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52 Abstract 

53 Individuals with Fragile X Syndrome (FXS) and autism spectrum disorder (ASD) exhibit 

54 cognitive impairments, social deficits, increased anxiety, and sensory hyperexcitability. 

55 Previously, we showed that elevated levels of matrix metalloproteinase-9 (MMP-9) may 

56 contribute to abnormal development of parvalbumin (PV) interneurons and perineuronal nets 

57 (PNNs) in the developing auditory cortex (AC) of Fmr1 knock-out (KO) mice, which likely 

58 underlie auditory hypersensitivity. Thus, MMP-9 may serve as a potential target for treatment of 

59 auditory hypersensitivity in FXS. Here, we used the MMP-2/9 inhibitor, SB-3CT, to 

60 pharmacologically inhibit MMP-9 activity during a specific developmental period and to test if 

61 inhibition of MMP-9 activity reverses neural oscillation deficits and behavioral impairments by 

62 enhancing PNN formation around PV cells in Fmr1 KO mice. Electroencephalography (EEG) 

63 was used to measure resting state and sound-evoked electrocortical activity in auditory and 

64 frontal cortices of postnatal day (P)22-23 male mice before and one-day after treatment with SB-

65 3CT (25 mg/kg) or vehicle. At P27-28, animal behaviors were tested to measure the effects of 

66 the treatment on anxiety and hyperactivity. Results show that acute inhibition of MMP-9 activity 

67 improved evoked synchronization to auditory stimuli, and ameliorated mouse behavioral deficits. 

68 MMP-9 inhibition enhanced PNN formation, increased PV levels and TrkB phosphorylation yet 

69 reduced Akt phosphorylation in the AC of Fmr1 KO mice. Our results show that MMP-9 
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70 inhibition during early postnatal development is beneficial in reducing some auditory processing 

71 deficits in the FXS mouse model and may serve as a candidate therapeutic for reversing sensory 

72 hypersensitivity in FXS and possibly other ASDs. 

73

74 Introduction 

75 Fragile X Syndrome (FXS) is a neurodevelopmental disorder caused by the 

76 hypermethylation of the Fragile X mental retardation 1 (Fmr1) gene, resulting in the loss of the 

77 Fragile X Mental Retardation Protein (FMRP) (Verkerk et al. 1991), a regulator of protein 

78 synthesis (Laggerbauer 2001). FXS is the most prevalent cause of inherited intellectual disability 

79 (Hagerman et al. 2008) and a leading genetic cause of autism, providing a genetic model to study 

80 the neurobiological mechanisms underlying autism spectrum disorders (ASD) (Crawford et al. 

81 2001; Hagerman et al. 2008). Individuals with FXS exhibit cognitive dysfunctions (Freund & 

82 Reiss 1991), increased anxiety (Talisa et al. 2014), and sensory hyperexcitability (Miller et al. 

83 1999; Rotschafer & Razak 2013; Ethridge et al. 2016). 

84 Auditory hypersensitivity in individuals with FXS and Fmr1 knock-out (KO) mice is 

85 commonly characterized by a heightened response to non-aversive stimuli (Crane et al. 2009; 

86 McDiarmid et al. 2017; Sinclair et al. 2017; Rais et al. 2018), reduced ability to habituate to 

87 sounds (Castren et al. 2003; Ethridge et al. 2016; Lovelace et al. 2016; Wang et al. 2017), and 

88 greater resting state gamma power in electroencephalography (EEG) recordings (Ethridge et al. 

89 2017; Wang et al. 2017; Lovelace et al. 2018; Lovelace et al. 2019). Studies in the Fmr1 KO 

90 mice also show increased sensory responses, broader receptive fields, impaired sound selectivity 

91 (Rotschafer & Razak 2013) and abnormal network synchronization (Paluszkiewicz et al. 2011). 

92 It is hypothesized that the inability to habituate to auditory stimuli (Castren et al. 2003; Ethridge 
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93 et al. 2016) including ongoing background noise, a phenotype that is also observed in Fmr1 KO 

94 mice (Lovelace et al. 2016; Lovelace et al. 2018), may contribute to hypersensitivity to sounds 

95 and cortical hyperexcitability (Gibson et al. 2008; Ethridge et al. 2016; Ethridge et al. 2017; 

96 Lovelace et al. 2018; Lovelace et al. 2019). Notably, EEG gamma frequency band abnormalities 

97 are associated with heightened sensory sensitivities and social communication deficits in FXS 

98 individuals (Ethridge et al. 2016; Ethridge et al. 2017; Ethridge et al. 2019).  Taking advantage 

99 of the link between EEG abnormalities and sensory hypersensitivity in FXS, this study used 

100 these EEG measures to test the efficacy of a candidate treatment in Fmr1 KO mice. 

101 Individuals with FXS (Dziembowska et al. 2013) and Fmr1 KO mice (Bilousova et al. 

102 2009; Gkogkas et al. 2014; Sidhu et al. 2014) exhibit increased levels of the secreted 

103 endopeptidase, matrix metalloproteinase-9 (MMP-9). Specifically, Fmr1 KO mice show elevated 

104 levels of MMP-9 in the auditory cortex (AC) during postnatal day (P) 3–18 period. It is 

105 hypothesized that increased activity of MMP-9 may contribute to the development of auditory 

106 hypersensitivity by excessively degrading PNNs thereby resulting in impaired PNN formation 

107 around PV interneurons and affecting PV development in the AC of Fmr1 KO mice at P21 (Wen 

108 et al. 2018). Indeed, genetic reduction of MMP-9 levels enhanced PNN formation around PV 

109 interneurons and restored sound-evoked responses and spontaneous activity to WT levels (Wen 

110 et al. 2018). Genetic removal of MMP-9 also rescued altered event-related potential (ERP) 

111 habituation responses in the AC of adult Fmr1 KO mice (Lovelace et al. 2016), normalized 

112 dendritic spine abnormalities in the hippocampus and improved abnormal behaviors in Fmr1 KO 

113 mice (Sidhu et al. 2014). PV interneuron dysfunction contributes to abnormal network synchrony 

114 and alterations in gamma oscillations (Vreugdenhil et al. 2003; Lewis et al. 2005; Sohal et al. 

115 2009). Overall these studies indicate that (1) MMP-9 may influence the development of 
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116 hypersensitive networks during the third and fourth postnatal weeks, a time that coincides with a 

117 critical developmental window for inhibitory and excitatory circuit maturation (Gibson et al. 

118 2008; Oswald & Reyes 2008) and (2) that targeted inhibition of MMP-9 may serve as a 

119 candidate therapeutic to reduce auditory hypersensitivity in FXS. 

120 In this study, we tested the hypothesis that acute pharmacological inhibition of aberrant 

121 MMP-9 activity during the critical developmental period would ameliorate cortical processing 

122 deficits, including abnormal resting state neural oscillatory patterns, the ability to synchronize to 

123 stimulus-induced oscillations, PV/PNN deficits, and behavioral impairments. Our results show 

124 that acute inhibition of MMP-9 during the P22-23 developmental period improved evoked 

125 synchronization to auditory stimuli and enhanced PNN formation around PV cells. We also 

126 observed beneficial effects of acute MMP-9 inhibition at P27-28 on animal behaviors, such as 

127 anxiety and hyperactivity. MMP-9 inhibition at P27-28 also increased PV levels and TrkB 

128 phosphorylation, and reduced aberrant Akt phosphorylation in the developing AC of Fmr1 KO 

129 mice. 

130 Materials and Methods

131 Ethics Statement

132 All experiments and animal care/use protocols were approved by the Institutional Animal 

133 Care and Use Committee at the University of California, Riverside (approval number 20190015 

134 and 20190029) and were carried out in accordance with NIH “Guide for the Care and Use of 

135 Laboratory Animals.” The study was not pre-registered.

136 Animals

137 Experimental animals were C57BL/6 mice obtained from Jackson Laboratories (RRID: 

138 IMSR_JAX:003025). Age-matched WT and Fmr1 KO male mice were used between postnatal 
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139 day (P) 18-19 (EEG surgery N=79, N=14 died post-surgery), P22-23 [EEG recording (N=65) 

140 and PV/PNN analysis (N=24: note the same EEG animals were used for analysis) and DQ 

141 gelatin assay (N=16)] and P27-29 for behavior (N=37) and Western blot (N=8). For a detailed 

142 description of total animals and animals per group please refer to Figure 1, Figure 6, and Figure 

143 7. A total of 140 male mice were used in this study with an average weight of 8 g and range from 

144 6-18 g. All genotypes were confirmed with the analysis of tail samples by Transnetyx (Cordova, 

145 TN, USA), using real-time PCR-based system to probe for WT (fmr+/+forward: 5’-TGT GAT 

146 AGA ATA TGC AGC ATG TGA-3’) or KO (fmr-/-forward: 5’CAC GAG ACT AGT GAG 

147 ACG TG-3’) target sequence in each sample. Mice were maintained in an AAALAC accredited 

148 facility in 12 h light/dark cycles and food and water was available ad libitum. All experimental 

149 procedures were performed on C57BL/6 wild type (WT, RRID:IMSR_JAX:000664) and Fragile 

150 X mental retardation gene-1 (Fmr1) knock out (KO) mice (RRID: IMSR_JAX:003025, The 

151 Jackson Laboratory).  

152 Surgery for electroencephalography recordings

153 Surgical procedures were performed as described in detail previously (Lovelace et al. 

154 2018; Lovelace et al. 2019). Briefly, mice were anesthetized with isoflurane inhalation (0.2-

155 0.5%) and given an intraperitoneal (i.p.) injection of ketamine and xylazine (K/X: 100/20 

156 mg/kg). Toe pinch reflex was used to measure anesthetic state every 10 min throughout the 

157 surgery, and supplemental doses, no more than half of the original dose of K/X, were 

158 administered as needed. Mice were placed in a stereotaxic frame (model 930; Kopf, CA). 

159 Artificial tear gel was applied to the eyes to prevent drying. Once the mouse was anesthetized, a 

160 midline sagittal incision was made along the scalp to expose the skull. A Foredom dental drill 

161 was used to drill three holes 1mm in diameter in the skull overlying the right AC (-1.6mm, 
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162 +4.8mm), right frontal lobe (+2.6mm, +1.0mm), and left occipital cortex (-3.5mm, -5.2mm) 

163 (coordinate relative to bregma: anterior/posterior, medial/lateral). Three channel electrode posts 

164 (Plastics One, MS333-2-A-SPC) were attached to 1-mm stainless steel screws (Plastics One, 

165 8L003905201F) and screws were advanced into the drilled holes until secure. Special care was 

166 taken not to advance the screws beyond the point of contact with the dura. Dental cement was 

167 applied around the screws, on the base of the post, and exposed skull. Postoperative care 

168 included topical application of a triple antibiotic ointment along the edges of the dental cement 

169 followed by two subcutaneous injections of buprenorphine (0.05 mg/kg), one immediately after 

170 surgery and one 6-10h after surgery. Mice were placed on a heating pad to aid recovery from 

171 anesthesia. Mice were group housed, returned to the vivarium and monitored daily until the day 

172 of EEG recordings, which allowed 4-5 days recovery post-surgery before recording.

173 Electrophysiology

174 All EEG recordings were performed during the hours of 5 AM to 7 PM. Mice were 

175 habituated for 20 min in an anechoic foam-lined sound-attenuating chamber (Gretch-Ken 

176 Industries Inc.) and connected to the BioPac acquisition system (BIOPAC Systems, Inc) through 

177 a 3-channel tether under brief isoflurane anesthesia. The tether was connected to a commutator 

178 located directly above the cage. Mice were then allowed to habituate to being connected to the 

179 tether for an additional 15 min before EEG recordings were obtained. During the recording 

180 session, a piezoelectric sensor placed under the floor of the cage detected mouse movement in 

181 the recording arena.

182 EEG activity was obtained using the BioPac system and Acqknowledge recording 

183 software from awake and freely moving mice. The BioPac MP150 acquisition system was 

184 connected to two EEG 100C amplifier units (one for each channel) to which the commutator was 
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185 attached. The lead to the occipital cortex served as a reference for both frontal and auditory 

186 cortex screw electrodes. The acquisition hardware was set to high-pass (>0.5 Hz) and low-pass 

187 (<100 Hz) filters. Normal EEG output data were collected with gain maintained the same 

188 (10,000 X) between all recordings. Data were sampled at a rate of 2.5 kHz using Acqknowledge 

189 software and down sampled to 1024 Hz post hoc using Analyzer 2.1 (Brain Vision LLC). Sound 

190 delivery was synchronized with EEG recording using a TTL pulse to mark the onset of each 

191 sound in a train. Resting EEGs were recorded for five minutes (during this time no auditory 

192 stimuli were presented) followed by recordings in response to auditory stimulation.  After all 

193 EEG experiments were completed, mice were perfused for histology or used for behavioral tasks 

194 and Western blot analysis. 

195 Acoustic stimulation 

196 Acoustic stimulation paradigms were similar as those previously used in Fmr1 KO mice 

197 (Lovelace et al. 2018; Lovelace et al. 2019), which is analogous to work in humans with FXS. 

198 Acoustic stimuli were generated using RPvdsEx software and RZ6 hardware (Tucker-Davis 

199 Technologies, FL) and presented through a free-field speaker (MF1 Multi-Field Magnetic 

200 Speaker; Tucker-Davis Technologies, FL) located 30 cm away directly above the cage. Sound 

201 pressure level (SPL) was modified using programmable attenuators in the RZ6 system. The 

202 speaker output was ~70 dB SPL at the floor of recording chamber with fluctuation of +/- 3 dB 

203 for frequencies between 5 and 35 kHz as measured with a ¼ in Bruel and Kjaer microphone. 

204 A chirp-modulated signal (henceforth ‘chirp’) to induce synchronized oscillations in EEG 

205 recordings was used to quantify fidelity of responses to time varying stimuli. The chirp is a two-

206 second broadband noise stimulus with amplitude modulated (100% modulation depth) by a 

207 sinusoid whose frequencies increase (Up-chirp) or decrease (Down-chirp) linearly in the 1-100 
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208 Hz range (Artieda et al. 2004; Perez-Alcazar et al. 2008; Purcell et al. 2004). The chirp 

209 facilitates a rapid measurement of transient oscillatory response (delta to gamma frequency 

210 range) to auditory stimuli of varying frequencies and can be used to compare oscillatory response 

211 in different groups in clinical and pre-clinical settings. Inter-trial phase coherence analysis (phase 

212 locking factor) can then be used to determine the ability of the neural generator to synchronize 

213 oscillations to the frequencies present in the stimulus (Tallon-Baudry et al. 1996). The chirp 

214 stimulus may be preferable over the traditional steady state stimulus in studies of children with 

215 neurodevelopmental disorders, as it can quickly and efficiently measure multiple modulation 

216 frequencies in a shorter period of time. 

217 To avoid onset responses contaminating phase locking to the amplitude modulation of the 

218 chirp, the stimulus was ramped in sound level from 0 to 100% over 1 sec (rise time), which then 

219 smoothly transitioned into chirp modulation of the noise (see Figure 3C for example). Up and 

220 Down chirp trains were presented 300 times each (for a total of 600 trains). Both directions of 

221 modulation were tested to ensure any frequency-specific effects were not due to the frequency 

222 transition history within the stimulus. Up and Down trains were presented in an alternating 

223 sequence. The interval between each train was randomly varied between 1 and 1.5 s. 

224 Data Analysis 

225 All EEG data analysis was performed as described previously (Lovelace et al. 2019; 

226 Lovelace et al. 2018). Briefly, EEG data was extracted from Acqknowledge and converted to 

227 files compatible with Analyzer 2.1 software. All data were notched filtered at 60 Hz to remove 

228 residual line noise from recordings. Artifact rejection was performed using BrainVision 

229 Analyzer.  Several criteria were used to search for artifacts including amplitude, gradient, max-

230 min and low activity. Less than 30% of data were rejected due to artifacts from any single 
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231 mouse. If more than 30% of the data was rejected, the animal was excluded from analysis 

232 (Resting baseline: WT PRE, N=1; Fmr1 KO PRE, N=1; vehicle-treated Fmr1 KO, N=2; vehicle-

233 treated WT, N=2; SB-3CT-treated Fmr1 KO, N=1; Chirp: Fmr1 KO PRE, N=2, vehicle-treated 

234 WT, N=1; SB-3CT-treated WT,N=1; Fmr1 KO, N=2, SB-3CT-treated Fmr1 KO, N=1). Notably, 

235 no outlier test was performed; instead, animals were excluded based on the exclusion criterion 

236 described above or movement percentage. 

237 Resting EEG analysis

238 Five minutes of EEG data (no auditory stimulus) were divided into 2-sec segments and 

239 Fast Fourier Transforms (FFT) were calculated on each segment using 0.5 Hz bins, using a 

240 Hanning window, with no overlap, and then average power (µV2/Hz) was calculated for each 

241 mouse from 1 to 100 Hz. Power was then further binned into standard frequency bands: We 

242 compared genotype mean differences on 6 bands per region: Delta (1-4 Hz), Theta (4-8 Hz), 

243 Alpha (8-13 Hz), Beta (13-30 Hz), Low Gamma (30-55 Hz), and High Gamma (65-100 Hz). The 

244 gamma band (30-100 Hz) was divided into low (30-60 Hz) versus high (>60 Hz) bands in 

245 gamma range because studies show the lower gamma frequency rhythm may be associated with 

246 activity of PV cells (Ray & Maunsell 2011; Balakrishnan & Pearce 2014; Dvorak & Fenton 

247 2014), while the higher gamma frequencies may be related to spiking activity near the electrodes 

248 (Ray & Maunsell 2011; Buzsaki & Wang 2012). The spectral bands used are based on a number 

249 of previous studies on FXS in both mice (Radwan et al. 2016) and humans (Ethridge et al. 2017; 

250 Wang et al. 2017; Ethridge et al. 2016). 

251 Responses to chirp trains were analyzed using Morlet wavelet analysis. Chirp trains were 

252 segmented into windows of 500ms before chirp onset to 500ms after the end of the chirp sound 

253 (total of 3 sec because each chirp was 2 s in duration). EEG traces were processed with Morlet 
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254 wavelets from 1 to 100 Hz using complex number output (voltage density, µV/Hz) for Inter Trial 

255 Phase Coherence (ITPC) calculations, and power density (µV2/Hz) for non-phase locked single 

256 trial power (STP). Wavelets were run with a Morlet parameter of 10 as this gave the best 

257 frequency/power discrimination. This parameter was chosen since studies in humans found most 

258 robust difference around 40 Hz, where this parameter is centered (Ethridge et al. 2017). To 

259 measure phase synchronization at each frequency across trials, Inter Trial Phase Coherence 

260 (ITPC) was calculated. The equation used to calculate ITPC is: 

261

262 where f is the frequency, t is the time point, and ĸ is the trial number. Thus, Fk (f,t) refers to the 

263 complex wavelet coefficient at a given frequency and time for the ĸth trial. There were no less 

264 than 225 trials (out of 300) for any given mouse after segments containing artifacts were 

265 rejected. 

266 Statistical analysis and definition of movement states

267 All statistical analysis was performed as described previously (Lovelace et al. 2018; 

268 Lovelace et al. 2019). Statistical group comparisons of chirp responses (ITPC and STP) were 

269 quantified by wavelet analysis using MATLAB (MATLAB, RRID:SCR_001622). The analysis 

270 was conducted by binning time (2 s segments) into 256 parts and frequency into 100 parts, 

271 resulting in a 100 x 256 matrix. Non-parametric cluster analysis was used to determine 

272 contiguous regions in the matrix that were significantly different from a distribution of 2000 

273 randomized Monte Carlo permutations based on previously published methods (Maris & 

274 Oostenveld 2007). Briefly, if the cluster size of the real genotype assignments (both positive and 

275 negative direction, resulting in a two-tailed alpha of p=0.025) were larger than 97.25% of the 
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276 random group assignments, those clusters were considered significantly different between 

277 genotypes. This method avoids statistical assumptions about the data and corrects for multiple 

278 comparisons. In all cases, p<0.05 was considered significant for ANOVA and Student’s t-tests. 

279 Where t-tests were performed, r was calculated as an effect size. When interactions were found 

280 and multiple comparisons for ANOVA were made, data were analyzed on each factor for simple 

281 effects and corrected using Bonferroni adjustments. If assumptions of sphericity were violated 

282 for repeated measures ANOVA, the Greenhouse-Geiser correction was used. 

283 As movement can alter cortical gain (Niell & Stryker 2010), and Fmr1 KO mice show 

284 hyperactivity, a piezoelectric transducer was placed under the EEG recording arena to detect 

285 when the mouse was moving. The term ‘resting’ is used to indicate EEGs recorded in these mice 

286 without any specific auditory stimuli. The term ‘still’ is used to describe resting EEG when the 

287 mouse was stationary. The term ‘moving’ is used to describe resting EEG when the mouse was 

288 moving based on a threshold criterion for the piezoelectric signal that was confirmed by 

289 analyzing the video recording (under IR light) that was taken throughout the EEG recording 

290 procedure. In all cases where genotype means are reported, SEM was used. The genotype 

291 differences in resting power were analyzed on 6 dependent variables using one-way Multivariate 

292 analysis of co-variance (MANCOVA) with one covariate (movement), Independent Variables 

293 (IV): Genotype (Fmr1 KO, WT), dependent variables (DV): 6 frequency bins (delta to high 

294 gamma). The proportion of time spent moving during the five-minute recording session was used 

295 as a covariate to isolate effects of genotype and control for the effect movement has on cortical 

296 gain. When multiple comparisons for MANCOVA were made, genotype comparisons were 

297 corrected using Bonferroni adjustments. The divisor for Bonferroni correction for multiple 

298 comparisons (for 6 frequency bands) on MANCOVA was set to 6, ɑ = 0.05/6 = 0.0083. Data are 
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299 often expressed and plotted as ratio of control group values to gauge relative differences in 

300 various factors using the same scale. Statistical analysis was done using SPSS software package 

301 (SPSS, RRID:SCR_002865). 

302 Treatment

303 The matrix metalloproteinase 2/9 inhibitor, SB-3CT, in saline containing 10% DMSO 

304 (Millipore, Cat. 444274), or vehicle (10% DMSO in saline) was administered intraperitoneally 

305 (i.p., 25 mg/kg) to WT and Fmr1 KO mice at P22-23 (for timeline see Figure 1A). For treatment, 

306 animals were assigned treatment based on simple randomization. To blind experimenter to 

307 treatment, animals were given a numerical identifier with no treatment identification that was 

308 used during EEG recording and PV/PNN analysis. A second group of mice that did not undergo 

309 EEG surgery or recording received a single treatment of SB-3CT (25 mg/kg) or vehicle 

310 injections at P27-28 and were subjected to behavioral tests at P28-29 (Figure 6A). To blind 

311 experimenter to treatments during behavior, tests were performed by two experimenters, one 

312 experimenter administered treatment and second experimenter was blinded to assigned treatment 

313 of each mouse. A third group that did not undergo EEG surgery or recording received a single 

314 treatment of SB-3CT (25 mg/kg) or vehicle injections at P21-22 (Figure 7A). To blind 

315 experimenter to treatments, one experimenter prepared drugs and assigned a numerical identifier 

316 to each treatment/animal and a second experimenter administered the treatment and was blinded 

317 to each assigned treatment. Initial number of animals used per group: EEG implant surgery (WT, 

318 N=35; Fmr1 KO, N=30), EEG recording (WT PRE, N=23; Fmr1 KO PRE, N=21; vehicle-

319 treated WT, N=18; SB-3CT-treated WT, N=15; vehicle-treated Fmr1 KO, N=14; SB-3CT-

320 treated Fmr1 KO, N=13;), PV/PNN analysis (N=6 per group; vehicle-treated WT, n=18; SB-

321 3CT-treated WT, n=23; vehicle-treated Fmr1 KO, n=20; SB-3CT-treated Fmr1 KO, n=17), 
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322 behavior (vehicle-treated Fmr1 KO, N=10; SB-3CT-treated Fmr1 KO, N=9; vehicle-treated WT, 

323 N=10; SB-3CT-treated WT, N=8), Western blot (vehicle-treated Fmr1 KO, N=4; SB-3CT-

324 treated Fmr1 KO, N=4; vehicle-treated WT, N=4; SB-3CT-treated WT, N=4), DQ gelatin assay 

325 (vehicle-treated Fmr1 KO, N=5; SB-3CT-treated Fmr1 KO, N=5; vehicle-treated WT, N=3; SB-

326 3CT-treated WT, N=3). 

327 Dye-Quenched (DQ) Gelatin Assay and Analysis

328 The dye-quenched (DQ) gelatinase activity assay is a hydrolytic activity assay used to 

329 measure MMP-2/9 activity. The DQ gelatin assay measures MMP-2/9 activity by measuring the 

330 fluorescent intensity of a FITC-quenched gelatin peptide that fluoresces following cleavage by 

331 MMP-2 or MMP-9 to measure MMP-2/MMP-9 proteolytic activity (Vandooren et al. 2011). To 

332 confirm that i.p. administration of SB-3CT results in the inhibition of MMP-9 activity in the 

333 brain, one hour after treatment with SB-3CT inhibitor or vehicle P22 WT mice (N=3 per group) 

334 were euthanized with isoflurane and the auditory cortex and surrounding temporal cortex 

335 (average weight of tissue ~20 mg) was dissected based on coordinates (Paxinos and Franklin 

336 2004) and previous electrophysiological and dye-placement studies (Martin del Campo et al. 

337 2012). For an example of auditory cortex dissection, please see Supplemental Figure 2-1. The 

338 one-hour time point was chosen based on the ~45 min half-life of SB-3CT (Gooyit et al. 2012). 

339 The AC was resuspended in lysis buffer (50mM Tris-HCL (pH = 7.4) buffer containing 150mM 

340 NaCl, 5mM EDTA,, 0.05% Triton X-100, 1mM PMSF) containing protease inhibitor cocktail 

341 (Sigma-Aldrich, cat. #P8340) and phosphatase inhibitor cocktail (Sigma-Aldrich, cat. #P0044). 

342 Lysates were measured for total protein concentrations using the protocol for the BCA 

343 colorimetric protein assay (Pierce, cat. #23-235). 
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344 Lysates were diluted in reaction buffer and mixed with DQ-gelatin stock, a fluorescence-

345 labeled gelatin substrate (Molecular Probes, E12055) as described previously (Lovelace et al. 

346 2019). Lysates were coded and processed by experimenter blinded to codes. Fluorescence 

347 intensity was analyzed using 495nm excitation wavelength and 515nm emission wavelength in a 

348 fluorescence microplate reader equipped with standard fluorescein filters (SpectraMax M2, 

349 Molecular Devices). The signal from the samples was measured every 20 min during a 3h 

350 incubation period. For each time point, background fluorescence intensity was corrected by 

351 subtracting the values derived from the blank, which consisted of only reaction buffer and DQ 

352 gelatin. A standard curve to assess gelatinase activity was generated using recombinant mouse 

353 MMP-9 activity (rmMMP-9, specific activity approx. 1,500 pmol/min/µg, R&D Systems, Cat. # 

354 909-MM-010). A linear regression of rmMMP-9 activity (standard curve) and relative gelatinase 

355 activity based on the average fluorescence intensity of three replicates was used to assess 

356 gelatinase proteolytic activity in the lysates. 

357 Immunohistochemistry

358 For histology, mice were euthanized with isoflurane and perfused transcardially with ice-

359 cold phosphate-buffered saline (0.1 M PBS, pH 7.4) and 4% paraformaldehyde (PFA). Brains 

360 were sectioned in the coronal plane on a Vibratome (Leica S1000) at 100 µm and sections were 

361 stored in PBS before staining. Prior to immunostaining, free-floating sections were post-fixed for 

362 an additional 2 h in 4% PFA and then washed in 0.1M PBS. Sections were then quenched with 

363 50mM ammonium chloride for 15 min, permeabilized with 0.1% Triton X-100 for 10 min and 

364 blocked for 1 h at room temperature in 5% donkey serum (DS; Sigma-Aldrich Cat# D9663, 

365 RRID:AB_2810235), and 1% bovine serum albumin (BSA; Fisher Scientific, Catalog #9048468) 

366 in 0.1M PBS. Sections were incubated overnight in primary antibodies and a 1:500 dilution of 
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367 fluorescein-tagged Wisteria floribunda Lectin (4µg/mL WFA, Vector Laboratories Cat# FL-

368 1351, RRID: AB_2336875) in a 1% DS, 0.5% BSA, and 0.1% Tween-20 solution. Primary 

369 antibodies included a 1:1000 dilution of mouse anti-PV antibody (Sigma-Aldrich Cat#P3088, 

370 RRID:AB_477329) to label PV interneurons. Sections were incubated in a 1:500 dilution of 

371 donkey anti-mouse Alexa Fluor 594 for 1 h. After immunostaining sections were mounted on 

372 slides and cover slipped with Vectashield containing DAPI (Vector Laboratories Cat#H-1200, 

373 RRID:AB_2336790) and Cytoseal (ThermoScientific, Catalog #8310-16).  

374 Image Quantification 

375 Slices were imaged by confocal microscopy (model LSM 510, Carl Zeiss 

376 MicroImagining or Leica SP5) using a series of 10 high-resolution optical sections (1024 x 1024-

377 pixel format) that were captured for each slice at 10X magnification at 1µm step intervals (z-

378 stack). All images were acquired under identical conditions. Each z-stack was collapsed into a 

379 single image by projection (ImageJ), converted to a TIFF file and encoded for blind analysis 

380 using ImageJ (NIH software, ImageJ, RRID:SCR_003070). The AC was identified using 

381 hippocampal landmarks (Supplemental Figure 2-1). This method has been previously validated 

382 using tonotopic mapping and dye injection (Martin del Campo et al. 2012) and comparison with 

383 the Paxinos mouse atlas and other publications on the mouse AC (Anderson et al. 2009). 

384 Nevertheless, the precise boundary between primary AC (A1) and anterior auditory field (AAF) 

385 of the mouse AC cannot be clearly established. Both these fields are part of the lemniscal 

386 auditory system and comprise the core AC. Therefore, we use the AC to indicate both A1 and 

387 AAF. ImageJ was used to identify and count PNN-positive, PV-positive cells and PV/PNN co-

388 localization (N=6 per group; vehicle-treated WT, n=18; SB-3CT-treated WT, n=23; vehicle-

389 treated Fmr1 KO, n=20; SB-3CT-treated Fmr1 KO, n=17) . Cortical layers were identified 
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390 (Anderson et al. 2009) and used for layer-specific counts (Layers 1-5/6 of the AC). A selection 

391 tool was used to measure and specify layers of the AC and the point tool was used to label PNNs, 

392 PV cells and added to the ROI manager. 

393 Behavior

394 Open-field test 

395 Behavioral tests were performed as described previously (Sidhu et al. 2014; Lovelace et 

396 al. 2019). Briefly, anxiety-like behavior was tested in P27-28 mice (N=6-7 per group) by 

397 quantifying their tendency to travel to the center of an open field and time spent in thigmotaxis 

398 (Yan et al. 2005; Yan et al. 2004).  A 43cm x 43cm open-field arena with 43-cm-high walls was 

399 constructed from clear acrylic sheets. The open field arena was placed in a brightly lit room, and 

400 one mouse at a time was placed in a corner of the open field and allowed to explore for 10 min 

401 while being recorded with digital video from above. The floor was cleaned with 3% acetic acid, 

402 70% ethanol and water between tests to eliminate odor trails. The mice were tested between the 

403 hours of 8:00 AM and 1:00 PM., and this test was always performed prior to the elevated plus 

404 maze by the same experimenter. The arena was subdivided into a 4 x 4 grid of squares with the 

405 middle of the grid defined as the center. A line 4 cm from each wall was added to measure 

406 thigmotaxis. Locomotor activity was scored by the analysis of total line crosses and speed as 

407 described previously with some modifications (Yan et al. 2005) using TopScan Lite Software 

408 (Clever Sys., Inc., Reston, VA 201090, USA). A tendency to travel to the center (total number of 

409 entries into large and small center squares) and the time in thigmotaxis were used as an indicator 

410 of anxiety-like behaviors using TopScan Lite software (CleverSys Inc). The analysis was 

411 performed in 5 min intervals for the total 10 min exploration duration. Assessments of the digital 

412 recordings were performed blind to the condition. Statistical analysis was performed with 

Page 18 of 86Journal of Neurochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

19

413 unpaired t-test using GraphPad Prism 6 software. Data represent mean ± standard error of the 

414 mean (SEM).

415 Elevated plus maze 

416 The elevated plus maze consisted of four arms in a plus configuration. Two opposing 

417 arms had 15-cm tall walls (closed arms), and two arms were without walls (open arms). The 

418 entire maze sat on a stand 1 m above the floor. Each arm measured 30 cm long and 10 cm wide. 

419 Mice were allowed to explore the maze for 10 min while being recorded by digital video from 

420 above. The maze was wiped with 3% acetic acid, 70% ethanol and water between each test to 

421 eliminate odor trails. This test was always done following the open-field test. TopScan Lite 

422 software was used to measure the percent of time spent in open arms and speed. The time spent 

423 in open arm was used to evaluate anxiety-like behavior. The velocity and total arm entries were 

424 measured to evaluate overall locomotor activity. The analysis was performed in 5 min intervals 

425 for the total 10 min exploration duration. Assessments of the digital recordings were done blind 

426 to the condition using TopScan Lite software. Statistical analysis was performed with unpaired t-

427 test using GraphPad Prism 6 software. Data represent mean ± standard error of the mean (SEM).

428 Western Blot Analysis

429 Western blot analysis was performed as described previously (Lovelace et al. 2019). The 

430 AC was removed from each mouse (N=3-4 mice per group), cooled in PBS, and homogenized in 

431 ice-cold lysis buffer (50mM Tris-HCl, pH 7.4, 150mM NaCl, 5mM EDTA, 0.05% Triton X-100, 

432 and 1mM PMSF) containing protease inhibitor cocktail (Sigma-Aldrich, cat. # P8340) and 

433 phosphatase inhibitor cocktail (Sigma-Aldrich, cat. #P0044). The samples were rotated at 4°C 

434 for at least 1h to allow for complete cell lysis and then cleared by centrifugation at 13,200 rpm 

435 for 15min at 4°C. Supernatants were isolated and boiled in reducing sample buffer (Sigma-
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436 Aldrich, Laemmli 2× concentrate, S3401), and separated on 8–16% Tris-Glycine SDS-PAGE 

437 precast gels (EC6045BOX, Life Technologies). Proteins were transferred onto Protran BA 85 

438 Nitrocellulose membrane (GE Healthcare) and blocked for 1h at room temperature in 5% skim 

439 milk (catalog #170-6404, Bio-Rad). Primary antibody incubations were performed overnight at 

440 4°C with antibodies diluted in TBS/0.1% Tween-20/5% BSA. The following primary antibodies 

441 were used: rabbit anti-Akt (Cell Signaling Technology Cat# 9272, RRID:AB_329827); rabbit 

442 anti-phospho-Akt (Ser473; Cell Signaling Technology Cat# 9271, RRID: AB_329825); mouse 

443 anti-PV (Millipore, Cat#MAB1572, RRID:AB_2174013), mouse anti-total TrkB (1:2000; BD 

444 Biosciences Cat# 610101, RRID:AB_397507), rabbit anti-phospho-TrkB (Tyr515) (1:1000, 

445 Bioworld, catalog #AP0236), and rabbit anti-βactin at 1:2000 (Abcam Cat #ab8227, 

446 RRID:AB_2305186). All primary antibodies were from Cell Signaling Technology and used at a 

447 dilution of 1:1000, unless stated otherwise.

448 Blots were washed 3 × 10 min with TBS/0.1% Tween-20 and incubated with the 

449 appropriate HRP-conjugated secondary antibodies for 1h at room temperature in a TBS/0.1% 

450 Tween-20/5% BSA solution. The secondary antibodies used were HRP-conjugated donkey anti-

451 mouse IgG (Jackson ImmunoResearch Labs Cat#715-035-150, RRID:AB_2340770) or HRP-

452 conjugated goat anti-rabbit IgG (Jackson ImmunoResearch Labs Cat# 111-035-003, 

453 RRID:AB_2313567). After secondary antibody incubations, blots were washed 3 × 10min in 

454 TBS/0.1% Tween-20, incubated in ECL 2 Western Blotting Substrate (Thermo Scientific, 

455 catalog #80196) and a signal was collected with CL-XPosure film (Thermo Scientific, catalog 

456 #34090). For re-probing, membrane blots were washed in stripping buffer (2% SDS, 100mM β-

457 mercaptoethanol, 50mM Tris-HCl, pH 6.8) for 30min at 55°C, then rinsed repeatedly with 

458 TBS/0.1% Tween-20, finally blocked with 5% skim milk, and then re-probed. Developed films 

Page 20 of 86Journal of Neurochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

21

459 were then scanned, and band density was analyzed by measuring band and background intensity 

460 using Adobe Photoshop CS5.1 software (Adobe Photoshop, RRID:SCR_014199). Four-five 

461 samples per group of vehicle vs. SB-3CT WT vs. Fmr1 KO were run per blot. Statistical analysis 

462 was performed with unpaired t-test using GraphPad Prism 6 software (GraphPad Prism, 

463 RRID:SCR_002798). Data represent mean ± standard error of the mean (SEM).

464 Statistical Analysis

465 All statistical analyses for cell density quantification, Western blot, behavior and DQ 

466 gelatin assay were done using Prism (GraphPad Software, San Diego, USA). For cell density 

467 quantification, theta/gamma ratio, and behavior two-way ANOVA was used to compare 

468 Genotype (WT x KO) vs. Treatment (SB-3CT x Vehicle) followed by post hoc pair-wise 

469 comparisons with the Bonferroni’s or Tukey’s correction, unless otherwise specified. For 

470 Western blot and the DQ gelatin assay, the Student’s t-test was used to assess the effects of 

471 treatment in KO or WT mice. For all analyses, “N” = number of animals and “n” = number of 

472 coronal sections. No power analysis was performed to calculate sample size for each experiment. 

473 The number of animals for each study was determined using previously published studies using 

474 similar techniques [EEG (Lovelace et al. 2018; Wen et al. 2019), PV/PNN analysis (Lovelace et 

475 al. 2019; Wen et al. 2018), behavior and DQ gelatin (Lovelace et al. 2019)]. 

476

477 Results

478 In the current study, we examined whether acute pharmacological inhibition of MMP-9 

479 activity during a developmental critical period reduces correlates of auditory hypersensitivity in 

480 developing Fmr1 KO mice. First, we evaluated changes in spectral power and synchronization to 

481 auditory stimuli using EEG, as well as changes in PV/PNN density. Next, we assessed anxiety-
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482 like behaviors and hyperactivity along with changes in key molecular targets associated with 

483 FXS, including PV levels and phosphorylation of TrkB and Akt. 

484 Developing Fmr1 KO mice exhibit increased resting state gamma EEG power and 

485 abnormal EEG power coupling

486 Previously, we have shown that adult Fmr1 KO mice exhibit increased resting state 

487 gamma power (Lovelace et al. 2018), a phenotype that is similar to that observed in humans with 

488 FXS (Ethridge et al. 2017; Wang et al. 2017). Here, we assessed whether developing Fmr1 KO 

489 mice on C57BL/6 background [for FVB background, see (Wen et al. 2019)], also exhibit 

490 increased resting state gamma power during the P21-28 period when maturation of various 

491 neuronal circuits occurs. To do this, mice were implanted with 2-channel EEG electrodes placed 

492 in the auditory (AC) and frontal cortex (FC) at P18 (Figure 1A and 1B), allowed to recover for 4-

493 5 days, and baseline EEG activity was recorded at P22 prior to treatment (PRE). Resting EEG 

494 data (in the absence of auditory stimulation) were collected for five minutes and were divided 

495 into 2-second segments for spectral analysis. Resting EEG raw power (µV2/Hz) was calculated 

496 in the AC and FC of WT and Fmr1 KO mice by analyzing all frequency bands during the entire 

497 five-minute resting period. Examples of one-second segments of EEG traces for individual WT 

498 and Fmr1 KO mice are shown in Figure 1C and 1D, respectively (AC: top; FC: bottom). The 

499 group average power spectral densities for the AC and the FC are shown in histogram (Figure 

500 1E) and bar graph format (Figure 1F), respectively. To normalize data for each region and to 

501 determine relative changes in power across frequency bands, power values were expressed as a 

502 ratio of Fmr1 KO (N=20) to WT (N=22) means (for non-normalized data see Supplemental 

503 Figure 1-1). A value of 1 indicates no mean difference in power between WT and Fmr1 KO, 

504 while values above 1 indicate Fmr1 KO > WT, and below indicate Fmr1 KO < WT mice. 
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505 Statistical analysis was performed using a one-way MANCOVA with the percentage of 

506 time spent moving as a covariate. We compared genotype mean differences on six bands per 

507 region: Delta (1-4 Hz), Theta (4-8 Hz), Alpha (8-13 Hz), Beta (13-30 Hz), Low Gamma (30-55 

508 Hz), and High Gamma (65-100 Hz). Frequencies from 55-65 Hz were excluded in all analysis, as 

509 a 60 Hz notch filter was utilized to eliminate line noise. We confirmed assumptions of equality 

510 of covariance using Levene’s test of equality of error variance and no differences between 

511 genotypes were observed in error variance (all p>0.05). Since assumptions were not violated, we 

512 report an effect of genotype (AC: Pillai’s Trace =2.465, p=0.04; FC: Pillai’s Trace = 2.587, 

513 p=0.036) across all six of the combined frequency variables. The low gamma band was the only 

514 frequency band significantly different between genotypes in the AC and FC (Figure 1F; AC: low 

515 gamma, F (1,27) =10, p=0.003, ɳ2=0.204, FC: low gamma, F (1,27) =9.012, p=0.005, ɳ2=0.188; 

516 WT N=22, Fmr1 KO N=20; for all frequency averages see Supplemental Table 1). These results 

517 indicate that Fmr1 KO mice exhibit increased resting state low gamma power (30-55 Hz) early 

518 in development at P22-23. 

519 Human EEG studies also report power abnormalities in delta, theta, alpha frequencies and 

520 impaired coupling between low and high frequency oscillations in individuals with FXS and 

521 ASD (Wang et al. 2013; Sinclair et al. 2017). To determine if there are abnormalities in power 

522 coupling in early development, a Pearson’s correlation was done during the resting baseline 

523 period to assess the relationship between power across different frequencies and/or regions, 

524 using the same approach that was used in a study for human FXS (Wang et al. 2013). Results 

525 show a negative correlation in power coupling of the AC Theta/Low Gamma and AC Alpha/Low 

526 Gamma in WT mice (Figure 1G). These correlations were significantly reduced in Fmr1 KO 

527 mice (T1G1: p=0.02; A1G1: p=0.008). Results also show a negative correlation in across region 
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528 power coupling of the AC Theta/FC Low Gamma and AC Alpha/FC Low Gamma in WT mice 

529 (Figure 1I), and FC Theta/AC Low Gamma and FC Alpha/AC Low Gamma (Figure 1J). These 

530 correlations were also significantly reduced in Fmr1 KO mice (T1G2: p=0.03; A1G2: p= 0.04; 

531 T2G1: p=0.04; A2G1: p=0.03). 

532 Overall, these findings indicate that abnormalities in resting gamma power and EEG 

533 power coupling, in particular changes in theta/low gamma and alpha/low gamma power coupling 

534 in the AC and cross regional impairments are present in developing Fmr1 KO mice as early as 

535 P22-23.

536 Fmr1 KO mice treated with MMP-9 inhibitor show no effect on resting state EEG gamma 

537 power and EEG power coupling

538 Next, both Fmr1 KO and WT mice received a single i.p. injection of the MMP-2/9 

539 inhibitor, SB-3CT (25mg/kg), or vehicle immediately following EEG recording to assess the 

540 efficacy of acute MMP-9 inhibition to normalize resting EEG oscillation pattern (Figure 1A). 

541 One day after treatment, resting EEG baseline data was again collected for 5 min and was 

542 divided into 2-second segments for spectral analysis. The percentage of time that the mice spent 

543 moving during the recording period was not different between genotypes (Supplemental Figure 

544 1-2) or treatment groups (Supplemental Figure 2-7). Figure 2 shows the average spectral power 

545 as a ratio of the corresponding control group in histogram (Figure 2A-C) and bar graph format 

546 (Figure 2D-F) for each group (AC: top; FC: bottom; for non-normalized data see Supplemental 

547 Figure 2-2). To determine resting EEG in vehicle groups, vehicle-treated Fmr1 KO mice were 

548 compared to vehicle-treated WT mice. Although resting state low (LG) and high gamma (HG) 

549 power was trending higher in the AC of vehicle-treated Fmr1 KO (N=12) compared to vehicle-

550 treated WT (N=16) mice, this was not statistically significant possibly due to large variability in 
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551 vehicle-injected Fmr1 KO mice (Figure 2D; also see Supplemental Figure 2-4). Although SB-

552 3CT-treated Fmr1 KO (N=12) mice exhibited normal low and high gamma in the AC and FC 

553 that was comparable to SB-3CT-treated WT (N=15) mice (Figure 2E), comparison of SB-3CT-

554 treated Fmr1 KO (N=12) mice to vehicle-treated Fmr1 KO (N=12) mice showed a trending 

555 reduction in low and high gamma power, but this was not statistically significant (Figure 2F; for 

556 summary of all frequency averages see Supplemental Table 2). Vehicle-treated WT mice (N=16) 

557 and SB-3CT-treated WT mice (N=15; for non-normalized data see Supplemental Figure 2-3) did 

558 not show any significant changes in spectral frequencies compared to WT mice before treatment 

559 (PRE) in AC or FC [Supplemental Figure 2-5A and 2-5D (Vehicle-WT) and Supplemental 

560 Figure 2-5B and 2-5E (SB-3CT-WT)]. 

561 To determine if EEG power coupling abnormalities were ameliorated following treatment 

562 with SB-3CT, a Pearson’s correlation was done during the resting baseline period to assess the 

563 relationship between power across different frequencies and/or regions. Results show that 

564 treatment with SB-3CT did not alter the EEG power coupling profiles in WT or Fmr1 KO mice 

565 (Supplemental Figure 2-6). 

566 Together, these results indicate no significant effects of treatment in Fmr1 KO mice when 

567 resting EEG power or EEG power coupling was analyzed for individual frequencies between 

568 vehicle- and SB3CT-treated groups. 

569 Phase Locking to Auditory “Up Chirp” stimuli is impaired in developing Fmr1 KO mice

570 To assess whether P22-23 Fmr1 KO mice also exhibit deficits in the consistency of phase 

571 locking to time varying stimuli as seen in adult Fmr1 KO mice (Lovelace et al. 2018), and 

572 humans with FXS (Ethridge et al. 2017), we recorded responses to chirp stimuli. We tested both 

573 up and down chirps to ensure that the differences are specific to modulation frequencies and are 
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574 not affected by the direction of frequency change in the sound (Lovelace et al. 2019). Following 

575 EEG resting state baseline recording, repeated chirp stimuli (300 trials for up, 300 trials for 

576 down) was delivered and electrocortical activity was recorded. Inter trial phase coherence (ITPC) 

577 was calculated across trials in the time x frequency domain using Morlet Wavelet analysis 

578 (Lovelace et al. 2018). After grand average ITPC was calculated for each group, we found EEG 

579 oscillations that matched the frequency of the chirp and were seen as increased ITPC along a 

580 diagonal, from 0 to 2 s and 1-100Hz. The means for WT PRE (Figure 3A; only ‘up chirp’ data 

581 are shown) were subtracted from Fmr1 KO PRE mice (Figure 3B) to show the difference 

582 between Fmr1 KO and WT (Figure 3C) in the AC (top) and FC (bottom). For statistical analysis, 

583 clusters of p-values were calculated, and significant differences (p<0.025) were overlaid on the 

584 chirp response to demonstrate quantitative differences between each genotype after correction 

585 for multiple comparisons (Lovelace et al. 2019). We observed a statistical difference between 

586 genotypes in one main cluster, which spans the low gamma band ITPC in both the AC (35-55 

587 Hz) and FC (35-65 Hz; significant clusters are highlighted by bold-lined contours in Figure 3C. 

588 In the FC, there was also a statistical difference between genotypes in the high gamma band in 

589 the FC (80-100 Hz). Similar patterns of statistics of ITPC were observed for both up and down 

590 chirps (down chirp data not shown). 

591 To examine whether P22-23 Fmr1 KO mice also exhibit an increase in background 

592 gamma power in both the AC and FC during the chirp presentation, similar to adult Fmr1 KO 

593 mice (Lovelace et al. 2018), we assessed non-phase locked single trial power (STP) during chirp 

594 stimulation in Fmr1 KO mice compared to WT control mice. Using the same statistical cluster 

595 analysis as for the chirp ITPC, results indicate that P22-23 Fmr1 KO mice exhibit a significant 
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596 increase in background gamma power in the AC (~30-55 Hz) and FC (~30-70 Hz) compared to 

597 WT control mice (Figure 3D). 

598 Together, these data show that developing Fmr1 KO mice exhibit low and high gamma 

599 synchronization deficits and increased background gamma power in both the AC and FC in a 

600 manner similar to adult Fmr1 KO mice and humans with FXS. 

601 Acute MMP-9 inhibition improves phase-locking to time varying auditory stimuli in Fmr1 

602 KO mice

603 To test whether acute treatment of SB-3CT would ameliorate the ITPC deficit to the 

604 auditory chirp stimuli, both up and down chirps were presented during EEG recording one day 

605 after treatment. Figure 4A and 4B show grand average ITPC values for vehicle-treated and SB-

606 3CT-treated Fmr1 KO, respectively. The mean for vehicle-treated Fmr1 KO mice was subtracted 

607 from vehicle-treated WT mice (Figure 4C) to show the difference between ITPC values in Fmr1 

608 KO and WT mice in both the AC and FC. Similarly, the mean for SB-3CT-treated Fmr1 KO 

609 mice was subtracted from the mean of vehicle-treated Fmr1 KO mice (Figure 4D). For statistical 

610 analysis, clusters of p-values were calculated, and these differences were overlaid on the chirp 

611 response to demonstrate quantitative differences between each genotype after correction for 

612 multiple comparisons. Monte Carlo statistical method on cluster analysis revealed a significant 

613 reduction in average ITPC values between vehicle-treated Fmr1 KO (N=12) mice and vehicle-

614 treated WT (N=17) mice in low gamma band range (~40-50 Hz) in the AC (Figure 4C: top), 

615 consistent with the reduction observed in un-treated mice (Figure 3D). Statistical analysis of 

616 average ITPC values shows a significant enhancement in the same low gamma band range (~40-

617 50 Hz) ITPC in the AC of SB-3CT-treated Fmr1 KO mice (N=12) to vehicle-treated Fmr1 KO 

618 (N=12) mice (Figure 4D: top). However, a significant decrease in ~30-40 Hz gamma band range 
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619 ITPC band in both AC and FC was observed (time x frequency bands that are significantly 

620 different between groups are highlighted in bolded black lines). Grand average ITPC values were 

621 also calculated for vehicle-treated (N=17) and SB-3CT-treated WT (N=14) mice (Supplemental 

622 Figure 4-1A and 4-1B, respectively). No significant differences were detected in AC or FC for 

623 average ITPC values between vehicle-treated WT (N=17) mice and WT PRE (N=23) mice in the 

624 low and high gamma ITPC band except for a small decrease in the FC at ~25-35 Hz 

625 (Supplemental Figure 4-1C), suggesting the effects of injection on the ~25-35 Hz gamma band 

626 range. SB-3CT-treated WT (N=14) mice exhibited a significant increase in high gamma band 

627 ITPC in the AC, but not FC, specifically in 70-85 Hz ITPC band compared to WT PRE 

628 (Supplemental Figure 4-1D). Similar patterns and statistics of ITPC were observed for both up 

629 and down chirps. These results indicate that an acute treatment of the MMP-9 inhibitor, SB-3CT, 

630 improves fidelity of temporal responses to auditory stimuli by specifically increasing low gamma 

631 band (40-50 Hz) ITPC in developing Fmr1 KO mouse cortex. 

632 Acute inhibition of MMP-9 enhances PNN formation in the developing auditory cortex of 

633 Fmr1 KO mice 

634 Previously, we showed evidence for delayed development of PV interneurons and PNN 

635 formation around PV interneurons in layers 2-4 of the developing AC of Fmr1 KO mice (Wen et 

636 al. 2018). Here we examined whether acute pharmacological inhibition of MMP-9 would 

637 ameliorate the PV/PNN deficits in P22-23 Fmr1 KO mice. To test this, immediately after EEG 

638 recordings (one day after treatment), mice were sacrificed, and brains were collected for PV 

639 immunostaining and PNN labeling using Wisteria floribunda Agglutinin (WFA; Figure 1A, 

640 PV/PNN analysis). We analyzed the density of PV-positive (Figure 5A, 5E, 5I, 5M), PNN-

641 positive (Figure 5B, 5F, 5J, 5N), and PV/PNN co-labeled neurons (Figure 5C, 5G, 5K, 5O) in 
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642 layer 4 of the AC contralateral to the EEG electrode (for layers 1, 2/3 and 5/6 see Supplemental 

643 Figure 5-1). We observed a significant increase of PNN density in SB-3CT-treated Fmr1 KO 

644 mice compared to vehicle-treated Fmr1 KO mice (Figure 5R, p=0.02). There was also a 

645 significant increase of PNN density in SB-3CT-treated WT mice compared to vehicle-treated 

646 WT mice (Figure 5R, p=0.009). Statistical analysis of PV/PNN co-localization revealed a 

647 significant increase of PV/PNN co-localization in SB-3CT-treated Fmr1 KO mice compared to 

648 vehicle-treated Fmr1 KO mice (Figure 5S, p=0.008). There was also a significant increase of 

649 PV/PNN co-localization in SB-3CT-treated WT mice compared to vehicle-treated WT mice 

650 (Figure 5S, p=0.04; for all average values and statistics see Supplemental Table 3-4). 

651 Taken together, these data suggest that acute pharmacological inhibition of MMP-9 

652 normalizes PNN development and co-localization of PNN predominantly around PV 

653 interneurons in layer 4 of the developing AC of Fmr1 KO mice, consistent with improved phase 

654 locking at low gamma band frequencies. 

655 Acute inhibition of MMP-9 ameliorates anxiety and hyperactivity in Fmr1 KO mice

656 Next, we assessed whether SB-3CT treatment reduces anxiety-like behaviors and 

657 hyperactivity in Fmr1 KO mice that received an i.p. injections of SB-3CT (25mg/kg) at P27-28 

658 (for timeline see Figure 6A). Anxiety-like behaviors were assessed on P28-29 mice (one day 

659 after treatment) using the elevated plus maze (EPM) and open field (OF). In the EPM, mice were 

660 allowed to explore the cross-shaped field for 10 min. TopScan Live software was used to 

661 evaluate anxiety-like behaviors by determining the percent of time spent in the open arms 

662 (Figure 6B). To evaluate locomotor activity and hyperactivity, the number of total entries into 

663 open and closed arms (Figure 6C), and the average speed (Figure 6D) were quantified. Results 

664 showed that vehicle-treated Fmr1 KO mice spent less time in the open arms compared to 
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665 vehicle-treated WT controls (Figure 6B). Statistical analysis using two-way ANOVA revealed 

666 significant effect of treatment, genotype, and significant interaction (for statistical comparisons 

667 refer to Supplemental Table 5). Post hoc comparisons showed that SB-3CT-treated Fmr1 KO 

668 mice spent more time in open arms than vehicle-treated Fmr1 KO mice (Figure 6B, p<0.0001). 

669 Treatment with SB-3CT did not alter behavior of WT mice, suggesting specificity of the drug to 

670 the Fmr1 KO group. Vehicle-treated Fmr1 KO mice also showed an increase in the number of 

671 total entries (Figure 6C, p=0.0001) and speed (Figure 6D, p=0.0030) compared to vehicle-treated 

672 WT controls. Treatment of Fmr1 KO mice with SB-3CT reduced the number of total entries 

673 (Figure 6C, p=0.0001) and speed (Figure 6D, p=0.0008), yet it did not significantly alter the 

674 number of total entries or speed in WT controls (Figures 6C, 6D). 

675 In the OF task, animals were allowed to explore an open field for 10 min. Anxiety-like 

676 behaviors were evaluated by measuring the total number of center entries (Figure 6E), the 

677 percent of time spent in thigmotaxis (Figure 6F), and the time spent in the center per entry 

678 (Figure 6G). Locomotor activity was assessed by determining the number of total line crosses 

679 (Figure 6H) and average speed (Figure 6I). All behaviors were quantified using TopScan Live 

680 software. Statistical analysis using two-way ANOVA revealed significant main effects of 

681 treatment and interaction (for statistical comparisons refer to Supplemental Table 5 and 6). Post 

682 hoc comparisons showed that vehicle-treated Fmr1 KO mice made fewer center entries (Figure 

683 6E, p=0.0316), spent more time in thigmotaxis (Figure 6F, p<0.0001) and spent less time in the 

684 center per entry (Figure 6G, p=0.0173) compared to vehicle-treated WT controls. However, SB-

685 3CT-treated Fmr1 KO mice made more center entries (Figure 6E, p=0.0101), spent less time in 

686 thigmotaxis (Figure 6F, p<0.0001) and more time in the center per entry (Figure 6G, p=0.0086) 

687 compared to vehicle-treated Fmr1 KO mice. Statistical analysis using two-way ANOVA also 
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688 revealed a significant increase in the total line crosses (Figure 6H, p<0.0001) and average speed 

689 (Figure 6I, p<0.0001) in vehicle-treated Fmr1 KO mice compared to vehicle-treated WT mice. 

690 SB-3CT treatment significantly decreased the total line crosses (Figure 6H, p<0.0001) and 

691 average speed (Figure 6I, p=0.0021; for all average values and statistics see Supplemental Table 

692 5-6) of Fmr1 KO mice. SB-3CT treatment did not change the behavior of WT mice in the open 

693 field. 

694 These results suggest that acute inhibition of MMP-9 using SB-3CT alleviates 

695 anxiety/hyperactivity observed in Fmr1 KO mice, without altering these behaviors in WT mice. 

696 Acute inhibition of MMP-9 with SB-3CT reduces gelatinase activity and phosphorylation 

697 of Akt, while increasing PV levels and phosphorylation of TrkB 

698 To confirm that the MMP-2/9 inhibitor, SB-3CT, reduced MMP-2/9 activity following 

699 treatment, gelatinase activity was measured using a Dye-Quenched (DQ) gelatin assay. Fmr1 KO 

700 mice were injected with SB-3CT (25 mg/kg) or vehicle, the auditory and surrounding temporal 

701 cortex (Supplemental Figure 2-1) was collected and homogenized for the DQ gelatin assay 1 h 

702 post injection (for timeline see Figure 7A). A mouse recombinant MMP-9 (~1,500 pmol/min/µg) 

703 was used as a standard to calculate the approximate MMP-9 activity in the sample using a linear 

704 regression curve (Figure 7B). Results reveal that SB-3CT-treated Fmr1 KO mice exhibit 

705 significantly decreased levels of gelatinase activity 1 h post injection compared to vehicle-treated 

706 Fmr1 KO mice (Figure 7C, t-test, N=5 per group, p=0.02, Supplemental Table 7). SB-3CT-

707 treated WT mice also show significantly reduced gelatinase activity compared to vehicle-treated 

708 WT mice (Supplemental Figure 7-1). 

709 Previous studies have shown over-activation and enhanced phosphorylation of 

710 Akt/mTOR in the cortex of Fmr1 KO mice (Lovelace et al. 2019), may underlie abnormalities in 
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711 synaptic functions and hyperexcitability (Klann & Dever 2004; Sharma et al. 2010). In addition, 

712 genetic deletion of MMP-9 restored Akt/mTOR phosphorylation to the normal levels in the 

713 hippocampus of Fmr1 KO mice, while treatment of WT neurons with active MMP-9 enhanced 

714 Akt/mTOR phosphorylation (Sidhu et al. 2014).  Therefore, to determine whether acute 

715 pharmacological MMP-9 inhibition influenced Akt/mTOR-related signaling, we analyzed Akt 

716 phosphorylation in the AC of SB-3CT and vehicle-treated Fmr1 KO mice. Fmr1 KO mouse 

717 brains were collected for Western blot analysis at P27-28 immediately after behavior, one-day 

718 following treatment (for timeline see Figure 6A). Results show reduced levels of Akt 

719 phosphorylation in SB-3CT-treated Fmr1 KO mice compared to vehicle-treated Fmr1 KO mice 

720 (Figure 7D; N = 4, t(6) = 4.274, P = 0.0235, t-test). There were no significant changes in Akt 

721 phosphorylation in SB-3CT-treated compared to vehicle-treated WT mice (Supplemental Figure 

722 7-2A). 

723 As TrkB signaling is implicated in PV cell development and survival (Nomura et al. 

724 2017; Xenos et al. 2018), we examined the effects of acute MMP-9 inhibition on PV levels and 

725 phosphorylation of TrkB using Western blot. Results show that following SB-3CT treatment 

726 Fmr1 KO mice exhibit increased PV levels (Figure 7E; N = 4, t(6) = 2.607, P = 0.0479, t-test). 

727 We also observed an increase in TrkB phosphorylation on Tyrosine (Y) 515 in SB-3CT treated 

728 Fmr1 KO mice compared to vehicle-treated Fmr1 KO mice (Figure 7F; N = 4, t(6) = 2.805, 

729 P = 0.0378, t-test), while there was no significant change in total TrkB levels (Figure 7G; for 

730 average values see Supplemental Table 8). Comparison of SB-3CT-treated WT versus vehicle-

731 treated WT mice did not reveal any significant changes in PV (Supplemental Figure 7-2B), 

732 pTrkBY515 (Supplemental Figure 7-2C), or total TrkB (Supplemental Figure 7-2D). 

733
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734 Discussion

735 In this study, we show that P22-23 Fmr1 KO mice exhibit abnormal neural oscillation 

736 patterns that parallel adult Fmr1 KO mice and humans with FXS including increased resting 

737 state gamma power and deficits in gamma synchronization to auditory stimuli. Treatment with 

738 the MMP-9 inhibitor, SB-3CT, had no significant effect on resting EEG power or EEG power 

739 coupling in Fmr1 KO mice. However, acute inhibition of MMP-9 activity improved fidelity of 

740 gamma frequency (~40 Hz) phase locking to time varying auditory stimuli in SB-3CT Fmr1 KO 

741 mice compared to vehicle-treated Fmr1 KO mice. At the molecular level, SB-3CT treatment 

742 enhanced PNN formation predominantly around PV interneurons in the developing AC of both 

743 Fmr1 KO mice and WT mice. Assessment of anxiety/hyperactivity with EPM and OF tests 

744 demonstrated that acute inhibition of MMP-9 activity ameliorated anxiety-like behaviors and 

745 hyperactivity in Fmr1 KO mice. Lastly, acute inhibition of MMP-9 activity reduced Akt 

746 phosphorylation, while increasing PV levels and TrkB phosphorylation. Our data are consistent 

747 with previously reported benefits of minocycline treatment in humans with FXS (Schneider et al. 

748 2013), Fmr1 KO mice (Bilousova et al. 2009; Dansie et al. 2013; Toledo et al. 2019), and the 

749 Drosophila FXS model (Siller & Broadie 2011), and further suggest that minocycline may 

750 alleviate FXS symptoms by suppressing MMP-9. These data support the notion that cellular and 

751 electrophysiological abnormalities of sensory processing are present early in development. In 

752 addition, treatment during early postnatal developmental period may be beneficial in 

753 ameliorating deficits due to higher cortical plasticity. Furthermore, reduction of MMP-9 activity 

754 may provide a suitable target to reduce auditory hypersensitivity in FXS and potentially other 

755 ASDs. 

756 Developing and adult Fmr1 KO mice exhibit comparable EEG phenotypes 
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757 In this study, we show that developing Fmr1 KO mice (P22-23) exhibit increased resting 

758 state low gamma power in both the AC and FC (Figure 1) similar to adult Fmr1 KO mice. 

759 Unlike adult Fmr1 KO mice, though, developing Fmr1 KO mice do not exhibit increased resting 

760 state delta or high gamma power (Lovelace et al. 2018). These results are consistent with data 

761 from the FVB strain of mice (Wen et al. 2019), suggesting that abnormal electrophysiological 

762 phenotypes are observed as early as P22 in developing Fmr1 KO mice. The consistency of EEG 

763 phenotypes across age and genetic backgrounds of mice, and between humans and mice, indicate 

764 that these measures can be utilized as objective physiological biomarkers to test the effectiveness 

765 of potential drugs. Furthermore, accumulating evidence indicates that increased resting state 

766 gamma power is associated with sensory processing and communication deficits in FXS and 

767 ASD (Ethridge et al. 2017; Wang et al. 2017; Sinclair et al. 2017; Lovelace et al. 2018; Ethridge 

768 et al. 2019; Lovelace et al. 2019). Additional studies also point to abnormalities in theta and 

769 alpha power as contributing mechanisms underlying hyperexcitability (Van der Molen & Van 

770 der Molen 2013). Theta power is linked to cortical arousal level (Barry et al. 2009). Alpha power 

771 has been interpreted to reflect a neural inhibitory mechanism that regulates the processing of 

772 external, sensory information (Klimesch 1999; Mathewson et al. 2011). In particular, 

773 GABAergic inhibitory activity is thought to contribute to this neural inhibition mediated by 

774 alpha oscillations (Jensen & Mazaheri 2010). Together, alpha/theta synchronization have been 

775 linked to cognitive function (Klimesch 1999) and ability to inhibit irrelevant sensory information 

776 (Van der Molen & Van der Molen 2013). Human EEG studies report an inverted U-shaped 

777 pattern of power abnormalities showing reduced alpha frequencies, but increased delta, theta 

778 frequencies and high frequency bands (beta, gamma) in children with ASD (Wang et al. 2013; 

779 Sinclair et al. 2017). Elevated theta and delta power and reduced alpha power is also observed in 
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780 individuals with ADHD (Barry et al. 2003; Born et al. 2017). Our study shows a reduced EEG 

781 power correlations between Theta and Low Gamma, Alpha and Low Gamma bands within the 

782 AC as well as across regions (AC to FC and FC to AC) in Fmr1 KO mice compared to WT mice. 

783 Overall, our findings indicate that abnormalities in EEG oscillation pattern, which are associated 

784 with hyperexcitability, cognitive performance, and ability to process sensory information, are 

785 present in developing Fmr1 KO mice as early as P22-23.

786 In this study, we show that developing Fmr1 KO mice exhibit decreased ability to 

787 produce synchronous stimulus-induced oscillations, similar to adult Fmr1 KO mice (Lovelace et 

788 al. 2018), but the impairment is localized specifically to the low gamma frequencies (~30-55 Hz) 

789 in the AC and both low and high gamma (~65-100 Hz) frequencies in the FC. Treatment of Fmr1 

790 KO mice with SB-3CT leads to an improvement in phase locking to auditory chirp stimuli, in the 

791 same frequency range (~40-50 Hz) where the deficit was observed in vehicle-treated Fmr1 KO 

792 AC (Figure 4). This result indicates that SB-3CT may be targeting specific cellular and network 

793 mechanisms in the AC resulting in improved phase locked synchronization in developing Fmr1 

794 KO mice.  

795 Molecular mechanisms influencing Fmr1 KO EEG phenotype

796 It is possible that changes in PV/PNN networks affect inhibitory circuits and neural 

797 oscillation patterns. The loss of PNNs is associated with abnormal plasticity and reduced 

798 excitability of PV interneurons (Balmer 2016; Lensjo et al. 2017; Chu et al. 2018). This may 

799 lead to altered balance of excitatory and inhibitory circuits, and improper network 

800 synchronization and hyperexcitability (Contractor et al. 2015). In fact, several studies point 

801 altered functionality of GABAergic circuits, specifically fast-spiking PV interneurons in FXS 

802 (Selby et al. 2007; Nomura et al. 2017; Goel et al. 2018). Specifically, PV cell density is 
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803 significantly reduced in the AC (Wen et al. 2018; Kulinich et al. 2019) and somatosensory 

804 cortex (Selby et al. 2007) of Fmr1 KO mice compared to WT mice. One recent study 

805 demonstrated that passive developmental sound exposure during the maturation of synaptic and 

806 intrinsic properties (P9-21) results in enhanced PV cell density and PV/PNN co-localization in 

807 the AC of Fmr1 KO mice despite impairment of PNN formation (Kulinich et al. 2019). In 

808 contrast, genetic reduction of MMP-9 was shown to enhance the formation of PNNs around PV 

809 cells in the AC (Wen et al. 2018). Our study shows that pharmacological inhibition of MMP-9 

810 activity alone during the critical developmental period results in enhanced PNN formation 

811 around PV interneurons. While we did not see a significant increase in PV cell density, we did 

812 observe an increase in PV levels measured by Western blot, similar to what has been observed in 

813 other ASD models (Filice et al. 2016). It is possible that increased PNN formation around PV 

814 cells contributed to increased PV levels, which influenced the changes in resting state EEG 

815 oscillations in SB-3CT-treated Fmr1 KO mice (Yamada et al. 2015). To more effectively target 

816 auditory hypersensitivity a combination of sensory stimulation (Woo & Leon 2013; Kulinich et 

817 al. 2019) with pharmacological inhibition of MMP-9 activity (Bilousova et al. 2009) may yield a 

818 synergistic effect. 

819 Other studies have employed sound exposure or mGluR5 inhibitors during the late 

820 postnatal window (P20-30) to rescue AC plasticity deficits and found that they were only able to 

821 rescue sound exposure-induced cortical map plasticity (size of A1 and response latency) when 

822 Fmr1 KO mice were exposed to sound between P9-20 in conjunction with daily MPEP injections 

823 (Kim et al. 2013). It is possible that inhibition of MMP-9 activity may function as a potent 

824 therapeutic for auditory hypersensitivity and anxiety/hyperactivity phenotypes during the critical 

825 developmental period. The question remains whether administration of SB-3CT during the 
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826 critical developmental period has more beneficial effects in regulating resting state EEG 

827 oscillations, improving responses to sound and anxiety/hyperactivity related behaviors in Fmr1 

828 KO mice versus administration of SB-3CT in adult Fmr1 KO mice. SB-3CT has only ~45 min 

829 half-life (Gooyit et al. 2012). However, even transient inhibition of MMP-9 activity during this 

830 specific developmental window was sufficient to trigger structural and functional changes in the 

831 auditory cortex of Fmr1 KO mice. One potential benefit may be attributed to the metabolism of 

832 SB-3CT, which functions as an irreversible inhibitor yielding covalent modifications that inhibit 

833 the activation of MMP-2/9 (Brown et al. 2000). 

834 In addition to the enhanced PNN formation surrounding PV interneurons in the AC, the 

835 function of PV interneurons may also be influenced by activity of TrkB receptor. TrkB is shown 

836 to play a role in gamma-band synchronization in the hippocampal network (Zheng et al. 2011) 

837 and functions as a receptor for brain-derived neurotrophic factor (BDNF). In fact, TrkB is 

838 expressed by GABAergic neurons, in particular PV-positive cells (Lewis et al. 2005; Cellerino et 

839 al. 1996). BDNF-mediated signaling is involved in mediating cell growth and survival, neuronal 

840 differentiation, and activity-dependent regulation of inhibitory synapse development (Hong et al. 

841 2008) and has been linked to maturation of PV cells in the cerebral cortex (Itami et al. 2007). 

842 BDNF via TrkB is known to promote the development of GABAergic neurons and induces the 

843 expression of GABA-related proteins, including GAD67, GAT1 and PV (Xenos et al. 2018; 

844 Nomura et al. 2017). Notably, BDNF-TrkB signaling has been shown to be impaired in Fmr1 

845 KO mice (Castren & Castren 2014). We previously reported decreased phosphorylation of TrkB 

846 in the AC of Fmr1 KO mice compared to WT mice, which was up-regulated following 

847 developmental exposure to sound (Kulinich et al. 2019). In the current study, we showed that 

848 treatment with SB-3CT increased TrkB phosphorylation in Fmr1 KO mice compared to vehicle-
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849 treated Fmr1 KO mice (Figure 7). Together, inhibition of MMP-9 activity may preferentially 

850 target PV-mediated inhibitory networks by influencing the stability of PV interneurons via 

851 increased PNN formation and activation of TrkB receptors.

852 Inhibition of MMP-9 activity reduces Akt phosphorylation and improves anxiety and 

853 hyperactivity phenotypes in Fmr1 KO mice

854 FXS is characterized by over-activation of group I metabotropic glutamate receptors 

855 (Huber 2002), which promote Akt/mTOR signaling leading to aberrant phosphorylation of Akt 

856 and mTOR-related proteins, and increased protein synthesis (Sharma et al. 2010; Bear et al. 

857 2004). Studies have shown that genetic reduction of p70 ribosomal S6 kinase 1 (S6K1) 

858 prevented elevated phosphorylation of translational control proteins, normalizing protein 

859 synthesis, reversing dendritic spine deficits, and improving social interactions, novel object 

860 recognition and behavioral flexibility in Fmr1 KO mice (Bhattacharya et al. 2012). In fact, 

861 several studies link dysregulation of mTOR signaling with dendritic and synaptic abnormalities, 

862 cognitive impairments, and behavioral performance in FXS (Busquets-Garcia et al. 2014; Troca-

863 Marin et al. 2012; Bhattacharya et al. 2012). Furthermore, treatment with the antibiotic 

864 minocycline, which is known to inhibit MMP-9, also promotes dendritic spine maturation and 

865 improves behavioral performance in developing Fmr1 KO mice (Bilousova et al. 2009). Thus, it 

866 is possible that the reduction of Akt phosphorylation observed in Fmr1 KO mice following 

867 treatment with SB-3CT may be linked to the changes in dendritic and synaptic profiles affecting 

868 protein synthesis, synaptic plasticity, and behavioral performance.  

869 While Fmr1 KO mice display multiple behavioral impairments that parallel human 

870 patients with FXS (Bernardet & Crusio 2006), there is wide variability in behavioral results 

871 assessing anxiety, hyperactivity, social and cognitive impairments in Fmr1 KO mice. Several 
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872 studies find these measures to be altered (Sinclair et al. 2017; Bilousova et al. 2009; Ding et al. 

873 2014), while others show no differences (Kazdoba et al. 2014). We show that vehicle-treated 

874 Fmr1 KO mice spent less time in the open arms of the EPM, similar to previous studies in our 

875 lab (Bilousova et al. 2009), as well as increased percent time in thigmotaxis and decreased center 

876 entries in the OF, indicating higher anxiety. Fmr1 KO mice also displayed increased 

877 hyperactivity indicated by increased speed in both EPM and OF tests. Interestingly, treatment 

878 with SB-3CT reduced both anxiety and hyperactivity measures in Fmr1 KO mice. These results 

879 suggest that SB-3CT effectively ameliorates behavioral impairments observed in developing 

880 Fmr1 KO mice when MMP-9 activity is inhibited during the specific developmental period.

881 In conclusion, we have shown that acute inhibition of MMP-9 activity during a specific 

882 critical developmental period (P22-P28) may serve to modulate PV neuron-mediated inhibitory 

883 circuits, neural oscillatory patterns, and behavioral impairments associated with FXS. These 

884 findings implicate MMP-9 as a potent candidate contributing to the FXS phenotype and indicate 

885 that targeted inhibition of MMP-9 activity may be a promising therapeutic agent. 
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1141 Figure Legends 

1142 Figure 1. Developing Fmr1 KO mice exhibit increased low gamma power. (A) Experimental 

1143 timeline shows mice were implanted at P18 with 2-channel EEG electrodes (WT, N=35; Fmr1 
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1144 KO, N=30) in the auditory cortex (AC) and the frontal cortex (FC), and with an occipital cortex 

1145 reference electrode. Animals were allowed four-five days to recover post-surgery (WT, N=35; 

1146 Fmr1 KO, N=30; N=14 (WT N=8; KO N=6) animals died post-surgery) and EEG recording was 

1147 done prior to treatment (PRE) at P22-23 (WT, N=23, excluded N=1; Fmr1 KO, N=21, excluded 

1148 N=1). Immediately after the EEG recording, animals were given either an intraperitoneal 

1149 injection of SB-3CT (25mg/kg) or vehicle. At P23-24, a post treatment EEG recording was 

1150 performed. Brains were collected for PV/PNN analysis immediately after EEG recording. (B) 

1151 Schematic shows placement of electrodes, which consisted of a three-channel electrode post with 

1152 three 1-mm stainless steel screws (depicted by red dots). (C-J) EEG recording was done prior to 

1153 treatment (PRE) at P22-23. Resting data (baseline, in the absence of auditory stimulation) was 

1154 collected for five minutes and divided into two-second segments for spectral analysis. Depicted 

1155 are examples of EEG segments from individual WT (C) and Fmr1 KO (D) mice, which include 

1156 simultaneous recording from the AC and the FC. (E-F) Graphs show average spectral power 

1157 (µV2/Hz) in the AC and FC of Fmr1 KO mice (N=20) in a histogram (E) and bar graph format 

1158 (F) expressed as the ratio of WT controls (N=22) prior to treatment (PRE). A value of 1 indicates 

1159 no mean difference in power between WT and Fmr1 KO mice, while values above the black line 

1160 indicate KO > WT, and below indicate KO < WT. (F) Statistical analysis was performed using a 

1161 one-way MANCOVA with the percentage of time spent moving as a covariate. Genotype 

1162 differences were compared using six spectral bands per region: Delta (D), Theta (T), Alpha, Beta 

1163 (B), Low Gamma (LG), and High Gamma (HG). Since assumptions were not violated, we report 

1164 an effect of genotype (AC: Pillai’s Trace =2.465, p=0.04; FC: Pillai’s Trace = 2.587, p=0.036) 

1165 across all 6 of the combined frequency variables. Low gamma was significantly increased after 

1166 correction for multiple comparisons in the both the AC and FC: AC low gamma, F (1,27) =10, 
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1167 p=0.003, ɳ2=0.204, FC low gamma, F (1,27) =9.012, p=0.005, ɳ2=0.188 (WT N=22, Fmr1 KO 

1168 N=20). All graphs represent average values and the error bars indicate SEM. To determine if 

1169 there is a relationship between power across different frequencies and/or regions, a Pearson’s 

1170 correlation was done for resting baseline segments comparing Fmr1 KO (N=21, excluded N=3) 

1171 versus WT control mice (N=23, excluded N=2). (G) Graph shows Pearson’s correlation (r) for 

1172 each mouse for AC Theta/Low Gamma and AC Alpha/Low Gamma (WT, N=21; Fmr1 KO, 

1173 N=18; T1G1: p=0.02; A1G1: p=0.008). (H) Graph shows the Pearson’s correlation (r) for FC 

1174 Theta/Low Gamma and FC Alpha/Low Gamma. (I) Graph shows the Pearson’s correlation (r) 

1175 for AC Theta/FC Low Gamma and AC Alpha/FC Low Gamma (T1G2: p=0.03); A1G2: p= 

1176 0.04). (J) Graph shows the Pearson’s correlation (r) for the FC Theta/AC Low Gamma and FC 

1177 Alpha/AC Low Gamma (T2G1: p=0.04; A2G1: p=0.03). For power coupling comparisons, 

1178 animals that moved less than five percent during the resting baseline were excluded from the 

1179 analysis. 

1180 Figure 2. Acute inhibition of MMP-9 activity ameliorates EEG oscillation deficits in Fmr1 

1181 KO mice. Five minutes of resting EEG activity was recorded from WT and Fmr1 KO mice post 

1182 treatment at P23-24 (from treatment groups, N=2 from vehicle-treated WT and Fmr1 KO groups 

1183 respectively, and N=1 from the SB-3CT-treated Fmr1 KO group were excluded from resting 

1184 baseline EEG analysis). FFT calculated spectral power (µV2/Hz) for each group is shown as a 

1185 ratio of a corresponding control group. (A, D) Average power in the AC (top) and FC (bottom) 

1186 of vehicle-treated Fmr1 KO (N=14, excluded N=2) compared to vehicle-treated WT (N=18, 

1187 excluded N=2). (B, E) Average power in the AC and FC of SB-3CT-treated Fmr1 KO (N=13, 

1188 excluded N=1) compared to SB-3CT-treated WT (N=15, no excluded animals). (C, F) Average 

1189 power of SB-3CT-treated Fmr1 KO compared to vehicle-treated Fmr1 KO. All graphs represent 
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1190 average values and the error bars indicate SEM. Delta (D), Theta (T), Alpha, Beta (B), Low 

1191 Gamma (LG), and High Gamma (HG).

1192 Figure 3. Fmr1 KO mice are deficient in phase locking to auditory “Up Chirp” stimuli. (A-

1193 B) Inter Trial Phase Coherence (ITPC: ability to synchronize oscillations to stimulus 

1194 frequencies) grand average for WT (N=23) and Fmr1 KO (N=19) mice in the AC (top) and FC 

1195 (bottom). EEG oscillations matched the frequency of the chirp and were seen as increased ITPC 

1196 along a diagonal, from 0 to 2 s and 1-100Hz. (C) ITPC means for WT PRE were subtracted from 

1197 Fmr1 KO PRE mice to show the difference between genotypes. Blue areas indicating KO < WT, 

1198 green areas no difference, and yellow/red KO > WT. Significant clusters (p<0.025) are 

1199 highlighted by bold-lined contours. (D) Graph shows difference in grand average single trial 

1200 power (STP) or on-going ‘background’ power during auditory stimulation between WT PRE and 

1201 Fmr1 KO mice in AC (top) and FC (bottom). 

1202 Figure 4. Acute SB-3CT treatment improves Inter Trial Phase Coherence (ITPC) to 

1203 auditory “Up Chirp” stimuli in Fmr1 KO mice. (A, B) Grand average ITPC in AC and FC of 

1204 vehicle-treated Fmr1 KO (A, N=12) and SB-3CT-treated Fmr1 KO (B, N=12). Warmer colors, 

1205 yellow/red, represent high ITPC values, while cooler colors, blue/green, represent low ITPC 

1206 values. Significant clusters (p<0.025) are highlighted by bold-lined contours. (C) Graph shows 

1207 the difference in ITPC values between vehicle-treated Fmr1 KO (N=12) and vehicle-treated WT 

1208 (N=17). (D) Graph shows the difference in ITPC values between SB-3CT-treated Fmr1 KO 

1209 (N=12) and vehicle-treated Fmr1 KO (N=12). 

1210 Figure 5. Acute SB-3CT treatment enhances PNN formation around PV cells in layer 4 

1211 auditory cortex of Fmr1 KO mice. Confocal images of PV immunoreactivity (red; A, E, I, M), 

1212 PNN labeling with WFA (green; B, F, J, N) and PV/PNN double labeling (C, G, K, O) in 
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1213 vehicle-treated WT (A-D), SB-3CT-treated WT (E-H), vehicle-treated Fmr1 KO (I-L), and SB-

1214 3CT-treated Fmr1 KO (M-P). Scale bar, 150 µm. (B) High magnification images of PV/PNN in 

1215 vehicle-treated WT (D), SB-3CT-treated WT (H), vehicle-treated Fmr1 KO (L), and SB-3CT-

1216 treated Fmr1 KO (P). Scale bar, 50 µm. (Q-T) Graphs show density of PV cells (Q), PNN-

1217 positive cells (R), PV/PNN co-localization (S) and PV-negative cells with PNN (T). All graphs 

1218 represent average values and the error bars indicate SEM (n=17-23 per group, N=6 per group; 

1219 *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).

1220 Figure 6. Acute SB-3CT-treatment normalizes anxiety/hyperactivity phenotype associated 

1221 with Fmr1 KO mice. (A) Experimental timeline for behavior and Western blot analysis. For 

1222 this, mice were given either an intraperitoneal injection of SB-3CT (25mg/kg) or vehicle at P27-

1223 28 and were tested for anxiety, locomotor, and hyperactivity using the open field and elevated 

1224 plus maze test one-day post treatment. Brain samples were collected for Western blot analysis 

1225 immediately after behavior. (B-D) Graphs show the percent time spent in the open arms (B), 

1226 total entries into open and closed arms (C), and the average speed (D) in the elevated plus maze. 

1227 (E-I) Graphs show the total number of center entries (E), the percent time spent in thigmotaxis 

1228 (F), the time spent in the center per entry (G), the total number of line crosses (H), and the 

1229 average speed (I) in the open field test. All graphs represent average values and the error bars 

1230 indicate SEM (WT vs Fmr1 KO: *p<0.05, **p < 0.01, ****p < 0.0001; vehicle-treated vs SB-

1231 3CT-treated Fmr1 KO: #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001, vehicle-treated WT, 

1232 N=10; SB-3CT-treated WT, N=8; vehicle-treated Fmr1 KO, N=10; SB-3CT-treated Fmr1 KO, 

1233 N=9).

1234 Figure 7. Acute MMP-9 inhibition reduces gelatinase activity and phosphorylation of Akt, 

1235 while increasing PV levels and phosphorylation of TrkB in the AC of Fmr1 KO mice. To 
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1236 confirm that the MMP-2/9 inhibitor, SB-3CT, reduced MMP-2/9 activity following treatment, 

1237 gelatinase activity was measured using a Dye-Quenched (DQ) gelatin assay. (A) Experimental 

1238 timeline for DQ gelatin assay. Mice (no EEG) were given either an intraperitoneal injection of 

1239 SB-3CT (25mg/kg) or vehicle at P21-22 and brains were collected for the DQ Gelatin assay one-

1240 hour post injection. (B) Graph shows standard curve. (C) Fmr1 KO mice injected with SB-3CT 

1241 (25 mg/kg) show reduced gelatinase activity compared to vehicle-treated mice 1 h post injection 

1242 (N=5 per group, t-test, p=0.02).  (D-G) Western blots show levels of pAkt and Akt (D), PV and 

1243 actin (E), pTrkBY515 (F) and TrkB (D). Graphs show pAkt/Akt (D), PV/actin (E), 

1244 pTrkBY515/TrkB (F), and TrkB/actin (G) ratios in the AC of vehicle-treated and SB-3CT-

1245 treated Fmr1 KO mice (N=4 per group) 24 h post injection. All graphs represent average values 

1246 and error bars indicate SEM (*p<0.05).
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Figure 1. Developing Fmr1 KO mice exhibit increased low gamma power. 
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Figure 2. Acute inhibition of MMP-9 activity ameliorates EEG oscillation deficits in Fmr1 KO mice. 
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Figure 3. Fmr1 KO mice are deficient in phase locking to auditory “Up Chirp” stimuli. 
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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. 
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Figure 5. Acute SB-3CT treatment enhances PNN formation around PV cells in layer 4 auditory cortex of 
Fmr1 KO mice. 

Page 60 of 86Journal of Neurochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 

Figure 6. Acute SB-3CT-treatment normalizes anxiety/hyperactivity phenotype associated with Fmr1 KO 
mice. 
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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. 
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Graphical	abstract	legend	

	

The	current	study	uses	the	matrix	metalloproteinase	(MMP)-2/9	inhibitor,	SB-3CT,	to	pharmacologically	
inhibit	MMP-9	activity	postnatally	to	test	if	acute	MMP-9	inhibition	reverses	neural	oscillation	deficits,	
behavioral	impairments,	and	enhances	perineuronal	net	(PNN)	formation	around	parvalbumin	(PV)	cells	
in	Fmr1	KO	mice.	Results	show	improved	evoked	synchronization	to	auditory	stimuli	and	mouse	
behavior,	enhanced	PNN	formation	and	TrkB	phosphorylation,	and	reduced	aberrant	Akt	
phosphorylation	in	the	auditory	cortex	of	Fmr1	KO	mice.	This	suggests	that	MMP-9	inhibition	is	
beneficial	in	ameliorating	cortical	processing	deficits	in	FXS	and	that	MMP-9	inhibitors	may	serve	as	
therapeutic	candidates	to	reduce	sensory	hypersensitivity.	
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Supplemental Figure 1-1. Characterization of oscillatory EEG patterns in Fmr1 KO and 

WT mice. Resting data was collected for 5 min (no auditory stimulus) and was divided into 2-

sec segments. Power density (µV2/Hz) was calculated for each artifact-free segment using Fast 

Fourier Transforms (FFT) in the auditory and frontal cortex. All segments for a given animal 

were then averaged and the individual averages then contributed to the genotype averages seen in 

A and B. Note: frequencies from 55 to 65 Hz were excluded in all analysis, as a 60 Hz notch 

filter was used to eliminate line noise.  

 

 

 

  

Page 66 of 86Journal of Neurochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

3 
 

 

 

Supplemental Figure 1-2. Percent movement in WT and Fmr1 KO mice prior to treatment. 

Percent movement during EEG resting baseline for WT and Fmr1 KO mice before treatment. 

Statistical analysis of WT and Fmr1 KO mice with student’s t-test shows no significant 

difference (t(40)=0.85, p=0.399)). For EEG power coupling comparisons, animals that moved 

less than five percent during the resting baseline were excluded from analysis (WT N=1, KO 

N=2). 

 

 

 

 

 

 

 

 

 

 

Page 67 of 86 Journal of Neurochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

4 
 

 

Supplemental Figure 2-1. Dissection of auditory cortex. To dissect out the auditory cortex, the 

brain was removed and placed on ice-cold PBS with phosphatase and protease inhibitors. The 

cerebellum was removed, the brain was cut along the sagittal plane to separate the two 

hemispheres, and the hippocampus was removed. The remaining cortex was cut to isolate the 

auditory cortex and surrounding cortical structures. Following isolation of cortex, underlying 

structures were removed.  
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Supplemental Figure 2-2. Characterization of oscillatory EEG patterns in vehicle-treated 

and SB-3CT-treated Fmr1 KO and WT mice. Resting data was collected for 5 min (no 

auditory stimulus) and was divided into 2-sec segments. Power density (µV2/Hz) was calculated 

for each artifact-free segment using Fast Fourier Transforms (FFT) in the auditory and frontal 

cortex. All segments for a given animal were then averaged and the individual averages then 

contributed to the genotype x treatment averages seen in A-D.  
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Supplemental Figure 2-3. Characterization of oscillatory EEG patterns in vehicle-treated 

and SB-3CT-treated WT mice. Resting data was collected for 5 min (no auditory stimulus) and 

was divided into 2-sec segments. Power density (µV2/Hz) was calculated for each artifact-free 

segment using Fast Fourier Transforms (FFT) in the auditory and frontal cortex. All segments for 

a given animal were then averaged and the individual averages then contributed to the averages 

seen in A and B.  
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Supplemental Figure 2-4. Comparisons of vehicle- and SB-3CT-treated Fmr1 KO mice to 

Fmr1 KO PRE mice. Five minutes of resting EEG activity was recorded from electrodes 

implanted in the auditory (AC) and frontal cortex (FC) of vehicle-treated (A) and SB-3CT-

treated (B) Fmr1 KO mice. (D, E) Graphs show FFT calculated spectral power as a ratio of the 

Fmr1 KO control group (PRE, N=20) depicted in Figure 1. One-way MANCOVA analysis of 

Fmr1 KO comparisons did not reveal any significant differences in any of the frequency bands in 

both the AC and FC. A value of 1 indicates no mean difference in power between Fmr1 KO 

treated and Fmr1 KO control, while values above the black line indicate Fmr1 KO treated > 

Fmr1 KO control, and below indicates Fmr1 KO treated < Fmr1 KO control.  
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Supplemental Figure 2-5.  Acute MMP-9 inhibition does not significantly alter resting 

gamma power in WT mice. Five minutes of resting EEG activity was recorded from electrodes 

implanted in the auditory (AC) and frontal cortex (FC) of WT and Fmr1 KO mice. (A, B, D, E) 

Graphs show FFT calculated spectral power as a ratio of the WT control group (PRE, N=22) 

depicted in Figure 1. (A, D) Average power of vehicle-treated WT (N=16) mice in the AC (top) 

and FC (bottom). (B, E) Average power of SB-3CT-treated WT (N=15) mice. (C) Average 

power of SB-3CT-treated WT (N=15) mice compared to vehicle-treated WT (N=16) mice. One-

way MANCOVA analysis of WT comparisons did not reveal any significant differences in any 

of the frequency bands in both the AC and FC. A value of 1 indicates no mean difference in 

power between WT treated and WT control, while values above the black line indicate WT 

treated > WT control, and below indicates WT treated < WT control.  
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Supplemental Figure 2-6. Theta/LowGamma and Alpha/LowGamma EEG power coupling 

in AC and FC for treatment groups. (A-D) Graphs show the Theta/LowGamma (TG) and 

Alpha/LowGamma (AG) EEG power coupling for WT and Fmr1 KO mice treated with vehicle 

or SB-3CT in the auditory cortex (represented by 1) and frontal cortex (represented by 2). (E-H) 

Graphs show cross EEG power coupling between the auditory cortex (1) and frontal cortex (2) 

for WT and Fmr1 KO mice treated with vehicle or SB-3CT. Statistical analysis with two-way 

ANOVA for Theta/LowGamma and Alpha/LowGamma in the AC reveals no significant main 

effect of genotype (T1G1: F(1,48)=1.921, p=0.17; A1G1: F(1,48)=1.578, p=0.22), treatment 

(T1G1: F(1,48)=1.054, p=0.31: A1G1: F(1,48)=1.833, p=0.18) or interaction (T1G1: 

F(1,48)=1.58, p=0.21; A1G1: F(1,48)=0.53, p=0.47), respectively. Statistical analysis with two-

way ANOVA for Theta/LowGamma in the FC reveals a significant main effect of genotype 

(T2G2: F(1,48)=4.104, p=0.04), but no significant main effect of treatment (T2G2: 

F(1,48)=0.353, p=0.56) or interaction (T2G2: F(1,48)=2.843, p=0.10). Statistical analysis with 

two-way ANOVA for Alpha/LowGamma in the FC revealed a significant interaction (A2G2: 

F(1,48)=5.997, p=0.02), but no main effect of genotype (A2G2: (F(1,48)=3.468, p=0.07) or main 

effect of treatment (A2G2: F(1,48)=0.008, p=0.93). Statistical analysis with two-way ANOVA 

for cross region Theta/LowGamma and Alpha/LowGamma coupling in the AC to FC reveals no 

significant main effect of genotype (T1G2: F(1,48)=0.777, p=0.38; A1G2: F(1,48)=1.21, 

p=0.28), treatment (T1G2: F(1,48)=1.11, p=0.30: A1G2: F(1,48)=0.31, p=0.58) or interaction 

(T1G2: F(1,48)=3.15, p=0.08; A1G2: F(1,48)=3.71, p=0.06), respectively. Statistical analysis 

with two-way ANOVA for cross region Theta/LowGamma coupling from FC to AC reveals a 

significant main effect of genotype (T2G1: F(1,48)=7.12, p=0.01), but no main effect of 

treatment (T2G1: F(1,48)=0.45, p=0.50) or interaction (T2G1: F(1,48)=1.19, p=0.28). Statistical 

analysis with two-way ANOVA for cross region Alpha/LowGamma coupling from FC to AC 

reveals no significant main effect of genotype (A2G1: F(1,48)=3.163, p=0.08), treatment (A2G1: 

F(1,48)=0.29, p=0.59), or interaction (A2G1: F(1,48)=1.30, p=0.26). For EEG power coupling 

comparisons, animals that moved less than five percent during the resting baseline were excluded 

from analysis (KO Veh N=2, KO SB N=1). 
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Supplemental Figure 2-7. Percent movement for vehicle-treated and SB-3CT WT and 

Fmr1 KO mice. Graph shows percent movement during EEG resting baseline for WT and Fmr1 

KO mice following treatment. Statistical analysis of treatment groups with two-way ANOVA 

revealed a significant genotype effect (F(1,51) = 4.46, p=0.04), but no significant treatment 

(F(1,91)=0.97, p=0.33) or interaction effect (F(1,51)=0.72, p=0.40). Post hoc analysis with 

Bonferroni’s multiple comparisons test did not reveal any significant differences between 

groups. For EEG power coupling comparisons, animals that moved less than five percent during 

the resting baseline were excluded from analysis (KO Veh N=2, KO SB N=1). 
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Supplemental Figure 4-1. Acute SB-3CT treatment does not significantly alter ITPC to 

auditory “Up Chirp” stimuli in WT mice. (A, B) Up chirp stimuli grand average ITPC in the 

AC (top) and FC (bottom) of vehicle-treated (N=17) and SB-3CT-treated (N=14) WT mice, 

respectively. Warmer colors, yellow/red, represent high ITPC values, while cooler colors, 

blue/green, represents low ITPC values. (C) Difference between vehicle-treated WT mice 

(N=17) and WT PRE (N=23) average chirp ITPC values in AC and FC. Blue areas indicate WT 

Veh <WT PRE, green areas represent no difference, and yellow areas WT Veh >WT PRE. (D) 

Difference between SB-3CT-treated WT (N=14) mice and WT PRE (N=23) average chirp ITPC 

values in AC and FC. For statistical analysis, clusters of p-values were calculated, and these 

differences were overlaid on the chirp response to demonstrate quantitative differences between 

each treatment group after correction for multiple comparisons. Using Monte Carlo statistical 

method on cluster analysis no significant differences were detected in AC or FC for average up 

chirp ITPC values between vehicle-treated WT (N=17) mice and WT PRE (N=23) mice (C). SB-

3CT-treated WT (N=14) mice exhibited a significant increase in ITPC in high gamma band ITPC 

in the AC from 70-90Hz, but not FC compared to WT PRE (N=23) mice (D). Significantly 

different time x frequency bands between treatment groups are highlighted in bolded black lines. 

Similar patterns and statistics of ITPC were observed for both up and down chirps.  
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Supplemental Figure 5-1. PV/PNN quantification in auditory cortex. (A, D, G) Graphs show 

PV cell density in Layer 1, Layer 2-3, and Layer 5-6 of the auditory cortex. Statistical analysis 

reveals no significant differences in Layer 1. (B, E, H) Graphs show PNN density in Layer 1, 

Layer 2-3, and Layer 5-6 of the auditory cortex. Statistical analysis of PV, PNN density and 

PV/PNN colocalization in Layer 2-3 of the auditory cortex revealed a significant effect of 

treatment (PV: F(1,74)=9.23, p=0.003; PNN: F(1,74)=5.34, p=0.02; PV/PNN: F(1,74)=8.50, 

p=0.005), but no significant effect of genotype (PV: F(1,74)=0.05, p=0.83; PNN: F(1,74)=0.05, 

p=0.83; PV/PNN: F(1,74)=0.20, p=0.66) or interaction (PV: F(1,74)=2.31, p=0.13; PNN: 

F(1,74)=1.08, p=0.30; PV/PNN: F(1,74)=3.18, p=0.08). Statistical analysis of PV density and 

PV/PNN colocalization revealed a significant increase in SB-3CT-treated WT mice compared to 

vehicle-treated WT mice (Two-way ANOVA, p=0.01 (PV), p=0.009 (PV/PNN), N=6 per group). 

(C, F, I) Graphs show PV/PNN colocalization in Layer 1, Layer 2-3, and Layer 5-6 of the 

auditory cortex. Statistical analysis reveals no significant differences in Layer 5-6 of the auditory 

cortex. All graphs represent average values and the error bars indicate SEM. 
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Supplemental Figure 7-1. SB-3CT inhibits gelatinase activity one-hour post treatment in 

WT mice. To confirm that the MMP-2/9 inhibitor, SB-3CT, reduced MMP-2/9 activity 

following treatment, gelatinase activity assay was measured using a Dye-Quenched gelatin 

assay. WT mice were injected intraperitoneally with SB-3CT (25 mg/kg) or vehicle and the 

auditory and surrounding cortices were collected and homogenized for the DQ gelatin assay one-

hour post injection. (A) A mouse recombinant MMP-9 (specific activity approximately 1,500 

pmol/min/µg) was used as a standard to obtain a readout of the approximate MMP-9 activity in 

the sample using a linear regression curve. (B) Graph show gelatinase activity in the cortices of 

vehicle-treated and SB-3CT-treated WT (C, N=3 per group, t-test, p=0.02) mice 1 h post 

injection.  
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Supplemental Figure 7-2. Acute MMP-9 inhibition does not alter PV levels or 

phosphorylation of Akt/mTOR, and TrkB in the AC of WT mice. Western blots show levels 

of pAkt and Akt (A), PV and actin (B), pTrkB (Y515) (C) and total TrkB (D). Graphs show 

pAkt/Akt (A), PV/actin (B), pTrkB (Y515)/TrkB (C) and TrkB/actin (D) ratios in the auditory 

cortex of vehicle-treated and SB-3CT-treated WT mice (N=4 per group). All graphs represent 

average values and error bars indicate SEM.  
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Supplemental Table 1. Summary table of EEG resting baseline power (µV2/Hz) for WT 

and Fmr1 KO mice prior to treatment shown in Figure 1D (mean ± SEM). 

 

Auditory Cortex (Figure 1F, top) 

Genotype Delta Theta Alpha Beta Gamma Low 
Gamma 

High 
Gamma 

WT (N=22) 1.000 ± 
0.149 

1.000 ± 
0.119 

1.000 ± 
0.161 

1.000 ± 
0.080 

1.000 ± 
0.094 

1.000 ± 
0.070 

1.000 ± 
0.140 

KO (N=20) 1.043 ± 
0.204 

0.855 ± 
0.125 

0.788 ± 
0.134 

1.054 ± 
0.109 

1.306 ± 
0.106 

1.4154 ± 
0.129 * 
(p=0.003) 

1.145 ± 
0.083 

 

Frontal Cortex (Figure 1F, bottom) 

Genotype Delta Theta Alpha Beta Gamma Low 
Gamma 

High 
Gamma 

WT (N=22) 1.000 ± 
0.131 

1.000 ± 
0.120 

1.000 ± 
0.164 

1.000 ± 
0.088 

1.000 ± 
0.087 

1.000 ± 
0.063 

1.000 ± 
0.145 

KO (N=20) 0.890 ± 
0.163 

0.716 ± 
0.111 

0.651 ± 
0.107 

0.925 ± 
0.095 

1.290 ± 
0.100 

1.328 ± 
0.101 * 
(p=0.005) 

1.210 ± 
0.135 

 

Auditory cortex (Figure 1G) 

Genotype T1G1 A1G1 

WT (N=21) -0.214 ± 0.040 -0.142 ± 0.042 

Fmr1 KO  (N=18) -0.052 ± 0.057 * (p=0.02) 0.050 ± 0.056 ** (p=0.008) 

 

Frontal Cortex (Figure 1H)  

Genotype T2G2 A2G2 

WT (N=21) -0.290 ± 0.041 -0.214 ± 0.045 

Fmr1 KO  (N=18) -0.146 ± 0.065, (p=0.06) -0.068 ± 0.063, (p=0.06) 

 

Auditory to Frontal Cortex (Figure 1I) 

Genotype T1G2 A1G2 

WT (N=21) -0.207 ± 0.044 -0.130 ± 0.045 

Fmr1 KO  (N=18) -0.036 ± 0.061 * (p=0.03) 0.016 ± 0.053 * (p=0.04) 

 

Frontal to Auditory Cortex (Figure 1J) 

Genotype T2G1 A2G1 

WT (N=21) -0.323 ± 0.032 -0.261 ± 0.030 
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Fmr1 KO  (N=18) -0.182 ± 0.061 * (p=0.04) -0.114 ± 0.063 * (p=0.03) 

 

Supplemental Table 2. Summary table of EEG resting baseline power (µV2/Hz) for WT 

and Fmr1 KO mice post treatment with SB-3CT (25mg/kg) or vehicle shown in Figure 2D, 

2E, 2F (mean ± SEM).  

Auditory cortex (Figure 2D) 

Genotype Delta Theta Alpha Beta Gamma Low Gamma High Gamma 

KO Vehicle 
(N=12)  

0.567 ± 
0.112 

0.702 ± 
0.147 

0.761 ± 
0.201 

0.936 ± 
0.140 

1.371 ± 
0.376 

1.335 ± 
0.273 

1.406 ± 0.530 

WT 
Vehicle 
(N=16)  

1.000 ± 
0.173 

1.000 ± 
0.120 

1.000 ± 
0.162 

1.000 ± 
0.116 

1.000 ± 
0.145 

1.000 ± 
0.107 

1.000 ± 0.188 

 

Frontal cortex  

Genotype Delta Theta Alpha Beta Gamma Low Gamma High Gamma 

KO Vehicle 
(N=12)  

0.698 ± 
0.131 

0.661 ± 
0.129 

0.637 ± 
0.175 

0.762 ± 
0.087 

1.088 ± 
0.130 

1.115 ± 
0.125 

1.018 ± 0.151 

WT 
Vehicle 
(N=16)  

1.000 ± 
0.150 

1.000 ± 
0.112 

1.000 ± 
0.163 

1.000 ± 
0.104 

1.000 ± 
0.087 

1.000 ± 
0.064 

1.000 ± 0.136 

 

Auditory cortex (Figure 2E) 

Genotype Delta Theta Alpha Beta Gamma Low Gamma High Gamma 

KO SB-3CT 
(N=12) 

1.313 ± 
0.262 

1.043 ± 
0.174 

1.047 ± 
0.120 

1.135 ± 
0.107 

1.184 ± 
0.110 

1.194 ± 
0.096 

1.157 ± 0.166 

WT SB-3CT 
(N=15) 

1.000 ± 
0.207 

1.000 ± 
0.164 

1.000 ± 
0.169 

1.000 ± 
0.098 

1.000 ± 
0.101 

1.000 ± 
0.090 

1.000 ± 0.144 

 

Frontal cortex  

Genotype Delta Theta Alpha Beta Gamma Low Gamma High Gamma 

KO SB-3CT 
(N=12) 

1.078 ± 
0.198 

0.889 ± 
0.161 

0.935 ± 
0.172 

1.053 ± 
0.105 

1.172 ± 
0.149 

1.20 ± 0.132 1.121 ± 0.202 

WT SB-3CT 
(N=15) 

1.000 ± 
0.184 

1.000 ± 
0.160 

1.000 ± 
0.150 

1.000 ± 
0.092 

1.000 ± 
0.063 

1.000 ± 
0.059 

1.000 ± 0.109 

 

Auditory cortex (Figure 2F) 

Genotype Delta Theta Alpha Beta Gamma Low Gamma High Gamma 

KO SB-3CT 
(N=12) 

1.174 ± 
0.234 

1.312 ± 
0.219 

1.188 ± 
0.215 

1.094 ± 
0.103 

0.757 ± 
0.070 

0.845 ± 
0.068 

0.660 ± 0.095 
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KO Vehicle 
(N=12) 

1.000 ± 
0.120 

1.000 ± 
0.209 

1.000 ± 
0.264 

1.000 ± 
0.149 

1.000 ± 
0.275 

1.000 ± 
0.205 

1.000 ± 0.377 

 

Frontal cortex  

Genotype Delta Theta Alpha Beta Gamma Low Gamma High Gamma 

KO SB-3CT 
(N=12) 

1.081 ± 
0.199 

1.291 ± 
0.234 

1.350 ± 
0.248 

1.241 ± 
0.124 

0.966 ± 
0.123 

0.944 ± 
0.104 

1.018 ± 0.183 

KO Vehicle 
(N=12) 

1.000 ± 
0.187 

1.000 ± 
0.195 

1.000 ± 
0.274 

1.000 ± 
0.114 

1.000 ± 
0.119 

1.000 ± 
0.113 

1.000 ± 0.148 

 

Supplemental Table 3. Summary table showing density of PV cells, WFA+ PNNs, PV/PNN 

co-localization, and PNN+/PV- cells in the layer 4 of the auditory cortex of WT and Fmr1 

KO mice post treatment with SB-3CT (25mg/kg) or vehicle shown in Figure 5 (mean ± 

SEM).  

 WT Vehicle (n=18) WT SB-3CT (n=23) Fmr1 KO 
Vehicle (n=20) 

Fmr1 KO SB-
3CT (n=17) 

PV+ cell density (N=6) 92.45 ± 4.60 103.09 ± 7.31 * 
(p=0.0215) 

78.09 ± 5.11 99.05 ± 7.01 

PNN+ density (N=6) 99.71 ± 11.16 142.50 ± 8.78 ** 
(p=0.0096), * 
(p=0.03) 

64.15 ± 10.05 
**** (p<0.0001) 

104.74 ± 7.46 * 
(p=0.02) 

PV+/PNN+ 
colocalization (N=6) 

38.17 ± 4.10 56.17 ± 5.75 * 
(p=0.04) 

27.51 ± 4.28 
*** (p=0.0002) 

50.55 ± 4.24 ** 
(p=0.009) 

PNN+ / PV- (N=6) 61.53 ± 8.65 86.32 ± 7.18 **** 
(p<0.0001) 

36.65 ± 6.36 54.19 ± 7.50 * 
(p=0.02) 

 

Supplemental Table 4. Statistical results for Layer 4 auditory cortex PV/PNN analysis 

(Figure 5). All analysis was performed using two-way ANOVA. 

 Genotype Treatment Interaction 

PV+ cell density (N=6) F(1,74) = 2.12, 
p=0.15 

F(1,74) = 6.262, 
p=0.01 

F(1,74)=0.67, 
p=0.42 

PNN+ density (N=6) F(1,74)=14.64, 
p=0.0003 

F(1,74)=18.94, 
P<0.0001 

F(1,74)=0.013, 
p=0.909 

PV+/PNN+ 
colocalization (N=6) 

F(1,74)=2.8, 
p=0.09 

F(1,74)=17.78, 
p<0.0001 

F(1,74)=0.268, 
p=0.606 

PNN+ / PV- (N=6) F(1,74)=14.53, 
p=0.0003 

F(1,74)=8.00, 
p=0.006 

F(1,74)=0.23, 
p=0.63 

 

Supplemental Table 5. Summary table showing locomotor activity, anxiety, and 

hyperactivity measures for WT and Fmr1 KO mice during elevated plus maze (EPM) and 

open field (OF) behavior tests shown in Figure 6A-H (mean ± SEM). 
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 WT Vehicle WT SB-3CT Fmr1 KO 
Vehicle 

Fmr1 KO SB-
3CT 

Total Entries (EPM) 28.30 ± 2.86 31.38 ± 3.12 44.13 ± 3.01 
**** (p<0.0001) 

28.29 ± 2.97 
### (p=0.0001) 

Speed (EPM) 26.04 ± 1.96 28.59 ± 2.14 33.64 ± 2.07 ** 
(p=0.003) 

24.31 ± 2.04 
### (p=0.0008) 

% Time in open arms 
(EPM) 

69.50 ± 3.89 73.38 ± 4.25 43.13 ± 4.10 
**** (p<0.0001) 

72.79 ± 4.04 
####(p<0.0001) 

Total line crosses (OF) 212.80 ± 15.40 232.30 ± 16.80 300.90 ± 16.20 
**** (p<0.0001) 

203.40 ± 16.00 
####(p<0.0001) 

Speed (OF) 45.52 ± 3.73 50.98 ± 4.07 69.79 ± 3.93  
**** (p<0.0001) 

53.52 ± 3.87 ## 
(p=0.002) 

Time spent in 
center/entry (OF) 

0.93 ± 0.13 0.93 ± 0.14 0.52 ± 0.14 * 
(p=0.0173) 

1.01 ± 0.13 ## 
(p=0.008) 

% Time in thigmotaxis 
(OF) 

47.79 ± 2.81 48.80 ± 3.06  68.04 ± 2.96 
**** (p<0.0001) 

50.21 ±2.92 
####(p<0.0001) 

Center entries (OF) 6.00 ± 1.28 6.50 ± 1.40  2.30 ± 1.35 * 
(p=0.03) 

7.00 ± 1.33 # 
(p=0.01) 

 

Supplemental Table 6. Statistical results for locomotor activity, anxiety, and hyperactivity 

measures for WT and Fmr1 KO mice during elevated plus maze (EPM) and open field 

(OF) behavior tests (Figure 6). All analysis was performed using two-way ANOVA. 

 Genotype Treatment Interaction 

Total Entries (EPM) F(1,29) = 9.07, 
p=0.0053 

F(1,29) = 9.11, 
p=0.0053 

F(1,29) = 20, 
p=0.0001 

Speed (EPM) F(1,29) = 1.308, 
p=0.2620 

F(1,29) = 5.452, 
p=0.0267 

F(1,29) = 16.79, 
p=0.0003 

% Time in open arms 
(EPM) 

F(1,29) = 21.93, 
p<0.0001 

F(1,29) = 33.92, 
p<0.0001 

F(1,29) = 20.05, 
p=0.0001 

Total line crosses (OF) F(1,29) = 6.756, 
p=0.0145 

F(1,29) = 11.71, 
p=0.0019 

F(1,29) = 26.3, 
p<0.0001 

Speed (OF) F(1,29) = 26.33, 
p<0.0001 

F(1,29) = 4.961, 
p=0.0341 

F(1,29) = 17.71, 
p=0.0002 

Time spent in 
center/entry (OF) 

F(1,29) = 3.039, 
p=0.919 

F(1,29) = 6.498, 
p=0.0163 

F(1,29) = 6.533, 
p=0.0161 

% Time in thigmotaxis 
(OF) 

F(1,29) = 27.18, 
p<0.0001 

F(1,29) = 16.38, 
p=0.0004 

F(1,29) = 20.55, 
p<0.0001 

Center entries (OF) F(1,29) = 2.939, 
p=0.0972 

F(1,29) = 7.668, 
p=0.0097 

F(1,29) = 5.025, 
p=0.0328 

 

Supplemental Table 7. Summary table showing gelatinase activity in the auditory cortex of 

WT and Fmr1 KO mice one-hour post vehicle or SB-3CT (25mg/kg) treatment shown in 

Figure 7C (mean ± SEM).  

 KO Vehicle KO SB-3CT 
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Gelatinase Activity 
(µU/mL) 

167.4 ± 23.69 33.87 ± 36.58 * 
(p=0.02) 

   

 WT Vehicle WT SB-3CT 

Gelatinase Activity 
(µU/mL) 

306.3 ± 37.64 136.4 ± 28.36 * 
(p=0.02) 

 

Supplemental Table 8. Summary table showing protein levels in the auditory cortex of 

Fmr1 KO mice one-hour post vehicle or SB-3CT (25mg/kg) treatment shown in Figure 7A-

D (mean ± SEM).  

 KO Vehicle (N=4) KO SB-3CT (N=4) 

PV levels 0.96 ± 0.07 1.44 ± 0.15 * 
(p-0.04) 

p-Akt/Akt ratio 1.29 ± 0.08 0.76 ± 0.09 * 
(p=0.02) 

p-TrkB(515)/TrkB ratio 1.00 ± 0.02 1.39 ± 0.12 * 
(p=0.03) 

TrkB levels  1.00 ± 0.08 0.89 ± 0.06 
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If any item is not applicable, indicate “n/a” and the reason why it is not applicable!  

All information must be included in the manuscript. 

Indicate the page number on which the respective information is provided. 

Checklist item Description Page number 

Ethical 
statement 

 Confirm institutional approval and provide ethical approval reference number. 
OR 

 Confirm that institutional ethical approval was not required for your study in the 
methods section. 

-  
 
-    

Study design Pre-registration 

 Indicate if the study was pre-registered. Otherwise state in the manuscript that 
the study was not pre-registered. 

 
Preregistration usually encompasses official preregistration sites comparable 
to clinicaltrials.gov for clinical studies or https://osf.io/registries/. It means 
study protocols, endpoints and statistical analysis plans need to be (publicly) 
accessible. Checking and approval by the local ethics committee is not 
sufficient. 

 
Randomization 

 Describe the procedure of the randomization method (for e.g. simple 
randomization (which one?), block randomization, stratified randomization, or 
covariate adaptive randomization etc.) employed to allocate subjects to 
different experimental groups. Please be sure to describe the procedure *in 
detail* so that the reader can replicate the randomization methods easily. 

OR 

 If no randomization methods were used, then explicitly state in the manuscript 
“no randomization was performed to allocate subjects in the study”.  
See this paper for a description with examples: 
(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3942596/) 

 

 Specify the total number of animals used AND the initial number of animals used 
per group in the materials and methods section. 

 

 Specify order in which animals were treated and assessed. 
 
Blinding  

 Describe blinding procedures for each experiment (who was blinded to which 
procedure during the study, i.e. the experimenter was unaware of the animal’s 
group during experimentation, during (statistical) analysis, etc.). An experiment is 
also blind if the analysis or experimental group assignment is performed by a 
different person than the experimenter. 

OR 

 Explicitly state in the manuscript that no blinding was performed. 
 
Predetermined sample size calculation 

 Specify if statistical methods were employed to predetermine the sample size 
and include a description of sample size calculations (provide all parameters of 
the calculation and estimation of effect size) in the manuscript.  

OR 

 Explicitly state in the Methods section of the manuscript that no sample 
calculation was performed. 

 
-    
 

  
 
     

 
    
      
 
 
-    
 
   
    

 
 
-    
 
    
 

  
-     
 

   
-    
 
 
 
-   
 
 
 
 
-    
    
 
-    
 

 
   
-       
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Outcomes 

 State pre-specified primary or secondary endpoint, otherwise state the study 
was exploratory. 

 

 Describe inclusion and exclusion criteria or state that no exclusion criteria were 
pre-determined. 

 

 State if any (and how many) animals were excluded based on the exclusion 
criteria or died during experiments. 

 
Time-line diagram or flow-chart (mandatory for animal studies) 

 Include in the Methods section a graphical time-line or flow-chart of the study 
design/ experimental procedure (including number of animals per group and 
number of excluded animals) and please provide a reference to the schematic in 
the manuscript text.  

 
At the end of study report 

 Specify the n number (n=) in the figure legend and specify what it indicates (for 
e.g. n= number of independent cell culture preparations/  number of cells / 
number of animals / number of participants etc.).  

 
Avoid using the general term "independent experiments". Specify if you are 
referring to number of animals or independent cell culture preparations for 
example, i.e. how many independent cell preparations were used to achieve 
the n. 

 
-     
 
 
-      
 
 
-      
 
 
 
-      
 
 
 
 
 
 
-        
 
 
 
   

Experimental 
procedure 

Precise details of all procedures carried out: 

 Include Research Resource Identifiers (RRIDs) (=> scicrunch.org) for all animals 
and relevant materials (chemicals, antibodies etc.)  in the ‘Methods’ section.  
Make sure to always include the prefix RRID, otherwise, the reader will not know 
what to do with the reference and also add “RRID, Research Resource Identifier 
(see scicrunch.org)” to the abbreviation list. 
 

 When no RRID is available, provide catalogue numbers, including year of 
purchase, for all materials/equipment/kits/reagents used in the study. 

 
If you are using custom-made materials: 

o Please consider obtaining an RRID number for your materials. To do so, 
please create an account at https://www.scicrunch.org/resources . Then 
scroll down until you see the green bar that reads “Add a resource”, click 
and follow the instructions. 

 
o Include a statement indicating whether custom-made materials will be 

shared upon reasonable request. 
 
 

 State the time of day at which the experiments were conducted. 
 

 Specify anesthetic. 
 

 Provide rationale for the choice of anesthetic used. 
 

 Describe how the animals were killed.  
 
 

   
 
-    
 
 
 
   
 
-    

 
 
 

-            
 
 
 
 
-     
 
 
 
-     
 
-    
 
-     
 
-     
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 Describe in detail what exact measures were taken to minimize animal suffering 
after treatment/during experiments, and please specify if and what type of 
medication was given to reduce animal pain during experiments. A general 
statement such as, “All efforts were made to minimize animal suffering” is not 
sufficient. One must provide a detailed description of these “methods”. 

 

 
-     
  

Animals/ 
Cell lines 

Animals 

 Indicate the species, strain, sex, weight, age, housing (cage type, number of cage 
companions) and husbandry (access to food and water) of animals in the 
Methods 

 

 Specify original source (company) of animals. 
 
 
Cell lines 

 State if the cell line is listed as a commonly misidentified cell line by the 
International Cell Line Authentication Committee (ICLAC; 
http://iclac.org/databases/cross-contaminations/). If the cell line is listed, 
provide a scientific justification to use this cell line 

 

 Indicate if, when and how cell lines were last authenticated (read: 
https://www.promega.de/resources/pubhub/cell-line-authentication-with-strs-
2012-update/); 

 

 Indicate maximum number of passages for cell lines. 

   
-       
 
 
 
-      
 
 
 
-   
 
 
 
 
-     
 
 
    
-      

    

Reporting 
statistics 

 Describe in a separate section what statistical analyses were carried out, their 
rationale, power analyses; 

 

 Specify the statistical software and version used to perform the statistical 
analyses; 

 

 Specify if an assessment (and which one) of the normality of data was carried 
out (an assessment of the normality of data is a prerequisite for many statistical 
tests because normal data is an underlying assumption in parametric testing); 

 

 Specify if a test for outliers (and which one) was conducted on the data and state 
if any data points were excluded; 

 

 Show individual data points (mandatory for small sample sizes n<15) as a dot-
plot or use box-plots instead of simple bar graphs. More information as to why 
this is important can be found here:  

https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.1002128 
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