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Abstract

Autism spectrum disorder (ASD) is a prevalent neurodevelopmental condition whose

etiology remains incompletely understood. Human epidemiological studies have implicated

the cerebellum in ASD pathogenesis, and studies in mouse models have provided evidence

for a causal contribution of cerebellar dysfunction. However, previous animal studies have

largely focused on males and cerebellar manipulations at later developmental stages, with

associated features of ASD remaining less explored. To address these gaps, we

chemogenetically perturbed Purkinje cell function during early postnatal development in

both male and female mice. Developmental Purkinje cell perturbation induced male-biased

core ASD-like behavioral phenotypes, including reduced sociability and cognitive

inflexibility. Phenotypes related to associated features of ASD, including impaired fine motor

learning, altered sensory processing, and sleep abnormalities, were also predominantly

observed in males. At the molecular level, bulk RNA sequencing following developmental
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Purkinje cell perturbation identified candidate sex-dependent transcriptional changes in both

the hindbrain and forebrain, suggesting that altered cerebellar activity during development

can influence gene expression across distant brain regions. Together, these findings

demonstrate that transient early postnatal perturbation of Purkinje cell function can produce

diverse core and associated ASD-like phenotypes, predominantly in males, with evidence

suggesting transcriptional changes beyond the cerebellum. This study highlights

developmental cerebellar dysfunction as a potential contributor to sex differences in ASD

vulnerability.
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Introduction

Autism spectrum disorder (ASD) is a common neurodevelopmental condition affecting

approximately 2-3% of the population in developed countries (1-4), with substantially higher

diagnosed prevalence in males than in females (5). Complex interactions between genetic

and environmental factors contribute to ASD, and multiple mechanisms, including synaptic

dysfunction (6), altered neuroimmune modulation (7), serotonergic dysfunction (8), and

epigenetic dysregulation (9), have been implicated. Nevertheless, the neural mechanisms

through which these diverse etiological factors give rise to ASD remain incompletely

understood (10-12).

Accumulating evidence has identified the cerebellum as a critical node in the

pathogenesis of ASD (13, 14). Beyond its well-established role in motor control, the

cerebellum contributes to higher-order cognitive and affective processing, and cerebellar

lesions are associated with persistent behavioral abnormalities (15, 16). Human

epidemiological studies show that perinatal cerebellar injury markedly increases the risk of

developing ASD by up to 36-fold (17), and postmortem studies consistently reveal reduced

Purkinje cell numbers in individuals with ASD (18). Reductions in cerebellar gray matter

have also been associated with the severity of core ASD symptoms (19). Although ASD is
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highly heterogeneous, these converging findings suggest that cerebellar dysfunction may

represent a shared pathophysiological feature across etiologically diverse forms of ASD.

Studies in rodent models further support a causal contribution of cerebellar

dysfunction to ASD-like phenotypes (20-27). Purkinje cell-specific deletion of the Tsc/ gene

induces core ASD-like behaviors (28), and these phenotypes can be partially rescued by

correcting the overactivation of mTOR signaling (29). In addition, transient activation of

Purkinje cells during the juvenile period (postnatal days 30-56) induces region-specific ASD-

like behaviors in adulthood (30), indicating that aberrant Purkinje cell activity during

development can have long-lasting behavioral consequences. Together, these studies support

a causal role for cerebellar dysfunction in the emergence of ASD-like phenotypes.

Despite these advances, several important questions remain. First, previous studies

have primarily manipulated Purkinje cell function at relatively late developmental stages,

leaving the earlier developmental window implicated by human epidemiological studies

largely unexplored. It therefore remains unclear whether transient perturbation of Purkinje

cell function during an earlier, perinatal-equivalent window is sufficient to induce ASD-like

phenotypes. Second, most studies have focused exclusively on male animals, and whether

developmental cerebellar dysfunction differentially affects males and females remains
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largely unknown. Finally, previous studies have rarely evaluated features commonly

associated with ASD (31), including sensory hypersensitivity or hyposensitivity, sensory

gating deficits, fine motor impairments, and sleep dysregulation. Thus, whether

developmental cerebellar dysfunction can induce both core ASD-like behaviors and a broader

range of associated phenotypes remains unresolved.

To address these questions, we examined whether transient perturbation of Purkinje

cell function during a perinatal-equivalent window induces ASD-like phenotypes in a sex-

dependent manner. We chemogenetically perturbed Purkinje cell function and assessed core

ASD-like traits together with motor, sensory, and sleep-related phenotypes in both male and

female mice. Developmental Purkinje cell perturbation produced multiple behavioral

abnormalities, including reduced social preference and cognitive inflexibility, with a

pronounced male bias, as well as several phenotypes related to associated features of ASD.

Bulk RNA sequencing further identified candidate sex-dependent transcriptional changes in

both the hindbrain and forebrain following Purkinje cell perturbation. Together, these

findings demonstrate that transient developmental Purkinje cell dysfunction can produce a

broad spectrum of ASD-like phenotypes and suggest greater vulnerability to developmental

cerebellar perturbation in males.
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Materials and Methods

A detailed description of the Materials and Methods is provided in the Supplementary

Information.

Animals

L7-Cre mice (32) were crossed with LSL-hM4Di-DREADD-mCitrine mice (33) to generate

Cre-positive and Cre-negative littermates. Wild-type C57BL/6] mice were obtained from

Japan SLC (Shizuoka, Japan). Both male and female mice were used. Animals were

maintained under a 12-h light/dark cycle with food and water available ad libitum. All

procedures were approved by the National Center of Neurology and Psychiatry.

Genotyping

Genotypes were determined by PCR and, in more than 80% of animals, further confirmed

histologically by Cre-dependent hM4Di-mCitrine expression in Purkinje cells. Primer

sequences are provided in Supplementary Table 1.

Developmental chemogenetic perturbation of Purkinje cells

Clozapine-N-oxide dihydrochloride (CNO, 5 mg/kg; Hello Bio, Bristol, UK) was
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administered orally once daily to Cre-positive and Cre-negative littermates during P11-15,

P11-20, or P21-30, as previously described (34).

In vitro slice electrophysiology

Whole-cell patch-clamp recordings were performed in large glutamatergic neurons of the

deep cerebellar nuclei in acute cerebellar slices from P15-20 naive L7-Cre; hM4Di mice, as

previously described (35). Inhibitory postsynaptic currents were evoked by electrical

stimulation of Purkinje cell axons and recorded at 0 mV before and during CNO application.

Paired-pulse responses were measured using a 100-ms interstimulus interval, and the paired-

pulse ratio and 1/CV? were used to assess presynaptic effects.

Behavioral analyses

Behavioral testing began at 8 weeks of age and was performed largely as previously described

(35). The behavioral battery comprised open field, marble burying, three-chamber social

interaction, accelerating rotarod, grooming, elevated plus maze, acoustic startle response

(ASR)/prepulse inhibition (PPI), and Barnes maze tests. Locomotor activity was assessed in

the open field, repetitive behavior by marble burying and grooming, motor coordination by
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the accelerating rotarod, and anxiety-like behavior in the elevated plus maze. In the three-

chamber test, investigation of social and object stimuli was measured, and social preference

was calculated as

timesociar — tlmeobject

Social preference index = — -
tlmesocial + tlmeobject

For ASR, startle responses to 70—120 dB stimuli were measured. For PPI, prepulses of 0, 70,

75, or 80 dB preceded a 120 dB startle stimulus by 100 ms. PPI was calculated as

ASR amplitude in startle with prepulse trials

PPI (%) = 100 x |1 —

ASR amplitude in startle alone trials

Animals whose response to the 120 dB stimulus was less than five times their baseline

response during 0 dB trials were excluded from ASR/PPI analyses.

Spatial learning and cognitive flexibility were assessed using the Barnes maze, comprising

acquisition (days 1-5), probe (day 6), reversal learning (days 7-9), and reversal probe phases

(day 10). Primary latency was defined as the time to first locate the correct goal hole and was



163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

used to assess training performance. The arena was divided into four zones, each containing

five holes, with the target hole serving as a reference point. Investigation time was defined

as the total time spent investigating the holes within each quadrant. During the reversal probe

test, search strategies were classified according to whether mice preferentially explored the

old or new target zone in each 60-s segment. Strategy switches were defined as transitions

between these two search strategies across consecutive segments. Persistence with the same

strategy, despite its failure to guide the animal to the new target location, was interpreted as

reduced behavioral flexibility

Electroencephalographic (EEG)/Electromyographic (EMG) recordings and sleep-wake

analysis

Adult mice were chronically implanted with cortical EEG and neck EMG electrodes and

allowed to recover for at least 2 weeks before recording. Following 2 days of habituation,

continuous EEG/EMG signals were recorded and vigilance states were manually classified

in 4-s epochs as wakefulness, non-rapid-eye-movement (NREM) sleep, or rapid-eye-

movement (REM) sleep, as previously described (36). Total time, bout number, and mean

bout duration were quantified for each vigilance state, together with EEG power spectral
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density.

Histology

Mice were transcardially perfused with 4% paraformaldehyde/phosphate bufter, and brains

were sagittally sectioned at 50 um. Cerebellar sections were immunostained for mCitrine and

calbindin to assess Cre-dependent mCitrine expression in Purkinje cells. Fluorescence and

confocal microscopy were used for imaging. Antibody information and detailed procedures

are provided in the Supplementary Information.

Transcriptomic analyses

For transcriptomic analysis, CNO (5 mg/kg) was administered once daily from P11 to P15,

and the forebrain and hindbrain were collected 4 h after the final dose. Total RNA was

extracted and treated with DNase before analysis. RNA sequencing was performed using

three biological replicates per sex and genotype for each brain region. For exploratory

identification of transcriptional changes, genes with |log. fold change| > logz(1.25),

unadjusted P < 0.01, and logz(counts per million) > 4 were selected. Expression of Gabra2,

Pop4 and mCitrine was examined by quantitative RT-PCR using Ywhaz as the reference gene
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and the AACt method. Primer sequences are provided in Supplementary Table 1.

Statistical analyses

Data are presented as mean = SEM. Statistical comparisons were performed using two-tailed

unpaired 7-tests or two-way repeated-measures ANOVA, unless otherwise specified. Sample

sizes and additional statistical details are provided in the figure legends. Analyses were

performed using GraphPad Prism 10, with P < 0.05 considered statistically significant.
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Results

Establishing a temporally controlled Purkinje cell inhibition paradigm during early

postnatal development

To achieve temporally controlled and reversible inhibition of Purkinje cells (PCs) during

development, we employed the designer receptors exclusively activated by designer drugs

(DREADD) system (Fig. 1A, top) (37). Heterozygous L7-Cre mice, which express Cre

recombinase specifically in most PCs (32), were crossed with homozygous LSL-hM4Di-

mCitrine mice, enabling Cre-dependent expression of the inhibitory DREADD hM4Di (33).

This breeding strategy yielded Cre-positive offspring expressing hM4Di and the fluorescent

protein mCitrine in PCs, and Cre-negative littermates serving as controls.

To examine the effects of PC inhibition across developmental stages, we administered

clozapine-N-oxide (CNO) orally to pups of both genotypes. Because the human perinatal

period approximately corresponds to the second postnatal week in mice (38-40), we defined

three inhibition periods: P11-15 (postnatal days 11-15), P11-20, and P21-30 (Fig. 1A,

bottom), all of which began earlier than the intervention used in a previous study (34). Cre-

positive mice expressing hM4Di in Purkinje cells are hereafter referred to as PC-inhibited

mice, and their Cre-negative counterparts as controls.
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We first confirmed PC-specific, Cre-dependent hM4Di expression by mCitrine

fluorescence at P16 (Fig. 1B). mCitrine expression was detectable by P10, one day before

the earliest intervention time point (Supplementary Fig. 1A). Consistent with previous

reports (33), Cre-independent mCitrine signals were also observed in the hippocampal

dentate gyrus, olfactory bulbs, and retrosplenial cortex (Supplementary Figs. 1B-C).

Nevertheless, robust Cre-dependent hM4Di expression was restricted to Purkinje cells in the

cerebellum (Supplementary Figs. 1B-C). RT-qPCR further demonstrated increased mCitrine

expression in the hindbrain of Cre-positive mice, consistent with the histological findings

(Supplementary Fig. 1D).

We next verified the functional efficacy of hM4Di-mediated PC inhibition using

acute cerebellar slices (Fig. 1C, top). Because PCs provide inhibitory inputs to neurons in the

deep cerebellar nuclei (DCN), we recorded evoked inhibitory postsynaptic currents (IPSCs)

from DCN neurons in acute cerebellar slices prepared from naive Cre-positive hM4Di-

expressing mice (P15-P20) by stimulation of Purkinje cell axons (Fig. 1C, bottom). Bath

application of CNO significantly reduced IPSC amplitudes (Fig. 1D). CNO also increased

the paired-pulse ratio (Fig. 1E), supporting a reduction in presynaptic release probability.
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Analysis of the inverse squared coefficient of variation (1/CV?) of IPSC amplitudes further

supported a presynaptic mechanism (data not shown). These results confirmed that activation

of hM4Di reduced inhibitory transmission from PCs to DCN neurons.

Finally, we examined whether developmental PC inhibition produced lasting effects

on PC survival or cerebellar cytoarchitecture. Linear PC density in lobule IX of adult mice

was comparable between PC-inhibited and control groups across all three intervention

periods (Fig. 1F), and no overt cytoarchitectural abnormalities were observed (data not

shown). Because the cerebellum plays a major role in motor control, we also assessed

locomotor performance in the open field test (Supplementary Fig. 1E). Although males

subjected to P11-15 inhibition exhibited a slight reduction in locomotion speed, no

significant differences were detected under the other conditions. Together, these results

establish a temporally controlled developmental PC inhibition paradigm that reduces PC

output without detectable long-term loss of PCs or overt disruption of cerebellar architecture.

We therefore proceeded to behavioral analyses.

Transient developmental PC perturbation induced male-biased alterations in core

ASD-like behaviors.
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Reduced sociability is a core behavioral feature of ASD. We conducted a three-chamber

social interaction test to assess whether developmental PC inhibition affects sociability (41,

42). Males subjected to P11-15 PC inhibition exhibited a moderate reduction in social

preference (Fig. 2A, left). Although males subjected to P11-20 and P21-30 PC inhibition

also showed lower median social preference, these differences did not reach statistical

significance. The reduced social preference in P11-15 males was driven by increased object

investigation, rather than decreased social investigation (Supplementary Figs. 2A, B). In

contrast, PC-inhibited females displayed social preference comparable to controls across all

intervention periods (Fig. 2A, right).

Next, we assessed repetitive behavior using a grooming test. Developmental PC

inhibition did not alter total grooming duration in any group (Fig. 2B). Although P21-30 PC-

inhibited males showed a trend toward increased grooming, the difference was not

statistically significant. The marble burying test likewise revealed no group differences

(Supplementary Fig. 3). Thus, repetitive behaviors were not detectably altered in adulthood.

To assess ASD-related cognitive inflexibility, we performed a reversal Barnes maze

test (Fig. 3A) (43-45). During the initial learning phase, primary latency did not differ

between PC-inhibited and control mice in either sex (Fig. 3B). In the subsequent probe test,
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all groups preferentially explored the target area, and target investigation time did not differ

between PC-inhibited and control mice (Fig. 3C), indicating intact spatial learning and

memory. During reversal learning, primary latency likewise remained comparable between

groups (Fig. 3B). In the reversal probe test, all groups preferentially investigated the new

target over the original target location (Fig. 3C). However, males subjected to P11-20 PC

inhibition exhibited fewer switches between search strategies across consecutive segments

(Table 1 and Supplementary Fig. 4), indicating reduced updating of search strategy following

unsuccessful attempts, consistent with impaired cognitive flexibility.

In summary, transient developmental PC inhibition induced modest behavioral

phenotypes relevant to core ASD symptoms in adulthood, including reduced social

preference and altered search strategy during the reversal probe test, predominantly in males,

without clear induction of repetitive behaviors. These findings indicate that transient

cerebellar dysfunction during development can produce male-biased, alterations in

sociability and cognitive flexibility in adulthood, with the observed phenotypes differing

across intervention periods.

Developmental PC perturbation induces ASD-associated alterations in motor
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coordination and sensorimotor processing in a sex- and timing-dependent manner.

Beyond core ASD-like behaviors, we next asked whether developmental cerebellar

dysfunction also contributes to ASD-associated features, including motor coordination

difficulties, anxiety, sensory abnormalities, and sleep disturbances (31, 46-49). We assessed

motor coordination and motor skill learning using an accelerating rotarod test. Males

subjected to P11-15 PC inhibition exhibited a shorter latency to fall than controls (Fig. 4A).

Prolonged P11-20 PC inhibition produced a milder effect, whereas delayed P21-30 PC

inhibition showed the opposite trend. In contrast, females subjected to P11-15 PC inhibition

showed a trend toward longer latency to fall. Thus, the effect of developmental PC inhibition

on motor performance differed across intervention periods and between sexes.

We next evaluated anxiety-like behavior using the elevated-plus maze. Time spent

in the open arms did not differ between PC-inhibited and control mice in either sex

(Supplementary Fig. 5), indicating no detectable alterations in anxiety-like behavior in

adulthood.

To assess auditory sensorimotor processing, we measured acoustic startle response

(ASR) and prepulse inhibition (PPI). Although group differences in ASR did not reach

statistical significance, startle amplitudes tended to be reduced in males following P11-15



307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

inhibition and in females following P11-20 inhibition, whereas males subjected to P21-30

inhibition showed the opposite trend (Fig. 4B; Supplementary Fig. 6). We next evaluated PPI

as an index of sensorimotor gating (Fig. 4C). Although alterations in PPI have been reported

in ASD, findings have been inconsistent (50). In males, PPI was significantly reduced

following P11-20 PC inhibition, whereas P21-30 inhibition produced a similar trend that did

not reach statistical significance. In females, P11-20 PC inhibition significantly increased

PPI, while P11-15 inhibition showed the opposite trend. Together, these findings indicate

that developmental PC inhibition alters auditory sensorimotor processing in a manner that

varies with developmental timing and sex.

Developmental perturbation of Purkinje cell function alters sleep—wake architecture in

male mice.

Sleep disturbances are common in individuals with ASD and have been associated with the

severity of behavioral symptoms (49, 51). We therefore recorded electroencephalograms

(EEGs) from adult male and female mice subjected to P11-20 PC inhibition and their

respective controls to determine whether developmental perturbation of Purkinje cell

function alters sleep—wake architecture in adulthood. Representative 24-h hypnograms are
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shown in Fig. 5A. Analysis of the 24-h time course revealed significant group effects on

wakefulness, NREM sleep, and REM sleep (Fig. 5B). Across the entire 24-h period, male

PC-inhibited mice spent significantly less time awake and more time in NREM sleep than

male controls, whereas no significant differences were observed in females (Fig. 5C). These

differences were most prominent during the dark phase. Male PC-inhibited mice spent

significantly less time awake and more time in NREM sleep than male controls, whereas no

significant differences were detected during the light phase or in females during either phase

(Fig. 5D). We therefore examined sleep—wake architecture in greater detail during the dark

phase, while the corresponding light-phase analyses are shown in Supplementary Fig. 7.

During the dark phase, male PC-inhibited mice showed a numerical increase in the

number of wake episodes and a shorter mean wake episode duration, although these

differences did not reach statistical significance (Fig. SE). REM episode numbers also tended

to be increased, whereas mean REM episode duration was unchanged. Analysis of episode-

duration distributions revealed an increased number of short wake episodes and a markedly

reduced contribution of very long (>4096 s) wake episodes to total wake time (Fig. 5F). For

NREM sleep, intermediate-duration episodes contributed more to total NREM sleep time.

REM sleep likewise showed an increased number of short-to-intermediate-duration episodes,
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and a corresponding increase in their contribution to total REM sleep time. Wake-to-NREM

transitions were significantly increased in male PC-inhibited mice, whereas other vigilance-

state transitions were not significantly altered (Fig. 5G). During the light phase, although

overall vigilance-state durations were unchanged, male PC-inhibited mice similarly showed

a reduced contribution of long-duration wake episodes to total wake time (Supplementary

Fig. 7).

Finally, we examined EEG spectral characteristics during each vigilance state. EEG

power spectra during the dark phase were comparable between groups (Fig. SH), with no

significant differences in total power or relative delta, theta, sigma, or beta power

(Supplementary Fig. 8). During the light phase, male PC-inhibited mice showed reduced

relative delta power during REM sleep (Supplementary Fig. 7).

Together, these findings indicate that developmental perturbation of Purkinje cell

function produces alterations in sleep—wake regulation in adult male mice, characterized

particularly by reduced maintenance of sustained wakefulness and increased sleep during the

dark phase.

Developmental PC perturbation induced transcriptional changes in the hindbrain and
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forebrain with sex-dependent patterns.

To determine whether transient developmental PC perturbation also produces sex-dependent

molecular alterations, we performed RNA sequencing on hindbrain and forebrain tissue

collected at P15 from male and female mice subjected to P11-15 PC inhibition and their

respective controls (Fig. 6A). Sex-stratified analysis identified candidate transcriptional

changes in both brain regions (Supplementary Fig. 9). Multiple candidate differentially

expressed genes (DEGs) were detected in the hindbrain and forebrain, suggesting that

developmental PC perturbation affects gene expression beyond the cerebellum. As

representative examples, we selected two candidate DEGs identified in males, Gabra2 and

Pop4, for validation by RT-qPCR. The RT-qPCR results showed a similar pattern of increased

expression in males (Fig. 6B). Together, these findings suggest that five days of Purkinje cell

perturbation during early postnatal development can induce transcriptional changes not only

in the hindbrain but also in the forebrain, with patterns that differ between males and females.

Discussion

ASD is a neurodevelopmental disorder characterized by marked clinical heterogeneity and a

pronounced male bias in diagnosis (1-4). Previous rodent studies, including developmental
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perturbation of cerebellar circuits, have established that altered cerebellar activity during

development can produce persistent ASD-like behavioral phenotypes (20-30). Our findings

extend this work by showing that transient perturbation of Purkinje cell function during an

earlier postnatal, human perinatal-equivalent developmental window produces modest but

ASD-relevant behavioral alterations in adulthood with a pronounced male bias. The effects

extended beyond core ASD-like behaviors to motor, sensory, and sleep-related phenotypes

and were accompanied by candidate transcriptional changes in both the hindbrain and

forebrain. Together, these findings broaden the proposed role of developmental cerebellar

dysfunction in ASD by highlighting sex-biased vulnerability, associated behavioral features,

and long-range molecular consequences.

A major finding of our study is the male-biased behavioral susceptibility to

developmental PC perturbation. Core ASD-relevant phenotypes were more consistently

affected in males: social preference was reduced following P11-15 inhibition, and cognitive

flexibility was impaired following P11-20 inhibition, whereas females showed no detectable

changes in these domains. Associated phenotypes also showed prominent sex differences.

Fine motor performance was impaired in males following P11-15 inhibition, and PPI was

reduced in males but increased in females following P11-20 inhibition. Sleep—wake
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abnormalities were likewise detected predominantly in males. Thus, although the specific

effects varied across behavioral domains and intervention periods, males showed greater

overall susceptibility to transient developmental PC dysfunction.

This pattern mirrors the well-established male bias in ASD. Motor coordination

difficulties are frequently reported in individuals with ASD, with many meeting diagnostic

criteria for developmental coordination disorder (DCD) (46), which itself shows a male

predominance (52) . Sleep disturbances are also highly prevalent in ASD (49, 51, 53, 54). In

the present study, developmental PC perturbation altered sleep—wake organization in adult

males, particularly by reducing sustained wakefulness during the active phase. Although the

direction of individual sleep-stage changes does not necessarily correspond to those reported

in individuals with ASD, impaired sleep—wake organization may recapitulate an important

associated feature of the disorder. Together, these findings raise the possibility that male-

biased vulnerability of the developing cerebellum may extend across neural systems

contributing to both core and associated ASD-relevant features.

Several developmental mechanisms could contribute to this male-biased

susceptibility. Purkinje cells undergo electrophysiological maturation approximately four

days earlier in males than in females (55), potentially creating sex-dependent differences in
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vulnerability during early postnatal development. GABAergic signaling also undergoes

substantial developmental changes during this period. In the cerebellum, the developmental

polarity shift in GABAergic signaling occurs during the second and third postnatal weeks,

overlapping with the intervention periods examined here, and prenatal valproic acid (VPA)

exposure delays this shift (55). Additional evidence points to sex differences in the

vulnerability of PCs themselves. Male-biased PC loss has been reported in VPA-exposed and

reeler mice (56-58), whereas female PCs exhibit higher levels of calbindin, which may

enhance resistance to calcium-mediated excitotoxicity (59). Estradiol also promotes dendritic

development of PCs during the second postnatal week and may contribute to greater

resilience in females (60). These observations provide several potential mechanisms for sex-

dependent responses to developmental cerebellar perturbation, although their relative

contributions remain to be established.

Although ASD is highly heterogeneous, diverse genetic and environmental risk

factors may converge on cerebellar developmental programs. PC-specific deletion of ASD-

relevant genes, including 7h, Tscl, Tsc2, Pten, Mecp2, Auts2, Shank2, Fmrl, and Scn8a, is

sufficient to elicit ASD-like phenotypes in mouse models (20-29, 61-63), underscoring the

contribution of Purkinje cells to ASD-relevant neurodevelopmental processes. Serotonergic
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signaling influences dendritic arborization of developing PCs via 5-HT3A receptors (64),

whereas inflammation suppresses dendritic expansion through prostaglandin E;-dependent

pathways (60). In utero exposure to VPA also reduces PC number in rodents (56, 65). In

preterm infants, the cerebellum exhibits increased expression of myelin proteins together

with white matter changes consistent with accelerated myelination. These alterations have

been linked to insufficient levels of placenta-derived allopregnanolone, a neurosteroid that

acutely enhances GABAergic signaling through GABA receptors. Intriguingly, these effects

appear to be more pronounced in males, suggesting male-biased vulnerability of cerebellar

development following preterm birth (66). Thus, genetically and mechanistically diverse

ASD risk factors may converge on the development or function of the cerebellum, making

developmental cerebellar dysfunction a plausible shared substrate for overlapping ASD-

relevant phenotypes.

An additional finding of our study is that the consequences of developmental PC perturbation

were not confined to the cerebellum. Bulk RNA sequencing at P15 identified candidate

transcriptional changes in both the hindbrain and forebrain, with distinct patterns observed

in males and females. Among the candidate changes identified in males, Gabra2 and Pop4

were selected as representative genes for RT-qPCR validation, and their upregulation was
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confirmed. Gabra? encodes the a2 subunit of GABAA receptors and is expressed in

cerebellar Golgi cells and excitatory neurons of the deep cerebellar nuclei (67, 68). Pop4 has

been implicated in chromatin-associated processes, including activity-dependent histone

H3.3 exchange (69, 70). The broader implication of these transcriptomic findings is that

transient developmental cerebellar perturbation can be accompanied by molecular changes

in anatomically distant brain regions. This remote effect may represent a developmental

diaschisis-like process, whereby altered cerebellar activity influences function or gene

expression in connected forebrain circuits.

The phenotypes elicited by developmental PC inhibition in our study were milder

than those reported in previous animal models (28-30). Several factors may account for this

difference. First, the extent of PC dysfunction induced by our manipulation may have been

relatively limited. Unlike the permanent genetic deletions or sustained perturbations used in

previous studies, our PC inhibition was brief (5-10 days) and intermittent. Moreover, our

electrophysiological data showed that CNO reduced, but did not abolish, PC-mediated

inhibitory transmission. Second, developmental compensation may have attenuated

behavioral phenotypes. Because our experimental design cannot distinguish compensated

animals from those that were intrinsically unaffected, the phenotypes that remained
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detectable in adulthood may represent behavioral domains that were relatively resistant to

compensation. Third, the developmental processes affected by PC inhibition likely differed

among intervention periods and behavioral domains. Finally, the absence of certain ASD-

relevant phenotypes may reflect differences in the extent to which individual behavioral

domains depend on cerebellar function.

The variable effects observed across intervention periods also merit consideration.

We initially expected that the longer P11-20 inhibition would produce more pronounced

effects than the shorter P11-15 inhibition. Instead, a simple relationship between intervention

duration and behavioral severity was not evident. Social preference was most clearly affected

following P11-15 inhibition, whereas cognitive flexibility was altered following P11-20

inhibition, and motor effects also differed across intervention periods. Because the first

postnatal month encompasses rapid changes in cerebellar and extracerebellar circuit

development, differences in the timing of PC perturbation could engage distinct

developmental processes (38). Our experiments were not designed to define discrete critical

periods for individual behavioral phenotypes. Nevertheless, the patterns observed across

intervention periods suggest that the long-term consequences of cerebellar perturbation

cannot be explained by duration of inhibition alone.
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Several limitations should be considered. We were unable to assess behavior during

acute PC inhibition because pilot CNO administration produced marked locomotor

impairment (data not shown), and we therefore focused on long-term behavioral

consequences. In addition, because we relied on a breeding-based strategy for DREADD

expression, PC inhibition occurred broadly across the cerebellum. Previous studies using

regionally targeted viral delivery have linked specific cerebellar lobules to distinct behavioral

phenotypes (26, 30, 71), whereas our approach did not permit comparable spatial resolution.

Cre-independent expression from the hM4Di reporter allele was also observed outside the

cerebellum, as previously reported (33). Although Cre-negative controls received the same

CNO treatment, effects on Cre-independent hM4Di expression could have contributed to

variability in baseline behavior. Finally, the transcriptomic analysis was exploratory and

based on a limited number of biological replicates. The candidate transcriptional changes,

particularly the apparent sex-dependent patterns, therefore require independent validation.

Cell-type-resolved transcriptomic approaches will be important for identifying the

cellular substrates underlying the observed molecular responses and determining whether

sex-dependent transcriptional changes arise within the cerebellum itself, in downstream

circuits, or both. Defining the mechanisms underlying male-biased behavioral susceptibility,
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including the respective contributions of sex chromosomes, sex steroids, and sex-dependent

cerebellar maturation, will also be important. Finally, sex-stratified longitudinal studies of

individuals with perinatal cerebellar injury could test whether comparable early cerebellar

insults produce different developmental outcomes in males and females, including both core

and associated features of ASD.

In conclusion, transient developmental perturbation of Purkinje cell function during

the early postnatal period produced modest behavioral alterations relevant to ASD in

adulthood, with a pronounced male bias. The resulting phenotypes encompassed both core

ASD-like behaviors and associated features of ASD, including motor, sensory, and sleep-

related abnormalities. Accompanying forebrain transcriptional changes further suggest that

early cerebellar dysfunction can exert long-range influences on distant brain regions,

potentially through a developmental diaschisis-like mechanism. Together, these findings

support developmental cerebellar dysfunction as a potential shared substrate linking diverse

core and associated ASD-relevant phenotypes. Furthermore, sex-dependent vulnerability to

developmental cerebellar dysfunction may contribute to the male-biased prevalence of ASD

in humans, providing new insight into its pathogenesis.
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Figure legends

Fig. 1 Establishment and validation of a temporally controlled chemogenetic Purkinje

cell inhibition paradigm during early postnatal development. A Breeding strategy and

experimental timeline for transient developmental Purkinje cell inhibition. Heterozygous L7-
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Cre mice were crossed with homozygous LSL-hM4Di-mCitrine mice to enable Cre-

dependent expression of inhibitory DREADD (hM4Di) and mCitrine in Purkinje cells.

Clozapine-N-oxide (CNO) was administered orally during development. Three inhibition

windows were tested: P11-15, P11-20, and P21-30. Mice were subsequently allowed to

mature, and behavioral and other analyses were performed from >8 weeks of age. B Cre-

dependent expression of mCitrine in Purkinje cells at P16. Representative cerebella from

Cre-negative (top) and Cre-positive (bottom) mice are shown. Scale bars, 200 um. C-E

Effects of CNO on Purkinje cell-mediated IPSCs in DCN neurons. C Schematic diagram of

the electrophysiological recording setup (top). Representative IPSC traces before (1) and

after application of 10 uM CNO (2), as indicated in the time course plots in D and E (bottom).

D Time course of normalized evoked IPSC amplitudes and paired comparison between

baseline and CNO conditions (left). IPSC amplitudes during CNO application were 79 £+ 8%

of baseline (right, P = 0.0354, two-tailed paired ¢-test, N = 8, mean = SEM). E Time course

of the paired-pulse ratio (PPR) (left). The mean change in PPR was 0.22 + 0.08 (right, P =

0.0233, two-tailed paired ¢-test, N = 8, mean = SEM). F Adult Purkinje cell density after

developmental inhibition. Linear Purkinje cell density (cells/mm) in lobule IX in adults

following PC inhibition during P11-15, P11-20, or P21-30 and their respective controls.
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Left, males; right, females. Data are shown as medians with individual data points. Statistical

comparisons were performed using two-tailed unpaired ¢-tests. Sample sizes and P values are

indicated: males—P11-15 (control vs inhibited: N = 12, 11; P = 0.2066), P11-20 (N = 16,

14; P=0.2137), P21-30 (N =13, 9; P=0.9004); females—P11-15 (N=13, 11; P=0.3891),

P11-20 (N =14, 14; P=0.8837), P21-30 (N = 10, &; P = 0.4620).

Fig. 2 Social preference and grooming behavior following developmental Purkinje cell

inhibition. A Social preference index in the three-chamber social interaction test (preference

for the social stimulus over the object stimulus; see Materials and Methods for calculation).

Data are shown separately by sex (left, males; right, females) across three inhibition windows

(P11-15, P11-20, P21-30). Male: P11-15 control vs PC-inhibited (N =17, 20; P =0.0417);

P11-20 (N = 25, 20; P=0.4617); P21-30 (N =13, 13; P = 0.5788). Female: P11-15 (N =

18, 18; P =0.9875); P11-20 (N = 28, 26; P = 0.2896); P21-30 (N=12, 11; P=0.4134). B

Total grooming time during a 10-min grooming session, shown separately by sex across

inhibition windows. Male: P11-15 control vs PC-inhibited (N = 16, 16; P = 0.8672); P11—

20(N=25,20; P=0.1117); P21-30 (N =13, 13; P=0.0568). Female: P11-15 (N = 16, 14;

P =0.4726); P11-20 (N = 28, 25; P = 0.9760); P21-30 (N =12, 11; P = 0.8660). Data are
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presented as medians with individual data points. Statistical comparisons were performed

using two-tailed Mann—Whitney U tests.

Fig. 3 Developmental Purkinje cell inhibition does not impair spatial learning/memory

but alters cognitive flexibility in the reversal Barnes maze. A Reversal Barnes maze

paradigm and arena schematic. Adult mice that received developmental PC inhibition (CNO

administration during P11-20 or P21-30) underwent training (days 1-5), a probe test (day 6),

reversal training (days 7-9) and reversal probe test (day 10). The escape-hole position was

switched on day 7. Right, definition of quadrants and relative positions of the original (“old”)

and switched (“new”) goal locations. B Primary latency to reach the escape hole during

training and reversal training. Left, males; right, females. Data are shown as mean + SEM.

Two-way repeated-measures ANOVA was used. Male: P11-20 (N = 17, 11; genotype effect,

P = 0.9556; reversal training genotype effect, P = 0.8424); P21-30 (N = 13, 13; genotype

effect, P = 0.9407; reversal training genotype effect, P = 0.8765). Female: P11-20 (N = 18,

14; genotype effect, P = 0.5588; reversal training genotype effect, P =0.2196); P21-30 (N =

12, 11; genotype effect, P = 0.1696; reversal training genotype effect, P = 0.5891). C

Quadrant investigation time during the probe and reversal probe tests. Bars represent time
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spent exploring each quadrant (west/target/east/opposite). For each phase, the “target”

quadrant corresponds to the goal location for that phase (original target during the probe test;

new target during the reversal probe test; see schematic in A). Panels are shown for P11-20

(top) and P21-30 (bottom), separated by sex (left, male; right, female). Data are shown as

mean = SEM.

Fig. 4 Developmental Purkinje cell inhibition produces timing- and sex-dependent

changes in fine motor coordination and auditory sensorimotor processing. A Adult mice

(>8 weeks) were tested on an accelerating rotarod to assess motor coordination and motor

skill learning. Plots show latency to fall across six consecutive trials (mean + SEM) for

control (Cre-negative) and PC-inhibited (Cre-positive; hM4Di-expressing) mice that

received CNO during the indicated developmental windows (P11-15, P11-20, or P21-30).

Male (left): P11-15, N = 16 vs 16, genotype effect P = 0.0404; P11-20, N =25 vs 18, P =

0.2569; P21-30, N=13 vs 13, P=0.2694. Female (right): P11-15,N=16 vs 14, P=0.0912;

P11-20, N =28 vs 26, P=0.3948; P21-30, N=12 vs 11, P =0.9529. Statistical comparisons

were performed using two-way repeated-measures ANOVA (genotype effect shown). B

Acoustic startle responses at 110 and 120 dB. Left: male; P11-15 control vs PC-inhibited (N
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= 14, 16; genotype effect, P = 0.0799); P11-20 (N = 24, 19; genotype effect, P = 0.4494);

P21-30 (N = 13, 12; genotype effect, P = 0.0620). Right: female; P11-15 (N = 15, 13;

genotype effect, P =0.7336); P11-20 (N = 25, 23; genotype effect, P = 0.0649); P21-30 (N

=11, 10; genotype effect, P =0.1673). C Prepulse inhibition (PPI) in the same cohorts. Left:

male; P11-15 control vs PC-inhibited (N = 14, 16; genotype effect, P = 0.2288); P11-20 (N

=24, 19; genotype effect, P = 0.0462); P21-30 (N = 13, 12; genotype effect, P = 0.0653).

Right: female; P11-15 (N = 15, 13; genotype effect, P = 0.0794); P11-20 (N = 25, 23;

genotype effect, P = 0.0097); P21-30 (N = 11, 10; genotype effect, P = 0.3889). Data are

shown as mean = SEM. Two-way repeated-measures ANOVA was used for statistical

analysis.

Fig. 5 Developmental perturbation of Purkinje cell function alters sleep—wake

architecture in male mice. A, Representative 24-h hypnograms from adult male and female

PC-inhibited mice and controls following P11-20 inhibition. Gray shading indicates the dark

phase. W: wakefulness, NR: NREM sleep, R: REM sleep. B, Percentage of time spent in

wakefulness, NREM sleep, and REM sleep across the 24-h recording period, analyzed in 1-

h bins. C, Total time spent in wakefulness (top), NREM sleep (middle), and REM sleep
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(bottom) over 24 h. Statistical analysis was performed using one-way ANOVA followed by

Tukey's multiple comparisons test. One-way ANOVA: Wake, F(3, 19) =7.945, P =0.0012;

NREM, F(3, 19) = 7.610, P = 0.0015; REM, F(3, 19) = 2.882, P = 0.0628. Significant

pairwise differences are indicated in the figure. D, Time spent in wakefulness (top), NREM

sleep (middle), and REM sleep (bottom) during the dark and light phases. Statistical analysis

was performed using two-way ANOVA followed by Tukey's multiple comparisons test.

Two-way ANOVA: wakefulness, phase, F(1,38)=231.1, P<0.0001; group, F(3, 38) =7.249,

P =0.0006; interaction, F(3, 38) =2.725, P =0.0576; NREM sleep, phase, F(1, 38) = 198.8,

P <0.0001; group, F(3, 38) = 7.244, P = 0.0006; interaction, F(3, 38) = 2.612, P = 0.0654;

REM sleep, phase, F(1, 38) = 195.1, P < 0.0001; group, F(3, 38) = 2.482, P = 0.0756;

interaction, F(3, 38) = 1.645, P=0.1951. Significant pairwise differences are indicated in the

figure. E, Number (upper) and mean duration (bottom) of wake (left), NREM (middle), and

REM (right) episodes during the dark phase. Statistical analysis was performed using one-

way ANOVA followed by Tukey's multiple comparisons test. One-way ANOVA: episode

number, wakefulness, F(3, 19) = 1.415, P = 0.2694; NREM sleep, F(3, 19) = 1.610, P =

0.2201; REM sleep, F(3, 19) =3.006, P = 0.0559; mean episode duration, wakefulness, F(3,

19) = 1.547, P = 0.2349; NREM sleep, F(3, 19) = 0.4915, P = 0.6924; REM sleep, F(3, 19)
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= 0.2266, P = 0.8767. Significant pairwise differences are indicated in the figure. F,

Distribution of episode number (upper) and time contributed by episodes within each

duration range (bottom) during the dark phase. Episode durations were classified as <10, 10—

34, 34-130, 130-514, 514-1026, 10262048, 2048—4096, and >4096 s. Statistical analysis

was performed using two-way ANOVA followed by Tukey's multiple comparisons test.

Two-way ANOVA: episode number (top)—wakefulness, duration range, F(7, 152) = 79.11,

P<0.0001; group, F(3, 152)=2.961, P=0.0341; interaction, F(21, 152) = 1.166, P=0.2887;

NREM sleep, duration range, F(4, 95) = 64.37, P < 0.0001; group, F(3, 95) = 3.346, P =

0.0224; interaction, F(12, 95) = 1.273, P = 0.2475; REM sleep, duration range, F(3, 76) =

51.27, P < 0.0001; group, F(3, 76) = 4.125, P = 0.0091; interaction, F(9, 76) = 0.9087, P =

0.5223; time contribution (bottom)—wakefulness, duration range, F(7, 152) = 60.13, P <

0.0001; group, F(3, 152) = 1.034, P = 0.3792; interaction, F(21, 152) = 4.558, P < 0.0001;

NREM sleep, duration range, F(4, 95) = 130.1, P < 0.0001; group, F(3, 95) = 7.791, P =

0.0001; interaction, F(12, 95) = 2.661, P = 0.0040; REM sleep, duration range, F(3, 76) =

105.4, P < 0.0001; group, F(3, 76) = 6.610, P = 0.0005; interaction, F(9, 76) = 2.074, P =

0.0423. G, Number of transitions among vigilance states during the dark phase. Statistical

analysis was performed using two-way ANOVA followed by Tukey's multiple comparisons
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test. Two-way ANOVA: transition type, F(4, 95) = 63.74, P < 0.0001; group, F(3, 95) =

4.966, P =0.0030; interaction, F(12, 95) =0.4186, P = 0.9528. W: wakefulness, NR: NREM

sleep, R: REM sleep. H, Mean normalized EEG power spectra during wakefulness, NREM

sleep, and REM sleep in the dark phase. Lines represent group-averaged EEG power spectra;

error bars are omitted for clarity. Data are presented as mean = SEM. Male control, N = 6;

male PC-inhibited, N = 4; female control, N = 7; female PC-inhibited, N = 6. Data are

presented as mean = SEM. P values are indicated as *P < 0.05, **P < 0.01, ***P < 0.001.

*HEx P <0.0001.

Fig. 6 Sex-dependent gene expression changes following developmental PC inhibition.

A Experimental design for transcriptomic profiling. Male and female Cre-negative (control)

and Cre-positive (PC-inhibited; hM4Di-expressing) pups received oral CNO during P11—

15. Hindbrain and forebrain tissues were collected at P15 for bulk RNA sequencing and

subsequent validation. B RT—qPCR validation of candidate DEGs identified in males,

Gabra2 and Pop4 in hindbrain and forebrain. Panels (left to right): hindbrain Pop4,

forebrain Pop4, hindbrain Gabra2, forebrain Gabra2. Relative mRNA expression is shown

for controls and PC-inhibited mice of each sex (PC-inhibited values normalized to sex-
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matched controls): Pop4—forebrain: male 131% [111-151%], female 107% [89-123%];

hindbrain: male 152% [143—-168%], female 91% [68—112%]. Gabra2—+forebrain: male

124% [111-137%], female 84% [74—106%]; hindbrain: male 115% [109—119%], female

89% [82—-102%]. N = 3 mice per condition; individual data points are shown with

horizontal bars indicating geometric means.

Tables

Table 1 Frequency of strategy switches in the reversal probe test

Sex and CNO treatment period Control PC-inhibited
Male (CNO P11-20) 53% (18/34) 23% (5/22)
Female (CNO P11-20) 47% (17/36) 46% (13/28)
Male (CNO P21-30) 35% (9/26) 42% (11/26)
Female (CNO P21-30) 29% (7/24) 36% (8/22)

All mice received CNO during the indicated postnatal period.

The frequency of strategy switches was compared between PC-inhibited mice and controls.

N values are shown as PC-inhibited mice, controls. Male: P11-20 (N =17, 11; P = 0.0298);

Female P11-20 (N = 18, 14; P = 1.0000). Male: P21-30 (N = 13, 13; P = 0.7342); Female

P21-30 (N = 12, 11; P = 0.7549). Statistical comparisons were performed using Fisher’s
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Figure 5
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