), we examined the ef-
fects of acute MMP-9 inhibition on PV levels and phosphorylation
of TrkB using Western blot. Results show that following SB-3CT
treatment Fmrl KO mice exhibit increased PV levels (Figure 7e;
N =4, t(6) = 2.607, p = .0479, t test). We also observed an increase
in TrkB phosphorylation on Tyrosine (Y) 515 in SB-3CT-treated Fmr1
KO mice compared to vehicle-treated Fmrl KO mice (Figure 7f;
N = 4, t(6) = 2.805, p = .0378, t test), while there was no signifi-
cant change in total TrkB levels (Figure 7g; for average values, see
Table S8). Comparison of SB-3CT-treated WT versus vehicle-treated
WT mice did not reveal any significant changes in PV (Figure S7-2b),
pTrkBY515 (Figure S7-2c), or total TrkB (Figure S7-2d).

4 | DISCUSSION

In this study, we show that P22-23 Fmrl KO mice exhibit abnor-
mal neural oscillation patterns that parallel adult Fmrl KO mice
and humans with FXS including increased resting state gamma
power and deficits in gamma synchronization to auditory stimuli.
Treatment with the MMP-9 inhibitor, SB-3CT, had no significant ef-
fect on resting EEG power or EEG power coupling in Fmrl KO mice.
However, acute inhibition of MMP-9 activity improved fidelity of
gamma frequency (~40 Hz) phase locking to time-varying auditory
stimuli in SB-3CT Fmr1 KO mice compared to vehicle-treated Fmr1
KO mice. At the molecular level, SB-3CT treatment enhanced PNN
formation predominantly around PV interneurons in the developing
AC of both Fmrl KO mice and WT mice. Assessment of anxiety/
hyperactivity with EPM and OF tests demonstrated that acute in-
hibition of MMP-9 activity ameliorated anxiety-like behaviors and
hyperactivity in Fmrl KO mice. Lastly, acute inhibition of MMP-9
activity reduced Akt phosphorylation while increasing PV levels
and TrkB phosphorylation. Our data are consistent with previ-
ously reported benefits of minocycline treatment in humans with
FXS (Schneider et al., 2013), Fmr1 KO mice (Bilousova et al., 2009;
Dansie et al., 2013; Toledo, Wen, Binder, Ethell, & Razak, 2019), and
the Drosophila FXS model (Siller & Broadie, 2011), and further sug-
gest that minocycline may alleviate FXS symptoms by suppressing
MMP-9. These data support the notion that cellular and electro-
physiological abnormalities of sensory processing are present early
in development. In addition, treatment during early postnatal devel-
opmental period may be beneficial in ameliorating deficits due to
higher cortical plasticity. Furthermore, reduction of MMP-9 activity
may provide a suitable target to reduce auditory hypersensitivity in
FXS and potentially other ASDs.

4.1 | Developing and adult Fmr1 KO mice exhibit
comparable EEG phenotypes

In this study, we show that developing Fmrl KO mice (P22-23)

exhibit increased resting state low gamma power in both the

AC and FC (Figure 1) similar to adult Fmr1 KO mice. Unlike adult
Fmr1l KO mice, though, developing Fmrl KO mice do not exhibit
increased resting state delta or high gamma power (Lovelace
et al., 2018). These results are consistent with data from the
FVB strain of mice (Wen et al., 2019), suggesting that abnormal
electrophysiological phenotypes are observed as early as P22 in
developing Fmrl KO mice. The consistency of EEG phenotypes
across age and genetic backgrounds of mice, and between hu-
mans and mice, indicates that these measures can be utilized as
objective physiological biomarkers to test the effectiveness of po-
tential drugs. Furthermore, accumulating evidence indicates that
increased resting state gamma power is associated with sensory
processing and communication deficits in FXS and ASD (Ethridge
et al., 2017, 2019; Lovelace et al., 2018, 2019; Sinclair et al., 2017,
Wang et al., 2017). Additional studies also point to abnormalities
in theta and alpha power as contributing mechanisms underlying
hyperexcitability (Van der Molen & Van der Molen, 2013). Theta
power is linked to cortical arousal level (Barry, Clarke, Johnstone,
McCarthy, & Selikowitz, 2009). Alpha power has been inter-
preted to reflect a neural inhibitory mechanism that regulates
the processing of external, sensory information (Klimesch, 1999;
Mathewson et al., 2011). In particular, GABAergic inhibitory ac-
tivity is thought to contribute to this neural inhibition mediated
by alpha oscillations (Jensen & Mazaheri, 2010). Together, alpha/
theta synchronization has been linked to cognitive function
(Klimesch, 1999) and ability to inhibit irrelevant sensory informa-
tion (Van der Molen & Van der Molen, 2013). Human EEG stud-
ies report an inverted U-shaped pattern of power abnormalities
showing reduced alpha frequencies, but increased delta, theta
frequencies and high-frequency bands (beta, gamma) in children
with ASD (Sinclair et al., 2017; Wang et al., 2013). Elevated theta
and delta power and reduced alpha power is also observed in
individuals with ADHD (Barry, Johnstone, & Clarke, 2003; Born
et al., 2017). Our study shows a reduced EEG power correlations
between Theta and Low Gamma, Alpha and Low Gamma bands
within the AC as well as across regions (AC to FC and FC to AC)
in Fmrl KO mice compared to WT mice. Overall, our findings in-
dicate that abnormalities in EEG oscillation pattern, which are as-
sociated with hyperexcitability, cognitive performance, and ability
to process sensory information, are present in developing Fmr1
KO mice as early as P22-23.

In this study, we show that developing Fmrl KO mice exhibit
decreased ability to produce synchronous stimulus-induced oscilla-
tions, similar to adult Fmr1 KO mice (Lovelace et al., 2018), but the
impairment is localized specifically to the low gamma frequencies
(~30-55 Hz) in the AC and both low and high gamma (~65-100 Hz)
frequencies in the FC. Treatment of Fmrl KO mice with SB-3CT
leads to an improvement in phase locking to auditory chirp stimuli,
in the same frequency range (~40-50 Hz) where the deficit was ob-
served in vehicle-treated Fmr1 KO AC (Figure 4). This result indicates
that SB-3CT may be targeting specific cellular and network mecha-
nisms in the AC resulting in improved phase locked synchronization

in developing Fmr1 KO mice.
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4.2 | Molecular mechanisms influencing Fmr1 KO
EEG phenotype

It is possible that changes in PV/PNN networks affect inhibitory
circuits and neural oscillation patterns. The loss of PNNs is asso-
ciated with abnormal plasticity and reduced excitability of PV in-
terneurons (Balmer, 2016; Lensjo, Christensen, Tennoe, Fyhn, &
Hafting, 2017; Chu et al., 2018). This may lead to altered balance of
excitatory and inhibitory circuits, and improper network synchro-
nization and hyperexcitability (Contractor, Klyachko, & Portera-
Cailliau, 2015). In fact, several studies point altered functionality of
GABAergic circuits, specifically fast-spiking PV interneurons in FXS
(Goel et al., 2018; Nomura et al., 2017; Selby, Zhang, & Sun, 2007).
Specifically, PV cell density is significantly reduced in the AC
(Kulinich et al., 2019; Wen et al., 2018) and somatosensory cortex
(Selby et al., 2007) of Fmrl KO mice compared to WT mice. One
recent study demonstrated that passive developmental sound ex-
posure during the maturation of synaptic and intrinsic properties
(P9-21) results in enhanced PV cell density and PV/PNN co-locali-
zation in the AC of Fmr1 KO mice despite impairment of PNN forma-
tion (Kulinich et al., 2019). In contrast, genetic reduction of MMP-9
was shown to enhance the formation of PNNs around PV cells in
the AC (Wen et al., 2018). Our study shows that pharmacological
inhibition of MMP-9 activity alone during the critical developmental
period results in enhanced PNN formation around PV interneurons.
While we did not see a significant increase in PV cell density, we did
observe an increase in PV levels measured by Western blot, simi-
lar to what has been observed in other ASD models (Filice, Vorckel,
Sungur, Wohr, & Schwaller, 2016). It is possible that increased PNN
formation around PV cells contributed to increased PV levels, which
influenced the changes in resting state EEG oscillations in SB-3CT-
treated Fmr1 KO mice (Yamada, Ohgomori, & Jinno, 2015). To more
effectively target auditory hypersensitivity, a combination of sen-
sory stimulation (Kulinich et al., 2019; Woo & Leon, 2013) with phar-
macological inhibition of MMP-9 activity (Bilousova et al., 2009)
may yield a synergistic effect.

Other studies have employed sound exposure or mGIuRS5 inhib-
itors during the late postnatal window (P20-30) to rescue AC plas-
ticity deficits and found that they were only able to rescue sound
exposure-induced cortical map plasticity (size of A1 and response
latency) when Fmr1 KO mice were exposed to sound between P9-20
in conjunction with daily MPEP injections (Kim, Gibboni, Kirkhart,
& Bao, 2013). It is possible that inhibition of MMP-9 activity may
function as a potent therapeutic for auditory hypersensitivity and
anxiety/hyperactivity phenotypes during the critical developmen-
tal period. The question remains whether administration of SB-3CT
during the critical developmental period has more beneficial effects
in regulating resting state EEG oscillations, improving responses to
sound and anxiety/hyperactivity-related behaviors in Fmrl KO mice
versus administration of SB-3CT in adult Fmr1 KO mice. SB-3CT has
only ~ 45 min half-life (Gooyit et al., 2012). However, even transient
inhibition of MMP-9 activity during this specific developmental win-

dow was sufficient to trigger structural and functional changes in
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the auditory cortex of Fmrl KO mice. One potential benefit may be
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attributed to the metabolism of SB-3CT, which functions as an ir-
reversible inhibitor yielding covalent modifications that inhibit the
activation of MMP-2/9 (Brown et al., 2000).

In addition to the enhanced PNN formation surrounding PV
interneurons in the AC, the function of PV interneurons may also
be influenced by activity of TrkB receptor. TrkB is shown to play
a role in gamma-band synchronization in the hippocampal net-
work (Zheng et al., 2011) and functions as a receptor for brain-de-
rived neurotrophic factor (BDNF). In fact, TrkB is expressed by
GABAergic neurons, in particular PV-positive cells (Cellerino,
Maffei, & Domenici, 1996; Lewis et al., 2005). BDNF-mediated
signaling is involved in mediating cell growth and survival, neuro-
nal differentiation, and activity-dependent regulation of inhibitory
synapse development (Hong, McCord, & Greenberg, 2008) and has
been linked to maturation of PV cells in the cerebral cortex (Itami,
Kimura, & Nakamura, 2007). BDNF via TrkB is known to promote
the development of GABAergic neurons and induces the expres-
sion of GABA-related proteins, including GADé67, GAT1, and PV
(Nomura et al., 2017; Xenos et al., 2018). Notably, BDNF-TrkB sig-
naling has been shown to be impaired in Fmrl KO mice (Castren &
Castren, 2014). We previously reported decreased phosphorylation
of TrkB in the AC of Fmr1 KO mice compared to WT mice, which was
up-regulated following developmental exposure to sound (Kulinich
et al., 2019). In the current study, we showed that treatment with
SB-3CT increased TrkB phosphorylation in Fmrl KO mice compared
to vehicle-treated Fmrl KO mice (Figure 7). Together, inhibition of
MMP-9 activity may preferentially target PV-mediated inhibitory
networks by influencing the stability of PV interneurons via in-

creased PNN formation and activation of TrkB receptors.

4.3 | Inhibition of MMP-9 activity reduces
AKT phosphorylation and improves anxiety and
hyperactivity phenotypes in Fmr1 KO mice

FXS is characterized by over-activation of group | metabotropic
glutamate receptors (Huber, 2002), which promote Akt/mTOR
signaling leading to aberrant phosphorylation of Akt and mTOR-
related proteins, and increased protein synthesis (Bear, Huber, &
Warren, 2004; Sharma et al., 2010). Studies have shown that ge-
netic reduction of p70 ribosomal Sé6 kinase 1 (S6K1) prevented ele-
vated phosphorylation of translational control proteins, normalizing
protein synthesis, reversing dendritic spine deficits, and improving
social interactions, novel object recognition, and behavioral flexibil-
ity in Fmr1 KO mice (Bhattacharya et al., 2012). In fact, several stud-
ies link dysregulation of mTOR signaling with dendritic and synaptic
abnormalities, cognitive impairments, and behavioral performance
in FXS (Bhattacharya et al., 2012; Busquets-Garcia, Maldonado, &
Ozaita, 2014; Troca-Marin, Alves-Sampaio, & Montesinos, 2012).
Furthermore, treatment with the antibiotic minocycline, which is
known to inhibit MMP-9, also promotes dendritic spine maturation

and improves behavioral performance in developing Fmr1 KO mice
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(Bilousova et al., 2009). Thus, it is possible that the reduction of Akt
phosphorylation observed in Fmrl KO mice following treatment
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with SB-3CT may be linked to the changes in dendritic and synaptic
profiles affecting protein synthesis, synaptic plasticity, and behav-
ioral performance.

While Fmr1 KO mice display multiple behavioral impairments that
parallel human patients with FXS (Bernardet & Crusio, 2006), there
is wide variability in behavioral results assessing anxiety, hyperactiv-
ity, social, and cognitive impairments in Fmrl KO mice. Several stud-
ies find these measures to be altered (Bilousova et al., 2009; Ding,
Sethna, & Wang, 2014; Sinclair et al., 2017), while others show no
differences (Kazdoba, Leach, Silverman, & Crawley, 2014). We show
that vehicle-treated Fmr1 KO mice spent less time in the open arms
of the EPM, similar to previous studies in our laboratory (Bilousova
et al., 2009), as well as increased percent time in thigmotaxis and
decreased center entries in the OF, indicating higher anxiety. Fmr1
KO mice also displayed increased hyperactivity indicated by in-
creased speed in both EPM and OF tests. Interestingly, treatment
with SB-3CT reduced both anxiety and hyperactivity measures in
Fmr1 KO mice. These results suggest that SB-3CT effectively ame-
liorates behavioral impairments observed in developing Fmrl KO
mice when MMP-9 activity is inhibited during the specific develop-
mental period.

In conclusion, we have shown that acute inhibition of MMP-9
activity during a specific critical developmental period (P22-P28)
may serve to modulate PV neuron-mediated inhibitory circuits, neu-
ral oscillatory patterns, and behavioral impairments associated with
FXS. These findings implicate MMP-9 as a potent candidate contrib-
uting to the FXS phenotype and indicate that targeted inhibition of
MMP-9 activity may be a promising therapeutic agent.
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