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Abstract

Fragile X syndrome (FXS) is the leading monogenic form of intellectual disability and autism, with patients exhibiting

numerous auditory-related phenotypes during their developmental period, including communication, language

development, and auditory processing deficits. Despite FXS studies describing excitatory–inhibitory (E–I) imbalance in the

auditory circuit and an impaired auditory critical period, evaluation of E–I circuitry maturation in the auditory cortex of FXS

models remains limited. Here, we examined GABAA receptor (GABAAR)-mediated inhibitory synaptic transmission within

the auditory cortex, characterizing normal intracortical circuit development patterns in wild-type (WT) mice and examining

their dysregulation in developing Fmr1 knock-out (KO) mice. Electrophysiological recordings revealed gradual

developmental shifts in WT L4-L2/3 connectivity, where circuit excitability significantly increased after critical period onset.

KO mice exhibited accelerated developmental shifts related to aberrant GABAergic signaling. Specifically, Fmr1 KO L2/3

pyramidal neurons have enhanced developmental sensitivity to pharmacological GABAAR modulators, altered maturation

of GABAAR voltage-dependent conductance, with additional presynaptic GABA release alterations. These differences are

further accompanied by alterations in developmental long-term potentiation. Together, our results suggest that altered

GABAergic signaling within developing Fmr1 KOs impairs the normal patterning of E–I circuit and synaptic plasticity

maturation to contribute to the impaired auditory cortex critical period and functional auditory deficits in FXS.
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Introduction

Fragile X syndrome (FXS) is the most common monogenic form

of intellectual disability and autism (Hersh et al. 2011). The

identified mutation in FXS, a hypermethylation of the CGG

trinucleotide repeat expansion in the Fmr1 promoter, leads to

its silencing and loss of expression of Fragile X mental retar-

dation protein (FMRP), a translational regulator and modulator

of excitatory–inhibitory (E–I) balance (Darnell et al. 2011; Tang

et al. 2015). FXS patients have deficits in auditory processing

(Van der Molen et al. 2012; Rotschafer and Razak 2014), com-

munication, and language development (Finestack et al. 2009;

Hersh et al. 2011), as well as hypersensitivity to sensory stimuli

(Miller et al. 1999), making the auditory cortex a region of par-

ticular interest. Fmr1 knock-out (KO) mice also exhibit auditory

phenotypes suggestive of E–I imbalance, including susceptibility

to audiogenic seizures (Chen and Toth 2001), altered auditory

processing with enhanced auditory cortex excitability (Yun et al.

2006; Rotschafer and Razak 2013), impaired parvalbumin cell
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development in early auditory cortex maturation (Wen et al.

2018), failed stabilization of auditory cortex long-term potenti-

ation (LTP; Yang et al. 2014), and impaired plasticity in tonotopic

frequency mapping during the auditory cortex critical period

(Kim et al. 2013).

Critical periods are postnatal developmental windows char-

acterized by heightened experience-dependent synaptogene-

sis and synaptic plasticity that establish stable and mature

neural circuits. In addition to various molecular and neuro-

modulatory factors, the dynamic regulation of E–I levels in the

developing brain by the ionotropic neurotransmitter receptor

system mediates the initiation, duration, and capacity of crit-

ical periods (Hensch 2005; Rakhade and Jensen 2009). Specif-

ically, inhibitory GABA action induces and ultimately restricts

experience-dependent plasticity in the visual and auditory cor-

tex (Fagiolini andHensch 2000; Jang et al. 2009; Kalish et al. 2020),

with signaling by α1-containing GABAA receptor (GABAAR) cir-

cuits necessary for regulating visual cortical plasticity (Fagiolini

et al. 2004). The maturation of GABAAR inhibitory properties

within the auditory cortex further coincides with its critical

period and is further modulated by environmental exposure (de

Villers-Sidani et al. 2007; Dorrn et al. 2010; Barkat et al. 2011;

Sanes and Kotak 2011; Takesian et al. 2012; Mowery et al. 2016;

Cisneros-Franco et al. 2018; Kalish et al. 2020). Excitatory circuits

also modulate critical periods (Hensch 2005; Oswald and Reyes

2008), andwehave reported that hyperexcitability fromearly-life

seizures can disrupt auditory tonotopic critical period plasticity

in wild-type (WT) mice by prematurely unsilencing glutamater-

gic synapses (Sun et al. 2018). In addition to regulating critical

periods, achieving proper E–I balance is necessary for auditory

processing,with the postnatal maturation of inhibitory synaptic

transmission specifically required for refining and increasing

the specificity of auditory processing (Wehr and Zador 2003;

Froemke and Jones 2011; Blackwell and Geffen 2017).

Despite auditory phenotypes suggestive of E–I imbalance in

Fmr1 KO mice, studies directly examining the maturation of

synaptic transmission in the auditory cortex are limited. Thus,

given the crucial role of inhibitory synaptic signaling in regu-

lating E–I levels for critical periods and auditory processing, we

sought to evaluate whether thematuration of GABAergic signal-

ing was dysregulated in the auditory cortex of Fmr1 KO mice.

Using electrophysiology, we investigated auditory intracortical

L4-L2/3 synaptic transmission across the critical period of audi-

tory forebrain development in WT and Fmr1 KO mice, given the

critical role of the L4-L2/3 circuit in tonotopic frequency process-

ing (Barkat et al. 2011). Our studies highlight an altered matura-

tional excitability sequence for L4-L2/3 basal synaptic transmis-

sion in Fmr1 KOs that is out of sync with the WT critical period

window and related to aberrant GABAergic regulation. Synaptic

evaluation of L2/3 pyramidal neurons further revealed enhanced

developmental sensitivity to pharmacological GABAAR modu-

lators, altered maturation of GABAAR reversal potentials and

voltage-dependent conductance, and impairments in L4 presy-

naptic GABA release mechanisms. These synaptic GABAergic

differences are accompanied by alterations in the stabiliza-

tion of LTP and the normal patterning of synaptic plasticity

across development. Our results suggest that developmental

alterations to pre- and postsynaptic GABAergic signaling in the

Fmr1 KO auditory cortex contribute to the impaired E–I circuit

and synaptic plasticity maturation in the auditory cortex to

likely underlie the various auditory-related deficits in the Fmr1

KO mice.

Materials and Methods

Animals

Fmr1 WT and Fmr1 KO mice of the congenic FVB background

were obtained from The Jackson Laboratory (stock # 004828;

004624). Heterozygous females were generated from the original

breeders, whereby heterozygous female mice were later crossed

with WT or hemizygous male mice to obtain Fmr1 WT and KO

male littermates.Age-matchedWT and KOmale littermatemice

were used for all experiments to avoid the confounding effects

of X-inactivation thatwould be present in heterozygous females.

All procedures were performed in accordance with the guide-

lines of the NIH and with approval of the Institution of Animal

Care andUseCommitteewith theUniversity of Pennsylvania.All

efforts were made to minimize animal suffering and numbers.

Western Blots

To compare the developmental expression patterns of GABAAR

subunits, Fmr1WT and KO littermates were sacrificed at P9, P12,

P15, P24, and P56. Brains were removed and the auditory cortex

was microdissected. Using a coronal brain matrix, a 1.5–2 mm

thick coronal brain slice containing the auditory cortex was

extracted as identified by stereotaxic coordinates and anatom-

ical landmarks from Paxinos and Franklin (2004) and the Allen

Brain Atlas. The brain slice was cut horizontally above the rhinal

fissure, whereby 15◦ cuts were made bilaterally to isolate the

auditory cortex. Tissue was flash-frozen in chilled ethanol and

stored at −80◦C until homogenization.

For the measurement of membrane-bound protein expres-

sion, the auditory cortices from 2 mice were pooled together

for a single sample (for western blots, n= total number of

pooled samples), as was necessary to generate sufficient

protein concentration during membrane preparations. The

membrane extraction was performed as described previously

(Talos et al. 2006; Rakhade et al. 2012; Yennawar et al. 2019).

Total protein amounts were measured with a Bradford protein

assay (Bio-Rad) and samples were diluted to obtain equal

amounts of proteins in each sample (15 µg total) in lysis

buffer and 4× Laemmli Sample Buffer (Bio-Rad). Samples

were separated by gel electrophoresis on Criterion TGX 4–20%

Tris-Glycine precast gels (Bio-Rad), and transferred to PVDF

membranes (Millipore Immobilon-FL). Primary antibodies used

are as follows: GABAAα3 (1:1000, Sigma G4291, RRID:AB_477015),

GABAAα1 (1:750, NeuroMab 75-136, RRID:AB_2108811), NKCC1

(1:1000, Millipore AB3560P, RRID:AB_91514), KCC2 (1:1000,

Millipore 07–432, RRID:AB_310611), and β-actin (1:5000; Sigma

A5441; RRID:AB_476744). Secondary antibodies used were

goat anti-rabbit IRDye 800CW (1:15,000; LI-COR 926-32212;

RRID:AB_621848) and goat anti-mouse (IRDye 680LT; LI-COR

926-68024; RRID:AB_10706168). The Odyssey Infrared Imaging

System was used for the quantification of protein expression.

β-actin was used for normalization of individual samples, and

normalized values are expressed as a percentage of mean

age-matched WT samples for direct within-age evaluation, or

mean P56 WT samples run on the same blot for developmental

comparisons.

Immunohistochemistry

P12 mice were anesthetized and perfused with 4% PFA/PBS.

Brains were postfixed for 2 h, cryoprotected in 30% sucrose/PBS,
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embedded, and frozen in OCT. Free-floating sections were

collected at 30 µm in 0.02% sodium azide/PBS. After washing

sections in PBS, antigen retrieval was performed, incubating

sections in citrate buffer, pH 6.0 for 30 min at 75◦C. Sections

were maintained in citrate buffer for an additional 15 min at

room temperature (RT), washed, and blocked with 10% normal

goat serum/PBS. Primary antibody for extracellular targeting

GABAAα3 (1:500, Alomone Labs AGA-003, RRID:AB_2039866) was

incubated overnight at 4◦C in 1% goat serum/PBS. Sections were

washed, incubated in goat anti-rabbit 594 (1:1000, Invitrogen

A-11012, RRID:AB_141359) for 1 h at RT, and washed. Sections

were then permeabilized with 0.2% Triton/PBS for 5 min,

washed, and reblocked in 10% goat serum/0.1% Triton/PBS

for 1 h at RT. Sections were incubated with anti-vesicular

GABA transporter (VGAT) (1:500, Synaptic Systems 131004,

RRID:AB_887873) and anti-microtubule-associated protein 2

(MAP2) (1:500, Abcam ab5392, RRID:AB_2138153) overnight at

4◦C in 1% goat serum/0.1% Triton/PBS, and incubated in goat

anti-chicken 488 (1:1000, Invitrogen A-11039, RRID:AB_2534096)

and goat anti-guinea pig 647 (1:1000, Invitrogen A-21450,

RRID:AB_2735091) for 1 h at RT. Sections were PBS washed,

mounted on slides, and cover slipped with Fluoromount.

Images were acquired on a Lecia SP5 confocal microscope

with a researcher blinded to genotype. The auditory cortex

was localized using the hippocampus and rhinal fissure as

anatomical landmarks. Images were taken using 63× objective

(numerical aperture= 1.4) with a digital zoom of 2. Gain, offset,

and laser intensity settings were kept identical during imaging

sessions. MAP2 was used to approximate cortical layers, with

imaging started in L6 and progressing to L2/3. Images were

obtained at 1024× 1024 pixels bilaterally fromboth hemispheres

from a given brain section, using a line average of 2 and z-step

of 0.25 µm.

Images were processed and analyzed blind using FIJI. Five z-

planes with the most robust staining were selected from the z-

stack for image processing. The despeckling and smooth func-

tions were used to reduce noise from each plane and channel,

and then collapsed into a single image using z-project Sum

Slices. Background was subtracted using a rolling ball algorithm,

with channels auto-thresholded (over/under). To avoid artifact,

each channel was thresholded at multiple intervals of the maxi-

mum threshold (95, 90, 85, 80, and 75%). Using the Coloc2 plugin

(Gao and Heldt 2016; Yennawar et al. 2019), we compared the

integrated intensity values for total fluorescent intensities and

Mander’s coefficient to quantify colocalization of VGAT and

GABAAα3 (Manders et al. 1993). Colocalization was repeated at

each threshold to avoid thresholding artifacts (Zhou et al. 2011;

Yennawar et al. 2019).

Electrophysiology

Brain Slice Preparation

Acute coronal brain slices for extracellular, whole-cell, and

perforated-patch electrophysiology were prepared from Fmr1

WT and KO littermate mice at the following ages: P9–10, P12–

13, P15–16, P21–25, and P40–45. Animals were decapitated and

brains were removed and placed into a chilled cutting solution

containing the following (in mM): 220 sucrose, 3 KCl, 1.25

NaH2PO4, 0.5 CaCl2, 1 MgCl2, 26 NaHCO3, and 10 D-glucose,

∼ 300 mOsm, pH 7.4, and bubbled with 95% O2/5% CO2 at

4◦C. Coronal slices (350 µm) containing the auditory cortex,

identified by anatomical landmarks, were cut using a vibratome

(Leica VT1000S) in cutting solution. Slices were incubated in

oxygenated artificial cerebrospinal fluid (ACSF) containing the

following (in mM): 124 NaCl, 5 KCl, 2 CaCl2, 1.2 MgSO4, 1.25

NaH2PO4, 26 NaHCO3, and 10 D-glucose, ∼ 295–300 mOsm, and

transferred to 32◦C for 30 min. Slices were maintained at RT for

at least 1 h before recordings.

Extracellular Recordings

Multielectrode array (MEA) recording systems (MED64 System,

Alpha Med Scientific) were used to perform extracellular field

potential recordings. The MEA probes had 64 planar electrodes,

arranged in an 8 × 8 pattern with 150 µm interelectrode spac-

ing (MED-P5155). Slices were transferred to the MEA recording

chamber and perfused with ACSF at 30–32◦C with 3–8 mL/min

flow rates. Higher perfusion rates were necessary for older ani-

mals to improve O2 supply to brain slices and maintain viability

(P9–16: ∼ 3–4 mL/min; P21–25: ∼ 6 mL/min; P40–45: ∼ 8 mL/min)

(Hajos et al. 2009; Reinhard et al. 2014; Panuccio et al. 2018). Slices

were anchored with a harp and aligned so that the electrodes

were parallel with the auditory cortical layers, as identified by

anatomical landmarks using the 4× objective of a Nikon Eclipse

TE2000-5 microscope. Slices were recovered in the recording

chamber for 30min withminimal stimulation (7–10 µA) every 1–

1.5 min to monitor normalization of responses before beginning

experiments. Stimulations (0.2 ms pulse) were made in L4 with

electrodes positioned approximately 400–450 µm from the pia,

with field excitatory postsynaptic potential (fEPSP) response

analysis made from the adjacent electrode positioned in L2/3.

For each experiment, the main L4 stimulation electrode was

selected by identifying the stimulation and recording electrode

pair that elicited the smallest synaptic response when stim-

ulated at 10 µA or 20 µA to maintain consistent recording

practices across all experiments.

Input–output (I–O) curves were evaluated, examining the

relationship between fEPSP in L2/3 to increasing stimulation

intensities in L4 (+5 µA every 30 s) until maximal synaptic

response was reached, measured by the maximum fEPSP

amplitude. Half-maximal stimulus intensities were estimated

by identifying theminimum intensity that elicited half-maximal

fEPSP amplitude determined from I–O curves. Paired-pulse ratios

(PPRs) were calculated by dividing the amplitude of the second

fEPSP by the first fEPSP when 2 successive stimuli of 500, 200,

100, 50, 25, 10, and 6 ms intervals were applied every 30 s. For

experiments analyzing sensitivity to picrotoxin (PTX, Sigma

P1675) or bicuculline (BIC, Tocris 2503), slices were incubated in

ACSFwith 5 µMPTXor 5 µMBIC for 30min after initial baseline I–

O curve and paired-pulse recordings (Jang et al. 2009). In PTX and

BIC experiments the first peak was measured, as the synaptic

response often showed multiple peaks. All data collection and

analysis were performed in Mobius (MED64).

Whole-Cell Electrophysiology

Whole-cell patch-clamp recordings were made from L2/3 pyra-

midal neurons in the auditory cortex, visualized with an upright

Zeiss Axioscop 2 FsPlus IR-DIC microscope, with the researchers

blinded to genotype. Recordings were made at RT with ACSF

perfused at a rate of ∼ 2 mL/min. Glass electrodes were pulled

(P-87, Sutter Instruments) with a resistance of 2–4 MΩ and filled

with internal solution containing (in mM): 135 CsCl, 10 EGTA, 10

HEPES, 5 ATP-Mg, and 5 QX-314 (pH 7.3, 290–295 mOsm) (Zhou

et al. 2013). Liquid junction potentials were corrected using the

Axopatch 200B amplifier. To isolate spontaneous inhibitory

postsynaptic currents (sIPSCs), cells were voltage-clamped
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at −60 mV and recorded for 10–15 min in the presence of

20 µM NBQX (Tocris) and 50 µM D-AP5 (Abcam). In experiments

examining sensitivity to a selective α1-subunit GABAAR agonist,

we recorded 10 min of traces following 6 min of zolpidem (ZOLP;

100 nM, Sigma). The effects of ZOLP on evoked IPSCs (eIPSCs)

were also evaluated by comparing the average trace of 10 evoked

responses from L4 stimulation before and after ZOLP. Miniature

IPSCs (mIPSCs) were additionally recorded in the presence of

1 µM tetrodotoxin (TTX, Tocris). PPRs of eIPSCs were calculated

from an average of 5 sweeps following L4 stimulation using

interstimulus intervals of 400, 200, 90, 70, 50, and 20 ms. Access

resistance was monitored throughout each experiment, with

applied series resistance compensation of 65%, and recordings

discarded if access resistance was > 25 MΩ or changed > 20%.

Data were collected using Axopatch 200B amplifier and pCLAMP

10 software (Molecular Devices), filtered at 2 kHz, and digitized

at 20 kHz using a Digidata 1440A analog to digital converter.

Analysis was performed offline using Clampfit 10.2 (Molec-

ular Devices). Each trace was first low-pass filtered at 1 kHz

(Gaussian). The sIPSC events were detected automatically with

a threshold of 5–6 pA (2 times the root mean square of the noise)

(Rakhade et al. 2008; Zhou et al. 2011; Sun et al. 2013) and were

visually confirmed. The weighted decay time constant (τdw) was

calculated by first fitting a double-exponential function on the

averaged sIPSC trace for each neuron that excluded multiple

overlapping sIPSC events: f (t) =Afaste
-t/τ fast +Aslowe

-t/τslow

and then using the fit values in the following equation:

τdw = [(Afast × τ fast)+ (Aslow × τ slow)]/(Afast +Aslow) (Vislay et al.

2013; Zhou et al. 2013).

Perforated Patch Electrophysiology

EGABA was measured using perforated patch recordings.

Gramicidin (Sigma-Aldrich Inc.) was dissolved in methanol

to 10 mg/mL and diluted in the internal pipette solution to a

final concentration of 150 µg/mL (Ostroumov et al. 2016). The

membrane integrity within pipette tips was confirmed by the

presence of the sodium currents of recorded neurons (not being

blocked by the QX-314 inside of the electrodes). eIPSCs in L2/3

pyramidal neurons were recorded at holding potentials between

−100 mV and 0 mV, with stimulation at the border of L3 and L4,

increasing in 10 mV steps with access resistance continuously

monitored. Stimulation intensities were normalized by first

identifying the minimal stimulus intensity necessary to elicit

a threshold evoked response, and then using a stimulus of

approximately twice the intensity that evoked a monosynaptic

response. All recordings were performed in the presence of

20 µMNBQX and 50 µM D-AP5. Given that during early postnatal

ages L2/3 pyramidal neurons have a high input resistance that

exhibit an age-dependent decrease (P9–10: 523.9± 20.56 MΩ;

P12–13: 503.5± 36.01 MΩ; P15–16: 350.5± 27.51 MΩ; P21–25:

216.6± 14.65 MΩ), it was necessary to correct the holding

potential values for I-V plots (Rheims et al. 2008). The following

formula was used:

V∗
= Vhold ×

(

Rm
Rm + Ra

)

(

1 + %change Rin
)

,

where Vhold is the command membrane holding potential; Rm
is the average membrane resistance during P9–10 perforated-

patch recordings; Ra is the average access resistance during P9–

10 recordings; and % change in Rin is the percent change in

input resistance for a given age from P9–10 Rin for proper age-

dependent corrections. Reversal potentials were estimated from

the intersection of current–voltage plots, where the amplitudes

of the eIPSCs were plotted against the modified voltage holding

potentials (V∗).

LTP: Evoked Postsynaptic Currents

For single-cell LTP studies, electrodes were used with a resis-

tance of 2–4 MΩ and filled with internal solution containing

(in mM): 110 Cs methanesulfonate, 10 TEA-Cl, 4 NaCl, 2 MgCl2,

0.5 EGTA, 10 HEPES, 4 ATP-Mg, 0.3 GTP, 7 phosphocreatine, cre-

atine phosphokinase (17 units/mL), 1 QX-314, pH 7.3, and 270–

280 mOsm. Evoked postsynaptic current (ePSC) recordings were

made from whole-cell patch-clamped L2/3 pyramidal neurons

with stimulations evoked from L4 in the absence of any pharma-

cological blockers. We intentionally permitted GABAergic mod-

ulation during LTP experiments to evaluate the cell’s net abil-

ity for LTP across development as it mediates all E–I synaptic

input. Thus, the ePSCs measured were from evoked glutamater-

gic responses with inhibitory synaptic modulation. Stimulation

intensities that evoked 40–60% ofmaximal ePSC amplitudewere

used.Cellswere held at−60mV for 5min baseline recording (10 s

intervals), followed by pairing where cells were held at +30 mV

with 5 tetani (0.1 ms pulse, 100 Hz for 500 ms, separated by

830ms), andmonitored for 30min postpairing at−60mV.Access

resistance was monitored throughout each experiment, with

applied series resistance compensation of up to 75% and record-

ings discarded if access resistance was > 25 MΩ or changed

>20%. Analysis was performed offline. Evoked postsynaptic

current peak amplitudes were measured, with normalization of

ePSCs to the average peak amplitude of the baseline recording.

Experimental Design and Statistical Analyses

For all experiments, the sample size and powerwere determined

based on previously published work in our laboratory and using

StatMate software. Mice were excluded if their weight was > 2

standard deviations from themeanweight of age-matchedmice.

Statistical analysis was completed using Prism 8 (GraphPad).

Data were tested for normality using the Shapiro–Wilk normal-

ity test. For within-age comparisons, statistical significance was

assessed using a Student’s t-test or Mann–Whitney test depend-

ing on normality of the data. For developmental expression anal-

ysis, 2-way analysis of variance (ANOVA) and Sidak’s multiple

comparisons tests with adjusted P values were used to assess

significance. For the analysis of input–output curves in MEA

experiments, a comparison of sigmoidal curve fits was used.

PPRs were analyzed using a 2-way ANOVA with Sidak’s multiple

comparisons test. Changes in amplitude and τdw following ZOLP

were analyzed using paired t-test or Wilcoxon matched-pairs

signed rank depending on the normality of the data. For within-

age genotype comparisons of LTP studies, statistical significance

was assessed using 2-way repeated-measures ANOVA. For com-

paring changes in decay of LTP, a comparison of slopes from

linear regressions was performed from 6 to 30 min postpairing

values. Data are reported asmean± standard error ofmeanwith

P values reported in Results. All ns are reported in the figure

legends or tables, or within figures themselves.

Results

Accelerated Developmental Progression of Basal
Synaptic Transmission in the Auditory Intracortical
Circuit of Fmr1 KO Mice

Given the auditory phenotypes described in Fmr1 KO mice,

we sought to identify whether there exists functional deficits

in synaptic excitability between L4 to L2/3 in the developing
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Figure 1. Fmr1 KOmice exhibit dynamic changes in excitability in L4 to L2/3 basal synaptic transmission during auditory cortex development. I–O curves of stimulation

intensity to fEPSP amplitude, normalized to maximum amplitude, and fit with sigmoidal curves. (A) The timeline of approximate auditory postnatal maturation in

mice with ages analyzed for experiments highlighted in yellow. (B–C) The overlay of I–O curves for WT and KO mice to evaluate developmental shifts in excitability.

(D) Average stimulation intensities for half-maximal fEPSP response estimated from sigmoidal curve fits in (B) and (C). (E–I) Top: representative fEPSP traces in L2/3

extracellular recordings from L4 stimulation. Bottom: the comparison of sigmoidal curve fits for I–O curves at each age between WT and Fmr1 KO mice. (F) Fmr1 KO

mice are significantly more excitable at P12–13 and (H) significantly less excitable at P21–24. (J) Representative DIC image of coronal slice with MEA overlaid on the

auditory cortex. Scale bar: 600 µm. ∗∗∗P<0.001, ∗∗∗∗P<0.0001.

auditory intracortical circuit as these feedforward projections

from L4 are the first stage of higher-level auditory processing

within the intracortical circuit following tonotopic thalamic

input (Merzenich et al. 1975; Kanold et al. 2014; Li et al. 2014;

Javitt and Sweet 2015). Using MEA extracellular field recordings

in ex vivo slice preparations, we evaluated L4 to L2/3 basal

synaptic transmission by comparing input–output (I–O) curves.

To capture the sequence of auditory intracortical maturation,

mice were evaluated at P9, prior to ear canal opening, P12 and

P15, capturing the start and end, respectively, of the mouse

auditory critical period (Barkat et al. 2011), P24, a juvenile

development age, and at P56, as adults (Fig. 1A).

To elucidate auditory intracortical circuitmaturation,we first

examined the natural shifts in excitability during postnatal

development by overlaying all of the I–O curves across the ages

for each genotype (Fig. 1B,C). In WT mice, we observed a clear

progression of shifts in the I–O curves that correspond with pre-

and postcritical period (Fig. 1B). Specifically, WT I–O curves at

P9–10 and P12–13 did not differ from one another (Tukey’s mul-

tiple comparisons: P9–10 vs. P12–13, P= 0.9998), but after P12–13,
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I–O curves subsequently exhibited a significant leftward shift

indicating increased excitability within the circuit (Tukey’s: P12–

13 vs. P15–16, P< 0.0001; P15–16 vs. P21–25, P= 0.5837) (Fig. 1B,D).

At the subsequent ages of P40–45, the I–O curve had a slight

rightward shift relative to the P21–25 I–O curve (Tukey’s: P21–25

vs. P40–45,P=0.0316), likely attributable to the slower GABAergic

maturation that occurs in the postnatal brain (Rakhade and

Jensen 2009). In contrast, the aforementioned developmental

shifts occurred at earlier ages in Fmr1 KO mice (Fig. 1C). Fmr1

KO P12–13mice I–O curves revealed earlier enhanced excitability

with a significant leftward shift compared with P9–10 and were

similar to P15–16 (Tukey’s: P9–10 vs. P12–13, P< 0.0001; P12–13 vs.

P15–16, P= 0.9675). I–O curves in the Fmr1KOmice also exhibited

an earlier shift that yielded decreased excitability at P21–25

comparable with that of WT at P40–45 (Tukey’s: P15–16 vs. P21–

25, P= 0.001; P21–25 vs. P40–45, P= 0.7375). These results suggest

that Fmr1 KO mice have accelerated developmental shifts in

excitability in their intracortical L4-L2/3 synaptic transmission

relative to the normal maturation of the WT auditory critical

period.

We further compared I–O curves of Fmr1 KO mice directly

to their age-matched WT littermates to more closely examine

differences in excitability at each age. Fmr1 KO mice exhibited

dynamic differences in L4-L2/3 excitability compared with WT

mice across postnatal auditory cortex development. At P9–10,

differences in the gain of I–O curves, rather than threshold

excitability, resulted in significantly different I–O curves

between the genotypes (comparison of fits: F(4,274) = 4.913,

P= 0.0008), where KO mice were slower to reach maximal

amplitudes compared with WT mice (Fig. 1E). The major

differences in excitability between WT and KO mice occurred

at P12–13 and P21–25, where Fmr1 KO were significantly more

excitable at P12–13, the start of the auditory critical period, in

their L4-L2/3 connectivity relative to WT mice (F(4,442) = 11.44,

P< 0.0001) (Fig. 1F). In contrast, by P21–25, Fmr1 KO were

significantly less excitable in their basal synaptic transmission

compared with WT (F(4,329) = 15.15, P< 0.0001) (Fig. 1H). No

differences in excitability were observed between genotypes

at either P15–16 or P40–45.

We also compared fEPSP PPRs in the L4-L2/3 auditory

synaptic circuit to evaluate possible presynaptic alterations.

Consistent with previous cortical reports, we broadly observed

short-term depression (PPR< 1) across most ages. Differ-

ences in PPR are observed between genotypes at P12–13

(Supplementary Fig. 1B) and P40–45 (Supplementary Fig. 1F). PPR

values tend to be more depressed in KO mice, particularly at

the interstimulus intervals of 500, 50, and 25 ms. These results

suggest possible alterations in presynaptic-related transmitter

release mechanisms within the L4-L2/3 auditory cortex circuit

in Fmr1 KO mice.

Fmr1 KO Mice Have an Enhanced Age-Dependent
Sensitivity to PTX

Given that GABAARs affect circuit excitability and are crucial reg-

ulators of critical periods, we assessed whether altered GABAer-

gic signaling contributes to the excitability differences in L4-L2/3

basal synaptic transmission. To determine the GABAAR signal-

ing component regulating the I–O curve fEPSPs, we analyzed the

shifts of the I–O curves to a subthreshold concentration (5 µM)

of the GABAAR antagonist PTX that did not cause epileptiform

discharges (Jang et al. 2009; Stebbings et al. 2016). We thus

examined the evolution and strength of inhibition over auditory

cortex development and identified potential differences in phar-

macological sensitivitywithin the L4-L2/3 auditory cortex circuit

in WT and Fmr1 KO mice.

Depending on whether GABAAR-mediated chloride anion

currents are outward (depolarizing) or inward (hyperpolariz-

ing) during development, the application of GABAAR antago-

nists can respectively decrease or increase neuronal activity

and synaptic responses (Scheyer et al. 2020). In the auditory

cortex of WT mice, subthreshold PTX concentrations did not

alter the I–O curves at either P9–10 or P12–13 (Fig. 2A,B). How-

ever, at P15–16 in WT mice, PTX exposure resulted in a signif-

icant decrease in fEPSP amplitudes, manifested by suppressed

I–O curves compared with the ACSF baseline (F(4,163) = 3.803,

P= 0.0055) (Fig. 2C). Our results in WT mice are suggestive of

the antagonism of depolarizing GABA that is prevalent early in

brain development (Ben-Ari 2002) and embedded in the fEPSPs.

At P21–25, PTX application did not alter I–O curves for WT

mice (F(4,161) = 0.7609, P= 0.5522) (Fig. 2D), but at P40–45, PTX

increased the fEPSP amplitudes of the I–O curves, consistent

with the blocking of hyperpolarizing GABA present in the fEPSPs

(F(4,231) = 5.088, P= 0.0006) (Fig. 2E).

Similar effects of GABAAR antagonism by PTX were observed

across development in Fmr1KOmice,where I–O curve responses

correlated with the blockade of depolarizing GABA to progres-

sively more hyperpolarizing GABA with postnatal age, but with

notable age-specific differences in sensitivity compared with

WT mice. Unlike the lack of change in WT mice at P12–13,

Fmr1 KO mice exhibited diminished excitability in response

to PTX with significantly suppressed I–O curves compared

with ACSF baseline (F(4,164) =4.162, P= 0.0031) (Fig. 2G). This

is coincident with the increased L4-L2/3 excitability in KO

mice (Fig. 1F) and suggests that depolarizing GABA may

contribute to this enhanced excitability. We further confirmed

Fmr1 KO’s enhanced sensitivity to GABAAR antagonists at

this age by also evaluating responses to bicuculline (5 µM)

(Supplementary Fig. 2B). We found consistent effects to PTX

where bicuculline significantly suppressed I–O curves in KO

mice, suggestive of a more sensitive blockade of depolarizing

GABA within fEPSPs compared with WT. By P15–16, PTX did

not alter the I–O curve in either direction (F(4,198) = 1.603,

P= 0.175) (Fig. 2H), at which time WT mice showed PTX-

induced suppression of I–O curves. Furthermore, Fmr1 KO

mice displayed PTX-induced hyperexcitability starting at P21–

25, where the I–O curves shifted to significantly increased

fEPSP responses to PTX (P21–25: F(4,220) = 4.771, P= 0.001; P40–

45: F(4,240) = 7.039, P< 0.0001) (Fig. 2I–J), suggesting the presence

of hyperpolarizing GABA in the circuit at an earlier age than

WT mice.

Notably, the ages at which Fmr1 KO mice exhibited sig-

nificantly different PTX-induced I–O curves compared with

WT are consistent with the ages we observed the overall

excitability differences between genotypes (Fig. 1), suggesting

that altered GABAergic signaling may mediate Fmr1 KO P12–

13 hyperexcitability and P21–25 decreased excitability relative

to WT. Additionally, when examining the pattern of PTX-

induced I–O curve shifts across development, we found

that the blockade of apparent depolarizing and hyperpo-

larizing GABAAR signaling within the fEPSPs occurred at

earlier stages in Fmr1 KO mice compared with WT (i.e.,

P12 KO looks like P15 WT; P21 KO looks like P40 WT).

Consistent with the faster developmental progression of

L4-L2/3 basal synaptic transmission, Fmr1 KO mice also

undergo an overall pattern of accelerated age-dependent
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Figure 2. The auditory cortex of Fmr1 KO mice exhibits an accelerated age-dependent shift in their sensitivity to PTX. I–O curves from MEA field recordings were

analyzed following 5 µM PTX. (A–E) Top: representative traces from Fmr1 WT mice at 40 µA stimulation. Bottom: I–O curves before and after PTX, normalized to the

maximum amplitude in ACSF and fit with sigmoidal curves. (C) P15–16 Fmr1 WT mice exhibit decreased fEPSP amplitudes following PTX, suggestive of the presence

and subsequent blockade of depolarizing GABA by PTX. (E) Fmr1 WT exhibit significantly increased fEPSP amplitudes to PTX at P40–45, indicating PTX’s blockade of

inhibitory hyperpolarizing GABA. (F–J) Representative traces and I–O curves from Fmr1 KO mice. (G) Fmr1 KO mice exhibit significantly decreased responses to PTX at

P12–13 but not at (H) P15–16. (I–J) At both P21–25 and P40–45, Fmr1 KO mice exhibit significantly increased amplitudes to PTX. The number of slices and mice analyzed

for each age and genotype are indicated in each graph. ∗∗P<0.01, ∗∗∗P< 0.001, ∗∗∗∗P<0.0001.

pharmacological sensitivity to a GABAAR antagonist at the

L4-L2/3 circuit within the auditory cortex.

Fmr1 KO Mice Exhibit Altered Regulation of GABAAR
α-Subunit Expression during Auditory Cortex
Maturation

We next examined the developmental regulation of GABAAR

subunits in the auditory cortex of Fmr1 WT and KO mice, as

they influence GABAergic maturation and network excitabil-

ity (Marowsky et al. 2012). We performed western blot anal-

ysis to compare the protein expression of membrane-bound

GABAAR α1 and α3 subunits given that their developmental

regulation determines GABA sensitivity and the kinetics of chlo-

ride ion conductance (Laurie et al. 1992; Okada et al. 2000;

Bosman et al. 2005). Additionally, the α1 and α3 subunits influ-

ence critical period plasticity (Fagiolini et al. 2004), and often

exhibit altered expression in neurodevelopmental disorders and

epilepsy (Rakhade and Jensen 2009; Brooks-Kayal 2011). We nor-

malized each of the developmental ages to P56WT levels to eval-

uate the dynamic developmental expression pattern of these

subunits during the postnatal maturation of the auditory cortex

and found a significant effect of age across all subunits (2-

way ANOVA, age, P< 0.0001) (Fig. 3A–C). Consistent with Laurie

et al. (1992), the most prominent developmental changes in

α-subunits were observed around ear canal opening. Notably,

during WT auditory cortex development, GABAAα3 peaked in

expression at P12, at the start of the WT auditory critical period

soon after ear canal opening (Barkat et al. 2011; Hackett et al.

2015), and subsequently rapidly declined (Fig. 3A). In contrast,

GABAAα1 expression was relatively low early in postnatal devel-

opment in WTmice and increased most rapidly between P9 and

P12, peaking at P15, the end of the auditory critical period, before

reaching adult-like levels (Fig. 3B). The ratio of GABAAR α1:α3,

indicative of GABAAR maturity, developmentally increases past

the fourth postnatal week in WT mice to reach adult levels

(Fig. 3C).

Fmr1 KO mice exhibit altered α-subunit developmental pat-

terns in the auditory cortex. GABAAα3 expression was signifi-

cantly different from WT development (2-way ANOVA, interac-

tion: F(4,109) = 2.897, P= 0.025; genotype: F(1,109) = 4.801, P= 0.031),

where α3 does not peak as high in the KO auditory cortex

(Sidak’s multiple comparisons: P12 WT 302.11± 14.18% vs. KO

255.48± 13.25%, P= 0.002) (Fig. 3A). Although α1 development

did not have statistically significant differences between geno-

types (Fig. 3B), the GABAAR α1:α3 ratio during development was

significantly different (2-way ANOVA, interaction: F(4,108) = 2.601,

P= 0.04; genotype: F(1,108) = 2.899, P= 0.092), where Fmr1 KOmice

had faster increases to adult WT levels at earlier stages in devel-

opment (Sidak’s multiple comparisons: P24WT 80.75± 4.53% vs.

KO 95.25± 4.68%, P=0.066) (Fig. 3C).

Direct comparisons of Fmr1 KO mice to their age-matched

WT littermates showed significantly reduced GABAAα3 in Fmr1

KO mice at P12 (WT: 100±4.48%, KO: 85.66± 3.62%, P= 0.021)

(Fig. 3E). Changes in α3-subunit expression may manifest even

earlier, where trending decreases were observed at P9, days
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Figure 3. Fmr1 KOmice exhibit altered developmental regulation in the expression of GABAAR α1 and α3 subunits in the auditory cortex. (A–C) Western blot analysis of

membrane-bound expression of GABAAR α3, GABAAR α1, and GABAAR α1:α3,with all timepoints normalized to P56WT to analyze the developmental expression of the

GABAAR α-subunits in the auditory cortex. (A) Developmental expression of GABAAR α3 exhibits an overall interaction between age and genotype, with significantly

decreased expression for KO compared with WT at P12. (C) Developmental GABAAR α1:α3 expression exhibits an overall interaction between age and genotype. (D–G)

GABAAR α-subunits expressed relative to age-matched WT littermates. (D) Fmr1 KO exhibit a trending decrease in GABAAR α3 expression at P9 (n=11 WT, 11 KO).

(E) GABAAR α3 is significantly decreased at P12 (n=10, 11). (F) No differences in expression observed at P15 (n=10, 10). (G) P24 Fmr1 KO exhibit a trending increase

in GABAAR α1, with significantly increased GABAAR α1:α3 expression (n=12, 11). No differences were observed at P56 (n= 18, 15), data not shown. (H) Representative

western blots of GABAAR α3 and GABAAR α1 with β-actin used as loading controls. (I) Schematic of approximate auditory cortex dissections as described in Materials

and Methods. ∗P<0.05, ∗∗P<0.01.

before the ear canal is open (WT: 100± 3.58%, KO: 92.47± 1.63%,

P= 0.069) (Fig. 3D). No differences in GABAAα3 were observed

at later ages. However, we observed significantly increased

GABAAR α1:α3 ratios in Fmr1 KO mice at P24 (WT: 100± 4.33%,

KO: 119.7± 4.7%, P= 0.006), along with a trending increase

in membrane-bound α1 (WT: 100± 5.44%, KO: 123.3± 9.85%,

P= 0.069) (Fig. 3G). Neither the GABAAα1 level nor the ratio of

GABAAR α1:α3 subunits were different at the early ages. These

collective differences in the α3 and α1 expression suggest a

dynamic alteration in GABAAR developmental expression in the

auditory cortex of Fmr1 KO mice during the critical period of

development.

Reduced Fraction of GABAARα3 Staining Puncta in the
Auditory Cortex of P12 Fmr1 KO Mice

Given the importance of P12 as the start of the normal WT

auditory critical period, we wanted to determine whether the

decreased expression of membrane-bound GABAARα3 levels we

observed by western blot was reflective of synaptic expression

across the auditory cortex, or was specific to a particular

cortical layer. We performed immunohistochemistry using an

extracellular-targeting GABAARα3 antibody to examine colocal-

ization with the inhibitory presynaptic marker VGAT (Fig. 4A).

We quantified the fluorescence intensities of GABAARα3 and

VGAT immunoreactivity, and calculated the fraction of VGAT

puncta that colocalized with surface GABAARα3 using Mander’s

coefficient (Manders et al. 1993; Gao and Heldt 2016; Yennawar

et al. 2019). Compared with WT mice, P12 Fmr1 KO mice had

significantly reduced fluorescence intensity of GABAARα3

across all cortical layers of the auditory cortex (2-way ANOVA,

genotype, F(1,56) = 7.516, P= 0.0082) (Fig. 4B), indicating reduced

expression consistent with the differences observed by western

blot. Meanwhile, WT and KO mice had similar levels of VGAT

immunoreactivity (2-way ANOVA, genotype, F(1,56) = 0.0066,

P= 0.9357) (Fig. 4C). Thus, when examining the fraction of

VGAT+ puncta colocalizing with GABAARα3, Fmr1 KO mice

had significantly reduced levels in the auditory cortex (2-way
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Figure 4.Decreased colocalization of GABAAR α3 and VGAT in auditory cortex of P12 Fmr1 KOmice. (A) Representative confocal micrographs of immunohistochemistry

of extracellular targeting GABAAR α3 and presynaptic VGAT in L2/3. (B–D) Quantification of results using Coloc2 plugin from FIJI (n=8 WT, 8 KO). Total fluorescence

intensity of (B) GABAAR α3 and (C) VGAT immunoreactivity. (D) Mander’s coefficient to calculate the fraction of VGAT immunoreactivity that colocalizes with GABAAR

α3. Two-way ANOVA indicates a significant genotype effect in (B) and (D); however, there were no significant differences in any particular cortical layer as analyzed by

Sidak’s multiple comparisons test. No differences were found in VGAT intensity. ∗∗P< 0.01.

ANOVA, genotype, F(1,56) = 8.005, P= 0.0065) (Fig. 4D). Together,

with the western blot data, our expression data show that

Fmr1 KO mice have decreased synaptic α3-subunit-containing

GABAARs across all layers of the auditory cortex at P12.

P12 Fmr1 KO Mice Exhibit Impaired Inhibitory
Presynaptic Regulation of L2/3 Pyramidal Neurons

Given the altered expression of GABAAR α-subunits and

regulation of L4-L2/3 basal synaptic transmission in the Fmr1

KO auditory cortex, we next asked whether the development

of inhibitory synaptic function in the auditory cortex was

dysregulated specifically in L2/3 pyramidal neurons of Fmr1 KO

mice. The L2/3 pyramidal neurons are crucial in both processing

tonotopic information from L4 and integrating input from other

brain regions before sending their own projections to deeper

layers and other cortical regions (Guo et al. 2012; Meng et al.

2020).We performed whole-cell patch-clamp recordings from ex

vivo slices across development, measuring sIPSC properties to

detect any overall abnormalities to inhibitory synaptic function

and neuronal excitability (Fig. 5; Supplementary Table 1).

Consistent with the overall progression of sIPSC properties

during development in the rodent cortex (Bosman et al. 2005;

Takesian et al. 2012), WT mice exhibited a clear age-dependent

increase in the frequency of sIPSCs and a decrease in the

weighted decay τ , indicative of faster decay kinetics (Fig. 5C,D).

The sIPSC amplitudes were unchanged across WT development

(Fig. 5B). Fmr1 KO mice exhibited similar developmental

patterns of sIPSC amplitudes and decay τ measures. However,

Fmr1 KO mice did exhibit a trending increase of sIPSC

frequency at P12–13 (P= 0.063), soon after the ear canal opens

(Fig. 5C; Supplementary Table 1), suggestive of developmental

alterations of sIPSC maturation in Fmr1 KO mice.

Given that spontaneous action potential firing is not

blocked during sIPSC recording, we further characterized the

possible GABA-mediated dysregulation in P12 Fmr1 KO mice

by examining L2/3 pyramidal neuron mIPSCs and PPR of

eIPSCs to identify contributors to the elevated trend in sIPSC

frequency (Supplementary Fig. 3). The mIPSC amplitudes and

weighted decay τ were similar between Fmr1 WT and KO

(Supplementary Fig. 3B–C). Unlike the trending increase of

sIPSC frequency in Fmr1 KO mice, there was no difference

in mIPSC frequency (Supplementary Fig. 3D), which suggests

that presynaptic firing alterations or network excitability

driven action potentials likely contribute to the trending sIPSC

frequency difference.
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Figure 5. Increasing trend for sIPSC frequency in P12–13 Fmr1 KO mice. (A) Representative traces of sIPSCs recorded across development from L2/3 pyramidal neurons

in the auditory cortex. (B) Amplitudes of sIPSCs were unaltered in Fmr1 KO mice at any age. (C) P12 KO mice exhibit a trend toward increased sIPSC frequency. (D)

No differences in the weighted decay τ were observed between WT and KO mice at any age. Developmental maturation of inhibitory transmission is observed with

decreasing weighted decay τ times across ages. All values are summarized in Supplementary Table 1.

We additionally sought to evaluate whether there exist

L4 inhibitory presynaptic deficits. We therefore compared

the PPRs of eIPSCs in L2/3 pyramidal neurons from stimu-

lation evoked in L4 with a range of interstimulus intervals

(Supplementary Fig. 3E,F). Both P12–13 WT and KO mice

generally exhibit paired-pulse depression (PPR< 1), but Fmr1

KO mice had significantly more depressed responses compared

with WT littermates. Notably, the intervals at which more

depressed responses were observed in Fmr1 KO mice were

at 400, 50, and 20 ms, similar to the intervals where more

enhanced paired-pulse depression were observed in fEPSP

paired-pulse measures (Supplementary Fig. 1). Our findings

suggest that the L4-L2/3 circuit maturation in Fmr1 KO mice

is further impacted by impairments in L4 inhibitory presynaptic

mechanisms.

Fmr1 KO Mice Exhibit Enhanced Sensitivity to GABAAR
α1-Specific Agonist

The decay kinetics of IPSCs are highly dependent on the subunit

composition of GABAARs and may determine the tonic inhibi-

tion of cortical neurons (Marowsky et al. 2012). The α3-subunit

that is highly expressed at birth mediates relatively long-lasting

currents,whereas the postnatally upregulated α1-subunit medi-

ates faster, mature IPSCs (Bosman et al. 2005; Pangratz-Fuehrer

et al. 2016). In addition to measuring the weighted decay τ

of sIPSCs to functionally assess the relative contribution of α1

and α3 subunits (Fig. 5D), we also examined pharmacological

sensitivity using subunit-specific agonists.

In a subset of the L2/3 pyramidal neurons from Fig. 5, we

analyzed changes in both sIPSC amplitude and weighted decay

τ in response to ZOLP, a positive modulator of α1-containing

GABAARs (Sanna et al. 2002; Baur and Sigel 2007; Xu et al. 2010)

(Fig. 6; Supplementary Table 2). In WT mice, we observed age-

dependent increases in ZOLP sensitivity that correspond with

pre- and postcritical period. At both P9–10 and P12–13, when α1

expression is relatively low, ZOLP did not elicit any significant

changes to sIPSC amplitude in WT mice, but did significantly

increase the decay kinetics (Fig. 6C,D), indicating that there was

some functional α1 activity even with low expression. Starting

at P15, ZOLP was capable of significantly increasing both sIPSC

amplitudes and decay τ inWT neurons with greater consistency

compared with the younger ages. Fmr1 KO mice also exhibited

increasing age-dependent sensitivity to ZOLP. However, at P12–

13, Fmr1 KO pyramidal neurons displayed enhanced pharma-

cological sensitivity to the α1-agonist, where ZOLP significantly

increased sIPSC amplitude, unlikeWT neurons, and additionally

increased decay τ with slightly more enhanced sensitivity (WT:

P= 0.0133; KO: P= 0.0074). Although P21–25 KO neurons failed

to show a significant amplitude enhancement, neurons were

still very responsive to ZOLP with relatively similar increases to

decay τ like WT neurons.

To elucidate whether the enhanced ZOLP sensitivity in P12–

13 KO mice is mediated by pre- or postsynaptic mechanisms,

we evaluated eIPSCs of L2/3 pyramidal neurons following L4

stimulation. Consistent with the sIPSC studies, ZOLP signifi-

cantly increased eIPSC amplitudes in Fmr1 KO neurons but not

in WT slices (Supplementary Fig. 4B). Overall, our whole-cell

patch-clamp data suggest that although thematuration of sIPSC

properties in L2/3 pyramidal neurons of the auditory cortex in

Fmr1 KO mice was largely similar to that of WT development,

Fmr1 KO pyramidal neurons have an enhanced sensitivity to

ZOLP and presynaptic alterations at P12, soon after ear canal

opening and the start of the WT critical period.

Altered Developmental Changes in Voltage-Dependent
eIPSC Conductance in Fmr1 KO Mice

Fmr1 KO mice have a delayed developmental switch in

GABAAR polarity in the somatosensory cortex (He et al. 2014),

and our MEA studies indicate an enhanced age-dependent

fEPSP response to PTX. Therefore, we wanted to further

evaluate whether the Fmr1 KO auditory cortex exhibits altered

EGABA maturation. We performed gramicidin-perforated patch

recordings from L2/3 pyramidal neurons to measure EGABA
across development (Fig. 7). Consistent with other rodent
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Figure 6. Fmr1 P12 KO mice exhibit enhanced sensitivity to ZOLP. (A,B) Representative traces of averaged sIPSCs from L2/3 pyramidal neurons before and after 100 nM

ZOLP. (C) The effects of ZOLP on sIPSC amplitude across ages. No effects observed at P9–10, but significantly increased amplitude following ZOLP observed in Fmr1 KO

mice starting at P12–13. (D) The weighted decay τ of averaged sIPSCs significantly increases with ZOLP across all ages for both WT and KO mice. The average values

are summarized in Supplementary Table 2. ∗P<0.05, ∗∗P<0.01, ∗∗∗∗P<0.0001.

developmental GABA maturation studies in cortical neurons

(Rheims et al. 2008), the auditory cortex of WT mice also

exhibits an age-dependent transition of EGABA from relatively

depolarizing to hyperpolarizing values (P9–10: −53.68± 1.39 mV;

P12–13: −52.58± 2.40 mV; P15–16: −66.04± 3.09 mV; P21–25:

−75.07± 3.4914 mV) (Fig. 7C). Notably, the largest EGABA change

occurs between P12 and P15, which is between ear canal

opening with the start of the auditory critical period and

its closure (Tukey’s multiple comparisons: P12–13 vs. P15–16,

P= 0.006; P15–16 vs. P21–25, P= 0.1774). Fmr1 KO mice also

exhibit similar maturational changes in the auditory cortex,

with no significant differences between WT and KO at any

age (P9–10: −49.85± 2.47 mV; P12–13: −56.29± 1.68 mV; P15–

16: −71.64± 1.46 mV; P21–25: −79.85±2.64 mV) (Fig. 7C). KO

mice also had the largest EGABA change between P12 and

P15 (Tukey’s: P12–13 vs. P15–16, P= 0.0004; P15–16 vs. P21–

25, P= 0.2965). Interestingly, when we excluded the P9–10

group to specifically examine EGABA for ages after ear canal

opening, when the auditory circuit more robustly modulates

auditory input, there was a significant difference between

Fmr1 KO and WT mice, where KO mice tended to have

relatively more hyperpolarized EGABA values (2-way ANOVA,

genotype effect, F(1,83) =5.0, P= 0.0276). These data suggest

that Fmr1 KO mice exhibit relatively stronger hyperpolarizing

GABAAR-mediated inhibition after the critical period onset,

which may contribute to altered E–I circuit in the auditory

cortex.

To identify potential contributors to our EGABA genotype dif-

ferences, the expression of chloride transporters was evalu-

ated in auditory cortex lysates across development. Although

we observed a significant developmental expression pattern of

membrane-bound NKCC1:KCC2 ratio consistent with general

brain maturation (Supplementary Fig. 5A) (Ben-Ari 2002; Dzhala

et al. 2005), there were no differences at any age in either

NKCC1 or KCC2 expression in Fmr1 KO mice compared with

WT littermates (Supplementary Fig. 5C–E). However, we did not
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Figure 7. Fmr1 KO mice exhibit altered voltage-dependent eIPSC conductance in L2/3 pyramidal neurons during auditory cortex development. (A,B) Representative

example of (A) GABAAR I-V plot and (B) traces of eIPSC gramicidin-perforated patch recordings from P9 WT and KO mice. EGABA is estimated from linear fit from I-V

plot. (C) Group data of EGABA from I-V plots across all Fmr1 WT and KO mice and ages. (D–G) Averaged GABAAR I-V plots across ages for WT and KO mice to evaluate

developmental regulation of GABAAR responses. Currents for each cell were normalized to the eIPSC peak amplitude of the first holding potential. P9–10: n=13 cells/5

WT mice and 15 cells/6 KO mice. P12–13: n=15 cells/5 WT mice and 17 cells/6 KO mice. P15–16: 13 cells/5 WT mice and 14 cells/6 KO mice. P21–25: n=16 cells/6 WT

mice and 14 cells/5 KO mice. ∗P<0.05, ∗∗∗∗P<0.0001.

perform amore detailed analysis of chloride transporter expres-

sion specific to either cortical layers or neuronal subtypes,which

could reveal differential expression.

The I-V plots for EGABA evaluations were further normalized

and averaged for each of the age groups to assess altered

patterns of the relative eIPSC magnitudes in Fmr1 KO compared

with WT mice across development (Fig. 7D–G). The I-V plots

for WT mice indicated a clear and statistically significant

developmental progression in the rectification pattern of the

I-V curves. In P9–10 WT mice, there was a strong outward

rectification of the GABAAR current beginning around −40 mV

(Fig. 7D), consistent with the voltage-dependent activation and

modulation of GABAARs (Pavlov et al. 2009; O’Toole and Jenkins

2012). At P12–13, the outward rectification was significantly

diminished at the depolarized holding potentials (Fig. 7E),

which transitioned to an inward rectification at the later P15–

16 and P21–25 ages in WT mice (Fig. 7F,G). In contrast, Fmr1

KO P9–10 mice did not have a strong outward rectification

like the age-matched WT mice (segmented linear regression,

F(3,297) = 14.70, P< 0.0001). Rather, the I-V curve is already

inwardly rectifying and similar to that of P12–13 WT mice.

P15–16 KO mice were not as strongly inwardly rectifying

compared with WT (F(3,283) = 11.96, P< 0.0001), whereas P21–

25 KO mice had similar inward rectification patterns as WT

mice (F(3,312) =0.9949, P= 0.3955). The perforated-patch clamp

experiments collectively suggest that auditory cortex L2/3

pyramidal neurons of Fmr1 KO mice undergo dysregulated

developmental transitions in their rectification of evoked

GABAAR currents prior to ear canal opening and have a tendency

toward more hyperpolarized GABAAR reversal potentials during

postnatal development compared with WT mice.

Fmr1 KO Mice Have an Altered Progression of Synaptic
Plasticity at L4-L2/3 Pyramidal Neuron Synapses in the
Auditory Cortex

The experience-dependent plasticity characteristic of critical

periods is linked to lasting forms of synaptic plasticity, such

as LTP (Crair and Malenka 1995; Kirkwood et al. 1995; Citri and

Malenka 2008). Postnatal GABAergic maturation is crucial in

regulating the onset and closure of sensory critical periods (Hen-

sch 2005), with age-dependent increases in inhibition known to

restrict LTP (Jang et al. 2009; Harauzov et al. 2010). Given the var-

ious dysregulations we identified related to synaptic GABAergic

maturation of L2/3 pyramidal neurons, we sought to evaluate

whether Fmr1 KO mice also exhibited alterations in long-term

synaptic plasticity that could contribute to the impaired audi-

tory cortex critical period previously reported in Fmr1 KO mice

(Kim et al. 2013). We analyzed LTP of L2/3 pyramidal neurons

from L4 synaptic input, evaluating ePSCs in the absence of

pharmacological blockers to measure the L2/3 pyramidal neu-

ron’s net ability to potentiate, as it mediates all E–I synaptic

input. This net ability is physiologically relevant given that E–

I levels dynamically change across development to regulate

critical period plasticity, and that cortical inhibition modulates

frequency selectivity of excitatory neurons (Froemke and Jones

2011; Blackwell and Geffen 2017).

In WT mice, L2/3 pyramidal neurons of the auditory cortex

exhibited age-dependent LTP that is synchronized with the

sequence of postnatal maturation of the auditory circuit,

specifically ear canal opening and the start of the auditory

tonotopic critical period (Barkat et al. 2011). Notably, LTP was not

induced in L2/3 pyramidal neurons at P9–10 when the ear canal

is still closed. A potentiated response was initially observed
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soon after pairing at P9–10, but the ePSC response subsequently

decreased, often resulting in a depressed ePSC amplitude

(15 min postpairing: 84.40± 11.87% relative to baseline) (Fig. 8A).

Starting at P12, soon after the ear canal opens and the start of the

auditory cortex critical period, LTP was induced in the L4-L2/3

synaptic circuit (128.29± 5.67%) (Fig. 8B). LTP was still capable

of being induced at the later ages, but there was a gradual

decline in magnitude with age (P15–16: 116.66±4.36%; P21–

26: 110.38± 5.89%). The age-dependent regulation of synaptic

plasticity in WT mice was also observed with changes in the

LTP decay slopes and spread of amplitude responses (Fig. 8E).

P9–10 mice had a sharp decline in decay (linear regression,

slope: −1.43±0.19) with high variability in ePSC response. The

decay slope relatively attenuated at P12 (−0.39± 0.08), and

subsequently increased with age (P15–16: −0.47± 0.05; P21–

25: −0.79± 0.07), with notable decreases in variability across

maturation. These results indicate that in the auditory cortex,

the synaptic plasticity of L4 inputs to L2/3 pyramidal neurons

is timed to maximize LTP immediately after ear canal opening,

which subsequently decreases in its capacity with age.

We further compared the developmental regulation of L4-

L2/3 synaptic plasticity in Fmr1 KO mice. Similar to P9–10 WT

mice, Fmr1 KO mice were unable to readily induce enduring LTP,

with no overall genotype difference when comparing the entire

30 min postpairing period (2-way repeated-measures ANOVA).

However, L2/3 pyramidal neurons in P9–10 KO mice exhibited

significantly increased posttetanic potentiation immediately

following pairing (KO: 195± 18.69% vs. WT: 133.9±16.52%,

unpaired t-test, P= 0.0267) and tended to have attenuated

depression of eEPSC responses following pairing (15 min post-

pairing: 93.44± 12.50% relative to baseline) (Fig. 8A). P12 Fmr1 KO

mice were able to express LTP but exhibited greater variability

in their ePSC responses and their ability to sustain potentiation

(15 min postpairing: 109.35±8.59) compared with their age-

matched WT littermates (Fig. 8B). The significant variability of

ePSCs was also observed prepairing in the average baseline

ePSC responses, with P12 KO mice exhibiting significantly

increased variance in the raw amplitudes compared with WT

mice (Supplementary Fig. 6). Similar to WT mice, LTP was more

reliably maintained at older ages in KO mice with reduced

variability (P15–16: 123.16± 4.23%; P21–25: 109.50± 4.32%).

Compared with the developmental progression of decay

slopes of WT mice, KO mice exhibited a significantly altered

postmaturational sequence, in which, P9–10 KO mice did not

have the steep decay slope seen in WT mice (linear regression,

−0.52± 0.17, P= 0.0004) (Fig. 8F). Fmr1 KO mice had a stronger

decay at P12–13 compared with WT littermates (−0.75± 0.12,

P= 0.0097) and do not exhibit the age-dependent increase

in decay slope values (P15–16: −0.61± 0.07, P= 0.113; P21–25:

−0.12± 0.06, P< 0.0001). Overall, we found that the stabilization

of L2/3 pyramidal neuron synaptic plasticity is developmentally

regulated and that Fmr1 KO mice have an altered regulation

during the early postnatal maturation of the auditory cortex.

Discussion

FXS patients exhibit communication and auditory processing

deficits suggestive of altered auditory cortex development and

function.Although Fmr1KOmice have impaired auditory critical

period plasticity (Kim et al. 2013), mechanisms underlying such

phenotypes are not entirely known. Here, we characterized

auditory intracortical maturation in WT and Fmr1 KO mice,

identifying Fmr1 KO changes in auditory intracortical circuit

excitability accompanied by GABAAR subunit alterations,

inhibitory synaptic maturation dysregulation, and pharmaco-

logical sensitivity differences. We also identified alterations

in the developmental patterning of L4-L2/3 LTP, which occurs

early in Fmr1 KO development. Our studies highlight altered

synaptic GABAergic maturation in the developing Fmr1 KO

auditory cortex (Fig. 9), which contribute to impaired E–I balance

and synaptic plasticity maturation that could manifest as

auditory-related phenotypes in Fmr1 KO mice.

We evaluated the L4-L2/3 auditory cortex circuit, given its role

in tonotopic plasticity and cortical auditory processing (Barkat

et al. 2011; Li et al. 2014; Javitt and Sweet 2015) and character-

ized a progression of excitability in WT mice consistent with

the general excitability maturation patterns in the developing

brain (Rakhade and Jensen 2009; Meng et al. 2020) and E–I

frequency tuning in the rat auditory cortex. Specifically, excita-

tory response to tonal frequency tuning matures to adult levels

by P15, whereas inhibitory response tuning develops around

P25–30 (Dorrn et al. 2010). In WT mice, the most significant

increase in I–O curve excitability occurred at the end of the

critical period (P15–16), while excitability relatively decreased at

P40–45, consistent with delayed inhibitorymaturation. However,

relative to WT development, Fmr1 KOs exhibited dynamic L4-

L2/3 excitability differences, attributable in part to alterations

in GABAergic modulation of excitatory field potentials, namely

with the enhanced depolarizing to hyperpolarizing GABA signal-

ing transition identified by our PTX studies.

We analyzed GABA-mediated maturation of L2/3 pyrami-

dal neurons given that their inhibitory regulation is crucial

in tonotopic frequency processing from L4 and input integra-

tion from other brain regions (Guo et al. 2012; Li et al. 2014;

Meng et al. 2020). Notably, we observed Fmr1 KO differences

at P12, soon after ear canal opening and the start of the WT

critical period. Fmr1 KOs have increased spontaneous network

activity, suggested by the trending increase in sIPSC frequency

without mIPSC changes. We additionally identified defects con-

sistent with the impaired inhibitory control of barrel cortex

L2/3 neurons in Fmr1 KOs (Paluszkiewicz et al. 2011). P12 Fmr1

KO mice have enhanced eIPSC paired-pulse depression, but no

differences in VGAT immunoreactivity, suggestive of presynap-

tic deficits related to GABA vesicle release or calcium influx

that could impair inhibitory regulation of pyramidal neurons

(Wilcox and Dichter 1994; Cea-Del Rio and Huntsman 2014).

Given that fast-spiking inhibitory interneurons distinctly dis-

play short-term depression to repetitive stimulation (Beierlein

et al. 2003), it is likely that our GABAergic deficits relate to the

impaired parvalbumin cell and perineuronal net development

in the Fmr1 KO auditory cortex (Wen et al. 2018).

Wen et al. (2018) reported reduced P14 auditory cortex par-

valbumin cell numbers in Fmr1 KO mice, and we found reduced

P12 GABAAR α3-subunit expression. Surprisingly, there were

no differences in baseline s/mIPSC properties between KO and

WT L2/3 pyramidal neurons. Fmr1 KOs may undergo compen-

satory inhibitory synaptic development, like adaptive mecha-

nisms from homeostatic feedback during circuit development,

and/or compensatory GABAAR subunit incorporation to main-

tain GABAergic signaling (Bosman et al. 2005; Kralic et al. 2006;

Mullins et al. 2016). Despite similar s/mIPSC properties, P12 Fmr1

KO neurons exhibited enhanced ZOLP sensitivity. This suggests

that α1-subunit incorporation may be increased in a small sub-

set of synaptic GABAARs to compensate for decreased α3 expres-

sion in KOs, causing enhanced ZOLP sensitivity but no difference

in baseline decay τ . Interestingly the basolateral amygdala of
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Figure 8. Fmr1 KOmice exhibit an altered progression of L4-L2/3 synaptic plasticity during auditory cortex maturation. (A–D) Top: Representative ePSC traces from L2/3

pyramidal neurons with averaged recordings from baseline (prepairing) and averaged recordings from 15 min postpairing from the auditory cortex of WT and Fmr1

KO mice across development. Bottom: Time course of normalized ePSC amplitude changes in LTP experiments. (A) P9–10 mice fail to exhibit LTP in the L4-L2/3 circuit.

(B–D) LTP is capable of being induced from P12–25. (E,F) Overlay of the averaged decay data (6–30 min postpairing) by genotype. In WT mice, LTP does not occur until

P12, whereby enhancement is attenuated with age (decay slopes increase). Fmr1 KOmice exhibit an altered pattern of LTP synaptic plasticity with increased variability.

P9–10: n=9 cells/7WTmice and 10 cells/7 KOmice. P12–13: n=12 cells/7WTmice and 11 cells/7 KOmice. P15–16: n= 11 cells/8WTmice and 10 cells/6 KOmice. P21–25:

n=10 cells/7 WT mice and 9 cells/7 KO mice.
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Figure 9. Summary of altered GABAergic inhibitorymaturation in the auditory cortex of P12 Fmr1 KOmice. (Left) The depiction of postsynaptic and presynaptic features

of GABA-mediated inhibition in a L2/3 pyramidal neuron of WT mice. (Right) Fmr1 KO mice exhibit dynamic alterations in GABAergic maturation of L2/3 pyramidal

neurons during auditory cortex development. Postsynaptic GABA-mediated differences include altered GABAAR α-subunit regulation that increases pharmacological

sensitivity to ZOLP, and more hyperpolarized EGABA values across development; however, no differences were observed in NKCC1 and KCC2 expression from total

auditory cortex lysates. Fmr1 KO mice at P12–13 also exhibit presynaptic differences with increased spontaneous network activity and impaired L4 presynaptic GABA-

release mechanisms. Such GABAergic maturational alterations disrupt the normal patterning of L4-L2/3 E–I circuit and synaptic plasticity development in the auditory

cortex.

Fmr1 KO mice exhibits dynamic alterations in sIPSC properties

and diminished ZOLP sensitivity across development (Vislay

et al. 2013), indicating region-specific differences in inhibitory

development likely influenced by local cell types and circuitry.

A more comprehensive understanding of inhibitory dys-

regulation in FXS auditory cortex requires the examination

of additional cell types and cortical layer (Kalish et al. 2020).

Evaluating both local inhibitory input and excitatory projections

onto inhibitory interneurons could reveal additional GABA

impairments since Fmr1 KO L4 barrel cortex has deficits in

excitatory drive onto inhibitory neurons (Gibson et al. 2008).

Additionally, Goswami et al. (2019) showed local L2/3 auditory

cortex hyperexcitability in P19–23 Fmr1 KO mice, attributed

to increased intrinsic excitability but not directly measured.

Given our observations of decreased L4-L2/3 excitability in P21–

25 KO mice, intrinsic property characterizations could identify

whether L2/3 hyperexcitability is compensatory for decreased

L4-L2/3 excitability.

Fmr1 KO mice further exhibited EGABA alterations where L2/3

pyramidal neurons were more hyperpolarized across ages with

open ear canals. Although inhibition is important for critical

periods, excessive inhibitory GABAergic transmission could

limit plasticity (Harauzov et al. 2010). Despite this functional

difference, chloride transporter expression, which regulates

EGABA by establishing internal chloride concentrations, was

not altered in auditory cortex lysates. However, the whole

auditory cortical samples used for western blots may not detect

layer or cell-specific alterations in transporter expression that

might cause functional differences (Wang et al. 2002; Rheims

et al. 2008), including KCC2 posttranslational modifications that

modulate EGABA (Lee et al. 2007; Medina et al. 2014). Interestingly,

intracellular chloride concentrations can influence GABAAR

subunit composition by regulating α3 and α1 surface expression,

where lower intracellular chloride levels decrease α3 expression,

thereby increasing α1-mediated currents (Succol et al. 2012).

This is consistent with our EGABA alterations, decreased α3

expression, and increased ZOLP sensitivity in Fmr1 KO mice.

We also identified a previously unreported WT developmen-

tal progression from our auditory cortex eIPSC-EGABA I-V plots.

eIPSCs transitioned from outwardly to inwardly rectifying with

age, similar to the developmental regulation of GABA currents

in rat intrinsic cardiac ganglion neurons that likely provide

additional chloride current-related mechanisms to control neu-

ronal excitability (Fischer et al. 2005). The rectification of eIPSCs

can be regulated by chloride channels and GABAAR subunits

(Verdoorn et al. 1990; Smith et al. 1995; Jensen et al. 2002;

Pavlov et al. 2009). Developmental RNA-editing of GABAAR-α3

renders more α1-like properties that switches I-V plots from

outwardly rectifying to linear (Rula et al. 2008; Nimmich et al.

2009).Meanwhile, Fmr1KOs lacked the outward rectification and

instead resembled older developmental ages, consistent with

our α-subunit expression data. Such rectification differences of

voltage-dependent conductance couldmake pyramidal neurons

more excitable and generate action potentials (Pavlov et al. 2009)

further dysregulating GABAergic inhibition.

The GABAergic regulation of critical periods is related to

the appropriate maturation of depolarizing and hyperpolarizing

GABA, including their timing, kinetics, and magnitudes (Ben-Ari

2002; He et al. 2014; Deidda et al. 2015). Coincident with the

auditory cortex GABA-mediated dysregulation in Fmr1 KOs are

alterations in the developmental profile of synaptic plasticity

of L2/3 pyramidal neurons. WT mice have LTP timed with ear

canal opening, where it cannot be reliably induced at P9–10 but

is capable starting P12, followed by age-dependent declines in

magnitude. This differs from plasticity studies in the mouse

visual cortex, where L2/3 LTP could be induced as early as P8

(Jiang et al. 2007; Li et al. 2017). Meanwhile, P9–10 Fmr1 KOs

had larger immediate posttetanic potentiation and attenuated
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depressed responses postpairing, while P12–13 exhibited high

variability in synaptic responses and ability to sustain poten-

tiation. KO mice also failed to exhibit the clear developmental

decay slope progression of LTP like in WT mice, similar to the

destabilized decay described by Yang et al. (2014). Despite tono-

topic critical period plasticity deficits (Kim et al. 2013), we found

that LTP was still present in the L4-L2/3 Fmr1 KO circuit, but

with the aforementioned moderate abnormalities, suggesting

that greater deficits likely arise from other parts of the circuit,

like thalamocortical synapses. Alterations characterized in this

study may be secondary and consequences of impaired mat-

uration at the earlier stages of intracortical processing. Alter-

natively, other forms of LTP may be dysregulated to a larger

extent, such as mGluR-mediated signaling (Kim et al. 2013;

Yang et al. 2014).

We hypothesize that Fmr1 KO dysregulation of synaptic

GABAergic maturation influences local auditory cortex circuit

excitability and synaptic plasticity. The aberrant GABAergic

regulation is likely not directly caused by FMRP loss and is

rather secondary to the genetic mutation since GABAAR α-

subunits are not direct FMRP targets (Darnell et al. 2011).

Instead, the dysregulation may manifest from hyperexcitability

in developing FXS brains. Across multiple models early-life

seizures increase α1-subunit expression, accelerate GABA polar-

ity switches, and occlude plasticity (Ben-Ari 2002; Galanopoulou

2008; Brooks-Kayal 2011; Sun et al. 2018). Hyperexcitability in

lower stages of the auditory circuit could drive enhanced cortical

excitability to disrupt synaptic maturation and alter auditory

input refinement within the cortex (Li et al. 2014). Fmr1 KOs have

enhanced excitatory connectivity in the auditory brainstem

even prior to hearing onset (Garcia-Pino et al. 2017; Rotschafer

and Cramer 2017), and audiogenic seizures originating from

the inferior colliculus and subcortical regions, suggestive of

hyperexcitable auditory circuits (Gonzalez et al. 2019). The

barrel cortex in KO mice is also hyperexcitable (Contractor et al.

2015), potentially influencing excitability given the integration

of somatosensory and auditory cortex circuitry (Fu et al. 2003).

Altered critical periods are common with E–I imbalance, with

enhanced GAD67 expression causing precocious visual critical

periods in Mecp2-null mice (Krishnan et al. 2015), and early-life

seizures disrupting auditory critical period plasticity inWTmice

(Sun et al. 2018).

In conclusion, our studies extensively characterizeWT devel-

opmental maturational patterns of the L4-L2/3 auditory cortex

circuit, and reveal alterations in synaptic GABAergic matura-

tion in the Fmr1 KO auditory cortex that disrupt the normal

development of L4-L2/3 E–I circuit and synaptic plasticity. Such

differences occur at early ages, causing inappropriate circuit

maturation relative to ear canal opening and sensory input

mediation to impair the auditory cortex critical period. Our find-

ings suggest that a broader modulation of E–I imbalance in early

development may secondarily ameliorate auditory phenotypes

observed in FXS.

Supplementary Material

Supplementary material can be found at Cerebral Cortex online.
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