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ABSTRACT OF THE DISSERTATION

Ameliorating Auditory Hyperactivity and Improving Auditory Temporal Processing in a
Mouse Model of Fragile X Syndrome by Targeting Serotonin-1A Post-Synaptic
Receptors

by

Xin Tao

Doctor of Philosophy, Graduate Program in Neuroscience
University of California, Riverside, June 2024
Dr. Khaleel A. Razak, Chairperson

Autism spectrum disorder (ASD) is a developmental condition characterized by
symptoms: intellectual difficulties, motor, and language impairment, altered sensory
processing, social impediments, and repetitive behaviors. Only 10-20% ASD have clear
genetic causes, and fragile X syndrome (FXS) is one of them. FXS is caused by the lack
of fragile X messenger ribonucleoprotein (FMRP) whose expression is transcriptionally
silenced due to Frml gene hypermethylation. Altered sensory processing across all
sensory domains has been widely described in humans with FXS. Most noticeable
alterations in auditory processing are auditory hyperactivity and impaired temporal
processing. The Fmrl knockout (KO) mouse is a well characterized animal model for
FXS studies which also shows signs of auditory hypersensitivity and impaired temporal
processing: increased evoked and induced auditory responses, susceptible to audiogenic
seizures (AGS), and reduced phase-locking to temporally modulated sound. The

consistent manifestations of auditory hyperactivity and impaired temporal processing
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between human FXS individuals and Frm! KO make it possible to evaluate potential
FXS treatment with Frm/ KO mice. Previous studies by others implied that enhancing
serotonin signaling ameliorated auditory hyperactivity, yet they failed to pinpoint the
specific serotonin receptor subtypes involved. With a more specific and highly selective
post-synaptic serotonin-1A (5-HTa) receptor agonist, NLX-101, we found the AGS
susceptibility in developing Frml KO mice is significantly reduced, suggesting
enhancing 5-HTa signaling is effective in reducing auditory hyperactivity at the
behavioral level in Frml KO mice. Electroencephalography (EEG) data acquired from
FrmlI KO mice following NLX-101 treatment showed that enhancing 5-HT1a signaling
not only reduced auditory hyperactivity at the network level but also improved temporal
processing by increasing consistency of the auditory responses to temporally modulated
stimuli. RNAscope results showed mRNA transcripts of 5-HT1a receptors are
predominately associated with non-GAD cells, implying NLX-101 may reduce auditory
hyperactivity in FrmI KO mice by hyperpolarizing excitatory neurons through 5-HT1a

receptor activation.
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Chapter 1: Introduction



Autism spectrum disorder (ASD) is a developmental condition, characterized by
symptoms including but not limited to intellectual difficulties, motor and language
impairment, altered sensory processing, social impediments as well as repetitive
behaviors (Lai et al., 2014). So far diagnosis for ASD is largely dependent on behavioral
evaluation with only 10-20% of them having clear genetic causes (Lai et al., 2014).

Fragile X syndrome (FXS) is one of them (Niu et al., 2017).

FXS is caused by lack of fragile X messenger ribonucleoprotein (FMRP) and
affects approximately 1 in 4000 males and 1 in 8000 females (Hunter et al., 2014). FMRP
is encoded by Fmrl gene, at the promotor region of which are trinucleotide CGG repeats.
Normally the copy number is under 45. Full mutation is seen when the copy number
exceeds 200, which leads to hypermethylation and a transcriptional silencing of the Fmr/

gene, eventually resulting in partial or total loss of FMRP (Pieretti et al., 1991).

FMRP is an RNA binding protein (Ashley et al., 1993) and actively regulates
mRNA translation (Khandjian et al., 2004). FMRP is abundant in many brain regions and
interacts with various mRNAs (Brown et al., 2001). In addition to acting as translational
regulator, FMRP also involves in RNA editing (Shamay-Ramot et al., 2015) and pre-
mRNA splicing (Zhou et al., 2017). Loss of FMRP affects synaptogenesis by disrupting
mRNA transportation and synthesis in dendritic regions, further resulting in dysregulated
plasticity in response to stimuli (Dictenberg et al., 2008). More recently, FMRP was
found to directly interact with ion channels and regulate their gating through translation-
independent mechanism (Brown et al., 2010; Deng et al., 2013). BK channels are

voltage-gated, and calcium activated potassium channels and are needed to repolarize the



membrane potential after depolarization (McManus, 1991). Lack of FMRP causes
reduced calcium sensitivity in BK channels, which leads to non-fully opened channels
and prolonged duration of action potential, resulting in increased neurotransmitter release

(Deng et al., 2013).

Given important roles above that FMRP plays in the central nervous system, loss
of FMRP leads to multiple developmental deficits (Freund et al., 1993; Maes et al., 2000;
Merenstein et al., 1996). Lowest IQ was seen in human males having full mutation and
full methylation of FmrI compared with full mutation but partial methylation as well as
those with mosaic patterns (Merenstein et al., 1996). Delayed speech and motor
development has been reported and was used for one of items on the FXS early diagnosis
checklist (Maes et al., 2000). Hyperactivity, anxiety, and social deficits were found to be
associated with FXS in young females (Freund et al., 1993). Autistic like behaviors such
as hand flapping, poor eye contact, and hand biting were also frequently seen in FXS
humans (Garber et al., 2008; Kaufmann et al., 2004). Indeed, about 21%-50% of humans
diagnosed with FXS have autism (Lai et al., 2014). Except for developmental deficits

mentioned above, altered sensory processing in FXS has been intensively studied.

Altered sensory processing across multiple sensory modalities has been widely
reported in FXS human individuals (Ethridge et al., 2016, 2019; Miller et al., 1999;
Rigoulot et al., 2017; Rogers et al., 2003; D. C. Rojas et al., 2001; Van der Molen et al.,
2012a, 2012b). With electrodermal responses (EDR), (Miller et al., 1999) examined
evoked responses by olfactory, visual, auditory, somatosensory, and vestibular stimuli.

They found FXS individuals overreact to sensory stimuli, characterized by greater



magnitude of EDR, more EDR per stimulation, longer duration of EDR and reduced
habituation of EDR (Miller et al., 1999). They further pointed out responses in one
sensory modality was able to predict responses in other modalities, and EDR responses
are correlated with FMRP levels in individuals, which further confirmed the critical roles
of FMRP in the nervous systems. Magnetoencephalography (MEG) data marked
increased N100m amplitude in FXS individuals compared with typically developing
controls (TDC) in response to pure tone, indicating more neurons are activated by
auditory stimulus which is indictive of hyperactive auditory system (Rojas et al., 2001).
Similar finding was replicated with electroencephalography (EEG). In the auditory
oddball task, where a deviant sound was mixed in standard sounds, FXS individuals
exhibited enhanced N1 amplitude in contrast with TDC (Van der Molen et al., 2012a).
Except for enhanced responses toward auditory stimuli, FXS individuals also failed to
habituate to repeated sound stimulation (Ethridge et al., 2016, 2019; Van der Molen et al.,
2012b). When presented with four consecutive and identical tones, FXS individuals
consistently showed elevated N1 amplitudes (Ethridge et al., 2016, 2019). Like findings
in the auditory system, visual system in FXS individuals is also hyperactive (Rigoulot et
al., 2017; Van der Molen et al., 2012a). In the visual oddball task where a deviant image
was mixed among standard stimuli, enhanced N1 amplitude was observed in FXS
individuals in comparison to TDC (Van der Molen et al., 2012a).Reduced habituation to
repeated visual stimuli was also found in FXS population (Rigoulot et al., 2017). N170 is

a human face sensitive component of ERP, (Rigoulot et al., 2017) found N170 component



remained high in FXS individuals when they were exposed to the identical images twice,

which suggested hyperactive visual system (Rigoulot et al., 2017).

In addition to hypersensitivity across sensory modalities, increased trial-by-trial
variability in sensory processing is another hallmark in humans with ASD, including
FXS. Neural variability was found to be higher in young individuals and it seems to be
beneficial as it is correlated with enhanced learning and expiration (Dinstein et al., 2015).
However, excessive neural variability in adults instead suggests cognitive malfunction
(Dinstein et al., 2015). Increased variability in sensory responses in ASD humans has
been intensively studied (Dinstein et al., 2012; Haigh et al., 2016; Kovarski et al., 2019;
Latinus, 2019; Milne, 2011). By applying functional magnetic resonance imaging
(fMRI), (Dinstein et al., 2012) examined response reliability in ASD by testing the same
individual for multiple sensory evoked responses (visual, somatosensory, and auditory)
and found signal-to-noise ratio was significantly weaker in ASD compared with TDC
(Dinstein et al., 2012). Similar finding was made with EEG techniques. Reduced
consistency of visual evoked potentials in ASD group toward reverse pattern
checkerboard was revealed by increased inter-trial variability in P100 component
latencies (Kovarski et al., 2019). In auditory system, higher intra-individual variability in
response to auditory stimuli was also found, marked by reduced inter-trial consistency

(Ethridge et al., 2016, 2019; Latinus, 2019).

To better understand the pathology of FXS in humans, Fmr/ KO animal models
were produced by knocking out Fmrl gene globally. Among them, Fmrl KO mice are

one of the most widely used models. Despite the different mechanisms that cause loss of



FMRP (in humans it is caused by transcriptional silencing, whereas in mouse it is due to
missing Fmrl gene) (Dahlhaus, 2018), Fmrl KO mice successfully captured the major

FXS features that have been established in humans, particularly in the sensory domains.

Fmrl KO mice showed lager representation in the barrel cortex upon whisker
deflection (Arnett et al., 2014; Juczewski et al., 2016) and lager excitatory postsynaptic
potentials (EPSP) amplitudes in the primary somatosensory cortex (S1) layer 2/3 in
response to hind paw tactile stimulation (Bhaskaran et al., 2023), indicating hyperactive
somatosensory system. The elevated visual responses were also reported in Fmrl KO
mice: there were significantly reduced percentage of orientation selective pyramidal
neurons in the primary visual cortex (V1) layer 2/3 and they have broader tuning (Goel et
al., 2018), which marked hyperactive visual cortex in Fmrl KO mice. Besides, Fmrl KO
mice also showed deficits in tactile-dependent learning (Arnett et al., 2014; Juczewski et
al., 2016), and exhibited delayed learning on visual discrimination task (Goel et al.,
2018), suggesting altered sensory processing potentially impairs the sensory-related
learning. The hyperactivity in auditory system has been studied from both single unit
level (Nguyen et al., 2020; Rotschafer & Razak, 2013) and network level (Croom et al.,
2023; Wen et al., 2019). At the single unit level, broadened tuning and hyper-
responsiveness toward auditory stimuli were found in both auditory cortex (AC) neurons
(Rotschafer & Razak, 2013) and inferior colliculus (IC) neurons ((Nguyen et al., 2020a).
At the network level, hyperactivity in the auditory system was manifested by increased
N1 amplitudes in event-related potentials (ERP) toward broad band noise (Croom et al.,

2023; Wen et al., 2019), as well as increased non-phased locked single trial power (STP)



during silent sessions between stimulation (Jonak et al., 2020; Lovelace et al., 2018,

2020; Rais et al., 2022).

Like findings in humans with ASD, increased variability in sensory responses
were also found in Fmrl KO mice. The whole cell recording in S1 layer 2/3 revealed
increased variability in EPSP amplitudes evoked by hind paw tactile stimulation, and it
correlated with variability in restring membrane potentials right before stimulation in
Fmrl KO mice (Bhaskaran et al., 2023). In the AC, at the single unit level, increased
variability was also observed regarding first spike latency in Fmr/ KO mice (Rotschafer
& Razak, 2013). At the network level, the consistency in auditory processing was
evaluated by measuring inter-trial phase coherence (ITPC) in response to temporally
modulated sound stimuli. Reduced ITPC has been consistently reported in Fmr! KO

mice (Croom et al., 2023; Lovelace et al., 2018).

Consistent behavioral outputs largely rely on reliable sensory perception.
Abnormal sensory processing can therefore contribute to sensory-related cognitive
function (Haigh, 2018). Altered sensory processing, including sensory hyperactivity and
increased variability in sensory responses, has been consistently seen in both humans

with FXS and Fmrl KO mice. So far there is no treatment for either of them.

Serotonin singling has been suggested to be involved in ASD and FXS (Boccuto
et al., 2013; Chugani, 2002; Cook & Leventhal, 1996; Hanson & Hagerman, 2014).
Elevated blood serotonin level in autism was found decades ago and was regarded one of

the ASD biomarkers, which was caused by elevated platelet serotonin transporter (Cook



& Leventhal, 1996). Impaired tryptophan metabolism was reported in ASD patients with
or without FXS (Boccuto et al., 2013), suggesting an altered serotonin signaling in ASD
because tryptophan is a precursor of serotonin. Gene analysis revealed impaired
tryptophan metabolism was due to reduced expression of tryptophan transporters and
tryptophan hydroxylase (an enzyme required for serotonin synthesis) (Boccuto et al.,
2013). Serotonin plays critical roles in development (Gaspar et al., 2003). Indeed,
humans undergo a period of high brain serotonin synthesis capacity during childhood,
specifically before age 5, and that this developmental process is disrupted in autistic
children (Chugani et al., 1999). So far, there has been at least 15 serotonin receptor
subtypes reported, suggesting serotonin exerts various functions during different
developmental stages by activating different receptor subtypes (Gaspar et al., 2003).
Early disturbance of serotonin homeostasis can lead to circuit miswiring and eventually
lead to severe consequences in adulthood (Gross et al., 2002). Mouse work showed that
expression of serotonin-1A (5-HT1a) receptor during early development, rather than
adulthood, is necessary to establish normal anxiety behavior in adulthood (Gross et al.,
2002). Findings in human and animal models above prompt serotonin intervention during

early development in FXS or ASD generally (Hanson & Hagerman, 2014).

Indeed, administration of FDA approved selective serotonin reuptake inhibitor
(SSRI) in young children with ASD and/ or FXS has shown various improvement (Greiss
Hess et al., 2016a; Indah Winarni et al., 2012; Winarni et al., 2012). In two case studies,
two young children with FXS were treated with a combination of three medications:

Memantine (to reduce glutamatergic signaling), Sertraline (to enhance serotonin



signaling), and Minocycline (to reduce MMP-9). Together with intensive education at
early age, significant improvement on cognitive test was seen in both young children with
FXS (Winarni et al., 2012). In a retrospective review chart study (not strict clinical trial
and administration method differs among groups), (Indah Winarni et al., 2012) found low
dose of Sertraline treatment in young children with FXS (<5 yrs. old) is beneficial in
both expressive and receptive language development. Such potential benefits of
Sertraline were further characterized by a controlled clinical trial (Greiss Hess et al.,
2016). Contradictory to the finding by (Indah Winarni et al., 2012), long-term
administration of Sertraline in young children with FXS showed no significant effect on
expressive language improvement (Greiss Hess et al., 2016). However, long-term
Sertraline treatment showed improvement in motor, visual processing as well as social
ability (Greiss Hess et al., 2016). Another randomized and controlled clinic trial probed
the potential beneficial effects of Sertraline in young children with ASD but no FXS and
found no benefits in language ability, visual or motor perception (Potter et al., 2019). The
discrepancies can be explained by at least two possibilities: 1) it is possible that Sertraline
treatment is specific to FXS but no other ASD; 2) Sertraline, as an SSRI, increases
serotonin level in the system nonselective, and long-term exposure of exogenous

serotonin may induce down regulation of targeted serotonin receptors.

Given the mixed results in human studies with SSRI, the potential benefits of
boosting serotonin signaling has been explored with mouse models. One of the most
robust expressions of auditory hyperactivity is audiogenic seizures (AGS), a generalized

convulsive seizure evoked by loud sound, in Fmr! KO mice (Chen & Toth, 2001;



Musumeci et al., 2000). Whether humans with FXS display AGS has not been directly
tested, however, FXS individuals do show spontaneous seizures (Berry-Kravis, 2007),
which marked the hyperactive cortical network in FXS. In the previous literature, it has
been shown that enhancing serotonin signaling by SSRI [Fluoxetine: (Tupal & Faingold,
2006); Sertraline: (Heydari & Davoudi, 2017)] or by manipulating serotonergic neurons
(Buchanan et al., 2014; Zhang et al., 2018) significantly increased seizure threshold in
various animal models. Despite of exciting results, none of above was able to narrow
down the serotonin receptor subtype(s) involved. A more direct effect of serotonin in
Fmrl KO mice was done by (Armstrong et al., 2020). They found by activating 5-HT1aR

eceptors with a partial agonist FPT ((S)-5-(2'-Fluorophenyl)-N,N-dimethyl-1,2,3,4-

tetrahydronaphthalen2-amine) significantly reduced AGS-induced death rate (Armstrong
et al., 2020). However, FPT also activates 5-HT2c and 5-HT7 receptor (Armstrong et al.,
2020), leaving it unresolved that which serotonin receptor subtype is the major player in

reducing auditory hyperactivity in Fmrl KO.

A discovery of a novel 5-HT1aR eceptor agonist, NLX-101 gives an opportunity
to overcome the difficulty. NLX-101, also known as F15599, is a highly selective and
post-synaptic 5-HT1a receptor agonist with selectivity much higher than 8-OH DPAT (a

widely used 5-HT1a receptor agonist) (Newman-Tancredi et al., 2009).

By employing NLX-101, I explored the potential functions of 5-HTa receptor
signaling in AGS in Fmrl KO mice in Chapter 2 (Acute and Repeated Administration of

NLX-101, a Selective Serotonin-1A Receptor Biased Agonist, Reduces Audiogenic

10



Seizures in Developing Fmrl Knockout Mice). Briefly, I found acute and repeated
application of NLX-101 in juvenile Fmrl KO mice effectively protected them from
having AGS. Such effect was not affected by repeated exposures. Besides, we also found
females Fmrl KO mice were less susceptible to AGS compared with male counterparts,
and they benefit from NLX-101 at lower dosage of NLX-101. These two observations

suggest a potential sex difference following NLX-101 treatment.

According to the finding of (Hurley, 2007), application of 8-OH DAPT impacted
firing patterns in IC neurons by shortening the response window: at the population level,
neurons with longer latencies are suppressed; for an individual neuron, the later spikes
are more suppressed than initial spikes (Hurley, 2007). Such finding suggests 5-HT1a
modulation may be involved in temporal processing. So far, it has not been reported
whether serotonin treatment, or specifically 5-HT1a targeted treatment will improve
temporal processing. In Chapter 3 (Acute Administration of Serotonin 1A Receptor
Agonist NLX-101 Improves Auditory) I explored if NLX-101 treatment can normalize
abnormal EEG phenotypes (increased evoked N1 amplitude in response to broad band
noise, increased STP during silent session between stimuli, and reduced ITPC toward
temporally modulated sound) seen in Fmr! KO mice. Briefly, I found acute and systemic
administration of NLX-101 at both P21 and P30 improved temporal processing in Fmr/
KO mice. I also found a significant reduction in STP but only at P30 not P21. Such

finding suggests there might be an age-dependent effect of NLX-101 treatment.

Given the observed sex and age differences following NLX-101 treatment in

Chapter 2 and 3 respectively, In Chapter 4, I investigated if these differences can be

11



traced back to different expression levels of 5-HT1a receptor mRNA in the AC and IC
across sex and age by performing RNAscope. Briefly, I did not find any sex effect on the
expression level of 5-HTa receptor mRNA. However, the expression level of 5-HTia
receptor mRNA is significantly higher at P30 than P21 in all examined AC layers. Plus,
KO surprisingly showed higher expression level of 5-HT 4 receptor mRNA than WT in

the AC layer2/3.
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Abstract

Fragile X syndrome (FXS) is caused by the lack of fragile X messenger
ribonucleoprotein (FMRP) and is a leading known genetic cause of autism spectrum
disorders (ASD) and intellectual disability. One of the most debilitating phenotypes of
FXS is sensory hypersensitivity that manifests strongly in the auditory domain and may
lead to delayed language and high anxiety. The mouse model of FXS, the Fmrl KO
mouse, also shows auditory hypersensitivity, an extreme form of which is seen as
audiogenic seizures (AGS). AGS are general convulsive seizures induced by loud sound
that led to lethality. Previous studies have shown the midbrain inferior colliculus (IC) is
critically involved in generating AGS and IC neurons are hyperactive in developing Fmr/
KO mice. Serotonin receptor-1A (5-HT1a) activation reduces IC neuronal activity.
Therefore, we tested whether 5-HT 4 activation is sufficient to reduce AGS in Fmrl KO
mice. A selective and post-synaptic 5-HT1a receptor biased agonist, NLX-101 (0.6, 1.2,
1.8 or 2.4 mg/kg, i.p.) was administered to Fmr! KO mice 15 mins before AGS
induction. Whereas the 0.6 mg/kg dose was ineffective in reducing AGS, the 1.2, 1.8 and
2.4 mg/kg doses of NLX-101 dose-dependently and dramatically reduced seizures and
increased mouse survival probability from AGS. Treatment with a combination of NLX-
101 and 5-HTa antagonists prevented the protective effects of NLX-101, indicating that
NLX-101 acts selectively through 5-HT1a receptor to reduce AGS. NLX-101 (1.8 mg/kg
IP) was still strongly effective in reducing AGS even after repeated administration over 5
days, suggesting a lack of tachyphylaxis to the effects of the compound. Our data also

indicates sex differences in AGS susceptibility and dose-dependent response
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characteristics of NLX-101. Together, these studies point to a promising treatment option
specifically targeting post-synaptic 5-HT1a receptor to reduce auditory hypersensitivity,

and potentially other forms of sensory deficits in FXS.

2.1 Introduction

Fragile X Syndrome (FXS) is an inherited autism spectrum disorder (ASD)
caused by the lack of fragile X messenger ribonucleoprotein (FMRP) and affects
approximately 1 in 4000 males and 1 in 8000 females (Dombrowski et al., 2002;
Rousseau et al., 1995). FMRP is expressed from the Fmrl gene, at the promotor region of
which are several CGG trinucleotide repeats. The full mutation occurs when the CGG
repeat number exceeds 200, leading to transcriptional silencing of the Fmr/ gene and the
loss of FMRP (Goodlin-Jones et al., 2004). Children with FXS show cognitive deficits,
anxiety, hyperactivity, intellectual disabilities, seizure susceptibility and sensory
hypersensitivity (Greiss Hess et al. 2016; Hagerman and Hagerman 2002). Strong and
consistent auditory hypersensitivity impairs daily functioning and may lead to delayed
language, high anxiety and social impairments in FXS. Currently, there are no effective

treatments to reduce sensory hypersensitivity in FXS, or other forms of ASD.

The Fmrl knockout (KO) mouse satisfies multiple validity requirements to serve
as a useful animal model of FXS. Importantly, Fmr/ KO mice also show auditory
hypersensitivity, providing a translation-relevant basic sensory phenotype to explore

circuit deficits and treatment options in FXS. An extreme manifestation of auditory
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hypersensitivity in the Fmr/ KO mice is audiogenic seizures (AGS), one kind of
generalized convulsive seizures induced by a loud sound (Chen & Toth, 2001). The
midbrain, especially the inferior colliculus (IC), is involved in the generation of AGS in
rodents (Faingold, 2004). The underlying causes of AGS in Fmrl KO mice are only
beginning to be understood. The IC in Fmrl KO mice is hyperresponsive to acoustic
stimulus when compared to the WT controls during the developmental time period when
the mice are most sensitive to AGS (Nguyen et al., 2020). Conditional deletion of Fmrl
in vGLUT2-containing glutamatergic neurons in the midbrain/brainstem is necessary and
sufficient to induce AGS phenotype; and conditional expression of Fmrl in vGLUT2-
containing glutamatergic neurons in the IC ameliorates AGS responses (Gonzalez et al.,
2019). These data strongly suggest that abnormal responsivity of IC neurons plays a

critical role in AGS phenotype in the Fmr! KO mouse.

Activation of 5-HTareceptor in the IC can reduce sound evoked responses
(Hurley 2006, 2007) implicating a potentially useful target to reduce auditory
hypersensitivity in Fmrl KO mice. Consistent with this notion, application of (S)-5-(2'-
fluorophenyl)-N,N-dimethyl-1,2,3,4-tetrahydronaphthalen-2-amine (FPT) blocks
stereotypic motor behavior and reduces AGS in Fmrl KO mice (Armstrong et al., 2020;
Canal et al., 2015). Given that FPT is a partial agonist for 5-HT1a, 5-HT2c and 5-HT~
receptors, the receptor specificity of the effect on AGS is unclear. In addition, non-biased
agonists can activate both pre- and post-synaptic serotonin receptors and may limit a

mechanistic understanding of actions.
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To test the hypothesis that modulation of 5-HT1a receptor is sufficient to reduce
auditory hypersensitivity, we tested a specific and biased agonist of 5-HT1a receptor,
NLX-101 (also known as F15599). NLX-101 has much higher selectivity for 5-HT1a
receptor than the prototypical agonist, 8-OH DPAT, and it preferentially acts on post-
synaptic receptors and much less on serotoninergic neurons (Llado-Pelfort et al., 2010;
Newman-Tancredi et al., 2009, 2022) enabling us to narrow down the contribution of
serotonin receptors in different brain regions. Both male and female Fmr/ FVB KO mice
(P21-P23) were tested to determine sex differences of 5-HT1a modulation (Armstrong et
al., 2020). Data show a strong beneficial effect of NLX-101 on AGS, which is abolished
by prior administration of 5-HT1a receptor antagonists. We also observed an increased
susceptibility of males, compared to females to AGS, even though all mice were global
Fmrl KO mice. NLX-101 reduces AGS in females at a lower dose than in males.
Protective effects of chronic administration of NLX-101 for 5 days before AGS induction
suggests a lack of receptor tolerance build-up for this drug. These data suggest
modulation of 5-HTiareceptor as a target for auditory hypersensitivity in children with

FXS.

2.2 Methods

2.2.1 Mice

All protocols used in this study were approved by the Institutional Animal Care

and Use Committee (IACUC). Breeding pairs of FVB.129P2—Pde6b+Tyrc-ch/Ant]
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(Wild-type, WT) and FVB.129P2—Fmr1tm1Cgr/J (FmrI Knock-out, KO) were obtained
from Jackson Laboratories and bred in-house at the University of California, Riverside.
The mice received ad libitum standard lab chow and water. Cages were changed once a
week, and the light-dark cycle was on a 12:12 hour cycle. Mice were weaned at P21, and
all mice in the AGS experiments were between postnatal day (P) 21 to P23. This study
only used Fmrl KO mice, as WT mice do not show AGS in our protocol. Both male and

female mice were tested, unless stated otherwise.

2.2.2 Drug administration

NLX-101 (also known as F-15599 - (3-Chloro-4-fluorophenyl-(4-fluoro-4- {[(5-
methylpyri- midin-2-ylmethyl)-amino]-methyl}-piperidin-1-yl)-methane-one), is a potent
and selective 5-HTia receptor agonist, which primarily acts on post-synaptic 5-HTia
receptor (Newman-Tancredi et al. 2022). NLX-101 was provided as a gift from
Neurolixis, Inc. The drug was dissolved in sterile physiological saline and administered
(i.p.) at a dose of 2.4 mg/kg, 1.8 mg/kg, 1.2 mg/kg or 0.6 mg/kg in different groups of
Fmrl KO mice. Control mice received the same volume of physiological saline. In mice,
brain concentration of NLX-101 peaks within first 30 minutes and declines thereafter
following i.p. administration (Neurolixis Inc., data on file). Therefore, drug or saline was

injected in mice 10 minutes before the AGS protocol.

To verify if NLX-101 acts specifically through 5-HT1a receptor, an antagonism

assay was done with the selective 5-HTa receptor antagonists, WAY-100635 and NAD-
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299. WAY-100635 was dissolved in physiological saline and administered (i.p.) at a dose
of 2.5 mg/kg or 5 mg/kg 20 minutes prior to NLX-101 administration (1.8mg/kg). The
control group received the same volume of physiological saline before NLX-101 was
injected. WAY-100635 may also act as a dopamine D4 receptor agonist (Chemel et al.,
2006; Martel et al., 2007). To rule out potential involvement of receptors other than 5-
HTiareceptor, we tested a second antagonist, NAD-299, which has higher selectivity
compared to WAY-100635 (Pehrson et al., 2002). NAD-299 was dissolved in
physiological saline and administered (i.p.) at either 2.5 mg/kg or 5 mg/kg, 20 minutes
before NLX-101 (1.8mg/kg) was given. Control mice received the same volume of
physiological saline before NLX-101 injection. As an additional control, mice were tested

for AGS following just the administration of NAD-299.

2.2.3 Sound Stimulus for AGS Induction

The sound to induce AGS was presented to up to 4 mice in a cage that was placed
in a sound attenuation booth (Gretch-Ken Inc., OR) for AGS induction. The stimulus was
a continuously alternating up and down frequency modulated sweep with frequencies
between 2-8 kHz, presented at a sound level between 105-110 dB SPL for 15 minutes.
The stimulus was generated using computer software (RPvdsEx, Tucker Davis
Technologies, FL) and delivered using the RZ6 hardware system (Tucker Davis
Technologies, FL) to an amplifier (Marantz, Integrated Amplifier PM8004) and then to

the external speaker (FT17H, Fostex International). The sound level was measured with a
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portable sound meter (BK PRECISION 735) just before each AGS experiment was run to

maintain stable sound output across days.

To differentiate each mouse in the cage with a unique code in post-hoc video
analysis, markers of different colors were applied on the fur (color coding) of each
mouse. After drug or saline administration, mice were placed in a clean and empty cage
with a lid, the same size as their home cage. 10 minutes later, the cage was moved to the
sound attenuation chamber with a speaker placed on the top of the cage lid. The AGS
induction procedure lasted 20 minutes, starting with 5 minutes of habituation (without a
sound stimulus) followed by 15 minutes of loud sound exposure. The full 20-minute
procedure was video recorded (Sony HDR-CX350V) for offline analysis. Mice that
survived the AGS protocol were euthanized immediately thereafter, and all tails were

collected for genotyping.

2.2.4 AGS Video Analysis

Video analysis was done manually. The typical AGS responses of Fmrl KO mice
include wild running and jumping (WRJ), tonic-clonic seizures (TCS), and respiratory
arrest (RA). AGS score were assigned based on each mouse’s motor responses as
follows: 0- no seizing at all; 1- only one bout of WRJ; 2- more than one bout of WRJ
separated by gaps of normal movement; 3- only one bout of TCS; 4- more than one bout
of TCS; 5 - death (respiratory arrest) (AGS scales modified from (Gonzalez et al., 2019)).

WRJ behavior was identified as continuous and rapid running accompanied by ‘popcorn-
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like” jumps. TCS behavior was identified when an animal lay on the cage bottom with
hindlimb extension. The time of death was noted when an animal showed respiratory
arrest which was indicated by the appearance of a deep respiratory gasp and relaxation of
pinna. The latency of each motor response or death from the sound onset was recorded,

as well as the duration and bouts of each behavior.

2.2.5 Repeated Administration of NLX-101

To determine if repeated treatment with NLX-101 alters its effects in Fmr! KO
mice, we performed a multi-day treatment assay. Male and female Fmr/ KO mice
received either saline or NLX-101 (1.8 mg/kg i.p.) each day from P17 to P21 between
2:00 and 3:00 pm each day. The mice continued to be housed in their home cage with
mother and siblings until the last day (P21) when AGS were tested. Each mouse was toe-
clipped for identification and was weighed every day. On the last day of treatment, mice
were subjected to AGS protocol following the last injection of saline or NLX-101
administration. All further analyses and measurements were the same as stated in

previous sections.

2.2.6 Data Analysis

Data analysis was done in GraphPad Prism (version 9.3.1). Survival analysis was
used to quantify the probability of AGS-induced death, wild-running and jumping (WRJ)

and tonic-clonic seizures (TCS). Survival probability was analyzed using the log-rank
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test. AGS score under various conditions were analyzed with non-parametric t-test
(Mann-Whitney test) or two-way ANOVA with sex (males vs. females) and treatment
(saline vs. NLX-101) as two independent variables and AGS score as a dependent
variable. Effects of p<0.05 were considered statistically significant, and denoted as *

p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

2.3 Results

The main goal of this study was to test the hypothesis that a selective 5-HTa
receptor biased agonist will reduce AGS in the young (P21-23) Fmrl KO mice. We tested
both male and female mice to determine if there were sex differences in seizure

susceptibility and effects of the 5-HT1a agonist.

2.3.1 Fmrl KO male and female mice are similarly susceptible to AGS when treated with

saline

Figure 2.1A shows the probability of wild running and jumping (WRJ) in the
form of a survival plot in saline treated Fmr! KO male and female mice when exposed to
the AGS protocol. Survival plots indicate the percentage of mice that show specific
aspects of the AGS (e.g., WRJ or death) at any given time point of the test. AGS are
quite robust in Fmr/ KO mice and almost always start with WRJ. Fmrl KO males and
females showed similar WRJ probability (male: n=18, female: n= 16, p=0.3887, log-rank

test). The survival probability plot in saline treated FmrI KO males and females indicates
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that ~75% of mice die within 5 minutes of AGS protocol, and only ~25% survive to the
end of the procedure. Fmrl KO male and female mice exhibited similar survival

probability (Figure 2.1B P=0.1706, log-rank test).
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Figure 2.1. Saline treated Fmrl KO males and females were similarly susceptible to
audiogenic seizures (AGS) at ages between P21-P23.

(A) Survival plot of WRJ probability of saline treated Fmr! KO males and females when
exposed to AGS protocol. KO males and females showed similar WR1J probability. (B)
Survival rate plot of saline treated Fmr/ KO males and females when exposed to the
AGS protocol. Latency to death was measured in offline video analysis when a mouse
showed respiratory arrest. Most saline-treated mice died within the first 5 minutes (300
seconds).

2.3.2 NLX-101 injection significantly reduces AGS in Fmrl KO mice in a dose-dependent

manner

We tested four doses of NLX-101: 0.6, 1.2, 18 and 2.4 mg/kg and male and
female data are combined to show treatment effects. At 0.6 mg/kg, no effects of NLX-
101 were observed in AGS-induced survival probability (Figure 2.2A, P=0.166, log-rank

test, males and females combined, n=16 saline, n=16 NLX-101) or TCS probability
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(Figure 2.2B, males and females combined, P=0.1713, log-rank test, n=16 saline, n=16
NLX-101) or WRJ probability (Figure 2.2C, P=0.0909, log-rank test, n=16 saline, n=16
NLX-101). However, with 1.2, 1.8 and 2.4 mg/kg doses, a strong protective effect of
NLX-101 became apparent. At 1.2 mg/kg dose, survival rate was significantly increased
in NLX-101 treated group compared to the saline control (Figure 2.2D, P<0.0001, log-
rank test, n=21 saline, n=22 NLX-101), but no effects were seen in TCS probability
(Figure 2.2E P=0.2332, log-rank test, n=21 saline, n=22 NLX-101) or WRJ probability
(Figure 2.2F P=0.3253, log-rank test, n=21 saline, n=22 NLX-101). When NLX-101 dose
was increased to 1.8 mg/kg, a significantly higher percentage of mice survived (Figure
2.2G P<0.0001, n=28 saline, n=30 NLX-101). Drug treated mice showed lower TCS
probability (Figure 2.2H P=0.0007, n=28 saline, n=30 NLX-101) and lower WRJ
probability (Figure 2.21 P=0.0024, n=28 saline, n=30 NLX-101). At the highest dose, 2.4
mg/kg, survival probability in Fmrl KO mice was significantly increased (Figure 2.2J
P<0.0001, log-rank test) after NLX-101 treatment (n=34) in comparison to saline (n=34).
TCS probability was also significantly reduced (Figure 2.2K P=0.0003, log-rank test,
n=34 NLX-101, n=34 saline). Surprisingly, 2.4 mg/kg NLX-101 injection had no
significant effect on the probability of WRJ in Fmrl KO male and female mice (Figure
2.2L P=0.234, log-rank test, n=34 NLX-101, n=34 saline). Taken together, acute
treatment with NLX-101 resulted in a dose-dependent and highly significant rescue from

AGS in Fmrl KO mice.
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Dose-dependent effects of NLX-101
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Figure 2.2. Acute NLX-101 i.p. treatment showed dose-dependent effects on probability
of AGS-induced death, TCS and WRJ. The analyses shown in the figure combine male
and female data.

(A-C) At 0.6 mg/kg, no effects of NLX-101 were observed in AGS-induced death
probability, WRJ or TCS probability. (A) Survival plot of AGS-induced death
probability, (B) Survival plot of TCS probability, (C) Survival plot of WRJ probability.
(D-F) At 1.2 mg/kg, NLX-101 significantly reduced probability of AGS-induced death
but not TCS or WRIJ probability. (D) Survival plot of AGS-induced death probability, (E)
Survival plot of TCS probability, (F) Survival plot of WRJ probability. (G-I) At 1.8
mg/kg, NLX-101 significantly reduced probability of AGS-induced death, TCS and
WRJ. (G) Survival plot of AGS-induced death probability, (H) Survival plot of TCS
probability and (I) Survival plot of WRJ probability. (J-L) At 2.4 mg/kg, NLX-101
significantly reduced probability of AGS-induced death, TCS but not WRIJ. (J) Survival
plot of AGS-induced death probability, (K) Survival plot of TCS probability and (L)
Survival plot of WRIJ probability.

2.3.3 Both Fmrl KO males and females benefit from NLX-101 treatment similarly

To explore if male and female Fmr! KO mice benefit differently from NLX-101
treatment in survival rate and TCS as well as WRIJ probability, the same data from Figure
2.2 were split into male and female groups. Probability of death (survival rate), TCS and
WRIJ were compared within each group (figures not shown).

As mentioned above, at 0.6 mg/kg, there was no effect of the drug on AGS and
there were no significant sex differences in survival (Male: p=0.1808. Female: p=0.7120.
Log-rank test), TCS (Male: p=0.5035. Female: p=0.2058. Log-rank test) or WRJ
probability (Male: p=0.4802. Female: p=0.1053. Log-rank test) in male (Saline: n=9,
NLX-101: n=8) or female (Saline: n=7, NLX-101: n=8) group.

At 1.2 mg/kg, significant treatment effect was found in survival rate in both male

(P=0.0204, log-rank test. Saline: n=10, NLX-101: n=10) and female (P=0.0012, log-rank
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test. Saline: n=11, NLX-101: n=12). But no difference was observed in TCS (Male:
p=0.6314. Female: p=0.2478. Log-rank test) or WRJ probability (Male: p=0.9133.
Female: p=0.2393. Log-rank test) in either male or female.

At 1.8 mg/kg, NLX-101 treatment significantly increased survival rate (Male:
p=0.0003. Female: p=0.0012. Log-rank test), decreased TCS (Male: p=0.0082. Female:
p=0.0261. Log-rank test) and WRIJ probability (Male: p=0.0417. Female: p=0.0269. Log-
rank test) in both male (Saline: n=10, NLX-101: n=11) and female (Saline: n=18, NLX-
101: n=19) groups.

At 2.4 mg/kg, beneficial effects of the 2.4 mg/kg NLX-101 were similar in males
(Saline: n=18, NLX-101: n=16) and females (Saline: n=16, NLX-101: n=18) on survival
rate (Male: p=0.0019. Female: p<0.0001. Log-rank test) and TCS probability (Male:
p=0.0057. Female: p=0.0148. Log-rank test). NLX-101 at this dose failed to change WRJ
probability (Male: p=0.6568. Female: p=0.0579. Log-rank test) in either male or female.

Taken together, these data show the strong protective effects of acute NLX-101 in
survival, WRJ and TCS probability in both male and female mice, with no sex

differences.

2.3.4 Dose and sex-dependent effects of NLX-101 on overall AGS score

To evaluate severity of overall AGS, we generated a scale in which WRJ, TCS
and death are considered simultaneously (see Methods). The data below are from the
same group of animals mentioned above. The NLX-101 dose-dependent improvement of

AGS scores can be seen in Figure 2.3. At 0.6 mg/kg (Figure 2.3A), NLX-101 had no
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effect on the AGS score in both male and female mice (male: n=9 saline: n=8 NLX-101;
female: n=7 saline, n=8 NLX-101, treatment effect: p=0.3581, sex effect: p=0.0816,
interaction effect: p=0.1408, two-way ANOVA). At 1.2 mg/kg (Figure 2.3B), NLX-101
significantly reduced overall AGS score in Fmrl KO mice. Two-way ANOVA showed a
significant treatment effect (p=0.0213), but no main effect of sex (p=0.0911) or
interaction (p=0.3596) were revealed (male: n=10 saline, n=10 NLX-101; female: n=12
saline: n=12 NLX-101). When examined separately by sex (Figure S2.1), males showed
no significant effect of NLX-101 on AGS score (p=0.2492, Mann-Whitney test);
however, females showed a significant reduction in AGS score after treatment with 1.2
mg/kg NLX-101 (p=0.0382, Mann-Whitney test). This suggests a benefit in females at a
lower dose of NLX-101 compared to males.

At 1.8 mg/kg (Figure 2.3C), NLX-101 reduced AGS scores in both male and
female Fmrl KO mice compared to saline controls (male: n=10 saline, n=11 NLX-101;
female: n=18 saline, n=19 NLX-101). The AGS score were significantly reduced in
NLX-101 treatment group compared to the saline group regardless of sex (p<0.0001,
two-way ANOVA). No main effect of sex (p=0.1791) or interactions (p=0.3704) was
observed. Finally, with a dose of 2.4 mg/kg (Figure 2.3D), NLX-101 reduced overall
AGS score in Fmrl KO male and female mice compared to saline controls (male: n=18
saline, n=16 NLX-101; female: n=16 saline, n=18 NLX-101). Two-way ANOVA
revealed a significant main effect of treatment (P<0.0001), but no significant sex effect

(P=0.9651) or interactions (P=0.6306). Taken together, these data point to no effect of
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NLX-101 at 0.6 mg/kg, a stronger effect in females than males at 1.2 mg/kg and similar

beneficial effects across sex at 1.8 and 2.4 mg/kg.

Dose-dependent effects of NLX-101
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Figure 2.3. Acute NLX-101 i.p. treatment showed dose- and sex-dependent effects in
overall AGS score.

AGS scores were used to evaluate the severity of AGS responses. Score were assigned
based on AGS responses: 0-no seizing; 1-only one bout of WRIJ; 2-more than one bout of
WRIJ; 3-only one bout of TCS; 4-more than one bout of TCS; 5-death. (A) At 0.6mg/kg,
NLX-101 failed to reduce overall AGS score in both male and female groups. The error
bars present the mean with standard deviation (SD). (B) At 1.2mg/kg, NLX-101
significantly reduced overall AGS score when both sexes combined. The error bars
present the mean with SD. (C) At 1.8mg/kg, NLX-101 reduced overall AGS score in
both male and female Fmr! KO mice compared to saline. (D) At 2.4mg/kg, NLX-101
reduced overall AGS score in Fmrl KO male and female mice compared to saline
controls.
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Figure §2.1. Fmrl KO female mice benefit more from NLX-101 at a lower dose.

(A) No difference regarding AGS score was found in KO males when treated with NLX-
101 at 1.2mg/kg (Saline: n=10, NLX-101: n=10. P=0.2492, Mann-Whitney test). (B)
AGS score in KO females was significantly decreased with NLX-101 treatment at the
same dose (Saline: n=11, NLX-101: n=12. P=0.0382, Mann-Whitney test).

2.3.5 Antagonists of 5-HT 14 receptor prevent the beneficial effects of NLX-101

To determine the specificity of the effects of NLX-101 via 5-HT receptor, we
tested a combination of 5-HT 1 receptor antagonists and NLX-101 prior to AGS
induction (Figure 2.4). Two different antagonists were tested (WAY-100635 and NAD-
299) at two different doses of each (2.5 mg/kg and 5 mg/kg). NLX-101 was injected at
1.8 mg/kg in these experiments. Separate groups of mice were tested for each
combination and concentration of drugs. The control condition for this experiment was
saline injection combined with NLX-101. The prediction was that the beneficial effects
of NLX-101 on AGS will be seen in saline/NLX-101 condition, but not the

antagonist/NLX-101 condition.
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Figure 2.4A shows that the combined 2.5mg/kg WAY-100635 and 1.8 mg/kg
NLX-101 significantly reduced AGS survival probability of Fmrl KO mice (male and
females combined) compared to saline controls (Saline + NLX-101: n=24, 2.5mg/kg
WAY-100635 + NLX-101: n=23, P=0.0030, log-rank test). Figure 2.4B shows that
2.5mg/kg WAY-100635 significantly increased AGS score in treatment group in
comparison to saline group (Saline + NLX-101: n=24, 2.5mg/kg WAY-100635 +
1.8mg/kg NLX-101: n=23, P=0.0057, Mann-Whitney test). Figure 2.4C-D shows a
similar effect of a higher dose of WAY-100635 (5mg/kg) in combination with NLX-101
on probability of survival (Figure 2.4C, Saline + NLX-101: n=24, Smg/kg WAY-100635
+ NLX-101: n=21, P=0.0015, log-rank test), and AGS score (Figure 2.4D, Saline + NLX-
101: n=24, Smg/kg WAY-100635 + NLX-101: n=21, P=0.0125, Mann-Whitney test).

Due to the potential for WAY-100635 to act on dopamine receptors (Chemel et
al., 2006), we tested a second and more specific 5-HT1a receptor antagonist, NAD-299
(Pehrson et al., 2002) at 2.5 and 5 mg/kg or saline in combination with 1.8 mg/kg NLX-
101 in separate groups of Fmrl KO mice (Figure 2.4E-H). Treatment with 2.5mg/kg
NAD-299 prior to NLX-101 significantly decreased survival probability in the treatment
group compared to the saline group (Figure 2.4E, Saline + NLX-101: n= 24, 2.5mg/kg
NAD-299 + NLX-101: n=21, P=0.0005, log-rank test). Likewise, combined treatment of
NAD-299 and NLX-101 increased the AGS score in the treatment group compared to
saline group Figure 2.4F, Saline + NLX-101: n= 24, 2.5mg/kg NAD-299 + NLX-101:
n=21, P=0.0015, Mann-Whitney test). Similar results were obtained when the

concentration of NAD-299 was increased to 5 mg/kg for survival probability (Figure
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2.4G, saline + NLX-101: n= 24, 5Smg/kg NAD-299 + NLX-101: n=24, P=0.0008, log-
rank test), and AGS score (Figure 2.4H, saline + NLX-101: n=24, Smg/kg NAD-299 +
1.8mg/kg NLX-101: n=24. P=0.0056, Mann-Whitney test). Taken together, these
antagonist experiments indicate that the protective effects of NLX-101 on AGS in Fmrl

KO mice are mediated by its actions on 5-HT 4 receptor.
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Figure 2.4. Administration of 5-HT 4R eceptor antagonist (WAY-100635 or NAD-299)
before NLX-101, abolished beneficial effects of NLX-101 in reducing AGS in Fmrl KO
mice.

(A) 2.5 mg/kg WAY-100635 + NLX-101 significantly reduced survival probability after
the exposure of AGS protocol in Fmrl KO mice (male and females combined) compared
to saline + NLX-101 treated mice. (B) 2.5 mg/kg WAY-100635 + NLX-101
significantly increased AGS score in treatment group in comparison to saline + NLX-101
group. (C) 5 mg/kg WAY-100635 + NLX-101 treatment significantly reduced survival
probability after being exposed to AGS protocol in Fmrl KO mice (male and females
combined) compared to saline + NLX-101 treated mice (D) 5 mg/kg WAY-100635 pre-
treatment significantly increased AGS score in treatment group in comparison to saline
group. (E) Prior treatment of 2.5 mg/kg NAD-299 before NLX-101 significantly lowered
survival probability (E) and AGS score (F) in the treatment group in contrast with saline
+ NLX-101 group. (G) Survival probability significantly dropped due to preceding 5
mg/kg administration of NAD-299 before NLX-101 in comparison to the saline + NLX-
101 group. (H) AGS score was significantly elevated due to the combined treatment of
agonist and antagonist when compared to saline + agonist group. The error bars in the
relevant panels show the standard deviation (SD).
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2.3.6 NAD-299 alone does not affect AGS responses in Fmrl KO mice

As an additional control, we tested the effects of NAD-299 alone on AGS
responses (Figure 2.5). Male and female Fmrl KO were exposed to the AGS protocol
after being injected with either saline or 5Smg/kg NAD-299. No difference was observed
between the two groups in either survival probability (Figure 2.5A Saline: n=8, NAD-
299: n=9. P=0.7347, log-rank test) or AGS score (Figure 2.5B Saline: n=8, NAD-299:

n=9. P=0.4706, Mann-Whitney test), indicating NAD-299 alone does not impact AGS.

Saline vs. 5 mg/kg NAD-299
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Figure 2.5. 5 mg/kg NAD-299 alone does not affect AGS responses in Fmrl KO mice.
Mice were subjected to AGS protocol after either saline or 5 mg/kg NAD-299 i.p.

administration. No difference was seen in terms of survival rate (A) or AGS scores (B)
between the two groups. The error bars show SD.
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2.3.7 Repeated exposure to NLX-101 does not elicit tachyphylaxis for reducing AGS in

Fmrl KO mice

Repeated treatment with NLX-101 (1.8 mg/kg i.p./day for 5 days) dramatically
increased survival rate in the treatment group compared to saline group (Figure 2.6A.
P=0.0001, log rank test. Saline: n=12, NLX-101: n=11). The overall AGS score in NLX-
101 group was also considerably reduced (Figure 2.6B. P=0.0011, Mann-Whitney test.
Saline: n=12, NLX-101: n=11). The similar beneficial effects of NLX-101 under acute
and chronic conditions strongly argue that repeated exposure of the mice to NLX-101
does not cause tachyphylaxis to the compound’s ability to alleviate AGS in Fmri KO

mice, at least within the tested time range of this study.
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Figure 2.6. Repeated treatment of NLX-101 remains effective in reducing AGS in Fmrl
KO mice.

Fmrl KO mice, both males and females, were given either saline or NLX-101 at 1.8
mg/kg i.p. daily from P17 to P21 and then tested for AGS on P21. The drug treated group
showed high survival rate (A) and low AGS score (B). The majority of NLX-101 treated

showed no seizures at all.
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2.3.8 Sex differences in AGS susceptibility was seen in mice that were not treated with

saline or drug

One curious aspect of our study that may be relevant to treatment development
was that when mice not treated with either drug or saline were exposed to AGS protocol,
a significant sex difference emerged (Figure 2.7). Untreated female Fmr/ KO mice have
lower susceptibility to AGS protocol compared to male Fmr/ KO mice, indicated by
reduced probability of AGS-induced death, TCS, and WRJ, as well as lower AGS score.
Females have higher survival probability (Figure 2.7A, male: n=19, female: n=27.
P<0.0001, log-rank test), lower probability of TCS (Figure 2.7B, P=0.0009, log-rank
test), lower probability of WRIJ (Figure 2.7C, P<0.0001) and lower AGS score (Figure
2.7D, P=0.0001, Mann-Whitney test). This contrasts with data shown in Figure 1 in
which Fmrl KO mice treated with saline showed similar AGS susceptibility. This
suggests that susceptibility in females may be increased (primed) with handling and

injection procedures.
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Figure 2.7. Non-treated female Fmrl KO mice had lower susceptibility to AGS compared
to the male counterparts, indicated by reduced probability of AGS-induced death (A),
TCS (B), and WRJ (C), and lower AGS score (D). The error bars show SD.
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2.4 Discussion

Acute and systemic treatment with NLX-101, a selective 5-HT 14 receptor biased
agonist, is sufficient to reduce AGS responses and death in young Fmr/ KO male and
female mice. The beneficial effects of NLX-101 on AGS were dose-dependent with no
effect at the lowest dose (0.6 mg/kg i.p.), but significant and striking beneficial effects at
higher doses (1.2, 1.8 and 2.4 mg/kg i.p.). Prior administration of 5-HT1a receptor
antagonists (either WAY-100635 or NAD-299) abolished the effects of NLX-101,
indicating that NLX-101 acts specifically through 5-HT1a receptor. We also show that
tachyphylaxis to the effects of NLX-101 does not develop over a 5-day treatment before
AGS, a finding which is important when considering future clinical trials. Three lines of
evidence suggest a sex difference in AGS susceptibility in the Fmr/ KO mice. First, in
mice that were not injected with saline or drug, females were less susceptible to AGS
compared to males (Figure 2.7). Curiously females injected with saline do not show
reduced seizure susceptibility suggesting that the process of injection and handling them
may prime AGS in female Fmrl KO mice. Second, females benefited more at a lower
dose of NLX-101 (Figure S2.1), indicated by a significantly reduced AGS score at
1.2mg/kg for females but not for males. Third, a higher dose of antagonist, either WAY -
100635 (Figure S2.2) or NAD-299 (Figure S2.3), is needed to reduce beneficial effects of
NLX-101 in females compared to males. Taken together, these data point to strong
effects of a selective 5-HT 14 biased agonist in reducing an extreme form of sensory
hypersensitivity in FXS, suggesting that this receptor could constitute a promising

therapeutic target for clinical development.
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2.5 mg/kg WAY-100635 + 1.8 mg/kg NLX-101
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Figure §2.2. Higher dose of WAY-100635 is needed to abolish beneficial effects of NLX-
101 in female than in male Fmrl KO mice.

(A-C) Prior treatment of WAY-100635 at 2.5 mg/kg significantly abolished beneficial
effects of NLX-101 in Fmrl KO males but not in females. (A) Survival rate was
significantly dropped in Fmr! KO males when they were treated with 2.5 mg/kg WAY -
100635 followed by NLX-101 (1.8 mg/kg) (Saline + 1.8 mg/kg NLX-101: n=11, 2.5
mg/kg WAY-100635 + 1.8 mg/kg NLX-101: n=11. P=0.0007, log-rank test). (B) When
the same treatment as (A) was applied, survival rate was not significantly changed in
female KO mice compared to saline controls (Saline + 1.8 mg/kg NLX-101: n=13, 2.5
mg/kg WAY-100635 + 1.8 mg/kg NLX-101: n=12. P=0.4841, log-rank test). (C) When
only WAY-100635 treated groups from the male (A) and female (B) were compared,
Fmrl KO females exhibited higher survival rate than male counterparts (Male 2.5 mg/kg
WAY-100635 + 1.8 mg/kg NLX-101: n=11, female 2.5 mg/kg WAY-100635 + 1.8
mg/kg NLX-101: n=12. P=0.0211, log-rank test). (D-F) Preceding treatment of WAY-
100635 at Smg/kg significantly abolished beneficial effects of NLX-101 in both Fmrl
KO males and females. (D) Survival rate in Fmr! KO males significantly declined after
combination treatment of 5 mg/kg WAY-100635 and NLX-101 (1.8 mg/kg) (Saline +
1.8mg/kg NLX-101: n=11, Smg/kg WAY-100635 + 1.8mg/kg NLX-101: n=11.
P=0.0099 log-rank test). (E) Survival probability in Fmrl KO females with the same
treatment as A) was also reduced but not yet significant (Saline + 1.8 mg/kg NLX-101:
n=13, 5 mg/kg WAY-100635 + 1.8 mg/kg NLX-101: n=10. P=0.0729, log-rank test). (F)
When only WAY-100635 treated groups from the male (D) and female (E) were
considered, Fmrl KO males and females demonstrated similar survival (Male 5 mg/kg
WAY-100635 + 1.8 mg/kg NLX-101: n=11, female 5 mg/kg WAY-100635 + 1.8 mg/kg
NLX-101: n=10. P=0.7099, log-rank test).
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2.5 mg/kg NAD-299 + 1.8 mg/kg NLX-101
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Figure §2.3. A higher dose of NAD-299 is required to take away beneficial effects of
NLX-101 in Fmrl KO female mice.

(A-C) Preceding treatment of NAD-299 at 2.5mg/kg significantly abolished beneficial
effects of NLX-101 in KO males but not in females. (A) Survival probability was
significantly decreased in KO males when they were treated with 2.5 mg/kg NAD-299
and NLX-101 (1.8mg/kg) (Saline + 1.8 mg/kg NLX-101: n=11, 2.5 mg/kg NAD-299 +
1.8 mg/kg NLX-101: n=9. P<0.0001, log-rank test). (B) With the same treatment as A),
survival probability in females was not significantly changed (Saline + 1.8mg/kg NLX-
101: n=13, 2.5 mg/kg NAD-299 + 1.8 mg/kg NLX-101: n=12. P=0.2431, log-rank test).
(C) When only NAD-299 groups from male (A) and female (B) were plotted together,
Fmrl KO females showed higher survival rate than male counterparts (Male 2.5 mg/kg
NAD-299 + 1.8 mg/kg NLX-101: n=9, female 2.5 mg/kg NAD-299 + 1.8 mg/kg NLX-
101: n=12. P=0.0211, log-rank test). (D-F) Combined treatment of NAD-299 (5 mg/kg)
and NLX-101 (1.8 mg/kg) significantly abolished beneficial effects of NLX-101 in both
Fmrl KO males and females. (D) Fmrl KO males exhibited significantly lower survival
probability with pretreatment of Smg/kg NAD-299 followed by NLX-101 (Saline + 1.8
mg/kg NLX-101: n=11, 5 mg/kg NAD-299 + 1.8 mg/kg NLX-101: n=12. P=0.0045 log-
rank test). (E) Survival probability in Fmrl KO females with the same treatment as (D)
was also reduced but not significant (Saline + 1.8 mg/kg NLX-101: n=13, 5 mg/kg NAD-
299 + 1.8 mg/kg NLX-101: n=12. P=0.0627, log-rank test). (F) FmrI KO males and
females showed similar survival probability when treated with Smg/kg NAD-299
precedingly (Male 5 mg/kg NAD-299 + 1.8 mg/kg NLX-101: n=12, female 5 mg/kg
NAD-299 + 1.8 mg/kg NLX-101: n=12. P=0.4659, log-rank test).
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The present data showing a reduction of AGS in Fmr! KO mice by a selective 5-
HT1a agonist constitute a step forward in understanding abnormal serotoninergic function
in various models of generalized seizures, including reduced seizure threshold and
increases seizure-induced mortality when 5-HT neurons are impaired (Buchanan et al.
2014; Griffin et al. 2017; Zhang et al. 2016, 2018). One of the most widely used 5-HT1a
receptor agonists, 8-OH-DPAT (which also possesses marked 5-HT7 receptor agonist
properties), has previously been shown to reduce seizures (Gariboldi et al., 1996; Heydari
& Davoudi, 2017) induced by kainic acid or pentylenetetrazol infusion. Tupal and
Faingold (Tupal and Faingold 2006) found that fluoxetine, a selective serotonin reuptake
inhibitor (SSRI) significantly reduced AGS-induced death in DBA/2 mice. Heydari and
Davoudi (2017) showed that sertraline, another SSRI, significantly increased seizure
threshold induced by pentylenetetrazol. One of the difficulties in understanding
underlying serotoninergic mechanisms with SSRIs is that the action of serotonin through
multiple subtypes of receptors may cause mixed effects, making it hard to pinpoint the
contribution of specific subtype receptors. Indeed, while fluoxetine has been prescribed
for children with autism, a meta-analysis of the studies shows mixed results (Williams et
al., 2013). Therefore, more specific drugs such as the 5-HT1a receptor biased agonist
used here may prove to be a fruitful approach for improved serotoninergic modulation in
epilepsy and autism.

In the case of AGS in Fmrl KO mice, we speculate that the midbrain inferior
colliculus (IC) might be involved in suppressing AGS responses through activation of

post-synaptic 5-HT1a heteroreceptors by NLX-101. The main rationale for the hypothesis
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arises from four previous findings. First, the IC is a major hub involved in AGS in
different types of seizure models (Faingold, 2005) as AGS susceptibility can be induced
in normal rats by focal microinjection of the agents that either enhance excitation or
reduce inhibition in the IC and it is not the case when the same agents are injected in
other brain regions. Second, Gonzalez et al. (2020) showed that loss of FMRP in VGlut2
expressing glutamatergic neurons of the midbrain/brainstem is sufficient to cause AGS.
Expression of FMRP in the IC eliminates AGS. Third, Nguyen et al. (2020) showed that
the IC is hyper-responsive to sounds both at the single neuron and population levels.
This is particularly true at ages associated with AGS. These studies implicate
hyperactivity in the midbrain as a major source of auditory hypersensitivity in the Fmr!
KO mice. Fourth, serotonin increases within minutes in the IC in response to loud sound
(Hall, et al., 2010), and in most IC neurons, serotonin suppresses responses and reduces
gain (Hurley & Pollak, 1999). Hurley (2006) showed that the 5-HTa / 5-HT7 receptor
agonist, 8-OH-DPAT, produced similar suppressive effects as applying serotonin,
implicating these receptors in such response suppression in the IC. Activation of 5-HT1a
receptor hyperpolarize neurons (Hurley 2006; Hurley and Sullivan 2012) and are
expressed on both inhibitory and excitatory neurons (Hurley 2006; Peruzzi and Dut
2004). However, low concentrations of serotonin may primarily bind 5-HT 4 receptor on
GABAergic neurons whereas higher concentrations activate 5-HT1a receptor expressed
on both inhibitory and excitatory neurons (Llado-Pelfort et al., 2012). Taken together,
the above studies suggest either abnormal activation of sound-driven serotonin release

and/or deficient 5-HT 4 activation in the IC of developing Fmrl KO mice. Therefore, the
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large beneficial effects of NLX-101 we observed here may provide an important avenue
to treat auditory hypersensitivity in FXS by acting on IC hyperactivity. Future studies
should evaluate serotonin release and 5-HT1a expression in developing Fmr! KO mouse
IC to test underlying mechanisms of serotonin dysfunction in the midbrain.
Hypersensitivity elicited by various sensory stimuli is one of the most debilitating
symptoms seen in humans with FXS (Hagerman and Hagerman 2002; Hagerman et al.
1999; Merenstein et al. 1996; Miller et al. 1999). Auditory hypersensitivity and abnormal
processing is consistently seen clinically and may cause language delays, high anxiety
and social impairments in FXS (Ethridge et al., 2016; Wang et al., 2017). Auditory
hypersensitivity in FXS has been replicated in the Fmr/ KO mice, amongst other
auditory processing abnormalities, including expanded tuning curve, abnormal temporal
processing, abnormal neural oscillations in the auditory cortex and increased tone-
induced responses in the IC and AC (Lovelace et al., 2018; Nguyen et al., 2020; Razak et
al., 2021; Rotschafer & Razak, 2013; Wen et al., 2018). AGS are the most robust,
consistent, and extreme expression of hyperacusis in Fmrl KO mice. Thus, in this study
we employed AGS responses as main outcome measure to test the effects of NLX-101 in
reducing auditory hypersensitivity. Children with FXS and co-morbid seizures show
increased aggression and are more likely to receive a co-diagnosis of autism. Early life
seizures lead to long-term behavioral changes in rodents (Bernard et al., 2015; Bernard &
Benke, 2015). Whether NLX-101 treatment in early life, and consequent reduction of
hypersensitivity, leads to additional benefits with transition to adolescence and adulthood

remains to be tested and will be the goal of future work.
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Table S2.1. Full Statistics Results of Survival Analysis

95% ClI of ratio (A:control B:treatment)

Figure No. Stats Chi square df P-value significance A/B B/A
Fig.1A Log-rank (Mantel-Cox) test 0.7431 1 0.3887 ns 0.3468 to 1.528 0.6543 to 2.883
Fig.1B Log-rank (Mantel-Cox) test 1.878 1 0.1706 ns 0.2849 to 1.296 0.7716 to 3.509
Fig.2A Log-rank (Mantel-Cox) test 1.919 1 0.166 ns 0.7760 to 3.710 0.2696 to 1.289
Fig.2B Log-rank (Mantel-Cox) test 1.872 1 0.1713 ns 0.2971 to 1.271 0.7866 to 3.366
Fig.2C Log-rank (Mantel-Cox) test 2.859 1 0.0909 ns 0.2650 to 1.152 0.8683 to 3.774
Fig.2D Log-rank (Mantel-Cox) test 16.13 1 <0.0001 el 1.895 to 9.553 0.1047 to 0.5277
Fig.2E Log-rank (Mantel-Cox) test 1.422 1 0.2332 ns 0.7633 to 2.791 0.3584 to 1.310
Fig.2F Log-rank (Mantel-Cox) test 0.9674 1 0.3253 ns 0.7184 to 2.580 0.3877 to 1.392
Fig.2G Log-rank (Mantel-Cox) test 21.38 1 <0.0001 il 3.559 to 18.48 0.05411 to 0.2810
Fig.2H Log-rank (Mantel-Cox) test 11.47 1 0.0007 el 1.747 to 7.640 0.1309 to 0.5726
Fig.2l Log-rank (Mantel-Cox) test 9.205 1 0.0024 ** 1.503 to 6.379 0.1568 to 0.6655
Fig.2J Log-rank (Mantel-Cox) test 24.89 1 <0.0001 il 2.719 t0 10.07 0.09930 to 0.3678
Fig.2K Log-rank (Mantel-Cox) test 12.89 1 0.0003 i 1.647 to 5.503 0.1817 to 0.6071
Fig.2L Log-rank (Mantel-Cox) test 1.416 1 0.234 ns 0.8029 to 2.433 0.4110 to 1.246
FigdA Log-rank (Mantel-Cox) test 8.816 1 0.003 > 0.08215 to 0.5668 1.764 to 12.17
FigdC Log-rank (Mantel-Cox) test 10.08 1 0.0015 > 0.07459 to 0.5234 1.911 to 13.41
Figd4E Log-rank (Mantel-Cox) test 12.05 1 0.0005 bl 0.06542 to 0.4722 2.118to 15.29
FigdG Log-rank (Mantel-Cox) test 11.36 1 0.0008 el 0.07468 to 0.4645 2.153 t0 13.39
Fig.5A Log-rank (Mantel-Cox) test 1.323 1 0.25 ns 0.2140 to 1.553 0.6438 to 4.673
Fig.6A Log-rank (Mantel-Cox) test 14.62 1 0.0001 el 5.026 to 58.22 0.01718 to 0.1990
Fig.7A Log-rank (Mantel-Cox) test 15.75 1 <0.0001 e 1.964 to 10.58 0.09456 to 0.5091
Fig.7B Log-rank (Mantel-Cox) test 11.02 1 0.0009 i 1.557 to 7.790 0.1284 to 0.6422
Fig.7C Log-rank (Mantel-Cox) test 15.23 1 <0.0001 Hx 1.837 to 9.693 0.1032 to 0.5444

Fig.S2A Log-rank (Mantel-Cox) test 11.5 1 0.0007 b 0.01964 to 0.2503 3.995 to 50.92
Fig.S2B Log-rank (Mantel-Cox) test 0.4897 1 0.4841 ns 0.1326 to 2.624 0.3812 to 7.539
Fig.S2C Log-rank (Mantel-Cox) test 5.316 1 0.0211 * 1.178 to 11.01 0.09086 to 0.8490
Fig.S2D Log-rank (Mantel-Cox) test 6.649 1 0.0099 > 0.02617 to 0.4313 2.319t0 38.22
Fig.S2E Log-rank (Mantel-Cox) test 3.328 1 0.0681 ns 0.07746 to 1.153 0.8673 to 12.91
Fig.S2F Log-rank (Mantel-Cox) test 0.1384 1 0.7099 ns 0.4142 to 3.647 0.2742 t0 2.414
Fig.S3A Log-rank (Mantel-Cox) test 15.3 1 <0.0001 il 0.01347 to 0.2287 4.373t074.23
Fig.S3B Log-rank (Mantel-Cox) test 1.363 1 0.2431 ns 0.1075 to 1.780 0.5619 to 9.301
Fig.S3C Log-rank (Mantel-Cox) test 6.925 1 0.0085 > 1.182 to 12.98 0.07706 to 0.8459
Fig.S3D Log-rank (Mantel-Cox) test 8.082 1 0.0045 > 0.02457 to 0.3456 2.894 to 40.70
Fig.S3E Log-rank (Mantel-Cox) test 3.414 1 0.0646 ns 0.08587 to 1.064 0.9397 to 11.64
Fig.S3F Log-rank (Mantel-Cox) test 0.5317 1 0.4659 ns 0.5244 to 4.029 0.2482 to 1.907
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Table S2.2. Full Statistics Results of AGS Scores Analysis with Two Independent
Variables

Figure Below Mean rank of Mean rank of Mean rank Mann-  Adjusted P
No. Sex threshold? P value Saline Nix-101 diff. Whitney U Value
Fig 3A M No 0.205882 10 7.875 2125 27 0.369377
F No 0.641026 7.571 8.375 -0.8036 25 0.641026
Fig 3B M No 0.249226 12 9 3 35 0.249226
F No 0.028671 15.42 9.583 5.833 37 0.056521
Fig 3C M Yes 0.002061 14.85 75 7.35 16.5 0.004118
F Yes 0.004204 23.64 14.61 9.034 87.5 0.004204
Fig 3D M Yes 0.005897 215 13 8.5 72 0.005897
F Yes 0.001251 22.63 12.94 9.681 62 0.0025

Table S2.3. Full Statistics Results of AGS Scores Analysis with One Independent Variable

Figure No. Significantly different? P-value Mann Whitney U
Fig 4B Yes 0.0057 157
Fig 4D Yes 0.0125 154
Fig 4F Yes 0.0015 123.5
Fig 4H Yes 0.0056 164.5
Fig 5B No 0.4706 31.5
Fig 6B Yes 0.0011 18
Fig 7D Yes 0.0001 104
Fig S1A No 0.1192 30
Fig S1B Yes 0.0382 35
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Abstract

Fragile X syndrome (FXS) is a leading known genetic cause of intellectual
disability and autism spectrum disorders (ASD)-associated behaviors. A consistent and
debilitating phenotype of FXS is auditory hypersensitivity that may lead to delayed
language and high anxiety. Consistent with findings in FXS human studies, the mouse
model of FXS, the Fmr! KO mouse, shows auditory hypersensitivity and temporal
processing deficits. In electroencephalograph (EEG) recordings from both humans and
mice, these deficits manifest as increased N1 amplitudes in event-related potentials
(ERP), increased single trial power (STP) and reduced phase locking to rapid temporal
modulations of sound. In our previous study, we found that administration of the selective
serotonin-1A receptor biased agonist, NLX-101, significantly protected FmrI KO mice
from auditory hypersensitivity-associated seizures. Here we tested the hypothesis that
NLX-101 will normalize EEG phenotypes in developing Fmr! KO mice. We recorded
sound-evoked EEGs at two ages, postnatal (P) 21 and 30 days, following NLX-101 (at
1.8mg/kg i.p.) or saline administration. Saline-injected Fmr! KO mice showed increased
N1 amplitudes, increased STP and reduced phase locking to auditory gap-in-noise stimuli
versus wild-type mice, reproducing previously published EEG phenotypes. An acute
injection of NLX-101 did not alter ERP amplitudes at either P21 or P30, but it did
significantly reduce STP at P30. Inter-trial phase clustering was significantly increased in
both age groups with NLX-101, indicating improved temporal processing. The
differential effects of serotonin modulation on ERP, background power and temporal

processing suggest different developmental mechanisms leading to these phenotypes.
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Together, these results suggest that NLX-101 could constitute a promising treatment
option for targeting post-synaptic 5-HT1a receptors to improve auditory temporal

processing, which in turn may improve language function in FXS.

3.1 Introduction

Fragile X Syndrome (FXS) is caused by the lack of fragile X messenger
ribonucleoprotein (FMRP) and affects approximately 1 in 4000 males and 1 in 8000
females (Hunter et al., 2014). FXS is the leading known genetic cause of intellectual
disability and autism spectrum disorder (ASD)-like behaviors. Fragile X Syndrome
(FXS) occurs when the number of CGG repeats in the promoter region of the Fragile X
messenger ribonucleoprotein (Fmrl) gene exceeds approximately 200. This leads to the
gene being transcriptionally silenced, resulting in the loss of the fragile X messenger
ribonucleoprotein (FMRP) (Pieretti et al., 1991). Children with FXS show cognitive
deficits, repetitive behaviors, anxiety, hyperactivity, seizure susceptibility and sensory
hypersensitivity (Cordeiro et al., 2010; Hagerman & Hagerman, 2002; Kaufmann et al.,
2004). Strong and consistent auditory hypersensitivity impairs daily functioning and may
lead to delayed language, high anxiety, and social impairments in FXS. Currently, there
are no effective treatments to reduce sensory hypersensitivity in FXS, or other forms of

ASD.

Humans with FXS consistently exhibit various sensory processing differences

including tactile, visual and auditory hypersensitivity [Tactile: (Miller et al., 1999).
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Visual: (Miller et al., 1999; Rigoulot et al., 2017; Van der Molen et al., 2012a). Auditory:
(L. E. Ethridge et al., 2016, 2019; D. C. Rojas et al., 2001; Van der Molen et al., 2012b,
2012a)]. The Fmrl knockout (KO) mouse shows many of the sensory phenotypes seen in
humans [Tactile: (Juczewski et al., 2016). Visual: (Rigoulot et al., 2017). Auditory:
(Rotschafer & Razak, 2013); reviewed in (Sinclair et al., 2017).], making it a useful
animal model for FXS research, particularly for sensory processing abnormalities. An
extreme manifestation of auditory hypersensitivity in the Fmr/ KO mice is audiogenic
seizures (AGS), one kind of generalized convulsive seizures induced by a loud sounds

(Chen & Toth, 2001).

Previous studies have shown that activation of serotonin receptors is beneficial in
reducing seizures in various epileptic models, including FXS (Armstrong et al., 2020;
Heydari & Davoudi, 2017; Tupal & Faingold, 2019; Zhang et al., 2018). Specifically,
FPT ((S)-5-(2'-fluorophenyl)-N,N-dimethyl-1,2,3,4-tetrahydronaphthalen-2-amine), a
partial agonist of serotonin-1A (5-HT1a) receptor reduced AGS incidence in Fmrl KO
mice (Armstrong et al., 2020; Canal et al., 2015). Given that FPT is a partial agonist for
5-HT1a, 5-HT>c and 5-HT7 receptors, the receptor mechanisms underlying its effect on
AGS are unclear. A highly selective agonist of the 5-HT1a receptor, NLX-101, attenuated
AGS-induced tonic-clonic seizures and death (Tao et al., 2023). NLX-101 (also known as
F15599) has a higher selectivity for 5-HT1a receptors than the commonly used agonist, 8-
OH-DPAT, it preferentially acts on post-synaptic receptors and has minimal effect on

somatodendritic auto-receptors in raphe nuclei (Llado-Pelfort et al., 2010; Newman-
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Tancredi et al., 2009, 2022), allowing us to narrow down the brain regions and 5-HT1a

receptor subpopulations involved.

Electroencephalograph (EEG) recordings have identified remarkably similar
auditory processing phenotypes in humans with FXS and the Fmr/ KO mouse.
Physiological measures of auditory hypersensitivity have been observed in humans with
FXS, including augmented N1 (first negative peak in sound evoked event related
potentials, ERP) amplitudes (Van der Molen et al., 2012a), decreased N1 suppression for
repeated sound presentation (Ethridge et al., 2016; Van der Molen et al., 2012b), reduced
phase-locking to temporally modulated sound (Ethridge et al., 2017) and increased single
trial power (STP) (Ethridge et al., 2017). STP is a measure of background power during
stimulus processing, and elevated noise may impact temporal processing. Together, these
data indicate elevated background and sound induced power, reduced habituation to
repeated stimuli and abnormal temporal processing. Such an abnormal cortical milieu is
likely to affect normal auditory processing which is required for speech recognition and
language function during development. The Fmr/ KO mice also show robust N1
amplitude elevation (Croom et al., 2023, 2024; Wen et al., 2019), reduced habituation to
repeated stimuli, reduced phase-locking to temporally modulated sound (Croom et al.,
2023, 2024; Lovelace et al., 2018) and increased STP (Lovelace et al., 2020). The
similarities in EEG phenotypes between humans with FXS and animal models make EEG
recordings a promising translational method for evaluation of potential treatments (Razak
et al., 2021). These recordings provide data supporting target engagement and offer an

early indication of efficacy in clinical studies.
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A recent study showed juvenile Fmr/ KO mice had lower whole-brain 5-HT1a
receptor expression than WT mice (Saraf et al., 2024). Considering the promising effects
of NLX-101 in reducing severity of behavioral auditory hypersensitivity during
development (Tao et al., 2023), we tested the hypothesis that NLX-101 would also reduce
EEG measures of auditory hypersensitivity and improve temporal processing. EEG
recordings were obtained from Fmrl FVB WT and KO mice at two different ages (P21
and P30) with measurements of sound evoked (ERPs) and background responses (non-
phase locked STP). The 40 Hz auditory steady state response (ASSR) has been used to
study auditory temporal processing and is suggested as a biomarker in
neurodevelopmental disorders such as schizophrenia (Thuné et al., 2016) and autism
spectrum disorders (Seymour et al., 2020). Therefore, we used this paradigm to quantify

temporal processing.

3.2 Methods

3.2.1 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 Fmrl knock-out (Jax, stock# 004624; Fmrl KO). The choice of FVB background

strain (as opposed to the C57bl6/] strain) for the WT and Fmr! KO mice was guided by
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developmental deficits seen in single unit electrophysiology from auditory cortex (Wen et
al., 2018) and inferior colliculus (Nguyen et al., 2020) in FVB mice, as well as temporal
processing abnormalities (Croom et al., 2023, 2024). In addition, NLX-101 reduces
audiogenic seizures in this strain (Tao et al., 2023). One to five mice were housed in each
cage under a 12:12-h light-dark cycle and fed ad libitum. The age ranges and sample

sizes used in this study (both males and females) are listed in Table 3.1.

Table 3.1. Sample size of the study.
Both Fmrl WT and KO (males and females) at two age points (P21 and P30) were used.

P21 P30
Saline NLX-101 Saline NLX-101
WT KO WT KO WT KO WT KO
M 1 12 11 12 11 11 11 11
F 8 9 9 9 9 10 9 10

3.2.2 Surgery

Different groups of mice underwent epidural electrode implant surgery at two
ages: postnatal (P)18-20 and P27-P29. Mice were anesthetized using intraperitoneal (i.p.)
injections of 80/20 mg/kg of ketamine/xylazine. 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 as an analgesic. Following the
removal of fur (Nair), 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 ~Imm diameter
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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
(Lovelace et al., 2020; Rumschlag et al., 2021; Rumschlag & Razak, 2021; Wen et al.,
2019) and were based on single unit recordings (Rotschafer & Razak, 2014; Wen et al.,
2019). 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 hours for recovery before EEG

recordings were made.

3.2.3 Drug administration

NLX-101 (also known as F-15599 - (3-Chloro-4-fluorophenyl-(4-fluoro-4- {[(5-
methylpyri- midin-2-ylmethyl)-amino]-methyl}-piperidin-1-yl)-methane-one) was
provided as a gift from Neurolixis, Inc. The drug was dissolved in sterile physiological
saline and diluted to a dose of 1.8 mg/kg, a dose that attenuated AGS in our previous
study (Tao et al., 2023). In mice, brain concentration of NLX-101 peaks within first 30
minutes and declines to half concentration after 1h following intraperitoneal (i.p.)
administration (Neurolixis Inc., data on file). Saline or 1.8 mg/kg NLX-101 was given to
mice through i.p. injection immediately before EEG recordings. The total duration of the
EEG recording was 58 minutes, including 8 minutes of resting recording (no stimuli),
followed by 30 minutes of gap-in-noise ASSR and 20 minutes of broadband noise. The

latter two stimuli were counterbalanced in presentation sequence across mice.
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3.2.4 EEG recordings

All EEG recordings were obtained from awake and freely moving mice. EEG
recordings were performed at two developmental time points: P20-23 and P29-31, which
we refer to as P21 and P30, respectively. Recordings were obtained from the auditory and
frontal cortex (AC, 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 (Rumschlag et al., 2021; Rumschlag & Razak, 2021). 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: Broadband noise stimuli (1-12 kHz) were presented at 75 dB SPL
(120 repetitions, 100 ms duration, Sms rise/fall time, 0.25 Hz repetition rate) using a

speaker (MF1, Tucker Davis Technologies, FL) situated 20 cm above the floor of the
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arena. ERP analysis and statistics have been previously described (Rumschlag et al.,
2021; Rumschlag & Razak, 2021). 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 single trial power (STP) does not correct for baseline power, 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 (Maris & Oostenveld,
2007). 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.
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Gap-ASSR: The stimulus used to assess auditory temporal processing is termed
the ‘40 Hz gap-in-noise ASSR’ (auditory steady state response, henceforth, ‘gap-ASSR’)
(Rumschlag and Razak, 2021). 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 (Galambos et al., 1981; Hwang et
al., 2019; Kim et al., 2015; Llinas, 1988; Pastor et al., 2002; Rosanova et al., 2009). For
each gap-in-noise segment, the gap widths are chosen at random. Gaps of 3-9 ms widths
(with 1 ms as a step) and modulation depths of 75% 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 (Cohen, 2014). The ITPC is based on the distribution of phase
angles in the EEG response at 40 Hz (because the stimulus is a 40 Hz train) across all
trials and reflects the precise timing of 40 Hz activity in the underlying neural generators.
ITPC can be interpreted independently of power. ITPC ranges between 0 and 1, with 0
indicating high variability (uniform distribution) of phase angles across trials, and 1
indicating the same phase angle for every trial. Because ITPC is sensitive to temporal
jitter of responses from one trial to the next, this is a useful and commonly used measure
of temporal reliability of responses. (An et al., 2022; Euler et al., 2015; Koerner et al.,
2017; Koerner & Zhang, 2015; Rumschlag & Razak, 2021; Yu et al., 2018). The EEG
trace was transformed using a dynamic complex Morlet wavelet transform. The ITPC

was calculated for each time-frequency point as the average vector for each of the phase
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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.

3.2.5 Sound Stimulus for C-Fos Expression Analysis

Our previous study showed increased sound evoked cFos activation in the IC of
Fmrl KO mice compared to WT (Nguyen et al., 2020). To determine if NLX-101
reduced STP by altering neural activity in the IC and/or AC, we examined neural
activation by quantifying density of c-Fos expressing cells in these regions in saline vs.
NLX-101 treated Fmrl KO mice. We used a reduced sound level stimulus for this
experiment as our goal was to determine sound evoked responses without confounding
motor responses involved in AGS as was done in Nguyen et al. (2020). P21-23 mice were
placed in a sound attenuation booth (Gretch-Ken Inc., OR) for sound exposure. The
stimulus was a mixture of noise, frequency sweeps and tones (5kHz-30kHz), presented at
a sound level of 85 dB SPL for 15 minutes. Pilotstudies show robust c-Fos activation in
the IC and AC with this stimulus, without AGS. The stimulus was generated using
computer software Audacity and delivered using an amplifier (Marantz, Integrated
Amplifier PM8004) and then to the external speaker (FT17H, Fostex International). The
sound level was measured with a portable sound meter (BK PRECISION 735) just before

each experiment to maintain stable sound output across days.
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The sound stimuli were presented to up to 3 mice in a cage, color marked the
same way as in AGS experiments. After color coding, i.p. injection of NLX-101 (1.8
mg/kg) or saline was given to each mouse according to its bodyweight. Injected mice
were placed in a clean and empty cage with a lid. 10 minutes later, the cage was moved to
the sound attenuation chamber with a speaker placed on the top of the cage lid. The full
procedure lasted 65 minutes with 5 minutes of habituation (without a sound stimulus)
followed by 15 minutes of sound exposure and 45 minutes wait time for c-Fos activation.
The sound exposure portion was video recorded (Sony HDR-CX350V) for offline
analysis to ensure no AGS were present. Mice were then euthanized with sodium
pentobarbital and transcardially perfused with PBS and 4% PFA. All tails were collected
for genotyping. The harvested brains were left in 4% PFA overnight and were sunk in
30% sucrose before cryostat sectioning. Brains were sliced in the coronal plane at 40 um

thickness.

3.2.6 Immunohistochemistry

On the first day, brain slices of were washed with PBS 3 times for 3 minutes and
quenched with 50mM NH4Cl in PBS for 15 minutes followed by PBS wash 3 times x 3
minutes. Slices were then blocked with 3% bovine serum albumin (BSA) in PBS for 1
hour at room temperature. Next, brain slices were incubated overnight at 4°C in primary
rabbit anti-c-Fos antibody and wisteria floribunda agglutinin (WFA) [c-Fos: 1:2000,

Synaptic Systems, #226 003; WFA Lectin conjugated with Fluorescein: 1:500 dilution,
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Vector Laboratories, #FL-1351-2] in 1% BSA and 0.1% Triton X-100 in 0.1 M PBS. On
the next day, slices were washed (3 x 3 minutes) with PBS and incubated in the
secondary antibody (1:500; donkey anti-rabbit AlexaFluor594 #A21207) with 1% BSA in
PBS for 1 hour at room temperature. Then slices were washed in PBS (3 x 3 minutes) and
mounted on glass slides with a mounting media (DABCO, #17985-200), cover-slipped
and sealed with nail polish. The sections were stored in the dark at 4°C until imaging was
done. Stained slides were imaged using an inverted confocal microscope (zeiss LSM880)
with 10x objective and a stack of images was collected with 2048 x 2048 resolution at 6
pm- z-steps. Image analysis was done with ImageJ Software (Schneider et al., 2012) and
QuPath (Bankhead et al., 2017) . The counting area of the IC and AC were windowed
with ImageJ based on Allen Brain Atlas. The window size was determined by sufficient
coverage of the region of interest. A 400pum wide window was placed on the IC and the
AC as shown in Figure 8 A-D. The number of c-Fos positive cells was quantified in
QuPath with the built-in background subtraction program (background radius = 8 pm).

The same setting was applied across images for counting.

3.2.7 Statistics

Statistics were performed on GraphPad Prism 9. To evaluate the effects of
genotype (2 levels) and treatment (2 levels), multiple Mann-Whitney tests were used for
ERP analysis. P-values were adjusted for multiple comparisons with Holm-Sidak method.

A two-way ANOVA with repeated measures was used for gap-ASSR analysis, with the
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two factors being genotype (2 levels) and treatment (2 levels). A repeated measures
ANOVA was chosen as multiple gap duration data points were collected from a single
mouse in a recording session. Greenhouse-Geisser corrections were applied if necessary.
Post hoc contrasts with Sidak corrections for multiple comparisons were used. Cortical
regions (AC, FC) and ages (P21 and P30) were analyzed separately. Male and female
data were combined for the main analysis. The supplemental analysis shows effect of sex
on measurements. Effects of p < 0.05 were considered statistically significant, and
denoted as *p < 0.05, **p < 0.01, ***p < 0.001, ****p <0.0001. C-Fos positive cell
density (saline vs. NLX-101) was analyzed with a non-parametric t-test (Mann-Whitney
test). Effects of p<0.05 were considered statistically significant, and denoted as * p<0.05,

% p<0.01, **% p<0.001, **** p<0.0001.

3.3 Results

3.3.1 Larger ERP amplitudes seen in Fmrl KO mice were not affected by NLX101 at P21

or P30

As seen in humans with FXS (Ethridge et al., 2016, 2019; Rigoulot et al., 2017;
D. C. Rojas et al., 2001; Van der Molen et al., 2012a, 2012b), Fmrl KO mice show
increased amplitude of ERP peaks relative to WT mice (Croom et al., 2023, 2024; Wen et
al., 2019). Here we tested whether acute administration of NLX-101 altered auditory
hypersensitivity as measured using ERP amplitudes (Figure 3.1). At P21, Figure 3.1 Al-

A2 shows average ERP waveforms in the AC in WT and Fmrl KO mice, comparing
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saline and NLX-101. Qualitative examinations of ERPs from saline treated WT and
saline treated KO reveal a significant genotype difference (Figure 3.1 A3-AS5). This is
also seen in the FC (Figure 3.1 B3-B5). At P21, no significant differences were seen in
P1 or P2 amplitudes in both AC (Figure 3.1 A3, AS) and FC (Figure 3.1 B3, BS).
Significantly increased N1 amplitudes were seen in both AC (Figure 3.1 A4) and FC
(Figure 3.1 B4) in Fmrl KO mice compared to WT mice regardless of treatment (AC:
Saline — Multiple Mann-Whitney test. Adjusted p=0.002479 and NLX-101 — Multiple
Mann-Whitney test. Adjusted p=0.000041; FC: Saline - Multiple Mann-Whitney test.
Adjusted p=0.003659 and NLX-101 - Multiple Mann-Whitney test. Adjusted
p=0.003659).

Similar results were observed at P30 (Figure 3.2). Larger N1, but not P1 or P2,
amplitudes were seen in both AC (Figure 3.2 A3-A5) and FC (Figure 3.2 B3-B5) in Fmrl
KO mice compared to WT mice. NLX-101 treatment failed to change N1 amplitude in
AC (N1 amplitude: Saline - Multiple Mann-Whitney test. Adjusted p=0.002681 and
NLX-101 - Multiple Mann-Whitney test. Adjusted p=0.018409) and FC (N1 amplitude:
Saline - Multiple Mann-Whitney test. Adjusted p=0.003279 and NLX-101 -Multiple
Mann-Whitney test. Adjusted p=0.004622). Taken together, these data indicate that at
P21 and P30, N1 amplitude that reflects auditory cortical processing and synchrony is
elevated toward sound stimulus in the KO mice, but acute NLX-101 treatment does not

correct this phenotype.
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Figure 3.1. Larger ERP N1 amplitudes in Fmrl KO mice at P21 are not corrected by
NLX-101.

(A1-A5) ERP in response to noise stimulus recorded from the auditory cortex at P21.
(A1-A2) Grand averaged ERP traces from WT (A1) and KO (A2) mice, showing
treatment comparison. (A3-A5) Genotype and treatment comparison in P1, N1 and P2
amplitudes. (B1-B5) ERP responses from the frontal cortex at P21. (B1-B2) Grand
averaged ERP traces from WT (B1) and KO (B2), showing treatment comparison. (B3-
B5) Genotype and treatment comparison in P1, N1 and P2 amplitudes. In both cortical
regions, N1 amplitudes were larger in Fmr! KO mice, compared to WT mice regardless
of treatment. There were no significant differences in P1 or P2 amplitudes. Full statistics
report is in Table 3.2. *p < 0.05, **p < 0.01, ***p <0.001, ****p < (0.0001. Error bars
show standard deviation.

84



Table 3.2. Event related potentials P1, N1, P2 amplitude statistics at P21

Cortical Region ERP component Factor Genotype/Treatment Mann-Whitney U Adjusted P Value
Auditory Cortex Treatment WT 185 0.9005
KO 200 0.8544
P1 Amplitude
Genotype Saline 131 0.0651
NLX-101 126 0.0558
Treatment WT 184 0.8786
KO 182 0.5681
N1 Amplitude
Genotype Saline 90 0.0025
NLX-101 56 0.00004
Treatment WT 183 0.8567
KO 187 0.6524
P2 Amplitude
Genotype Saline 157 0.2585
NLX-101 148 0.2066
Frontal Cortex Treatment WT 180 0.8122
KO 197 0.8122
P1 Amplitude
Genotype Saline 138 0.0989
NLX-101 133 0.0883
Treatment WT 128 0.1610
N1 Amplitude KO 162 0.1610
Genotype Saline 87 0.0037
NLX-101 98 0.0037
Treatment WT 153 0.5223
KO 187 0.5223
P2 Amplitude
Genotype Saline 155 0.2363
NLX-101 137 0.1128

85



P1 Amplitude N1 Amplitude P2 Amplitude
A4 i .

N1 \

- .
50 50 o = = .
0 0 50 100 150 200 250 50 0 50 100 150 200 250 Saine  Nxt01 saline  NLX-101

Saline NLX-101
Time (ms) Time (ms) P1 Amplitude N1 Amplitude P2 Amplitude
50 B2 50

WT Saline p30 KO Saline p30 T 7 -
- - Ko

P2 WT NLX-101 p30. KO NLX-101 p30
P1 =
.-

N

50 A250
A1 WT Saline p30 KO Saline p30
P1 P2 WT NLX-101 p30 KO NLX-101 p30

™~ f / \
o—A 7N\ oy
\/ - /

>
2

Amplitude (W)

1
T

>

Amplitude (uv) O

3

- wr
- Ko

$

&

5
;i

|

&
]

Auditory Cortex
Amplitude (V)
Amplitude (pV)

°

Amplitude (uV) &
2
o
H

2
8

]
T
3
i
H

o——"A/ \ 0 /" \/ .
N1 = o

H
»
8
I

Amplitude (uV)
% .
Amplitude (W) 1

Frontal Cortex
Amplitude (V) ==n

-50 -50 e S -
50 0 50 100 150 200 250 50 0 50 100 150 200 250 Saline NLX-101 Saline NLX-101 saline NLX-101

Time (ms) Time (ms)

°

Figure 3.2. Larger ERP N1 amplitudes in Fmrl KO mice at P30 are not corrected by
NLX-101.

(A1-A5) ERP in response to noise stimulus recorded from the auditory cortex at P30.
(A1-A2) Grand averaged ERP traces from WT (A1) and KO (A2) mice, showing
treatment comparison. (A3-A5) Genotype and treatment comparison in P1, N1 and P2
amplitudes. (B1-B5) ERP responses from the frontal cortex at P30. B1-B2) Grand
averaged ERP traces from WT (B1) and KO (B2), showing treatment comparison. (B3-
B5) Genotype and treatment comparison in P1, N1 and P2 amplitudes. In both cortical
regions, N1 amplitudes were larger in Fmr! KO mice, compared to WT mice regardless
of treatment. There were no significant differences in P1 or P2 amplitudes. Full statistics
report is in Table 3.3. *p < 0.05, **p < 0.01, ***p <0.001, ****p < (0.0001. Error bars
show standard deviation.
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Table 3.3. Event related potentials P1, N1, P2 amplitude statistics at P30

Cortical Region ERP component Factor Genotype/Treatment Mann-Whitney U Adjusted P Value
Auditory Cortex Treatment WT 145 0.2663
KO 21 0.8228
P1 Amplitude
Genotype Saline 136 0.1062
NLX-101 185 0.5268
Treatment WT 146 0.2763
KO 197 0.5667
N1 Amplitude
Genotype Saline 90 0.0027
NLX-101 120 0.0184
Treatment WT 182 0.6395
KO 142 0.0956
P2 Amplitude
Genotype Saline 185 0.5268
NLX-101 129 0.0683
Frontal Cortex Treatment WT 192 0.8410
KO 191 0.7188
P1 Amplitude
Genotype Saline 161 0.3732
NLX-101 188 0.5788
Treatment WT 163 0.5474
N1 Amplitude KO 212 0.8422
Genotype Saline 92 0.0033
NLX-101 103 0.0046
Treatment WT 173 0.7272
KO 216 0.9207
P2 Amplitude
Genotype Saline 196 0.9149
NLX-101 195 0.9149

3.3.2 Elevated single trial power observed in Fmrl KO mice was corrected by NLX-101

at P30, but not P21

A consistent phenotype in both humans with FXS and the Fmr! KO mice is
elevated single trial power (STP) measured during acoustic stimulation (Human:
(Ethridge et al., 2020; Ethridge et al., 2016). Mouse: (Jonak et al., 2020; Lovelace et al.,
2018, 2020; Rais et al., 2022).) STP is a measure of background noise at different spectral
bands and increased STP may disrupt temporal consistency in auditory responses during
repeated stimulation. We tested if acute NLX-101 reduces STP in Fmrl KO mice at P21
and P30. Figure 3.3 A-B shows the genotype effect in saline-treated mice at P21. In the

AC (Figure 3.3A) and in the FC (Figure 3.3B), significantly higher STP during ERP
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measurements was found in saline treated Fmr! KO mice compared to WT mice. STP
was increased across a broad range of frequencies centered around ~40 Hz in the KO
mice (Figures 3.3 A-B). At P21, treatment with NLX-101 did not affect Fmr! KO (Figure
3.3 C-D) or WT mice (Figure 3.3 E-F) compared to saline in either cortical region.

At P30, however, NLX-101 had a suppressive effect on STP (Figure 3.4). In
saline treated P30 mice, elevated STP was found in Fmr! KO mice in both AC (Figure
3.4A) and FC (Figure 3.4B) compared to WT mice. Acute NLX-101 administration
significantly reduced STP in Fmrl KO mice compared to saline in both cortical regions
(Figure 3.4 C-D). Comparison of NLX-101 treated KO mice to saline treated WT mice
showed no difference in STP in both AC (Figure 3.4E) and FC (Figure 3.4F). NLX-101
did not affect STP in WT groups (Figure 3.4 G-H). Taken together, these data show
significantly elevated background noise suggested by increased STP in both AC and FC
at both P21 and P30. NLX-101 had no effect at P21, but significantly reduced this
sensory phenotype at P30 to WT levels, suggesting this effect was specific to the Fmrl

KO mice.
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Figure 3.3 STP is significantly higher in Fmrl KO compared with WT at P21, and NLX-
101 failed to correct such phenotype.

(A-B) In each figure, two smaller panels at the top show grand averaged STP from each
group. The larger panel at the bottom shows the STP difference between the two groups
of mice. The vertical dashed line shows sound onset. The contoured area in the larger
panels show regions of significant differences between the group being compared. Warm
colors show elevated STP, and cool colors show a reduction in the difference plots. (A-B)
Comparison of saline treated KO and WT mice shows a significant genotype effect on
STP at P21. Fmrl KO mice have elevated STP in both auditory and frontal cortex
compared with WT mice. (C-D) Comparison of NLX-101 and saline treated Fmr! KO
mice shows there was no treatment effect in either cortical region at P21. (E-F) No
treatment effect of NLX-101 was seen in WT mice either.

&9



Genotype Effect Treatment Effect

A  Auditory Cortex B Frontal Cortex Cc Auditory Cortex D Frontal Cortex
WT saline KO saline WT Saline KO Saline KO Saline KO NLX-101 KO Saline KO NLX-101
Nso mNso 03 W 037 80 0z ﬁsn u.wso w
g .m h g0 240 u )
g o‘ g 013 Ho- am g i
0 250 500 75(] 0 250 500 750 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) Time (ms) Time (ms)

80 - m go0ot
e l

Frequency (Hz)
a

0 250 500 750 0 250 500 750

Time (ms) Time (ms) Time (ms) Time (ms)
Treatment Effect
E  Auditory Cortex F Frontal Cortex G Auditory Cortex H Frontal Cortex
WT Saline WT Saline KO NLX-101 WT Saline WT NLX-101
Fe 03 eo 5
.60 02 760
3 3
ga0 g4
i U eem— g g
- 0 250 500 750 0 250500750 - 0 250 500 750 0 250 500 750 - 0 250 500 750 0 250500750 0 250 500 750
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)
80 T - n oo § 80 T
[ I =
| 2|
60 | o { = = = |
£°'8 4 S L3
: |28 B sl g
3 =
g0 ; 3 0 g g 40 $
¢ dE g ¢ [
20 I . i, e
* - 0.0 -
0 250 500 750 0 250 500 750 0 250 500 750 0 250 500 750
Time (ms) Time (ms) Time (ms) Time (ms)

Figure 3.4. STP is significantly higher in Fmrl KO mice compared with WT mice at P30,
and NLX-101 reduced elevated STP in Fmrl KO mice without affecting WT mice.

The details of this figure are similar to those described in Figure 3.3. (A-B) Comparison
of saline treated KO and WT mice shows a significant genotype effect on STP at P30.
Fmrl KO mice have elevated STP in both auditory and frontal cortex compared with WT
mice. (C-D) STP in Fmrl KO mice was significantly reduced after NLX-101 compared
with saline treated KO mice. (E-F) Comparison between KO NLX-101 treated group and
WT saline treated group. No difference was seen, suggesting NLX-101 reduced elevated
STP in Fmrl KO mice to the level that is indistinguishable from WT mice. (G-H) No
treatment effect of NLX-101 was seen in WT mice in either cortical region suggesting
NLX-101 effects on STP are specific to Fmrl KO mice.
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3.3.3 NLX-101 improves temporal processing

The 40 Hz gap-ASSR is a paradigm in which EEG signals can be recorded in
response to gaps presented at 40 Hz in noise. By varying the gap width, the fidelity with
which the underlying neural generators phase lock to the temporal modulation across
trials can be quantified as the inter-trial phase clustering (ITPC). Our previous study
showed cortical deficits in ITPC in developing Fmrl KO mice (Croom et al., 2023,
2024). Here we tested whether NLX-101 improves ITPC in the KO mice.

Figure 3.5 shows gap-ASSR heat maps of ITPC from both AC and FC of
representative mice under each condition at P21: saline treated WT (Figure 3.5A), NLX-
101 treated WT (Figure 3.5B), saline treated KO (Figure 3.5C), and NLX-101 treated KO
(Figure 3.5D). Each panel shows the ITPC at a specific gap width in a single mouse. The
columns (left to right) show increasing gap widths. Warmer colors indicate higher ITPC,
with the ITPC scale shown at the right end of each row of heat maps. Sound onset is at 0
msec. In these examples, ITPC is highest at 40 Hz as expected, given that the gap
stimulus was inserted at 40 Hz in the background noise. As expected, ITPC improved
with gap width. These illustrative examples suggest that NLX-101 treatment improved
ITPC. The population data quantification (Figure 3.6) supports these suggestions. Figure
3.6A shows averaged ITPC in the AC across the gap widths of 3-9ms in saline treated
P21 Fmrl WT and KO mice. No genotype effect was found (Repeated two-way ANOVA.
p=0.1181). Figure 3.6B shows analogous data from the FC in which no genotype
differences were found (two-way ANOVA. p= 0.8789). Comparison of averaged ITPC

between saline and NLX-101 treatment in the AC (Figure 3.6C) and FC (Figure 3.6D) in
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WT mice showed no difference between treatments (AC: Repeated two-way ANOVA. p=
0.1394, FC: Repeated two-way ANOVA. p= 0.7999). However, acute NLX-101
administration significantly increased ITPC in the AC, but not the FC, in Fmrl KO group
(Figure 3.6 E-F AC: Repeated two-way ANOVA. p= 0.0336; FC: Repeated two-way
ANOVA. p=0.1968). Therefore, NLX-101 showed specific improvement of temporal
processing in the Fmrl KO mice at P21.

Figure 3.7 shows gap-ASSR heat maps of ITPC from both AC and IC of
representative mice under each condition at P30: saline treated WT (Figure 3.7A), NLX-
101 treated WT (Figure 3.7B), saline treated KO (Figure 3.7C), and NLX-101 treated KO
(Figure 3.7D). NLX-101 improves ITPC in these mice, compared to saline. Across the
population of mice, at P30, ITPC during gap-ASSR stimuli was significantly reduced in
Fmrl KO mice compared to WT controls in the FC (Figure 3.8B, repeated two-way
ANOVA. p=0.0117), but not in the AC (Figure 3.8A, repeated two-way ANOVA.
p=0.7237). Acute NLX-101 administration significantly increased ITPC in both the AC
and the FC in Fmrl KO group (Figure 3.8 E-F). Besides, NLX-101 treatment also
significantly improved ITPC in the FC in WT mice (Figure 3.8D), indicating broad
benefits to temporal processing in developing mice. In WT mice, no treatment effect was
observed in the AC (Figure 3.8C, repeated two-way ANOVA. p=0.2052). However, in the
FC, NLX-101 treatment significantly increased ITPC (Figure 3.8D, repeated two-way
ANOVA. p=0.0023). In Fmrl KO mice acute treatment of NLX-101 significantly
increased ITPC in the AC (Figure 3.8E, repeated two-way ANOVA. p=0.0006) and the

FC (Figure 3.8F, repeated two-way ANOVA. p<0.0001). Taken together, significant
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deficits in temporal processing were seen in saline treated Fmr/ KO mice at P30.
Temporal processing at P30 was improved in both cortical regions in the Fmr/ KO mice

with NLX-101.
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Figure 3.5. Representative gap-ASSR ITPC heatmaps from auditory and frontal cortex of
Fmrl WT and KO mice at P21.

Each panel shows the ITPC (scale is seen at the right edge of the last panel in AC and FC
data, warmer colors mean greater ITPC) obtained from individual animals at a specific
gap width. Each column shows ITPC for the same gap width, with the gap width
increasing from left to right. As expected, ITPC increases with increasing gap width. The
y-axis of each panel is the range of frequencies analyzed for ITPC. Not surprisingly,
ITPC is maximum around 40 Hz, which was the frequency of gap-ASSR stimulus. The
data shown for AC and FC in each row is from the same mice, with different example
mice shown in the different rows. (A) WT saline. (B) WT NLX-101. (C) KO saline. (D)
KO NLX-101. In these examples, mice treated with NLX-101 show higher ITPCs.
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Figure 3.6. No genotype difference in ITPC was found at P21, but NLX-101 treatment
increased ITPC in KO mice in the auditory cortex.

(A-B) No significant difference in ITPC for gap-ASSR was seen between Fmr! WT and
KO mice in the auditory and frontal cortex. (C-D) No treatment effect of NLX-101 was
seen in WT mice. (E-F) Treatment effect of NLX-101 in Fmr{ KO mice. NLX-101
significantly increased ITPC in KO group in the auditory, but not the frontal, cortex.
Besides, NLX-101 increased ITPC as gap width increases in the auditory cortex
(treatment % gap width interaction). Full statistics report is in Table 3.4 and Table 3.6. *p
<0.05, ¥*p <0.01, ***p <0.001, ****p <0.0001. Error bars show standard deviation.

94



Table 3.4. Gap-ASSR treatment statistics at P21

Genotype Cortical Region Factor/ Interaction ANOVA Results P Value
wr Gap width x Treatment F (6, 222) = 0.6361 0.7013
Auditory Cortex Gap Width F (2.510, 92.86) = 27.97 <0.0001
Treatment F(1,37)=2.281 0.1394
Gap width x Treatment F (6, 222) = 0.4216 0.8642
Frontal Cortex Gap Width F (3.171,117.3) = 37.42 <0.0001
Treatment F (1, 37) = 0.06521 0.7999
KO .
Gap width x Treatment F (6, 240) = 2.220 0.0419
Auditory Cortex Gap Width F (2.781, 111.2) = 34.44 <0.0001
Treatment F (1, 40) = 4.844 0.0336
Gap width x Treatment F (6, 240) = 0.3996 0.8789
Frontal Cortex Gap Width F (4.427,177.1) = 70.54 <0.0001
Treatment F (1,40)=1.723 0.1968
Table 3.6. Gap-ASSR genotype statistics at P21
Cortical Region Factor/ Interaction ANOVA Results P Value
Gap width x Genotype F (6, 228) = 2.008 0.0656
Auditory Cortex Gap Width F (2.590, 98.44) = 28.37 <0.0001
Genotype F (1, 38) = 2.556 0.1181
Gap width x Genotype F (6, 228) = 0.4566 0.8398
Frontal Cortex Gap Width F (4.164, 158.2) = 48.31 <0.0001
Genotype F (1, 38) = 0.02353 0.8789
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Figure 3.7. Representative gap-ASSR ITPC heatmaps from auditory and frontal cortex of

Fmrl WT and KO mice at P30.

(A) WT saline. (B) WT NLX-101. (C) KO saline. (D) KO NLX-101. Details as in Figure

3.5.
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Figure 3.8. Genotype difference in ITPC was found in frontal, but not auditory, cortex at
P30. NLX-101 increased ITPC in Fmrl WT and KO mice.

(A-B) No genotype difference in gap-ASSR ITPC was found in the auditory cortex, but
ITPC was significantly lower in the frontal cortex of Fmrl KO mice compared with WT
controls. (C-D) Treatment effect of NLX-101 on Fmr! WT mice. NLX-101 significantly
increased ITPC in the frontal cortex but not the auditory cortex. (E-F) Acute NLX-101
administration significantly increased ITPC in both auditory and frontal cortex of the
Fmrl KO mice. Full statistics report is in Table 3.5 and Table 3.7. *p < 0.05, **p < 0.01,
*H%kp < 0.001, #***p <0.0001. Error bars show standard deviation.
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Table 3.5. Gap-ASSR treatment statistics at P30

Genotype Cortical Region Factor/ Interaction ANOVA Results P Value
wr Gap width x Treatment F (6, 228) = 0.2886 0.9420
Auditory Cortex Gap Width F (3.105, 118.0) = 13.59 <0.0001
Treatment F (1, 38)=1.661 0.2052
Gap width x Treatment F (6, 228) = 1.354 0.2343
Frontal Cortex Gap Width F (4.233, 160.8) = 77.05 <0.0001
Treatment F (1, 38) = 10.69 0.0023
KO .
Gap width x Treatment F (6, 240) = 1.873 0.0862
Auditory Cortex Gap Width F (3.645, 145.8) = 19.67 <0.0001
Treatment F (1, 40) = 13.99 0.0006
Gap width x Treatment F (6, 240) = 2.847 0.0107
Frontal Cortex Gap Width F (3.327, 133.1) = 40.83 <0.0001
Treatment F (1, 40) = 22.11 <0.0001
Table 3.7. Gap-ASSR genotype statistics at P30
Cortical Region Factor/ Interaction ANOVA Results P Value
Gap width x Genotype F (6, 234) = 0.7458 0.6133
Auditory Cortex Gap Width F (3.637,141.9) = 17.44 <0.0001
Genotype F (1,39)=0.1268 0.7237
Gap width x Genotype F (6, 234) = 2.806 0.0118
Frontal Cortex Gap Width F (4.306, 167.9) = 43.35 <0.0001
Genotype F (1, 39) = 6.991 0.0117

3.3.4 Sex Differences in temporal processing was observed in WT group

Sex difference in temporal processing was only found in WT group at both P21

(Figure S1) and P30 (Figure S2), but not in the KO group at either age (Figure S3 and
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Figure S4). At P21, saline treated WT females showed significantly higher ITPC in the
FC than the male counterpart (Figure S1 B, repeated two-way ANOVA. Sex effect:
p=0.0266). At P21, the NLX-101 treated WT females exhibited higher ITPC at longer
gap width than the male counterpart (Figure S1 D, repeated two-way ANOVA. Gap width
x Sex: p=0.0249). At P30, sex difference in ITPC was only found in the treatment group
where NLX-101 treated males had higher ITPC than female counterpart (Figure S2 D,
repeated two-way ANOVA. p=0.0299). Taken together, the effect of NLX-101 in
improving temporal processing is not specific to FXS, instead, there might be a shared
underlying circuit of temporal processing under serotonin modulation. Such modulation
may differ in male and female at early age point (P21). This finding is different from our
previous report (Croom et al., 2023, 2024), which could be potentially due to handling

and injection involved in this study.
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Figure S3.1. Sex differences in ITPC was found in Fmrl WT mice at P21.

(A-B) Sex difference was found in the frontal cortex in Fmrl WT saline treated mice.
ITPC at different gap widths was significantly affected by sex. Female has significantly
higher ITPC compared with male counterparts. Besides, female also has higher ITPC at
longer gaps. (C-D) Interaction between sex and gap width was found significant in the
frontal cortex in Fmrl WT mice after NLX-101 treatment. Full statistics report is in Table

S3.1. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. Error bars show standard
deviation.
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Table S3.1. WT gap-ASSR sex differences statistics at P21

Group Cortical Region Factor/ Interaction ANOVA Results P Value
WT_Saline_P21 Gap width x Sex F (6, 102) = 0.2516 0.9576
Auditory Cortex Gap Width F (2.084, 35.44) = 16.06 <0.0001
Sex F (1,17)=0.2682 0.6112
Gap width x Sex F (6,102) = 4.321 0.0006
Frontal Cortex Gap Width F (3.476, 59.08) = 23.92 <0.0001
Sex F (1,17) =5.892 0.0266
WT_NLX-101_P21 Gap width x Sex F (6, 108) = 0.08309 0.9978
Auditory Cortex Gap Width F (2.582, 46.47) = 10.84 <0.0001
Sex F (1, 18) =0.001554 0.9690
Gap width x Sex F (6, 108) = 2.530 0.0249
Frontal Cortex Gap Width F (3.153, 56.76) = 22.31 <0.0001
Sex F (1, 18) = 0.4625 0.5051
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Figure S3.2. Sex differences in ITPC was found in Fmrl WT mice at P30.

(A-B) No sex differences were found in either auditory cortex or frontal cortex in saline
treated groups. (C-D) Sex differences were found in NLX-101 treated WT mice only in
the frontal cortex (D) but not in the auditory cortex (C). NLX-101 treated WT males
showed significantly higher ITPC than female counterparts. Full statistics report is in

Table S3.2. *p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001. Error bars show
standard deviation.
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Table S3.2. WT gap-ASSR sex differences statistics at P30

Group Cortical Region Factor/ Interaction ANOVA Results P Value
WT_Saline_P30 Gap width x Sex F (6, 108) = 0.5677 0.7552
Auditory Cortex Gap Width F (3.231, 58.16) = 7.810 <0.0001
Sex F (1, 18)=0.6768 0.4215
Gap width x Sex F (6, 108) = 1.172 0.3269
Frontal Cortex Gap Width F (3.892, 70.05) = 28.30 <0.0001
Sex F (1, 18)=0.8938 0.3570
WT_NLX-101_P30 Gap width x Sex F (6, 108) = 0.2326 0.9651
Auditory Cortex Gap Width F (2.550, 45.91) = 5.232 0.0052
Sex F (1, 18) = 0.01807 0.8946
Gap width x Sex F (6, 108) = 0.5645 0.7577
Frontal Cortex Gap Width F (3.487, 62.76) = 49.25 <0.0001
Sex F (1, 18) = 5.557 0.0299
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Figure §3.3. Sex differences in ITPC was not found in Fmrl KO mice at P21.

(A-B) Sex differences were not observed in saline-treated KO mice in either cortex. (C-
D) Sex differences were not seen in NLX-101-treated KO mice in either cortex. Full
statistics report is in Table S3.3. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Error bars show standard deviation.
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Table S3.3. KO gap-ASSR sex differences statistics at P21

Group Cortical Region Factor/ Interaction ANOVA Results P Value
KO_Saline_P21 Gap width x Sex F (6, 114) = 0.8582 0.5281
Auditory Cortex Gap Width F (2.682, 50.95) = 16.06 <0.0001
Sex F (1,19)=0.01326 0.9095
Gap width x Sex F (6, 114) = 0.7417 0.6171
Frontal Cortex Gap Width F (4.397, 83.58) = 32.47 <0.0001
Sex F (1, 19)=0.1451 0.7075
KO_NLX-101_P21 Gap width x Sex F (6, 114) = 0.5142 0.7966
Auditory Cortex Gap Width F (2.354, 44.72) = 23.28 <0.0001
Sex F (1, 19)=0.01842 0.8935
Gap width x Sex F (6, 114) = 0.3490 0.9092
Frontal Cortex Gap Width F (3.508, 66.66) = 35.58 <0.0001
Sex F (1, 19) = 0.02423 0.8779
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Figure S3.4. Sex differences in ITPC was not found in Fmrl KO mice at P30.

(A-B) Sex differences were not found in saline-treated KO mice in either cortex. (C-D)
Sex differences were not recorded in NLX-101-treated KO in either cortex. Full statistics

report is in Table S3.4. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars
show standard deviation.
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Table S3.4. KO gap-ASSR sex differences statistics at P30

Group Cortical Region Factor/ Interaction ANOVA Results P Value
KO_saline_P30 Gap width x Sex F (6, 114) = 2.090 0.0507
Auditory Cortex Gap Width F (3.698, 70.26) = 10.07 <0.0001
Sex F (1, 19) =0.3268 0.5742
Gap width x Sex F (6, 114) = 2.145 0.0535
Frontal Cortex Gap Width F (3.579, 68.01) = 15.57 <0.0001
Sex F (1, 19) = 0.007057 0.9339
KO_NLX-101_P30 Gap width x Sex F (6, 114) = 1.569 0.1625
Auditory Cortex Gap Width F (3.132, 59.51) = 11.62 <0.0001
Sex F (1, 19)=0.9161 0.3505
Gap width x Sex F (6, 114) = 0.2151 0.9714
Frontal Cortex Gap Width F (2.373, 45.09) = 25.09 <0.0001
Sex F (1, 19) =0.9769 0.3354

3.3.5 C-Fos activation in the IC or AC was not affected by NLX-101 treatment

To study if NLX-101 reduces STP by reducing activation in the IC and/ or AC, c-
Fos expression in the IC and AC was examined in male Fmr! KO mice (P21-P23)
following saline/NLX-101 i.p. treatment and sub-convulsive sound exposure (Figure 3.9).
To avoid confounding audiogenic seizure (AGS)-induced motor activation, we used a
85dB SPL sound stimulus, which in our previous study revealed enhanced c-Fos
activation in the IC of Fmrl KO mice, compared to WT mice (Nguyen et al., 2020).
Behavior was videotaped and analyzed offline to ensure AGS were absent. Difference
regrading c-Fos positive cell density between saline and NLX-101 groups was not
observed in either the IC (Figure 3.9E, saline: n=6, NLX-101: n=6. P=0.6991, Mann-

Whitney test) or in the AC (Figure 3.9F, saline: n=6, NLX-101: n=6. P=0.2403, Mann-
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Whitney test), suggesting NLX-101 did not significantly impact general cell activation in
response to a sound stimulus. But it is worth noticing c-Fos activation alone gives very
little information about cell types. Future studies should investigate if NLX-101 treatment

affects excitatory and inhibitory neuronal activation differently.
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Figure 3.9. NLX-101 i.p. treatment did not affect c-Fos activation in either the IC or AC.

C-Fos activation was examined in male Fmr/ KO mice at P21-P23 after either saline or
NLX-101 treatment and sound exposure. (A-B) Representative c-Fos images obtained
from the IC of the animals injected with saline (A) or NLX-101(B). Windows for
counting are shown by angled rectangular boxes of 400 pm width. (C-D) Representative
c-Fos images acquired from the AC of the animals treated with either saline (C) or NLX-
101 (D). Scale bar is 100 um. (E-F) Difference of c-Fos activation was not presented
between saline and NLX-101 treated groups in either the IC (Figure 3.9E Saline: n=6,
NLX-101: n=6. P=0.6991, Mann-Whitney test) or the AC (Figure 3.9F Saline: n=6,
NLX-101: n=6. P=0.2403, Mann-Whitney test). The bars present the mean with standard
deviation (SD).
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3.4 Discussion

This study investigated the effects of acute, single dose injection of NLX-101, a
selective serotonin-1A receptor biased agonist, on EEG phenotypes in Fmrl KO mice.
Consistent with previously published studies (reviewed in Razak et al., 2021), EEG
phenotypes in Fmrl KO mice including elevated ERP amplitudes, enhanced STP and
reduced ITPC were found in this study in saline-treated FmrI KO mice. These data add
support to the robust and replicable nature of the EEG phenotypes in Fmrl KO mice
across several studies and mouse strains (Increased ERP amplitudes: (Jonak et al., 2020;
Lovelace et al., 2018; Wen et al., 2019). Increased STP: (Lovelace et al., 2018; Wen et al.,
2019). Decreased ITPC: (Jonak et al., 2020; Lovelace et al., 2018; Pirbhoy et al., 2020).
Following injection of NLX-101, ITPC in both Fmr! WT and KO was improved in both
P21 and P30 groups; STP in Fmrl KO group was significantly reduced to the level that
was indistinguishable to the WT control at P30, but not at P21; ERP in both age groups
were not affected by the treatment. These data show that the EEG phenotypes are present
from early development. NLX-101 shows robust EEG effects with specificity to alter
STP and gap-ASSR measures, without affecting ERP amplitudes. Taken together, these
data suggest a promising clinical treatment pathway in FXS by targeting 5-HT1a
receptors in early development either alone, or in combination with other treatments that

may reduce ERP hypersensitivity.

Broadband noise was used to evoke auditory ERP responses in the present study.
Background non-phase locked brain activity during noise stimulation was measured as

single trial power (STP). Elevated ERP N1 amplitude and increased STP are consistent
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phenotypes in FXS studies across species (Ethridge et al., 2019; Lovelace et al., 2018;
Wen et al., 2019). ERP N1 amplitudes reflect cortical processing with increased
amplitudes occurring due to increased neural responses and/ or increased synchrony of
responses in the population (Nédtinen & Picton, 1987). In the auditory cortex, inferior
colliculus and superior olive of Fmrl KO mice, there is elevated sound driven neural
activity and background activity (Garcia-Pino et al., 2017; Nguyen et al., 2020; S.
Rotschafer & Razak, 2013; Wen et al., 2018). Indeed, enhanced evoked responses have
been reported in other sensory cortices as well. In primary somatosensory cortex (S1),
tactile stimulation of the hind paw produced significantly higher EPSP amplitudes and
spiking rates in Fmrl KO mice than in WT mice (Bhaskaran et al., 2023). Increased
synchrony of neurons is also seen in sensory cortex of Fmrl KO mice (Gongalves et al.,
2013). Together, increased sound-driven spiking response and synchrony may explain

increased N1 amplitude in FXS.

The increased STP in Fmrl KO mice reflect elevated non-phase locked power in
the background during acoustic stimulus presentation and is the summed single trial
power both during and in-between stimuli. Such elevated background cortical activity
will reduce signal to noise ratio during acoustic processing. In humans with FXS,
elevated STP is correlated with distractibility and communication measures, suggesting
potential clinical implications (Ethridge et al., 2019). Increased background activity has
been observed in Fmrl KO mice in other sensory cortices as well. In S1, the percentage
of neurons firing action potentials spontaneously is significantly higher in Fmr! KO mice

than in WT mice (Bhaskaran et al., 2023). Visual cortex in Fmrl KO rats was found to
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maintain “active” states even in the absence of arousal and attention (Berzhanskaya et al.,
2016). Traditionally, background neural activity is viewed as “noise”, but spontaneous
cortical activity interacts with external stimulation to produce behavioral responses
toward sensory stimuli (Kwon, 2018; Ringach, 2009). Given that cortical responses are
shaped by both external stimuli and spontaneous activity (Kwon, 2018), elevated evoked
ERP amplitudes seen in Fmrl KO group in this study may also be partially explained by
the increased STP in Fmrl KO mice. However, the differential impact of NLX-101 on
ERP amplitude versus STP suggests they are generated by relatively independent
mechanisms, most likely elevated synchrony playing a role in N1 amplitudes, and
elevated responses playing a role in STP.

Single unit recording work in the inferior colliculus suggests how NLX-101 may
reduce STP in Fmrl KO mice (Hurley, 2007). The target of NLX-101, 5-HT1a receptors,
are the predominant inhibitory 5-HT receptor subtype, decreasing cAMP production via
activation of Ga; proteins (Albert & Vahid-Ansari, 2019), a process that is dysregulated in
FXS (Kelley et al., 2007). Consistent with the hyperpolarizing effect of 5-HT1a
activation, in the inferior colliculus, activation of 5-HT1a R with 8-OH-DPAT narrowed
the response window of individual neurons by suppressing the latter spikes in response to
sounds (Hurley, 2006, 2007). Indeed, FmrI KO mouse single unit recordings show that
ongoing responses after the stimulus, but not onset responses, are elevated in the KO
mice compared to WT mice (Wen et al., 2018). Besides, neurons with longer latencies
have a higher tendency to be suppressed by 8-OH-DPAT than those with shorter latencies

(Hurley, 2007). By narrowing the response window, and by reducing overall spiking in
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the midbrain, NLX-101 may reduce STP recorded in the auditory cortex. However, the
drug appears to have minimal effect on cortical synchrony, leaving ERP amplitudes
unchanged. The notion that NLX-101 has main effect in the midbrain is also supported by
the data that showed the drug essentially abolished audiogenic seizures, a phenotype that
potentially originates in the midbrain of Fmr/ KO mice (Gonzalez et al., 2019). The
improved effect of the drug on STP at P30, compared with P21, may reflect
developmental regulation of 5-HT1a receptors and/ or reduction of neural activity in the
midbrain between P21 and P30. Future studies should examine P21 STP with a higher
acute dose of NLX-101 and evaluate effects following chronic dosing.

Varied behavioral responses in autism have been broadly reported in human
studies, manifested by significantly increased trial-by-trial variability in multiple sensory
modalities (Auditory: (Dinstein et al., 2012; Latinus, 2019). Visual: (Dinstein et al., 2012;
Kovarski et al., 2019; Milne, 2011). Somatosensory: (Dinstein et al., 2012; Haigh et al.,
2016).). In this study, we examined temporal fidelity of the auditory cortex in Fmrl KO
and WT mice with a modified auditory-steady-state responses (ASSR) paradigm. ASSR
measures the capability of the auditory system to accurately phase lock to temporally
modulated sound stimuli (Baltus & Herrmann, 2016). A previous study suggested trial-
by-trial variability tends to be higher when sensory stimulus is more complex (Haigh,
2018). Therefore, instead of using 40-Hz click-train stimulus to induce 40Hz auditory
oscillations in the conventional ASSR (Ogyu et al., 2023), we inserted gaps at 40Hz in
the continuous background noise to make the stimuli more challenging to synchronize

with (at short gaps, in particular), to better assess temporal processing acuity of the
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auditory system (Rumschlag & Razak, 2021). The consistency of auditory responses can
be measured using the inter-trial phase clustering (ITPC) which quantifies phase locking
fidelity across trials. In line with published studies that used different spectrotemporally
modulated stimuli (Jonak et al., 2020; Lovelace et al., 2018; Pirbhoy et al., 2020),
reduced ITPC was observed in KO group compared with the WT group. Such reduced
ITPC, or increased variability from trial to trial, at the neural network level, can be traced
back to the variability at the cellular level such as variable resting membrane potentials of
individual neurons in the Fmr/ KO mice (Bhaskaran et al., 2023). Cortical recordings to
sounds also showed increased variability across trials in terms of latency (Rotschafer &
Razak, 2013), which will lead to variable representation of temporal responses.
Consistent behavior output largely relies on reliable sensory perception. In speech
comprehension, variable auditory processing will lead to unstable perception and is likely
to underlie speech and language differences in FXS and other sensory-related cognition
measures (Haigh, 2018).

We found that NLX-101 improved ITPC in response to gap-ASSR stimulation,
suggesting that targeting cortical 5-HTa receptors with a selective biased agonist may be
a potentially useful approach to reduce sensory variability. Both WT and KO mice, and at
both ages tested, showed improved ITPC with NLX-101, suggesting serotonin
modulation helped to reduce trial-by-trial variability. As mentioned above, 5-HT1a
receptor activation regulates temporal characteristics of evoked auditory responses in the
IC (Hurley, 2007). By reducing overall response windows, NLX-101 may improve

response reliability across trials.
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Our data on the utility of modulating serotonin signaling in Fmr/ KO mice is
consistent with the notion that the serotonin system may provide potentially useful
therapeutic pathways to treat FXS (reviewed in (Hanson & Hagerman, 2014)). Hessl et
al.(2008) demonstrated that the serotonin transporter (5S-HTTLPR) genotype correlated
with most aggressive, destructive, and stereotypic behaviors in humans with FXS (ages 8-
24 years). A recent study revealed that juvenile Fmr/ KO mice had lower whole-brain 5-
HTa receptor expression than WT mice (Saraf et al., 2024). Costa et al. (2012, 2018)
found that stimulation of SHT7a receptors reversed the consistently exaggerated
hippocampal mGluRS5-mediated synaptic plasticity defects in Fmr! KO mice to WT
range, and improved learning outcomes. Lim et al. (2014) showed that psychoactive
drugs that act on 5-HT and dopamine receptors improved learning in Y-maze and fear-
conditioning paradigms in the Fmr! KO mice. Importantly they suggested low-dose
activation of both receptor types to be beneficial, setting the stage to examine if NLX-101
in combination with other drugs may reduce most, if not all, of the EEG phenotypes.
Saraf et al. (2022) found that FPT, a non-selective agonist of several 5-HT; and 5-HT7a
receptors engaged spectral band changes EEG recordings from Fmrl KO mice (alpha and
delta power changes, but not in the gamma band), reduced audiogenic seizures and
improved social behaviors (Armstrong et al., 2020; Saraf et al., 2024). Fluoxetine, a
selective serotonin reuptake inhibitor (SSRI), has some anxiolytic effect in Fmrl KO
mice, and reduces hyperactivity. Developmental changes in the serotonin transporter and

BDNF/ TrkB signaling may underlie some differences in effects in WT versus Fmrl KO
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mice (Uutela et al., 2014). Sertraline, another SSRI, also shows off-label efficacy to
improve language function in FXS (Indah Winarni et al., 2012).

Several future studies are suggested by our results. Here, NLX-101 was applied
systemically, so it is unclear whether the observed improvement is contributed
predominantly by one or more brain regions, although previous studies on NLX-101
indicate that it preferentially targets 5-HT1a receptors in cortical and brainstem regions.
Future studies that specifically administer 5-HT1a receptor agonists and/ or antagonists in
the inferior colliculus or auditory cortex will identify regional effects. The present study
was done with an acute single injection of NLX-101, and studies are warranted to
determine whether its effects are maintained upon chronic administration. In terms of
audiogenic seizures, multiple days of NLX-101 administration did not reduce the
beneficial effects, but it is unclear how EEG responses may be affected with longer term
treatments. The expression levels of 5-HT1a receptors may change with age, leading to
specific optimal treatment windows, so future studies will examine expression of 5-HT1a

receptors across development, regions, and age.

3.5 Conclusions

Our findings are consistent with other studies that suggest serotonin modulation
as a useful therapeutic approach in FXS. NLX-101 has specific properties that may be of
use in treatment of sensory variability and background noise in FXS. Unlike NLX-101,

the more commonly used agonist of 5-HT1a receptors, 8-OH-DPAT, also activates
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autoreceptors in the raphe nuclei (Rojas & Fiedler, 2016) and causes hypothermia (Martin
et al., 1992). In contrast, NLX-101 has much higher selectivity compared with 8-OH-
DPAT (Newman-Tancredi et al., 2022) and preferentially activates 5-HT1a
heteroreceptors (Newman-Tancredi et al., 2009), leaving autoreceptors in the raphe nuclei
unaffected. The unique neuropharmacology of such biased agonists may make them more
suitable for therapeutic approaches, and future studies should determine if NLX-101 or

other biased selective 5-HT1a receptor agonists are beneficial in children with FXS.
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Chapter 4: Serotonin-1A receptor mRNA level in the auditory cortex and inferior

colliculus in Fmrl KO mice
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Abstract

Fragile X syndrome (FXS) is a leading known genetic cause of intellectual
disability and autism spectrum disorders (ASD)-like behaviors. A consistent and
debilitating phenotype of FXS is auditory hypersensitivity that may lead to delayed
language and high anxiety. In our previous studies, we found that a selective serotonin-
1A receptor biased agonist, NLX-101, reduced auditory hypersensitivity, background
noise and improved temporal processing. This suggests that abnormal 5-HT1aR
expression may be present in the auditory pathway of Fmr/ KO mice. However, the
expression of 5-HT14 mRNA pattern in the auditory regions, mainly in the auditory
cortex (AC) and the inferior colliculus (IC), in Fmr! WT and KO mice during early
development has not been studied. Here, we quantified 5S-HT1aR mRNA in two cell types
(GAD+ and GAD-) in Fmrl WT and KO mice (male and female) in all layers of the AC
and the central IC (ICC) at two age points, postnatal (P) 21 and 30 days. Overall, we
found that most 5-HT1aR puncta was found in non-GAD expressing (GAD-) cells. In the
AC layer 2/3 of Fmrl KO mice there was a surprisingly higher level of 5-HT1aAR mRNA
compared with WT mice. There were no other genotype differences. We also found that
in all layers of the AC, expression level of 5-HT1o mRNA showed an increase from P21
to P30, suggesting developmental regulation. Comparing the percentage of GAD+ cells
across age, genotype and sex showed no genotype differences. The percentage of GAD+
cells in the ICC is higher at P30 than at P21, but no differences were seen in the AC.
Only ICC showed sex difference at P21 with males showing a higher percentage of

GAD+ cells than females. Because 5-HT1aR activation causes hyperpolarization in the

135



post-synaptic neurons, these results suggest that mostly GAD- cells, many of which are
putative excitatory neurons, are hyperpolarized with the selective agonists, and this

causes a reduction in auditory hypersensitivity in Fmr! KO mice.

4.1 Introduction

Fragile X Syndrome (FXS) is caused by the lack of fragile X messenger
ribonucleoprotein (FMRP) and affects approximately 1 in 4000 males and 1 in 8000
female (Hunter et al., 2014). FXS is the leading known genetic cause of intellectual
disability and autism spectrum disorder (ASD)-like behaviors. FMRP is expressed from
the Fmrl gene, at the promotor region of which are several CGG trinucleotide repeats.
The full mutation occurs when the CGG repeat number exceeds 200, leading to
transcriptional silencing of the FmrI gene and the loss of FMRP (Pieretti et al., 1991).
Children with FXS show intellectual impairments, repetitive behaviors, anxiety,
hyperactivity, seizure susceptibility and sensory hypersensitivity (Cordeiro et al., 2010;
Hagerman & Hagerman, 2002; Kaufmann et al., 2004). Strong and consistent auditory
hypersensitivity impairs daily functioning and may lead to delayed language, high
anxiety, and social impairments in FXS. Currently, there are no effective treatments to

reduce sensory hypersensitivity in FXS, or other forms of ASD.

Children with FXS consistently exhibit various sensory processing issues
including tactile, visual, and auditory hypersensitivity [Tactile: (Miller et al., 1999).

Visual: (Miller et al., 1999; Rigoulot et al., 2017; Van der Molen et al., 2012a). Auditory:
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(Ethridge et al., 2016, 2019; Rojas et al., 2001; Van der Molen et al., 2012b, 2012a)]. The
Fmrl knockout (KO) mouse shows many of the sensory phenotypes seen in humans
[Tactile: (Juczewski et al., 2016). Visual: (Rigoulot et al., 2017). Auditory: (Rotschafer &
Razak, 2013); reviewed in (Sinclair et al., 2017)], making it a useful animal model for
FXS research. Activating 5-HT1a may be a potentially useful therapeutic approach in
FXS. Previous studies have shown that activating serotonin signaling by targeting
serotonin receptors is beneficial in reducing auditory hypersensitivity in Fmr/ KO mice.
Armstrong et al., 2020 showed reduced audiogenic seizures (AGS) in Fmrl KO mice
after administration of FPT ((S)-5-(2'-fluorophenyl)-N,N-dimethyl-1,2,3,4-
tetrahydronaphthalen-2-amine), a partial agonist for 5-HT1a, 5-HT2c and 5-HT7 receptors
(Armstrong et al., 2020; Canal et al., 2015). We showed that a more specific agonist of 5-
HTiaReceptor, NLX-101, caused a major reduction in AGS-induced death and tonic-
clonic seizures (Tao et al., 2023). Besides, unpublished electroencephalogram (EEG)
recordings (Chapter 3) from our lab showed that acute administration of NLX-101
improved temporal processing in Fmr! KO mice at both P21 and P30, and reduced
background power in Fmrl KO mice only at P30 but not at P21. These findings suggest
that developmental regulation of 5-HT1aR signaling plays a major role in the
development of auditory processing, and 5-HT1aR activity may be abnormal in Fmrl KO

mice.

The expression pattern of 5-HT1aR across auditory regions and during early
development in Fmrl WT and KO mice remains unclear. Thompson et al.,1994 showed

the central auditory system is innervated by serotonergic fibers that originate from the
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raphe nuclei (Thompson et al., 1994). Among auditory brain regions, the heaviest 5-
HT1aR binding was found in the IC (Thompson et al., 1994). Besides, more than half of
GABAergic neurons in the IC were found to be associated with 5-HT 4R (Peruzzi & Dut,
2004), which is also similar to what we found in this study (~60%). Therefore, NLX-101,
as a 5-HT1aR agonist, may ameliorate auditory hypersensitivity and improve cortical
auditory temporal processing by enhancing serotonin signaling through activating 5-
HTiaRs in the auditory system. The hypothesis above assumed that serotonin signaling is
impaired in Fmrl KO mice due to lack of sufficient expression level of 5-HT1aRs.
Indeed, recent findings showed that the whole brain 5-HT1aR expression level was
significantly reduced in juvenile Fmr/ KO mice compared with the control mice,
manifested by reduced 5-HTaR radioactive ligand binding (Saraf et al., 2024). They also
attempted to examine the 5-HT1aR level in the IC and the AC with binding density and
found no genotype difference in the IC. Genotype effect was only found in AC in female
group. However, they failed to provide cortical layer- and cell-type specific expression
information. Therefore, in this study we investigated the mRNA level of 5-HT1aR in both
IC and AC in Fmrl WT and KO mice (males and females) across two age points—P21
and P30. To quantify 5-HT1aAR mRNA expression level in different cell types, we used a

GAD probe to mark the GABAergic neurons.
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4.2 Methods

4.2.1 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 Fmrl knock-out (Jax, stock# 004624; Fmrl KO). The choice of FVB background
strain (as opposed to the C57bl6/] strain) for the WT and Fmrl KO mice was guided by
developmental auditory sensitivity and processing deficits (Croom et al., 2023; Nguyen et
al., 2020; Wen et al., 2019) and the effects of NLX-101 in reducing auditory
hypersensitivity (Tao et al., 2023) and improving temporal processing (Chapter 3) in
Fmrl KO mice on this background strain.

For mice at P21, they were housed in home cage with the dam until they were
used. For mice at P30, one to five mice were housed in each cage post-weaning under a
12:12-h light-dark cycle and fed ad libitum. This study examines 5-HT1aR mRNA levels
across genotypes (WT and KO), sex (male and female), and ages (P21 and P30). Three
mice under each condition were used (24 mice in total). Two brain regions, the central

inferior colliculus (ICC) and the auditory cortex (AC), were examined in each mouse.
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4.2.2 In situ hybridization

We examined the central IC (ICC) and the auditory cortex (AC) to determine if
there are genotypic (WT, KO), age (P21, P30), sex (male, female) differences in 5-HT1aR
mRNA expression across groups. In the AC, we also quantified layer-specific expression
across genotype, age, and sex. Mice were euthanized with sodium pentobarbital (Fatal-
Plus, 125 mg/kg ip) for perfusion. Transcardial perfusion was done with cold 0.1 M PBS
(pH 7.4) followed by cold 4% PFA (pH 7.6). The brain tissues were extracted and
postfixed overnight in 4% PFA before storage in 0.1 M PBS at 4°C until further tissue
processing. The brains were cryoprotected in 30% sucrose for 2 days before being
sectioned (CM 1860, Leica Biosystems) in the coronal plane at 15um thickness. Sections
were directly collected on the charged glass slides (Fisherbrand™ Superfrost™ Plus
Microscope Slides) and were allowed to sit under room temperature for 2 hours before
being stored at -80°C. Single molecule in situ hybridization was performed using
Advanced Cell Diagnostics (ACD) RNAscope Multiplex Fluorescent Reagent kit v2
(REF 323100) with probes against 5-HT1aAR (Mm-Htrla, REF 312301) and GAD (Mm-
Gad1-C2, REF 400951-C2). The whole procedure lasted for 2 days.

One the first day, slides were first thawed at room temperature for 5~10 minutes
before being washed with PBS for 5~10 minutes. Slides were then baked at 60°C in the
ACD HybEZ™ oven for 30 minutes, followed by immersion in 4% PFA (diluted with
PBS from 16% Formaldehyde Solution (w/v), Methanol-free, Thermo Scientific REF
28908). The slides were later immersed in 50%, 70%, 100% and 100% ethanol for 5

minutes each, followed by 5-minutes of air drying. To prepare target retrieval dilution,
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RNAscope Target Retrieval Reagent (REF 322000) was diluted with MiliQ water at 1:10
and was heated on the hot plate stirrer (VWR cat# 7042-634). The temperature of the
target retrieval dilution was maintained between 90-95°C throughout. After air drying,
the slides were immersed in heated target retrieval dilution for 5 minutes and quickly
dipped in distilled water twice before they were covered by RNAscope Hydroperoxide
Reagent (REF 322381) under the room temperature for 10 minutes. After two quick dips
in DI water, the slides were transferred in 100% ethanol for 3 minutes, followed by air
drying. Hydrophobic barriers were drawn around the tissue sections on the slides with a
PAP pen (ImmEdge® Pen Cat. no. H-4000). The slides were then covered by RNAscope
Protease Plus Reagent (REF 322381) and moved to ACD HybEZ™ oven at 40°C for 30
minutes (humidified paper towel was used to cover the bottom of the slides chamber to
prevent liquid from drying out). Protease plus reagent was washed off by dipping the
slides in DI water twice. Probe mixture was made by mixing probe 1 (5-HT1aR) and
probe 2 (GADG67) at 1:50. After sections were covered by the probe mixtures, they were
moved to ACD HybEZ™ oven at 40°C for 120 minutes (humidified paper towel was
used to cover the bottom of the slides chamber to prevent liquid from drying out). After
hybridization, the slides were washed twice (2 minutes each) in RNAscope Wash Buffer
Reagent (REF 310091), diluted with DI water at 1:50. Slides were later stored in 5x SSC
(saline-sodium citrate, diluted from 20x stock with DEPC distilled water) buffer at the
room temperature overnight. 20x SSC stock was made by dissolving 175.3 g of NaCl and

88.2 g of sodium citrate in 1L of distilled water with the pH adjusted to 7.0, followed by
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autoclave. The final concentrations of the ingredients are 3.0 M NaCl and 0.3 M sodium
citrate.

On the second day, slides were taken out of the SSC buffer, and sections were
covered by Amp 1, 2 and 3 reagents for 30, 30 and 15 minutes respectively for signal
amplification. All amplification steps were done at 40°C in ACD HybEZ™ oven with
humidifying paper in the slides chamber. After each step, slides were washed twice (2
minutes each) with the wash buffer. After amplification, fluorescence labeling was done
to each channel (probe) at 40°C in ACD HybEZ™ oven following the process
(humidifying paper towel was used to prevent liquid from drying out): HRP reagent
incubation for 15 minutes, TSA vivid Fluorophore incubation for 30 minutes and HRP
blocker incubation for 15 minutes. After each step, slides were washed twice (2 x 2
minutes) with the wash buffer. TSA vivid Fluorophore was diluted with TSA buffer (REF
322809) at 1:750 for 650nm (REF 323273) and 1:1500 for 520nm (REF 323271).
Channel 1 (5-HT1aR probe) and Channel 2 (GAD67 probe) were labeled with
fluorophore 650 nm and 520 nm, respectively. DAPI staining was done after RNAscope
procedures. After the last step of washing, slides were taken out and sections were
covered by DAPI dilution (1:250, ThermoFisher Cat. No. 62248) for 10 minutes at the
room temperature, followed by 3 times wash with PBS (3 x 10 minutes). After the last
PBS wash, slides were mounted with Fluoro Gel (Electron Microscopy Sciences Cat.
#17985-03), covered and sealed with coverslip (ThorLabs CG15KH1) and nail polish
respectively. Sealed slides were stored in the non-transparent slides’ boxes under 4°C

until imaging.
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4.2.3 Imaging and quantification

Stained sections were imaged using a confocal microscope (Zeiss 880 Inverted)
with 20x objective and a stack of 10-15 optical images was collected with optimal
resolution at 0.797 pm z-steps. Image quantification was performed using HALO
software (Indica Labs) FISH v. 3.2.3 module. A 420 pm square window in the middle of
the central nucleus of the inferior colliculus (ICC) was used as the counting window for
the ICC. Because the auditory cortex (AC) is composed of multiple layers with different
functions, we did quantification in three categories respectively based on cell
organization structures: L2/3 (for cortico-cortical projections), L4 (receiving input from
subcortical regions), and L5 & L6 (sending output from cortical region to the subcortical
regions). The dimensions of the counting window vary from section to section, so
quantification is normalized to total cell number in each category. In HALO software
FISH module: DAPI was set to nuclear dye; 2 FISH probes were analyzed: GAD and 5-
HTia. We were interested in two nuclear phenotypes: GAD+ 5-HTia + and GAD- 5-
HTia +. The detailed parameter settings are listed in the Table 4.1 and Table 4.2 (“*”
marked the parameters that were subjected to fine tuning from image to image based on
staining quality. The goal was to make the real-time tuning markup be as close as
possible to the real image.). Once parameters were set, cell counting and colocalization
counting were done automatically by HALO. %GAD+5-HTa 5-HT1a +, %GAD-5-HTia
+, %5-HT1a +, %GAD+ were directly extracted from the summary table in the results
section. To further characterize the expression profile of 5-HT14 mRNA, 5-HT1a H-

Scores for GAD+ and GAD- categories were computed respectively. Object data in
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HALO were copied and pasted in Excel: if number of GAD copies was bigger than zero,
they were classified in GAD+ category; otherwise in GAD- category. Under each
category, cells were classified into 5 bins based on how many 5-HT1a» mRNA copies were
detected: zero copies detected (bin-0); 1-3 copies detected (bin-1); 4-9 copies detected
(bin-2); 10-15 copies detected (bin-3) and 16 or more copies detected (bin-4). 5-HT1a H-
score was computed in both categories as sum of the multiplication of bin number and
percentage of cells of the bin (H-score = X (bin number x percentage of cells per bin))

(Musser et al., 2022).

Table 4.1. Cell detection settings in HALO software

Settings Parameters
Nuclear contrast threshold 0.5
Minimum nuclear intensity *
Nuclear segmentation aggressiveness 0.33
Nuclear size *
Minimum nuclear roundness 0
Maximum cytoplasm radius 2.5

*Indicates that parameters vary from image to image based on staining quality
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Table 4.2. Probe detection settings in HALO software

5HT1A GAD
Probe contrast threshold 0.52 0.5
Probe signal minimum intensity 0.04 0.04
Probe spot size 0.1-20 *
Probe copy intensity 0.15 0.15
Spot segmentation aggressiveness 0.95 0.95

*Indicates that parameters vary from image to image based on staining quality

4.2.4 Experiment design and statistics

This study investigates 5-HT1aAR mRNA expression pattern across sex (male and
female), genotypes (Fmrl WT and KO) and ages (P21 and P30). 3 animals under each
condition were used, and total 24 animals were used. 2-5 sections were taken from each
animal for each brain region. We used multilevel model to examine the mouse-level
variables but also consider of the sections within mice. We examined the main effects of
genotype, age, sex, and interactions between main effects. Effects of p < 0.05 were
considered statistically significant, and denoted as *p < 0.05, **p < 0.01, ***p <0.001,

wxkkp < 0.0001.

4.3 Results

In this study, we investigated the pattern of 5-HT1AR mRNA in Fmr! WT and KO
mice during early development by performing RNAscope at two age points, P21 and P30.

In the previous studies, we observed significant reduction in auditory hyperactivity (Tao
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et al., 2023) and improvement in auditory temporal processing (chapter 3) after 5S-HT1aR
activation by NLX-101. Therefore, we specifically examined the 5-HT1aAR mRNA
expression levels in the AC and the ICC which have been reported to be implicated in
auditory hyperactivity and temporal processing (Gonzalez et al., 2019; Holley et al.,
2022; Lovelace et al., 2020). To further explore the expression pattern in different cell
types, we utilized a GAD probe to mark GABAergic neurons. Fig. 4.1 and Fig. 4.2
showed representative images from the AC and the ICC respectively in Fmr! WT and
KO at P21 and P30. In Fig. 4.1 and Fig. 4.2, DAPI staining is shown in blue, each
magenta puncta represents one copy of 5-HT1aR mRNA, and green fluorescence
represent GAD+ cells. We adopted two quantification methods to study the 5-HT1aR
mRNA level in each cell type. We first quantified the percentage of cells that express 5-
HTia mRNA. Then we scored each positive cell based on its number of 5-HT1aAR mRNA
copies to acquire an expression profile. The summed score was noted as H-Score which
captures the general expression profile of 5-HT1aR mRNA positive cells in each brain
section (Musser et al., 2022).

In the following sections, we first report the 5S-HT1aR mRNA expression level in
all cells. Then we classify the cells into GAD- and GAD+ based on GAD detection and
report 5-HT1AR mRNA expression level in each category. Lastly, we report the
percentage of GAD+ cells across genotypes, sex, and ages. Analysis was done in each

brain regions separately: AC layer 2/3, AC layer 4, AC layer 5 & 6, and ICC.
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Figure 4.1. Representative images from the AC.
Bule stain: DAPI; green halo: GAD; magenta puncta: 5-HT1a. The edge of the AC

indicates the orientation of the section. Scale bar represents 50um. (A) Fmrl WT P21
(right); (B) Fmrl KO P21 (left) ; (C) Fmrl WT P30 (right); (D) Fmrl KO P30 (right).
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Figure 4.2. Representative images from the ICC.

Bule stain: DAPI; green halo: GAD; magenta puncta: 5-HT1a. The counting window
covers the entire image. Scale bar represents S0um. (A) Fmrl WT P21; (B) Fmrl KO
P21; (C) Fmrl WT P30; (D) Fmrl KO P30. (E) Schematic graph showing the counting
window of the ICC, 400um x 400um. Images modified from Allen Mouse Brain Atlas.

4.3.1 Percentage of 5-HT 4 positive cells and H-Score in all cells

The first quantification was done by comparing percentage of 5-HT1a positive
cells (Figure 4.3). In AC layer 2/3, a genotype effect was revealed, but surprisingly, Fmrl
KO mice showed significantly higher expression level of 5-HT1AR mRNA than WT
(p=0.0349, KO mean=77.6803, WT mean=75.1820). Besides, the 5-HT1aR mRNA level
is significantly higher at P30 than at P21 (p=0.0005, P21 mean=67.3487, P30
mean=80.9250). No sex effect was found (p=0.3257). In AC layer 4, only an age effect
was found, with higher 5-HT14AR mRNA at P30 than at P21 (p=0.017, P21
mean=61.0399, P30 mean=78.5854). No genotype (p=0.9367) or sex effect (p=0.4786)
was observed. In AC layer 5 and 6, 5-HT1aAR mRNA expression level is significantly
higher at P30 than at P21 (p=0.0205. P21 mean=54.2275, P30 mean=64.1407). No
genotype (p=0.3845) or sex effect (p=0.5140) was observed. In the ICC, there was no
genotype (p=0.6073), sex (0.8059) or age effect (0.1171).

The second quantification was done by comparing 5-HT1a H-scores of the region
of interest (Figure 4.4). In layer 2/3, KO mice had higher H-Score than WT (p=0.01162.
KO mean=187.8847, WT mean=152.6753), and P30 mice showed higher H-Score than

P21 mice (p=0.00934. P21 mean=152.0097 and P30 mean=188.5503). But sex effect was

150



not significant (p=0.94128). Age effect (p=0.0202. P21 mean=118.4710. P30
mean=155.5587) was found to be significant in layer 4, but not genotype (p=0.9115) or
sex effect (p=0.4225). In layer 5 and 6, only age effect was seen (p=0.02805. P21
mean=107.7523. P30 mean=138.3257), but not genotype (p=0.25949) or sex effect
(p=0.58850). We did not find any significant main effects in the ICC (Genotype:
p=0.5905; sex: p=0.5007; age: p=0.2227).

Together, in AC layer 2/3, KO group showed higher percentage of 5-HTa
positive cells than WT, and each cell in KO group tends to have higher copy number of 5-
HTia than in WT. Besides, as age increases, more cells started to express 5-HT1aR
mRNA, rendering higher percentage of 5-HT 14 positive at age of P30 than at P21. For

individual 5-HTa positive cells, the copy number tends to increase with age as well.
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Figure 4.3. Percentage of cells that are positive for 5-HT14R egardless of GAD
expression in males and females in four regions of interest at two age points P21 and
P30.

Genotype effect (p=0.0349216) and age effect (p=0.0004671) were found significant in
AC _L23. Age effect was also significant in AC_L4 (p=0.001674) and AC_L56
(p=0.02048). Full statistics results are in Table S4.1. AC_L23: auditory cortex layer 2/3;
AC_L4: auditory cortex layer 4; AC_L56: auditory layer 5 and 6; ICC: central inferior
colliculus.
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Table S4.1. Percentage of 5-HT1A positive cells

Region of interest Effects F value P-value
Genotype 5.3651 0.0349216
AC Layer 2/3 Sex 0.9808 0.3375240
Age 19.6887 0.0004671
Genotype 0.0065 0.936731
AC Layer 4 Sex 0.5271 0.478608
Age 14.3674 0.001674
Genotype 0.7970 0.3845
AC Layer 5and 6 Sex 0.4444 0.51397
Age 6.5346 0.02048
Genotype 0.2747 0.6073
ICC Sex 0.0624 0.8059
Age 2.7432 0.1171
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Figure 4.4. 5-HT 14 H-Score in males and females in four regions of interest at two age
points P21 and P30.

H-Score was computed based on 5-HTa expression profile of individual neurons (details
are in method). Genotype effect (p=0.01162) and age effect (p=0.00934) were found
significant in AC_L23. Age effect was also significant in AC_L4 (p=0.0202) and
AC_L56 (p=0.02805). Full statistics results are in Table S4.2. AC_L.23: auditory cortex
layer 2/3; AC_L4: auditory cortex layer 4; AC_L56: auditory layer 5 and 6; ICC: central
inferior colliculus.
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Table §4.2. 5-HT1A H-Score

Region of interest Effects F value P-value
Genotype 8.3397 0.01162

AC Layer 2/3 Sex 0.0056 0.94128
Age 8.9822 0.00934

Genotype 0.0128 0.9115

AC Layer 4 Sex 0.6788 0.4225
Age 6.6923 0.0202

Genotype 1.3623 0.25949

AC Layer 5and 6 Sex 0.3043 0.58850
Age 5.7827 0.02805

Genotype 0.3015 0.5905

ICC Sex 0.4746 0.5007

Age 1.6092 0.2227

4.3.2 Percentage of 5-HT 14 positive cells and H-Score in GAD- cells

To quantify cell type specific 5-HT1aAR mRNA we examined the genotype, sex,
and age effects on the expression level of 5-HT1aAR mRNA in GAD- cells in AC and IC.
The results of this analysis were largely like those seen with overall 5-HT1aR mRNA
because most of the mRNA was seen in the GAD- cells. We first compared percentage of
5-HTa positive cells in GAD- category (Figure 4.5). In AC layer 2/3, a genotype effect
was revealed, and KO mice showed significantly higher expression level of 5-HT1aR
mRNA than WT (p=0.01674. KO mean=69.7187, WT mean=62.3020). Besides, 5-HT1aR
mRNA level is significantly higher at P30 than at P21 (p=0.00034. P21 mean=59.696,
P30 mean=72.3246). No sex effect was found (p=0.3489). In AC layer 4, only age effect

was found, and expression level is higher at P30 than at P20 (p=0.0021. P21
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mean=>55.3263, P30 mean=71.2730). No genotype (p=0.9205) or sex effect (p=0.4692)
revealed. In AC layer 5 and 6, 5-HT1aR mRNA expression level is significantly higher at
P30 than at P21 (p=0.0172. P21 mean=48.4746, P30 mean=57.8709). No genotype
(p=0.34170) or sex effect (p=0.40518) was observed. In the ICC, there was no genotype
(p=0.59595), sex (0.86077) or age effect (0.09944) was found.

We then compared the H-scores of GAD- cells in all regions of interest (Figure
4.6). In layer 2/3, genotype (p=0.01160, KO mean=187.5323, WT mean=151.8149) and
age effect (p=0.01252, P21 mean=152.0497, P30 mean=187.2975) were found to be
significant: KO mice showed higher H-Score than WT mice, and 5-HT1a H-Score is
higher at P30 than at P21. We did not see any sex effect (p=0.87752). In layer 4, only age
effect was observed (p=0.02573, P21 mean=115.7904, P30 mean=151.5573): 5-HT1a H-
Score for GAD- cells is significantly higher at P30 than at P21. Neither genotype
(p=0.91869) nor sex effect (0.36750) was found. Similarly, age effect (p=0.02631, P21
mean=104.7107, P30 mean=135.9917) was also found significant in Layer 5 and 6, and
5-HT1a H-Score for GAD- cells was higher at P30 than P21. No genotype (p=24290) or
sex effect (p=52502) was found.

In GAD- cells from AC layer 2/3, KO group showed higher percentage of 5-HT1a
positive cells than WT, and each cell in KO group tends to have higher copy number of 5-
HTia than in WT. Besides, as age increases, more GAD- cells started to express 5S-HT1a
mRNA, rendering higher percentage of 5-HT1a positive at age of P30 than at P21. For
individual GAD- but 5-HTa positive cells, the copy number tends to increase with age as

well.
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Figure 4.5. Percentage of cells that are only positive for 5-HT 14 but not GAD in males
and females in four regions of interest at two age points P21 and P30.

Genotype effect (p=0.0167353) and age effect (p=0.0003401) were found significant in
AC _L23. Age effect was also significant in AC_L4 (p=0.002132) and AC_L56
(p=0.01721). Full statistics results are in Table S4.3. AC_L23: auditory cortex layer 2/3;
AC_L4: auditory cortex layer 4; AC_L56: auditory layer 5 and 6; ICC: central inferior
colliculus.
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Table S4.3. Percentage of 5-HTIA + and GAD- cells

Region of interest Effects F value P-value
Genotype 7.1754 0.0167353
AC Layer 2/3 Sex 0.9326 0.3489057
Age 20.8037 0.0003401

Genotype 0.0103 0.920533

AC Layer 4 Sex 0.5503 0.469200
Age 13.4820 0.002132

Genotype 0.9569 0.34170

AC Layer5and 6 Sex 0.7288 0.40518

Age 6.9700 0.01721

Genotype 0.2927 0.59595

ICC Sex 0.0318 0.86077

Age 3.0582 0.09944
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Figure 4.6. 5-HT 14 H-Score for GAD- cells in males and females in four regions of
interest at two age points P21 and P30.

5-HT1a H-Score (GAD-) was computed based on 5-HT1a expression profile of individual
GAD- neurons (details are in method). Genotype effect (p=0.01160) and age effect
(p=0.01252) were found significant in AC_L23. Age effect was also significant in AC_L4
(p=0.02578) and AC_L56 (p=0.02631). Full statistics results are in Table S4.4. AC_L23:
auditory cortex layer 2/3; AC_L4: auditory cortex layer 4; AC_L56: auditory layer 5 and
6; ICC: central inferior colliculus.
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Table S4.4. 5-HT1A H-Score (GAD-)

Region of interest Effects F value P-value
Genotype 8.3458 0.01160

AC Layer 2/3 Sex 0.0246 0.87752
Age 8.1278 0.01252

Genotype 0.0108 0.91869

AC Layer 4 Sex 0.8615 0.36750
Age 6.0743 0.02578

Genotype 1.4655 0.24290

AC Layer5and 6 Sex 0.4215 0.52502
Age 5.9381 0.02631

Genotype 0.3346 0.5710

ICC Sex 0.4072 0.5324

Age 1.5691 0.2283

4.3.3 Percentage of 5-HT 14 positive cells and H-Score in GAD+ cells

For neurons that were positive for both 5-HT1a and GAD, no significant effect
was found in any region of interest in terms of percentage of cells (Figure 4.7. Layer 2/3:
genotype: p=0.7428, sex: p=0.7240, age: p=0.3477. Layer 4: genotype: p=0.9207, sex:
p=0.8930, age: p=0.0966. Layer 5 and 6: genotype: p=0.9875, sex: p=0.6066, age:
p=0.5429. ICC: genotype: p=0.8409, sex: p=0.1685, age: p=0.8869.) For 5-HTa H-
Score of GAD+ cells (Figure 4.8.) AC layer 2/3, Fmrl KO mice GAD+ cells showed
higher 5-HT1a H-Score than WT mice (p=0.026748 KO mean=194.3770, WT

mean=164.8264). 5-HT1a H-Score was higher at P30 than P21 (p=0.001987. P21
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mean=156.7305, P30 mean=202.4729). No significant sex difference was found
(p=0.586583). In layer 5 and 6, no significant effects were found (Genotype: p=0.46655,
sex: 0.66548, age: 0.06512).

Together, the percentage of cells that are positive for both GAD and 5-HT4 did
not differ across genotypes, sex, or ages in all brain regions examined. However, for
individual dual positive cells, the copy number of 5-HT 4 is significantly higher in KO

than WT and it increases as age in almost all layers of the AC except for layer 5 and 6.
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Figure 4.7. Percentage of cells that are positive for both 5-HT 14 and GAD in males and
females in four regions of interest at two age points P21 and P30.

No significant effect was found in any region of interest. Full statistics results are in Table

S4.5. AC _L23: auditory cortex layer 2/3; AC_L4: auditory cortex layer 4; AC_L56:
auditory layer 5 and 6; ICC: central inferior colliculus.
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Table §4.5. Percentage of 5-HTIA + and GAD+ cells

Region of interest Effects F value P-value
Genotype 0.1116 0.7428

AC Layer 2/3 Sex 0.1293 0.7240
Age 0.9373 0.3477

Genotype 0.0102 0.9207

AC Layer 4 Sex 0.0187 0.8930
Age 3.1071 0.0966

Genotype 0.0003 0.9875

AC Layer 5and 6 Sex 0.2760 0.6066
Age 0.3867 0.5429

Genotype 0.0417 0.8409

ICC Sex 2.0815 0.1685

Age 0.0209 0.8869
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Figure 4.8. 5-HT 14 H-Score for GAD+ cells in males and females in four regions of
interest at two age points P21 and P30.

5-HT1a H-Score (GAD+) was computed based on 5-HT1a expression profile of
individual GAD+ neurons (details are in method). Genotype effect (p=0.026748) and age
effect (p=0.001987) were found significant in AC_L23. Age effect was also significant in
AC L4 (p=0.0004212). Full statistics results are in Table S4.6. AC_L23: auditory cortex
layer 2/3; AC_L4: auditory cortex layer 4; AC_L56: auditory layer 5 and 6; ICC: central
inferior colliculus.
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Table §4.6. 5-HT1A4 H-Score (GAD+)

Region of interest Effects F value P-value
Genotype 6.2686 0.026748
AC Layer 2/3 Sex 0.3113 0.586583
Age 15.0203 0.001987
Genotype 0.6544 0.4307283
AC Layer 4 Sex 0.3063 0.5877981
Age 19.8921 0.0004212

Genotype 0.5547 0.46655

AC Layer5and 6 Sex 0.1936 0.66548

Age 3.8876 0.06512

Genotype 0.3073 0.5870

ICC Sex 0.5697 0.4613

Age 0.6082 0.4468

4.3.4 Percentage of GAD positive cells

We quantified the percentage of GAD+ cells in the AC and IC (Figure 4.9). There
were no significant main effects found on the percentage of GAD+ cells in all layers of
the AC (Layer 2/3: genotype: p=0.3063, sex: p=0.6804, age: p=0.2921. Layer 4:
genotype: p=0.9582, sex: p=0.8651, age: p=0.8635. Layer 5 and 6: genotype: p=0.7336,
sex: p=0.6747, age: p=0.6265). In the ICC, sex effect was found such that males had
higher percentage of GAD+ cells than females (p=0.02693. Female mean=4.0818, Male
mean= 4.9612). The percentage of GAD positive cells was higher at P21 than at P30

(p=0.02465. P21 mean=4.9692, P30 mean=4.0738). There was no genotype effect
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(p=0.8382). Together, GAD exhibited development and sex- dependent expression

pattern in the ICC but not any layers of the AC.
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Figure 4.9. The percentage of cells that positive for GAD regardless of 5-HT 14 expression
in males and females in four regions of interest at two age points P21 and P30.

No significant effect was found in any layer of the AC. Sex effect (p=0.02693) and age
effect (p=0.02465) was found significant in the ICC. Full statistics results are in Table
S4.7. AC_L23: auditory cortex layer 2/3; AC_L4: auditory cortex layer 4; AC_L56:
auditory layer 5 and 6; ICC: central inferior colliculus.
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Table S4.7. Percentage of GAD+ cells

Region of interest Effects F value P-value
Genotype 1.1160 0.3063

AC Layer 2/3 Sex 0.1760 0.6804

Age 1.1863 0.2921

Genotype 0.0028 0.9582

AC Layer 4 Sex 0.0298 0.8651
Age 0.0305 0.8635

Genotype 0.1199 0.7336

AC Layer 5and 6 Sex 0.1828 0.6747
Age 0.2461 0.6265
Genotype 0.0432 0.83820
ICC Sex 6.0284 0.02693
Age 6.2511 0.02465

4.4 Discussion

In this study, we examined the effects of genotypes, sex, and age on 5-HT1aR
mRNA in the AC and the ICC. Our main findings are: 1) 5-HT1AR mRNA transcripts
were found in both GAD+ and GAD- cell types, but predominately associate with GAD-
cells in both brain regions; 2) The number of 5-HT1aR mRNA transcripts increases with
age in the AC, suggesting developmental regulation; 3) In AC layer 2/3, Fmrl KO mice
showed a surprisingly higher expression level of 5-HT1o mRNA transcripts than WT
mice. Overall, counter to our hypothesis, we did not see a reduction in Fmr!/ KO mouse
AC or IC in terms of 5-HT1aR mRNA transcripts, but an age-dependent increase was the

main outcome.
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Fmrl KO mice on the FVB background show severe audiogenic susceptibility at
~P21. Activating 5-HT1aR with partial agonist FPT significantly reduced seizure-
induced death rate in Fmr/ KO mice (Armstrong et al., 2020). With more selective 5-
HTiaR agonist, NLX-101, we showed activating 5-HT4 strongly protected Fmri KO
mice from having audiogenic seizures (Tao et al., 2023) and improved temporal
processing (chapter 3). Activating 5-HT2g R in Fmrl KO mouse enhanced Ras-PI3K/
PKB signaling input and GluA1-dependent synaptic plasticity and partially rescued the
learning deficits (Lim et al., 2014). These results suggested that Fmr! KO mice have
abnormal expression or signaling of serotonin receptors. Consistent with this idea, a
recent study showed juvenile Fmr! KO mice had lower whole-brain 5-HT1a receptor
expression than WT mice (Saraf et al., 2024). However, specifically in the AC and the IC
of the auditory system, our data does not show a reduction at the 5-HT14AR mRNA level.

This suggests, perhaps that signaling through the receptor, or the expression of the
receptor on the cell membrane may be impaired. Another possibility is that there is no
difference in 5-HT1aR expression or signaling, but a selective agonist of this receptor
reduces auditory hypersensitivity and improves temporal processing in both WT and
Fmrl KO mice, and in the latter group, the reduced activity is in the sub-convulsive
range. WT mice do not show audiogenic seizures for the sound levels we tested, so the
effects of NLX-101 on seizure activity was not studied. In our EEG study (chapter 3) we
observed improvement in temporal processing in both WT and KO mice at P30,
suggesting the effects of NLX-101 may be in the absence of genotype differences in

receptor expression.

168



Serotonin release in the cortex increases during seizures (Deng et al., 2024).
Therefore, a possible dysfunction in the Fmrl KO mice is that serotonin release is not as
robust as in WT mice with loud sounds. Tangentially supportive of this idea is a study by
(Uutela et al., 2014), who showed that the SSRI, fluoxetine improved cellular and
behavioral responses in Fmrl KO mice, although auditory function was not tested.
Altered serotonin synthesis has also been reported in humans with FXS (Boccuto et al.,
2013; Chugani, 2002), prompting treatment strategies that modulate serotoninergic
system. Sertraline, an FDA approved selective serotonin reuptake inhibitor (SSRI),
showed various improvement in humans with FXS especially during development
[Improvement in expressive and receptive language: (Indah Winarni et al., 2012).
Improvement in cognition: (Winarni et al., 2012). Improvement in motor and visual
perception: (Greiss Hess et al., 2016).] Future studies will measure serotonin release in
the AC and IC with increasing sound levels using fiber photometry and grab sensors.

The central auditory system is under innervation of serotoninergic fibers
originating from the raphe nuclei (Thompson et al., 1994). As expected, we found
expression of 5-HT14 mRNA in both AC and ICC. Besides, 5-HT1aR mRNA transcripts
were found in both cell types, GAD+ and GAD-, which is also consistent with published
findings by others (Aznar et al., 2003; Cervantes-Ramirez et al., 2019; Garcia-Oscos et
al., 2015; Peruzzi & Dut, 2004). Interestingly, we observed 5-HT1» mRNA transcripts
were predominately associated with GAD- cells in both AC and ICC. Similar pattern has
been recorded in other cortices in rats. (Czyrak et al., 2003) reported that 5-HT1aR s were

abundant in pyramidal neurons in layer 2/3, layer 5 and layer 6 in the cingulate cortex
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with immunohistostaining (Czyrak et al., 2003). Similarly, with in situ hybridization,
Santana (2004) found about 60% of pyramidal neurons are colocalized with 5-HT1aR
mRNA transcripts and only about 25% of GABAergic neurons were positive for 5-
HT1aR mRNA in prefrontal cortex (Santana, 2004).

Another interesting result that stood out in this study is we found genotype
difference only in the AC layer 2/3 but no other layers of AC or ICC. In current study, we
saw 5-HT1aAR mRNA transcripts were expressed in both GAD+ and GAD- cells. Given
that not only neurons, glial cells also express 5-HT1aRs (Azmitia et al., 1996). Future
studies are needed to further characterize the expression pattern of 5-HT1aR in excitatory
neurons in both AC and ICC with triple labeling. It has been well established that 5-
HTiaR is coupled with Gi protein and exerts hyperpolarizing effects on cells (Albert &
Vahid-Ansari, 2019). However, depending on the subcellular locations of 5-HT1aR , they
can give rise to different effects in different cell types (Azmitia et al., 1996; Cervantes-
Ramirez et al., 2019; Garcia-Oscos et al., 2015; Llado-Pelfort et al., 2012). (Azmitia et
al., 1996) characterized two distinct expression patterns of 5S-HT1aR: somatodentric
pattern and axon hillock pattern. Somatodentic pattern, where the dendritic shaft,
branches and spiks are labeled, was found in the midbrain and medullary raphe nuclei,
locus coeruleus nucleus, and large reticular neurons in the pons, and some interneurons in
the CA. Axon hillock pattern, where labeled areas are the initial segment of the axon, was
found cortical and hippocampal pyramidal neurons and brainstem motoneurons. (Azmitia
et al., 1996). Given such differences, the activation of 5-HT1aR on GAD+ or GAD- cells

may lead to different effects. Activating 5-HT1aR located on somatodendritic areas cause
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pronounced hyperpolarization mediated events; but activating those located on axon
hillocks may lead to a nonsynaptically mediated inhibition of the initiation of the action
potential (Azmitia et al., 1996). These differences have important clinic implications: 5-
HTiaRs on axon hillocks are less susceptible to receptor down regulation in response to
5-HT1aR agonist compared with those located on somatodendritic areas, making them
ideal targets for clinic treatment. Indeed, it has been reported that application of 5-HT1aR
agonist induces dose-dependent effects on firing rates in pyramidal neurons in the
prefrontal cortex, which was due to the preferential activation of 5-HT1aRs on
GABAergic neurons followed by 5-HT1aR s activation on the pyramidal neurons (Llado-
Pelfort et al., 2012). In the auditory cortex layer 2/3, (Garcia-Oscos et al., 2015) found
that the reduction of GABA release in response to serotonin application is mediated by 5-
HTiaR s through presynaptic mechanisms (Garcia-Oscos et al., 2015). With the similar
experiment setup, the same group revealed that reduced glutamatergic synaptic
transmission following serotonin application in AC layer 2/3 is mediated by 5-HT1aR s
through post-synaptic mechanism (Cervantes-Ramirez et al., 2019). These findings
suggest serotonin can exert diverse effects not only through its different receptor
subtypes, but also by the unique subcellular locations of the same receptor subtype,
making it even harder to predict the results of 5-HT receptor activation.

We found there were higher number of copies of 5-HT1aAR mRNA in Fmrl KO
mice than WT in AC layer 2/3, suggesting there might be functional implications. In the
primary somatosensory (S1), (Quiquempoix et al., 2018) found that pyramidal neurons in

layer 2/3 amplifies sensory-evoked response from layer 5, making them a gain modulator
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(Quiquempoix et al., 2018). Activating 5-HT1aR s in pyramidal neurons in AC layer 2/3
leads to reduced glutamatergic synaptic transmission (Cervantes-Ramirez et al., 2019). If
higher copy number of 5-HT1aAR mRNA transcripts seen in Fmr/ KO mice in this study
do imply higher number of 5-HT1aR protein expression level, then increasing 5-HT1aRs
in AC layer 2/3 could be a compensatory mechanism in Fmr/ KO mice to decrease
hyperactive cortical activity. Indeed, serotonin modulates sensory signal to noise ratio. In
single unit recording work, application of 5-HT1aR shortened the response window of
neurons by suppressing those with longer latencies at the network level and later spikes at
the cellular level (Hurley, 2007). Therefore, increasing expression of 5-HT1aR in AC
layer 2/3 might be potentially beneficial for Fmr! KO mice because it reduces unspecific
intrinsic synaptic transmission and helps to enhance more specific and task relevant

auditory signals from the thalamus.

4.5 Conclusions

By manipulating spatial and temporal expression pattern of 5-HT1aRs in
transgenic mice, (Gross et al., 2002) found that expression of 5-HT1aR during early
development, but not adulthood, is necessary to establish normal anxiety behavior in
adult, supporting the view that serotonin homeostasis during early development is critical
to establish normal behavioral patterns in adulthood. Behavioral changes during
adulthood can be partially attributed to mis-wiring in the brain circuits due to disturbance
in serotonin modulation (Bar-Peled et al., 1991; Gross et al., 2002). There is a strong link

between early developmental sensory hypersensitivity and anxiety phenotypes in ASD
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(Saemundsen et al., 2007). The observations that there is a developmental regulation of
5-HT1aR mRNA and that a selective agonist of this receptor reduces auditory
hypersensitivity and improves temporal processing in the Fmr/ KO mice suggests that
serotonin modulation may be a useful therapeutic approach in FXS, and perhaps more

broadly in ASD.
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Chapter 5: Conclusion
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Audiogenic seizures (AGS) are one of the most robust expressions of auditory
hyperactivity in Fmrl KO mice. With a specific and highly selective serotonin-1A (5-
HT4) post-synaptic receptor agonist, NLX-101, I found enhancing post-synaptic 5-HT1a
signaling is effective in reducing auditory hyperactive from the behavioral level: reducing
AGS-induced death rate and decreasing general AGS severity in Fmr/ KO in a dose-
dependent manner. Besides, sex differences were revealed by the following evidence: 1)
Untreated Fmrl KO females were less susceptible to AGS compared to male KOs; 2)
Fmrl KO mice benefited from NLX-101 treatment at lower dose than male KOs. 3)
Higher dose of 5-HT1areceptor antagonists were needed to abolish beneficial effect of
NLX-101 in Fmrl KO females than males. These data support for targeting post-synaptic

5-HTa receptors to reduce auditory hyperactivity in FXS at the behavioral level.

At the network level, auditory hyperacidity in Fmr! KO mice is marked by
increased evoked auditory responses (indicated by increased N1 amplitude in ERP)
toward auditory stimuli and increased non-phase locked power (shown by increased
STP). Reduced temporal processing is manifestoed by decreased ITPC in response to
temporally modulated auditory stimuli. Follow up on the previous finding, I found NLX-
101 treatment improved temporal processing in Fmr! KO mice at both P21 and P30,
suggested by increased ITPC in treatment groups. Besides, NLX-101 also reduced
elevated STP in Fmrl KO mice but only at P30 not P21. However, no improvement was
found regarding N1 amplitudes with NLX-101 treatment. These studies imply there
might be an age-dependent effect on NLX-101 treatment. Besides, STP and ERP may

have different mechanisms with most likely elevated synchrony playing a role in N1
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amplitudes, and elevated responses playing a role in STP. Improved temporal processing
at the network level following NLX-101 administration can be partially explained by
finings in single unit recording where 5-HT1a activation biased response more toward the

timing that is close to stimulus onset (Hurley, 2007).

RNAscope was performed to examine 5-HTa receptor mRNA level in the AC
and ICC across ages, sex, and genotypes. Data showed that 5-HT1a mRNAs are
predominately colocalized with non-GAD cells in both AC and ICC. Given that 5-HT1a
receptor is Gi protein coupled receptor and exerts hyperpolarizing effect on cells upon
activation, I hypothesize NLX-101 reduces auditory hyperactivity by activating 5-HT1a
receptors on excitatory neurons. Besides, we also found 5-HTa receptor mRNA
expression increases as age, suggesting a developmental regulation. Indeed, 5-HT1a
receptor modulation during early age is necessary to establish normal anxiety level in
adulthood (Gross et al., 2002). Another interesting finding emerging from this study is
Fmrl KO mice surprisingly showed higher level of 5-HT 4 receptor mRNA than WT

specifically in AC layer 2/3, which implied a compensatory mechanism.

In conclusion, the presented results emphasized the importance of 5-HT1a
signaling in Fmrl KO mice during development and provided evidence for targeting
post-synaptic 5-HT1a receptor to ameliorate auditory hyperactivity and improve temporal

processing in FXS or ASD generally.

There are several implications emerging from these studies. Firstly, EEG as a

translational relevant technique can be used to evaluate potential treatment for FXS. The
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manifestations of auditory hyperactivity and reduced temporal processing at the network
level have widely and consistently reported in FXS individual and Fmr! KO mice. The
promising results seen in the current studies with Fmr/ KO mice have prompted future
clinic trials in humans with FXS. Secondly, the presented studies have shown enhancing
5-HTiasignaling during early development is beneficial for Fmr/ KO mice. Besides,
normal 5-HT1a signaling during early development is necessary to establish normal
anxiety level in adulthood (Gross et al., 2002). Together, the current studies and
published work by others strongly appeal for early serotonin intervention in FXS to
maximize benefits. Lastly, abnormal sensory processing has been implicated in sensory-
related cognition decline (Haigh, 2018). In these studies, improved sensory processing
has been observed in Fmrl KO mice following NLX-101 treatment, which suggests that
early intervention with NLX-101 may not only improve sensory processing itself but may

also prevent sensory related cognitive deficits.

Despite exciting results in the current research, the following limitations should
be considered. In the studies presented in Chapter 2 and Chapter 3, NLX-101 was given
systemically. Therefore, we could not point out which brain region(s) is(are) necessary
for NLX-101 to show effects. In Chapter 4, RNAscope was performed in two cell types:
GAD positive and GAD negative. Considering glial cells also express 5-HT1a receptors
(Azmitia et al., 1996), future studies are required to directly characterize 5-HT1a

receptors mRNA expression level in excitatory neurons with excitatory markers.

Even though we found enhancing 5-HTa signaling by NLX-101 is beneficial in

ameliorating auditory hyperactivity and improving auditory temporal processing in Fmrl
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KO mice, it does not immediately suggest that the reduced serotonin modulation is the
cause of the abnormal sensory processing in FXS. It is probable that reduced serotonin
modulation occurs because of lack of FMRP, and itself is not the causation of altered
sensory processing. Yet, abnormal sensory processing can be ameliorated by restoring

such modulation via administering serotonin receptor agonists.

Overall, my work implied that serotonin modulation may be disrupted in Fmr!
KO mice. However, to further confirm such correlation, the following future directions
should be considered. Firstly, so far there is no evidence showing expression of 5-HT1a
receptors is directly under regulation of FMRP. It needs to be confirmed whether subunits
of 5-HTa receptors are under regulation of FMRP directly or indirectly. Secondly, future
work needs to examine if 5-HT 4 receptors efficacy in vivo is altered in Fmr! KO mice.
Thirdly, serotonin release was found increased in the cortex during seizures (Deng et al.,
2024). Therefore, it is interesting for future studies to explore if serotonin release in AC
and/ or IC is altered in FmrI KO mice in response to AGS stimulation. Lastly, Future
work should investigate whether there are specific brain regions that are targeted by

NLX-101 to show benefits in normalizing auditory processing in Fmr! KO mice.
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