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SUMMARY

Cerebellar dysfunction has been linked to autism spectrum disorders (ASDs). Although cerebellar
pathology has been observed in individuals with fragile X syndrome (FXS) and in mouse models
of the disorder, a cerebellar functional contribution to ASD-relevant behaviors in FXS has yet to
be fully characterized. In this study, we demonstrate a critical cerebellar role for Fmr1 (fragile

X messenger ribonucleoprotein 1) in ASD-relevant behaviors. First, we identify reduced social
behaviors, sensory hypersensitivity, and cerebellar dysfunction, with loss of cerebellar Fmr1.

We then demonstrate that cerebellar-specific expression of Fmr1 is sufficient to impact social,
sensory, cerebellar dysfunction, and cerebro-cortical hyperexcitability phenotypes observed in
global Fmr1 mutants. Moreover, we demonstrate that targeting the ASD-implicated cerebellar
region Crusl ameliorates behaviors in both cerebellar-specific and global FmrI mutants. Together,
these results demonstrate a critical role for the cerebellar contribution to FXS-related behaviors,
with implications for future therapeutic strategies.
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In brief

Gibson et al. demonstrate that loss of cerebellar FmrI leads to reduced social behaviors,
sensory hypersensitivity, and cerebellar dysfunction. In global £mrI mutants, cerebellar-specific
expression of Fmr1 is sufficient to alter observed phenotypes. Moreover, targeting the ASD-
implicated cerebellar region Crusl ameliorates behaviors in both cerebellar-specific and global
Fmrl mutants.

Graphical Abstract

* Loss of Fmr1 in Cerebellar PCs Dlsrugts
PC
. -'!.'Vdj
COFF- cOFF-PC m
Control
Improves * Recrprossonof Frt inPCs i
PC ] L J
e
- : ' CON-null  cON-PC
i HHHHH
W = i

INTRODUCTION

Autism spectrum disorders (ASDs) are behaviorally diagnosed using characteristics

such as challenges in social communication, restrictive/repetitive behaviors, and sensory
hypersensitivity; however, underlying mechanisms contributing to ASDs remain unclear.
ASDs have a clear but complex genetic contribution.1* Among the most prevalent
monogenic contributions to ASD is fragile X syndrome (FXS).# FXS results from
trinucleotide repeat expansion in the ~mrI gene, resulting in hypermethylation and
inhibition of the gene.> FXS accounts for up to 1%-2% of all cases of ASD6 and

is also associated with intellectual disability, anxiety, and sensory hypersensitivity.’
Investigations into the pathogenesis of FXS have identified critical roles for F£mr1 in protein
translation, enhanced synaptic plasticity, and cortical hyper-excitability in FXS models.8-10
Hyperexcitability is further supported by electroencephalogram (EEG) studies in individuals
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with FXS where heightened cortical arousal is reliably observed in frontal and parietal
association cortices.1! Also, consistent UP states in the somatosensory cortex have been
found in animal models,!2 in addition to heightened neocortical synchrony.13

However, a growing body of literature in ASD and FXS has implicated brain mechanisms
beyond the cerebral cortex. Subcortical and specifically cerebellar regions have been
increasingly associated with ASD-related behaviors. In fact, the most consistently
identified pathology in postmortem studies of ASD is loss of Purkinje cells (PCs), the

sole output neurons of the cerebellar cortex.14-16 Additionally, investigations utilizing
volumetric, diffusion, functional imaging, and investigations using multiple animal models
consistently highlight cerebellar dysfunction in ASD.17-19 Moreover, studies of cerebellar-
specific mutants of other genetic disruptions linked to ASD have further implicated the
cerebellum.20-28

Cerebellar abnormalities have been observed in individuals with FXS as well as in “pre-
mutation” carriers manifesting fragile X-associated tremor/ataxia syndrome (FXTAS).2%:30
Specific examination of loss of FmrZ in PCs revealed enhanced synaptic plasticity in

the cerebellum,3! akin to the enhanced plasticity observed in cerebral cortical®3 and
hippocampal® circuits in FXS models. Additionally, studies have revealed cerebellar
interneuron regulation of PC firing frequencies in FXS models.32 Together, these data
point to cerebellar involvement in FXS; however, the contribution of the cerebellum to
ASD-related behaviors in FXS has not been well studied.

PC Fmrl is necessary for social behaviors

Fmrl expression is fairly ubiquitous, with expression throughout the body and high
expression throughout the brain.33 To evaluate the cerebellar contribution of Fmr1 to ASD
behaviors, we generated a mutant mouse with conditional deletion of FmrZ1 in cerebellar PCs
(L7Cre+: Fmyrafloxiflox [referred to as cOFF-PCs]), generously provided by Dr. David Nelson
(Baylor College of Medicine, Houston, TX, USA) (Figure S1A).34 As Fmrl is on the X
chromosome and FXS is more often observed in males compared to females, these studies
were conducted solely in male mice. All studies were performed blinded to genotype. To
investigate social behavior, we first performed social approach and social novelty testing
using the three-chambered apparatus (Figure 1A). In the social approach paradigm, when
presented with a novel social stimulus, cOFF-control mice show a significant preference for
the novel animal over the novel object; however, deletion of FmrZin the PCs of cOFF-PC
mice resulted in a lack of social preference (Figures 1B and 1C). In social novelty testing,
cOFF-control mice also prefer the novel animal over the familiar animal, while cCOFF-PC
mutants show no such preference (Figures 1B and 1C). We further tested social behaviors
using a social olfactory paradigm. As social behaviors are critically dependent on olfactory
abilities, we evaluated responses to both non-social and social olfactory stimuli. We did

not observe any olfactory deficits between the cOFF-PC mutants and cOFF-controls during
investigations of the non-social scents (Figure 1D). However, when presented with the
social olfactory stimulus, cOFF-PC mice spent less time investigating the social scent when
compared to cOFF-controls (Figure 1D), consistent with a specific social deficit. In each
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sociability test, cOFF-PC mutant mice displayed no preference for social stimuli, suggesting
that Fmrlin PCs is necessary for the manifestation of social behaviors.

Restrictive and repetitive behaviors commonly identified in ASD are also a feature exhibited
by individuals with FXS.3° To test for these behavioral correlates in mice, we examined
repetitive behaviors using a grooming assay. We did not observe differences in time spent
grooming in the cOFF-PC mice compared to littermate controls (Figure 1E). However, upon
examination of behavioral flexibility using the water Y maze, we found that cOFF-PC mice
had significant difficulty re-learning the location of the platform in the water Y maze despite
their ability to learn the initial platform location comparable to control littermates (Figure
1F). These specific deficits in the reversal learning component of the assay are indicative of
behavioral inflexibility.

Another diagnostic criterion for ASD is sensory hypersensitivity, a finding frequently
identified in individuals with FXS.36-39 Animal models of FXS have audiogenic seizures
(AGSs) and demonstrate hypersensitivity to acoustic stimuli.*%-42 We tested for AGS in
cOFF-PC mutants and control littermates yet did not observe any significant changes (p

= 0.0678) between genotypes (Figure 1G). We further evaluated sensory responsiveness
through their acoustic startle response, another test of auditory sensitivity. cOFF-PC mice
and their littermate cOFF-controls were exposed to varying intensities of acoustic stimuli at
random intervals. We found that the cOFF-PC mutants have a significantly enhanced startle
response at higher decibels (Figure 1H).

Individuals with FXS also exhibit abnormal brain activation in response to fear memories,*3
and FXS animal models show deficits in associative memory tasks.** Although less well
understood, the cerebellum has been linked to enabling and storing fear memories*® and
has clear roles in associative learning paradigms.#647 Consequently, to evaluate a cerebellar
Fmrl contribution, we tested the ability of cOFF-PC mutants to acquire, store, and recall a
fear memory over a 3-day fear conditioning test. No differences were observed in any of the
3 testing phases (Figures 11-1K), demonstrating that cerebellar Fmr1 is not necessary for
fear-conditioned learning.

To verify that any observed behaviors were not due to altered motor or anxiety-like
behaviors, we evaluated performance on rotarod, open field, and elevated plus maze. We
did not observe any significant changes in locomotor capabilities or response to anxiogenic
environments between groups (Figures S1B-S1F).

Taken together, these results show that loss of Fmr1 in cerebellar PCs leads to reduced social
preference, behavioral inflexibility, and hypersensitivity to auditory stimuli, revealing Fmrl
in PCs as necessary for normal manifestation of these ASD-relevant behaviors in FXS.

Loss of Fmrl in PCs leads to cerebellar dysfunction

PC loss is a consistent phenotype in ASD*8:49 and has been identified in other cerebellar
models of autism-linked genes.29-50:51 We therefore evaluated whether PC loss might be
observed in cOFF-PC mutants and thus contribute to phenotypes observed in these mutants.

Cell Rep. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gibson et al.

Page 5

However, we did not observe any significant alterations in PC number in cOFF-PC mice
compared to cOFF-controls (Figures 1L and 1M).

In addition to cell number, cerebellar function is altered in mouse models of ASD-

linked genes, 2120 consistent with studies in individuals with ASD showing cerebellar
dysfunction.52:53 Similarly, prior studies in cOFF-PC mice have demonstrated alterations in
synaptic plasticity.3! However, examination of PC intrinsic properties has not been studied
extensively in cOFF-PC mice. We sought to test the intrinsic physiological properties of PCs
lacking expression of Fmr1 as a measure of PC function. We tested spontaneous activity
using extracellular recordings in addition to intrinsic excitability in acute slice preparations
and found decreased spontaneous activity and excitability, indicative of reduced cerebellar
function in this model (Figures 1N and 10).

Chemogenetic activation of PC activity in RCrusl is sufficient to improve social
preferences in cOFF-PC mutants

Human imaging studies have implicated cerebellar right crus1 (RCrus1) in social behavior,>*
and structural alterations of this region are identified in individuals with ASD.1® We have
previously demonstrated that chemogenetic modulation of PC excitability in RCrusl can
improve sociability in a conditional cerebellar 7scZ mutant.24 As we observed reduced PC
excitability in cOFF-PC mutants (Figures 1N and 10), we hypothesized that chemogenetic
activation of RCrus1 PCs might similarly improve ASD-related behavioral challenges
observed in Fmrl cOFF-PC mutants.

We injected adeno-associated virus (AAV)8-calcium/calmodulin-dependent protein kinase
(CaMK)lla-hM3D(Gqg)-mCherry or AAV8-CaMKIla-enhanced green fluorescent protein
(EGFP) (virus control), which selectively target cerebellar PCs, into RCrusl of cOFF-PC
mutants. Injection site accuracy and infection specificity to PCs were histologically verified
(Figures S2A and S2B). We also confirmed activation of PCs after successful uptake of the
virus by recording from acute cerebellar slices, and we observed increased firing frequency
in response to clozapine-N-oxide (CNO) in infected PCs (Figure S2C).

After infection with virus containing Gq or GFP and sufficient time for animals to recover
from surgical procedures, we administered vehicle (VEH) or CNO intraperitoneally to Gg-
or GFP-injected cOFF-PC mice. With chemogenetic stimulation of excitability, we observed
an increase in social preference during social approach, social novelty, and social olfactory
testing that was absent in all GFP-injected and VEH-treated groups (Figures 2A-2C).
However, when we tested restrictive and repetitive behaviors, CNO-driven activation of
RCrusl PCs was not sufficient to alter grooming time or improve reversal learning in the
water Y maze (Figures 2D and 2E).

Imaging studies have identified lateral cerebellar involvement in startle behaviors.>* To
investigate whether modulation of RCrusl is sufficient to improve the heightened acoustic
sensitivity previously observed during acoustic startle testing in the cOFF-PC mice, we
tested the acoustic startle response in mice with Gq or GFP injected into Fmr1 cOFF-PC
mice. With activation of RCrus1 PCs, cOFF-PC mice showed reduced startle response

to auditory stimuli as compared to other cohorts (Figure 2F). These data suggest that
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modulation of RCrus1 PCs alone is sufficient to reduce the enhanced startle phenotype
observed in cOFF-PC mutants.

We then tested whether modulation of RCrus1 might also be sufficient to improve
associative learning in this model. We evaluated performance in the 3-day fear conditioning
tasks; following CNO administration, there was no observable difference with stimulation
of RCrusl PCs compared with other treatment cohorts (Figures 2G-21). Furthermore, CNO
administration with RCrus1-Gq infection did not affect performance on the rotarod, elevated
plus maze, or open field, continuing to lend support for a lack of motor abnormalities or
anxiety-like behaviors (Figures S3A-S3E).

Taken together, these data show that targeting PC activity in cerebellar domain RCrusl

is sufficient to improve the impaired sociability and sensory behaviors observed in cOFF-
PC mutants without significantly affecting restrictive, repetitive, or associative learning
behaviors.

Expression of Fmrl in PCs prevents the development of social deficits in global Fmrl

mutants

We then wanted to ask whether Fmr1 expression in PCs might also be sufficient to maintain
behaviors in an otherwise global FmrZ mutant. In addition to potential mechanistic insights,
these experiments also might offer insights in a more translationally relevant manner, as
individuals with FXS and individuals with ASD in general are unlikely to present with
cerebellar-specific genetic abnormalities. Thus, we sought a more translationally relevant
global mutant model to ask whether restoring cerebellar £mr1 specifically would be
sufficient to modify phenotypes in a global FXS mutant background. To evaluate this
question, we examined whether re-expression of Fmr1 solely in cerebellar PCs would
improve behavioral deficits in a model of FmrI global loss. To achieve this, we used a

FmrI conditional ON model (cON-null)19 generously provided by Dr. David Nelson (Baylor
College of Medicine), where Fmr1is only expressed in the presence of Cre recombinase. We
crossed L 7/Purkinje cell protein (Pcp) 2-Cre mice with the cON mice to generate a model
where Fmr1 is expressed only in PCs (referred to as CON-PCs). These mice were compared
with L 7/Pcp2-Cre-negative littermates (CON-null), which do not express Fmrl (Figure S4A),
in addition to control littermates that are L 7/Pcp2-Cre positive but are wild type for the Fmr1
gene (cON-wild type).

Studies of other constitutive /mrI mutants have identified deficits in social and repetitive
behaviors.5%56 However, no studies on constitutive cON-null mutants have examined ASD-
relevant behaviors. We observed social deficits in cON-null mice using the three-chamber
social approach and social novelty tests when compared with cON-wild-type controls
(Figures 3A and 3B). We then examined whether expression of Fmr1in PCs might

alter these behaviors. In fact, with expression of PC Fmr1 in the cON-PC cohort, social
preference was observed in both paradigms (Figures 3A and 3B). Similarly, with social
olfactory testing, cON-PC mice investigated the scents for a significantly longer amount of
time, whereas cON-null mice spent comparably less time investigating a novel social scent
(Figure 3C).
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We then tested for repetitive behaviors or behavioral inflexibility in cON mutant mice.
However, in grooming and water Y-maze tests, we did not observe repetitive behaviors or
behavioral inflexibility in the cON-null mice. Further, these behaviors remained unaffected
in the cON-PC mice where Fmrlis expressed in PCs, and behavior remained markedly
similar to the cON-wild type (Figures 3D and 3E).

Auditory hypersensitivity, AGS in particular, is one of the most robust phenotypes

observed in constitutive FXS mouse models,*%:57 and thus we sought to examine sensory
hypersensitivity with this paradigm. We observed increased AGS in our cON-null global
mutants as evidenced by high scores in AGS testing in comparison with cON-wild-type
mice. As with social behavior, this phenotype was significantly improved in the cON-PC
mice (Figure 3F). Consistent with this change in sensory hypersensitivity, in acoustic startle
testing, we similarly show an increased acoustic startle response in cON-null mutants
compared to cON-wild-type controls. As with AGS, expression of FmrZin PCs in cON-PC
mice results in startle responses comparable to cON-wild types (Figure 3G). Together, these
data indicate that expression of Fmrlin PCs is sufficient to improve sensory hypersensitivity
observed upon constitutive loss of Fmrl.

We then tested these mice for abnormalities in fear memory. Global Fmr1 knockout (KO)
mice exhibit altered contextual memory often considered to result from hippocampal and
amygdala circuits affected by loss of Fmr1.58 All groups demonstrated increases in freezing
behavior during the acquisition of the fear memory (tone/shock), though the cON-wild-type
and cON-PC responses were heightened (Figure 3H). Examination of their ability to recall
the association in the same context did not differ significantly between groups (Figure 3l).
Yet, in cued testing, we observed significantly reduced freezing times in cON-null cohorts
as compared to cON-wild-type cohorts. Re-expression of Fmrlin PCs in cON-PC mice
resulted in increased freezing times following the cued tone (Figure 3J). These data indicate
that expression of Fmr1in PCs improves impairments in associative learning observed with
constitutive loss of Fmrl.

In all groups, we also did not observe any differences between groups in rotarod, elevated
plus maze, or open field assays, supporting a conclusion that changes in observed behaviors
were not secondary to changes in locomotor and/or anxiety-like behaviors (Figures S4B—
S4F). Taken together, these data further demonstrate an important role for cerebellar Fmr1
in ASD-relevant behaviors and that expression of FmrZ in PCs in the setting of an otherwise
global loss of Fmr1 is sufficient for improvement in social behaviors, a decrease in sensory
hypersensitivity, and an increase in associative fear learning.

Fmrl expression in PCs restores PC function in Fmr1 global mutants

We next evaluated mechanisms that might contribute to these behavioral impacts. As noted
earlier, PC loss is a consistent phenotype in individuals with ASD and has been identified

in postmortem analyses of individuals with FXS.16 We thus quantified PC number following
constitutive loss of Fmr1. However, no significant PC loss was observed in any of the groups
(Figures 3K and 3L).
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As excitability mechanisms have been implicated in cerebellar regulation of ASD-relevant
behaviors,24:31 we examined whether PC firing rates and excitability might contribute to
observed phenotypes following global loss of Fmrl. In acute slice preparations, consistent
with previous studies,32 PC firing rates are reduced in cON-null mice compared to cON-
wild-type control cohorts. We then examined whether expression of Fmri in PCs might
result in amelioration of these PC excitability deficits. We found that PCs in cON-PC
mutants demonstrated firing rates and excitability that were significantly greater than cON-
nulls and comparable to cON-wild-type control cohorts (Figures 3M and 3N).

Chemogenetic activation of RCrusl1 PCs in a global Fmrl mutant ameliorates behavioral

changes

We were able to ameliorate ASD phenotypes in a model of constitutive FmrZ loss through
specific expression of Fmr1in cerebellar PCs. Therefore, we next asked if specifically
targeting PCs solely in RCrus1 might be sufficient to improve behaviors, not just in
cerebellar-specific models but also in a more translationally relevant constitutive, global
Fmrl model. To test this question, we delivered DREADDs (either AAV8-CaMKlla-
hM3D(Gq)-mCherry or AAV8-CaMKIlla-EGFP control) to RCrusl in cON-null mice to
chemogenetically target PCs in RCrusl. After sufficient time for recovery, behaviors were
evaluated starting at 6 weeks of age. As in previous chemogenetic experiments, CNO or
VEH was administered 30 min prior to behavior testing. We evaluated social preference

in the three-chamber social approach and social novelty assays. With CNO administration,
we observed significantly increased time spent investigating the novel social stimulus in

the RCrus1-Gg-infected group, which was not present in the VEH-treated or GFP-infected
groups in social approach or novelty testing (Figures 4A and 4B). We see a similar finding in
olfactory testing, with improvement in response to social olfactory cues and stable responses
to non-social olfactory cues (Figure 4C). In contrast, we did not observe any differences in
grooming behavior or performance on the water Y maze following CNO or VEH treatment
(Figures 4D and 4E).

We then examined whether auditory sensory hypersensitivity could also be modulated by
RCrusl stimulation. We observed that activation of RCrus1 PCs in the cON-null model
lowered the startle responses to acoustic stimuli as compared to VEH-treated Gg-infected
groups or GFP-infected controls (Figure 4F). We next looked for any changes in learned
fear memory. In each infected cohort, Gg and GFP, CNO and VEH trials consisted of
separate groups to control for learned behaviors. We observed no changes between infection
or treatment groups during the training or context trials (Figures 4G and 4H). However,
increasing PC activity in RCrusl significantly increased cued fear learning (Figure 41),

akin to the improvement observed upon specific expression of Fmrlin PCs (Figure 3J).

We also tested the Gg- and GFP-infected groups in rotarod, elevated plus maze, and open
field. No changes in anxiety-like behaviors or locomotor activity were observed following
administration of CNO or VEH in any of the groups (Figures SSA-S5E). Taken together,
these data point to improvement in social behaviors, sensory hyper-responsiveness, and
associative learning in constitutive £mrI mutants upon targeted chemogenetic modulation of
RCrusl PCs.
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Impact of increasing excitability in LCrusl1 PCs in global Fmrl cON mutants

To investigate whether changes in behavior resulting from cerebellar modulation in Fmr
cON-null mutants are specific to RCrus1, we also targeted left crusl (LCrusl) with
excitatory DREADDs and evaluated for any changes in behaviors. In prior work, we have
observed that chemogenetic inhibition of LCrus1 did not result in the same behavioral
deficits as observed with RCrusl inhibition; however, we have not previously studied
whether modulation of LCrus1 might also be sufficient to impact behaviors in Fmr1
cON-null mutants.24 We successfully targeted LCrus1 PCs in our global AmrI mutants
using AAV8-CaMKIla-hM3D(Gq)-mCherry as shown above with RCrusl (Figure S6A).
Following recovery time, we evaluated behaviors starting at 6 weeks of age with CNO or
VEH administration 30 min prior to behavior testing. We found that LCrus1 activation in
this model elicited increased interest in a novel animal as compared to a novel object in a
social approach assay following CNO administration; however, that effect was not observed
in the accompanying social novelty task (Figures S6B and S6C). Social olfactory testing
similarly revealed no significant changes following LCrus1 activation (Figure S6D). We
tested for repetitive grooming and restricted learning in the water Y maze and subsequently
did not observe any behavioral changes in either test (Figures S6E and S6F). Further

tests of fear memory using fear conditioning did not yield any significant results (Figures
S6G-S61). In each learning task, the CNO and VEH trials consisted of separate groups

to control for learned behaviors. Lastly, to examine whether anxiogenic or impaired motor
behaviors were present, we tested these mice on the elevated plus maze and open field but
observed no significant changes between groups (Figures S6J-S6M). Ultimately, LCrus1
activation does appear sufficient to impact social approach behaviors in £mr1 cON-null
mutants. Otherwise, however, unlike what is observed with RCrus1 modulation, altering
excitability in LCrus1 does not appear to significantly impact learning, repetitive, motor, or
anxiety-related behaviors in FmrZ global mutant mice.

Cerebellar Fmrl improves LPAC hyperexcitability

Lastly, we sought to better understand how cerebellar changes might be resulting in
behavioral improvement even in global Fmr mutants. Previous studies have identified
cortical hyperexcitability as a causal factor to behavioral changes in FXS,8:9:1213 angd
cerebellar connections to the cerebral cortex have been identified and associated with

these behaviors.>® We have previously demonstrated that chemogenetic stimulation of
RCrusl results in decreased activity in the contralateral/left parietal association cortex
(LPAC),24 a region whose connectivity with RCrusl1 is disrupted in children with ASD

and a region that is itself implicated in ASD behaviors.2* Thus, we hypothesized that
normalization of cerebellar function as seen in cON-PC mice would be sufficient to reduce
cortical hyperexcitability in these global Fmri mutants. Since we have shown previously
that chemogenetic manipulation reduces LPAC activity, we sought to ask whether genetic
expression of £mr1in PCs would similarly reduce cerebral cortical activity. We again
examined LPAC activity in layer 4 (Figure 5A) and identified increased firing in global
Fmrl mutants as compared to both cON-wild-type and cON-PC cohorts (Figure 5A). Upon
quantification of multi- and single-unit frequencies (Figures 5B and 5C), we similarly
observed an increase in frequency for both multi- and single units in cON-null mice cortex
when compared to cON-wild-type cohorts, an increase that is significantly reduced in global
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mutant mice expressing Fmrl in PCs (CON-PCs). Taken together, these data point to a
functional cerebellar-cortical connection and a reduction in cortical activity with expression
of Fmr1in PCs, even in an otherwise global Fmr mutant background.

DISCUSSION

The cerebellum has been implicated in ASD in numerous human and animal studies.
However, the potential contributions and underlying mechanisms of these contributions to
ASD-relevant phenotypes in FXS are not well known. We have demonstrated that cerebellar
fmr1is necessary for the regulation of multiple ASD-relevant behaviors, with loss of fmr1
in PCs leading to intrinsic cerebellar dysfunction, impairments in social behaviors, cognitive
inflexibility, and hypersensitivity to auditory sensory stimuli. This study further points to
potential translationally relevant contributions of the cerebellum, as cerebellar modulation
can improve behaviors not only in cerebellar-specific models but also in global models that
thus more closely imitate the condition in humans. First, constitutive mutants demonstrate
deficits in social, sensory hypersensitivity, and associative learning; however, mice with
fmr1 expression in PCs do not display these phenotypes, even despite otherwise constitutive
loss of 7fmr1 outside of cerebellar PCs. Moreover, targeted chemogenetic stimulation of

PCs in RCrusl results in improved behaviors, not just in cerebellar fmr1 mutants but

also in constitutive/global mutants. We also hypothesized and here show evidence to
support that expression of fmrIin PCs in an otherwise fmr1 mutant background results in
improvement in cerebral cortical hyperexcitability, consistent with previous studies showing
the same impact from chemogenetic modulation of RCrus1.2459 Correction of cortical
hyperexcitability has been associated with improvement in fmrZ mutants, and thus cerebellar
expression and cerebellar modulation may impact behaviors through this mechanism.60.61

Although many behavioral findings in mutants with PC-specific loss of fmr1 are observed
also in global fmri mutants, the phenotypes of the two models are not identical. For
instance, in water Y-maze testing, fmrIcOFF-PC mutants display reversal learning deficits,
while no differences are observed in cON mutants. This could relate to compensation

in circuits in global mutants that have not expressed fmrZ in any tissues throughout
development compared to PC fmr1 loss but with otherwise globally retained expression

in cCOFF-PC mutants. In addition, differences are seen in auditory sensory testing. Global
sensory hypersensitivity is common across ASD and FXS. Previous studies have provided
evidence for both lateral and medial cerebellar output nuclei involvement in sensory auditory
processing,>*62 and auditory hypersensitivity is common in individuals with FXS,36:37
Although we have previously demonstrated roles for the cerebellum and specifically RCrusl
in the regulation of social behaviors, we now demonstrate a cerebellar contribution to
auditory sensitivity. Prior work has shown that inferior colliculus fmr1 is necessary for
normal responses to auditory stimuli in AGS testing.42 Here, we show that PC fmr1 is

not necessary for normal responses to AGS stimuli but instead is sufficient to improve
audiogenic hypersensitivity in global fmrZ mutants. However, interestingly, our data point
to both necessity and sufficiency for auditory startle. Whether these differences reflect
different circuit mechanisms governing startle vs. AGS testing and/or whether this relates

to differential connections to the inferior colliculus or to collicular-regulated networks will
be an important avenue of further study. These data also potentially point to a potential
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mechanism by which the cerebellum acts to modulate a cerebral cortical region with

known roles in sensory processing, the LPAC. Our data reveal that cerebellar function

may not be necessary to drive normal sensory function; however, cerebellar activation is
sufficient to alleviate elevated responses in acoustic startle and AGS assays as well as
downstream hyperexcitability in the LPAC. Evidence from individuals with FXS suggests
that these aberrant responses to sensory stimuli result from an imbalance of excitation/
inhibition in cortical regions.11:63.64 Similar findings have been observed in individuals

with ASD®5 following evaluations of EEG®6 and fMRI%7 data, and attempts at correcting

the imbalance using approaches such as transcranial magnetic stimulation (TMS) are being
studied.®8 Similarly, investigations into circuit properties in ASD animal models—including
FXS%9-describe disruptions in excitation/inhibitory network connectivity driven by altered
GABA signaling.”%71 GABA receptors are prominent in the cerebellum and are decreased
in postmortem studies in ASD.”2 Loss of GABAergic inputs from the cerebellum in addition
to disruptions in GABA signaling in the cortex may provide an important contributing factor
to cortical hyperexcitability in FXS and other neurodevelopmental disorders, as evidenced
by the reduction in hyperexcitability observed upon PC fmr1 expression in global fimr1
mutants. In our FXS models, we have found decreased PC function and increased single-unit
frequency in the LPAC; however, with normalized PC function in our cON-PC model,

we see the heightened LPAC activity return to wild-type levels. These findings not only
further underscore the known connectivity between the cerebellum and ASD-related cortical
areas but highlight a potential mechanism by which leveraging cerebellar mechanisms may
ultimately impact disordered behavior such as social behaviors with brain-wide network
contributions.

In this study, we are able to successfully ameliorate complex behavior challenges known

to involve coordination of multiple cortical and subcortical regions through genetic and
chemogenetic manipulations targeted to the cerebellum.11:73-75 Our past and present results
continue to support the existence of a cerebellar contribution to neuronal activity in known
social and sensory implicated cortical regions, such as the median prefrontal cortex (mPFC)
and LPAC.2459 However, mechanistically, beyond regulation of excitability, how these
disruptions occur and drive broad behavioral challenges requires further characterization.
The execution of complex social behaviors also involves network activation across multiple
cortical areas. Ours and other studies have identified functional cerebellar connectivity to
brain regions with known roles in social behavior such as the mPFC and the inferior parietal
lobule (IPL) in social cognition.24:54.59.76-79 Cerehellar regulation of social behaviors may
be driven by the ability of the cerebellum to generate internal models, and evidence

of this phenomenon has been observed in motor and sensory contexts.89-83 |n addition,
cerebellar connections to subcortical domains including those involved in reward may
provide important contributions to social behaviors.8485 Moreover, beyond disruptions in
cerebellar-cortical communication, changes in cerebellar function may impact neuronal
communication between other brain regions as well, evidence of which has been shown
between the cerebellum and cerebral motor and non-motor areas such as the mPFC and
hippocampus.86-88 Whether these mechanisms underlie cerebellar modulation of precise
cortical and subcortical networks involved in ASD-relevant behaviors requires further
investigation.
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We have demonstrated that cerebellar activation, whether through genetic manipulation

or chemogenetic targeting of a precise cerebellar domain, is sufficient to impact altered
behaviors that resulted from PC-specific genetic mutations and in a more translationally
relevant global genetic mutant.24:59 Moreover, the impact of increasing excitability has

at least some specificity, with chemogenetic modulation of RCrusl impacting different
behaviors than behavioral changes observed with LCrusl. Taken together, these data point
to lateralization within the cerebellum that impacts the sufficiency of Crusl modulation to
impact behaviors, which adds to prior data pointing to lateralization in Crus1’s necessity for
regulation of ASD-relevant behaviors.2459 It is worth noting that although these data point
to important roles for Crusl, further studies examining whether other cerebellar domains
might also be sufficient to improve relevant behaviors remain critical avenues for further
study. In combination with further elaboration of the circuit networks connecting to Crusl,
these studies may provide opportunities to leverage those discoveries for the development
of targeted therapeutics for individuals with neurodevelopmental disorders who are seeking
therapeutic options.

Together, our findings identify a role for the cerebellum in regulating ASD-relevant
behaviors in FXS. This dataset, combined with previous studies, confirms a cerebellar
contribution to multiple models of genetic ASD and that improvement of impaired social
behaviors, driven by translationally relevant whole-brain loss of fmr1, can be achieved with
specific genetic or chemogenetic manipulation of the cerebellum. Further investigation into
the functional mechanisms of this beneficial modulation, the necessary study in both sexes,
the potential shared translational mechanisms, and impacts in individuals with FXS will be
important avenues of future study.

Limitations of the study

Our data show that cerebellar fmrZ plays important roles in the regulation of ASD-relevant
behaviors. Moreover, our data further support that modulation of cerebellar region RCrusl
is sufficient to ameliorate these behaviors in both cerebellar and global f7rZ mutant models.
These data, however, will not fully characterize the topography of the cerebellar contribution
to these behaviors. Whether additional regions within the cerebellum contribute to these
behaviors will be an important avenue of future studies. Moreover, we also demonstrate
that RCrus1 modulation demonstrates different ability to impact behaviors when compared
to LCrusl. The mechanisms underlying these differences in laterality will similarly be
critical directions of future study. Moreover, these studies have focused on the cerebellar
contributions and have highlighted alterations from cerebellar changes on cerebral cortical
activity. It will be critical to better understand the extent of the impact of these cerebellar
changes on brain-wide functions and to show how and which changes have important
contributions that are relevant to these neurodevelopmental behaviors. In addition, these
studies have been limited to male cohorts, as FXS predominantly impacts males; however,
potential sex differences in these phenotypes are an important gap in knowledge and will

be an important direction for future study. Lastly, whether these findings are applicable to
individuals with FXS and other neurodevelopmental challenges remains to be determined.
The potential translational implication of these findings remains an open question and an
important limitation, all of which will be critical future directions of additional study.
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STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Peter Tsai
(Peter.Tsai@utsouthwestern.edu).

Materials availability—This study did not generate any unique reagents.

Data and code availability

. All data reported in this paper will be shared by the lead contact upon request.

. All code can be found on github: https://doi.org/10.5281/zenod0.10092944
(https://doi.org/10.5281/zen0d0.10092944)

. Any additional information required to re-analyze the data reported in this paper
will be available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

To generate the Purkinje cell conditional OFF (cOFF) mouse lines (cOFF-PC and cOFF-
Control), L 7/Pcp2-Cre (L 767¢) transgenic mice were obtained from Jackson Laboratories
(004146) and crossed with Fmr2flox/flox female mice. Fmr104f1oX mice were generously
provided by Dr. David Nelson, (Baylor College of Medicine, Houston, TX). This generated
L 7€7e* .Fmr1fox/floX temales and L 7€7€*:FmrioXY males. L 7677 :Fmir1f0X/flox females were
crossed to L 7€78~;Fmr110%Y males to generate and maintain the colony. £ 778~ Fmr110xy
and L 76¢*Fmr1f0% males were used for all experiments. Using the /oxPsystem, Fmr1 is
deleted from PCs using the L 7¢"€. Of note, previous studies have additionally shown some
Cre expression in retinal cells, a few cerebellar molecular layer interneurons, and a small
number of cells distributed across the brain using this specific Cre line.20:90

To generate the Purkinje cell conditional ON (cON) lines (cON-null, cON-PC, and cON-
Wildtype) the L 7/Pcp2-Cre (L 7€) transgenic mice were crossed with Frr1 cONfox/flox
females (also generously provided by Dr. David Nelson from Baylor College of Medicine,
Houston, TX). This generated ~mr cON0X/* females which were then crossed to the

L 7/Pcp2-Cre line to generate the following males, used for all experiments: L7¢"¢~; Fmri-
cONToXY (cON-null), L7C"* Fmr1-cON9X% (cON-PC), and L 7678* 9"~ Fmirl-cON™Y
(cON-wildtype). Expression of the £mrI gene is driven by the presence of the L 7€7,
without the L 7" Fmir1 is not expressed, with it, FmrI expresses properly in PCs. Both
cOFF and cON lines were obtained from Dr. David Nelson (Baylor College of Medicine,
Houston, TX). See Table S12.

The Fmrl gene is X-linked; thus FXS is more often observed in males as compared

to females. As a result, only male mice were used for all behavioral and physiological
testing.9 Mice were aged 5-12 weeks and of mixed genetic backgrounds (C57B1/6J, 129
SvJae and BALB/cJ). As littermate controls were used for all behavioral experiments, no
appreciable physical characteristics (e.g., weight, size, coat color) should impact blinding
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of examiners. The University of Texas Southwestern Institutional Animal Care and Use
Committees approved all experimental protocols in this study.

METHOD DETAILS

Stereotaxic viral injections—Viral vectors used in behavioral experiments were
delivered to cerebellar RCrusl with a nanoinjector (WPI) under stereotaxic guidance
(Stoelting) in mice anesthetized with a mix of ketamine (100 mg/kg) and xylazine (10 mg/
kg). 400nL of AAV8-CamKlla-hM3D(Gq)-mCherry or AAV8-CamKIla-GFP were used for
viral injections. All viruses were purchased from Addgene. Location of RCrusl injections
from bregma (x, y, 2), —2.5, —6.36, —2.5.

Chemogenetic activation—Clozapine -N- Oxide (CNO) was purchased from Tocris
Bioscience and reconstituted to 1 mg/mL concentration with 0.9% saline with dimethyl
sulfoxide to 0.5%. Vehicle (VEH) contained 0.9% saline with DMSO to 0.5%. Mice were
injected intraperitoneally 30 min prior to behavioral testing with 2 mg/kg CNO or VEH.

Anesthetized in vivo electrophysiology—Male mice were used for /in vivo
anesthetized extracellular single- and multi-unit recordings. Recordings were performed

in the left parietal association cortex (LPAC).24 Mice were anesthetized with a ketamine
(100 mg/kg) and xylazine (10 mg/kg) mix initially and placed in a stereotaxic apparatus. A
craniotomy was performed to remove a small area of the skull and expose the surface of

the brain at the site of recording. Forty-minutes after the first anesthetic injection, ketamine
alone (100 mg/ml in saline) was administered intraperitoneally to accommodate for a shorter
ketamine half-life compared to xylazine. A TC-1000 temperature controller with a rectal
probe kept the mice at 37°C. Tungsten microelectrodes (World Precision Instruments; 3-um
insulation, 0.356-mm shaft, 2 MQ, 1-2-um tip) were inserted to layer 4 of the LPAC.

The depth of insertion to layer 4 was informed by brain slice immunohistochemistry and
coincided with maximal amplitude of detected multi-units. Electrophysiological activity was
acquired, amplified and band-pass filtered (low-pass filter, 25 kHz; high-pass filter, 400 Hz)
with a MultiClamp 700B programmable amplifier (Molecular Devices). Location for LPAC
recordings: (X, Y, ), —-1.4, =1.9, —0.7. Data analysis was done offline using algorithms
written in MATLAB. Putative multiunits were detected in a recording as amplitude
deflections greater than 5 times the median absolute deviation from the baseline.%?
Wave_Clus was used for semi-automated spike sorting and clustering of single units,%2
followed by manual confirmation of single unit shape analysis to identify distinct single
units. Analysis was done with a provision in the code to blind the researcher to the group
designation of recordings being analyzed.

Acute slice electrophysiology—Acute sagittal slices (250-300 um thick) were
prepared from the cerebellar vermis of 8 and 12-week-old mutant and control littermates
from each treatment group. Slices were cut in an ice-cold artificial cerebrospinal fluid
(ACSF) solution consisting of (mM): 125 NaCl, 26 NaHCOg3, 1.25 NaH,POy4, 2.5 KClI, 1
MgCly, 2 CaCl,, and 25 glucose (pH 7.3, osmolarity 310) equilibrated with 95% O, and
5% COs». Slices were initially incubated at 34°C for 25 min, and then at room temperature
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(21-22°C) prior to recording in the same ACSF. For acute slice recordings CNO studies
were performed at 10 pM.

Recordings—Visually guided (infrared DIC videomicroscopy and water-immersion 40x
objective) whole-cell recordings were obtained with patch pipettes (2-4 MQ) pulled from
borosilicate capillary glass (World Precision Instruments) with a Sutter P-97 horizontal
puller. Electrophysiological recordings were performed at 31°C-33°C. For current-clamp
recordings, the internal solution contained (in mM): 150 potassium-gluconate, 3 KClI, 10
HEPES, 0.5 EGTA, 3 MgATP, 0.5 GTP, 5 phosphocreatine-tris,, and 5 phosphocreatine-
Nay. pH was adjusted to 7.2 with NaOH. Current-clamp and extracellular recordings were
performed in NBQX (5 uM) (Sigma, N183), R-CPP (2.5 uM) (Tocris, 0247), and picrotoxin
(20 uM) (Tocris, 1128) to block AMPA receptors, NMDA receptors, and GABA receptors
respectively.

Data acquisition and analysis—Electrophysiological data were acquired using a
Multiclamp 700B amplifier (Axon Instruments) digitized at 20 kHz with either a National
Instruments USB-6229 or PCI-MIO 16E-4 board and filtered at 2 kHz. Acquisition was
controlled both with custom software written in either MATLAB or pCLAMP. Series
resistance was monitored in voltage-clamp recordings with a 5-mV hyperpolarizing pulse,
and only recordings that remained stable over the period of data collection were used. Glass
monopolar electrodes (1-2 MQ) filled with ACSF in conjunction with a stimulus isolation
unit (WPI, A360) were used for extracellular stimulation of climbing and parallel fibers.

Immunohistochemistry—Mice were perfused and post-fixed with 4%
paraformaldehyde. For quantifying Purkinje cell numbers, sections were prepared by
cryostat sectioning and were stained with mouse monoclonal anti-calbindin (Sigma,
#C9848) to identify Purkinje cells. Quantification of Purkinje cells was completed by
totaling Purkinje neurons from midline vermis sections from mice from each model.

For FMRP localization, cerebellar cryosections were bathed in boiling citrate buffer for
antigen retrieval prior to co-staining with anti-FMRP 2F-5 antibody (lowa Hybridoma) and
rabbit monoclonal anti-calbindin (abcam, [EP3478] ab108404), slices were taken from mice
aged 10-12 weeks.

Behavioral analysis—Statistics of behavioral experiments can be found in Tables S1-
S4, S5-S10, and S11. Behavioral studies were performed with male mice, with repeat
testing performed for the following behavioral tests: elevated plus maze, open field, three-
chambered apparatus, grooming and olfaction, and startle testing. Mice were randomly
assigned to groups for viral injection type. Each mouse performed these testing paradigms
with VEH and CNO. Starting treatment was randomly assigned and then alternated between
VEH and CNO treatments. To minimize previous exposure to the task, repeated testing in a
specific behavioral paradigm was separated by 1 week. Testing was performed in the order
listed above. For rotarod and water maze testing, which were performed in the weeks after
the above testing, mice were randomly assigned to one treatment group (either VEH or
CNO), and no repeat testing was performed owing to the learning component involved in
these tests. Animals were group housed under a 12-h light: dark cycle. Chemogenetic studies
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involved the following controls: GFP infection (VEH and CNO) and designer receptors
exclusively activated by designer drugs (DREADD) infection (VEH and CNO) for all
behavioral studies to control for DREADD activation and potential off-target effects of CNO
off-target effects.%3 All behavioral assays were performed by examiners blinded to infection

type.

Accelerating rotarod—Animals were tested using the accelerating rotarod over 5
consecutive days.% Latency to fall was recorded. Animals were tested between 7 and 12
weeks of age.

Open field—Open field testing was performed for a 15-min period.9> Movement and time
spent in the center quadrants were recorded by video camera and automated analysis was
performed using Noldus Ethovison software version 12.5. Light at the center of the open
field was 30 lux. Animals were tested between 8 and 12 weeks of age.

Elevated plus maze—Elevated plus maze testing was performed for a 5-min period.%°
Distance traveled and time in open arms was recorded by video camera and automated
analysis was performed using Noldus Ethovision software version 12.5. Light in the open
arms was 20 lux. Animals were tested between 8 and 12 weeks of age.

Social interaction—Animals were tested for social interaction in the three-chambered
apparatus (Nationwide Plastics).%6 Animals were individually housed for 30 min before
being placed in the middle chamber of the three-chambered apparatus for 10 min. Next, in
the habituation phase, the animals explored the entire apparatus for 10 min. A novel animal
(male, age matched, C57BL/6j) and novel object (wire cup) were then inserted into opposite
chambers of the apparatus and animals were tested for 10 min in this social approach model.
Then, a novel animal was inserted into the chamber in place of the novel object and social
novelty was evaluated for an additional 10 min. Time spent in each chamber and the number
of crossings between chambers were recorded in an automated manner (Noldus Ethovision
software version 12.5). Time spent interacting with the novel animal and novel object was
scored with a stopwatch by an examiner who was blinded to experimental condition and
genotype. Animals were tested between 8 and 12 weeks of age. Light at the center of the
three-chambered apparatus was 30 lux for all experiments.

Olfaction—Olfaction was tested using the habituation/dishabituation experimental
model.®” Animals were briefly habituated to the testing environment for 30-min, then
sequentially presented with cotton swabs dipped in water, almond extract, or banana extract
diluted at 1:200 (McCormick). Social olfactory stimuli were derived from cage swipes of
sex-matched mice that had never come in contact with tested animals.20:24.59.97 Mice were
exposed to each olfactory stimulus for three 2-min trials. Time spent sniffing each olfactory
stimulus was recorded. Animals were tested between 8 and 12 weeks of age.

Grooming—Animals were removed from home cages and placed individually into new

cages containing bedding only. Animals were allowed to habituate to the new cage for
10-min. Animals were then observed for 10-min and time spent grooming was scored by an
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examiner blinded to experimental condition and genotype.98 Animals were tested between 8
and 12 weeks of age.

Water Y maze—Reversal learning was testing using the water Y maze.% Animals were
briefly habituated to the apparatus. For the first three trial sessions, mice were given 15 trials
to locate a submerged platform placed in one of the maze arms. After the third trial session,
the platform was moved to the other arm of the Y maze. Mice were then tested for three
additional sessions with 15 trials per session (reversal trials 1-3). Animals underwent two
trial sessions per day, and the number of correct trials was recorded. Animals were tested
between 9 and 13 weeks of age.

Fear conditioning—Associative fear memory was tested for three consecutive days using
VideoFreeze (Med-Associates Inc., Georgia, VT, USA). On training day animals were
placed in a chamber with white light for 3 min, then a tone is played paired with a foot
shock (0.05mA) 3 times over the next 3 min. This tone/shock pairing occurs once every
minute, once the test is complete the animal is returned to their home cage. 24 h later,
context day, the animal is placed back in the chamber for 5 min with the white light but

no tone or shock and is returned to their home cage after. For cued testing, the chamber is
altered to appear as a “new environment”: the white light remains present, but the walls and
floor are covered with plastic and vanilla extract is placed underneath the chamber floor.
Animals are placed in the new environment for 3 min, then the tone from training day is
played for the duration of the next 3 min. The amount of time the animal spends freezing is
recorded. Animals were tested between 10 and 13 weeks of age.

Acoustic startle—Acoustic startle reflex is tested in one session. The animal is placed
into a small plastic tube attached to a base that monitors movement. After habituating to the
tube for 5 min, animals are exposed to bursts of white noise at 80dB, 90dB, 100dB, 110dB
or 120dB in random sequence for 8 trials. A “no stimulus” condition was included in each
trial to measure baseline movement. The amplitude of the startle response for each mouse is
recorded using SR-Lab System (San Diego Instruments, San Diego, CA, USA).

Audiogenic seizures—AGSs were induced in mice between P18-P24.100.101 Mice were
placed in a plastic chamber (30 x 19 x 12 cm) containing a door alarm (GE 50246 personal
security alarm) and covered with a plastic lid. A 120 dB siren sound was presented to mice
for 3 min. Mice were scored for behavioral phenotype based on experimenter observation, as
follows: 0 = no response; 1 = wild running; 2 = tonic-clonic seizures; 3 = status epilepticus/
death. As AGS is performed only during this early time period, AGS was not tested in
cON-null — Crusl chemogenetic experiments which were performed during adulthood to
facilitate recovery from the intracranial injection.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics data are reported as a mean £ SEM, and statistical analysis was carried out with
GraphPad Prism software using two-way ANOVA with Bonferroni’s multiple comparison
tests for post hoc analysis. Significance was defined as p < 0.05. Number of animals and
statistical results utilized for all studies is included in Tables S1-S4, S5-S10, and S11.
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ROUT methodology in GraphPad Prism was utilized to determine the presence of outliers
with highest stringency threshold of g = 0.1%.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Loss of cerebellar Fmr1 contributes to cerebellar dysfunction and ASD-
relevant phenotypes

Re-expression of cerebellar Fmr1 benefits observed global KO phenotypes

Targeting domain Crusl improves observed phenotypes in cerebellar and
global Fmr1 models
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Figure 1. Fmrlis necessary for social behaviors and PC function
(A) Diagram of three-chamber social approach and social novelty behavior test.

(B-D) Time spent investigating social stimuli in (B) social approach and social novelty, (C)
social index, and (D) social olfactory assays.

(E) Time spent grooming was observed for a period of 10 min.

(F) In the water Y maze, the frequency of correct responses was recorded.

(G) Audiogenic seizures were scored between groups: 0 = no response; 1 = wild running; 2
= tonic-clonic seizures; and 3 = status epilepticus/death.

(H) Startle response was tested between groups.

(I-K) Fear conditioning tests: mice were trained to associate a tone with a shock (gray boxes
denote tone/shock pair), and then their learned response was observed in (J) context and (K)
cued assays.

(L and M) Cerebellar sections were stained with anti-calbindin (L) and PC number was
quantified per whole slice (M). n = 4.

(N and O) Spontaneous firing rate (N) and evoked spike rate (O) were recorded from PCs
via whole-cell patch clamp.

Box line denotes median, and whiskers denote 5%-95%. Two-way ANOVA, Bonferroni
post hoc analysis. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. FA, familiar
animal; NA, novel animal; NO, novel object; ns, not significant; RDay, reversal day. Data
are reported as mean + SEM. n = 8 for all behavioral studies. Scale bar: 100 um. Complete p
values and animal numbers can be found in Table S1.
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Figure 2. Stimulation of PC activity in RCrusl is sufficient to improve social preference in PC
Fmrl mutants

(A-C) Time spent sniffing in the three-chamber following CNO or VEH administration in
Gg-DREADD- and GFP-infected groups (A) social approach and social novelty, (B) social
index, and (C) social olfaction.

(D and E) Repetitive grooming (D) and reversal learning (E) behaviors in the water Y maze
were observed.

(F) Acoustic startle response was tested across all groups.

(G-I) 3-day fear conditioning tasks were evaluated: (G) training (gray boxes denote tone/
shock pair), (H) context, or () cue. All behavior experiments include Gq DREADD-injected
and GFP-injected cOFF-PC mutants and include both CNO and VEH conditions. Learning
tasks (water Y maze and fear conditioning) used separate cohorts for VEH and CNO to
control for learned behaviors.

Box line denotes median, and whiskers denote 5%—-95%. Two-way ANOVA, Bonferroni
post hoc analysis. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. CNO,
clozapine-N-oxide; VEH, vehicle; FA, familiar animal; NA, novel animal; NO, novel object;
RDay, reversal day; ns, not significant. Data are reported as mean £ SEM. n = 10 for all
groups. Complete p values and animal numbers can be found in Table S2.
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Figure 3. PC expression of Fmr1 is sufficient to prevent social deficits and PC dysfunction in
constitutive Fmrl mutants

(A-C) Time spent sniffing in (A) social approach and novelty, (B) social index, and (C)
social olfaction assays was tested across CON-wild-type, cCON-null, and cON-PC groups.

(D and E) Time spent grooming (D) and number of correct trials in the water Y maze (E)
were recorded between groups.

(F) Audiogenic seizure responses were scored: 0 = no response; 1 = wild running; 2 =
tonic-clonic seizures; and 3 = status epilepticus/death.

(G) Acoustic startle response assay was performed as another test of auditory sensitivity.
(H-J) 3-day fear conditioning task was used to evaluate differences in learned fear memory
between groups in the (H) training test (gray boxes denote tone/shock pair), (1) context test,
(J) and cue test.

(K and L) Anti-calbindin stain was used to identify PC numbers in the cerebellum (K) and
subsequently quantified per whole slice (L). (M and N) PC spontaneous firing rates (M) and
PC excitability (N) were tested for PC function between groups.

Box line denotes median, and whiskers denote 5%-95%. Two-way ANOVA, Bonferroni
post hoc analysis. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. FA, familiar
animal; NA, novel animal; NO, novel object; ns, not significant; RDay, reversal day. Data
are reported as mean = SEM. n = 9 for all behavioral cohorts. Scale bar: 100 pm. Complete p
values and animal numbers can be found in Table S3.
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Figure 4. Chemogenetic stimulation of RCrusl PCs improves behaviors in constitutive Fmrl KO
mutants

(A-C) Social behaviors were tested and time sniffing was recorded in (A) social approach
and novelty, (B) social index, and (C) social olfaction assays across Gg-DREADD- and
GFP-infected groups 30 min after CNO or VEH was administered.

(D and E) Time spent grooming (D) and number of correct trials in the water Y maze (E) did
not differ between groups.

(F) Following CNO or VEH administration, startle response was compared across infection
and treatment groups.

(G-I) A 3-day fear conditioning task: (G) training (gray boxes denote tone/shock pair),

(H) context, and (1) cue assays tested for differences in learned fear responses between
infection and treatment groups. All behavior experiments include Gqg DREADD-injected and
GFP-injected cON-null mutants and include both CNO and VEH conditions. Learning tasks
(water Y maze and fear conditioning) used separate cohorts for VEH and CNO to control for
learned behaviors.

Box line denotes median, and whiskers denote 5%—95%. Two-way ANOVA, Bonferroni
post hoc analysis. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. CNO,
clozapine-N-oxide; VEH, vehicle; FA, familiar animal; NA, novel animal; NO, novel object;
RDay, reversal day; ns, not significant. Data are reported as mean £ SEM. n > 8 for all
groups. Complete p values and animal numbers can be found in Table S4.
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Figure 5. Cerebellar Fmr1 reduces LPAC hyperexcitability
(A) Schematic of electrode placement in LPAC layer 4 and representative traces from

cON-wild-type, cON-null, and cON-PC mice.

(B and C) Multi- (B) and single-unit (C) analysis of anesthetized /n vivo recording of the
LPAC. The waveforms on the left (C) reflect the first 100 assigned to a single unit (gray)
with a superimposed average waveform (red).

Two-way ANOVA, Bonferroni post hoc analysis. *p < 0.05 and **p < 0.01. Data are
reported as mean = SEM. n = 10 for all groups. Complete p values and animal humbers can
be found in Table S5.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Calbindin Abcam Abcam Cat# ab108404, RRID:AB_10861236

Calbindin Sigma Sigma-Aldrich Cat# C9848, RRID:AB_476894

FMRP Developmental Studies DSHB Cat# 2F5-1, RRID:AB_10805421

Hybridoma Bank

Bacterial and virus strains

AAV8-CamKlla-hM3D(Gq)-mCherry Addgene 50476

AAV8-CamKlla-eGFP Addgene 50469

Chemicals, peptides, and recombinant proteins

TTX Abcam AB120054

R-CPP Tocris 0247/10

NBQX Sigma N183

Picrotoxin Tocris 1128

Experimental models: Organisms/strains

Fmr1 floxed (COFF) mice c/o David Nelson N/A

Fmr1 cON mice c/o David Nelson N/A

L7Cre mice The Jackson Laboratory 004146

Oligonucleotides

COFF F-genotyping: Mientjes et al.8 N/A

GCCTCACATCCTAGCCCTCTAC

cOFF R-genotyping: Mientjes et al.89 N/A

CCCACAAAGTTGATTCCCCAGA

cON F- genotyping: GIIGAGCGGCCGAGIHIGTCAG  Guoetal.l0 N/A

cON R- genotyping: Guo et al.10 N/A

GAGATCAGCAGCCTCTGIICCACA

Software and algorithms

ImageJ NIH https://imagej.net/RRID:SCR_003070

PRISM Graphpad 9.3.1.471 https://www.graphpad.com/scientific-software/
prism/

MATLAB MathWorks R2020b http://www.mathworkm.com/products/matima/
RRID:SCR_001622

Image Lab Bio-Rad 6.1 http://www.bio-rad.com/enus/sku/1709690-image-
lab-softwareRRID:SCR014210

Zen lite Zeiss 6.2.9200.0 https://www.zeiss.coc/microscopy/us/
proprodu/microscope-software/zen-
lite.htmIRRID:SCR_018163

pClamp 10 Axon Instruments http://www.molecularmoleul.com/productp/

software/pclamp.hthtRRID:SCR011323
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REAGENT or RESOURCE

SOURCE IDENTIFIER

Zenodo DOI

Github https://doi.org/10.5281/zenodo.10092944https://
doi.org/10.5281/zenodo.10092944
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