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ABSTRACT

Fragile X syndrome (FXS) is an X-linked neurodevelopmental disorder characterized by
several behavioral abnormalities, including hyperactivity, anxiety, sensory hyper-
responsiveness and autistic-like symptoms such as social deficits. Despite considerable
efforts, effective pharmacological treatments are still lacking, prompting the need for
exploring the therapeutic value of existing drugs beyond their original approved use. One
such repurposed drug is chlorzoxazone which is classified as a large-conductance calcium-
dependent potassium (BKCa) channel opener. Reduced BKCa channel functionality has been
reported in FXS patients, suggesting that molecules activating these channels could serve as
promising treatments for this syndrome. Here, we sought to characterize the therapeutic
potential of chlorzoxazone using the Fmr1-KO mouse model of FXS which recapitulates the
main phenotypes of FXS, including BKCa channel alterations. Chlorzoxazone, administered
either acutely or chronically, rescued hyperactivity and acoustic hyper-responsiveness as
well as impaired social interactions exhibited by Fmr1-KO mice. Chlorzoxazone was more
efficacious in alleviating these phenotypes than gaboxadol and metformin, two repurposed
treatments for FXS which do not target BKCa channels. Systemic administration of
chlorzoxazone modulated the neuronal activity-dependent gene c-fos in selected brain areas
of Fmri1-KO mice, corrected aberrant hippocampal dendritic spines and was able to rescue
impaired BKCa currents recorded from hippocampal and cortical neurons of these mutants.
Collectively, these findings provide further preclinical support for BKCa channels as a
valuable therapeutic target for treating FXS and encourage the repurposing of chlorzoxazone

for clinical applications in FXS and other related neurodevelopmental diseases.



INTRODUCTION

Fragile X Syndrome (FXS) is the most common form of inherited intellectual disability and the
leading monogenic cause of Autism Spectrum Disorder (ASD). It is caused by a mutation in
the Fragile X Mental Retardation 1 (FMR1) gene located on the X chromosome, resulting in a
deficiency of the Fragile X Mental Retardation Protein (FMRP) [1]. This RNA-binding protein
regulates dendritic branching, synaptic function, and neuronal maturation [2, 3]. Its absence
induces physical anomalies (e.g., facial elongation, macro-orchidism) and several behavioral
abnormalities, including hyperactivity, sensory hyper-responsiveness, anxiety and cognitive
deficits, often associated with typical autistic symptoms such as impaired social interactions
[4].

Despite considerable advances in the understanding of the pathophysiology of FXS,
there is to date no cure for this neurodevelopmental disease. None of the newly designed
therapeutic compounds tested clinically were successful in rescuing the full array of
neurobehavioral symptoms associated with FXS, with most pharmacological approaches
targeting only a limited set of symptoms (e.g., anxiolytics or antipsychotics for hyperactivity)
[5-8]. These treatments not only have limited efficacy, but may also induce side effects that
are particularly undesirable due to the developmental nature of this syndrome. New
therapies are therefore urgently needed for FXS. As a result, there has been a concerted
effort to repurpose several existing molecules for FXS treatment [6, 7, 9]. Among these,
encouraging preclinical results were obtained with metformin [10], a first-line therapy for
type 2 diabetes which normalizes matrix metallo-proteinase 9 (MMP9) whose expression
was reported to be elevated in the brains of FX patients and the Fmr1 knock-out (KO) mouse
model for the syndrome [11]. The observation of a deficient GABAergic tonic inhibition in
these mice have also prompted studies involving selective GABA, receptor agonists such as
gaboxadol [12, 13], which was initially considered for its analgesic and anxiolytic functions
and for treating insomnia [14, 15]. However, the acute and chronic efficacy of these
treatments was not always convincingly demonstrated on multiple behavioral phenotypes
expressed in the Fmr1-KO mouse model of FXS [10, 13].

Big-conductance Ca’*-activated K* (BKCa) channels, which modulate membrane
excitability, intracellular Ca’* homeostasis and neurotransmitter release [16-20], have

emerged as another potentially valuable therapeutic target due to their direct interaction



with FMRP signalling which controls their expression and function in hippocampal and
cortical excitatory neurons [21-23]. Notably, the lack of FMRP reduces neuronal BKCa
channel activity [22, 24] and leads to neuronal hyper-excitability [25]. Furthermore,
mutations in the FMR1 gene selectively disrupting the interactions between FMRP and BKCa
channels are sufficient to induce selected major FXS phenotypes in humans [26]. Moreover,
BKCa channel activity is regulated by a broad spectrum of kinases, including CaMKII [27, 28],
which is a well-known target of FMRP [29]. Importantly, the expression and functionality of
BKCa channels are markedly reduced in the lymphoblasts of FXS patients and in the brains of
Fmr1-KO mice [24], which might be responsible for their altered neurotransmitter release
and sensory hypersensitivity [25, 30]. Altogether, these observations support BKCa channel
openers as a promising therapeutic strategy to rescue FXS-like neurobehavioral phenotypes.

Chlorzoxazone (5-chloro-2,3-dihydro-1,3-benzoxazol-2-one; CHLOR), a FDA-approved
drug, is classified as a skeletal muscle relaxant [31] which exerts its effects primarily at the
level of the spinal cord and subcortical areas of the brain [32]. Recently, CHLOR has emerged
as a brand-new value in healthcare [33], exerting immunomodulatory [34] and
neuroprotective effects in preclinical mouse studies [35-39]. Due to its BKCa activating
properties [40], we sought to evaluate the potential of CHLOR as a novel repurposed
treatment for FXS. To this end, experiments were designed to provide an extensive
characterization of the effects of acute (a single dose) and chronic (daily dose for 10 days)
systemic administration of CHLOR on multiple FXS-like behavioral phenotypes in the original
first generation Fmri-KO mouse model, including comparisons with other repurposed
treatments for FXS, namely metformin (MET) and gaboxadol (GAB). This mouse line
recapitulates most of the physical and behavioral abnormalities observed in FXS patients
[41-44] and has been also most largely used to identify therapeutic approaches for FXS
(reviewed in [45]). However, since the Fmrl promoter remains intact in these transgenic
mice, transcription remains possible, resulting in abnormal residual Fmr1 RNAs [46, 47]. To
circumvent this issue, a complete Fmr1 null mouse was then developed, characterized by the
absence of all Fmrl mRNA transcripts [46]. Although the behavioral FXS-like phenotype in
this “second generation” model of FXS—also known as Fmr1-KO2 [46]—seems less robust
compared to the first generation Fmr1-KO model [48], we also evaluated the replicability of
the behavioral effects of CHLOR in the Fmr1-KO2 mouse model. Finally, to gain further

functional insights into how the systemic administration of CHLOR modulates the neuronal
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circuitry, we examined its dose-dependent effects on the expression of the neuronal activity-
dependent marker c-fos, the density and morphology of dendritic spines, as well as the
patterns of neuronal BKCa currents in selected brain areas of Fmr1-KO mice and their WT
littermates. Our findings uncover the benefits of CHLOR for treating FXS phenotypes and

identify BKCa channels as a valuable target for treating neurodevelopmental disorders.

METHODS

As illustrated in Table S1, a total of 11 studies were performed, each employing different
batches of mice. As commonly done in research studies on the Fmri-KO model, only adult
(4-8 month-old) males were used since they exhibit the most robust FXS- and ASD-like
neurobehavioral phenotypes [45, 48-50]. The detailed description of the methods used for
behavioral and brain assessment is provided in Supplementary Material. All experimental
procedures were approved by the local ethical committee (“Comité d’Ethique pour
I’expérimentation animale de Bordeaux”, CE 50) and the French Ministry (“Ministere de
I’enseignement supérieur de la recherche et de I'innovation”, authorization APAFIS#29546)

and followed the ARRIVE guidelines [51].

All data were analyzed with ANOVA using treatment and genotype as the between-subject
factors and stimulus intensity as the within-subject factor for the startle data. Post-hoc
comparisons (Tukey’s-Kramer test) were performed when a significant interaction genotype
x treatment was found. Otherwise, separate one-way ANOVAs in each treatment group with
genotype as the between subject factor were conducted, if appropriate. Normality was
assessed through the Shapiro-Wilks test; data from startle reactivity were subjected to
natural logarithmic transformation in order to meet the normality requirements of ANOVA.

All analyses were carried out using Statview and PASW Statistics 18.
RESULTS

Chlorzoxazone rescues FXS-like behavioral phenotypes in Fmr1-KO mice

To select the appropriate dose of CHLOR to be tested in Fmr1-KO mice, we first determined
the optimal dose of CHLOR following systemic administration of ascending doses from 5 to
20 mg/kg in C57BL/6J mice, i.e., the same genetic background as Fmr1-KOs. This behaviorally
relevant dose was defined as the highest dose that would not induce significant changes in

locomotor activity or acoustic startle response, i.e., two behavioral domains which are



typically impaired in Fmr1-KO mice. Results from this pilot study showed that activity in the
open field was affected in a dose-dependent manner, with the 10 mg/kg dose of CHLOR
starting to decrease exploration, indicative of potential adverse effects (treatment effect:
F334=6.12, p = 0.002; Fig. S1A). Doses of CHLOR ranging from 5 mg/kg and above did not
alter the acoustic startle response (treatment effect and treatment x stimulus intensity
interaction: F33;, = 0.57, and Fg10; = 1.24, NS; Fig. S1B). We therefore selected a maximal
dose of 5 mg/kg for subsequent dose-dependent studies involving Fmr1-KO mice.

Fmr1-KO mice injected with vehicle displayed a clear hyperactivity in the open field
(genotype effect: F; 69 = 74.59, p < 0.0001; Fig. 1A) and an acoustic hyper-responsiveness in
the startle test that increased with stimulus intensity (genotype effect and its interaction
with intensity: F;14 = 13.56 and F3504 = 6.79; p = 0.025 and 0.0002; Fig. 1B). CHLOR dose-
dependently rescued these two phenotypes. While the two highest doses (i.e. 3.75 and 5
mg/kg) were efficacious in the open field (interaction genotype x treatment: F4 65 = 10.13, p <
0.0001; Fig. 1A), only the highest dose of 5 mg/kg normalized startle reactivity of Fmr1-KO
mice [although the interaction genotype x treatment failed to reach statistical significance
(Fa6s = 2.26, p = 0.07), significant genotype effects were found at all CHLOR doses (1.25
mg/kg: F114=4.76, p = 0.047; 2.5 mg/kg: F114 = 8.44, p = 0.012; 3.75 mg/kg: F1,13=9.14, p =
0.01), except for the 5 mg/kg (F113 = 0.11, NS; Fig. 1B)]. Furthermore, no significant
treatment effect emerged in WT mice on any considered behavioral variable, as
demonstrated by post-hoc comparisons on total distance moved (Fig. 1A) and separate one-
way ANOVAs on startle response (treatment effect in WT mice: F430= 1.2, NS; in KOs: F4 33=
2.62, p = 0.049, with a significant difference between KO-VEH and KO-CHLOR 5, Fig. 1B).

Hence, we administered CHLOR at the dose of 5 mg/kg for all the remaining studies.
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Fig. 1: Dose-dependent acute effects of chlorzoxazone (CHLOR) in Fmr1-KO mice. The efficacy of the optimal
dose of 5 mg/kg and the therapeutic potential of lower doses of CHLOR were assessed in the open field (A)
followed by the acoustic startle (B) tests. N = 9-10; *p < 0.05. # p < 0.05 versus KO-VEH from separate ANOVAs.



VEH=vehicle. Doses are expressed as mg/kg; acute treatments were administered i.p. 1 h before testing.
Stimulus intensities are expressed over (+) a background of 66dB. Startle reactivity data were submitted to
natural logarithmic (In) transformation in order to meet the normality criteria of ANOVA. Data are mean +SEM.

We further explored whether these acute behavioral effects of CHLOR could be
generalized using the second generation Fmr1-KO2 model that has mostly been employed
for brain investigations [25]. As for the first generation model, vehicle-injected Fmri-KO2
mice exhibited hyperactivity in the open field and an exaggerated startle response (genotype
effects: F124 = 6.02 and 16.07, p = 0.02 and 0.0005, respectively; Fig. S2A, C). In agreement
with previous reports [48], social interaction was unaltered in these Fmr1-KO2 mutants
(genotype effect: F1,3=0.27, NS; Fig. S2B). Acute administration of CHLOR at the dose of 5
mg/kg was able to rescue both locomotor (interaction genotype x treatment: F; ,7= 13.86, p
= 0.04) and acoustic phenotypes in these mutants (interaction genotype x treatment: F; 54 =
4.45, p = 0.04; Fig. S2A, C), without exerting significant effects in WT mice (non-significant

post-hoc tests).

Acute and chronic efficacy of chlorzoxazone: comparisons with gaboxadol and metformin

To gain further insights into the relative efficacy of CHLOR, we compared its behavioral
signature to that of two other repurposing drugs proposed to treat FXS, the gabaergic
agonist gaboxadol and the glycemic regulator metformin. In a first set of experiments, Fmri-
KO mice were treated acutely with these compounds one hour before undergoing a
behavioral test battery assessing locomotor activity, social interaction and the acoustic
startle response (Fig. 2). Confirming our previous results [24, 44, 52-54], Fmr1-KO mice
treated with vehicle showed hyperactivity and reduced social interaction (Fig. 2A, B). These
abnormalities were fully rescued by CHLOR at the dose of 5 mg/kg; as for gaboxadol, there
was a tendency towards an attenuation of these behavioral alterations in mutant mice, post-
hoc comparisons between KO-VEH and KO-GAB groups failing to reach statistical significance
(genotype x treatment interaction for total distance traveled: F3¢,=4.52, p = 0.006, for social
affiliation time: F3 64 = 6.26, p = 0.0009; Fig. 2A, B). Similarly, the exacerbated acoustic startle
response, especially at the highest noise intensity, of Fmr1-KO vehicle-treated mice was fully
rescued by CHLOR (dose of 5 mg/kg), while only attenuated by gaboxadol in a dose-
dependent manner (interaction genotype x treatment x stimulus intensity: Fs3;9,=3.94,
p=0.0001; Fig. 2C). Although a tendency to an intensity-dependent increase in startle

response emerged following CHLOR and GAB treatments in WT mice, no statistically
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significant difference was confirmed by post-hoc comparisons between WT-VEH and WT-
CHLOR or -GAB groups (Fig. 2C).

As to metformin, acute treatment at the dose of 200 mg/kg failed to attenuate the
behavioral abnormalities of Fmri-KO mice, contrasting with CHLOR which was again
efficacious in rescuing all FXS phenotypes (genotype x treatment interaction for total
distance traveled and affiliation time: F,53=6.13 and F,43=8.85, p=0.004 and p=0.0005; Fig.
2D, E), including startle hyper-responsiveness (interaction genotype x treatment x stimulus
intensity: Fg150=2.09, p=0.06; treatment effect: F, 53=3.33, p=0.04; genotype effects and their
interactions with stimulus intensity in separate ANOVAs: in VEH F;16=6.06 and F345=8.14,
p=0.03 and 0.0002; in MET F4,19=5.66 and F35,=0.52, p=0.03 and NS, in CHLOR, F;,15=0.24 and
F354=0.20, NS; Fig. 2F). Once again, no significant treatment effect emerged in WT mice on
any behavioral variable (post-hoc comparisons, NS; Fig. 2D, E; treatment effect in separate

ANOVA in WT mice: F, 31 = 1.46, NS; Fig. 2F).
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Fig. 2: Acute behavioral effects of chlorzoxazone (CHLOR, 5mg/Kg) compared with gaboxadol (GAB, 0.5 and 3
mg/kg) and metformin (MET, 200 mg/kg). Behavior was assessed in the open field (A, D), social interaction
(B,E) and acoustic startle (C,F) tests as in previous studies. N =7-9 (A, Band C); N =8-10 (D, E and F). *p < 0.05. #
versus KO-VEH, § versus KO-CHLOR, p < 0.05 from post-hoc tests. Doses are expressed as mg/kg; all treatments
were administered 1 h before testing. Stimulus intensities are expressed over (+) a background of 66 dB. VEH=
vehicle. Data are mean + SEM.

In a second set of experiments, we examined the behavioral effects of repeated
systemic injections of CHLOR. When administered chronically for 10 days, CHLOR was
efficacious in rescuing hyperactivity, reduced social interaction and exaggerated acoustic

startle response shown by Fmr1-KO mutants (genotype x treatment interaction on total



distance and affiliation time: F;,=5.10 and 9.16, p=0.003 and <0.0001; Fig. 3A, B; genotype
x treatment and genotype x treatment x stimulus intensity interactions on startle: F35¢=3.36,
Fo168=2.87, p=0.025 and 0.004 Fig. 3C). Chronic CHLOR also attenuated the increased
expression of stereotypical and anxiety-like self-grooming behavior of Fmri-KO mice
(genotype x treatment interaction on self-grooming time: F;g,=5.67, p=0.002; Fig. 3D).
Contrary to CHLOR, chronic administration of gaboxadol for 10 days at the dose of 0.5 mg/kg
or 3 mg/kg failed to rescue all these abnormalities (Fig. 3A-C), although a non-significant
trend towards attenuation was observable on self-grooming levels (Fig.3-D). So did chronic
administration of metformin at the dose of 200 mg/kg (genotype x treatment interaction on
total distance, social affiliation and acoustic startle: F,34=7.05, F,30=5.32, F;34=4.48, p=0.003,
0.01, 0.02; Fig. 3E, F and G), with the exception of the anxiogenic self-grooming profile of
Fmr1-KO mice on which MET exerted rescuing effects equivalent to CHLOR (genotype x
treatment interaction on self-grooming time: F; 3,=8.24, p=0.0001; Fig. 3H).
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Fig. 3: Chronic behavioral effects of chlorzoxazone (CHLOR, 5mg/Kg) compared with gaboxadol (GAB, 0.5 and
3 mg/kg) and metformin (MET, 200 mg/kg). Behavior was assessed in the open field (A, E), social interaction
(B, F), acoustic startle (C, G) and self-grooming (D, H) tests as in previous studies. N = 7-9 (A-D) and 6-8 (E-H). *p
< 0.05. # versus KO-VEH, § versus KO-CHLOR, p < 0.05 from post-hoc tests. Doses are expressed as mg/kg.
Treatments were administered i.p; once daily for 10 days before the beginning of behavioral testing (see also
Table S1) and continued until completion of the testing battery. Stimulus intensities are expressed over (+) a
background of 66 dB. VEH = vehicle. Data are mean + SEM.

The body weight of all mice was measured upon completion of the test battery.
Mouse testes were also dissected and weighed to assess the potential effects of these
treatments on macro-orchidism, a physical phenotype typically exhibited by Fmri1-KO mice
and reported in FXS patients [45, 55, 56]. While the 5 mg/kg dose of CHLOR marginally

affected body weight loss compared to vehicle-treated mice (Fig. S3A, C), the highest dose of



gaboxadol and the 200 mg/kg dose of metformin respectively reduced and enhanced weight
loss in both WT and Fmr1-KO mice compared to VEH treatments (treatment effect for
gaboxadol study: F3s54=6.76, p = 0.0006; Fig. S3A; treatment effect for metformin study: F; 34
=10.25, p = 0.0003; Fig. S3C). The increased testicular volume of Fmr1-KO mice treated with
vehicle (Fig. S3B,D) was unaffected by chronic CHLOR or gaboxadol administration (genotype
effect: F1 56 = 66.42, p<0.0001 ; genotype x treatment: F3 56 = 0.64, NS; Fig. S3B). Metformin
also failed to eliminate the macro-orchidism characterizing Fmr1-KO mice (genotype effect

F134=19.51, p<0.0001; genotype x treatment interaction: F,3,=0.94, NS; Fig. S3D).

Effects of Chlorzoxazone on neuronal activity and structural plasticity in Fmrl mice

To identify brain areas targeted by an acute systemic injection of CHLOR in WT and Fmr1-KO
mice, we performed cellular imaging of the activity-dependent gene c-fos classically used as
an indirect marker of neuronal activity [57, 58]. Compared to vehicle-treated mice, the
behaviorally active dose of 5 mg/kg of CHLOR, but also a higher dose of 10 mg/kg, reduced
Fos expression in the hippocampal CA1 of Fmri-KO mice, but not of WT littermates
(genotype x treatment effect: F; 116 = 21.66, p < 0.0001; treatment effect: F; 116 = 6.50, p =
0.002; Fig. 4A). Such a pattern of CHLOR-induced neuronal hypoactivity restricted to Fmrl-
KO mice was also observed in the dentate gyrus (genotype x treatment interaction: F; 116 =
4.18, p = 0.02; treatment effect: F, 116 = 6.50, p = 0.002; Fig. 4C), but not in the hippocampal
CA3 (genotype x treatment interaction: F; 116 = 0.10, NS; Fig. 4B). In the prefrontal cortex,
CHLOR also reduced Fos expression both in the prelimbic and infralimbic areas again only in
Fmr1-KOs (genotype x treatment interaction: F;114 = 9.73, F3116= 4.32, p=0.0001 and 0.02;
Fig. 4D, E; representative images are provided in Fig. S4). No effect of CHLOR was instead
detected on Fos expression in the striatum (treatment and genotype x treatment
interaction: F, 136 = 2.85 and 0.78, NS; Fig. 4F).

Structural plasticity has been reported to be impaired in FXS patients, a phenotype
also observed in Fmr1-KO mice which exhibit dysfunctional activity-dependent spine
plasticity, morphology and maturation across hippocampal and cortical brain regions [59-62].
As expected, we confirmed this phenotype in our vehicle-treated Fmr1-KO mice. Compared
to WT control littermates, hippocampal CA1 pyramidal neurons of Fmr1-KO mice showed
increased spine density as well as an overabundance of immature dendritic spines (Fig. 4G-I).

Interestingly, chronic administration of CHLOR at the dose of 5 mg/kg for 10 days corrected
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this abnormal Fmri-KO plasticity phenotype, without effects in WT mice (spine density:

genotype x treatment interaction, F; 1, = 18.89, p = 0.001; percent number of immature

spines: interaction genotype x treatment, F; 1, =219.72, p < 0.0001; Fig. 4H, I).
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Fig. 4: Effects of chlorzoxazone on neuronal activity and structural plasticity of Fmr1-KO mice. Two different
batches of behaviorally-naive Fmr1-KO and WT mice were employed for Fos analysis (A to F) and the evaluation
of CA1 dendritic spines (G-I). Neuronal activation following a single i.p. administration of CHLOR (either at 5 or
10 mg/kg) was evaluated through the quantification of Fos positive cells in hippocampal (A, B and C), cortical (D
and E) and striatal (F) areas. DG = dentate gyrus; PrL = prelimbic; IL = infralimbic. Number of values per area:
n=18-24 (CA1, CA3 and DG), 11-26 (PrL cortex), 13-16 (IL cortex), 20-28 (striatum), obtained from 5-6 mice per
group. Spine density (H) and percentage of immature spines () were evaluated in Fmr1-KO mice and their WT
littermates following 10 day-administration of CHLOR or vehicle (VEH). Dendritic spines (number of animals per
condition = 4) were analyzed in the basal dendrites of CA1 pyramidal neurons (G, red arrows indicate mature
spines). Representative images of Golgi-stained CA1 pyramidal neurons basal dendrites illustrating mature and
immature spines in the different experimental groups (G). *p < 0.05. Data are mean = SEM.

Chlorzoxazone rescues altered neuronal BKCa currents in Fmr1-KO mice
Because previous studies implicated BKCa channels in the neuropathogenesis of FXS [24, 25,

63], notably a reduced BKCa channel functional activity [22, 24], we first examined the status
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of BKCa neuronal currents in vehicle-treated Fmr1-KO mice (Fig. 5A-C). We observed a clear
deficit in BKCa currents recorded from hippocampal neurons of Fmrl mutants (genotype
effect: F140 = 8.42, p = 0.006; Fig. 5C). Next, to characterize the potential of CHLOR in
upregulating BKCa neuronal currents, we again patch clamp-recorded hippocampal neurons
in the presence of increasing concentrations of CHLOR. We found that CHLOR was able to
normalize BKCa currents in a dose-dependent manner, with doses of 30 and 50 uM being
efficacious in KOs without affecting BKCa currents of WT hippocampal neurons (genotype x
treatment interaction: F; 40 = 1.03, NS; treatment effect in KOs: F3,50=3.42, p = 0.037; in WT:
Fs20 = 0.46, ns; Fig. 5C). The analysis of BKCa currents in cortical neurons revealed a highly
similar pattern of effects. A marked deficit was observed in Fmr1-KO mice which was fully
rescued by CHLOR at the concentration of 50 uM (genotype x treatment interaction: F; 50 =
25.01, p < 0.0001; Fig. 5D).

We then evaluated the potential contribution of small-conductance calcium-
dependent potassium (SKCa) channels to the therapeutic effects of CHLOR (Fig. S5A-C) since
CHLOR is also known to stimulate these channels, albeit with a lower efficacy than BKCa [40,
64]. As expected [65], SK currents were also reduced in the hippocampus of Fmrl mutants,
but this deficit was only partially rescued by CHLOR which was unable to restore SK currents

to a level comparable to that of WT mice (genotype x treatment interaction: F1,;=5.84, p =

0.025; Fig. S5C).
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Fig. 5: Effects of chlorzoxazone (CHLOR) on hippocampal and cortical BKCa currents in Fmr1-KO mice and
their WT littermates. Representative traces of currents evoked by steps of potentials from -60 mV to +60 mV in
CA3 pyramidal neurons in the absence or presence of 200 nM iberiotoxin (IBTX, A). The current blocked by IBTX
was considered as BKCa channel current (B). Bar graph and data plots of the normalized BKCa currents
computed in the different experimental conditions tested in WT and KO mice in pyramidal neurons from CA3
(C) or cortical layer 5 (D). Neurons were obtained from 5-7 (C) or 6 (D) mice per condition. *p < 0.05. Data are
mean * SEM.

DISCUSSION
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Our findings demonstrate the acute and chronic efficacy of the BKCa agonist CHLOR in
rescuing major FXS-like behavioral abnormalities displayed by both the first and second
generation Fmrl-KO mice models of FXS. Initially approved by the FDA for painful
musculoskeletal conditions, CHLOR has been shown to activate BKCa channels [40], raising
its potential for restoring the impaired BKCa functionality observed in FXS. We have indeed
previously demonstrated the therapeutic effects of CHLOR on the acoustic abnormalities of
Fmr1-KO mice, although these findings only concerned the acute effects of CHLOR and were
restricted to the evaluation of cochlear functionality [33]. Using behavioral, cellular and
electrophysiological approaches, we provide here novel evidence to support the repurposing
value of CHLOR for treating neurodevelopmental disorders.

The therapeutic effects of CHLOR were demonstrated following both acute and
chronic systemic administration, with higher efficacy than gaboxadol and metformin, two
molecules previously proposed as repurposing treatments for FXS [10, 13, 66]. No significant
aversive effects were observed following chronic (10 days) treatment with CHLOR, besides a
slight weight loss of approximately 2% that was detected in only one of our studies. Overall,
our data identified the 5 mg/kg dose of CHLOR as being the optimal treatment to induce the
most robust behavioral rescue of the FXS-phenotype of Fmri-KO mice across multiple
behavioral readouts. Notably, this particular dose falls within the concentration range
recommended in human posology (i.e., 250-500 mg/day for an adult subject [31]).
Interestingly, acute positive effects of a lower dose (3.75 mg/kg corresponding to 75% of the
initial 5 mg/kg dose) were observed on hyperactivity, thus suggesting that a reduction in the
daily dose may be envisioned and still hold clinical potential. In particular, the possibility of
using low or micro-doses [67] has marked clinical advantages with regard to the anticipated
long-term administration regimen required to treat patients with neurodevelopmental
disorders.

Importantly, the effects of CHLOR extended beyond behavioral rescue as revealed by
the restoration of cerebral phenotypes of Fmri-KO mice, concerning structural neuronal
plasticity (i.e., correction of hippocampal dendritic spine abnormalities) and BKCa channel
functioning (i.e., dose-dependent rescue of hippocampal BKCa currents). These brain effects
of CHLOR could be linked, since BKCa channels modulate the excitatory-inhibitory (E/I)
balance within neuronal circuits [68] and an E/I imbalance is implicated in the abnormal

dendritic spine FXS phenotype [69]. Furthermore, the impaired interaction between FMRP
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and BKCa channels due to FMR1 deletion has been shown to enhance glutamate levels
which in turn exacerbate neuronal excitability [26], two concomitant deleterious
mechanisms that may be targeted by CHLOR via a normalization of BKCa currents, as
observed in our Fmr1-KO mice. Alternatively, CHLOR might contribute to restoring the
altered synaptic transmission induced by an impaired functional coupling of BKCa channels
and NMDA receptors in basal dendrites of neuronal circuits [70].

No effects of CHLOR on macro-orchidism were detected, suggesting that central
rather than peripheral BKCa channels may be preferentially targeted by this treatment, at
least at the dose employed here. Our results may also suggest that BKCa channels are not
involved in this FXS-like phenotype, although their testis expression is well documented [71].
The central efficacy of the systemic administration of CHLOR was confirmed by our Fos
mapping results, indicating a selective effect of this compound in specific brain regions of
Fmr1-KO mice.

Fos expression was clearly downregulated by a single administration of CHLOR in
mutants and this effect was consistently observed in the hippocampal CA1 and dentate
gyrus, and in the infralimbic and prelimbic subdivisions of the prefrontal cortex. This CHLOR-
induced Fos reduction was not a general, non-specific, brain effect since it was not detected
in the CA3 and in the striatum of Fmr1-KOs. This effect may be due to a direct activation of
BKCa channels by CHLOR in these areas since BKCa inhibition by iberiotoxin is known to
instead promote c-fos expression in brain slices [72]. The effect of CHLOR on Fos expression
may also reflect the well-known, albeit complex, inhibitory impact of this BKCa channel
opener on neuronal excitability [16]. Interestingly, while most drugs are known to increase
cerebral Fos expression in preclinical models, a reduction in c-fos expression in cortical and
hippocampal areas similar to the acute effect of CHLOR reported here was described in rats
following anti-depressant administration (e.g., fluoxetine and vortioxetine, although
chronically administered) [73]. Notably, the same antidepressants were able to promote the
maturity of dendritic hippocampal spines [74], like CHLOR here, and to exert positive effects
on synaptic plasticity [73, 74]. Furthermore, the effects of vortioxetine on Fos expression in
WT animals were associated with a direct modulation of hippocampal Fmr1 expression [75].

Unexpected however was the finding of a lack of difference in Fos expression
between VEH-treated Fmr1-KOs mice and their WT littermates in the different brain regions

analyzed. Such an absence of genotype effect is in partial disagreement with previous
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reports showing increased Fos expression in the CA1 of Fmr1-KO mice [76] or reduced Fos
labeling in their prefrontal cortex [77]. Another study described no difference in Fos
expression between Fmr1-KO and WT littermates under basal conditions, but a Fos labeling
increase in the amygdala following social exposure in Fmrl mutants [78]. These
discrepancies among studies may be due to differences in c-fos assessment (e.g.,
guantification of mRNA versus Fos protein) or in the genetic background of the Fmri
mutation (e.g., the B6 versus the FVB strain), since the latter is known to affect several
neurobehavioral phenotypes of Fmri1-KOs [43, 79, 80]. Furthermore, the basal conditions we
used here differ from previous studies in Fmr1-KO mice because of the prior habituation to
intraperitoneal injections and the related handling that all animals underwent in order to
reduce non-specific Fos upregulation. This prior experience is known to exert effects on c-fos
brain expression in mice [81] and could therefore contribute to explain the discrepancies
with previous reports.

Overall, our results support the view that molecules activating BKCa channels may be
a valid therapeutic strategy for treating FXS. This therapeutic avenue finds its roots in our
previous studies showing that the acute administration of BMS-204352, another BKCa
channel opener originally proposed to treat ischemic stroke, is able to eliminate several
neurobehavioral abnormalities in Fmr1-KO mice [24, 25, 63], including dendritic alterations
[24] and cortical hyper-excitability [25]. However, BMS-204352 not only failed to display
clinical efficacy in stroke patients [82], but also exerted only acute [24, 25, 63]
neurobehavioral effects in Fmrl mice, possibly because of its short half-life [24]. The
comparison between CHLOR and two other treatments recently proposed for the treatment
of FXS further strengthens the value of this molecule as a treatment for FXS. In the present
experiments, we indeed could not detect any acute behavioral effect of metformin, in
agreement with previous reports on the Fmri-KO model [10], while the chronic effects of
metformin were restricted to anxiety-like/repetitive behaviors. Regarding gaboxadol, slight
acute behavioral effects were detected in line with previous results [13], but again, CHLOR
was more powerful in inducing a full behavioral rescue of Fmr1-KO mice, especially following
a chronic regimen.

In conclusion, our findings highlight the relevance of BKCa channels as a therapeutic
target for neurodevelopmental disorders and identify CHLOR as a repurposed compound for

treating FXS. Pharmacologically, CHLOR exhibit a mix affinity profile for both small
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conductance calcium-activated potassium (SKCa) channels predominantly expressed in the
nervous system and big conductance BKCa channels which are ubiquitously expressed
throughout neuronal and non-neuronal cell types [17, 40, 64]. This raises the possibility that
the ability of CHLOR to target multiple potassium channels, known to be dysregulated by the
lack of FMRP in FXS [23, 26, 65], may magnify its overall therapeutic efficacy. Nonetheless,
the present findings support a predominant action of CHLOR on BKCa channels, as
demonstrated by its full rescue of BKCa currents in hippocampal and cortical neurons of
Fmr1-KO mice and its partial reversal of SK channel functional deficits. Furthermore, CHLOR
has recently been shown to exert beneficial neurobehavioral effects in preclinical models of
neurodegenerative diseases [35, 36, 38, 39]. It is therefore possible that BKCa channels may
represent a therapeutic target common to multiple disorders of the central nervous system
[83]. This may be of particular importance for neurodevelopmental disorders, as alterations
in BKCa channel functionality have been demonstrated in several of these pathologies [83],
including FXS [26], but also ASD which are intertwined at the molecular [29, 84] and
behavioral levels [85-88].

LIMITATIONS

One limitation of this study is the lack of experimental evidence concerning the
molecular mechanisms by which CHLOR exerts its positive behavioral and brain effects in
Fmr1-KO mice. Future studies should specifically address the impact of CHLOR on neuronal
signaling pathways that are dysregulated in FXS, such as protein kinases (PKs), Wnt/B-
catenin, ERK/MAPK, and mTOR [89-94], which are also a target of FMRP [29, 95-97]. Indeed,
a complex interplay between these signaling pathways and BKCa channels has been
suggested previously [98-104]. Given that these pathways are deregulated also in Fmr1-KO
mice [92, 94, 105-109], it is plausible that CHLOR may exert its overall therapeutic effects
through normalization of these pathways. Further studies should also investigate the precise
modulating impact of CHLOR on neuronal calcium homeostasis (including its effects on Cav
channels) that may in turn play a critical role in all or part of its effects, such as for instance

its ability of reducing Fos expression in selected brain areas [110].

Finally, our results show that the efficacy of CHLOR is specific to Fmr1-KO mice as no

behavioral or brain effects were observed in WT littermates, even with the highest dose of
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CHLOR which also failed to alter BKCa or SKCa channel currents in WT neurons. A genotype-
specific difference in neuronal potassium channel sensitivity to CHLOR may be hypothesized,
the lack of FRMP in Fmr1-KO mice affecting the trafficking and subunit functionality of these
channels [20], which may in turn affect their pharmacological responses [111]. Alternatively,
it is possible that the absence of CHLOR effects on potassium currents in WT mice may be
due to the unnecessity of increasing the functionality of potassium channels in non-
pathological conditions, in line with previous studies showing no neuronal effects of other
BKCa channel openers (e.g., BMS) in WT mice [25]. The latter hypothesis warrants future
studies using single-cell recordings which will help disentangling the effects of CHLOR on
neuronal functionality, taking into consideration the complex interactions occurring between

BKCa channels and other ion channels at the neuronal level [112, 113].
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