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SUMMARY

Despite a prevalence exceeding 1%, mechanisms underlying autism spectrum disorders (ASDs) 

are poorly understood, and targeted therapies and guiding parameters are urgently needed. We 

recently demonstrated that cerebellar dysfunction is sufficient to generate autistic-like behaviors in 

a mouse model of tuberous sclerosis complex (TSC). Here, using the mechanistic target of 

rapamycin (mTOR)-specific inhibitor rapamycin, we define distinct sensitive periods for treatment 

of autistic-like behaviors with sensitive periods extending into adulthood for social behaviors. We 

identify cellular and electro-physiological parameters that may contribute to behavioral rescue, 

with rescue of Purkinje cell survival and excitability corresponding to social behavioral rescue. In 

addition, using anatomic and diffusion-based MRI, we identify structural changes in cerebellar 

domains implicated in ASD that correlate with sensitive periods of specific autism-like behaviors. 
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These findings thus not only define treatment parameters into adulthood, but also support a 

mechanistic basis for the targeted rescue of autism-related behaviors.

In Brief

A mechanistic understanding of and establishment of time windows for effective therapy (sensitive 

periods) for autism-related behaviors remain unknown. Tsai et al. delineate specific time windows 

for treatment of specific autism-relevant behaviors and evaluate underlying cellular, 

electrophysiological, and anatomic mechanisms for these sensitive periods.

Graphical Abstract

INTRODUCTION

Autism spectrum disorder (ASD) is a prevalent neurodevelopmental disorder characterized 

by social impairment, restrictive interests, and cognitive inflexibility. Recently, the 

cerebellum has been implicated in the pathogenesis of these disorders, with cerebellar 

pathology the most consistently identified finding in postmortem studies of individuals with 

ASD (Bauman and Kemper, 1985; Ritvo et al., 1986; Skefos et al., 2014; Whitney et al., 

2008). In these studies, significant reductions in Purkinje cell (PC) number have been 

consistently identified (reviewed in Fatemi et al., 2012). Moreover, isolated cerebellar injury 

during prematurity results in a >30-fold increase in the risk for ASD (Limperopoulos et al., 

2007). However, the precise contribution of cerebellar dysfunction to ASD pathogenesis 

remains unclear.
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Tuberous sclerosis complex (TSC) is a neurogenetic disorder with high rates of 

neurobehavioral dysfunction, including high rates of ASD, with 25%–60% of patients with 

TSC carrying ASD diagnoses (Capal et al., 2017; Jeste et al., 2008; McDonald et al., 2017). 

TSC results from mutation in either TSC1 or TSC2, which together act to negatively 

regulate mTOR signaling (reviewed in Lipton and Sahin, 2014, and Tsai and Sahin, 2011). 

Cerebellar dysfunction and lesions also both associate with ASD in TSC (Eluvathingal et al., 

2006; Weber et al., 2000), and evidence of reduced PC density in the brains of individuals 

with TSC has been identified (Reith et al., 2011). For these reasons, we developed a mutant 

mouse model wherein Tsc1 was deleted in cerebellar PCs. In this model, we demonstrated 

that cerebellar dysfunction is sufficient to generate autistic-like behavior and that PC-

specific loss of Tsc1 was sufficient to generate pathology consistent with ASD clinical 

pathology (Tsai et al., 2012). Moreover, PC-Tsc1 mice demonstrated electrophysiological 

dysfunction, with reductions in spontaneous PC firing rates and impaired PC excitability, 

findings consistent with previous studies demonstrating cerebellar function in ASD (Asano 

et al., 2001; Ryu et al., 1999). Similar pathologic findings and behavioral deficits have been 

demonstrated in a cerebellar model in which Tsc2 is lost in PCs (Reith et al., 2011, 2013), 

and ASD behaviors have subsequently been observed in rodent models with cerebellar-

specific loss of the ASD-associated genes, Shank2 (Peter et al., 2016) or PTEN (Cupolillo et 

al., 2016). We further demonstrated that early treatment with the mechanistic target of 

rapamycin (mTOR)-specific inhibitor rapamycin, initiated at postnatal day (P) 7, was 

sufficient to prevent the development of behavioral, anatomic, and physiologic abnormalities 

in PC Tsc1-mutant mice (Tsai et al., 2012).

Although early treatment has been demonstrated to prevent the development of ASD-related 

pathology, whether treatment initiated at later stages can also rescue ASD behaviors and 

whether sensitive periods of therapeutic benefit exist remain undefined. A sensitive period 

for therapy defines a time window during which therapy is effective for the treatment of a 

specific phenotype, in this model, autistic-like behaviors. Existence of these periods has 

been supported by superior efficacy of early therapeutic interventions (LeBlanc and 

Fagiolini, 2011; Nelson et al., 2007) compared with children receiving delayed access to 

care. We hypothesized that a sensitive period for autistic behavior exists and that cellular and 

circuit-based mechanisms underlie continued access to these periods while also mediating 

closure of these periods.

In this study, we used rapamycin therapy, combined with a multimodal approach, to define 

the sensitive periods of treatment of ASD-related behaviors and their underlying structural 

and molecular mechanisms. We found that treatment initiated in young adulthood (at 6 

weeks) rescued social behaviors but not repetitive behaviors or behavioral inflexibility. 

Moreover, we determined that rescue of social behaviors correlates with rescue of specific 

MRI-based structural changes, cellular pathology, and PC excitability, while motor learning 

rescue appears to be independent of PC survival or rescue of cellular excitability. Using this 

integrated approach, we provide mechanistic insight into the underlying basis of ASD while 

also delineating mechanistic and temporal parameters for treatment of these disorders.
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RESULTS

Rapamycin Therapy Initiated in Young Adulthood Rescues Social and Motor Behavior

To characterize the sensitive periods of treatment efficacy, we initiated rapamycin treatment 

starting at 6 weeks of age, equivalent to young adulthood in the mouse. At this time, 

behavioral, anatomic, and electrophysiological abnormalities are already present in untreated 

mutant mice (Figure 1A) (Tsai et al., 2012). We continued treatment for 4 weeks prior to the 

commencement of evaluation of behavior, anatomy, or physiology consistent with the delay 

in evaluation after our previously performed, P7-onset rapamycin therapy (Figure 1A). We 

then performed behavioral evaluation in the setting of continued rapamycin treatment 

(Figure S1). We examined social function in the three-chambered apparatus (Figures 1B–

1D; Table S1) (Yang et al., 2011) and identified social impairment in vehicle-treated mutants 

(L7Cre;Tsc1flox/flox) in tests of social approach (Figure 1C). How-ever, unlike mice treated 

with vehicle, mutants treated with rapamycin initiated at 6 weeks showed a significant social 

preference, comparable with that of their control littermates (Figure 1C), suggesting a 

behavioral rescue of social behaviors with rapamycin treatment initiated even during 

adulthood. Similarly, in a social novelty paradigm (Figures 1B and 1D), rapamycin 

treatment initiated at 6 weeks rescued the deficits in social novelty seen in vehicle-treated 

mutants (Figure 1D). Because rodent social behavior is guided largely by olfactory cues, we 

assessed olfactory function and found intact responses in all genotypes to nonsocial 

olfactory cues (Figure 1E). However, when animals were exposed to social olfactory cues, 

vehicle-treated mutant mice demonstrated reduced responses, whereas rapamycin-treated 

mutants responded to social olfactory stimuli similarly to control littermates (Figure 1E), 

consistent with rescue of social impairment with rapamycin therapy.

Children with ASD have significantly higher rates of motor dysfunction with dyspraxia, 

apraxia, hypotonia, and oculomotor abnormalities (Fournier et al., 2010; Ming et al., 2007; 

Mosconi et al., 2015). Previously, we had demonstrated that Tsc1 PC-mutant mice have 

impaired motor learning on the rotarod that is prevented with early (P7) rapamycin therapy 

(Tsai et al., 2012). With treatment initiation at 6 weeks, we found that vehicle-treated mutant 

mice demonstrated impaired rotarod performance. However, rapamycin therapy rescued 

these motor deficits (Figure 1F). We then evaluated whether social deficits might result from 

locomotor dysfunction. We evaluated locomotor performance in the open field and in the 

elevated plus maze and found that vehicle-treated mutants had increased exploration in the 

open field compared with controls. In mutants, exploration did not change with rapamycin 

therapy; however, in controls, rapamycin treatment resulted in increased activity (Figure 

S2A). Thus, differences in exploratory behaviors did not correlate with changes in social 

behaviors with rapamycin. Combined with no significant differences in exploratory behavior 

in elevated plus maze testing (Figure S2B), these data suggest that motor impairments were 

not responsible for observed social deficits. We further examined anxiety behaviors in the 

open field and elevated plus maze and found no differences in anxiety between vehicle-

treated controls and mutants that would explain the observed social deficits (Figures S2C 

and S2D).
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Repetitive Behaviors and Behavioral Flexibility Are Not Ameliorated with Adult-Onset 
Rapamycin Therapy

In addition to social impairments, ASD is characterized by deficits in repetitive behaviors 

and cognitive inflexibility. We examined repetitive behaviors and found that vehicle-treated 

mutants displayed increased repetitive grooming (Figure 1G). Unlike with social behaviors, 

upon rapamycin therapy initiated at 6 weeks, we observed no rescue of repetitive grooming 

behaviors (Figure 1G). Because individuals with autism also demonstrate behavioral 

inflexibility, we modeled this ‘‘insistence on sameness’’ and behavioral inflexibility with a 

reversal learning paradigm using the water T maze. All treatment groups displayed intact 

acquisition learning of the submerged escape platform during the 3 days of training (Figure 

1H). Upon reversal of the platform location, vehicle-treated mutants displayed significant 

impairment in learning the location of the new platform location compared with littermate 

controls (Figure 1H). Unlike treatment initiated at 7 days of age, when rescue of reversal 

learning is achieved (Tsai et al., 2012), rapamycin therapy initiated at 6 weeks of age was 

unable to significantly ameliorate these reversal learning deficits (Figure 1H). Thus, in 

contrast with social and motor behaviors, repetitive and restrictive behaviors—two aspects of 

the second core deficit in individuals with ASD— were not rescued with rapamycin therapy 

initiated at 6 weeks of age. Taken together, these data suggest the presence of divergent 

sensitive periods for the treatment of abnormal autism-relevant behaviors.

Cellular Mechanisms Underlying Behavioral Rescue

To better understand the underlying mechanisms behind phenotypic rescue, we first 

examined anatomic and physiological function in the treatment cohorts at a cellular level. 

Previously, we had demonstrated that PC Tsc1-mutant mice display significant PC loss 

starting between 6 and 8 weeks of age, at the approximate onset of our present rapamycin 

treatment paradigm (Tsai et al., 2012). To examine whether rapamycin therapy at this 

juncture could rescue cell viability deficits in these mice, we quantified PC numbers in 

mutant and control cerebellum at time mirroring the aforementioned behavioral evaluations. 

PC loss observed in vehicle-treated mutants was rescued with rapamycin therapy initiated at 

6 weeks (Figure 2A). To ensure that mTOR activity was altered with loss of Tsc1 and that 

rapamycin therapy abrogated these effects, cerebellar sections were also stained with anti-

pS6 antibody. As expected, pS6 was increased in PCs in vehicle-treated mutants, consistent 

with loss of Tsc1, a negative regulator of mTOR, while rapamycin abrogated this effect 

(Figure 2A). Of note, PC numbers in rapamycin-treated controls were significantly reduced 

(p = 0.01) compared with vehicle-treated controls.

We had also previously identified deficits in spontaneous PC firing rates in addition to 

impairments in PC excitability in mutant PCs (Tsai et al., 2012). We thus examined whether 

electrophysiological mechanisms might underlie differential behavioral sensitive periods. 

We first tested intrinsic PC firing rates using extracellular recordings at a time mirroring 

behavioral evaluations. Similar to untreated mutants, vehicle-treated mutant PCs 

demonstrated reduced frequency of spontaneous simple spike firing (Figure 2B). With 

rapamycin treatment at 6 weeks, we observed rescue of this reduction in spontaneous firing 

frequency (Figure 2B).
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We then examined PC excitability in whole-cell recordings again at time mirroring the 

aforementioned behavioral evaluations. Again, similar to untreated PCs (Tsai et al., 2012), 

vehicle-treated mutant PCs demonstrated decreased neuronal excitability with significantly 

reduced firing compared with control PCs in response to comparable current input (Figure 

2C). However, with rapamycin treatment, no significant differences could be identified in 

excitability between control and mutant PCs (Figure 2C). Together, these findings are 

consistent with social and motor behavioral rescue; however, the lack of behavioral rescue 

for repetitive and inflexibility behaviors suggests an alternative mechanism for the closed 

sensitive period for these behaviors.

Structural Changes in Mutant Cerebellum Rescued with Rapamycin Therapy

Whereas cellular and physiologic parameters appeared to be rescued coincident with the 

open sensitive period for rescue of motor and social impairments, mechanisms underlying 

the closed sensitive period for rescue of repetitive and inflexible behaviors remained 

unknown. We hypothesized that changes in specific cerebellar domains could mediate these 

differences in sensitive periods.

The circuitry underlying cerebellar regulation of these complex behaviors has been 

hypothesized with multiple connections to non-motor regions of the cerebral cortex 

identified (Buckner, 2013; Buckner et al., 2011; Voogd, 2014). Recent studies have also 

demonstrated connections between deep cerebellar nuclei and cerebral cortex that are 

abnormal in monogenetic models of autism (Rogers et al., 2013). To investigate whether 

alterations in cerebellar structures and/or cerebellar circuits might contribute to these distinct 

sensitive periods, we performed a MRI-based structural analysis on control and mutant mice 

with vehicle or rapamycin treatment initiated at 6 weeks. We performed a whole-brain 

regional analysis using MRI analysis of these four cohorts, examining volumetric changes 

and changes in cerebellar circuitry by deformation-based morphometry and diffusion tensor 

imaging (DTI).

Initial examination focused on the vehicle-treated animals to visualize the effect of PC Tsc1 
loss. No significant differences were found in absolute volume (measured in cubic 

millimeters) throughout the brain at a false discovery rate (FDR) threshold of <10%. 

Relative volume differences (volume measured as a percentage of total brain volume) did 

highlight multiple regions within the cerebellum that were significantly different at an FDR 

of <10%, including white matter (WM) derived from regions implicated in clinical and basic 

autism studies, CrusI and CrusII (Figures 3A–3C; Table S2) (D’Mello et al., 2015; Stoodley, 

2014; Stoodley et al., 2017). In addition, changes were observed in the cerebellar output 

nuclei (lateral, interposed, and medial; Figures 3A and 3D–3F) as well as several additional 

cerebellar regions implicated in autism, including anterior lobules 4 and 5 (Figures 3G and 

3H) (D’Mello and Stoodley, 2015; Stoodley, 2016). Outside of the cerebellum and output 

nuclei, no volumetric changes were observed (Figure S3; Table S2).

To examine whether changes in specific areas might mediate specific behavioral rescue, we 

then examined whether rapamycin might rescue the aforementioned, identified volumetric 

changes. Rapamycin treatment initiated at 6 weeks of life did have significant effects on the 

brain. In all mouse cohorts, rapamycin therapy resulted in a 10% decrease in total brain size 
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and alterations in multiple extra-cerebellar brain structures (Figure S3; Table S2). 

Rapamycin therapy, however, also resulted in at least a partial rescue of numerous 

volumetric changes identified in PC Tsc1 mutants. In CrusI/II WM, no significant 

differences in volume were observed after rapamycin therapy with a significant rescue of 

volumetric change noted in CrusII WM with rapamycin therapy (Figures 3A–3C; Table S2). 

In the lateral, medial, and interposed deep cerebellar nuclei, continued significant 

differences in volume remained even with rapamycin therapy, although a significant change 

was observed upon rapamycin therapy (FDR < 10%) (Figures 3A and 3D–3F; Table S2). In 

contrast, in PC Tsc1-mutant mice, after rapamycin therapy, anterior lobule 4 and 5 volumes 

continued to differ between controls and mutants, without significant changes in volume 

noted in mutants after rapamycin therapy (Figures 3G and 3H; Table S2). As CrusI and 

CrusII have been implicated in social behaviors in ASD, while anterior lobule volumetric 

abnormalities correlate with repetitive and restricted behaviors in ASD, these data raise the 

possibility that anatomic changes may contribute to the observed differential sensitive 

periods (D’Mello et al., 2015; Stoodley et al., 2017).

To identify whether disruptions in WM integrity might also be identified in PC Tsc1 
mutants, we additionally performed DTI. We evaluated both control and PC Tsc1 mutants 

treated with vehicle and rapamycin. In mutant mice, although we observed trends toward 

reduced fractional anisotropy and elevated diffusivity measures in the cerebellar nuclei 

(Figure S4; Table S3) and in the cerebellar WM compared with control littermates, no 

differences in these measures achieved statistical significance (FDR < 0.1) from our whole-

brain analyses. Rapamycin treatment eliminated these trends in all diffusion measures 

(Figure S4; Table S3).

Rapamycin Therapy Initiated at 10 Weeks Does Not Rescue Social Behaviors in Mutant 
Mice

Because the sensitive period for treatment appeared to remain open at 6 weeks for 

therapeutic amelioration of social impairments and motor deficits seen in PC Tsc1-mutant 

mice, we asked whether it remains open even further into adulthood. We examined a cohort 

of animals in which we delayed the initiation of rapamycin therapy until 10 weeks of age, a 

period corresponding to later adulthood in the mouse. Four weeks after the initiation of 

treatment, we initiated behavioral evaluation in conjunction with ongoing rapamycin or 

vehicle treatment. We first evaluated social interaction, and consistent with the 6 week 

treatment paradigm, vehicle-treated PC Tsc1-mutant mice demonstrated impairments in 

social interaction in both social approach and social novelty assays. However, unlike 

treatments initiated at P7 or at 6 weeks, rapamycin therapy initiated at 10 weeks of age was 

unable to rescue social deficits in mutant mice in both social approach and novelty 

paradigms (Figures 4A, S5A, and S5B; Table S4). Similar to mutant mice with therapy 

initiated at 6 weeks, rapamycin therapy initiated at 10 weeks was also unable to rescue 

repetitive grooming or behavioral inflexibility in the water T maze (Figures 4B and 4C). 

Similar to findings with the three-chambered apparatus, delayed rapamycin therapy starting 

at 10 weeks was unable to rescue social olfactory deficits in mutant mice (Figure 4D). 

Because these animals are substantially older and more severely affected, vehicle-treated 

mutants displayed significant motor deficits on the rotarod (Figure 4E) in addition to 
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locomotor deficits in the open field and elevated plus maze (Figures S5C and S5D). Despite 

these deficits, late rapamycin therapy initiated at 10 weeks partially rescued motor learning 

of mutant animals in rotarod testing and rescued completely locomotor performance in the 

open field and elevated plus maze (Figures 4E, S5C, and S5D). Similar to the 6 week 

treatment paradigm, rapamycin treatment also increased time spent in the center of the open 

field but not in open arms of the elevated plus maze (Figures S5E and S5F).

PC Loss Is Not Rescued with 10 Week Rapamycin Treatment

To attain a better understanding of the mechanisms underlying the behavioral impairments 

and the regulation of the sensitive period, we again examined PC survival. We assessed PC 

numbers and found that PC survival in mutant mice is not rescued with treatment initiated at 

10 weeks (Figures 4F and S6), consistent with loss of PCs starting at about 6 weeks of life in 

untreated mutants (Tsai et al., 2012). As in 6 week cohort, pS6 staining was elevated in 

vehicle-treated mutants, an elevation that was abrogated with rapamycin treatment (Figure 

S6). We then asked whether electrophysiological parameters could be modified by this late 

therapy. We first examined intrinsic firing rates using extracellular recordings. We found that 

unlike with PC loss, decreased spontaneous simple spike firing rates were rescued to control 

levels even with delayed rapamycin therapy (Figure 5A). However, similar to PC loss, PC 

excitability continued to be reduced in rapamycin-treated mutants, at comparable levels with 

vehicle-treated mutants (Figure 5B). Taken together, rapamycin treatment initiated at 10 

weeks was able to rescue PC spontaneous activity deficits in mutant mice, whereas PC cell 

loss and deficits in PC excitability remained despite rapamycin therapy initiated at this time.

Social Behaviors Are Rescued with 10 Week Rapamycin Treatment in Heterozygous Tsc 
Mutants

We have previously demonstrated that heterozygous cerebellar Tsc1-mutant mice display 

social impairment and repetitive behaviors in the absence of PC loss (Tsai et al., 2012). To 

examine whether the closure of the sensitive period for rescue of social behaviors in 

homozygous mutants is related to PC demise, we treated heterozygous mutants (hets) with 

vehicle or rapamycin initiated at 10 weeks of age. After 4 weeks of treatment, we performed 

behavioral analysis in setting of concurrent rapamycin treatment. Consistent with our 

previous studies, vehicle-treated hets showed social impairments (Figure 4A). However, 

unlike what we observed with homozygous mutant mice, rapamycin treatment initiated at 10 

weeks of age was sufficient to rescue social impairments in het mutant mice in social 

approach (Figure 4A), social novelty (Figures 4B and S5B), and social olfactory (Figure 4C) 

paradigms. To evaluate whether repetitive or inflexibility behaviors would be modifiable by 

rapamycin therapy in this het model, we examined grooming and reversal learning 

performance in the water T maze. Vehicle-treated hets displayed impaired reversal learning 

(Figure 4D) and repetitive grooming behaviors (Figure 4E). However, similar to 

homozygous mutants, rapamycin therapy was insufficient to rescue these behaviors 

suggesting a closure of this sensitive period for these behaviors. Rotarod performance in het 

mice remained unchanged in these het mice consistent with the lack of ataxia in the het 

model (Figure 4F). We then examined PC survival in hets, and, consistent with our previous 

studies (Tsai et al., 2012), we observed no PC loss in either vehicle-or rapamycin-treated het 

mice (Figures 4G and S6). These studies thus support a model in which the sensitive period 
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for repetitive and inflexible behaviors is independent of PC survival, while the sensitive 

period remains open well into adulthood in the presence of continued PC survival.

DISCUSSION

Despite the high societal cost of autism (Leigh and Du, 2015), targeted therapies remain 

unavailable, and the timing during which those therapies will reap benefits is poorly 

understood. Sensitive periods, defined as periods when treatment paradigms will 

demonstrate therapeutic benefit, have been postulated for the treatment of many complex 

neuropsychiatric disorders, including autism (Tsai, 2016). In addition, the mechanisms 

underlying ASDs remain poorly understood. Recent studies have implicated the cerebellum 

in the pathogenesis of these disorders, but how the cerebellum regulates complex cognitive 

and neuropsychiatric behaviors remains poorly understood.

In this study, we used a model of TSC, a neurodevelopmental disorder associated with high 

rates of autism, and took advantage of the efficacy of rapamycin therapy to rescue the 

molecular signaling deficits in this model (Tsai et al., 2012). Using this model, we were able 

to interrogate the mechanistic contributions of cerebellar dysfunction to autistic-like 

behaviors while also defining the sensitive period for treatment of various ASD behavioral 

deficits and their underlying mechanisms. We demonstrated that distinct, therapeutic 

sensitive periods exist for individual autistic-like behaviors. Thus, despite correcting the 

downstream mTOR signaling defect resulting from Tsc1 loss, only certain behaviors can be 

ameliorated, while other behavioral dysregulation persists. We show that at a time when the 

therapeutic window for repetitive and inflexibility behaviors appears closed, the sensitive 

period for amelioration of motor and social deficits remains open, even into young 

adulthood in our murine model. These data demonstrate that correction of the molecular or 

signaling deficits in neurodevelopmental disorders may be insufficient to fix every abnormal 

behavior associated with the disorder, because of the presence of specific sensitive periods 

of treatment efficacy. These findings are summarized in Table 1. One caveat we feel is 

important to address here is that although these data suggest the potential to improve social 

behaviors into young adulthood in this rodent model, further study will be needed to assess 

whether parallel time windows are present in humans as well.

To better evaluate the mechanisms underlying these sensitive periods, we examined cellular 

and functional phenotypes with vehicle and rapamycin therapy. We found that the sensitive 

period for treatment of social behaviors continued to be accessible, correlating with PC 

survival and maintenance of PC excitability. Whereas social behaviors in homozygous 

mutants could no longer be rescued when treatment was initiated at 10 weeks of age, those 

same social deficits in heterozygous mutant mice could be rescued even at this later time 

point, correlating with the maintenance of PCs in heterozygous mutants compared with the 

widespread PC loss observed in homozygous Tsc1-mutant mice. These data thus suggest 

that although PC loss is not required for ASD-related social impairments (PC Tsc1 hets have 

social deficits in absence of PC loss), maintenance of PC survival is likely a critical factor 

for molecular-based rescue of social impairments. Intriguingly, although ASD is a very 

heterogeneous disorder, a large proportion of individuals with ASD have been identified to 

have significant PC loss (Skefos et al., 2014; Whitney et al., 2008), although the 
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developmental window during which this occurs is not well defined. These data support 

further investigation into the timing of PC loss in patients with ASD while also suggesting 

that interventions supporting PC survival may offer additional benefit to strategies targeting 

social impairments in ASD. Taken together, these data suggest that the presence or absence 

of PC loss may modify sensitive periods of therapy and that PC loss may provide a marker 

that helps delineate the sensitive periods of treatment of social impairment.

On the flip side, these data also suggest that despite restoration of cellular and physiologic 

phenotypes and, independent of PC loss, the sensitive period for treatment of repetitive and 

inflexibility behaviors remained closed, suggesting an alternative mechanism to differentiate 

the sensitive periods of therapy for these behaviors. Potential mechanisms that may 

contribute to these differential sensitive periods emerge from our electrophysiology studies.

We have previously identified impairment in both spontaneous firing rates and excitability in 

PC Tsc1-mutant PCs (Tsai et al., 2012), and we have also identified reductions in 

spontaneous firing in TSC patient-derived PC precursors (Sundberg et al., 2018). Rescue of 

spontaneous firing rate deficits independent of excitability deficits appears to correlate best 

with rescue of motor deficits, which although not a canonical deficit in ASD, is a frequent 

comorbid finding (Fournier et al., 2010; Ming et al., 2007; Mosconi et al., 2015). 

Association of motor deficits with spontaneous firing deficits, independent of excitability 

deficits, is consistent with previous studies (Chopra and Shakkottai, 2014), while rescue of 

this specific electrophysiological phenotype supports a possible mechanism that mTOR-

related regulation of specific ion channels (Häusser et al., 2004; Raman and Bean, 1997) at 

specific developmental periods may be driving these observed effects. Studies further 

characterizing the molecular basis for these findings will be an important avenue of future 

study.

In addition, social impairments and rescue of these social domains may relate to the 

decreased excitability observed in mutant PCs, consistent with our data supporting the 

rescue of PC excitability upon treatment with rapamycin. Disruption in activity-dependent 

neuronal signaling networks has been implicated in ASD (Ebert and Greenberg, 2013), and 

experience-dependent neuronal activity affects critical-period plasticity (Hensch, 2004; 

Hubel and Wiesel, 1970; Yamamuro et al., 2018). As excitability is critical for ongoing 

neural function, rescue of excitability deficits in PC-Tsc1 mutant mice may contribute to the 

improvement in social behaviors observed with rapamycin therapy. However, because 

neuronal activity is also required both for the establishment of neural circuits and for 

refining neural connections within those networks, disruption of intrinsic excitability during 

development can negatively affect the establishment of proper circuit networks (Contractor 

et al., 2015; Sim et al., 2013; Wiesel and Hubel, 1963; Yamamuro et al., 2018). After 

refining those networks during specific developmental time windows, subsequent restoration 

of excitability may thus be insufficient to alter network properties, which may contribute to 

the existence of and closure of sensitive periods for treatment (Hensch, 2004; LeBlanc and 

Fagiolini, 2011). Thus, differential impact on specific circuits that mediate repetitive and/or 

inflexibility behaviors compared with circuits that mediate social behavior may provide a 

potential mechanism for the inability to rescue repetitive and inflexible behaviors while the 

sensitive period remains open for rescue of social behaviors.
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To evaluate this possibility and to identify potential contributing cerebellar regions, we 

examined the structural integrity of brain regions in whole-brain, volumetric, and diffusion 

MRI-based studies. We demonstrated significant alterations in volumes of specific cerebellar 

domains in PC Tsc1-mutant mice. It has been hypothesized that a regional, functional 

topography exists for the cerebellum beyond the duplicated cerebellar homunculus for motor 

functions (Klein et al., 2016). Recent studies point to distinct non-motor roles for specific 

cerebellar regions, while studies in autism point to associations between specific cerebellar 

domains and social versus repetitive and inflexible behavioral abnormalities (D’Mello et al., 

2015; Stoodley, 2016; Stoodley et al., 2017; Tsai, 2016). Consistent with these findings, in 

our mutant mice, we identified altered cerebellar volumes in specific domains that have been 

associated with social dysfunction in ASD that are rescued with rapamycin therapy 

(D’Mello et al., 2015; Mosconi et al., 2015; Tsai, 2016). In addition, we also identified 

volumetric changes in cerebellar domains that are not rescued with rapamycin therapy and 

have been implicated in repetitive behaviors associated with ASD, consistent with the lack 

of behavioral rescue of repetitive and inflexible behaviors with rapamycin therapy. Further 

evaluation of a functional contribution of these domains to specific ASD behaviors will be 

an important avenue of future study. Of note, we also found that rapamycin treatment 

resulted in reduction in brain volumes and PC numbers in control animals, consistent with 

inhibition of mTOR-mediated translation, a potential impact that should be monitored in 

future clinical trials of mTOR inhibition. Last, alterations in the WM of TSC patients have 

also been reported and respond to treatment with mTOR inhibitors (Lewis et al., 2013; 

Peters et al., 2012; Tillema et al., 2012). Although we identify a trend toward altered WM 

integrity in PC Tsc1 mutants that is rescued with rapamycin treatment, statistical 

significance is not reached in the whole-brain analyses conducted for this study. Further 

study using specific region of interest-based analyses may yield additional insights into 

potential WM alterations in this model.

Our findings implicate altered cerebellar topography as a possible mediator of both 

behavioral dysfunction in PC Tsc1-mutant mice and behavioral rescue with rapamycin 

therapy. These findings further raise the question whether differential plasticity of cerebellar-

regulated circuits may mediate rescue of social behavior, whereas for repetitive and 

restricted behaviors, plasticity of the specific circuit pathways is such that despite molecular-

based rescue, behavior can no longer be ameliorated. These results mirror findings from 

Shank3- and Ube3A-mutant mice, in which molecular rescue during adulthood normalizes 

certain behaviors but other behaviors cannot be rescued (Mei et al., 2016; Silva-Santos et al., 

2015), while studies of Syngap1 mutants revealed no improvement on behavior and 

cognitive phenotypes when correction of genetic deficit was initiated during adulthood 

(Clement et al., 2012). Taken together with findings from this study, these data point to 

potential limitations of molecular therapies while also pointing to a complex contribution of 

circuit network properties and anatomic-based mechanisms (PC loss, for example) that 

likely contribute to defining the sensitive periods of therapy for ASD behaviors. Moreover, 

these data also point to the possibility that targeted circuit modulation might provide a 

therapeutic strategy (Selimbeyoglu et al., 2017; Stoodley et al., 2017) that may have the 

potential to overcome closure of sensitive periods as defined by molecular-based therapeutic 

strategies.
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The cerebellum has recently been demonstrated to have extensive connections to diverse 

cortical regions, while cerebro-cerebellar connectivity has been demonstrated to be altered in 

individuals with ASD (Buckner et al., 2011; D’Mello et al., 2015; D’Mello and Stoodley, 

2015; Stoodley et al., 2017). Investigation of the specific cerebellar domains and 

downstream cerebellar-regulated circuit-based mechanisms underlying these ASD-related 

behaviors and leveraging these findings into potential circuit-based therapeutic modalities 

are important avenues of further research. Thus, although this study informs both timing and 

benefit of therapeutic intervention, our data also point to mechanisms that may contribute to 

behavioral dysfunction in these disorders. Moreover, these data lay the framework for 

subsequent functional evaluation of cerebellar domains and circuits to delineate the precise 

distributed brain circuits regulated by the cerebellum that mediate critical behaviors seen in 

individuals with ASD.
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CONTACT FOR REAGENT AND RESOURCE SHARING

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).

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Mice—L7cre; Tsc1flox/flox (mutant) animals were generated by crossing L7/Pcp2-Cre 
(L7Cre) (Barski et al., 2000); floxed Tsc1 (Tsc1flox/+[het]) mice (Kwiatkowski et al., 2002) 

to generate het mice, (L7Cre;Tsc1flox/flox [mutant]) mice, and control mice (floxed Tsc1 mice 

(Tsc1flox/flox), L7Cre+ or – Tsc1+/+mice). We have shown previously (Tsai et al., 2012) that 

control animals of these various genotypes act similarly on the behavioral paradigms 

examined in this study. Only male animals were used for behavioral experiments. Mice were 

of mixed genetic backgrounds (C57BL/6J, 129 SvJae, BALB/cJ). Ages of mice are as 

specified in behavioral analysis methods and illustrated in Figure S1. All animals were 

group housed and maintained on a 12hr:12hr light dark cycle. All experimental protocols 

were approved by the Boston Children’s Hospital Animal Research at Children’s Hospital 

Committee and Animal Resource Committee at University of Texas Southwestern.

METHOD DETAILS

Rapamycin Treatment—Rapamycin was dissolved in 0.25% polyethylene glycol and 

0.25% tween prior to usage. Vehicle or rapamycin was administered intraperitoneally every 

Monday, Wednesday, and Friday with rapamycin dosed at 6 mg/kg per injection starting at 6 

weeks (6 week cohort) or 10 weeks (10 week cohort) of age. As shown in Figure 1A and 

Figure S1, rapamycin was administered for 4 weeks prior to onset of behavioral or 

electrophysiology testing, and rapamycin administration was continued throughout the 

period of behavioral testing. Electrophysiology and/or perfusions for Purkinje cell 

quantification were performed 5 weeks after initiation of treatment to approximate 

behavioral testing timeline.

Behavioral Analysis—Behavioral testing was performed in the following order (Figure 

S1): 4 weeks after treatment initiation: Rotarod. 5–7 weeks after treatment initiation: Open 

Field, Elevated Plus, Three Chambered Social Interaction, Grooming. 6–8 weeks after 

treatment initiation: Water T Maze, Olfactory testing. Differences in number for behavioral 

testing cohorts resulted from variation between genotypes generated from crosses, and new 

cohorts were not utilized for each behavioral paradigm. In ordering and grouping these tests, 

every attempt has been made to refer to previous literature regarding behavioral test order in 

mice (Crawley, 2008; McIlwain et al., 2001; Võikar et al., 2004).

Accelerating Rotarod—Animals were tested using the Accelerating Rotarod as described 

over 5 consecutive days (Buitrago et al., 2004). Animals were tested 4 weeks after initiation 

of treatment paradigm (rapamycin or vehicle initiated at either 6 or 10 weeks of age).

Open Field—Open field testing was performed as described for 15 minute period (Holmes 

et al., 2001). Movement and time spent in center quadrants were recorded by video camera, 

and automated analysis was performed using Noldus (Virginia) Ethovision software. 
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Animals were tested 5–7 weeks after initiation of treatment paradigm (rapamycin or vehicle 

initiated at either 6 or 10 weeks of age).

Elevated Plus Maze—Elevated Plus Maze was performed as previously described for a 5 

minute period (Tsai et al., 2012; Yuan et al., 2012). Distance traveled and time in open arms 

were recorded by video camera and automated analysis was performed using Noldus 

Ethovision software. Light in the open arms was 15 lux. Animals were tested between 7–9 

weeks of age. Animals were tested between 5–7 weeks after initiation of treatment paradigm 

(rapamycin or vehicle initiated at either 6 or 10 weeks of age).

Social Interaction—Animals were tested for social interaction in the three chambered 

apparatus (Dold Labs) as previously described (Yang et al., 2011). Time in chambers and 

number of crossings between chambers was recorded in an automated manner (National 

Instruments). Time spent interacting with the novel animal and object was recorded by the 

examiner with stopwatch. Animals were tested between 5–7 weeks after initiation of 

treatment paradigm (rapamycin or vehicle initiated at either 6 or 10 weeks of age). All 

behavioral assays (including social interaction) were performed by examiner blinded to 

genotype.

Grooming—After habituation, animals were observed for 10 minutes, and time spent 

grooming was recorded as described (Silverman et al., 2011). Animals were tested between 

5–7 weeks after initiation of treatment paradigm (rapamycin or vehicle initiated at either 6 or 

10 weeks of age).

Water T-Maze—Reversal learning was tested using the water T maze as described (Bednar 

et al., 2002). On Days 1–3, mice were given 15 trials and tasked to locate a submerged 

platform placed in one of the maze arms. After 15 trials on Day 3, the platform was changed 

to the other T arm. Mice were then tested for 15 additional trials (Reversal Day1). Then for 

2 subsequent days (Reversal Day 2–3), mice were given 15 trials/day. Number of correct 

trials and number of trials required to achieve 5 consecutive correct trials were recorded. 

Animals were tested between 6–8 weeks after initiation of treatment paradigm (rapamycin 

or vehicle initiated at either 6 or 10 weeks of age).

Olfaction—Olfaction was tested as previously described (Yang and Crawley, 2009). 

Animals were presented sequentially with odors on cotton tipped applicators: first non-

social, then social odors. Odors were presented in 3 consecutive trials per odorant stimulus 

(2 minutes/ trial) in the following order: water, almond extract, banana extract, social odor 1, 

and lastly social odor 2. Social odors were swipes from cages containing unfamiliar, gender 

(male), and age matched animals. Animals were tested between 6–8 weeks after initiation of 

treatment paradigm (rapamycin or vehicle initiated at either 6 or 10 weeks of age).

Slices—Acute sagittal slices (250–300 µm thick) were prepared from the cerebellar vermis 

of 4 and 6 week old mutant and control littermates. Slices were cut in an ice cold artificial 

cerebrospinal fluid (ACSF) solution consisting of (mM): 125 NaCl, 26 NaHCO3, 1.25 

NaH2PO4, 2.5 KCl, 1 MgCl2, 2 CaCl2, and 25 glucose (pH 7.3, osmolarity 310) equilibrated 
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with 95% O2 and 5% CO2. Slices were initially incubated at 34ºC for 25 minutes, and then 

at room temperature prior to recording in the same ACSF.

Recordings—Visually guided (infrared DIC videomicroscopy and water-immersion 40x 

objective) whole-cell recordings were obtained with patch pipettes (2–4 MU) pulled from 

borosilicate capillary glass (World Precision Instruments) with a Sutter P-97 horizontal 

puller. Electro-physiological recordings were performed at 31–33 C. For current-clamp 

recordings, the internal solution contained (in mM): 150 K-gluconate, 3 KCl, 10 HEPES, 0.5 

EGTA, 3 MgATP, 0.5 GTP, 5 phosphocreatine-tris2, and 5 phosphocreatine-Na2. pH was 

adjusted to 7.2 with NaOH. Current-clamp and extracellular recordings were performed in 

NBQX (5 µM), R-CPP (2.5 µM), and picrotoxin (20 µM) to block AMPA receptors, NMDA 

receptors, and GABAA receptors respectively. All drugs were purchased from Sigma-Al-

drich or Tocris.

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 (generously provided by Bernardo Sabatini, HMS, Boston, MA), 

or IgorPro (generously provided by Matthew Xu-Friedman, SUNY Buffalo). 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 MU) filled with ACSF in conjunction with a stimulus isolation 

unit (WPI, A360) were used for extracellular stimulation of CFs and PFs.

Immunohistochemistry/Quantification of Purkinje Cells

Mice were perfused and post-fixed with 4% paraformaldehyde. Sections were prepared by 

cryostat sectioning and were stained with the following antibodies: PhosphoS6 (Cell 

Signaling, #2211) and calbindin (Sigma, #CB955). Anti-Calbindin staining was performed 

to identify Purkinje cells while PhosphoS6 staining was performed as a marker for mTOR 

signaling (increased with loss of Tsc1; reduced with rapamycin administration). Purkinje 

cell numbers were quantified by totaling all Purkinje neurons from midline vermis sections 

from mice that had been treated for 5 weeks with treatment initiation commencing at either 6 

or 10 weeks of age depending on cohort in order to mirror behavioral testing paradigms.

Microscopy

Intracellular labeling of Purkinje cells was accomplished using recording pipettes filled with 

0.05% biocytin (Tocris). Neurons in deeper portions of the Purkinje cell layer were targeted 

and filled for 3 min, and then the pipette was slowly withdrawn so that the cell membrane 

could reseal. Slices (250 µm thick) were then fixed in 4% paraformaldehyde in 0.1 M 

phosphate buffer for 24 hours, rinsed thoroughly in PBS, and incubated for 90 min in a PBS 

solution containing 0.5% Triton-X, 10% normal goat serum and streptavidin Alexa Fluor 

488 conjugate (1:500, Life Technologies). Slices were then rinsed in PBS, mounted on 

Superfrost Plus slides (VWR International), airdried, and coverslipped in Vectashield 

mounting media (Vector Labs). Immunohistochemical studies were captured using Zeiss 
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Confocal LSM710. Images were processed and morphology quantified using ImageJ 

software with studies performed by examiner blinded to genotypes.

Magnetic Resonance Imaging

A total of 40 male mice were used for these studies. Total numbers included 16 mutant mice 

(8 vehicle and 8 rapamycin) and 23 litter-mate controls (13 vehicle and 10 rapamycin). One 

mouse was excluded due to extremely large ventricles making our cohort 39 mice. A 

multichannel 7.0 Tesla MRI scanner (Agilent Inc. Palo Alto, CA) was used to image the 

brains, left within their skulls. Sixteen custom built solenoid coils were used to image the 

brains in parallel (Bock et al., 2005).

Anatomical Scan (40um)—Parameters for the anatomical MRI scans: T2-weighted, 3D 

fast spin echo sequence, with a cylindrical acquisition of k-space, and with a TR of 350 ms, 

and TEs of 12 ms per echo for 6 echoes, field of view of 20 × 20 × 25 mm3 and a matrix size 

of 504 × 504 × 630 giving an image with 0.040 mm isotropic voxels (Spencer Noakes et al., 

2017). Total imaging time 14 hr.

Diffusion Tensor Imaging (DTI)—DTI sequence parameters: 3D diffusion weighted fast 

spin echo sequence with an echo train length of 6, TR of 275 ms, first TE of 32 ms, and TEs 

of 10 ms for the remaining 5 echoes, field of view is 14 × 14 × 25 mm3 and a matrix size of 

180 × 180 × 324 yielding an image with 0.078 mm isotropic voxels. Five b = 0 s/mm2 

images and 30 high b-value images (b = 1917 s/mm2) in 30 directions were acquired with 

one average per direction. The 30 directions were distributed following the Jones30 scheme 

(Jones et al., 1999). Total imaging time 14 hours.

Registration and Deformation Based Analysis—To visualize and compare any 

differences in the mouse brains the anatomical images, or b = 0 s/mm2 images from the DTI 

study, were separately linearly (6 parameter followed by 12 parameter) and nonlinearly 

registered together. All scans are then resampled with appropriate transform and averaged to 

create a population atlas for each scan type representing the average anatomy of the study 

sample. All registrations were performed with a combination of mni_autoreg tools (Collins 

et al., 1994) and advanced normalization tools (ANTs) (Avants et al., 2008; 2011). The 

result of the registration was to have all scans deformed into exact alignment with each other 

in an unbiased fashion (Lerch et al., 2008; Nieman et al., 2006). The Jacobian determinants 

of the deformation fields were then used as measures of volume at each voxel. For the 

diffusion measurements, the images were analyzed using the FSL software package 

(FMRIB, Oxford UK), which was used to create Fractional Anisotropy (FA), Mean 

Diffusivity (MD), Axial Diffusivity (AD), and Radial Diffusivity (RD) maps for each of the 

individual brains. Then the same transformation that was used on the b = 0 s/mm2 images 

was applied to the diffusion maps to align them. The intensity differences were then 

calculated between groups. Significant regional volume or diffusion changes could then be 

calculated by warping a pre-existing classified MRI atlas onto the population atlas, which 

allows for the volume of 159 segmented structures encompassing cortical lobes, large WM 

structures (i.e., corpus callosum), cerebellum, and brainstem. This atlas built upon the Dorr 

atlas (Dorr et al., 2008) with additional delineations of the cerebellum according to 
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Steadman et al. and the cortex according to Ullmann et al. (Steadman et al., 2014; Ullmann 

et al., 2013). As differences were expected within the cerebellum, voxelwise analyses for 

volume and diffusion metrics were restricted to the cerebellum. Multiple comparisons were 

controlled for using the false discovery rate (Genovese et al., 2002).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics—Data are reported as 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 or FDR of < 0.05 (for MRI 

studies). Numbers of animals and statistical results utilized for all studies is included in 

Tables S1–S4. Sample sizes were based on the following formula: n = 1+2C(s/d)2 (with C 

calculated for p = 0.05, power 0.9). All testing was done blinded to animal genotype. ROUT 

methodology in Graphpad Prism was utilized to determine the presence of outliers. 

Behavioral Testing results can be found in Table S1 (6 week Rapa treatment cohort) and S4 

(10 week Rapa treatment cohort). MRI results can be found in Supplemental Tables S2 

(Volume Studie) and S3 (Diffusion studies). A total of 40 male mice were used for MRI 

studies including 16 mutant mice (8 vehicle and 8 rapamycin) and 23 littermate controls (13 

vehicle and 10 rapamycin).

Supplementary Material

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

• Social behaviors in a cerebellar autism mouse model can be rescued into 

adulthood

• Sensitive period for repetitive behaviors closes earlier than for social behavior

• Adult rescue of social behaviors in this model requires Purkinje cell survival

• Rescue of cerebellar domain volumes correlates with rescue of specific ASD 

behaviors
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Figure 1. Sensitive Period Remains Open at 6 Weeks for Treatment of Social and Motor 
Behaviors
(A) Schema for treatment paradigm.

(B) Social testing in three-chambered apparatus.

(C–F) Rapamycin initiated at 6 weeks rescues (C and D) social behaviors in three 

chambered apparatus, (E) social olfaction, and (F) motor function on rotarod.

(G and H) No rescue is achieved for (G) repetitive grooming nor (H) reversal learning on 

water T maze.

Two-way ANOVA, Bonferroni post hoc analysis. *p < 0.05, **p < 0.01, and ***p < 0.001. 

FA, familiar animal; NA, novel animal; NO, novel object; Ns, not significant. Rapa, 

rapamycin; RevDay, reversal day; VEH, vehicle. Data are reported as mean ± SEM.
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Figure 2. Treatment Initiated at 6 Weeks Rescues PC Survival and Impaired Spontaneous Firing 
and Excitability in PC Tsc1 Mice
Recordings were performed at 11 weeks of age (5 weeks after treatment initiation at 6 weeks 

of age).

(A) PC loss is rescued with rapamycin therapy (quantification of PCs on left). Shown are 

midline vermis sagittal sections stained with calbindin (to identify PCs) and phosphoS6 (to 

evaluate mTOR activity) antibodies.

(B and C) Rapamycin initiated at 6 weeks rescues (B) intrinsic firing properties and (C) 

excitability deficits in mutant mice.

Two-way ANOVA, Bonferroni post hoc analysis. *p < 0.05, **p < 0.01, and ***p < 0.001. 

Ns, not significant; Rapa, rapamycin; VEH, vehicle. Data are reported as mean ± SEM.
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Figure 3. Brain Alterations in PC Tsc1-Mutant Mice Are Partially Rescued with Rapamycin 
Therapy
(A) Voxelwise differences in relative volume between control and mutant mice are partially 

rescued with rapamycin therapy.

(B–F) Bar plots summarizing data showing partial rescue of (B) CrusI white matter (WM), 

(C) CrusII WM, (D) lateral CN, (E) interposed CN, and (F) medial CN.

(G and H) Bar plots also summarize data demonstrating areas altered in PC Tsc1-mutants 

that are not rescued with rapamycin treatment, including anterior (Ant) lobules 4 and 5 (G) 

gray and (H) WM.

*FDR < 0.05; **FDR < 0.01; and ns, FDR > 0.1. CON, control; MUT, PC Tsc1 mutant; 

Rapa, rapamycin; VEH, vehicle. Data are reported as mean ± SEM.
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Figure 4. At 10 Weeks, Sensitive Period Is Open for Social Behaviors in the Presence of PC 
Survival
(A–C) Rapamycin initiated at 10 weeks is able to rescue social behaviors in (A) social 

approach, (B) social novelty, and (C) social olfaction behavioral paradigms only in 

heterozygous (het), not homozygous (mutant), PC Tsc1 mutants.

(D and E) No rescue is seen for either genotype in (D) reversal learning in water T maze or 

(E) with repetitive grooming.

(F) Despite these findings, persistent rescue of motor learning on the rotarod was observed 

in homozygous PC Tsc1-mutant mice.

(G) PC viability is not rescued in homozygous PC Tsc1 mutants with rapamycin initiated at 

10 weeks of age.

Two-way ANOVA, Bonferroni post hoc analysis. *p < 0.05, **p < 0.01, and ***p < 0.001. 

FA: familiar animal; NA, novel animal; NO, novel object; Ns, not significant; Rapa, 

rapamycin; Rev, reversal; VEH, vehicle. Data are reported as mean ± SEM.

Tsai et al. Page 27

Cell Rep. Author manuscript; available in PMC 2018 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Electrophysiology Phenotypes with 10 Week Treatment Paradigm
Recordings were performed at 15 weeks of age (5 weeks after treatment initiation at 10 

weeks of age).

(A and B) Intrinsic PC firing properties are rescued in mutants with rapamycin therapy (A), 

while PC excitability is not rescued in mutant mice even with rapamycin therapy (B).

Two-way ANOVA, Bonferroni post hoc analysis. **p < 0.01 and ***p < 0.001. Ns, not 

significant; Rapa, rapamycin; VEH, vehicle. Data are reported as mean ± SEM.
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Table 1.

Impact of Treatment on Behavior and Cellular Phenotypes

Rapa 6 Weeks Rapa 10 Weeks

Mutant Het Mutant

Social approach rescue rescue no

Social novelty rescue rescue no

Social olfaction rescue rescue no

Grooming no no no

Water T maze no no no

Rotarod rescue no deficit rescue

PC survival rescue no deficit no

‘‘Rescue’’ denotes rescue with rapamycin treatment. ‘‘No’’ denotes lack of rescue with rapamycin treatment. ‘‘No deficit’’ indicates an absence of 
deficit in this model. PC, Purkinje cell; Rapa, rapamycin.
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