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Abstract—Fragile X Syndrome (FXS) is a leading genetic cause of autism and intellectual disabilities.
Sensory-processing deficits are common in humans with FXS and an animal model, the Fmr1 knockout (KO)
mouse, manifesting in the auditory system as debilitating hypersensitivity and abnormal electroencephalo-
graphic (EEG) and event-related potential (ERP) phenotypes. FXS is a neurodevelopmental disorder, but how
EEG/ERP phenotypes change during development is unclear. Therefore, we characterized baseline and
stimulus-evoked EEG in auditory and frontal cortex of developing (postnatal day (P) 21 and P30) and adult
(P60) wildtype (WT) and Fmr1 KO mice with the FVB genetic background. We found that baseline gamma-band
power and N1 amplitude of auditory ERP were increased in frontal cortex of Fmr1 KO mice during development
and in adults. Baseline gamma power was increased in auditory cortex at P30. Genotype differences in stimulus-
evoked gamma power were present in both cortical regions, but the direction and strength of the changes were
age-dependent. These findings suggest that cortical deficits are present during early development and may
contribute to sensory-processing deficits in FXS, which in turn may lead to anxiety and delayed language.
Developmental changes in EEG measures indicate that observations at a single time-point during development
are not reflective of FXS disease progression and highlight the need to identify developmental trajectories and
optimal windows for treatment. � 2018 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

Fragile X Syndrome (FXS) is a leading inherited cause of

autism and intellectual disability that affects 1 in 4000

males and 1 in 8000 females (O’Donnell and Warren,

2002). FXS occurs as a result of Fmr1 gene hypermethy-

lation, which leads to inactivation and loss of Fragile X

Mental Retardation Protein (FMRP; Yu et al., 1991).

Symptoms of FXS include social and communication

deficits, repetitive behaviors, sensory hypersensitivity,

seizures and increased anxiety (Hagerman et al., 1986;

Baumgardner et al., 1995; Harris et al., 2008).

Abnormal auditory processing and hypersensitivity are

documented in humans with FXS, through clinical

observations (Miller et al., 1999; Rogers et al., 2003;

Frankland et al., 2004) and EEG recordings (Castrén

et al., 2003; Schneider et al., 2013; Ethridge et al., 2016;

reviewed in Rotschafer and Razak, 2014; Sinclair et al.,

2016). The Fmr1 KO mouse is a well-characterized
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pre-clinical model of FXS. Abnormal auditory processing

and hypersensitivity are also evident in the mouse model

of FXS. For example, audiogenic seizures and abnormal

sensorimotor gating are consistently observed in Fmr1
KO mice (Chen and Toth, 2001; Frankland et al., 2004).

The similar hypersensitivity in humans with FXS and the

mouse model increases the potential for translation rele-

vant therapeutic approaches in FXS using sensory pheno-

types as outcome measures (Rais et al., 2018).

Additionally, sensory-processing circuits may be relatively

more conserved across species compared to those involv-

ing more complex cognitive and social behaviors.

Indeed, studies that examined electrophysiological

responses using EEG recordings in adult/adolescent

humans with FXS and adult Fmr1 KO mice have found

remarkably similar phenotypes. In both humans and

mice, there is reduced habituation of N1 amplitude of

auditory event-related potentials in FXS (human:

Castrén et al., 2003; Van der Molen et al., 2012a, Van

der Molen et al., 2012b; Schneider et al., 2013; Ethridge

et al., 2016, mouse: Lovelace et al., 2016). Altered neural

oscillatory activity is also revealed by baseline and sound-

evoked EEG responses in both humans with FXS and the
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mouse model. Resting EEGs in humans with FXS

showed reduced alpha (8–13 Hz) and increased theta

(4–8 Hz) and gamma (30–80 Hz) power (Van der Molen

and Van der Molen, 2013; Wang et al., 2017). When neu-

ral oscillations are induced with oscillating stimuli,

humans with FXS show reduced inter-trial phase coher-

ence suggesting the inability to produce consistent trial-

by-trial neural oscillations, particularly in the gamma band

(Ethridge et al., 2017). The adult Fmr1 KO mouse also

shows increased baseline EEG gamma power and

reduced inter-trial phase coherence to the same type of

stimulus used in the human study (Sinclair et al., 2017;

Lovelace et al., 2018). Single-unit recordings show that

Fmr1 KO auditory cortical neurons are hyper-

responsive, exhibit variable response latencies, and have

broader tuning curves in response to tonal stimuli

(Rotschafer and Razak 2013). In humans, the increased

gamma-band activity during rest correlated negatively

with performance on adult and adolescent sensory pro-

files (Wang et al., 2017), indicating that altered network

activity may be related to auditory hypersensitivity pheno-

types in FXS. Together, the similar EEG/ERP phenotypes

in humans and mice related to FXS strongly suggest the

use of these measures as biomarkers.

When phenotypes are characterized in adults with

neurodevelopmental disorders, it is relatively difficult to

disentangle direct effects of the genetic disorder from

those that arise because of altered developmental

experience. This can be partly addressed by examining

the phenotypes during development to identify

trajectories of change. Auditory cortex hyperexcitability

and oscillation abnormalities in EEG may be attributed

to altered development of GABAergic

neurotransmission, particularly the development of

parvalbumin (PV)-expressing neurons (Olmos-Serrano

et al., 2010; Wen et al., 2017). Despite the prevalence

of similar physiological abnormalities in humans with

FXS and the mouse model, and known developmental

changes in PV cell function, the developmental trajectory

of EEG/ERP phenotypes in FXS remains unknown.

Therefore, in this study, we characterized developmental

changes in EEG/ERPs in the auditory and frontal cortex

by recording these signals from postnatal day (P)21-24,

P30-35, and adult Fmr1 KO mice. We report that baseline

and evoked EEG abnormalities are already present at

P21 and that a number of phenotypes are either transient

or show changes in direction and strength across the

ages tested.
EXPERIMENTAL PROCEDURES

Mice

Breeding pairs of FVB.129P2-Pde6b
+Tyr c-ch Fmr1tm1Cgr/J (Jax 004624; Fmr1 KO) and their

congenic controls FVB.129P2-Pde6b +Tyr c-ch/AntJ

controls (Jax 002848; WT) were obtained from the

Jackson Laboratory and housed in an accredited

vivarium on a 12-hour light/dark cycle. Food and water

were provided ad libitum and confirmation of genotypes

was conducted using PCR analysis of genomic DNA

isolated from tail clippings. University of California,
Riverside’s Institutional Animal Care and Use

Committee approved all procedures used. Experiments

were conducted in accordance with NIH Guide for the
Care and Use of Laboratory Animals. A total of 86 mice

were used in this study (45 WT and 41 Fmr1 KO mice).

We chose to study the FVB background here because

previous studies have examined the development of

parvalbumin expression, perineuronal nets and single-

unit responses in this strain (Rotschafer and Razak,

2013; Wen et al., 2017). Fmr1 KO mice on FVB and

C57Bl/6 backgrounds show differences in a number of

neurobehavioral tests (Dobkin et al., 2000; Nielsen

et al., 2002; Yan et al., 2004; Spencer et al., 2011;

Reviewed in Kooy et al., 2017), but whether electrophys-

iological measures are different remains unclear. In addi-

tion to novel developmental data, EEG recording from

adult FVB mice provides the opportunity to compare with

published EEG data from the adult C57/Bl6 mouse, which

show robust differences between WT and Fmr1 KO geno-

types (Sinclair et al., 2017; Lovelace et al., 2018). Here

we present new EEG data from 3 age groups of FVB

strain mice. The FVB adult EEG data from this study

can be compared to adult C57/Bl6 data from our previous

study.

We recorded from both the frontal cortex (FC) and the

auditory cortex (AC) in this study to compare with our

previous work (Lovelace et al., 2018). The FC provides

modulating input to the AC, and these connections are

involved in top down control of auditory processing (Fritz

et al., 2010; Winkowski et al., 2017). Indeed, simultane-

ous recordings of local field potentials in FC and AC show

interesting patterns of change in the coherence between

the two regions, which was related to behavior context.

We established the method of recording from both AC

and FC to conduct similar future experiments in mice per-

forming specific trained behaviors. In the present study,

we analyze the responses in these two cortical regions

individually during development.

Surgery

Age-matched (P18-19, P28-30, and P45-80) WT and

Fmr1 KO animals were implanted with screw electrodes

for EEG recordings. For the EEG screw implantation

surgeries, mice were anesthetized with 80 mg/kg

ketamine and 10 mg/kg xylazine, i.p. Dosage was

halved for P18-19 mice, as these animals were more

susceptible to overdose. Toe pinch reflex was monitored

throughout and supplementary doses of ketamine/

xylazine were given as needed. Once mice reached an

areflexive state, a midline incision was made and the

skull was exposed. A Foredom dental drill was used to

drill three holes in right auditory cortex (�1.6 mm,

+5.0 mm), left frontal cortex (+2.6 mm, �1.0 mm), and

left occipital cortex (�3.5 mm, �5.2 mm) (coordinates

relative to Bregma: anterior/posterior, medial/lateral).

Three channel electrode posts (Plastics One, MS333-2-

A-SPC) were attached to 1-mm stainless steel screws

(Plastics One, 8L003905201F) and screws were

advanced into three holes and secured with dental

cement. Postoperative care included topical application

of a triple antibiotic, and two subcutaneous injections of
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0.1 mg/kg buprenorphine (0.05 mg/kg for P18-19 mice),

one immediately after surgery and one 6–10 h after

surgery. After ambulation was restored, individually

housed mice were returned to the vivarium and

monitored daily until day of recordings. Mice were given

between three to five days of post-operative recovery

time and recordings were conducted in P21-P24 (WT

N= 15, KO N= 15), P31-35 (WT N= 17, KO N= 16)

and adult (P50-80) mice (WT N= 13, KO N= 10).

These groups will be referred to as P21, P30 and P60

below. Of the mice studied, resting EEGs were obtained

from 15 WT and 14 KO P21 mice; 17 WT and 16 KO

P30 mice; and 13 WT and 10 KO P60 mice. ERPs were

obtained from 15 WT and 15 KO P21 mice; 15 WT and

12 KO P30 mice; and 13 WT and 10 KO P60 mice.
Acoustic stimulation

Sounds were generated using Real-Time Processor

Visual Design Studio (RPvdsEx) software and delivered

using RZ6 hardware (Tucker Davis Technologies,

Alachua, FL). For auditory ERP recordings, a free-field

speaker (MF-1 speakers, TDT, Alachua, FL) was

mounted �12 inches directly above a custom-made

Faraday cage in which the mouse was placed. The

sound levels of the stimuli were recorded with a ¼ inch

Bruel and Kjaer microphone placed at the floor of the

recording cage and adjusted to be presented at �65–

70 dB SPL (fluctuation of ±3 dB for frequencies

between 5 and 35 kHz). We presented broadband noise

trains (5–40 kHz, 100 ms duration) to record auditory

ERPs in both genotypes across the three age groups.

Each train consisted of 10 repetitions of broadband

noise presented at 0.25-Hz repetition rate, presented

100 times. Inter-train interval was 8 seconds. Each

individual stimulus had a rise/fall time of 5 ms.
Electrophysiology

Mice were habituated for 20 min in an anechoic foam-

lined soundproof chamber (Gretch-Ken Industries Inc.)

and then placed inside the Faraday cage and connected

to the BioPac acquisition system (BIOPAC Systems,

Inc.) through a 3-channel tether threaded through the

center of the Faraday cage. The tether was connected

to a commutator located directly above the Faraday

cage. Mice were habituated to being tethered to the

commutator for an additional 20 min. ERPs evoked by

broadband noise trains were then recorded. At the end

of the recording, 5 min of resting EEG was recorded,

and then mice were returned to the colony and perfused

for histology at a later date. The BioPac MP150

acquisition system was connected to two EEG 100C

amplifier units (one for each channel) to which the

commutator was attached. The lead to the occipital

cortex served as a reference electrode for the frontal

and auditory cortex screws. Acquisition hardware was

set to high-pass (>0.5 Hz) and low-pass (<100 Hz)

filters. Acqknowledge recording software was used to

record EEG activity while mice were awake and freely

moving. Data were sampled at a rate of either 2.5 or
5 kHz via Acqknowledge software and then down-

sampled to 1024 Hz using Analyzer 2.1 (BrainVision Inc.).

Data analysis

EEG traces were extracted from Acqknowledge and

converted to files compatible with Analyzer 2.1. EEG

data were notch filtered at 60 Hz to remove residual line

noise from recordings. Artifact rejection was performed

semi-automatically using Brain Vision Analyzer. Several

criteria were used to search for artifacts including

amplitude, gradient, max–min and low activity. Low

activity was almost always due to padding zeroes at the

end of the data to account for sampling rate. 99% of

artifacts was detected due to large amplitude

fluctuations (set absolute threshold). Gradient and max–

min were less likely to be detected.

Resting EEG analysis. Five minutes of EEG traces

were divided into segments of 1-sec length, and Fast

Fourier Transform (FFT, 0.5 Hz resolution) was

calculated. From the FFT data, average absolute power

(mV/Hz2) in each for the following frequency bands was

computed for each mouse: Delta 1–4 Hz, Theta 4–8 Hz,

Alpha 8–13 Hz, Beta 13–30 Hz, Gamma 30–100 Hz

(55–64 Hz was omitted to account for 60-Hz notch).

Recent studies suggest that gamma rhythms in the 30–

60 Hz band and higher frequency broadband gamma

(>50 Hz) are distinct and generated by different

mechanisms (Dvorak and Fenton, 2014; Balakrishnan

and Pearce 2015). The lower gamma frequency rhythm

may be associated with activity of parvalbumin cells while

the higher gamma frequencies may be related to spiking

activity near the electrodes (Ray and Maunsell 2011;

Buzsáki and Wang 2012). To determine if there were

additional differences in the low- and high-gamma-

frequency bands in our recordings, gamma was further

divided into low- (30–54 Hz) and high-gamma-frequency

bands (64–100 Hz). The spectral bands used are based

on a number of previous studies on FXS in both mice

(e.g., Radwan et al., 2016) and humans (Ethridge et al.,

2016, Wang et al., 2017). The utility of analyzing spectral

bands is related to data that show that different circuit ele-

ments and computations may underlie distinct bands

(Kuki et al., 2015; Chen et al., 2017) and changes in the

power at different bands are related to specific aspects

of cognition.

As movement can alter cortical gain (Niell and Stryker

2010), a piezoelectric transducer was placed under the

EEG recording arena to quantify movement in P21 (WT

N= 15, KO N= 14) and P30 (WT N= 15, KO

N= 11) animals. The first dataset was collected in adult

mice, and we did not record movement data in these

mice. A threshold criterion was established for detection

of movement using the signal from the piezoelectric trans-

ducer and confirmed with video recordings taken during

the entire duration of the EEG recording. To conform to

assumptions necessary for ANOVA, including normality

and homogeneity of variance, a log transform was applied

to resting EEG data and a rank-based Blom transform

was applied to ERP data when violations of assumptions

were detected. A two-way ANOVA (genotype-WT vs.
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KO � frequency band-delta, theta, alpha, beta, gamma)

was used to test for genotype differences at specific ages.

When gamma was split into low and high gamma, the fre-

quency factor consisted of six levels (delta, theta, alpha,

beta, low gamma, high gamma). To test for effects of

movement on differences in resting gamma (low/high),

movement was converted into a binary value (move or

still) and a three-way ANOVA was used (genotype � fre-

quency band �movement). In all cases, p values < 0.05

were considered significant. When interactions were

found and multiple comparisons for ANOVA were made,

data were analyzed on each factor for simple effects

and corrected for using Bonferroni’s adjustments. Post-

hoc analyses were only conducted for age and for geno-

type. For age, three comparisons were made (P21 vs.

P30, P30 vs. P60, P21 vs. P60), so p-values were

adjusted using a divisor of 3.

ERP analysis. After artifact rejection, EEG trains were

divided into 4-second segments based on a TTL pulse

that marked the onset of the sound stimulus. A grand

average ERP was obtained from all stimulus-evoked

responses. P1, N1, and P2 were identified based on

maximal positive or negative deflections in specific time

windows: P1 (10–30 ms), N1 (30–80 ms), and P2 (80–

150 ms). For characterization of developmental

differences in each genotype, a two-way ANOVA was

used (age � frequency band). In all cases, p< 0.05

were considered significant. When interactions were

found and multiple comparisons for ANOVA were made,

data were analyzed on each factor for simple effects

and corrected for using Bonferroni’s adjustments.

In addition to ERP peak amplitude and latency

analysis, stimulus-evoked responses were segmented

into windows of 200 ms before BBN onset to 700 ms

after stimulus onset. The initial 200-ms prestimulus

window was used to calculate baseline corrected

evoked non-phase locked power from 0 to 700 ms after

stimulus onset. Power density (mV2/Hz) was

characterized using Morlet’s wavelets from 1 to 100 Hz

with 1-Hz steps and wavelet parameter of 10. A custom

Matlab script was used to compare stimulus-evoked

power in WT and Fmr1 KO mice. Analysis was

conducted by binning time into 225 parts and frequency

into 100 parts, resulting in a 100 � 225 matrix. Non-

parametric cluster analysis was used to determine

whether contiguous spatiotemporal matrix regions were

significantly different from a distribution of 1000

randomized Monte Carlo permutations (Maris and

Oostenveld, 2007). If the cluster sizes of the real geno-

type assignments were larger than 97.25% of the ran-

domly assigned groups, clusters were considered

significant (two-tailed alpha of p= 0.025). This method

was used to correct for multiple comparisons, and avoids

statistical assumptions about the data.

RESULTS

Resting EEG and auditory ERP from two cortical regions

(auditory and frontal cortex: henceforth, AC and FC,

respectively) were examined at three different ages

(P21-P24, P31-P35 and young adults: henceforth, P21,
P30 and P60, respectively) and in two genotypes (WT

and Fmr1 KO mice) to determine baseline and sound-

evoked neural responses. As previous studies indicate

cortical hyperexcitability and reduced perineuronal net

expression around inhibitory interneurons at P21 (Wen

et al., 2017), we hypothesized that EEGs recorded at this

age would exhibit altered gamma-band activity. P30 was

chosen as a second developmental time point for two

main reasons. First, the mouse auditory cortex is not fully

mature until P30 in terms of response selectivity to com-

plex sounds (Carrasco et al., 2013). Second, a number

of phenotypes in FXS model mice show developmental

fluctuations (reviewed in Meredith et al., 2012). In partic-

ular, both sound-evoked auditory cortex response magni-

tude and dendritic spine densities are relatively normal

�P30, although they are abnormal at younger and older

ages. Therefore, we examined EEGs at P30 as well.

Broadband noise-evoked event-related potentials (ERP)

were recorded to determine whether increased cortical

N1 amplitudes detected in adult Fmr1 KO mice

(Lovelace et al., 2018) are also observed in development.

We first present the analysis of developmental EEG

changes in FC and AC of WT and KO mice separately,

and then compare the two genotypes. The WT mouse

data would be broadly useful across pre-clinical studies

of neurodevelopmental disorders.

Region-specific developmental changes in absolute
resting EEG power in WT and Fmr1 KO mice

Fig. 1 shows samples of resting EEG recordings obtained

from the AC and FC of WT and Fmr1 KO mice at P21 and

P30 (Fig. 1). We quantified absolute EEG spectral power

in AC of normally developing WT mice at P21, P30, and

P60 in the baseline (no stimulus) condition (Fig. 2A1,

A2). There was an effect of frequency: F(5,252)
= 363.620, p< 0.0001, and an effect of age F(2,252)

= 4.570, p< 0.05, but no significant interactions in the

AC with a two-way ANOVA (age � frequency). This

indicates that absolute power varied across frequency

bands as expected (‘1/f’ EEG power profile). In addition,

there was a general increase in power from P21 to P30

(Bonferroni’s test of main effects, P21 vs. P30 p< 0.05)

in AC of WT mice. Power was not different between

P30 and P60 (Bonferroni’s test of main effects, P30 vs.

P60 p> 0.05). This suggests that the circuits

generating baseline neural oscillations at various

frequencies in the auditory cortex become adult-like

between P21 and P30.

Analysis of baseline EEG recordings in FC of WT mice

revealed an effect of age and frequency (Fig. 2B1, B2):

age F(2,252) = 41.879, p< 0.0001; frequency F
(5,252) = 757.617, p< 0.0001. The FC exhibited a

developmental increase in overall absolute power

across frequency bands (Bonferroni’s test of main

effects, P21 vs. P30 p< 0.0001, P21 vs. P60

p< 0.0001; P30 vs. P60 p< 0.0001). There was also a

significant age � frequency interaction: F(10,252)
= 2.769, p< 0.01, indicating that specific frequency

bands exhibited larger developmental changes in

absolute power. This was particularly evident in the low

frequencies (delta and theta bands) in which absolute



Fig. 1. EEG traces recorded fromWT and Fmr1 KO auditory and frontal cortex. (A) Example raw EEG

waveforms recorded from WT (left) and KO (right) auditory and frontal cortex at P21. (B) Example raw

EEG waveforms recorded from WT (left) and KO (right) auditory and frontal cortex at P30.
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power increased between P21 and P60 (Bonferroni’s

multiple comparisons post-test, delta: P21 vs. P30

p< 0.05, P30 vs. P60 p< 0.0001, P21 vs. P60

p< 0.0001; theta: P30 vs. P60 p< 0.01; P21 vs. P60

p< 0.0001). Age-related increases in absolute power

were also evident in the alpha (P21 vs. P60 p< 0.01)

and high-gamma-frequency bands (P30 vs. P60

p< 0.05; P21 vs. P60 p< 0.001).

Developmental changes in absolute EEG spectral

power in Fmr1 KO mice (Fig. 3) exhibited similar trends

to those in WT mice. In AC of Fmr1 KO mice, we

observed an effect of frequency: F(5,222) = 272.458,

p< 0.0001, and age: F(2,222) = 3.293, p< 0.05, but

no interactions (Fig. 3A1, A2). The main effect of age

was attributed to an increase in EEG power from P21 to

P30 (Bonferroni’s test of main effects, P21 vs. P30

p< 0.05). In FC of KO mice, there were main effects of

frequency: F(5,222) = 476.087, p< 0.0001 and age: F
(2,222) = 63.598, p< 0.0001 indicating that FC of KO

mice also exhibits a developmental increase in absolute

power (Fig. 3B1, B2; Bonferroni’s test of main effects,

P21 vs. P30 p< 0.0001, P30 vs. P60 p< 0.0001, P21

vs. P60 p< 0.0001). Moreover, there was a significant

age � frequency interaction: F(10,222) = 4.360,

p< 0.0001, which was driven by age-related changes

in absolute power across almost all frequency bands

(Bonferroni’s multiple comparisons post-test, delta: P21

vs. P30 p< 0.0001, P30 vs. P60 p< 0.001, P21 vs.

P60 p< 0.0001; theta: P21 vs. P30 p< 0.01, P30 vs.
P60 p< 0.01, P21 vs. P60

p< 0.0001; alpha: P21 vs. P60

p< 0.001; beta: P21 vs. P60

p< 0.05; high gamma: P30 vs.

P60 p< 0.01; P21 vs. P60

p< 0.0001). These data suggest

that in both genotypes, the

generators of neural oscillations

in the FC continue to mature well

into young adulthood. In the AC,

responses reach maturity

between P21 and P30, as

suggested based on single-unit

recordings of response selectivity

(Carrasco et al., 2013).
Increased gamma band power is
seen as early as P21 in Fmr1 KO
mice

Increased gamma power has been

observed in adult Fmr1 KO mice in

both AC and FC (Lovelace et al.,

2018). In order to determine

whether similar genotype-specific

differences in spectral power are

present in developing Fmr1 KO

AC and FC, we compared resting

EEG power at P21, P30 and P60

between WT and Fmr1 KO mice.

Absolute power in each frequency

band was divided by the corre-

sponding absolute power in WT
mice and presented as a ratio of WT (Figs. 4, 6 and 8).

A ratio greater than 1 indicates increased power in KO

compared to WT.

In the AC, normalized resting EEG power across all

frequency bands was comparable between Fmr1 KO

and WT mice at P21 (Fig. 4A1-A3). In the FC (Fig. 4B1-

B3), there was an effect of frequency and a trend for an

effect of genotype (genotype F(1,135) = 3.579,

p = 0.061; frequency F(4,135) = 2.929, p< 0.05). This

was likely due to increased gamma band power in Fmr1
KO mouse, as analysis of both low (30–54 Hz)- and

high-gamma (64–100 Hz)-frequency bands indicated a

main effect of genotype: F(1,54) = 7.728, p< 0.01

(Fig. 4B3). These data indicate increased gamma band

baseline EEG power in Fmr1 KO mice in FC, but not

AC, at P21.

As movement can modulate cortical activity (Niell and

Stryker, 2010) and because Fmr1 KO mice are hyperac-

tive (Spencer et al., 2005), we characterized movement-

related changes in resting gamma power. Although P21

WT and Fmr1 KO mice spent a similar amount of time

moving (Fig. 5A; independent samples t-test, p> 0.05),

we characterized power in low- and high-gamma-

frequency bands during periods of non-movement

(Fig. 5B1) and periods of movement (Fig. 5B2). A three-

way ANOVA was conducted to probe for interactions of

movement, genotype, and frequency. A main effect of

genotype, but not movement or frequency, was observed,



Fig. 2. Developmental changes in absolute spectral power of EEG in WT cortex. (A1) Average absolute power (±SEM, dashed lines) in WT

auditory cortex at P21 (black), P30 (blue), and P60 (gray) as a function of frequency. (A2) Average absolute power in delta, theta, alpha, beta, low-

gamma-, and high-gamma-frequency bands, respectively (mean ± SEM). Average absolute power increased from P21 to P30 in WT auditory

cortex. (B1) Average absolute power (±SEM, dashed lines) in WT frontal cortex at P21 (black), P30 (blue), and P60 (gray) as a function of

frequency. (B2) In WT frontal cortex, average absolute power increased with age. Note the ordinate range is different for panels A2 and B2. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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indicating that Fmr1 KO mice exhibited increased power

in low- and high-gamma-frequency bands independent

of movement (three-way ANOVA: genotype F(1,102)

= 27.393, p< 0.0001; movement, p> 0.05; frequency/

low vs. high gamma, p> 0.05; all interactions,

p> 0.05). An additional two-way ANCOVA analysis

was conducted with movement as a covariate. While

movement accounted for �40% of the variance, an effect

of genotype was still observed (two-way ANCOVA: geno-

type F(1,53) = 14.988, p< 0.001; frequency/low vs. high

gamma, p> 0.05; co-variate/movement F(1,53)
= 38.392, p< 0.0001; genotype � frequency/low vs.

high gamma, p< 0.05). Thus, increased gamma power

in the FC of P21 Fmr1 KO mice as compared to WT mice

was independent of any movement-related changes in

gamma band activity.
Increased gamma band power in both AC and FC in
P30 Fmr1 KO mice

At P30, both AC and FC of Fmr1 KO mice showed

enhanced gamma power. In the AC, a significant, main

effect of genotype on gamma-band power was observed

when low- and high-frequency gamma were evaluated

(Fig. 6A1-A3; two-way ANOVA: genotype F(1,62)
= 5.510, p< 0.05; frequency/low vs. high gamma,

p> 0.05; genotype � frequency/low vs. high gamma,

p> 0.05). Increased gamma-band power was also

observed in FC of Fmr1 KO mice (Fig. 6B1-B3;

two-way ANOVA: genotype F(1,62) = 5.29, p< 0.05;

frequency/low vs. high gamma, p> 0.05; genotype �
frequency/low vs. high gamma, p> 0.05).

As both AC and FC exhibited increased gamma power

in Fmr1 KO mice at P30, we again characterized the



Fig. 3. Developmental changes in absolute spectral power in Fmr1 KO cortex. (A1) Average absolute power (±SEM, dashed lines) in Fmr1 KO

auditory cortex at P21 (black), P30 (blue), and P60 (gray) as a function of frequency. (A2) Average absolute power in delta, theta, alpha, beta, low-

gamma-, and high-gamma-frequency bands, respectively (mean ± SEM). Average absolute power increased from P21 to P30 in KO auditory

cortex. (B1) Average absolute power (±SEM, dashed lines) in KO frontal cortex at P21 (black), P30 (blue), and P60 (gray) as a function of

frequency. (B2) Average absolute power in frontal cortex increased with age. Note the ordinate range is different for panels A2 and B2. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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effects of movement on gamma power. At P30, WT and

Fmr1 KO mice also spent a comparable amount of time

moving (Fig. 7A; independent samples t-test, p> 0.05).

In both KO AC (Fig. 7B1, B2) and KO FC (Fig. 7C1,

C2), gamma power was enhanced in gamma frequency

bands, independent of movement (three-way ANOVA

auditory cortex: genotype F(1,94) = 12.017, p< 0.001;

movement p> 0.05; frequency/low vs. high gamma

p> 0.05; all interactions p> 0.05; frontal cortex:

genotype F(1,94) = 8.892, p< 0.01; movement

p> 0.05; frequency/low vs. high gamma, p> 0.05; all

interactions, p> 0.05). When movement was included

as a covariate in a two-way ANCOVA, similar results

were observed (two-way ANCOVA auditory cortex:

genotype F(1,47) = 7.820, p< 0.01; frequency/low vs.

high gamma, p> 0.05; co-variate/movement F(1,47)
= 17.514, p< 0.001; genotype � frequency/low vs.

high gamma, p< 0.05; frontal cortex: genotype F(1,47)
= 4.134, p< 0.05; frequency/low vs. high gamma,

p> 0.05; co-variate/movement F(1,47) = 24.532,

p< 0.0001; genotype � frequency/low vs. high gamma,

p< 0.05). These results indicate that increased gamma

power observed in AC and FC of P30 Fmr1 KO mice is

independent of movement-related changes in gamma.
Increased gamma band power only in FC of young
adult Fmr1 KO mice

Similar to P21, baseline EEG power across all frequency

bands in AC of P60 Fmr1 KO mice was comparable to

P60 WT (Fig. 8A1-A3; two-way ANOVA: genotype

p> 0.05; frequency p> 0.05; genotype � frequency,



Fig. 4. Comparison of EEG power between WT and Fmr1 KO cortex at P21 shows enhanced gamma power in frontal cortex. (A1) Average

absolute EEG power in P21 Fmr1 KO auditory cortex divided by the average absolute power in P21 WT auditory cortex. The ordinate is the ratio

between KO and WT power with value = 1 indicating identical power and values > 1 indicating more power in the KO mouse. (A2) Normalized

power in auditory cortex across all frequency bands. Power across all frequency bands in Fmr1 KO auditory cortex was comparable to WT. (A3)

Absolute power in low- and high-gamma-frequency bands was comparable in WT and Fmr1 KO auditory cortex. (B1) Absolute EEG power in P21

Fmr1 KO frontal cortex normalized to average absolute power in P21 WT frontal cortex. (B2) In frontal cortex, power across all frequency bands in

Fmr1 KO frontal cortex was comparable to WT. (B3) When gamma band power was divided into low (30–54 Hz)- and high (64–100 Hz)-frequency

bands, an increase in gamma power was observed in the Fmr1 KO mouse compared to WT.

Fig. 5. Enhanced gamma in FC at P21 was independent of mouse movement. (A) Movement of the mouse was sensed using a piezoelectric crystal

placed under the cage. The percentage of time spent moving was not significantly different between WT and Fmr1 KO mice. (B) EEG recordings

were separated between ‘non-move’ (B1) and ‘move’ (B2) according to movement state. Power was higher in low- and high-gamma-frequency

bands in Fmr1 KO FC independent of movement state.
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Fig. 6. Enhanced gamma power in Fmr1 KO mice was seen at P30 in both auditory and frontal cortex. (A1) Absolute EEG power in P30 Fmr1 KO

auditory cortex normalized to average absolute power in WT auditory cortex. (A2) Normalized power in P30 auditory cortex across all frequency

bands was comparable between WT and Fmr1 KO. (A3) When gamma band power was separated into low-gamma- and high-gamma-frequency

bands, there was increased gamma in both high- and low-frequency bands. (B1) Absolute EEG power in P30 WT Fmr1 KO frontal cortex normalized

to average absolute power in WT frontal cortex. (B2) Normalized power in P30 frontal cortex across all frequency bands was comparable between

WT and Fmr1 KO. (B3) When gamma band power was separated into low-gamma- and high-gamma-frequency bands, there was increased gamma

in both high- and low-frequency bands.
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p> 0.05). In contrast, gamma power was enhanced in

FC of P60 KO mice (Fig. 8B1-B3; two-way ANOVA:

genotype F(1,42) = 5.259, p< 0.05; frequency/low vs.

high gamma, p> 0.05; genotype � frequency/low vs.

high gamma, p> 0.05), similar to P21 and P30 Fmr1
KO mice. Movement data were not recorded for the

adult mice, and therefore movement-related analyses

were not conducted. In summary, these results indicate

that enhanced gamma power in the Fmr1 KO mouse

FC is observed both in developing and adult Fmr1 KO

mice. Genotype differences in gamma power in the AC

were only observed at P30.
Developmental changes in auditory ERP in WT and
Fmr1 KO cortex

To determine whether the developing Fmr1 KO mice

show altered ERP latency and amplitude, we measured

ERPs to a 100-ms broadband noise stimulus. The grand

average ERP waveforms were plotted for WT and Fmr1
KO mice at P21 (Fig. 9A1, B1), P30 (Fig. 9A2, B2), and

P60 (Fig. 9A3, B3). Peak amplitude and peak latency

were measured from individual animal average
waveforms and resultant grand average amplitude

(Fig. 9C1-C3, D1-D3) and latency (Fig. 10) were used

to characterize genotype and age effects.

For N1 amplitude, there was a significant, main effect

of age in both AC (Fig. 9C2; two-way ANOVA: age F
(2,74) = 10.858, p< 0.0001; genotype, p> 0.05) and

FC (Fig. 9D2; two-way ANOVA: age F(2,74) = 4.102,

p< 0.05; genotype F(1,74) = 11.989, p< 0.001),

indicating that N1 amplitude increases with age (N1

becomes more negative) (Bonferroni’s test of main

effects, auditory cortex: P21 vs. P60 p< 0.0001, P30

vs. P60 p< 0.05; frontal cortex: P21 vs. P60 p< 0.05).

A main effect of genotype was also observed, but only

in FC, suggesting that N1 amplitude is larger in FC of

Fmr1 KO compared to WT throughout development.

There were no age- or genotype-related changes in

either P1 or P2 amplitude (Fig. 9C1, D1, C3, D3).

Developmental changes in ERP latency were not

observed in AC of WT or Fmr1 KO mice. In the FC,

however, N1 latency decreased with age (Fig. 10B2;

two-way ANOVA: age F(2,74) = 3.256, p< 0.05;

Bonferroni’s test of main effects, P30 vs. P60 p< 0.05).

The N1 latency was longer in the AC of Fmr1 KO mice



Fig. 7. Enhanced gamma in both auditory and frontal cortex at P30 was independent of mouse movement. (A) The percentage of time spent

moving was not significantly different between WT and Fmr1 KO mice. (B1, B2) Power was increased in low- and high-gamma-frequency bands in

Fmr1 KO auditory cortex independent of movement state. (C1, C2) Power was increased in low- and high-gamma-frequency bands in Fmr1 KO

frontal cortex independent of movement state.
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at P60 (Fig. 10A2; genotype � age F(2,70) = 3.305,

p< 0.05; P60 WT vs. KO p< 0.05). Genotype

differences were not observed for P1 or P2. In

summary, N1 amplitude in FC was larger across age

groups in Fmr1 KO mice compared to WT. N1 latency

was longer in the KO at P60 and latencies of the N1

component decreased with age in the FC across both

genotypes.

As non-phase locked power during auditory stimulus

presentation is increased in humans with FXS (Ethridge

et al., 2016), we determined whether a similar phenotype

is observed developmentally in Fmr1 KOmice by quantify-

ing responses to broadband noise (Fig. 11). In the AC of

P21 Fmr1 KO mice, increased non-phase locked power

was most robust in the gamma frequency band following

stimulus presentation (Fig. 11A1, A4). However, at P30,

non-phase locked gamma power was significantly reduced

in Fmr1 KOmice compared toWTmice (Fig. 11A2, A5). In

adult AC, non-phase locked power was comparable

between WT and KO mice (Fig. 11A3, A6) similar to the

data from adult C57/Bl6 mice (Sinclair et al., 2017).

Developmental changes in the direction and strength

of genotype differences in non-phase locked gamma
power were also observed in FC. Gamma-band power

was increased in FC of P21 Fmr1 KO mice following

stimulus onset (Fig. 11B1, B4). In contrast, gamma

power was reduced in FC of P30 Fmr1 KO mice as

seen in the AC (Fig. 11B2, B5). Interestingly, unlike AC,

adult FC in Fmr1 KO mice exhibited a rather robust

increase in gamma frequency power (Fig. 11B3, B6).

The increase in non-phase locked gamma power in

adult FC of Fmr1 KO mice continued well after stimulus

offset. Together, the EEG/ERP analyses revealed

complex and spatially (AC vs. FC) distinct

developmental trajectories of EEG/ERP phenotypes in

the Fmr1 KO mice.
DISCUSSION

This study identified region (AC and FC)-, genotype (WT

and Fmr1 KO mice)- and age (P21, P30 and P60)-specific

differences in resting cortical oscillatory activity and

stimulus-evoked responses. Resting gamma power was

elevated in FC of Fmr1 KO mice at P21, P30, and P60,

whereas AC showed an increase in resting gamma

power only at P30. Larger N1 amplitude was observed



Fig. 8. Comparison of EEG power between adult WT and Fmr1 KO cortex shows enhanced gamma power in the frontal cortex. (A1) Absolute EEG

power in Fmr1 KO auditory cortex normalized to average absolute power in WT auditory cortex. (A2) Normalized power in P30 auditory cortex

across all frequency bands was comparable between WT and Fmr1 KO. (A3) Power in low- and high-gamma-frequency bands was comparable

between WT and Fmr1 KO auditory cortex. (B1) Absolute EEG power in Fmr1 KO frontal cortex normalized to average absolute power in WT frontal

cortex. (B2) Normalized power in frontal cortex was not different between WT and Fmr1 KO. (B3) When gamma was divided into low- and high-

gamma-frequency bands, there was increased gamma power in Fmr1 KO frontal cortex.
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across development in FC of Fmr1 KO mice, but no

genotype differences were present in the AC. Genotype

differences in stimulus-evoked non-phase locked

gamma power varied both developmentally and

spatially. In the AC, stimulus-evoked gamma power was

enhanced in the KO mouse at P21, was significantly

reduced at P30 and showed no genotype difference at

P60. In FC, stimulus-evoked gamma power was

increased at P21 and P60, but was reduced at P30 in

KO mice compared to WT mice. These data indicate

that considerable physiological differences are already

detectable at P21 in Fmr1 KO mice. Auditory

hypersensitivity seen in adults and adolescents with

FXS may be driven by abnormal cortical responses and

network oscillatory activity during development.

Observations made about a FXS phenotype at a single

time point may not accurately reflect the dynamic

changes and the potential compensatory mechanisms

that may be recruited in the face of reduced FMRP in

FXS brain development. To better understand the

pathophysiology of FXS, these results argue for

increased characterization of developmental trajectories

of FMRP-related functions and FXS-associated

phenotypes (Berry-Kravis et al., 2018; Hoeft et al., 2010).
Maturation of EEG/ERP responses in auditory and
frontal cortex of mice

The WT mouse data provide insights into normal age-

specific changes in EEG/ERP characteristics in AC

and FC of mice. The baseline EEG profile in the

auditory cortex is adult-like by at least P30. The

timeline for EEG maturation in other sensory cortices

varies. In mouse visual cortex, the baseline power

spectral density profile is largely mature by P12-14

(Shen and Colonnese, 2016). Developmental EEG data

from rat somatosensory cortex (Devonshire et al., 2015;

Chang et al., 2016) indicates maturation at or around

P21. These results lead to the conclusion that sensory

cortical generators of baseline neural oscillations are

largely mature at or before P30. However, adult-like pat-

tern of spectral power in baseline EEG, particularly in

low-frequency bands (delta, theta), matured more slowly

in the frontal cortex. Compared to baseline EEG, audi-

tory ERP amplitudes and latencies showed similar

developmental patterns in both AC and FC. ERP N1

amplitudes, but not P1 or P2 amplitudes, increased with

age in both AC and FC, and N1 latency decreased with

age in FC.



Fig. 9. Development of auditory ERPs in auditory and frontal cortex of WT and Fmr1 KO mice. (A-B) Grand average ERPs obtained from P21, P30,

and P60 WT (black) and Fmr1 KO (red) mouse auditory cortex (A1, A2, A3) and frontal cortex (B1, B2, B3) in response to 100-ms broadband noise

presented at 0.25-Hz repetition rate. P1, N1, and P2 were defined as maximum or minimum voltage deflections within 0–30 ms, 30–80 ms, or 80–

150 ms, respectively. (C-D) Quantification of ERP amplitudes in auditory (C1, C2, C3) and frontal (D1, D2, D3) cortex of WT (white) and Fmr1 KO

(black) mice. There was a developmental increase in N1 amplitude in auditory cortex (C2). Larger N1 amplitudes were seen in frontal cortex of Fmr1
KO mice (D2). Age- and genotype-related differences were not observed for P1 (C1, D1) and P2 (C3, D3). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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The developmental increase in N1 amplitude (more

negative) in WT mice is similar to that observed in

humans (Ponton et al., 2000; Ponton et al., 2002) and in

other rodent studies (Iwasa and Potsic, 1982; Shen and

Colonnese, 2016). An age-related decrease in N1 latency

was observed in the present study, and this is also similar

to previous studies (Ponton et al., 2000; Ponton et al.,

2002; Iwasa and Potsic, 1982; Shen and Colonnese,

2016). However, P1 and P2 latencies were mature at

P21 in both regions in the mouse. The relatively modest

changes in ERP latencies in WT mice are in contrast to

those observed in humans (Ponton et al., 2000; Ponton

et al., 2002), reflecting likely species differences in devel-

opment of myelination. In summary, the mouse baseline

EEG data suggests slower maturation of neural oscilla-

tions in FC compared to AC, consistent with anatomical

markers of cortical maturation (Gogtay et al., 2004;
Deoni et al., 2015; Sowell et al., 1999). In terms of ERP

amplitude and latency, both AC and FC show similar tra-

jectories of maturation.
Development of genotype differences in baseline
EEG and auditory ERP

Developmental changes in genotype differences in

EEG/ERP measures were observed (e.g., Fig. 11).

Some of the changes were seen only transiently (e.g.,

P30 AC resting gamma increase). The non-phase

locked sound-evoked gamma power was robustly

increased in both AC and FC of the KO mouse at P21.

However, by P30, these differences were reversed in

direction. In adults, there was no genotype difference in

AC, but the power was robustly enhanced in KO FC. An

intriguing aspect of adult Fmr1 KO FC data is that such



Fig. 10. Developmental and genotype differences in auditory ERP latencies. P1 (A1), N1 (A2), and P2 (A3) latencies from ERP waveforms evoked

in in WT (white) and Fmr1 KO (black) auditory cortex. N1 latency was increased in adult Fmr1 KO auditory cortex. P1 and P2 latencies were not

different across development or genotype. P1 (B1), N1 (B2), and P2 (B3) latencies from ERP waveforms evoked in in WT (white) and Fmr1 KO

(black) frontal cortex. There was an age-related decrease in N1 latency in frontal cortex in both WT and Fmr1 KO mice
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increased power was sustained well after the sound offset

and showed periodicities reminiscent of data reported in

rat visual cortex around eye opening (Colonnese et al.,

2010). The mechanisms underlying the slow modulations

of such long duration responses remain unclear in the

adult Fmr1 KO FC, but future studies on cross-

frequency coupling of EEG signals within and across

areas will provide insights (Radwan et al., 2016).

Such developmental fluctuations and transient

changes in cellular and physiological phenotypes appear

to be the rule rather than the exception in FXS

(reviewed in Meredith et al., 2012; Meredith 2015). For

instance, altered synaptic connectivity and spine morphol-

ogy in Fmr1 KO mouse somatosensory cortex only

appear transiently during development. In the hippocam-

pus, spine length is increased at P10, decreased at P30

and normal at P40 in KO compared to WT mice. Neural

connectivity patterns in KO frontal cortex are abnormal

between P12-21, but normal in adults. Single-unit

responses to sounds are increased in the auditory cortex

of Fmr1 KO mice at P21 and adults, but not at P14 and

P30 (Rotschafer and Razak, 2013; Wen et al., 2017). In

visual cortex of Fmr1 KO rats, there is evidence for

hypo-excitability before eye-opening (P8-11), followed

by normal development of visual responses, and then

later onset of neuronal hyperexcitability by P19-24

(Berzhanskaya et al., 2016). Transient changes that

occur during critical developmental plasticity windows

(Dölen et al., 2007; Kim et al., 2013) can induce compen-

satory mechanisms that can be abnormally stabilized into

adulthood. Therefore, the outcomes measured at different

ages are likely a result of both direct effect of the genetic

mutation and the effects of the system compensating

(e.g., homeostatic plasticity) for abnormal input patterns

and processing. Future studies that delete or re-express

FMRP at specific time points (Siegel et al., 2017) are
needed to determine how the absence of FMRP influ-

ences disease progression at various time points. It is

also critical to study the developmental changes in FMRP

levels and target proteins in the auditory cortex to reveal

putative relationships between specific molecular path-

ways and physiological outputs. These studies have con-

siderable implications in terms of optimal treatment

windows in clinical trials and utility of potential gene reac-

tivation in adults (Liu et al., 2018).
Mouse background strain differences in EEG/ERP
phenotypes

Together with published work, this study facilitates a

comparison of background strain effects on EEG

phenotypes in adult Fmr1 KO mice (C57Bl6 versus

FVB, summarized in Table 1). Specifically, adult Fmr1

KO mice on the C57Bl6 background show robust

deficits in gamma power in both the AC and FC

(Lovelace et al., 2018). However, enhanced baseline

gamma power was observed only in the FC of the adult

FVB KO mice. The C57Bl6 and FVB mice were similar

in terms of enhanced N1 amplitudes in the FC. Neither

strain showed a significant difference in N1 amplitude in

the AC. The lack of a genotype difference in non-phase

locked gamma power in adult AC is similar in FVB mice

(this study) and the C57Bl6 mice (Sinclair et al., 2017).

Strain differences in behavioral phenotypes have been

reported in Fmr1 KO mice on the C57Bl6 vs. FVB back-

grounds (Dobkin et al., 2000; Nielsen et al., 2002; Yan

et al., 2004; Spencer et al., 2011; Reviewed in Kooy

et al., 2017). An extensive study by Spencer and col-

leagues comparing the effect of Fmr1 KO in C57Bl6 and

a number of F1 hybrid lines demonstrated that congenic

C57Bl6 Fmr1 KO mice exhibited anxiety-like phenotypes

and impaired sociability, as measured by performance in



Fig. 11. Non-phase locked gamma power in ERP is altered in developing and adult Fmr1 KO mice. WT and KO differences in non-phase locked

gamma power in AC (A) and FC (B). Warmer colors indicate increased power in KO compared to WT. Cooler colors indicate reduced power in KO

compared to WT. In P21 AC (A1, A4) and FC (B1, B4) of KO mice, non-phase locked power was significantly increased in the gamma frequency

range. At P30, both KO AC (A2, A5) and KO FC (B2, B5) exhibited reduced non-phase locked power in the gamma frequency range. At P60, non-

phase locked power in the gamma frequency range was increased in KO FC (B3, B6). Black contours indicate clusters which are significantly

different between WT and KO.
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a light–dark box and social interaction tests (Spencer

et al., 2011). Interestingly, these behaviors appeared nor-

mal in C57Bl6/FVB hybrid Fmr1 KO mice. Congenic

C57Bl6 KO mice also exhibit reduced prepulse inhibition,

which is normal in C57Bl6/FVB hybrid Fmr1 KO mice

(Nielsen et al., 2002). While these findings may indicate

attenuated behavioral phenotypes in FVB KO mice, other
studies indicate that Fmr1 KO mice on the FVB back-

ground exhibit impaired cross water maze learning, which

is not impaired in C57Bl6 KO mice (Dobkin et al., 2000).

Comparison of acoustic startle responses indicates that

both C57Bl6 KO and FVB KO mice have decreased

startle responses at particularly loud startle intensities

compared to WT, mice, while startle responses in



Table 1. Summary of strain-specific changes in EEG/ERP measures in

adults

MOUSE

STRAIN

Age Fmr1 KO AC Fmr1 KO FC

C57/Bl6 P21-24 ? ?

C57/Bl6 P28-34 ? ?

C57/Bl6 Adult " baseline gamma " baseline gamma

" N1 amplitude

FVB P21-24 " non-phase locked

gamma

" baseline gamma

" N1 amplitude

" non-phase locked

gamma

FVB P28-34 " baseline gamma

; non-phase locked

gamma

" baseline gamma

" N1 amplitude

; non-phase locked

gamma

FVB Adult " N1 latency " baseline gamma

" N1 amplitude

" ongoing non-phase

locked gamma

Developmental studies have not been conducted in Fmr1 KO mice on the C57/

Bl6 background.
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C57/Bl6/FVB hybrid KOs are not different from hybrid

controls (Chen and Toth 2001; Nielsen et al., 2002;

Frankland et al., 2004). Both strains are susceptible to

audiogenic seizures (Yan et al., 2004). Whether the

EEG phenotypes observed in FVB and C57 Fmr1 KO

mice may be utilized to predict severity of specific behav-

ioral phenotypes remains to be studied. However, strain

differences in phenotypes could potentially be used to

model stratification of human population according to

EEG patterns and identify differential sensitivity to various

therapeutic options.

Methodological issues

The WT and Fmr1 KO mice compared in this study were

not littermates, and therefore an important caveat is that

the findings presented may be attributed to either loss

of the Fmr1 gene or indirect effects such as differences

in maternal care. We have conducted littermate studies

in the adult C57/Bl6 mice recently (Lovelace et al., in

preparation) and compared to our previous adult

C57/Bl6 data (Lovelace et al., 2018), which did not use lit-

termates. The results were essentially identical strongly

suggesting the phenotypes observed are a result of the

Fmr1 knock out, and not due to potentially different mater-

nal effects. The gamma deficits we report are consistent

across multiple studies regardless of whether (Boone

et al., 2018; Dasilva et al., 2018) or not littermate

(Sinclair et al., 2017, our studies) controls were used.

Functional implications and potential mechanisms

The larger ERP N1 amplitudes and non-phase locked

sound-evoked power seen in FXS adults and

adolescents (Castrén et al., 2003; Van der Molen et al.,

2012a; Schneider et al., 2013; Ethridge et al., 2016) are

also observed in Fmr1 KO mice across development (this

study). ERP development in FXS patients has not been
studied. Enhanced stimulus-evoked response magni-

tudes and increased neural synchrony have been previ-

ously characterized in cortex of both developing and

adult Fmr1 KO mice (Gibson et al., 2008; Gonçalves

et al., 2013, Arnett et al., 2014; Zhang et al., 2014;

Lovelace et al., 2016; Wen et al., 2017; Knoth et al.,

2014). These findings, in conjunction with increased rest-

ing gamma and spontaneous UP states, indicate that a

greater number of neurons in Fmr1 KO mice fire syn-

chronously to sensory stimuli (Reviewed in Contractor

et al., 2015). For example, in mature KO somatosensory

cortex, a larger cortical area is activated when whiskers

are stimulated (Arnett et al., 2014; Zhang et al., 2014).

In the mature KO auditory cortex, neurons show broader

frequency-tuning curves (Rotschafer and Razak 2013).

This would cause more neurons to be activated syn-

chronously for any single sound generating larger evoked

responses.

Altered baseline and evoked gamma power were

observed during development in the AC. The aberrant

gamma responses in the EEG signals may reflect

abnormal development and function of parvalbumin

(PV)-expressing GABAergic interneurons in the Fmr1
KO mouse cortex. PV neurons play a pivotal role in the

generation of gamma oscillations (Sohal et al., 2009;

Chen et al., 2017). In the somatosensory cortex of Fmr1
KO mice, the excitatory drive to PV neurons is reduced,

thereby reducing circuit level inhibition (Gibson et al.,

2008). PV neuron development is delayed in both AC

and somatosensory cortex (Wen et al., 2017; Nomura

et al., 2017). In the AC, there is a reduction in perineu-

ronal net expression around PV neurons at P21 (Wen

et al., 2017). Because PV neuron excitability is reduced

when PNN is absent (Balmer et al., 2009; Lensjø et al.,

2017), this delay will also lead to reduction in inhibition

in the cortical microcircuit. The loss of PNN was linked

to increased activity of matrix-metalloproteinase-9

(MMP-9), an endopeptidase that cleaves extracellular

matrix components. MMP-9 is an FMRP translational tar-

get and is elevated throughout development in the audi-

tory cortex of Fmr1 KO mice (Janusz et al., 2013; Wen

et al., 2017). These data together strongly argue that

the hyperexcitability revealed by electrophysiological

recordings in the AC may be due to reduced inhibition

mediated through PV-expressing interneurons.

Increased resting gamma is a robust EEG phenotype,

evident in both developing and adult Fmr1 KO mice,

across mouse strains (C57Bl6 and FVB) and is also

observed in humans with FXS (Wang et al., 2017).

Increased gamma power has also been observed in the

Fmr1 KO rat model (Berzhanskaya et al., 2017). Studies

in visual processing and perceptual organization suggest

that the highly synchronous network activity which drives

gammaoscillations contributes to ‘temporal binding’, which

enables local cortical networks encoding different features

to be combined in order to form perception of the entire

object (Reviewed in Brock et al., 2002; Reviewed in

Jensen et al., 2007). If baseline gamma is already high, ele-

vated levels of synchronous firing would contribute to

increased excitatory drive in the cortex, resulting in modu-

lation of gain, neuronal hyperexcitability, and larger
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stimulus-evoked N1 (Reviewed in Jensen et al., 2007),

whichmay disrupt normal perceptual organization and lead

to sensory hypersensitivity in FXS (Kogan et al., 2004a,

Kogan et al., 2004b; Rogers et al., 2003; Reviewed in

Bertone et al., 2010). Additionally, because levels of atten-

tion are correlated with gamma power (Bauer et al., 2006;

Gregoriou et al., 2009), altered gamma oscillations may

underlie impaired attention and executive function in FXS

(Cornish et al., 2004). Whether these cortical EEG pheno-

types are sufficient to evaluate perceptual, attention, and

language deficits in FXS remains to be tested. However,

recent studies in humans and rodents have demonstrated

that the magnitude of cortical EEG deficits correlates with

severity of behavioral abnormalities, including social and

communication deficits and sensory hypersensitivity

(Wang et al., 2017; Sinclair et al., 2017). These significant

correlations between behaviorally relevant phenotypes in

FXS patients and specific EEG deficits strongly support

the feasibility of defining EEGbiomarkers that will be useful

for evaluating the efficacy of interventional strategies in

FXS.

In conclusion, this study reveals multiple EEG

alterations in the cortex of developing Fmr1 KO mice.

The presence of abnormal EEG signals as early as P21

suggests that correction of FXS phenotypes will need to

be done earlier in development to prevent cortical circuit

maturation abnormalities. Indeed, drug treatments in

young Fmr1 KO mice have long-lasting benefits for

anxiolytic behavior (Dansie et al., 2013) and immature

dendritic spines (Su et al., 2011) in rodents. Future exper-

iments, which test the therapeutic efficacy of treatments

during early development on EEG/ERP measures in

adults, will determine whether long-term benefits arise.

Studies that examine effects of deleting FMRP at specific

developmental windows are also critical.
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