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Abstract
Background
Autism spectrum disorders (ASD) encompass a wide array of debilitating symptoms, including sensory dysfunction and delayed language development. Auditory temporal processing is crucial for speech perception and language development. Abnormal development of temporal processing may account for the language impairments associated with ASD. Very little is known about the development of temporal processing in any animal model of ASD.

Methods
In the current study, we quantify auditory temporal processing throughout development in the Fmr1 knock-out (KO) mouse model of Fragile X Syndrome (FXS), a leading genetic cause of intellectual disability and ASD-associated behaviors. Using epidural electrodes in awake and freely moving wildtype (WT) and KO mice, we recorded auditory event related potentials (ERP) and auditory temporal processing with a gap-in-noise auditory steady state response (gap-ASSR) paradigm. Mice were recorded at three different ages in a cross sectional design: postnatal (p)21, p30 and p60. Recordings were obtained from both auditory and frontal cortices. The gap-ASSR requires underlying neural generators to synchronize responses to gaps of different widths embedded in noise, providing an objective measure of temporal processing across genotypes and age groups.

Results
We present evidence that the frontal, but not auditory, cortex shows significant temporal processing deficits at p21 and p30, with poor ability to phase lock to rapid gaps in noise. Temporal processing was similar in both genotypes in adult mice. ERP amplitudes were larger in Fmr1 KO mice in both auditory and frontal cortex, consistent with ERP data in humans with FXS.

Conclusions
These data indicate cortical region-specific delays in temporal processing development in Fmr1 KO mice. Developmental delays in the ability of frontal cortex to follow rapid changes in sounds may shape language delays in FXS, and more broadly in ASD.
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Background/Introduction
Auditory temporal and spectral modulation cues shape speech recognition [1, 2].  The ability to discriminate temporal fine structure is critical for speech processing [3], and the ability to encode subtle differences in temporal modulations is present from a very young age in humans [4]. The inability of the auditory system to process rapidly changing acoustic input during development may disrupt perception of speech, phonological processing and cause language impairments [5]. Temporal processing acuity in infancy predicts language development in ~ 2 yr old children [6]. Abnormal sensory processing and language development is consistently reported in children with autism spectrum disorders (ASD) [7–11]. Individuals with ASD show deficits in detection of sound duration, onset and offset, and rapid changes in spectrotemporal properties [12–16]. Children with ASD show difficulties reproducing the lengths of auditory stimuli, and both children and adults with ASD produce abnormal neural responses to fluctuations in pitch of repeated, sequential auditory stimuli [17–19]. Increased gap-detection thresholds, a paradigm commonly used to assess auditory temporal processing, are seen in humans with ASD. Notably, impaired gap detection thresholds in children were associated with lower phonological processing scores [8]. These studies in humans provide support for the hypothesis that auditory temporal processing deficits may shape abnormal speech and language function in ASD. A link between abnormal temporal processing and developmental dyslexia has also been proposed, suggesting broader consequences in development [20].
While speech and language function cannot be directly studied in animal models, temporal processing can be quantified. However, the developmental trajectory and underlying neural mechanisms of temporal processing deficits in neurodevelopmental disorders remain unclear and would require a translation-relevant animal model. Identifying when temporal processing deficits arise is critical for determining optimal treatment windows for potential therapeutic tests in pre-clinical models and in clinical studies. Here we present a novel method to assess rapid gap-in-noise temporal processing using EEG recordings in an ASD model mouse, which can be translated relatively easily to humans, and we show robust cortical region-specific developmental delays in auditory temporal processing.
Fragile X syndrome (FXS) is a leading cause of inherited intellectual deficits and ASD-associated behaviors such as repetitive behaviors, sensory, cognitive and social impairments [21–25]. Humans with FXS show speech deficits and language impairments [7, 26–29]. FXS affects up to 1 in 4000/7000 male/female individuals, respectively, and results from the silencing of the Fragile X Messenger Ribonucleoprotein (Fmr1) gene on the X chromosome [30, 31]. This leads to a partial or complete loss of the Fragile X Messenger Ribonucleoprotein (FMRP) and consequent alterations in synaptic development and plasticity in the brain [32, 33]. Clinical, behavioral and electrophysiological studies have demonstrated sensory hypersensitivity in humans with FXS across multiple domains [25, 34–38].
Sensory hypersensitivity is also consistently seen in the Fmr1 KO mouse model of FXS [39–42]. Notably, Fmr1 KO mice display abnormal responses to auditory stimuli similar to humans, providing a translational platform to study developmental profiles and neural mechanisms of sensory circuit pathophysiology [43]. EEG recordings from humans with FXS show altered cortical oscillatory activity that may result in sensory hypersensitivity [44]. More specifically, increased broadband gamma frequency power was seen in humans with FXS compared to healthy controls [31]. When time-varying auditory stimuli were used, there was a deficit in narrowband (~ 40 Hz) evoked gamma synchronization. There is also enhanced amplitude and reduced habituation of auditory ERPs in humans with FXS [45]. These results suggest elevated baseline cortical activity in FXS that disrupts the ability of cortical generators to synchronize their oscillations to dynamic stimuli. Enhanced responses to repeated stimuli also indicate elevated ongoing cortical activity. Similar EEG phenotypes are seen in the Fmr1 KO mice: elevated broadband gamma power, reduced narrowband gamma synchronization and increased cortical responses to repeated stimuli have been identified in Fmr1 KO mice [42, 46–49]. Taken together, the similarities in sensory hypersensitivity behaviors and in EEG phenotypes across humans and mice indicates that the Fmr1 KO mouse is a useful model to address sensory dysfunction in FXS.
Developmental abnormalities in cell size and expression of synaptic markers are seen in the auditory brainstem of the Fmr1 KO mice, a region strongly implicated in high resolution temporal processing [50]. This suggests that auditory temporal processing abnormalities may emerge early in development. However, the development of temporal processing has not been studied in the Fmr1 KO mice, or indeed in any animal model of ASD. The current study tested the hypothesis that cortical temporal processing and auditory sensitivity deficits are present in the Fmr1 KO mice from early development. We recorded EEG signals from both the auditory and frontal cortex (AC, FC) in Fmr1 KO and wild-type (WT) mice at three ages: p21, p30 and p60. To quantify temporal processing fidelity, we utilized a 40 Hz gap-in-noise ASSR (auditory steady state response, henceforth, gap-ASSR) paradigm to assess the cortex’s ability to consistently respond to brief gaps in noise at varying modulation depths [51]. Gap stimuli have been used widely in both humans and mice to study auditory temporal acuity, and EEG recordings can be conducted in humans and mice relatively more easily than single unit recordings [52, 53]. Children with autism show reduced ability to integrate information present in temporal gaps in background sound, providing additional rationale to use gaps-in-noise stimuli to evaluate temporal processing [54]. Regional differences in cortical phenotypes are present in Fmr1 KO mice. In particular, multiple mouse model studies suggest auditory temporal processing abnormalities may be larger in the FC than AC. For example, Wieczerzak et al. reported reduced recovery of ASSR in FC, compared to AC, following noise induced hearing loss [55]. Lovelace et al. reported a deficit in ASSR in the FC, but not AC, of the adult Fmr1 KO mouse [56]. Temporal processing impairments are seen in an auto-immune disorder mouse model with neocortical ectopias in the FC [57]. It is not known if these regional differences in any mouse model are present across development, or only at specific ages. Therefore, we compared FC and AC in terms of temporal processing across 3 different ages. Additionally, we assessed the response magnitude of auditory ERP, as they are well characterized in humans with FXS and consistently show enhanced amplitudes. We hypothesized that Fmr1 KO mice would show a deficit in auditory temporal processing and increased ERP amplitudes compared to WT in both the AC and FC across all 3 developmental time points.

Methods
Mice
All procedures were approved by the Institutional Animal Care and Use Committee at the University of California, Riverside. Mice were obtained from an in-house breeding colony that originated from Jackson Laboratory (Bar Harbor, ME). The mice used for the study are sighted FVB wild-type (Jax, stock# 004828; WT) and sighted FVB Fmr1 knock-out (Jax, stock# 004624; Fmr1 KO). The FVB background strain was chosen (and not C57bl6/J) because our prior developmental work examining cortical parvalbumin and perineuronal nets as well as single unit responses in the auditory cortex and the inferior colliculus have used the FVB strain [46, 58]. Significant developmental deficits were observed in Fmr1 KO mice in the FVB strain of mice, predicting temporal processing deficits.
One to five mice were housed in each cage under a 12:12-h light–dark cycle and fed ad libitum. A cross-sectional, as opposed to a longitudinal, design was used in this study as it is impractical to place epidural screw electrodes in brains and skulls that are still developing. The following age ranges and sample sizes were used in this study: WT [p21 (n = 10), p30 (n = 10), p60 (n = 11)] and Fmr1 KO [p21 (n = 10), p30 (n = 10), p60 (n = 11)]. The ages were selected for this study based on previous findings. Decreased PNN expression surrounding parvalbumin-positive interneurons and cortical hyperexcitability are observed in Fmr1 KO mice at p21 [59]. Additionally, the p14-21 age corresponds to the critical period for responses to tones and maturation of tonotopic maps in the auditory cortex [60, 61]. P30 was chosen because response selectivity to complex sounds has not matured in the auditory cortex until this age [62]. We chose p60 age group to represent young adulthood. Only male mice were studied.

Surgery
Different groups of mice underwent epidural electrode implant surgery at three developmental timepoints: p18-20, p27-p29, p57-p66. Mice were anesthetized using intraperitoneal (i.p.) injections of either 80/20 mg/kg of ketamine/xylazine (young mice) or 80/10/1 mg/kg ketamine/xylazine/acepromazine (adult mice). The anesthetic state was monitored closely throughout the procedure by toe pinch reflex every 10–15 min. Ketamine supplements were given if necessary. ETHIQA-XR (1-shot buprenorphine, 3.25 mg/kg body weight) was administered via subcutaneous injection prior to surgery. Following the removal of fur and skin, and sterilization (alcohol and iodine wipes) of the scalp, an incision was made to expose the scalp. A Foredom dental drill was used to drill ~ 1 mm diameter holes in the skull over the right AC, right FC, and left occipital cortex. The screw positions were determined using skull landmarks and coordinates previously reported [48, 51, 56, 63] and were based on single unit mapping [42, 48, 51, 56, 63, 64]. The wires extending from three-channel posts were wrapped around 1 mm screws and driven into the pre-drilled holes. Dental cement was applied around the screws, on the base of the post, and exposed skull, to secure the implant. Mice were placed on a heating pad until fully awake and were allowed 48–72 h for recovery before EEG recordings were made.

EEG recordings
All EEG recordings were obtained from awake and freely moving mice. EEG recordings were performed at three developmental time points: p20-23, p29-31, p59-p70, which we refer to as p21, p30 and p60, respectively. Recordings were obtained from the AC and FC electrodes, using the occipital screw as reference. Mice were placed in an arena where they could move freely during the recording. The arena was inside a Faraday cage placed on a vibration isolation table in a sound-insulated and anechoic booth (Gretch-Ken, OR). Mice were attached to an EEG cable via the implanted post under brief anesthesia with isoflurane. The EEG recording set-up has been previously reported [51, 63]. Briefly, the attached cable was connected via a commutator to a TDT (Tucker Davis Technologies, FL) RA4LI/RA4PA headstage/pre-amp, which was connected to a TDT RZ6 multi-I/O processor. OpenEx (TDT) was used to simultaneously record EEG signals and operate the LED light used to synchronize the video and waveform data. TTL pulses were utilized to mark stimulus onsets on a separate channel in the collected EEG data. The EEG signals were recorded at a sampling rate of 24.414 kHz and down-sampled to 1024 Hz for analysis. All raw EEG recordings were visually examined prior to analysis for artifacts, including loss of signal or signs of clipping, but none were seen. Therefore, no EEG data was rejected. Sound evoked EEGs were recorded as follows.
Auditory ERP
After a 25 min habituation to the recording arena with no stimuli, narrowband noise pulses (6–12 kHz) were presented at 75 dB SPL (120 repetitions, 100 ms duration, 5 ms rise/fall time, 0.25 Hz repetition rate) using a speaker (MF1, Tucker Davis Technologies, FL) situated 20 cm above the floor of the arena. ERP analysis and statistics have been previously described [51, 63]. Briefly, the EEG trace was split into trials, using the TTL pulses to mark sound onset. Each trial was baseline corrected, such that the mean of the 250 ms baseline period prior to sound onset was subtracted from the trial trace for each trial. Each trial was then detrended (MATLAB detrend function) and all trials were averaged together. Time–frequency analysis was performed with a dynamic complex Morlet wavelet transform with Gabor normalization. The wavelet parameter was set for each frequency to optimize time–frequency resolution. The non-baseline normalized single trial power (STP) does not correct for mean baseline power levels, allowing for the identification of ongoing ‘background activity’ during stimulus presentation. To compare the responses across genotype at each developmental time point, a non-parametric permutation test was used, to find clusters of significant values [65]. First, a t-test was run on each time–frequency point for the two groups being compared, yielding the T-values for all points. T-values corresponding to p < 0.025 were considered significant. Clusters of significant T-values were found and their area was measured. Next, the group assignments were shuffled randomly, and the t-tests and cluster-measurements were run again on the surrogate groups. This surrogate analysis was performed 2000 times to generate a distribution of cluster sizes that we would expect to find by chance. Originally identified clusters that were larger than 95% of the surrogate clusters were considered significant. This method allows for the identification of significant differences between groups without performing excessive comparisons.
Gap-ASSR
The stimulus used to assess auditory temporal processing is termed the’40 Hz gaps-in-noise ASSR’ (auditory steady state response, henceforth, ‘gap-ASSR’) [51]. The stimulus contains alternating 250 ms segments of noise and gap interrupted noise presented at 75 dB SPL. The gaps are strategically placed 25 ms apart, resulting in a presentation rate of 40 Hz, a rate that produces the strongest ASSR signal when measured from the AC and frontal regions and may reflect the resonance frequency of the underlying neural circuits [66–72]. For each gap in noise segment, the gap width and modulation depth are chosen at random. Gaps of 2, 4, 6, 8, 10, or 12 ms widths and modulation depths of 75 and 100% were used. To measure the ability of the cortex to consistently respond to the gaps in noise, inter-trial phase clustering (ITPC) at 40 Hz was measured [73]. The EEG trace was transformed using a dynamic complex Morlet wavelet transform. The trials corresponding to each parametric pair (gap duration + modulation depth) were grouped together. The ITPC was calculated for each time–frequency point as the average vector for each of the phase unit vectors recorded across trials (trial count > 100 trials per parametric pair). The ITPC values at 40 Hz were averaged to extract the mean ITPC for the parametric pairs in the AC and FC.



Statistics
Statistics were performed on GraphPad Prism (ERP) or R (gap-ASSR). To evaluate the effects of genotype (2 levels) and age (3 levels), two-way ANOVA was used for ERP analysis. Post hoc comparisons were carried out with Tukey’s and Bonferroni’s multiple comparisons test. The ERP data was tested for normality using Shapiro–Wilk test. A three-way repeated measures ANOVA was used for gap-ASSR analysis, with the three factors being genotype (2 levels) X age (3 levels) X gap duration (6 levels). A repeated measures ANOVA was chosen as multiple gap duration data points were collected from a single mouse in a recording session. Mauchly Tests for Sphericity were utilized and corrected for using the Greenhouse–Geisser corrections if necessary. Post hoc contrasts with Sidak corrections for multiple comparisons were used. Cortical regions (AC, FC) and modulation depths (75%, 100%) were analyzed separately. We evaluated the appropriateness of the data for analysis via ANOVA, in particular the assumption of the normality of the residuals. None of the residuals had measures of skewness or kurtosis that exceeded ± 2, which is one indication of acceptable normality [74]. Moreover, the residuals were evaluated via quantile–quantile plots. In each of the analyses, the correspondence between the theoretical normal distribution and the obtained residuals was within acceptable bounds.


Results
The main goal of this study was to compare the developmental trajectory of auditory temporal processing and ERPs in WT and Fmr1 KO mouse auditory and frontal cortex. We predicted that Fmr1 KO mice would show a deficit in phase locking to rapid gaps in noise and larger ERP amplitudes compared to WT mice across all 3 ages in both AC and FC as markers of temporal processing and hypersensitivity phenotypes, respectively, in FXS.
Abnormal temporal processing is seen in the FC, but not AC, during development
Auditory temporal processing was assessed using a 40 Hz gap-in-noise ASSR stimulus to probe the limits of the auditory and frontal cortices’ ability to consistently respond to brief gaps in noise. Decreasing the duration and modulation depth of the gaps reduces the likelihood of consistent response from the cortex, allowing for the detection of deviations between WT and KO mice responses and to track developmental changes. Both AC and FC in mice and humans produce robust 40 Hz ITPC to this type of stimulus, but how the response develops is not known in either species, nor is it known if there is a deficit in FXS [51, 72, 75].
Figure 1 shows gap-ASSR heat maps of ITPC in example WT (Fig. 1A, C) and Fmr1 KO (Fig. 1B, D) mice. In the AC, at p21, or in both AC and FC at p60, there are no clear qualitative differences in the ITPC. However, deficits are clearly seen in the FC at p21, with the KO ITPC barely emerging above background at 40 Hz. Table 1 and Fig. 2 shows the results of full statistical analyses using gap duration, age and genotype as factors.[image: ]
Fig. 1Abnormal auditory temporal processing during development in the Fmr1 KO mice. Individual example heatmaps of ITPC generated at 40 Hz at multiple gap durations in p21 and p60 WT (A: AC, C: FC) and Fmr1 KO (B: AC, D: FC) mice. Qualitative observations of these examples show deficits in cortical temporal processing at p21, but not at p60, in the KO mice. All panels show 100% modulation depth. The onset of the gap-ASSR stimulus is at 0 ms in each panel

Table 1Full statistical analysis of gap-ASSR data


	Cortical Region
	Modulation Depth
	Factor/Interaction
	ANOVA Results
	Adjusted p-value

	AC
	100%
	Genotype
	F(1,56) = 0.8631
	0.3568

	Age
	F(2,56) = 2.5463
	0.0874

	Gap Duration
	F(5,280) = 24.0444
	 < 0.0001

	Genotype x Gap Duration
	F(5,280) = 1.5849
	0.1986

	Age x Gap Duration
	F(10,280) = 1.7898
	0.1106

	Genotype x Age
	F(2,56) = 0.3026
	0.7401

	Genotype x Age x Gap Duration
	F(10,280) = 0.6989
	0.6392

	AC
	75%
	Genotype
	F(1,56) = 1.1929
	0.2794

	Age
	F(2,56) = 1.7843
	0.1773

	Gap Duration
	F(5,280) = 21.2106
	 < 0.0001

	Genotype x Gap Duration
	F(5,280) = 2.5458
	0.0571

	Age x Gap Duration
	F(10,280) = 3.2468
	0.0046

	Genotype x Age
	F(2,56) = 0.0719
	0.9307

	Genotype x Age x Gap Duration
	F(10,280) = 0.5839
	0.7444

	FC
	100%
	Genotype
	F(1,56) = 23.7897
	 < 0.0001

	Age
	F(2,56) = 12.3904
	 < 0.0001

	Gap Duration
	F(5,280) = 20.6491
	 < 0.0001

	Genotype x Gap Duration
	F(5,280) = 6.6448
	 < 0.0001

	Age x Gap Duration
	F(10,280) = 5.3246
	 < 0.0001

	Genotype x Age
	F(2,56) = 3.2364
	0.0467

	Genotype x Age x Gap Duration
	F(10,280) = 3.5686
	0.00096

	FC
	75%
	Genotype
	F(1,56) = 31.7872
	 < 0.0001

	Age
	F(2,56) = 16.0560
	 < 0.0001

	Gap Duration
	F(5,280) = 29.1751
	 < 0.0001

	Genotype x Gap Duration
	F(5,280) = 10.6887
	 < 0.0001

	Age x Gap Duration
	F(10,280) = 5.7920
	 < 0.0001

	Genotype x Age
	F(2,56) = 3.9569
	0.0247

	Genotype x Age x Gap Duration
	F(10,280) = 1.0704
	0.3839


Three-way repeated measures ANOVA results for gap-ASSR analysis. Mauchly Tests for Sphericity were utilized and p-values were corrected for multiple comparisons using the Greenhouse–Geisser corrections if necessary. See text for post hoc results. Bold text indicates statistical significance (p = or < 0.05)


[image: ]
Fig. 2Population analysis shows temporal processing deficits in the FC during development in Fmr1 KO mice. Each plot represents the group average ITPC values. Each row represents a different age group: p21 (top), p30 (middle), and p60 (bottom). The left columns represent AC and FC data at 75% modulation depth and the right columns represent AC and FC data at 100% modulation depth. ITPC increases with gap widths in both genotypes, as expected. Fmr1 KO mice show significant deficits in the FC, but not the AC, at p21 and p30. Full data analysis is shown in Table 1



Auditory cortex
Gap-ASSR ITPC is significantly impacted by gap duration in the AC at both modulation depths. This is expected because it is easier for neural generators to phase lock responses to long gaps compared to short. There was no main effect of age in the AC at either 75% or 100% modulation, but there is an interaction of gap duration x age at 75%, suggesting that ITPC improves with age for longer gaps. Importantly, the genotype comparisons were not significant at any age or modulation depth in the AC (Fig. 2, 75% modulation – p21: p = 0.9223, p30: p = 0.9568, p60: p = 1.000; 100% modulation – p21: p = 0.8664, p30: p = 0.6906, p60: p = 1.000). Taken together, these data suggest developmental improvement in temporal processing, but no effects of the loss of FMRP, in the auditory cortex at any age.

Frontal cortex
Similar to the AC, the frontal cortex showed main effects of gap duration, as expected. However, in contrast to the AC, FC gap-ASSR showed main effects of both age and genotype (Fig. 2) and a number of relevant interactions (Table 1). At both modulation depths, FC responses showed improvement with age indicating a strong developmental regulation of temporal processing in this region. At both modulation depths, Fmr1 KO neurons showed significant deficits in ITPC compared to WT mice. The genotype X age interactions suggest a delay in ITPC development with adult FC showing no significant deficits. These results indicate a significant delay in the development of temporal processing in the Fmr1 KO mice.
Evidence of a developmental delay in the FC is shown more directly by collapsing across gaps (Fig. 3). When collapsed across gap durations, KO mice show a significant ITPC deficit at p21 and p30 in the FC at both modulation depths that is not seen at p60 (75% modulation – p21: p < 0.0001, p30: p = 0.0022, p60: p = 0.8372; 100% modulation – p21: p < 0.0001, p30: p = 0.0548, p60: p = 0.6410). Taken together, these data show improvement in phase locking to gap-ASSR stimuli with development in both AC and FC, and an FC-specific delay in temporal processing in Fmr1 KO mice.[image: ]
Fig. 3Auditory temporal processing improves with age in AC and FC, with a developmental delay in the FC. Each plot represents the group average ITPC values collapsed across gap widths. Columns represent different modulation depths and rows represent different cortical regions (Columns – left = 75% modulation, right = 100% modulation; Rows – top = AC, bottom = FC). KO mice show a significant ITPC deficit at p21 and p30 in the FC at both modulation depths, but not at p60. A genotype difference was not seen at any age or modulation depth in the AC



Development of gap-ASSR single trial power phenotypes in the Fmr1 KO mice
It is possible that the reduced ITPC in developing Fmr1 KO mouse FC arises from stimulus induced increases in non-phase locked activity (background noise) as suggested in humans with FXS [44, 45]. Therefore, we examined the single trial power (STP) during gap-ASSR stimulation across development and genotypes (Figs. 4, 5 and 6). At p21, there was no difference in STP across any of the gaps or cortical regions (Fig. 4). However, at p30, there was a significant elevation of STP in the KO, compared to the WT mice, and this was seen in both cortical regions (Fig. 5). The elevation in STP affected gamma band frequencies (25–80 Hz), with no differences in lower frequencies. In the adult group, the direction of STP differences was reversed in the AC, such that the Fmr1 KO mice showed reduced STP, significantly affecting frequencies < 25 Hz. However, there were no STP differences in the FC. These data provide evidence for fluctuating single trial power gap-ASSR phenotypes through development. The lack of concurrence between the STP deficits and the gap-ASSR deficits across both cortical region and age indicates that the temporal processing deficit is not due to sound-induced increases in ongoing background activity.[image: ]
Fig. 4No genotype difference in single trial power (STP) of p21 mice during gap-ASSR stimulation. The heatmaps show non-baseline corrected normalized power, where red hues represent increased ongoing background activity, and blue hues represent a decrease. The smaller panels show group average STP at each gap width in WT and Fmr1 KO mice. The larger panels show the difference between KO and WT. No significant differences were found in STP during the gap-ASSR stimulus in (A) AC or (B) FC at p21

[image: ]
Fig. 5Significant elevation of STP in p30 Fmr1 KO mice during gap-ASSR stimulation. The format of this figure is identical to that of Fig. 4. Significant differences between genotypes were found using a non-parametric permutation testing approach (see methods). Outlined regions (typically between 25–80 Hz) indicate clusters which are significantly different between WT and KO. Fmr1 KO mice have increased gamma STP during the gap-ASSR stimulus in (A) AC and (B) FC at p30

[image: ]
Fig. 6No difference or decreased STP in p60 Fmr1 KO mice during gap-ASSR stimulation. The format of this figure is identical to that of Fig. 4 and 5. Outlined regions (typically < 30 Hz) indicate clusters which are significantly different between WT and KO. Fmr1 KO mice show decreased STP at some gaps during the gap-ASSR stimulus in (A) AC but show no significant clusters in (B) FC at p60. Unlike at p30, there was no increase in STP in KO mice




                           Fmr1 KO mice show enhanced ERP amplitude in the AC and FC across development
ERPs consist of a series of voltage fluctuations, referred to as ‘waves’ (P1, N1, P2), which are evoked at specific latencies after sound onset. Each of the waveforms are associated with the population activity in specific brain regions. Measuring the amplitudes and latencies of these waves allow for the assessment of response synchrony or hypersensitivity to sound presentation. We also characterized non-baseline normalized STP in response to narrowband noise bursts as abnormal power has been identified in humans with FXS during auditory stimulus presentation [44, 45]. Table 2 and Figs. 7 and 8 show the complete ANOVA analyses of ERP data across development and genotypes. The major results in the two cortical regions are highlighted below.Table 2Full statistical analysis of ERP data


	Cortical Region
	ERP Component
	Factor
	ANOVA Results
	p-value

	AC
	P1 Amplitude:
	Age
	F(2,56) = 8.807
	0.0005

	Genotype
	F(1,56) = 6.863
	0.0113

	Age x Genotype
	F(2,56) = 9.972
	0.0002

	N1 Amplitude:
	Age
	F(2,56) = 2.565
	0.0859

	Genotype
	F(1,56) = 9.680
	0.0029

	Age x Genotype
	F(2,56) = 0.4776
	0.6228

	P2 Amplitude:
	Age
	F(2,56) = 3.007
	0.0575

	Genotype
	F(1,56) = 0.8885
	0.3499

	Age x Genotype
	F(2,56) = 0.9607
	0.3888

	FC
	P1 Amplitude:
	Age
	F(2,56) = 0.9323
	0.3997

	Genotype
	F(1,56) = 2.582
	0.1137

	Age x Genotype
	F(2,56) = 3.595
	0.0340

	N1 Amplitude:
	Age
	F(2,56) = 1.229
	0.3002

	Genotype
	F(1,56) = 9.559
	0.0031

	Age x Genotype
	F(2,56) = 0.6309
	0.5359

	P2 Amplitude:
	Age
	F(2,56) = 4.461
	0.0159

	Genotype
	F(1,56) = 3.105
	0.0835

	Age x Genotype
	F(2,56) = 0.1059
	0.8997

	AC
	P1 Latency:
	Age
	F(2,56) = 5.764
	0.0053

	Genotype
	F(1,56) = 1.320
	0.2555

	Age x Genotype
	F(2,56) = 0.1276
	0.8804

	N1 Latency:
	Age
	F(2,56) = 2.884
	0.0643

	Genotype
	F(1,56) = 0.2235
	0.6382

	Age x Genotype
	F(2,56) = 0.1730
	0.8416

	P2 Latency:
	Age
	F(2,56) = 1.095
	0.3417

	Genotype
	F(1,56) = 6.018e-005
	0.9938

	Age x Genotype
	F(2,56) = 1.667
	0.1981

	FC
	P1 Latency:
	Age
	F(2,56) = 2.283
	0.1114

	Genotype
	F(1,56) = 2.459
	0.1225

	Age x Genotype
	F(2,56) = 0.0603
	0.9415

	N1 Latency:
	Age
	F(2,56) = 2.809
	0.0688

	Genotype
	F(1,56) = 0.0073
	0.9323

	Age x Genotype
	F(2,56) = 1.123
	0.3325

	P2 Latency:
	Age
	F(2,56) = 0.1817
	0.8343

	Genotype
	F(1,56) = 8.761
	0.0045

	Age x Genotype
	F(2,56) = 2.412
	0.0989


Two-way ANOVA results for ERP analysis. Post hoc comparisons were done using Tukey’s and Bonferroni’s multiple comparisons tests and p-values were adjusted accordingly. See text for post hoc results. Bold text indicates statistical significance (p = or < 0.05)
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Fig. 7Age and genotype impact ERP amplitudes and latencies in the AC. A Average ERPs recorded in the AC for WT and KO mice at p21 (left), p30 (middle), and p60 (right). B Population averages of AC ERP wave amplitudes. P1 amplitude significantly increases in KO mice with development, but not WT mice. Adult KO mice have increased P1 amplitudes compared to WT. Genotype impacts N1 amplitudes. P2 amplitude are affected by age, but not genotype. C AC ERP wave latencies. P1 latency decreases with age in WT mice. Full analysis is shown in Table 2
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Fig. 8Age and genotype impact ERP amplitudes and latencies in the FC. A Average ERPs recorded from the FC for WT and KO mice at p21 (left), p30 (middle), and p60 (right). B FC ERP wave amplitudes. KO mice show a significant increase in P1 amplitude with development. N1 amplitudes are increased in adult KO mice. P2 amplitudes decrease with age in KO mice. C FC ERP wave latencies. P2 latency is increased in adult KO mice. Full analysis is shown in Table 2



Auditory cortex
ERP P1 amplitude in the AC significantly increases in Fmr1 KO mice with development (interaction effect: p = 0.0002; main effect of age: p = 0.0005; KO p21-p60: p < 0.0001; KO p30-p60: p = 0.0001). These mice also have significantly higher P1 amplitudes compared to WT at p60 (main effect of genotype: p = 0.0113; post hoc: p < 0.0001). We found a main effect of genotype on N1 amplitudes. Additionally, we report a significant main effect of age on P2 amplitude (p = 0.0575). P1 latencies are impacted by age specifically in WT mice, with latencies decreasing with age (main effect of age: p = 0.0053; WT p21-p60: p = 0.0537). These data show increased ERP amplitudes in the AC of Fmr1 KO mice as observed consistently in humans with FXS, but indicate early emergence of hypersensitivity.

Frontal cortex
Similar to the AC, Fmr1 KO mice show a significant increase in P1 amplitude with development in the FC (interaction effect: p = 0.034). N1 amplitudes were increased significantly in adult Fmr1 KO mice (main effect of genotype: p = 0.0031; WT-KO p60: p = 0.0251). Additionally, P2 amplitudes decrease with age in KO mice (main effect of age: p = 0.0159; KO p30-p60: p = 0.0510). P2 latency was slower in adult Fmr1 KO mice (main effect of age: p = 0.0045; WT-KO p60: p = 0.0030). These data indicate that Fmr1 KO mice have abnormally elevated N1/P1 ERP amplitudes in the frontal cortex.

Development of ERP single trial power phenotypes in the Fmr1 KO mice
In addition to ERP peak amplitude and latency, we analyzed STP during the stimulus train used for ERP measurement (Figs. 9, 10). The STP phenotypes were similar to those found with the gap-ASSR paradigm. There was no genotype difference in STP at p21 in either AC (Fig. 9) or FC (Fig. 10). At p30, KO mice showed elevated STP in both AC and FC, with effects limited to frequencies between 25–80 Hz. At p60, the KO mouse AC showed reduced STP at frequencies below 60 Hz, but there was no difference in the FC. These results support the idea of developmental fluctuations in background power phenotypes in FXS.[image: ]
Fig. 9Non-baseline normalized STP during ERP stimulation is altered in Fmr1 KO in the AC during development. The format is similar to Figs. 4–6, except these are obtained during ERP stimulation. Outlined regions indicate clusters which are significantly different between WT and KO. A Young Fmr1 KO mice show no difference in STP at p21. B KO mice have increased background activity in the gamma range at p30. C Adult KO mice show decreased STP in the beta and gamma frequency ranges compared to WT

[image: ]
Fig. 10Non-baseline normalized STP during ERP stimulation is altered in Fmr1 KO in the FC during development. Figure format is the same as in Fig. 4–6. A Young Fmr1 KO mice show no difference in STP at p21. B KO mice have increased background activity in the gamma frequencies at p30. C Adult Fmr1 KO mice show no significant difference in STP at p60




Discussion
The major and novel contribution of this study is the identification of developmental trajectories of auditory temporal processing in two cortical regions of WT and Fmr1 KO mice. We recorded 40 Hz gap-in-noise ASSR from the AC and FC at three different ages as a measure of temporal processing. We also quantified ERP amplitudes/latencies and sound evoked single trial power to determine if abnormally elevated EEG power is developmentally correlated with temporal processing deficits. The results show genotype, cortical region- and age-specific abnormalities in gap-ASSR responses and ERPs. Interestingly, significant developmental delay was seen in gap-ASSR responses in the FC, but not the AC, of Fmr1 KO mice. ERP N1 amplitudes were larger across development in both AC and FC of the KO mouse. The non-phase locked STP phenotypes showed developmental fluctuations. Between p21 and p30 there was an increase in STP during both gap-ASSR and ERP recordings in the Fmr1 KO mice, and at p60 there was a reversal of this phenotype. Taken together, these data provide novel evidence for abnormal development of temporal processing in the frontal cortex, and hypersensitive responses in both auditory and frontal cortex in the Fmr1 KO mouse model of FXS. The data do not support the notion that hypersensitive cortical responses underlie temporal processing deficits in developing Fmr1 KO mice as there was no developmental correlation between the two measures. These phenotypes may arise from independent mechanisms. The robust developmental delays in gap-ASSR EEG responses in KO mice provide physiological tools to evaluate underlying mechanisms and identify treatment targets and windows.
The WT mouse shows significant developmental improvement in gap-ASSR EEG responses, providing a reference for mouse models of other ASD and neurodevelopmental disorders. This is consistent with findings in the rat auditory cortex in which the percentage of neurons with short neural gap detection thresholds increases from juveniles to adults [76]. These neural improvements in gap processing may underlie perceptual improvement in gap detection thresholds in children, a factor that is correlated with improved language in development [6, 77–80].
Expressive and receptive language deficits are consistently reported in FXS, but the underlying mechanisms are unclear [81]. Children with FXS express developmental delays in multiple cognitive categories necessary for language maturation, such as auditory short-term memory and attention [82–87]. In addition to these cognitive factors, delayed temporal processing and auditory hypersensitivity may underlie speech and language delays in FXS [4, 5]. In developmental disorders and in aging, gap processing has been used to analyze auditory temporal acuity across groups [51, 63, 88, 89]. Increased gap-detection thresholds are seen in children with ASD and impaired gap detection thresholds in children correlate with lower phonological scores [8]. The 40 Hz gap-in-noise-ASSR paradigm used here tests the ability of neural generators of EEGs in the AC and FC to phase lock consistently across trials and can be used in humans with FXS to determine if similar cortical region-specific temporal processing deficits are present in patients. By varying the modulation depth and gap widths, it is possible to compare temporal processing acuity of auditory systems across groups [52, 53]. The cortical mechanisms of gap processing are also beginning to be understood [90, 91]. Future EEG studies in children with FXS should examine if temporal gap processing deficits are present early in development, and if they are related to development of language abilities. This may provide the basis for adaptive training of children with rapidly changing stimuli, including gaps, to improve speech recognition and language [92].
The current study focused on 40 Hz ASSR for multiple reasons. Gamma band deficits have been consistently observed in humans with FXS and Fmr1 KO mice across strains and ages [31, 44, 45, 47–49]. There is also a developmental delay in the maturation of parvalbumin-expressing inhibitory neurons and the perineuronal nets that surround them [59]. As these neurons are involved in generating gamma band oscillations, we predicted 40 Hz ASSR deficits. Another reason for focusing on the 40 Hz ASSR is that the auditory cortex has a resonance at that frequency, and therefore, produces the largest power in EEG responses at 40 Hz [72, 93, 94]. In addition, the mechanisms of 40 Hz ASSR have been studied, including descriptions of topography across regions and the role of basal forebrain neurons [71, 95].
More relevant to speech processing, there is a strong link between gamma band oscillations and phoneme processing, with gamma oscillations parsing speech input in the phoneme range [96]. The slower oscillations (delta-theta) may be more relevant to aspects of intonation and syllabic rates, and other aspects of speech with slower evolution. Based on such observations, the ‘asymmetric sampling in time’ hypothesis for speech processing has been proposed in which gamma oscillations play a significant role in phoneme processing [96–98]. Gamma resolution parsing may provide sufficient cues in separating closely spaced inputs (e.g., voice onset time, formant transitions), facilitating speech recognition. Future studies measuring 10 and 20 Hz ASSRs in the Fmr1 KO and WT mice will provide insights into the mechanisms of speech deficits in humans with FXS.
ERP deficits in Fmr1 KO mice
The P1-N1-P2 ERP complex marks the pre-attentive detection of sound and can vary with stimulus features. Consistent with a number of studies in humans with FXS, and our previous studies in adult and developing mice, ERP component amplitudes were higher in the Fmr1 KO mice compared to WT mice [Humans: 86–91; Mice: 47–48,92]. We found N1 amplitude, which are generated from frontal and temporal lobes [99] and marks synchronous activity within the cortex, to be higher in both AC and FC of the KO mice. This is consistent with calcium imaging studies that showed abnormally high synchronous activity in the Fmr1 KO mouse cortex, and may arise from abnormal activity of parvalbumin positive inhibitory interneurons [59, 100, 101]. Reduced habituation of responses in mice [102] and humans [38] may also contribute to larger N1 amplitudes because the reported amplitude is the average of responses to multiple trials. We also observed a main effect of genotype and/or genotype X age interactions for P1 amplitude, with KO mice showing larger amplitudes. P1 amplitudes mark thalamocortical input activity, suggesting enhanced input drive of the cortex in the KO mice. This may arise from reduced input layer 4 thalamocortical drive of fast-spiking (putative parvalbumin positive) inhibitory interneurons in the KO cortex as shown by Gibson et al. and Patel et al. [103, 104]. P2 amplitudes are thought to be related to arousal as auditory input to the mesencephalic reticular activating system contributes to P2 generation [105]. There was no genotype difference in the AC. In the FC, however, there was a trend towards decreased P2 amplitude in the KO mice, suggesting the potential for reduced arousal and attention during development. The enhanced evoked responses and reduced habituation in FXS may lead to reduced ability for auditory change detection as shown by Van der Molen et al. [106]. Such sensory discrimination deficits may lead to speech and language abnormalities in FXS. A recent study in humans demonstrated a link between habituation and language abilities in children with FXS [107]. Specifically, it was shown that weaker P1 responses to later stimuli in a habituation train as well as larger habituation of P1 was associated with increased receptive and expressive language abilities, suggesting that habituation to repeated tones impacts language abilities in children with FXS.

Enhanced gamma band power in background activity in Fmr1 KO mice
The single trial power (STP) allows for the identification of ongoing ‘background activity’ during stimulus presentation as it does not correct for mean baseline power levels. It has been suggested that this non-phase locked power reflects relatively slow integrative processes that may impact stimulus or response processing [108]. These processes include top-down and sustained attention, decision-making, and perceptual inference, and are suggested to result from intrinsic network interactions rather than external stimuli [109, 110]. Our results show developmental fluctuations in STP phenotypes in Fmr1 KO mice, with adolescent KO mice (p30) having increased STP during ERP and gap-ASSR stimuli in the AC and FC compared to WT mice. The increase in STP was seen in the gamma band (30–80 Hz), consistent with data from Ethridge et al. from humans with FXS compared to typically developing control [45]. Human data, recorded from adolescents and young adults, also shows elevated gamma band STP across multiple stimulus types. Importantly, the elevated gamma power showed correlations with IQ and distractibility. These data suggest increased on-going activity that may be a result of hyperactive network connections across species, and with potential clinical implications in humans. The reasons why the phenotypes fluctuate over development is unclear. It is also not known if similar age-effects are seen in humans with FXS. With neurodevelopmental disorders, it is sometimes difficult to disambiguate the direct effect of the mutation from the effect of potential compensatory (e.g., homeostatic) adjustments in activity levels.
A previous study (Wen et al., 2019) reported increased resting EEG gamma power in the frontal cortex of adult Fmr1 KO mice (FVB strain, the same used here) [48]. We did not observe increased gamma power in the STP data in the present study. While both resting EEG and sound evoked STP can be considered as background activity, the differences across the two studies can be explained by how these measures are calculated. Resting EEGs are recorded in the absence of any sound stimuli, but the STP calculated is background during sound stimulation. The animal is likely in a different state of arousal in the presence of sounds compared to the resting condition leading to observed differences between the different measures of background gamma activity.

Delayed development of temporal processing in Fmr1 KO mouse frontal cortex
Perhaps the most surprising result of the study is that developmental delays in temporal processing were seen in the FC, but not the AC. These data suggest that FC does not simply inherit auditory responses from the AC, but that additional local processing within the FC and/or auditory pathways that bypass the AC may be involved in producing phase locked responses in the FC. Very little is known regarding mechanisms of auditory processing in the FC. Robust frontal cortex ASSR power is seen in both human [75] and mouse EEG recordings [72]. Indeed, topographical distribution of ASSR power and precision favors more frontal regions in both species. Kim et al. [71] and Hwang et al. [72] showed that optogenetic stimulation of GABAergic parvalbumin neurons in the mouse nucleus basalis preferentially increased frontal cortex 40 Hz ASSR oscillations. This suggests independent modulation of ASSR in the FC that may be abnormal in early development in FXS. The idea that FC can robustly mount ASSR, and independently show deficits, is supported by two other lines of evidence. Clark et al. showed in an autoimmune disorder mouse model that gap processing is affected in the FC, while remaining normal in the AC [57]. Wieczerzak et al. reported reduced recovery of ASSR in FC, rather than AC, following noise induced hearing loss [55]. The fact that gap-ASSR deficits are seen in early development in the FC, and the not the AC in Fmr1 KO mice, suggests temporal processing may be abnormal across multiple sensory modalities in FXS. If a similar developmental regional difference in temporal processing is seen in humans with FXS, this would suggest speech processing and language function may be affected across multiple modalities [111].
An important consequence of abnormal temporal processing in the FC may be related to how FC-AC top down interactions function during development. FC induces top-down modulation of AC responses in a task- and attention-dependent fashion. Fritz et al. hypothesized that the FC modulates AC neuron receptive fields depending on the task and selective attention [112]. FC-AC connection and its modulation of speech have also been evaluated in humans with FXS. Speech production depends on feedforward control and the synchronization of neural oscillations between the FC and AC. Specifically, the interactions of these two regions allow for comparison of the corollary discharge of intended speech generated from an efference copy of speech to the actual speech sounds produced, a process essential for making adaptive adjustments to optimize future speech [113]. A study of humans utilizing a talk-listen paradigm found that in the time window prior to speech production, individuals with FXS have decreased pre-speech activity, including frontotemporal connectivity, as well as increased frontal gamma power compared to controls. These discrepancies brought about less intelligible speech and correlated with increased social communication deficits [113]. Abnormal functional connectivity between FC and AC is also suggested by Zhang et al., (2021) who showed reduced long-range connectivity in Fmr1 KO mice [114]. Future studies will examine phase connectivity between FC and AC during different sound stimulation paradigms including the gap-ASSR. Taken together, the connections between the FC and AC are essential for shaping sensory responses and disruptions may cause speech and language impairments. A mismatched development pattern between these two regions in humans, as seen in the present study of mice, could possibly give rise to language abnormalities in FXS.


Conclusions
We have identified a developmental delay in auditory temporal processing in the FXS model mouse. The p21-p30 window is a critical period of development in Fmr1 KO mice that is marked by cortical hyperexcitability and reduced inhibitory interneuron function [48, 59, 115]. This delayed development is similar to other studies in Fmr1 KO mice. For example, in the somatosensory cortex, Fmr1 KO mice show delayed maturation of GABAergic inhibition and decreased synaptic connectivity that eventually normalize to WT levels in adults [116, 117]. Brain development is a precise process that is determined by accurately cued stages of gene expression, molecular guidance cues and intrinsic neuronal activity [118, 119]. The timing of these developmental stages, known as critical periods, is imperative for accurate neuronal migration, circuit formation and synaptic refinement [120]. Disruptions of critical period timelines cause long term impairments in behavioral phenotypes. Even though responses may be normalized in the adult, abnormal critical period development will have long-term consequences for behaviors that build on normal development of responses. For example, developmental delay in FC temporal processing may lead to long term abnormalities in behaviors that depend on accurate temporal processing such as speech, language and binaural processing. In order to effectively treat humans with FXS, it is imperative to understand the developmental trajectory of phenotypes that are likely to be used as clinical outcome measures, as opposed to just adult comparisons. Future studies should evaluate temporal processing across age to determine if similar delays in development are present in humans with FXS, and if the delay relates to language function.

Acknowledgements
We thank NIH/NICHD (1U54HD104461-01) for funding this work. We thank members of the Razak lab for valuable discussions of the data and for providing comments on the manuscript.

Author’s contributions
KC collected and analyzed the data. JAR developed the stimulus protocols and consulted on data analysis. MAE assisted with statistics. KC, DKB and KAR interpreted the data and wrote the manuscript. All authors reviewed and edited the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding
NIH/NICHD (1U54HD104461-01).

Availability of data and materials
The data that support the findings of this study are available from the corresponding author with reasonable request.

Declarations
Ethics approval and consent to participate
This study was approved by Institutional Animal Care and Use Committee at the University of California, Riverside.

Consent for publication
Not applicable.

Competing interests
We report no conflict of interest.


References
	1.
Zeng FG, Nie K, Stickney GS, Kong YY, Vongphoe M, Bhargave A, et al. Speech recognition with amplitude and frequency modulations. Proc Natl Acad Sci. 2005;102(7):2293–8.PubMedPubMedCentral

	2.
Shannon RV, Zeng FG, Kamath V, Wygonski J, Ekelid M. Speech Recognition with Primarily Temporal Cues. Science. 1995;270(5234):303–4.PubMed

	3.
Moore BCJ. The Role of Temporal Fine Structure Processing in Pitch Perception, Masking, and Speech Perception for Normal-Hearing and Hearing-Impaired People. J Assoc Res Otolaryngol. 2008;9(4):399–406.PubMedPubMedCentral

	4.
Cabrera L, Gervain J. Speech perception at birth: The brain encodes fast and slow temporal information. Sci Adv. 2020;6(30):eaba7830.PubMedPubMedCentral

	5.
Tallal P, Merzenich MM, Miller S, Jenkins W. Language learning impairments: integrating basic science, technology, and remediation. Exp Brain Res. 1998;123(1–2):210–9.PubMed

	6.
Trehub SE, Henderson JL. Temporal Resolution in Infancy and Subsequent Language Development. J Speech Lang Hear Res. 1996;39(6):1315–20.

	7.
Abbeduto L, Hagerman RJ. Language and Communication in Fragile X Syndrome. Dev Disabil Res Rev. 1997;3(4):313–22.

	8.
Foss-Feig JH, Schauder KB, Key AP, Wallace MT, Stone WL. Audition-specific temporal processing deficits associated with language function in children with autism spectrum disorder. Autism Res. 2017;10(11):1845–56.PubMedPubMedCentral

	9.
Tager-Flusberg H, Caronna E. Language Disorders: Autism and Other Pervasive Developmental Disorders. Pediatr Clin North Am. 2007;54(3):469–81.PubMed

	10.
Rapin I, Dunn M. Update on the language disorders of individuals on the autistic spectrum. Brain Develop. 2003;25(3):166–72.

	11.
Jeste SS, Nelson CA. Event Related Potentials in the Understanding of Autism Spectrum Disorders: An Analytical Review. J Autism Dev Disord. 2008;39(3):495–510.PubMedPubMedCentral

	12.
Kwakye LD, Foss-Feig JH, Cascio CJ, Stone WL, Wallace MT. Altered Auditory and Multisensory Temporal Processing in Autism Spectrum Disorders. Front Integr Neurosci. 2011;4:129.PubMedPubMedCentral

	13.
Lepistö T, Silokallio S, Nieminen-von Wendt T, Alku P, Näätänen R, Kujala T. Auditory Perception and Attention as Reflected by the Brain event-related Potentials in Children with Asperger Syndrome. Clin Neurophysiol. 2006;117(10):2161–71.PubMed

	14.
Oram Cardy JE, Flagg EJ, Roberts W, Brian J, Roberts TPL. Magnetoencephalography identifies rapid temporal processing deficit in autism and language impairment. NeuroReport. 2005;16(4):329–32.PubMed

	15.
Orekhova EV, Stroganova TA, Prokofiev AO, Nygren G, Gillberg C, Elam M. The right hemisphere fails to respond to temporal novelty in autism: Evidence from an ERP study. Clin Neurophysiol. 2009;120(3):520–9.PubMed

	16.
Meilleur A, Foster NEV, Coll SM, Brambati SM, Hyde KL. Unisensory and multisensory temporal processing in autism and dyslexia: A systematic review and meta-analysis. Neurosci Biobehav Rev. 2020;116:44–63.PubMed

	17.
Szelag E, Kowalska J, Galkowski T, Pöppel E. Temporal processing deficits in high-functioning children with autism. Br J Psychol. 2004;95(3):269–82.PubMed

	18.
Tecchio F, Benassi F, Zappasodi F, Gialloreti LE, Palermo M, Seri S, et al. Auditory sensory processing in autism: a magnetoencephalographic study. Biol Psychiat. 2003;54(6):647–54.PubMed

	19.
Gomot M, Bernard FA, Davis MH, Belmonte MK, Ashwin C, Bullmore ET, et al. Change detection in children with autism: An auditory event-related fMRI study. Neuroimage. 2006;29(2):475–84.PubMed

	20.
Farmer ME, Klein RM. The evidence for a temporal processing deficit linked to dyslexia: A review. Psychon Bull Rev. 1995;2(4):460–93.PubMed

	21.
Wisniewski KE, Segan SM, Miezejeski CM, Sersen EA, Rudelli RD. The fra(X) syndrome: Neurological, electrophysiological, and neuropathological abnormalities. Am J Med Genet. 1991;38(2–3):476–80.PubMed

	22.
Cordeiro L, Ballinger E, Hagerman R, Hessl D. Clinical assessment of DSM-IV anxiety disorders in fragile X syndrome: prevalence and characterization. J Neurodev Disord. 2010;3(1):57–67.PubMedPubMedCentral

	23.
Van der Molen MJ, Huizinga M, Huizenga HM, Ridderinkhof KR, Van der Molen MW, Hamel BJC, et al. Profiling Fragile X Syndrome in males: Strengths and weaknesses in cognitive abilities. Res Dev Disabil. 2010;31(2):426–39.PubMed

	24.
Oakes A, Thurman AJ, McDuffie A, Bullard LM, Hagerman RJ, Abbeduto L. Characterising repetitive behaviours in young boys with fragile X syndrome. J Intellect Disabil Res. 2015;60(1):54–67.PubMedPubMedCentral

	25.
Miller LJ, McIntosh DN, McGrath J, Shyu V, Lampe M, Taylor AK, et al. Electrodermal responses to sensory stimuli in individuals with fragile X syndrome: A preliminary report. Am J Med Genet. 1999;83(4):268–79.PubMed

	26.
Abbeduto L, Brady N, Kover ST. Language development and fragile X syndrome: Profiles, syndrome-specificity, and within-syndrome differences. Ment Retard Dev Disabil Res Rev. 2007;13(1):36–46.PubMedPubMedCentral

	27.
Finestack LH, Richmond EK, Abbeduto L. Language Development in Individuals With Fragile X Syndrome. Top Lang Disord. 2009;29(2):133–48.PubMedPubMedCentral

	28.
Rice ML, Warren SF, Betz SK. Language symptoms of developmental language disorders: An overview of autism, Down syndrome, fragile X, specific language impairment, and Williams syndrome. Appl Psycholinguist. 2005;26(1):7–27.

	29.
Martin GE, Losh M, Estigarribia B, Sideris J, Roberts J. Longitudinal profiles of expressive vocabulary, syntax and pragmatic language in boys with fragile X syndrome or Down syndrome. Int J Lang Commun Disord. 2013;48(4):432–43.PubMedPubMedCentral

	30.
Hall SS, Walter E, Sherman E, Hoeft F, Reiss AL. The neural basis of auditory temporal discrimination in girls with fragile X syndrome. J Neurodev Disord. 2009;1(1):91–9.PubMedPubMedCentral

	31.
Wang J, Ethridge LE, Mosconi MW, White SP, Binder DK, Pedapati EV, et al. A resting EEG study of neocortical hyperexcitability and altered functional connectivity in fragile X syndrome. Journal of Neurodevelopmental Disorders. 2017 Mar 14;9(1).

	32.
Darnell JC, Van Driesche SJ, Zhang C, Hung KYS, Mele A, Fraser CE, et al. FMRP stalls ribosomal translocation on mRNAs linked to synaptic function and autism. Cell. 2011;146(2):247–61.PubMedPubMedCentral

	33.
Huber KM, Gallagher SM, Warren ST, Bear MF. Altered synaptic plasticity in a mouse model of fragile X mental retardation. Proc Natl Acad Sci USA. 2002;99(11):7746–50.PubMedPubMedCentral

	34.
Rogers SJ, Hepburn S, Wehner E. Parent Reports of Sensory Symptoms in Toddlers with Autism and Those with Other Developmental Disorders. J Autism Dev Disord. 2003;33(6):631–42.PubMed

	35.
Crane L, Goddard L, Pring L. Sensory processing in adults with autism spectrum disorders. Autism. 2009;13(3):215–28.PubMed

	36.
Marco EJ, Hinkley LBN, Hill SS, Nagarajan SS. Sensory Processing in Autism: A Review of Neurophysiologic Findings. Pediatr Res. 2011;69(5 Part 2):48R54R.

	37.
Takarae Y, Sablich SR, White SP, Sweeney JA. Neurophysiological hyperresponsivity to sensory input in autism spectrum disorders. Journal of Neurodevelopmental Disorders. 2016 Aug 8;8(1).

	38.
Ethridge LE, White SP, Mosconi MW, Wang J, Byerly MJ, Sweeney JA. Reduced habituation of auditory evoked potentials indicate cortical hyper-excitability in Fragile X Syndrome. Transl Psychiatry. 2016;6(4):e787–97.PubMedPubMedCentral

	39.
THEDUTCHBELGIANFRAGILEXCONSOR. Fmr1 knockout mice: A model to study fragile X mental retardation. Cell. 1994 Jul;78(1).

	40.
Bernardet M, Crusio WE. Fmr1KO Mice as a Possible Model of Autistic Features. Sci World J. 2006;6:1164–76.

	41.
Mineur YS, Huynh LX, Crusio WE. Social behavior deficits in the Fmr1 mutant mouse. Behav Brain Res. 2006;168(1):172–5.PubMed

	42.
Rotschafer SE, Razak KA. Auditory Processing in Fragile X Syndrome. Front Cell Neurosci. 2014;8:19.PubMedPubMedCentral

	43.
Razak KA, Binder DK, Ethell IM. Neural Correlates of Auditory Hypersensitivity in Fragile X Syndrome. Front Psych. 2021;7:12.

	44.
Ethridge LE, White SP, Mosconi MW, Wang J, Pedapati EV, Erickson CA, et al. Neural synchronization deficits linked to cortical hyper-excitability and auditory hypersensitivity in fragile X syndrome. Molecular Autism. 2017 Jun 7;8(1).

	45.
Ethridge LE, De Stefano LA, Schmitt LM, Woodruff NE, Brown KL, Tran M, et al. Auditory EEG Biomarkers in Fragile X Syndrome: Clinical Relevance. Front Integr Neurosci. 2019;9:13.

	46.
Rotschafer S, Razak K. Altered auditory processing in a mouse model of fragile X syndrome. Brain Res. 2013;1506:12–24.PubMed

	47.
Lovelace JW, Ethell IM, Binder DK, Razak KA. Translation-relevant EEG phenotypes in a mouse model of Fragile X Syndrome. Neurobiol Dis. 2018;115:39–48.PubMedPubMedCentral

	48.
Wen TH, Lovelace JW, Ethell IM, Binder DK, Razak KA. Developmental Changes in EEG Phenotypes in a Mouse Model of Fragile X Syndrome. Neuroscience. 2019;398:126–43.PubMed

	49.
Jonak CR, Lovelace JW, Ethell IM, Razak KA, Binder DK. Multielectrode array analysis of EEG biomarkers in a mouse model of Fragile X Syndrome. Neurobiol Dis. 2020;1(138): 104794.

	50.
Rotschafer SE, Cramer KS. Developmental Emergence of Phenotypes in the Auditory Brainstem Nuclei of Fmr1 Knockout Mice. eneuro. 2017 Nov;4(6):ENEURO.0264–17.2017.

	51.
Rumschlag JA, Razak KA. Age-related changes in event related potentials, steady state responses and temporal processing in the auditory cortex of mice with severe or mild hearing loss. Hear Res. 2021;412: 108380.PubMed

	52.
Green DM. Temporal auditory acuity. Psychol Rev. 1971;78(6):540–51.PubMed

	53.
Anderson LA, Linden JF. Mind the Gap: Two Dissociable Mechanisms of Temporal Processing in the Auditory System. J Neurosci. 2016;36(6):1977–95.PubMedPubMedCentral

	54.
Groen WB, van Orsouw L, ter Huurne N, Swinkels S, van der Gaag RJ, Buitelaar JK, et al. Intact Spectral but Abnormal Temporal Processing of Auditory Stimuli in Autism. J Autism Dev Disord. 2009;39(5):742–50.PubMed

	55.
Wieczerzak KB, Patel SV, MacNeil H, Scott KE, Schormans AL, Hayes SH, et al. Differential Plasticity in Auditory and Prefrontal Cortices, and Cognitive-Behavioral Deficits Following Noise-Induced Hearing Loss. Neuroscience. 2021;455:1–18.PubMed

	56.
Lovelace JW, Ethell IM, Binder DK, Razak KA. Minocycline Treatment Reverses Sound Evoked EEG Abnormalities in a Mouse Model of Fragile X Syndrome. Front Neurosci. 2020;4:14.

	57.
Clark MG, Sherman GF, Bimonte HA, Fitch RH. Perceptual auditory gap detection deficits in male BXSB mice with cerebrocortical ectopias. NeuroReport. 2000;11(4):693–6.PubMed

	58.
Nguyen A, Binder DK, Ethell IM, Razak KA. Abnormal development of auditory responses in the inferior colliculus of a mouse model of Fragile X Syndrome. J Neurophysiol. 2020;123(6):2101–21.PubMedPubMedCentral

	59.
Wen TH, Afroz S, Reinhard SM, Palacios AR, Tapia K, Binder DK, et al. Genetic Reduction of Matrix Metalloproteinase-9 Promotes Formation of Perineuronal Nets Around Parvalbumin-Expressing Interneurons and Normalizes Auditory Cortex Responses in Developing Fmr1 Knock-Out Mice. Cerebral Cortex (New York, NY: 1991). 2018 Nov 1;28(11):3951–64.

	60.
Oswald AMM, Reyes AD. Development of Inhibitory Timescales in Auditory Cortex. Cereb Cortex. 2010;21(6):1351–61.PubMedPubMedCentral

	61.
Kim H, Gibboni R, Kirkhart C, Bao S. Impaired Critical Period Plasticity in Primary Auditory Cortex of Fragile X Model Mice. J Neurosci. 2013;33(40):15686–92.PubMedPubMedCentral

	62.
Carrasco MA, Trujillo MA, Razak KA. Development of response selectivity in the mouse auditory cortex. Hear Res. 2013;1(296):107–20.

	63.
Rumschlag JA, Lovelace JW, Razak KA. Age- and movement-related modulation of cortical oscillations in a mouse model of presbycusis. Hearing Research. 2020 Oct;108095.

	64.
Trujillo M, Measor K, Carrasco MM, Razak KA. Selectivity for the rate of frequency-modulated sweeps in the mouse auditory cortex. J Neurophysiol. 2011;106(6):2825–37.PubMed

	65.
Maris E, Oostenveld R. Nonparametric statistical testing of EEG- and MEG-data. J Neurosci Methods. 2007;164(1):177–90.PubMed

	66.
Galambos R, Makeig S, Talmachoff PJ. A 40-Hz auditory potential recorded from the human scalp. Proc Natl Acad Sci USA. 1981;78(4):2643–7.PubMedPubMedCentral

	67.
Pastor MA, Artieda J, Arbizu J, Marti-Climent JM, Peñuelas I, Masdeu JC. Activation of Human Cerebral and Cerebellar Cortex by Auditory Stimulation at 40 Hz. J Neurosci. 2002;22(23):10501–6.PubMedPubMedCentral

	68.
Llinás R. The intrinsic electrophysiological properties of mammalian neurons: insights into central nervous system function. Science. 1988;242(4886):1654–64.PubMed

	69.
Llinás RR, Grace AA, Yarom Y. In vitro neurons in mammalian cortical layer 4 exhibit intrinsic oscillatory activity in the 10- to 50-Hz frequency range. Proc Natl Acad Sci. 1991;88(3):897–901.PubMedPubMedCentral

	70.
Rosanova M, Casali A, Bellina V, Resta F, Mariotti M, Massimini M. Natural Frequencies of Human Corticothalamic Circuits. J Neurosci. 2009;29(24):7679–85.PubMedPubMedCentral

	71.
Kim T, Thankachan S, McKenna JT, McNally JM, Yang C, Choi JH, et al. Cortically projecting basal forebrain parvalbumin neurons regulate cortical gamma band oscillations. Proc Natl Acad Sci. 2015;112(11):3535–40.PubMedPubMedCentral

	72.
Hwang E, Brown RE, Kocsis B, Kim T, McKenna JT, McNally JM, et al. Optogenetic stimulation of basal forebrain parvalbumin neurons modulates the cortical topography of auditory steady-state responses. Brain Struct Funct. 2019;224(4):1505–18.PubMedPubMedCentral

	73.
Cohen MX. Analyzing Neural Time Series Data. The MIT Press; 2014.

	74.
West S, Finch J, Curran P. Structural equation modeling: Concepts, issues, and applications. Doyle RH, editor. SAGE Publications, Inc; 1995.

	75.
Lustenberger C, Patel YA, Alagapan S, Page JM, Price B, Boyle MR, et al. High-density EEG characterization of brain responses to auditory rhythmic stimuli during wakefulness and NREM sleep. Neuroimage. 2018;1(169):57–68.

	76.
Zhao Y, Xu X, He J, Xu J, Zhang J. Age-related changes in neural gap detection thresholds in the rat auditory cortex. Eur J Neurosci. 2014;41(3):285–92.PubMed

	77.
Werner LA, Marean GC, Halpin CF, Spetner NB, Gillenwater JM. Infant Auditory Temporal Acuity: Gap Detection. Child Dev. 1992;63(2):260–72.PubMed

	78.
Friedman JT, Peiffer AM, Clark MG, Benasich AA, Fitch RH. Age and experience-related improvements in gap detection in the rat. Dev Brain Res. 2004;152(2):83–91.

	79.
Smith NA, Trainor LJ, Shore DI. The Development of Temporal Resolution: Between-Channel Gap Detection in Infants and Adults. J Speech Lang Hear Res. 2006;49(5):1104–13.PubMed

	80.
Benasich AA, Tallal P. Infant discrimination of rapid auditory cues predicts later language impairment. Behav Brain Res. 2002;136(1):31–49.PubMed

	81.
Roberts JE, Mirrett P, Burchinal M. Receptive and Expressive Communication Development of Young Males With Fragile X Syndrome. Am J Ment Retard. 2001;106(3):216.PubMed

	82.
Freund LS, Reiss AL. Cognitive profiles associated with the fra(X) syndrome in males and females. Am J Med Genet. 1991;38(4):542–7.PubMed

	83.
Ornstein PA, Schaaf JM, Hooper SR, Hatton DD, Mirrett P, Bailey DB. Memory Skills of Boys With Fragile X Syndrome. Frances Conners LA and, editor. American Journal on Mental Retardation. 2008 Nov 1;113(6):453–65.

	84.
Bregman JD, Leckman JF, Ort SI. Fragile X syndrome: genetic predisposition to psychopathology. J Autism Dev Disord. 1988;18(3):343–54.PubMed

	85.
Cornish K, Scerif G, Karmiloff-Smith A. Tracing Syndrome-Specific Trajectories of Attention Across the Lifespan. Cortex. 2007;43(6):672–85.PubMed

	86.
Mazzocco MM, Pennington BF, Hagerman RJ. The Neurocognitive Phenotype of Female Carriers of Fragile X. J Dev Behav Pediatr. 1993;14(5):328–35.PubMed

	87.
Scerif G, Cornish K, Wilding J, Driver J, Karmiloff-Smith A. Delineation of early attentional control difficulties in fragile X syndrome: Focus on neurocomputational changes. Neuropsychologia. 2007;45(8):1889–98.PubMedPubMedCentral

	88.
Bhatara A, Babikian T, Laugeson E, Tachdjian R, Sininger YS. Impaired Timing and Frequency Discrimination in High-functioning Autism Spectrum Disorders. J Autism Dev Disord. 2013;43(10):2312–28.PubMed

	89.
Gordon-Salant S, Fitzgibbons PJ. Temporal Factors and Speech Recognition Performance in Young and Elderly Listeners. J Speech Lang Hear Res. 1993;36(6):1276–85.

	90.
Weible AP, Moore AK, Liu C, DeBlander L, Wu H, Kentros C, et al. Perceptual Gap Detection Is Mediated by Gap Termination Responses in Auditory Cortex. Curr Biol. 2014;24(13):1447–55.PubMedPubMedCentral

	91.
Keller CH, Kaylegian K, Wehr M. Gap encoding by parvalbumin-expressing interneurons in auditory cortex. J Neurophysiol. 2018;120(1):105–14.PubMedPubMedCentral

	92.
Merzenich MM, Jenkins WM, Johnston P, Schreiner C, Miller SL, Tallal P. Temporal Processing Deficits of Language-Learning Impaired Children Ameliorated by Training. Science. 1996;271(5245):77–81.PubMed

	93.
Baltus A, Herrmann CS. Auditory temporal resolution is linked to resonance frequency of the auditory cortex. Int J Psychophysiol. 2015;98(1):1–7.PubMed

	94.
Hwang E, Han HB, Kim JY, Choi JH. High-density EEG of auditory steady-state responses during stimulation of basal forebrain parvalbumin neurons. Sci Data. 2020;7(1):288.PubMedPubMedCentral

	95.
Sivarao DV, Chen P, Senapati AK, Yang Y, Fernandes A, Benitex Y. 40 Hz Auditory Steady-State Response Is a Pharmacodynamic Biomarker for Cortical NMDA Receptors. Neuropsychopharmacology. 2016;41(9):2232–40.PubMedPubMedCentral

	96.
Luo H, Poeppel D. Cortical Oscillations in Auditory Perception and Speech: Evidence for Two Temporal Windows in Human Auditory Cortex. Frontiers in Psychology. 2012;3.

	97.
Giraud AL, Poeppel D. Cortical oscillations and speech processing: emerging computational principles and operations. Nat Neurosci. 2012;15(4):511–7.PubMedPubMedCentral

	98.
Peña M, Melloni L. Brain Oscillations during Spoken Sentence Processing. J Cogn Neurosci. 2012;24(5):1149–64.PubMed

	99.
Näätänen R, Picton T. The N1 Wave of the Human Electric and Magnetic Response to Sound: A Review and an Analysis of the Component Structure. Psychophysiology. 1987;24(4):375–425.PubMed

	100.
Gonçalves JT, Anstey JE, Golshani P, Portera-Cailliau C. Circuit level defects in the developing neocortex of Fragile X mice. Nat Neurosci. 2013;16(7):903–9.PubMedPubMedCentral

	101.
Assaf F, Schiller Y. The antiepileptic and ictogenic effects of optogenetic neurostimulation of PV-expressing interneurons. J Neurophysiol. 2016;116(4):1694–704.PubMedPubMedCentral

	102.
Lovelace JW, Wen TH, Reinhard S, Hsu MS, Sidhu H, Ethell IM, et al. Matrix metalloproteinase-9 deletion rescues auditory evoked potential habituation deficit in a mouse model of Fragile X Syndrome. Neurobiol Dis. 2016;89:126–35.PubMedPubMedCentral

	103.
Gibson JR, Bartley AF, Hays SA, Huber KM. Imbalance of Neocortical Excitation and Inhibition and Altered UP States Reflect Network Hyperexcitability in the Mouse Model of Fragile X Syndrome. J Neurophysiol. 2008;100(5):2615–26.PubMedPubMedCentral

	104.
Patel AB, Hays SA, Bureau I, Huber KM, Gibson JR. A Target Cell-Specific Role for PresynapticFmr1in Regulating Glutamate Release onto Neocortical Fast-Spiking Inhibitory Neurons. J Neurosci. 2013;33(6):2593–604.PubMedPubMedCentral

	105.
Crowley KE, Colrain IM. A review of the evidence for P2 being an independent component process: age, sleep and modality. Clin Neurophysiol. 2004;115(4):732–44.PubMed

	106.
Van der Molen MJ, Van der Molen MW, Ridderinkhof KR, Hamel BCJ, Curfs LMG, Ramakers GJA. Auditory change detection in fragile X syndrome males: A brain potential study. Clin Neurophysiol. 2012;123(7):1309–18.PubMed

	107.
An WW, Nelson CA, Wilkinson CL. Neural response to repeated auditory stimuli and its association with early language ability in male children with Fragile X syndrome. Front Integr Neurosci. 2022;14:16.

	108.
McKewen M, Cooper PS, Wong ASW, Michie PT, Sauseng P, Karayanidis F. Task‐switching costs have distinct phase‐locked and nonphase‐locked EEG power effects. Psychophysiology. 2020;57(5):e13533.PubMed

	109.
Donner TH, Siegel M. A framework for local cortical oscillation patterns. Trends Cogn Sci. 2011;15(5):191–9.PubMed

	110.
Siegel M, Donner TH. Linking Band-Limited Cortical Activity to fMRI and Behavior. Simultaneous EEG and fMRI. 2010;30:271–94.

	111.
Rosenblum LD. Speech Perception as a Multimodal Phenomenon. Curr Dir Psychol Sci. 2008;17(6):405–9.PubMedPubMedCentral

	112.
Fritz JB, David SV, Radtke-Schuller S, Yin P, Shamma SA. Adaptive, behaviorally gated, persistent encoding of task-relevant auditory information in ferret frontal cortex. Nat Neurosci. 2010;13(8):1011–9.PubMedPubMedCentral

	113.
Schmitt LM, Wang J, Pedapati EV, Thurman AJ, Abbeduto L, Erickson CA, et al. A neurophysiological model of speech production deficits in fragile X syndrome. Brain Communications. 2019 Dec 9;2(1).

	114.
Zhang Z, Gibson JR, Huber KM. Experience-dependent weakening of callosal synaptic connections in the absence of postsynaptic FMRP. eLife. 2021;10:e71555.PubMedPubMedCentral

	115.
Kulinich AO, Reinhard SM, Rais M, Lovelace JW, Scott V, Binder DK, et al. Beneficial effects of sound exposure on auditory cortex development in a mouse model of Fragile X Syndrome. Neurobiol Dis. 2020;134: 104622.PubMed

	116.
Daw MI, Ashby MC, Isaac JTR. Coordinated developmental recruitment of latent fast spiking interneurons in layer IV barrel cortex. Nat Neurosci. 2007;10(4):453–61.PubMed

	117.
Bureau I, Shepherd GMG, Svoboda K. Circuit and Plasticity Defects in the Developing Somatosensory Cortex of Fmr1 Knock-Out Mice. J Neurosci. 2008;28(20):5178–88.PubMedPubMedCentral

	118.
Chilton JK. Molecular mechanisms of axon guidance. Dev Biol. 2006;292(1):13–24.PubMed

	119.
Marín O, Valiente M, Ge X, Tsai LH. Guiding Neuronal Cell Migrations. Cold Spring Harb Perspect Biol. 2010;2(2):a001834.PubMedPubMedCentral

	120.
Meredith RM. Sensitive and critical periods during neurotypical and aberrant neurodevelopment: A framework for neurodevelopmental disorders. Neurosci Biobehav Rev. 2015;50:180–8.PubMed



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Developmental delays in cortical auditory temporal processing in a mouse model of Fragile X syndrome


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/11689_2023_9496_Fig1_HTML.png
A.

2ms gap

4ms gap 6ms gap 8ms gap 10 ms gap s gap

2100 mod dept mo AC_1.00 m

Feoy 2

340

5. B

S20

g = -

“ 20 o0 200 20 0 200 200 0 200 0 0 200 0 0 200 -200 0 200
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)
2ms gap 4ms gap 6ms gap 8ms gap 10 ms gap 12ms gap

7 g1:00 mod depth AC 1.00 mod depm AC, 1.00 mod dep!h AC 1.00 mod dopth AC, 1.00 mod depth AG, 1.00 mod depth AC

z i

40| 40 “" E 'y ‘40

H |

320\ 20 B 20
g0 - ] )

2 ___| ==

200 0 200 -200 0 200

-200 0 200 -200 0 200 -200 0 200
Time (ms) Time (ms)

Time (ms) Time (ms) Time (ms)

-200 o 200
Time (ms)

ga 4ms ga ms ga ms gap ms gap 12 ms gap

3 601:00.mod depth FC, 1.00 mod depth FC, .00 mod depth FC, 1.00 mod depth FC 1.00 mod depth FC_ 1.00 mod depth FC

Eac oy o

H »

S M i 20 S

g — =B — =

“ 200 0 20 200 0 200 200 ©0 200 200 ©0 200 200 0 200 200 0 200
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)
2ms gap 4ms gap 6ms gap 8ms gap 10 ms gap 12ms oo

601,00 mod depth FC_ .00 mod depth FC, 1.00 mod depth FC, 1.00 mod depth FC, 1.00 mod depth FC 1.00 m

Heoy

- s -

40 40 - ‘40; ¢ ‘“m‘ . swany,
2% | . g

S20 8 20 A 20 S 20 I 20
g — — B ==

[

200 0 20 200 0 20 200 0 200 200 0 200 200 0 200 -20 0 200
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)

N60
e
g
g 02
g
2
4 Ry
“ 20 0 200 -200 0 200 -200 0 200 -200 0 200 -200 0 200 -200 0 200
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)
2ms gap 4ms gap 6ms gap 8ms gap 10 ms gap 12 ms gap
g 1:00 mod depth AC. 1,00 mod depth AC, 1.00 mod depth AC, 1.00 mod dopth AC, 100 mod depth AC, 100 mod dopth AC
[=] [k L ° P P
o 340¢ ’ 140 O wo} p ) ‘40 - "‘N‘O ~4or '-'
. | % . | o2
o Sk 20 I >0 - B 20 (S SR 20 5 |
5" i | * | " 1 — = |
200 0 200 -200 0 200 -200 0 200 -200 0 200 -200 0 200 200 0 200
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)
D' s ga s gap 10 ms gap 12 ms gap
Feo 1.00 mod depth FC 1 00 mod demh FC 1 Dn mod depth cho1 00 mod deplh FC 1 00 mod deplh FC 1 00 mod depth FC
g ° W o~
N a0l {40 | s n “ b 5 401 2 "
&) | & | . N . . o
Q S r 20 AR | 20 [ N 20 1 | . n
g — 2 ) - . | S |,
“ 200 0 20 200 0 200 200 0 200 200 0 20 -200 0 200 200 0 200
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)
2ms ga 4ms gap 6ms gap 8ms gap 10 ms gap 12 ms gap
= SO1 .00 mod depth FCSO1‘.00 mod depth FCSU1"DD
[ = _ W o
O zff
o gzo ES ~ 20 ~
g e
&
200 0 200 200 0 200

-200 0 200
Time (ms)

-200 o 200 -200 0 200 -200 0 200
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)





OEBPS/images/11689_2023_9496_Fig2_HTML.png
p21

p30

Mean ITPC

p60

Mean ITPC

75% Modulation

AC

FC AC

100% Modulation

FC

0.3+ 0.3+ 0.3+ 03
= WT p21
0.2- Q. o2 [ EE Q o2
= = E
g g g
0.1 @ 0.1 \./.—//‘ © 0.1 @ 0.1
= = =
o. T T T T T T o. T T T T T T 0. T T T T T T 0. T T T T T T
2ms 4ms 6ms 8ms 10ms 12ms 2ms 4ms 6ms 8ms 10ms 12ms 2ms 4ms 6ms 8ms 10ms 12ms 2ms 4ms 6ms 8ms 10ms 12ms
0.3+ 0.3+ 0.3+ 0.3+
= WT p30
(&) (&) (&) - KO p30
0.2 [ ER Q. 0.2+ Q. o2
= [= [=
g & 8
0.1  0.14 © 0.1 @ 0.1
= = =
0.f T T T T T T 0. T T T T T T 0. T T T T T T 0.f T T T T T T
2ms 4ms 6ms 8ms 10ms 12ms 2ms 4ms 6ms 8ms 10ms 12ms 2ms 4ms 6ms 8ms 10ms 12ms 2ms 4ms 6ms 8ms 10ms 12ms
0.3+ 0.3+ 0.3+ 0.3+
= WT p60
(&) (&) (&) - KO p60
0.2 Q o2 Q. o2+ Qo o2
[= [= [=
5 : §
0.1 @ 0.1+ ® 0.1 @ 0.1
= = =
o. o. o

T T T T T T
2ms 4ms 6ms 8ms 10ms 12ms

T T T T T T
2ms 4ms 6ms 8ms 10ms 12ms

Gap Duration (ms)

T T T T T T
2ms 4ms 6ms 8ms 10ms 12ms

T T T T T T
2ms 4ms 6ms 8ms 10ms 12ms





OEBPS/images/11689_2023_9496_Fig10_HTML.png
] 0 e ER———— M— T —
0 250 500 750 0 250 500 750 0 250 500 750 0 250 500 750 0 250 500 750 0 250 500 750

Time (ms) Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)
80 0.0% 80 005 80
[
qe0[ = T 60
z o z <
> X > >
2 @ o £ o 2
&40 o S $ 40
=1 = S =
o I o o
o = o o
I 0 w = 20
-0.0 -0.0
0 250 500 750 0 250 500 750 0 250 500 750

Time (ms) Time (ms) Time (ms)





OEBPS/images/11689_2023_9496_Fig7_HTML.png
Amplitude (1V)

50

Amplitude (1V)
o

50

100 150 200 250

Time (ms)

B

=
[N w N o
(=] o £ =)
1 1 1 1

Amplitude (pV)

&
<]

Amplitude (1V)

&
<]

P1 Amplitude

*

*1

—

o
I

o

30

N
=]
1

Time (ms)

p21 p30 p60

P1 Latency

*
p21 p30 p60

Amplitude (pV)

Time (ms)

o
1

-10+

[AS XY
S o
1 1

A
t=
1

n
-

50

100

Time (ms)

150

200

N1 Amplitude

*Genotype Effect
T T

-50

o
=]
]

S
(=)
1

[
[=1
1

N
=]
1

-
=)
1

o
1

p21

p30

T
p60

N1 Latency

250

25+

20

15+

10

Amplitude (pV)

100+

80

60

40+

Time (ms)

20+

-50 0 50 100 150 200 250
Time (ms)
P2 Amplitude
*Age Effect . WT
H KO

p21 p30 p60
P2 Latency

B WT
H KO





OEBPS/images/11689_2023_9496_Fig4_HTML.png
Fmr1 KO
o ™
0 20
Fr—
w20

2 -
£ 8888 © Sz 2 8
© - — . PR - L o
o & Jonuod-0y souasomd & Jo1uo-0y eousse
- g g
3 ° 2 B ES
S > >
§8%8 "3 88 %8R E ° 8898 "8 2 88 ¢8R e °
(@) ?.E_xc (2H) Aounboly (24 hovonbouy (21) houanbosg

4ms
w
w
©
»

Frontal Cortex

Control  Fmr1 KO

20 00 o 0 20
10ms

0 20

Time (ms)

20

)
-100

- 103U00-0) oussomd

(21 howonbasy (214 Aouenboi (21 fowanbos

200
200

03
02
03
02

Fmr1 KO
P
10
P
w200

2 ss¢%=8 Logtes
£ i L2 E N - B
N = & [lonuoo-0y souaionlfi -~ © £ |o1u0-0) 2oudIBL!
= 8 8
< - 1, - b
o
o 8 g § ]
8 8 & 8 R g2 88 ¥ 8 8¢ 8 %3 R 8 8 ¢ g e 7
(@) a,zévm (24 fouenbesy (24 Aouonboy (21) 35:85

Fmr1 KO
)
w20
Frara
100

H o e e w
m 8888 ° m.m 1.
o e £ % [lonuod-0y eouaIapl
o= & [jonuog-0y eousseyig -+ 1943489-031 Ha
12 " g
= 8 - g
c - L 4
o B 2
oL f csscsac 8 s@se “3rRgsesRe O
B 8 R 8 8 8 8 8 2 O (ah) hovont
RS o o 2 4 (a1} fouonboss

o
02
01
o
04
o
o

Fmr1 KO
w0 0 m
w20
s
0 20

10ms
w
®
©
»

Auditory Cortex
4ms
Time (ms)

- & Jo1ju0-0y souslella | £ lonu0o-0y soussama
£ . g . g
= : 2
g _
ol § R s e R By s s s e s a8
B o kot 8 o ot P meoey; B RBBEBRE
. mln 2.8 5 o3 3 ° 3
g : : -
x g
g i :
[ . z . °
® 288’ s288¢s8
£ o JAEEENS 420N
N3 & JoJJu0D-0) 2ouaiay F o & [[oU0D-O) 9oUaIlIq
=] g -
c ° < s g
S
= cl e e g il

< Y o it B B, 8RB S8R

Time (ms)

Time (ms)

Time (ms)

Time (ms)

Time (ms)

Time (ms)





OEBPS/images/11689_2023_9496_Fig9_HTML.png
N | WT p21 KO p21

KO p30

is 03 iao 0.3 0.3
§ig 02 gig 02 02
[ 9]
22 Hm 220 0.1 0.1
o i [} 3 ]
e 0 I 0
0 250 500 750 0 250 500 750 0 250 500 750 0 250 500 750 0 250 500 750 0 250 500 750
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)
80 1 gO0o0t 80 0.0% 80 .
|
'—
S60r = 560 560
= ©] == =
> ! > -3
2 @ . 0o 2 0 2
g 40 3] £ & 40 S 40
=] c =] =]
o ) o o
(< = < o
) e | w90 %20
o
o —
' o0 0.0 .
0 250 500 750 0 250 500 750
Time (ms)

Time (ms) Time (ms)






OEBPS/images/11689_2023_9496_Fig3_HTML.png
AC

Mean ITPC

FC

Mean ITPC

75% Modulation

100% Modulation

- KO

0.20 0.20-
0.154 (&) 0.15-
o
E=
0.10 - 0.10-
©
[}]
0.05 S 0.05-
0.00 T T T 0.00 T T T
p21 p30 p6o p21 p30 p60
0.20+ 0.20
_ (&] 4
0.15 i\i/‘ o 0.15 - KO
=
0.10- = 0.10
©
[}
0.05+ S 0.05
0.00 0.00

T
p21

T
p30

L
p60






OEBPS/css/envelope.png





OEBPS/images/11689_2023_9496_Fig6_HTML.png
X
)
t
o
(&)
©
S
f=
o
S
[

Auditory Cortex

S

m:

61

S

4m

2ms

Control

6ms

4ms

2ms

0

Fmr1 KO

i B
_ ; Mﬁm 8 ¢ 8
m S | |o3u0D-O) 29U =
=
€
o
(8]

% i

100

Fmr1 KO

g g

2 H
b4 8 ¢ R’
L2 2t

5 £

2

s

[

=3

o

& (s tovonbnss

03
02

Im

Fmr1 KO

100 200
0 a0

)
&
“
2

Time (ms)
8ms

1013U0D-0) 29Ul

88 8 8&

(e fouorbors (@) Kovonbous

01

Time (ms)

Time (ms)

1043U03-O) 9oU3;

n::ea:sc

Time (ms)

(2H) Aouanbasy

m - m : m

- ° °

W 8

W E—e H m
PEs s a ) .t

= S |oJ3u0)-O) 22U & 1013U0]-0M & =

[ s s

= ° g & g

< g :

o

C e Bg e g § 5o Bgeg 8 §
B oty B nx. zcw:uw_u (2H) Aouanbaiy :I. %;m:ama
3 8 5 o3 3 ° 3 L 3 3 ° < <

o H A_w

X &

-

W °

B 5 ) B
8898 £

— 2 ouoo-0y sousieyia £

g g

i 8

c ° i

o

o H g g
88 $8& "8 2 88 888 e 8 R 888 8¢8¢e
() hovonboly (2H) Aouonbos (2H) fovonbos

m g g I e

-

W - B N
z2s & * N .t

5 & o;u0Q-0) 29us. & | 103u0Q-0) souaseld

=] 2

c - - g

o

o N o s

(et fouorbos

(2 fowonbasy (21 Aovonbosy

(zH) Aouanbasy





OEBPS/images/11689_2023_9496_Fig5_HTML.png
Frontal Cortex

tory Cortex

Audi

6ms

4ms

2ms

6ms

Control

4ms

Control

2ms

Control

Fmr1 KO

Control

Fmr1 KO

Control

Fmr1 KO

Control

Fmr1 KO Fmr1 KO

Fmr1 KO

Time (ms)

1013U0-0Y 33U

(@) kovonbos

) Aouanbasy

@

Time (ms)

103u03-OX &

(2H) Aovonbar =

Time (ms)

1043U0D-0) 89

(241) fousnbay

(2H) fouanbaiy

(2H) houonbos

|
N z
{o £
1013U0D-OM oucﬂhat-n N
S (o hovenbary )
H
g
1013U0D-0M oo:ﬁ_o 1
S @ sovenby
g
g
£

12ms

10ms

0

0

(249) hovorbouy

[043U0D-0Y @

-100

200

(@) fouonbors

1043U0D-0) 99

gw%%»wc

(21 hovonbs

914

103U0D-0) 9ouBIaYy
T T G houonbeny

3 o g
_ﬂ«:oo.ox ERIEYE) N
T % @ venvary
|013u09-0) 2ouasapia
T T i hovonbery

Time (ms)

Time (ms)

Time (ms)

Time (ms)

Time (ms)

Time (ms)





OEBPS/images/11689_2023_9496_Fig8_HTML.png
>

Amplitude (uV)

-50

50

100

150

Time (ms)

B.

Amplitude (uV)

Time (ms)

40

30

20

10

30+

20

10

200

250

Amplitude (uV)

P1 Amplitude

p21 p30 p60
P1 Latency
p21 p30 p60

50

——WT p30

Time (ms)

Amplitude (pV)

-20-

-30

50

100
Time (ms)

150 200 250

N1 Amplitude

*

Amplitude (uV)

40

30

20

T
p21

T
p30

T
p60

N1 Latency

Time (ms)

[~—wT 0
|——KO p60

N

Amplitude (uV)
=

50
-50 0 50 100 150 200 250
Time (ms)
P2 Amplitude
50
B WT
40+ *
H KO
30
20
10
0_
p21 p30 p60
P2 Latency
100
* B WT
80
H KO
60
40
20
0
p21 p30 p60





OEBPS/css/sidebar.gif





