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Abstract (266 words)

Fragile X syndrome (FXS) is the most common inherited form of intellectual disability arising from the
loss of fragile X mental retardation protein (FMRP), a protein that plays a central role in neuronal
function and plasticity. FXS patients show sensory hypersensitivity, hyperarousal and hippocampus-
dependent learning deficits that can be recapitulated in the FMR1 KO mice. Enhanced metabotropic
glutamate receptor (mGluR) signaling and muscarinic acetylcholine receptor (mAChR) signaling in the
FMR1 KO mouse are implicated as the primary causes of the disease pathogenesis. Furthermore,
glutamatergic kainate receptor (KAR) function is reduced in the cortex of the FMR1 KO mice. Of note,
activation of these signaling pathways leads to slow gamma-range oscillations in the hippocampus in
vitro and abnormal gamma oscillations have been reported in FMR1 KO mice and patients with FXS.
Thus, we hypothesized that aberrant activation of these receptors leads to the observed gamma
oscillopathy. We recorded gamma oscillations induced by either cholinergic agonist carbachol (CCh),
mGluR1/5 agonist Dihydroxyphenylglycine (DHPG) or ionotropic glutamatergic agonist KA from the
hippocampal CA3 in WT and FMR1 KO mice in vitro. We show a specific increase in the power of DHPG-
and CCh-induced gamma oscillations and reduction in the synchronicity of gamma oscillations induced
by KA. We further elucidate an aberrant spiking activity during CCh-induced and kainate-induced
gamma oscillations which may underlie the altered gamma oscillation synchronization in the FMR1 KO
mice. Last, we also noted a reduced incidence of spontaneously-occurring hippocampal sharp wave-
ripple events. Our study provides further evidence for aberrant hippocampal rhythms in the FMR1 KO

mice and identifies potential signaling pathways underlying gamma band oscillopathy in FXS.
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1. Introduction

Expansion of non-coding trinucleotide CGG above the normal range (>200 CGG repeats) causes the full
mutation and loss of fragile X mental retardation protein (FMRP) leading to Fragile X syndrome (FXS),
the most common genetically inherited form of intellectual disability and autism spectrum disorder
(Hagerman et al., 2017; Salcedo-Arellano et al., 2020). Lack of FMRP, a key translational regulator of
vast majority of synaptic proteins, leads to excessive protein synthesis, impaired synaptic function and
dysregulation of protein-synthesis dependent plasticity (Bassell and Warren, 2008; Santos et al., 2014).
Accumulating evidence suggests that elevated muscarinic acetylcholine receptor (mAChR)-mediated
signaling and metabotropic glutamate receptor5 (mGIuR5)-mediated signaling are involved in the
pathogenesis of FXS (Bear et al., 2004; Délen et al., 2007; Thomson et al., 2017). It is widely-accepted
that loss of FMRP leads to excessive mGluR5-mediated protein synthesis and enhanced mGIuR-
mediated long-term depression (LTD) (Bear et al., 2004; Délen and Bear, 2008; Huber et al., 2002).
Importantly, both electrophysiological and behavioral phenotypes observed in the FMR1 KO mice can
be corrected by genetic or pharmacological reduction of mGIuR5 signaling (Ddlen et al., 2007;
Michalon et al., 2012). Similarly, FMR1 KO mice show increased expression of both type 1 (M1) and
type 4 (M4) mAChR in the hippocampus (Thomson et al., 2017). Accordingly, hippocampal LTD induced
by activation of mAChR is exaggerated (Volk et al., 2007) and antagonism of M1 can rescue some of
the behavioral phenotypes observed in FMR1 KO mice (Veeraragavan et al., 2011). On the other hand,
ionotropic glutamate receptor function is also affected by lack of FMRP (Aloisi et al., 2017; Pilpel et al.,
2009). Interestingly, a reduced kainate receptor (KAR)-mediated synaptic function has only recently

been demonstrated in the cortex of the FMR1 KO mice (Qiu et al., 2018).

Network oscillations are electrical brain activities reflecting neuronal synchronization at different
spatial and temporal levels (Buzsaki and Draguhn, 2004). Neuronal network oscillations are crucial for
maintaining most of the brain functions and can be used as proxies for neural mechanisms underlying
behaviorally-relevant synaptic plasticity (Caliskan and Stork, 2018). While the molecular and cellular
mechanisms underlying FXS have been extensively studied in rodent models, systematic investigation
of behaviorally-relevant neurophysiological oscillations as mesoscopic biomarkers for FXS has only
recently accelerated (Arbab et al., 2018; Boone et al., 2018; Dvorak et al., 2018; Jonak et al., 2020;
Lovelace et al., 2020, 2018; Pirbhoy et al., 2020; Radwan et al., 2016; Wen et al., 2019; Wong et al.,
2020). Of note, the most striking and converging finding from studies using FMR1 KO mouse model is
the gamma-range (30-80 Hz) oscillopathy observed in distinct cortical regions (Jonak et al., 2020;
Lovelace et al., 2020, 2018; Pirbhoy et al., 2020; Wen et al., 2019; Wong et al., 2020) and hippocampus
(Arbab et al., 2018; Boone et al., 2018; Dvorak et al., 2018; Radwan et al., 2016). Elevated gamma
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oscillations appear to be present during diverse behavioral stages including active exploration, rest
and sleep (Arbab et al., 2018; Boone et al., 2018; Lovelace et al., 2018). Similar enhancement in the
resting state gamma power and aberrant synchronization of gamma oscillations have been reported
in electroencephalogram (EEG) studies in FXS patients (Ethridge et al., 2019, 2017; Wang et al., 2017).
These oscillatory changes have been associated with sensory and cognitive deficits in FXS (Sinclair et
al., 2017). Specifically, enhanced hippocampal gamma oscillations and their aberrant synchronization
have been implicated in reduced cognitive flexibility in the FMR1 KO mice (Dvorak et al., 2018; Radwan
et al., 2016). Thus, aberrant gamma oscillations might indeed be a common mesoscopic biomarker for
FXS and potentially for autism spectrum disorders. However, to date, it is still not clarified whether
elevated mGIuR signaling and/or mAChR signaling can indeed lead to an aberrant enhancement of

gamma oscillations in the FMR1 KO mice.

In vitro oscillation models provide a robust tool for pharmacological studies aiming at elucidating
phenotypic differences (Albrecht et al., 2013; Hollnagel et al., 2019; Klein et al., 2016). Accumulating
evidence suggests that in vitro network oscillations engage similar cellular interactions as observed in
vivo (Butler and Paulsen, 2015; Buzsaki, 2015; Schlingloff et al., 2014) and are sensitive to genetic
and/or behavioral manipulations (Albrecht et al., 2013; Caliskan et al., 2015; Caliskan et al., 2016;
Hollnagel et al., 2019; Lu et al., 2011; Mizunuma et al., 2014; Norimoto et al., 2018). Specifically, the
hippocampal CA3 subregion with its tightly interconnected recurrent network can generate gamma-
range rhythmic local field potentials (LFP) in vitro (Fisahn et al., 1998; Le Duigou et al., 2014). These
LFP oscillations can be induced via activation of mAChR (Caliskan et al., 2015; Fisahn et al., 2002;
Wjtowicz et al., 2009; Zemankovics et al., 2013) or elevating glutamatergic input via activation of
either mGIuR1/5 (Gillies et al., 2002; Palhalmi et al., 2004) or KAR (Albrecht et al., 2013; Fisahn et al.,
2004; Woéjtowicz et al., 2009; Zemankovics et al., 2013). In the absence of elevated cholinergic or
glutamatergic input, hippocampal CA3 network generates spontaneous sharp wave-ripple (SW-R)
activity in vitro that represents a distinct hippocampal network state (Buzsaki, 2015; Maier et al., 2003).
Thus, two distinct hippocampal LFP states observed in vivo can partially be mimicked using

hippocampal slice preparations.

In the current study, we recorded in vitro hippocampal network oscillations in the FMR1 KO mice and
analyzed spontaneous SW-Rs and pharmacologically-induced gamma oscillations via activating
mAChR, mGluR1/5 or KAR. Based on the elevated mAChR- and mGluR5-mediated signaling in the FMR1
KO mice, we postulated that direct activation of these signaling pathways in vitro would be sufficient

to observe the aberrantly elevated gamma oscillations in FMR1 KO mice. Our findings provide
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promising evidence for direct involvement of elevated mAChR- and mGIluR5-mediated signaling in the

gamma-range oscillopathy observed in FXS.
2.Materials and methods
2.1. Animals

Male FMR1 KO (-/y) mice and wild-type (WT) littermates (+/y) with FVB background (JAX stock
#003024)(Bakker et al., 1994) were bred in our animal facility, at the Institute of Biology, Otto-von-
Guericke University Magdeburg (12h light/dark cycle with lights switched on at 7 p.m. with a 30 min
dawn phase; food and water ad libitum). All experiments were conducted in accordance with the
European and German regulations for animal experiments and were approved by the

Landesverwaltungsamt Saxony-Anhalt (Permission No. 42502-2-1009-UniMD).
2.2. Electrophysiology
2.2.1. Slice Preparation

Animals were anaesthetized with isoflurane and decapitated. The brain was rapidly removed and
submerged in ice-cold artificial cerebrospinal fluid (aCSF) including (in mM) 129 NaCl, 21 NaHCO;, 3
KCl, 1.6 CaCl,, 1.8 MgCl, 1.25 NaH,P0O4 and 10 glucose (carbogenated with 5% CO,, 95% O, pH 7.4,
osmolarity 300 mOsm). Horizontal slices containing ventral-to-mid hippocampus (400 um) were
prepared with a vibratome (Model 752; Campden Instruments LTD, Loughborough, UK) at an angle of
about 12° in the fronto-occipital direction and placed in an interface chamber at 32 °C (aCSF flow rate:

~2 ml/min). Slices were allowed to recover for at least 1 h before starting the recordings.
2.2.2. Local field potentials

LFP recordings were obtained from stratum pyramidale (SP) of CA3 and CAl. Borosilicate glass
electrodes of ~1 MQ resistance, filled with aCSF, were placed at a depth of ~¥80 um and spontaneous
SW-R were recorded. Gamma oscillations were induced by increasing the temperature to 35 °C and
bath-application of drugs at least for 45 min. The signal was amplified by a commercial (EXT-02F —
Extracellular Amplifier; npi Electronic GmbH, Tamm, Germany) or a custom-made amplifier and low-
pass filtered at 3 kHz. The data were sampled at a rate of 5 kHz using a data acquisition unit (CED-
Mikro1401; Cambridge Electronic Design, Cambridge, UK). Signals were recorded using Spike2.8

software (Cambridge Electronic Design) and stored on a computer hard disc and analyzed off-line.
2.3. Drug Application

Drugs were applied via continuous perfusion with a flow rate of ~2 ml/min. AChR agonist Carbachol
(CCh; 5 uM) (TOCRIS, Bristol, UK), mGluR1/5 agonist Dihydroxyphenylglycine (DHPG; 10 uM) (TOCRIS)
5
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and ionotropic GIuR agonist Kainic acid (KA; 60 nM) (TOCRIS) were added to aCSF freshly prior to
induction of gamma oscillations, using stock aliquots stored in -20°C. CCh stocks were aliquoted in
dimethyl sulfoxide (DMSO; Final Concentration: 0.01 %) (Merck KGaA, Darmstadt, Germany) whereas

DHPG and KA were aliquoted in distilled water.
2.4. Data analysis
2.4.1. Gamma oscillation analysis

Pharmacologically-induced gamma oscillations were recorded from pyramidal layer of CA3 region of
ventral-to-mid hippocampus (Fig. 1). Two minutes artefact-free data were extracted and analyzed by
Fast Fourier Transformation using Spike2.8 software (Cambridge Electronic Design) with a frequency
resolution of 1.221 Hz and custom-made MATLAB scripts (MathWorks, Natick, MA, USA). Peak
frequency, integrated power (20-80 Hz) and half band width (HBW) were calculated from the power
spectra of two-minute artifact free data. The slices that show gamma oscillations with peak power
greater than 10 uV? and peak frequency greater than 20 Hz were included in the analysis. HBW was
calculated as the frequency range at the half-maximum of the peak power. Autocorrelation was
calculated as the 2" positive peak of two-minute auto-correlogram and time constant (Tau) was

calculated as the decaying exponential fit to the peaks of the autocorrelation.
2.4.2. Multi-unit activity analysis

Multi-unit activity during gamma oscillations was analyzed adapting previously described methods
(Hajos et al., 2004). In brief, gamma oscillations were band-pass filtered at 15-45 Hz (FFT filter) and
further processed by a Hilbert transformation yielding the phase representation of gamma cycles. Unit
activity was detected by extracting the high frequency component of the LFP signal (FFT filter: 500—
3000 Hz). The band-pass filtered signal was then denoised by application of the wavelet denoising
function implemented in MATLAB’s Wavelet Toolbox. For initial collection of units, only those with
amplitudes bigger than 0.0125 mV were considered. Further evaluation was done with units
representing the upper quartile of unit amplitudes. Unit timings were then related to the phase of the
corresponding gamma cycle. For comparison of units and respective gamma cycles, gamma cycles and
units’ spike timings were resampled. For each recording, the obtained gamma cycles were averaged
separately. The polar distribution of units was normalized to represent the probability of unit firing
within a gamma cycle. For statistical evaluation, the unit firing probability curves and their activation
curves (i.e. cumulative firing probability) were plotted in two dimensions. Of note, we compared multi-
unit activity only in those experiments in which the gamma oscillations were clearly recorded in the

pyramidal cell layer and thus providing representative activation curves.
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2.4.3. Sharp wave-ripple analysis

Extracellular local field potential recordings in the CA3 and CA1l subregions of the ventral-to-mid
hippocampus exhibit spontaneous sharp wave-ripple (SW-R) activity in vitro (Caliskan et al., 2016;
Maier et al., 2003). Two minutes artefact-free data were extracted and custom-made MATLAB scripts
(MathWorks, Natick, MA, USA) were used to analyze the sharp wave (SW) incidence, SW area under
curve, the ripple frequency and ripple amplitude. Specifically, SW were identified by low-pass filtering
the raw data at 45 Hz (FFT filter, cut frequency: 45 Hz). Only events greater than 3 times the standard
deviation (SD) of the low-pass-filtered signal and with a minimum distance of 100 ms between two
consecutive SW were considered for analysis. SW area was calculated by using as start and end of a
SW event, the points crossing the mean of the data. In order to isolate the ripple component, time
windows of 125 ms centered to the maximum of SW event were kept and band-pass filtered at 120—
300 Hz (FFT filter). Only ripples with amplitude greater than 3 times the SD of the band-pass-filtered
signal were considered. Data with length of 15 ms before and 10 ms after the maximum of SW event
were stored and ripple amplitude was calculated using triple-point-minimax-determination. Ripples
were included in the analysis, when the difference between the falling and rising component of a ripple
was lower than 75%. Ripple frequencies were calculated using the duration between the through of

consecutive ripples within each SW-R complex.
2.5. Statistical analysis

The number of animals (N) and the number of slices (n) used are indicated in the figure legends.
GraphPad Prism version 9.0.0 for Windows (GraphPad Software, CA, USA) was used for statistical
comparison. First, Shapiro—Wilk test was used to determine whether the data are normally distributed.
The genotype differences were determined either by Student’s two-tailed t-test for normally-
distributed data and Mann-Whitney U test was used otherwise. Log transformation was used for the
statistical comparison of gamma power due to the variable nature of gamma oscillation power in vitro.
To provide information about differences in the multi-unit activity relative to the gamma cycle multiple
t-test comparison was applied without assuming a similar standard deviation. Data are reported as

mean * standard error of the mean (SEM). Probability value p<0.05 was considered significant.
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Fig. 1. Gamma oscillations in the hippocampal CA3 in vitro. (A) Sample trace of gamma oscillations
induced via bath-application of either Carbachol (CCh, 5 uM), DHPG (10 uM) or Kainate (KA, 60 nM)
for 45-60 min. Local field potential (LFP) recordings were performed from the pyramidal layer of CA3
subregion in horizontal brain slices including transverse-like sections of the ventral-to-mid
hippocampus. “C” indicates the gamma oscillation trace shown in panel C. (B) Corresponding wavelet
transformation of the LFP trace in panel A showing power of frequency domains (f) over time (t). Heat-
scale colors encode for Power in arbitrary units (a.u.). Note the emergence of gamma oscillations at
30-40 Hz after 15 min of drug application and its stabilization after ~45 min. (C) Sample LFP gamma
trace (left, up) and corresponding wavelet transformation (left, down) ~45 min after drug perfusion.
Note the prominent gamma oscillations at ~40 Hz. Power Spectra (right, up) or auto-correlograms
(right, down) were generated from artefact-free two min gamma oscillation segments at least 45 min

after perfusion of CCh, DHPG or KA. Note that the fis shown in logarithmic scale.

3. Results
3.1. Cholinergic gamma oscillations are enhanced in the CA3 of FMR1 KO mice

Converging evidence indicates that mAChR signaling is elevated in the FMR1 KO mice (Thomson et al.,
2017; Veeraragavan et al., 2011; Volk et al., 2007). Furthermore, induction of cholinergic-type gamma
oscillations depends on activation of mAChR (Fisahn et al., 2002, 1998). Thus, we first characterized
cholinergic gamma oscillations in the hippocampal CA3 subregion of FMR1 KO and WT mice via bath-
application of 5 uM CCh. Gamma oscillations emerged 10-15 min after application of CCh and stabilized
after ~45 min (Fig. 2A). Strikingly, we found a profoundly increased gamma power (20-80 Hz) in the
FMR1 KO compared to the WT mice (Fig. 2B, D, I; Student’s two-tailed t-test; T(57) = 4.055, p < 0.05).
However, analysis of the gamma peak frequency (Fig. 2E; Mann-Whitney U test, p = 0.1463), the half
band width (Fig. 2F; Mann-Whitney U test, p = 0.7477), the decay constant gamma autocorrelation fit
(Tau) (Fig. 2G; Mann-Whitney U test, p = 0.5094) and the autocorrelation (2" peak value) of local
gamma oscillations (Fig. 2C, H; Mann-Whitney U test; p = 0.4535) revealed no genotype differences.

Of note, we observed significant differences in the unit activity which corresponds to an overall

8


https://doi.org/10.1101/2021.04.24.441239
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.24.441239; this version posted April 26, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

neuronal activity most likely reflecting action potentials generated by pyramidal cells (Fig. 21-J). While
the probability of unit firing was slightly higher at the beginning of each gamma cycle in WT mice, cells
were more active in the late phase of gamma cycles in FMR1 KO mice (Fig. 2K-L; multiple t-test
comparisons; p < 0.05, indicated by colored patches). Together, these data suggest that cholinergic
gamma oscillations in the hippocampus of FMR1 KO mice are substantially augmented and may

underlie the aberrantly enhanced gamma oscillations observed in FMR1 KO mice in vivo.
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Fig. 2. Carbachol-induced cholinergic gamma oscillations are augmented in the hippocampal CA3
subregion of FMR1 KO mice in vitro. (A) Sample trace of gamma oscillations induced via bath-
application of Carbachol (CCh, 5 uM). (B) Corresponding power spectra of gamma oscillations showing
a profound increase in the power of gamma-range (20-80 Hz) LFP oscillations without any shift in the
gamma peak frequency (f). Note that the f is shown in logarithmic scale. (C) Representative
autocorrelogram showing no change between genotypes. 2" positive peak value (indicated by the
arrow) was measured for statistical comparison. Summary plots highlighting (D) a significant increase
in the gamma power (WT: n=24 /N =8, KO: n =35/ N = 11) and no significant alterations in (E) the
gamma peak f(WT:n=24 /N =8, KO: n=35/N =11), (F) half band width (HBW) (WT: n=18 /N =38,
KO: n =30/ N = 11), (G) time constant (Tau) of the decaying exponential fit to the peaks of the
autocorrelation (WT: n =18 / N =8, KO: n =30 / N = 11) and (H) 2™ positive peak value of the
autocorrelogram (WT: n=18 / N =8, KO: n =30/ N = 11). Evaluation of multi-unit activity in datasets
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(WT:n=12/N=6,KO: n=25/N = 8) is shown in I-L. (I) Average gamma cycle. Note that the cycle’s
amplitude is plotted against degrees. (J) Polar plots illustrating the probability of unit activity in FMR1
KO (top) and WT (bottom) mice relative to the cycle shown in I. (K) Unit firing probability reveals
different activation regimes. Units in WT are significantly more active in the initial phase, whereas units
in FMR1 KO mice have a significantly higher firing probability in the late phase. (L) Unit activation
curves reveal more uniform recruitment of units in WT mice. Statistical comparison was performed
using Student’s two-tailed t-test for C and Mann-Whitney U test for D, E, F and G. In K and L statistical
comparison was done with multiple t-test comparisons. Colored patches indicate ranges in which

datasets differed significantly. Data are given as mean + SEM. *p < 0.05.
3.2. DHPG-induced gamma oscillations are enhanced in the CA3 of FMR1 KO mice

In addition to mAChR signaling, increased mGIuR signaling is also evident in the FMR1 KO mice (Délen
et al., 2007; Michalon et al., 2012). Activation of mGIuR1/5 signaling in the hippocampus in vitro also
induces gamma-range LFP oscillations (Gillies et al., 2002; Palhalmi et al., 2004). Thus, we characterized
the gamma network activity induced by activation of mGIluR1/5 via DHPG (Fig. 3A). We found that the
power of DHPG-induced gamma oscillations was significantly increased in the FMR1 KO compared to
WT (Fig. 3B, D, |; Student’s two-tailed t-test; T(46) = 2.179, p < 0.05). As reported previously (Palhalmi
et al.,, 2004), DHPG-induced gamma oscillations showed an increased gamma peak frequency in
comparison to the CCh-induced gamma oscillations (DHPG: 44.4 + 1.5 Hz vs. CCh: 34 + 0.2 Hz).
However, no genotype differences were detected for gamma peak frequency (Fig. 3E; Student’s two-
tailed t-test; T(46) = 0.8122, p = 0.4209). Similarly, HBW (FIG. 3F; Mann-Whitney U test, p = 0.4876),
Tau (FIG. 3G; Mann-Whitney U test, p = 0.7788) and gamma autocorrelation (FIG. 3C, H; Student’s two-
tailed t-test; T(30) = 0.6405, p =0.5267) were comparable between FMR1 KO and WT mice. Thus, in
addition to the enhanced cholinergic signaling, mGluR signaling might also be directly involved in the
enhancement of gamma oscillations in the FMR1 KO mice. Interestingly, the evaluation of the multi-
unit activity did not reveal an apparent difference between WT and FMR1 KO mice in the recruitment
of putative pyramidal cells to generate action potentials during gamma cycles (Fig. 3I-L; multiple t-test

comparisons; p > 0.05, except for one data point in Fig. 3K where p < 0.05).

10
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Fig. 3. DHPG-induced gamma oscillations are augmented in the hippocampal CA3 subregion of FMR1
KO mice in vitro. (A) Sample trace of gamma oscillations induced via bath-application of
Dihydroxyphenylglycine (DHPG, 10 uM). (B) Corresponding power spectra of gamma oscillations
showing an increase in the power of gamma-range oscillations without any shift in the gamma peak
oscillation frequency (f). Note that the f is shown in logarithmic scale. (C) Representative
autocorrelogram showing no change between genotypes. 2™ positive peak value (indicated by the
arrow) was measured for statistical comparison. Summary plots illustrating a significant increase in (D)
the gamma power (20-80 Hz) (WT: n=22 /N =9, KO: n=26/ N = 8) and no significant alteration (E) in
the gamma peak f(WT: n=22/N=9,KO: n=26/ N = 8), (F) half band width (HBW) (WT:n=14 /N =
7, KO: n =18 / N = 7), (G) time constant (Tau) of the decaying exponential fit to the peaks of the
autocorrelation (WT: n=14/N=7,K0: n=18 /N = 7) and (H) 2" peak value of the autocorrelogram
(WT:n=14/N=7,KO: n=18/ N = 7). Evaluation of multi-unit activity in datasets (WT:n=20/N =8,
KO: n=24 /N = 8) is shown in I-L. (I) Average gamma cycle. Note that the cycle’s amplitude is plotted
against degrees. (J) Polar plots illustrating the probability of unit activity in FMR1 KO (top) and WT
(bottom) mice relative to the cycle shown in I. (K) Unit firing probability showing similar activation
regimes. (L) Unit activation curves with similar recruitment of units in WT vs. FMR1 KO mice. Statistical

comparison was performed using Student’s two-tailed t-test for C, D, G and Mann-Whitney U test for
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E and F. In K and L statistical comparison was done with multiple t-test comparisons. Colored line in K

indicates significant difference. Data are given as mean + SEM. *p < 0.05.

3.3. Synchronization of KA-induced gamma oscillations is reduced in the hippocampal CA3

of FMR1 KO mice

KAR activation has been a standard protocol for investigation of gamma oscillations in vitro (Bartos et
al., 2007). In comparison to mAChR and mGIuR signaling, a possible alteration in the ionotropic KAR
signaling in the pathogenesis of FXS has been inadequately addressed. Thus, we aimed to characterize
KA-induced gamma oscillations in the hippocampal CA3 of FMR1 KO mice (Fig. 4A). Interestingly, we
found no alteration in the power of KA-induced gamma oscillations (Fig. 4B, D, I; Mann-Whitney U test,
p =0.0959). On the other hand, the peak frequency of gamma oscillations was significantly increased
(Fig. 4B, E; Student’s two-tailed t-test; T(59) = 2.009, p < 0.05). A tendency for an increased HBW (Fig.
4F; Mann-Whitney U test; p = 0.0598) was evident suggesting a possible change in the gamma
synchronicity. Accordingly, analysis of time constant (Tau) of the decaying exponential fit to the peaks
of the autocorrelation revealed a significant reduction (Fig. 4G; Student’s two-tailed t-test; T(50) =
3.056, p < 0.05) and a tendency for decreased autocorrelation (FIG. 4C, H; Student’s two-tailed t-test;
T(50) = 2.001, p = 0.0508) in FMR1 KO mice compared to WT. At the multi-unit level and opposed to
the findings described for CCh-induced gamma oscillations, we detected a more uniform activation
curve in the in FMR1 KO mice (Fig 4I-L; multiple t-test comparisons; p < 0.05, indicated by colored
patches). Here, the probability of unit firing was slightly higher at the beginning of the gamma cycle in
FMR1 KO mice, while it was lower towards the end of the gamma cycle (Fig 4K; multiple t-test
comparisons; p < 0.05, indicated by colored patches). These data suggest a general reduction in the
synchronicity of KA-induced gamma oscillations and aligns with a reduction KAR-mediated synaptic

function reported in the cortex of FMR1 KO mice (Qiu et al., 2018).
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Fig. 4. Kainate-induced gamma oscillations are reduced in their synchrony in the hippocampal CA3
of FMR1 KO mice in vitro. (A) Sample trace of gamma oscillations induced via bath-application of
kainate (KA, 60 nM). Note the increased frequency and distorted synchrony of gamma oscillations in
the FMR1 KO in comparison to the WT. (B) Corresponding power spectra of gamma oscillations
showing a shift in the gamma peak oscillation frequency (f). (C) Corresponding autocorrelogram
showing a slight reduction in the 2" positive peak value (indicated by the arrow) in the FMR1 KO.
Summary plots illustrating a significant increase in the (E) the gamma frequency (WT: n=31/N=7,
KO: n=30/N=7)and a significant decrease in (G) time constant (Tau) of the decaying exponential fit
to the peaks of the autocorrelation (WT: n=29 /N =7, KO: n=23 /N =7), without strong alterations
in (D) gamma power (20-80 Hz) (WT:n=31/N=7,KO:n=30/ N =7), (F) half band width (HBW) (WT:
n=29/N=7,KO:n=23/N=7)and (H) autocorrelation value (2" peak value of the autocorrelogram)
(WT:n=29/N=7,KO: n=23/N = 7). Evaluation of multi-unit activity in datasets (WT:n=27 /N =6,
KO: n=25/ N =6) is shown in I-L. (I) Average gamma cycle. Note that the cycle’s amplitude is plotted
against degrees. (J) Polar plots illustrating the probability of unit activity in FMR1 KO (top) and WT
(bottom) mice relative to the cycle shown in I. (K) Unit firing probability reveals different activation
regimes. Units in WT are significantly more active in the late phase, whereas units in FMR1 KO mice
have a significantly higher firing probability in the early phase. (L) Unit activation curves reveal more

uniform recruitment of units in FMR1 KO mice. Statistical comparison was performed using Student’s
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two-tailed t-test for D, F, G and Mann-Whitney U test for Cand E. In K and L statistical comparison was
done with multiple t-test comparisons. Colored patches indicate ranges in which datasets differed

significantly. Data are given as mean + SEM. *p < 0.05.
3.4. Spontaneous SW-R incidence is reduced in the hippocampal CA3 of FMR1 KO mice

Under reduced subcortical neuromodulation, the same hippocampal circuits can generate SW-R
activity (Buzsaki, 2015). Thus, we assessed different parameters of SW-R in the hippocampal CA3 and
CA1 subregions of FMR1 KO and WT mice (Fig. A-B). We found that SW-R incidence in both CA3 and
CA1 areas were decreased in FMR1 KO mice compared to WT (Fig. 5C; CA3: Student’s two-tailed t-test;
T(95) = 2.389, p < 0.05; CA1: Mann-Whitney U test, p < 0.05). However, we did not find any differences
in other SW-R properties including SW area (Fig. 5D; CA3: Mann-Whitney U test, p = 0.4989; CA1:
Mann-Whitney U test, p = 0.9898), ripple frequency (Fig. 5E; CA3: Mann-Whitney U test, p = 0.7313;
CA1: Mann-Whitney U test, p = 0.5425) and ripple amplitude (Fig. 5F; CA3: Mann-Whitney U test, p =
0.6776; CA1: Mann-Whitney U test, p = 0.2080). These data indicate that SW rate in the ventral-to-mid

hippocampus in vitro is overall reduced in the FMR1 KO mice.
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Fig. 5. Decreased SW-R incidence in the hippocampal CA3 and CA1 of FMR1 KO mice in vitro. (A)
Sample traces of spontaneous sharp wave-ripples (SW-R) in the CA3 and CA1 of WT and FMR1 KO mice,
illustrating a decreased number of SW-R events. (B) Filtered SW-R traces showing the ripple
component (band-pass filtered signal (120-300 Hz)) and the sharp wave component (low-pass filtered
signal (<45 Hz)). Summary graphs showing (C) decreased incidence in the FMR1 KO compared to the
WT, in both CA3 and CA1 areas with no changes in (D) SW area, (E) ripple frequency (f) and (F) ripple
amplitude (CA3: WT,n=43/N=11,KO,n=54/N=14; CA1: WT,n=38 /N=11,KO, n=49 / N =14).
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Statistical comparison was performed using Student’s two-tailed t-test for C (CA3) and Mann-Whitney

U test for C (CA1), D, E and F. Data are presented as mean + SEM. *p < 0.05.
4. Discussion

In the current study, we took advantage of the well-established in vitro slice models for the analysis of
gamma oscillations in a mouse model of FXS. We used three experimental protocols for the induction
of gamma oscillations in vitro which involve pharmacological activation of either mAChR, mGIuR or
KAR (Fig. 1). Aberrant signaling mediated by activation of these receptors has been linked to the
pathogenesis of FXS (Ddlen et al., 2007; Michalon et al., 2012; Qiu et al., 2018; Thomson et al., 2017,
Veeraragavan et al.,, 2011; Volk et al.,, 2007). Thus, this approach allowed us to assess potential
contribution of these signaling pathways to the generation of hypersynchronous gamma oscillations
in the FMR1 KO mouse model. Strikingly, we found that activation of either mAChR or mGIuR leads to
a profound increase in the power of gamma oscillations in the hippocampus of FMR1 KO. On the other
hand, pharmacological activation of KAR leads to rather desynchronized gamma oscillations without
altering the power of gamma oscillations suggesting a potential loss of KAR function in the FMR1 KO
mouse. These changes were associated with altered cellular firing patterns during gamma oscillations
induced by either CCh or KA. We further identified a mild reduction in the incidence of hippocampal
SW-R events, LFP patterns which are linked to memory consolidation and appear during reduced
subcortical neuromodulation (Buzsaki, 2015; Caliskan and Stork, 2019). Together, our data suggest that
aberrant activation of mAChR, mGIuR or KAR may directly contribute to the gamma oscillopathy and

associated behavioral abnormalities observed in FXS.

The most striking finding of the current study is the abnormal increase in the amplitude of cholinergic
gamma oscillations in the hippocampal CA3 of FMR1 KO mouse (Fig. 2). Indeed, increased cholinergic
tonus is associated with the emergence of LFP gamma oscillations in the hippocampus in vivo and in
vitro (Caliskan et al., 2015; Fisahn et al., 1998; Vandecasteele et al., 2014). However, ACh metabolism
appears to be normal in male FMR1 KO mice suggesting that the increased gamma oscillation power
observed in FXS is not due to an overall increase in the availability of ACh (Scremin et al., 2015). Of
note, generation of CCh-induced gamma oscillations depends on the activation of M1-AChR (Fisahn et
al., 2002, 1998). Accordingly, FMR1 KO mouse model shows a significant increase in the expression of
M1-AChR (Thomson et al., 2017) and an exaggerated CCh-induced hippocampal LTD mediated by M1-
AChRis evident in the FMR1 KO mouse (Volk et al., 2007). These findings suggest that aberrant increase
in the hippocampal gamma power of FXS might be due to elevated expression of M1-AChR and

abnormal activation of downstream signaling pathways.
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Similar to cholinergic gamma oscillations, we found a strong enhancement of mGIuR1/5 agonist DHPG-
induced gamma oscillations in the hippocampal CA3 of FMR1 KO mice (Fig. 3). Our results conform
with previous studies (Palhalmi et al., 2004) demonstrating a higher gamma peak frequency of DHPG-
induced gamma oscillations in comparison to the other pharmacologically-induced gamma oscillations.
These findings also align well with the enhanced mGIuR signaling and mGluR-dependent LTD reported
numerous times in the hippocampal CA1 of the FMR1 KO mice (Ddlen et al., 2007; Délen and Bear,
2008; Ferrante et al., 2021; Huber et al., 2002; Zhang et al., 2009). Of note, antagonism of mGIuR
appears to have no effect on both CCh-induced LTD and gamma oscillations in vitro (Fisahn et al., 1998;
Palhalmi et al., 2004; Volk et al., 2007). Interestingly, activation of either mGIuR or M1-AChR leads to
the enhancement of protein-synthesis dependent LTD via a common mechanism that is under the
translational control of FMRP (Volk et al., 2007). Thus, synergistic actions of aberrant mGIuR and M1-

AChR signaling likely contribute to the enhanced gamma oscillations in the FMR1 KO mice.

Notably, KA-induced gamma oscillations were differently affected in the FMR1 KO mice (Fig. 4). We
noted a general alteration in the oscillation parameters that indicate reduced synchronization of KA-
induced gamma oscillations in the FMR1 KO mice. Previous pharmacological experiments demonstrate
that KA-induced gamma oscillations do not require activation of either mAChR or mGIuR suggesting
that the potential reduction in the KAR function is independent of mAChR- or mGluR-mediated
signaling mechanisms in the FMR1 KO mice (Fisahn et al., 2004). This finding aligns with the reduced
synaptic expression and function of KAR in the cortex of the FMR1 KO mice (Qiu et al., 2018). To the
best of our knowledge, no other studies directly investigated a potential change in the KAR function in
the hippocampus of the FMR1 KO mice. Thus, KAR-dependent synaptic function and its molecular

underpinnings in the hippocampus of the FMR1 KO mice need to be addressed in future studies.

CA3 LFP gamma oscillations represent compound synaptic potentials recorded extracellularly and their
generation requires activity of both pyramidal cells and GABAergic interneurons (Hajos and Paulsen,
2009). Theoretical and experimental work indicate that distinct in vitro network oscillations require
different levels of inhibitory and excitatory fast synaptic transmission. Blockade of GABAAR-mediated
fast inhibitory transmission eliminates gamma oscillatory activity in all in vitro models measured in the
current study (Fisahn et al., 2004, 1998; Palhalmi et al., 2004). Drugs that prolong the fast inhibitory
synaptic currents, such as zolpidem and pentobarbital, reduce the gamma peak frequency of KA- and
DHPG-induced gamma oscillations (Fisahn et al., 2004; Palhalmi et al., 2004), whereas this frequency
shift is not observed for CCh-induced gamma oscillations (Palhalmi et al., 2004). On the other hand,
blockade of AMPAR-mediated fast excitatory synaptic transmission leads to complete elimination of

CCh- and DHPG- induced gamma oscillations (Fisahn et al., 1998; Palhalmi et al., 2004) without any
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major effect on KA-induced gamma oscillations (Fisahn et al., 2004). Collectively, with regards to the
mouse model of FXS, these findings have several implications: (1) in vitro gamma oscillations (CCh- and
DHPG-induced) which depend on an intact AMPAR-driven excitatory synaptic transmission are
elevated, (2) inhibition-driven KA-induced gamma oscillations are reduced in their synchrony and show
an increase in gamma peak frequency, (3) excitation-inhibition balance during gamma oscillations may
underlie the distinct changes in the properties of gamma network activity induced by CCh, DHPG or KA
in the hippocampal CA3 of FMR1 KO mice. Accordingly, hippocampal CA3 neurons of the FMR1 KO
mice appear to be hyperexcitable and gamma-range stimulation of CA3 fibers leads to an aberrant
augmentation of the excitatory neurotransmission at the CA3-CA1 synapses (Deng et al., 2019, 2011).
Several studies also provide evidence for an altered excitation-inhibition balance in the FMR1 KO mice
(Contractor et al., 2015; Kang et al., 2017; Sabanov et al.,, 2017). Indeed, disturbances in the
hippocampal tonic and phasic inhibition together with lower expression of a2-subunit / &-subunit
containing GABAAR and R1la-containing GABAgR have been demonstrated (Kang et al., 2017; Sabanov
et al,, 2017). Hence, in future studies, it would be interesting to further explore a possible alteration in
the excitation-inhibition balance during ongoing oscillations at the single cell level using e.g., patch

clamp electrophysiology.

Parvalbumin-positive (PV+) inhibitory interneurons are indispensable for generation and maintenance
of gamma oscillations both in vivo and in vitro (Buzsaki and Wang, 2012; Hajos and Paulsen, 2009). PV+
interneuron dysfunction and reduction in their number have been reported in the FMR1 KO mice (Lee
etal., 2019; Lovelace et al., 2020; Steullet et al., 2017; Wen et al., 2018) and in postmortem neocortical
tissue of autistic individuals (Hashemi et al., 2017). Paradoxically, deficient PV+ neuron function can
lead to increased broadband gamma power, however, with a desynchronized cellular activity to the
ongoing LFP oscillations (Guyon et al., 2021). Indeed, despite the overall increase in the pyramidal cell
firing (Boone et al., 2018), such desynchronization of cellular activity within the CA1 network and to
the ongoing LFP oscillations have been demonstrated in the FMR1 KO mice (Arbab et al., 2018; Talbot
et al.,, 2018). In line with these findings, our analysis of extracellular unit firing in a gamma-cycle
dependent manner revealed an aberrant cellular firing pattern during gamma oscillations induced by
CCh or KA. We identified an aberrant increase in unit firing, most probably representing the action
potentials generated by principal pyramidal cells, during the late stages of gamma cycles induced by
CCh. On the other hand, a reduction in cellular firing was evident, when gamma oscillations were
induced by KA. Thus, increased CCh-induced gamma oscillations might reflect such an aberrant
increase in cellular firing leading to an enhanced broadband gamma power as observed in vivo (Arbab
et al., 2018; Guyon et al., 2021; Talbot et al., 2018). On the other hand, reduced synchronization of
gamma oscillations induced by KA might be associated with the desynchronization of underlying
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cellular activities (reduced unit firing) together with a potentially reduced KAR function in the
hippocampus as reported in the cortex of the FMR1 KO mice (Qiu et al., 2018). Interestingly, we could
not identify such an altered unit firing during DHPG-induced gamma oscillations. The increase in
gamma power observed during DHPG-induced gamma oscillations in the FMR1 KO mice was rather
small in comparison to CCh-induced gamma oscillations. In addition, our analysis of extracellular unit
firing might not detect changes in subcellular activities (e.g. synaptic potentials or “spikelets”) which
can also influence gamma oscillations strength. Hence, future studies combining single cell and
extracellular electrophysiology will help resolving cellular correlates of increased DHPG-induced

gamma oscillations in the FMR1 KO mice.

Our results also align with the findings of recent in vivo studies investigating the oscillatory changes in
the hippocampus of FMR1 KO mice demonstrating a prominent dominance of CA3-driven slow gamma
oscillations (20-50 Hz) in the CA1 region (Arbab et al., 2018; Boone et al., 2018; Dvorak et al., 2018;
Radwan et al., 2016). In line, our recordings from the CA3 region of the hippocampus confirm a
profound increase in the gamma oscillations induced by CCh- and DHPG with peak gamma frequencies
ranging between 20-to-50 Hz (Fig. 2 and Fig. 3). Dominance of CA3-driven slow gamma oscillations was
associated with aberrant memory encoding and retrieval, eventually leading to deficits in cognitive
flexibility (Dvorak et al., 2018; Radwan et al., 2016; Talbot et al., 2018). These independent
observations support the use of in vitro gamma oscillations as robust behaviorally-relevant

physiological read-outs.

Under low cholinergic tonus, for example during slow wave sleep, hippocampal LFP activity is
dominated by SW-R (Buzsaki, 1989; Buzsaki et al., 1992). These LFP oscillations have been linked to the
replay of memory-related cellular activity, thus, supporting memory consolidation (Girardeau et al.,
2009; Wilson and McNaughton, 1994). In slice preparations including the transverse sections of
ventral-to-mid portion of the hippocampus, spontaneous SW-R activity also emerges and can be used
as proxy to those that occur in vivo (Caliskan et al., 2016; Mizunuma et al., 2014; Norimoto et al., 2018).
We found an overall reduction in the incidence of hippocampal SW-R in vitro (Fig. 5). As
aforementioned for gamma oscillations, generation and incidence of SW-R activity depends on
functionally-intact PV+ interneurons (Ellender et al., 2010; Schlingloff et al., 2014). Thus, our results fit
well with the potentially reduced PV+ interneuron function in the FMR1 KO mice leading to reduced
SW-R incidence. To the best of our knowledge, only one recent study reports changes in the SW-R
recorded in the dorsal hippocampus of the FMR1 KO mice demonstrating a reduced SW-R duration
and ripple frequency without any alteration in SW-R incidence in vivo (Boone et al., 2018). Of note,

major part of our recordings were performed from the ventral portion of the hippocampus which
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substantially differs functionally and anatomically from its dorsal counterpart (Fanselow and Dong,
2010). Thus, the discrepancies in the findings of the previous and current study might be due to
different experimental settings (in vivo vs. in vitro) and hippocampal sections (dorsal vs. ventral) used
in these two studies and merits further investigation. Interestingly, increased incidence of SW-R in the
ventral hippocampus has been associated with an increased contextual fear memory consolidation
(Caliskan et al., 2016). Hence, a reduced SW-R incidence found in the current study fits well with the

previously demonstrated contextual fear memory deficit in the FMR1 KO mice (Ding et al., 2014).

Taken together, the current study demonstrates that activation of either mAChR or mGIuR is sufficient
to mimic the aberrant increase in the gamma oscillations observed in the hippocampus of the FMR1
KO mice in vivo. It should be noted that the increase in gamma oscillation power has also been
observed in numerous cortical areas including the auditory, somatosensory, frontal and temporal
cortex of the FMR1 KO mice (Jonak et al., 2020; Lovelace et al., 2020, 2018; Pirbhoy et al., 2020; Wen
et al., 2019; Wong et al.,, 2020). Whether these oscillatory alterations can be mimicked using
pharmacologically-induced gamma oscillations in cortical slice preparations (Steullet et al., 2014)
needs to be investigated in future. This will warrant the robust testing of potential pharmaceuticals in
the treatment of neuronal hyperexcitability in FXS. It isimportant to note that human EEG studies have
reported a similar enhancement of gamma power in individuals with FXS (Ethridge et al., 2019, 2017,
2016; Wang et al., 2017; Wilkinson and Nelson, 2021). Thus, utilization of gamma oscillation power as
a mesoscopic biomarker may pave the way in the diagnosis of neurodevelopmental disorders such as

FXS and facilitate target identification for the treatment of neuronal hyperexcitability in FXS.
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