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Abstract

Background—Interneuronal pathology is implicated in many neuropsychiatric disorders, 

including autism spectrum disorder (ASD) and Tourette syndrome (TS). Interneurons of the 

striatum, including the parvalbumin-expressing fast-spiking interneurons (FSIs) and the large 

cholinergic interneurons (CINs), are affected in patients with TS and in preclinical models of both 

ASD and TS.

Methods—To test the causal importance of these neuronal abnormalities, we have recapitulated 

them in vivo in developmentally normal mice, using a combination transgenic-viral strategy for 

targeted toxin-mediated ablation.

Results—We find that conjoint ~40% depletion of FSIs and CINs in the dorsal striatum of male 

mice produces spontaneous stereotypy and marked deficits in social interaction. Strikingly, these 

behavioral effects are not seen in female mice; since ASD and TS have a marked male 

predominance, this observation reinforces the potential relevance of this finding to human disease. 

Neither of these effects is seen when only one or the other interneuronal population is depleted; 

ablation of both is required. Depletion of FSIs, but not of CINs, also produces anxiety-like 

behavior, as has been described previously. Behavioral pathology in males after conjoint FSI and 

CIN depletion is accompanied by increases in activity-dependent signaling in the dorsal striatum; 

these alterations were not observed after disruption of only one interneuron type, or in doubly-

depleted females.
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Conclusions—These data indicate that disruption of CIN and FSI interneurons in the dorsal 

striatum is sufficient to produce network and behavioral changes of potential relevance to ASD, in 

a sexually dimorphic manner.
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INTRODUCTION

Interneuronal pathology is increasingly recognized as a contributor to a range of 

neuropsychiatric symptomatology (1–6), including in autism spectrum disorder (ASD) (1, 

2). Much of this work has focused on the cerebral cortex; dysregulation of interneurons of 

the basal ganglia (7) has, until recently, received less attention.

ASD and Tourette syndrome (TS) are frequently comorbid (8, 9). ASD is characterized by 

social deficits, communication deficits, and stereotyped behaviors, frequently accompanied 

by intellectual disability (10, 11), and affects 1.0–2.6% of the population (12). TS is 

characterized by persistent motor and vocal tics and affects 0.5–1.0% of the population (13). 

Both TS and ASD are more common in males than females (11, 12, 14). Our understanding 

of the pathophysiology of ASD is growing rapidly (15), and convergent evidence implicates 

pathology in the basal ganglia circuitry (16–19). Comorbidity patterns and the fact that the 

basal ganglia circuitry is implicated in both TS and ASD suggests that the pathophysiology 

of these two disorders may overlap (9).

Post-mortem analysis has identified deficits in striatal cholinergic (CINs) and parvalbumin-

expressing striatal fast-spiking interneurons (FSIs) interneurons in individuals with 

refractory TS (4, 5, 20–22). These two interneuron types both regulate GABAergic 

inhibition in the striatal microcircuitry (directly in the case of the FSIs and indirectly in the 

case of the CINs), but the subcellular targets of this inhibition and its effects on the 

microcircuitry differ (7, 23, 24), and deficits in these two interneuron populations may, 

therefore, produce interactive effects.

Patients with autism have a reduced number of FSIs in the medial prefrontal cortex, 

compared to controls (25). Comparable data on striatal interneurons is lacking, but 

preclinical studies suggest that striatal interneuronal abnormalities may also contribute to 

ASD. For example, FSIs are reduced in number in the CNTNAP2 knockout mouse, which 

recapitulates a rare genetic cause of autism (26). Parvalbumin (PV)-expressing interneurons 

are abnormal in the cortex in the BTBR T+tf/J model of idiopathic autism; similar 

abnormalities have been reported in the Shank3 knockout model of monogenetic autism and 

the MECP2 knockout model of Rett syndrome (27). Pathology of the striatal circuitry 

contributes to ASD-like behavioral abnormalities in both of these models (28, 29). Shank3 

knockout mice have reduced PV expression in the striatum (30). MECP2 knockout mice 

have an increased number of PV interneurons in the striatum, suggesting a distinct but 

perhaps related pathology (31); restricting MECP2 knockout to PV interneurons, throughout 

the brain, produces motor, sensory, and social deficits (32). Deletion of the PV gene itself 
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produces ASD-like behaviors, including communication deficits, abnormalities in reciprocal 

social interactions, and stereotyped behaviors (33).

There is also preclinical evidence for involvement of striatal cholinergic interneurons (CINs) 

in ASD pathophysiology, although it is more limited. The BTBR T+tf/J spontaneous genetic 

model exhibits lower levels of acetylcholine (ACh) in the prefrontal cortex; interestingly, 

ASD-relevant behavioral deficits in this model – abnormal social behaviors and cognitive 

inflexibility – are ameliorated following infusions of ACh directly into the striatum (34).

To address the causal relationship of striatal interneuron pathology to ASD-relevant effects, 

we specifically depleted CIN and FSI interneurons in the dorsal striatum in developmentally 

normal mice (21, 22). We report that conjoint depletion of both interneuronal populations 

produces abnormalities in both core behavioral domains of ASD: deficits in social 

interaction and enhancement in stereotypic behavior. These effects are seen only after 

depletion of both interneuron types, not of either one alone, and are seen only in males. 

These results suggest that striatal interneuronal pathology may contribute causally to ASD.

MATERIALS AND METHODS

Detailed Methods are provided in the Supplementary Material.

Animals

To target FSIs we used PV-cre transgenic mice, which have been previously described (35). 

To target CINs we used Chat tm1(cre)Lowl transgenic mice (www.jax.org:006410), as in our 

previous work (21). PV-cre homozygous/ChAT-cre hemizygous breeders; were bred with 

wild-type C57Bl/6 mice to produce PV-cre/ChAT-cre double-hemizygous mice for 

experimental use.

Viruses, surgical procedures and viral infusions, and interneuron depletion

We infused virus AAVrh10 EF-DIO-sDTR-FLAG (A46) into the dorsal striatum of 

transgenic mice, as previously described (21, 22); this virus expresses the simian diphtheria 

toxin receptor (sDTR) in cre-positive cells, rendering them susceptible to ablation after 

systemic diphtheria toxin (DT), and GFP in cre-negative cells. Control animals received the 

control AAVrh10-EF-mutDIO-sDTR-FLAG (C46) virus, which expresses GFP in all 

infected cells (22).

0.5 μl virus was infused bilaterally into the central dorsal striatum under ketamine/xylazine 

anesthesia as described previously (21), targeting coordinates AP +0.5mm, ML ±1.5mm, 

DV −2.7 mm (36). Typical viral spreads are shown in Figure 1A–C.

Two weeks after surgery, all mice received two injections of diphtheria toxin (DT, 15 or 30 

μg/kg IP, one injection/day on 2 consecutive days). Behavioral analysis began 1 week after 

DT injection.
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Drugs

Diphtheria toxin (DT, Calbiochem #322326) was dissolved in sterile saline and administered 

IP. Oxytocin (1 mg/kg, Tocris #1910) was dissolved in sterile saline solution and then 

administered IP.

Behavioral analysis

Locomotor activity was assessed using an open field apparatus (Omnitech Electronics) as 

described previously (37, 38).

Elevated plus maze, rotarod, and pre-pulse inhibition of startle were measured as described 

previously (21, 39, 40).

Social interaction—Social interaction quantifies the preference of a mouse to interact 

with an unfamiliar, conspecific ‘stranger’ mouse relative to an inanimate novel object 

(Duplo® blocks, black, of similar size to a mouse) (41). Stranger mice and control inanimate 

objects were placed within wire cylinders in an open field. Entries by the test mouse into and 

time within a social target zone (an annulus around the stranger mouse’s wire enclosure) and 

an equivalent nonsocial target zone were quantified.

Stereotypic behavior—Stereotypic time (grooming and sniffing) was scored from video 

using an automated system (Cleversys HomeCage Scan); we have previously shown that this 

measure correlates with manual scoring by a blinded observer (21). In an independent assay, 

stereotypical beam-breaks were defined as repetitive breaks of a single infrared beam within 

one second in the open field (42–44).

Operant behavior—Mice were food restricted to 85% body weight. Operant training was 

conducted in standard aluminum chambers (Med Associates) and performed in three phases. 

First, after shaping, mice learned to nose-poke in either of two noseports for a sucrose 

reward when both ports were illuminated. Next, mice learned a simple cue discrimination 

operant task: only one of the two noseports was illuminated, and mice learned to nose-poke 

at this port for a sucrose reward. Finally, the reinforcement schedule changed, such that the 

left noseport was always reinforced, irrespective of illumination, requiring mice to switch 

from using a cue to a spatial strategy. In all three phases, training continued until a 

predetermined behavioral criterion was reached. Trials to criterion was analyzed using 

general estimating equations with a Poisson loglinear distribution in SPSS, with virus (A46 

vs C46) as the between-subjects factor and experimental phase as a within-subject factor.

Immunohistochemistry

Following behavioral testing, brains were removed, fixed, sliced, and immunostained as 

described previously (37, 38, 45, 46).

Immunopositive cells were counted from a single field in the dorsal striatum on each side in 

representative slices, as previously described (45, 46). N in these experiments reflects 

number of animals. To assay microglial activation, total Iba1 immunopositive area was 

quantified, as previously described (45).
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Data analysis

All quantification was performed blind to experimental condition. Statistical analysis was 

performed using Prism 6.0 (GraphPad) or, for 3-way analyses, Minitab 17 (Minitab, Inc.) or 

SPSS 22.0 (IBM). Group values are presented as mean ± SEM. Pairwise comparisons were 

performed using Student’s t-test. More complex comparisons were performed using 

ANOVA with Sidak’s post-hoc. Differences between conditions were considered statistically 

significant at p < 0.05.

RESULTS

Conjoint depletion of CINs and FSIs

We used a viral system (21, 22) in double-transgenic ChAT-cre/PV-cre transgenic mice to 

achieve specific conjoint depletion of CINs and FSIs in the dorsal striatum of 

developmentally normal mice. Male and female mice were tested in parallel. Active (A46) 

or control (C46) virus was stereotaxically infused bilaterally into the dorsal striatum. 2 

weeks later, all mice received DT (15 μg/kg per day x 2 days, IP). Approximately 4 weeks 

later, following behavioral testing, mice were sacrificed, and FSI and CIN interneuron 

density in the dorsal striatum was quantified. As shown in Figure 1, both PV-expressing FSIs 

and ChAT-expressing CINs were reduced by ~50% by this treatment, in male and female 

mice infused with the active DTR virus, A46, relative to the negative control virus, C46.

We produced separate cohorts of male mice in which only FSIs or only CINs were depleted 

(21, 22). To explore whether more complete depletion of single interneuron populations 

would recapitulate the effects seen after conjoint depletion of both populations, we produced 

additional cohorts of male mice in which DT dosage was doubled (30μg/kg for two 

consecutive days) (see Supplementary Figure S1); these were tested in key behavioral 

experiments, as detailed below.

Viral infusion and interneuronal apoptosis may produce inflammatory changes in the brain; 

however, we found no differences in microglial activation between the A46 and C46 groups, 

either 24 hours or several weeks after DT injection (Supplemental Figure S2).

Conjoint striatal FSI and CIN depletion produces elevated anxiety in male but not female 
mice

Consistent with previous results (22), male mice with conjoint depletion of FSIs and CINs in 

the dorsal striatum (Figure 2A), or depletion of only FSIs (Supplemental Figure S3), showed 

increased anxiety-like behavior in the elevated plus maze, whereas mice in which only CINs 

were depleted did not (Supplementary Figure S3) (21). In contrast, female mice with 

conjoint depletion of FSIs and CINs showed no increased anxiety-like behavior in the 

elevated plus maze; indeed, they showed a trend towards reduced anxiety-like behavior 

(Figure 2B). An omnibus ANOVA analysis confirmed this sex difference: mixed ANOVA, 

three-way Arm x Sex x Virus interaction (F[1,35] = 6.04, p = 0.019); main effect of Arm 

(F[1,35] = 779, p < 0.0001; Arm x Sex interaction (F[1,35] = 9.75, p = 0.004). Lower-order 

ANOVAs revealed a significant Sex x Virus interaction for closed arm occupancy (F[1,35] = 

5.6, p = 0.023) and a trend for open arm occupancy (F[1,35] = 2.8, p = 0.10). These results 
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confirm the ability of FSI depletion in the dorsal striatum, alone or conjointly with CIN 

depletion, to produce elevated anxiety-like behavior in male mice (22), but also reveal an 

unexpected sexual dimorphism.

Conjoint FSI and CIN depletion does not affect a range of control behaviors

Conjoint interneuron depletion did not alter locomotion in an unfamiliar open field 

environment in either male or female mice; there was nominally reduced locomotion in 

depleted males, but it did not approach statistical significance (Supplementary Figure S4A). 

There was no alteration in PPI after conjoint FSI and CIN depletion in either male or female 

mice (Supplementary Figure S5). We also tested these mice in an operant learning paradigm 

that assays reward-motivated learning (to nose-poke for food), cue discrimination, and 

strategy shifting; there was no difference in performance between A46 and C46 male mice 

in any phase, indicating intact reinforcement-driven learning, sensory processing, and 

cognitive flexibility (Supplemental Figure S6).

Conjoint FSI and CIN depletion produces spontaneous stereotypy in male but not in 
female mice

Depletion of FSIs or CINs alone does not produce stereotypy at baseline (21, 22). We tested 

whether conjoint depletion of both interneuron types could produce spontaneous stereotypy. 

Stereotypy was measured using an automated system that quantifies stereotypic behaviors 

from video; we have previously shown that automatic scoring is highly correlated (r > 0.8) 

with manual scoring from video (21).

This analysis revealed elevated spontaneous grooming and related stereotypic movements in 

male mice after conjoint interneuron depletion (Figure 3A). In contrast, there was no 

spontaneous stereotypy in an identical analysis after depletion of either FSIs or CINs in 

isolation (Supplementary Figure S7A), consistent with previous results (21, 22). More 

extensive depletion of FSIs or CINs did not produce spontaneous stereotypy (Supplemental 

Figure S7B), indicating that this is an interactive rather than an additive effect of conjoint 

interneuron depletion. Ablation of CIN and FSI did not affect stereotypic behavior in female 

mice (Figure 3B).

To confirm the presence of elevated spontaneous stereotypic behavior in conjointly depleted 

males, we quantified repetitive beam breaks in the open field, a measure of repetitive low-

amplitude movements that has been used to capture stereotypy in a number of contexts (42–

44, 47). Stereotypy by this independent measure was also increased after conjoint FSI and 

CIN depletion in males (Figure 3C), but not in females (Figure 3D).

Social deficits in male but not in female mice after conjoint FSI and CIN depletion

We next tested social interaction, a core ASD-relevant phenotype (48). Mice were placed in 

an environment containing both an unfamiliar same-sex mouse and a novel object target, and 

their bias towards the social target was quantified. Male mice with conjoint depletion of FSIs 

and CINs showed a marked reduction in social preference, with reduced time in the social 

target zone and increased time in the nonsocial (novel object) target zone (Figure 4A, 4B). 

Although interneuron-depleted mice showed much less dwell time in the social target zone 
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(and more in the non-social target zone), the number of entries into the social target zone 

was not significantly different from controls (Figure 4C). Correspondingly, the time spent in 

the social target zone per entry was much greater than that in the non-social target zone for 

control mice, but not for interneuron depleted animals (Figure 4D): depleted mice entered 

the social target zone just as often as controls, but did not stay there. There was no 

significant effect of single interneuron depletion on social interaction, after either standard or 

more complete interneuron depletion (Supplementary Figure S8).

Social preference in female mice was not affected by conjoint FSI and CIN depletion 

(Figure 4E, F). This sexually dimorphic effect was confirmed in an ANOVA analysis across 

all data, with zone as a within-subject factor and sex and virus as between-subject factors: 

the three-way Zone x Sex x Virus interaction was significant (F[1,35] = 10.45, p = 0.003), as 

were main effects of Zone (F[1,35] = 52.5, p < 0.001) and Virus (F[1,35] = 8.8, p = 0.005), 

and 2-way interactions between Zone and Sex (F[1,35] = 4.3, p = 0.046) and between Zone 

and Virus (F[1,35] = 8.54, p = 0.006).

The peptide hormone oxytocin has been observed to have pro-social effects and has been 

investigated in preclinical models of autism (49, 50) and in patients, albeit with mixed 

results (51, 52). In a separate cohort of male mice with conjoint FSI/CIN depletion, we 

replicated both spontaneous stereotypy and social preference phenotypes. Pretreatment with 

oxytocin (1mg/kg) produced a modest nominal mitigation of the behavioral abnormalities, 

but these effects failed to reach statistical significance in primary analyses (Supplementary 

Figure S9).

Sexually dimorphic alterations in dorsal striatal neural activity after interneuron depletion

To identify mechanistic correlates of these behavioral effects, we examined activity-

dependent markers of several different signaling pathways in striatal medium spiny neurons 

(MSNs) after conjoint FSI and CIN depletion, as in our recent work (38, 46).

Mitogen and stress activated kinase 1 (MSK1) is a marker of MAPK signaling activity in 

striatal MSNs (53, 54). Phosphorylation of MSK1 was elevated in male mice after conjoint 

FSI and CIN depletion, but this effect was not observed in female mice (Figure 5A) or in 

male mice with only FSI or only CIN depletion (Supplementary Figure S10A).

A similar pattern was seen in phosphorylation of the translational regulator rpS6, which is a 

target of MAPK signaling as well as of other activity-regulated neural signaling pathways 

(55). Again, elevated phosphorylation was seen in male mice after conjoint depletion of FSIs 

and CINs, but not in females (Figure 5B) or after single ablation of either FSIs or CINs 

(Supplementary Figure S10B). The same pattern was seen in phosphorylation of histone H3 

at P-S10, an activity-regulated epigenetic marker that is a target of MSK1 (56) (Figure 5C, 

Supplementary Figure S10C).

AKT-GSKβ signaling is an important regulator of striatal function, especially in dopamine 

D2 receptor-expressing MSNs (42, 57), and has been implicated in preclinical studies of TS 

and other neuropsychiatric conditions (46, 58). However, depletion of FSIs and CINs had no 
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effect on phosphorylation of AKT-GSKβ signaling, as measured by phosphorylation of 

GSKβ at S9 (Figure 5D).

DISCUSSION

ASD is heterogeneous and derives from multiple, interacting developmental and 

environment influences. Mechanistic studies in animals can identify abnormalities that are 

sufficient to produce ASD-relevant effects, complementing correlational studies in patients. 

There is evidence that aberrant striatal interneuronal function can contribute to ASD (29–31, 

34), as well as to TS (4, 5, 20–22). We show that depletion of CINs and FSIs produces 

behavioral abnormalities in core domains of ASD symptomatology (10), similar to what is 

seen in models of rare genetic forms of autism (28, 59). Our results indicate that striatal 

interneuron disruption is sufficient to cause ASD-relevant behavioral abnormalities.

Most strikingly, conjoint interneuron depletion leads to a marked deficit in social interaction 

in males. Social deficits are a defining symptom of ASD (10, 11) and have been documented 

in a number of mouse models that are based on rare but high-penetrance ASD-associated 

mutations (26, 28). In our social preference assay, interneuron-depleted mice enter the social 

target zone just as often as controls, but they do not remain there nearly as long (Figure 4C). 

This suggests intact exploration of the environment, including the social zone, but no 

differential interaction with the social target. Performance in an instrumental learning task 

that tests both sensory and contextual/spatial discrimination is intact (Supplemental Figure 

S6), suggesting that the preference deficit is specific to social situations. These results, in 

conjunction with previous preclinical studies (34), focus attention on the relevance of dorsal 

striatal pathology in the development of ASD-relevant social deficits.

The second core symptom domain in ASD consists of repetitive behaviors or restricted 

interests (10). Restricted interest is difficult to model in a mouse, but repetitive behaviors are 

readily assayed, and they, too, are elevated in a number of genetic models of ASD with 

etiologic validity (26, 28). We find an elevation of stereotypic behaviors after dorsal striatal 

FSI and CIN depletion, extending the parallel to ASD and to well-established models.

It is striking that these two behavioral effects emerge only after conjoint depletion of both 

FSIs and CINs, and not after similar or greater depletion of either population alone 

(Supplementary Figure S7, S8). Although FSIs and CINs modulate the striatal 

microcircuitry in qualitatively different ways (7), they both can directly or indirectly inhibit 

MSNs (23, 24). It is possible that either interneuron population can compensate for a deficit 

in the other under normal circumstances, such that dysregulated baseline striatal activity and 

corresponding behavioral effects emerge only when both are depleted. However, our results 

suggest that these sources of MSN inhibition are not redundant; the key behavioral effects 

do not emerge after depletion of only FSIs or only CINs, even at higher levels of depletion. 

Reduction of both populations appears to be required for these effects.

We also observed elevated anxiety after interneuron depletion; this is attributable to FSI 

depletion. We have previously shown that depletion of FSIs in the dorsal striatum of male 

mice produces elevated anxiety-like behavior (22), while depletion of CINs does not (21); 
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we replicate these findings here (Supplemental Figure S3). Anxiety is not a defining 

symptom of ASD; but comorbid anxiety is seen in ~40% of youth with the diagnosis (60, 

61).

Perhaps our most dramatic finding is that social impairments, stereotypic behaviors, and 

anxiety-like behavior are observed only in male mice. ASD has a 5:1 male predominance 

(11); partially for this reason, most behavioral studies in mouse models have examined only 

male animals (28, 59, 62). The ability of an identical cellular depletion to produce such 

divergent effects in male and female mice draws attention to the importance of examining 

pathophysiological processes in both sexes.

Behavioral experiments were not timed with respect to estrous cycle in this study. Repetitive 

behaviors described as ‘compulsive’ can vary with the estrous cycle (63). Any such effect in 

our model would necessarily be subtle, however, for there to be no evident spread of the data 

or trend-level effects in the current analysis. The theoretical possibility of a hormone 

dependent modulation of these behavioral effects does not weaken our core conclusion: that 

depletion of CINs and FSIs generates differential effects on striatal circuitry and ASD-

relevant behaviors in males and females.

The mechanisms underlying this striking sexual dimorphism, hormonal or otherwise, remain 

to be established. As a first step in this direction, we tested the ability of oxytocin to mitigate 

behavioral effects of interneuronal depletion in males. Oxytocin has prosocial effects and 

has been explored as a therapeutic agent in preclinical and clinical studies of ASD (49–52, 

64). Pretreatment with oxytocin produced a modest but nonsignificant reduction in both 

stereotypy and social deficits in interneuron-depleted male mice (Supplemental Figure S9). 

Other hormonal effects may contribute to the sexual dimorphism. For example, estradiol 

modulates striatal DA release and CIN activity (65, 66). Allopregnanolone, a metabolite of 

progesterone, enhances GABAergic neurotransmission through positive allosteric 

modulation of GABAA receptors (67). These or related mechanisms in females may mitigate 

the consequences of interneuronal depletion; this is an important topic for future study.

Depletion of CINs and FSIs in the dorsal striatum produced a marked effect on activity-

dependent signaling in dorsal striatal MSNs in males. Interneuron depletion increased 

phosphorylation of rpS6, a regulator of activity-dependent translation, at P-235/236 (55, 68). 

Elevated phosphorylation was also seen at MSK1 T581, a marker of the MAPK cascade. 

Finally, phosphorylation of the MSK1 target H3 S10, a marker of epigenetic changes (69, 

70), was also elevated. Together, these molecular changes suggest increased activity of 

dorsal striatal MSNs after interneuron depletion. Alterations in markers of both activity-

regulated translation and epigenetic regulation suggest mechanisms whereby changes in 

neuronal activity may lead to long-lasting alterations in network function.

Aberrant signaling suggestive of elevated MSN activity after interneuron depletion is 

unsurprising, as local interneurons are a major source of inhibitory tone on MSNs. FSIs are 

major source of feed-forward inhibition in the striatum (7, 24). CINs can indirectly regulate 

MSN inhibition, through their regulation of GABAergic NPY-neuroglia form interneurons 
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and/or the more recently identified 5HT3a-expressing GABAergic interneurons (7, 23, 71, 

72).

Targeted depletion of specific interneurons in a developmentally normal adult is, of course, 

not a faithful recapitulation of the mechanisms of pathophysiology in patients with ASD, 

which is a neurodevelopmental condition (although it may have later onset associated with 

neuroinflammation in some cases; (73)). Furthermore, alterations in striatal interneurons, 

where they have been documented in clinical or preclinical studies, may reflect changes in 

cell phenotype that alter cell function and detection (such as reduced PV), rather than frank 

cell loss (30). Our experiments do not sek to fully recapitulate the pathophysiology of ASD, 

but rather to test the hypothesis that disruption of these specific interneurons in the dorsal 

striatum is sufficient to produce disease-relevant network and behavioral effects, 

independent of developmental disruptions. Such hypotheses cannot be tested in clinical 

studies or in brain-wide knockouts (26, 28, 33, 74) (or even brain-wide, cell type-specific 

manipulations (32)), as there is always the possibility of neuroanatomically off-target or 

developmental effects.

In sum, these studies provide compelling evidence that conjoint disruption of PV-expressing 

FSIs and cholinergic CINs in the dorsal striatum is sufficient to produce social deficits and 

stereotypic behavior, with potential relevance to the understanding of ASD. These effects are 

seen only in male mice, increasing the face validity of this manipulation for ASD, which has 

a much higher incidence in males (11). The consequences of interneuron ablation are 

independent of developmental disruptions, as the manipulation is performed in 

developmentally normal young adult mice. These behavioral phenotypes are not due to 

primary pathology elsewhere in the brain, as the viral manipulation is targeted specifically to 

the dorsal striatum. Future studies should examine the effects of reversible interneuronal 

dysregulation, and the mechanisms whereby female mice are protected from the pathogenic 

effects of interneuron disruption.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Specific depletion of FSIs and CINs by DT
A. Typical viral spread in male and female A46-expressing mice. B. Typical viral spread in 

male and female C46-expressing control mice. C. Viral spread across all animals (dark green 

area expressed virus in most or animals; lighter green area expressed virus in a subset). D. 
PV-expressing striatal FSIs were identified by immunostaining and quantified in mice with 

targeted FSI/CIN depletion (A46) and negative controls (C46). E. PV-positive cells were 

reduced in density in A46 mice in both males (N = 7,7; t[12] = 3.49, p = 0.004) and females 

(N = 5 C46, 6 A46; t[9] = 5.52, p = 0.0005). F. ChAT-expressing striatal CINs were 

identified by immunostaining and quantified. G. ChAT-positive cells were reduced in density 

in A46 mice, in both males (N = 7,7; t[12] = 2.68, p = 0.02) and females (N = 5, 6; t[9] = 

3.04, p = 0.016).
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Figure 2. Elevated anxiety in male but not female mice after conjoint FSI and CIN depletion
A. Male mice with conjoint FSI and CIN depletion in the dorsal striatum exhibited elevated 

anxiety in the elevated plus maze. Open arm occupancy: t[19] = 2.26, p = 0.036; closed arm 

occupancy: t[19] = 1.85, p = 0.081; n = 10 C46, 11 A46. See also Supplementary Figure S2. 

B. Female mice with conjoint FSI and CIN depletion, in contrast, showed no significant 

change in anxiety. Open arm occupancy: t[16] = 0.75, p = 0.46; closed arm occupancy: t[16] 

= 1.51, p = 0.15; n = 9, 9.
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Figure 3. Elevated stereotypy in male but not female mice after conjoint FSI and CIN depletion
A. Male mice with conjoint FSI and CIN depletion in the dorsal striatum exhibited elevated 

spontaneous stereotypic behaviors. t[19] = 2.23, p = 0.038, n= 11 C46, n=12 A46. B. In 

contrast, female mice with conjoint FSI and CIN depletion in the dorsal striatum showed no 

elevation in stereotypic behaviors. t[16] = 0.81, p – 0.43, n=9 C46,n=9 A46. C. Increased 

stereotypic beam breaks confirms aberrant behavior. t[19]=3.7, p = 0.014, n= 11 C46, n=12 

A46. D. No differences were found in females when stereotypic beam breaks were 

quantified. t[16]=0.82, p = 0.43, n= 9 C46, n=9 A46
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Figure 4. Reduced social interaction in males but not females after conjoint dorsal striatal FSI 
and CIN depletion
A. Male mice with conjoint FSI and CIN depletion in the dorsal striatum exhibited markedly 

reduced preference for the social target zone, both in absolute terms and relative to the non-

social (novel object) target zone. 2-way ANOVA: main effect of zone, F[1,19] = 37.7, p < 

0.001; main effect of virus, F[1,19] = 6.4, p = 0.021; interaction, F[1.29] = 16.5, p = 0.001. 

Post-hoc t-test: *** p < 0.001, ** p < 0.005; † p < 0.1. B. This effect is clearly shown by 

plotting the difference in occupancy between the social and non-social target zones for each 

group; this difference was very large for control but dramatically reduced in interneuron-

depleted mice (though still significantly greater than zero, which would indicate no bias, at 

trend level). Between-group comparison, t[19] = 4.06, p = 0.001; one-sample t-test for 

depleted group: t[10] = 1.90, p = 0.087. C. Entries into the social target zone were modestly 

greater than entries into the non-social target zone; this bias was only slightly and non-

significantly blunted in interneuron-depleted animals. 2-way ANOVA: main effect of zone, 

F[1,19] = 7.2, p = 0.015; main effect of virus, F[1,19] = 0.15, p = 0.71; interaction, F[1,19] = 

0.97, p = 0.34. D. Time spent in each target zone was dramatically greater for the social 

target zone in control mice; this bias was completely lost in interneuron-depleted animals. 2-

way ANOVA: main effect of zone, F[1,19] = 5.5, p = 0.030; main effect of virus, F[1,19] 

2.99, p = 0.10; interaction, F[1,19] = 5.4, p = 0.031. ** Wilcoxon: p < 0.01. E. In female 

mice there was a significant, though less dramatic, bias towards the social target zone, but it 

was not affected by interneuronal depletion. 2-way ANOVA: main effect of zone, F[1,16] = 

17.6, p = 0.001; main effect of virus, F[1,16] = 3.04, p = 0.1; interaction, F[1,16] = 0.063, p 

= 0.8. F. There was a significant bias towards exploration of the social target zone, relative to 

the non-social target zone, in both control and depleted female mice, with no difference 

between the groups.
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Figure 5. Elevated activity-dependent neural signaling in dorsal striatum of male mice after 
conjoint FSI/CIN depletion
A. Immunostaining for P-T581-MSK1 showed an increase in immuonpositive cells in dorsal 

striatum in males with conjoint interneuron depletion, relative to C46-injected controls, but 

not in females. 2-way ANOVA: main effect of virus, F[1,21] = 3.31, p = 0.08; main effect of 

sex, F[1,21] = 2.2, p = 0.15; interaction, F[1,21] = 6.96, = 0.015; n = 7 C46 males, n=7 A46 

males, n=5 C46 females, n=6 A46 males. B. Immunostaining for P-S235/236-rpS6, a target 

of MAPK and many other signaling pathways in neurons, showed an increase in 

immunopositive cells in males with conjoint interneuron depletion but not in females. 2-way 

ANOVA: main effect of virus, F[1,21] = 6.58, p = 0.018; main effect of sex, F[1,21] = 8.82, 

p = 0.007; interaction, F[1,21] = 6.05, p = 0.023. Ns as in A. C. Immunostaining for P-S10-

histone 3, which is phosphorylated in response to neural activity, showed a similar increase 

in in males with conjoint interneuron depletion but not in females. 2-way ANOVA: main 

effect of virus, F[1,21] = 4.68, p = 0.042; main effect of sex, F[1,21] = 7.1, p = 0.015; 

interaction, F[1,21] = 5.27, p = 0.032. Ns as in A. D. Immunostaining for P-S9-GSKβ 
showed no alterations in either male or female mice after interneuron depletion. 2-way 

ANOVA: main effect of virus, F[1,19] = 0.30, p = 0.59; main effect of sex, F[1,19] = 0.03, p 

= 0.86; interaction, F[1,19] = 0.32, p = 0.58. Tukey’s post-hoc: * p < 0.05, ** p < 0.01.
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