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Abstract

The brain includes multiple types of interconnected excitatory and inhibitory neurons that together 

allow us to move, think, feel and interact with the environment. Inhibitory interneurons comprise a 

small, heterogeneous fraction, but they exert a powerful and tight control over neuronal activity 

and consequently modulate the magnitude of neuronal output and, ultimately, information 

processing. Interneuronal abnormalities are linked to two pediatric psychiatric disorders with high 

comorbidity: autism and Tourette syndrome. Studies probing the basis of this link have been 

contradictory regarding whether the causative mechanism is a reduction in number, dysfunction or 

gene aberrant expression (or a combination thereof). Here, we integrate different theories into a 

more comprehensive view of interneurons as responsible for the symptomatology observed in 

these disorders.
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The brain as a whole

Our brain is responsible for the titanic task of integrating all the external information 

surrounding us and producing a proportionate and adequate behavioral response. The brain 

achieves this by generating multiple connections between different types of neurons 

clustered in well-defined topologically organized regions. The information flow between 

regions occurs due to a fine balance between excitatory and inhibitory neurons that control 

the output signal. This kind of organization allows the brain to make local changes in micro 

circuitry that can have global and distal effects on regions involved in this neural circuit. 

However, this raises the question of which are the consequences at a behavioral level when 

this excitatory/inhibitory balance is disrupted. Herein we will review the role of a subtype of 

neurons called interneurons (INs), responsible for keeping the inhibitory tone in the brain 
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and how dysregulation of these neurons can lead to two child psychiatric disorders: autism 

and Tourette syndrome.

Role of interneurons in the brain

INs are a sub group of inhibitory neurons that are widely spread through the brain. Even 

though they represent a small proportion of the total number of neurons in the brain, these 

cells keep neuronal timing, synchronicity and activity by generating inhibitory inputs over 

other neurons. Different types of INs modulate neural circuits by releasing various 

neurotransmitters, such as γ-Aminobutyric acid (GABA) or acetylcholine (Ach) (see 

glossary). GABA-releasing INs are mainly classified by a complex combination of 

morphological, connectivity, intrinsic electrophysiological properties and molecular content 

[1, 2].

The brain cortex is organized in a laminar way, consisting of six different layers composed 

by a heterogeneous group neurons with differential interconnection between each eah layer 

and other subcortical structures [3]. Besides, the complexity and functionality is also 

increased with an intricated network of projections between cortices that allow complex 

processing [4, 5]. Cortical neurons can be divided mainly in two subgroups, excitatory and 

inhibitory, the complexity and diversity of the different cortices emerges from a combination 

of the unique characteristics described above. Cortical GABAergic INs represent only 20% 

of the total number of neurons but they inhibit a complex network of excitatory and 

inhibitory neurons in multiple cortical circuits [6]. These INs are largely classified into six 

groups based on the expression of the following markers: parvalbumin (PV+), somatostatin 

(SST+), vasointestinal peptide (VIP+), neuronal nitric oxide synthase (nNOS+), calretinin 

(CR+) and REELIN (see glossary) [7]. Of note, this is a simplification for the purpose of 

this review because these markers sometimes overlap between each other depending on 

specific cortical layers or sub-regions [8]. INs are the main source of cortical modulation 

over glutamatergic pyramidal cells (PC) (see glossary). However, through the inhibition of 

other INs, they can generate cortical activation by disinhibition of PC. Overall, INs can 

regulate the activation state of local cortical networks but their effects can also be extended 

to other brain areas by modulating outgoing projections..

One of the regions of the basal ganglia that is densely innervated by cortical afferents is the 

striatum, a key region for motor programming, habit formation and social behaviors [9, 10]. 

The striatum is largely composed, by a vast majority, of projecting GABAergic spiny 

neurons (SPN), these neurons are categorized as striatonigral (direct pathway) or 

striatopallidal (indirect pathway) based on their target projections [11]. Activation of the 

direct pathway projections to the globus pallidus interna (GPi) and substantia nigra (SNr) 

exerts a powerful inhibition over these regions that in turn relieves the inhibitory brake on 

the thalamus. Then, the thalamus send glutamatergic projections that activates the frontal 

cortex. The indirect pathway activation inhibits the globus pallidus externa that produces 

decreased inhibition on the subthalamic nucleus, which increases its excitation over the GPi/

SNr. The GPi/SNr then increases its inhibitory drive over the thalamus, resulting in a 

reduced glutamatergic output to the frontal cortex [12]. Either subgroup of SPNs is 

modulated by a small but influential group of local GABAergic and cholinergic INs [13]. 
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GABA releasing INs in the striatum are mainly PV+ and CR+, but the striatum also has 

subtypes of INs that are positive for the expression of tyrosine hydroxylase [14], SST+ or 

nNOS+. There are no subgroups of striatal cholinergic INs and all of them express choline 

acetyltransferase (Chat) (see glossary). However, these cells can exert either excitatory or 

inhibitory effects depending on the cholinergic receptor expressed in the target neuron [15]. 

As a whole, cortical and striatal INs modulate neural circuits to coordinate and orchestrate a 

behavioral output according to the environmental challenges [16].

Interneurons in cortico- striatal circuits

The cortex is organized in hierarchical neural networks that allow a dynamic balance 

between excitation and inhibition (E/I) [17]. Across the cortical lamina (Layers I to VI) PCs 

are known to differentially and selectively project to multiple brain regions; INs subtypes are 

asymmetrically distributed in this architecture [1, 18]. Altogether, this allows cortical 

clusters of neurons to have specific roles in different behavioral outputs according to their 

topographical position. The flow of information between the different cortical layers is 

managed by interlaminar projections of PCs and INs.

Layer II-III (L2-3) PCs send projections to layers IV (L4) and V (L5), INs in this layer are 

heterogeneous, with PV+, VIP+ (some CR+ too) and SST+ present [19]. Although most of 

INs in this layer only produce intralaminar inhibition, VIP+ INs can also modulate L4 [20–

22]. PCs present in L4 do not project to other non-cortical structures, they project 

exclusively to L2-3. Cortical projections to the striatum and midbrain neurons originate from 

L5 PCs, which are modulated by a group of PV+, SST+ and VIP+ INs [21]. Finally, Layer 

VI (L6) receives PC inputs from L2-3 PCs and then projects to the thalamus. Notably, L6 

PCs can, at the same time, produce feedforward inhibition onto cortical PCs through PV+ 

INs[23]. Adding an extra dimension of complexity to this picture, it has been found that INs 

also differentially inhibit each other. SST+ and VIP+ INs inhibit each other and although PV

+ INs modulate only PV+ INs, they can also be inhibited by SST+ INs [22, 24, 25]. In 

general, INs control E/I balance and the direction of information flow between different 

cortical layers.

The striatum does not have a highly-organized structure like the cortex. It is 

compartmentalized on a gross level, i.e., dorsal and ventral striatum, and neurochemically 

into the matrix/striosome system (see glossary) [26]. In this sense, both SPNs or INs are 

homogenously distributed across this region without any segregation patterns. Action 

initiation or suppression is triggered by SPNs through complex and coordinated activity 

[27]; under this framework SPNs are subject to strong modulation by either Chat+ or PV+ 

INs. Recent studies have shown that PV+ INs only inhibit SPN and that SST+ cells target 

SPNs and Chat+ INs [28]. Additionally, it was recently shown that there is also a 

cholinergic-evoked striatal inhibition derived from GABAergic INs[29].

Cortical and striatal circuits are integrated in multiple ways. For example, cortical afferents 

directly target and activate Chat+ INs, leading to increments in striatal dopamine (DA) levels 

[30]. Conversely, activity of striatal PV+ INs is enhanced after cortical stimulation that is 

independent of DA and Ach [31]. Regarding how cortical afferents affect SPNs circuitry, it 
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has been shown that different cortices preferentially innervate either direct or indirect 

pathway SPNs [32]. The striatum does not have direct reciprocal projections to cortical 

structures; instead its effects are indirectly exerted through thalamic projections to the 

cortex.

Finally, there is a complex indirect influence of cortical INs on the striatum via modulation 

of the activity of the PCs innervating this region. Thus, INs are able to locally affect neurons 

to produce distal effects on other brain regions. These cortical-striatal projections also 

recruit striatal INs to regulate SPNs function. All this evidence opens up a question: what are 

the behavioral consequences of INs dysfunction in the cortex or striatum and what causes 

these abnormalities.

Pathophysiology of autism spectrum disorder and Tourette’s syndrome

Autism is a neurodevelopmental psychiatric disorder with an onset in early childhood; the 

core symptoms of this disease are social and communicational deficits, stereotypic behavior 

and, in some cases, intellectual disabilities [33]. Autism is 4.5 times more common in males 

than females [34]. Tourette’s syndrome (TS) is a neuropsychiatric disease that affects 

between 0.3–0.9% of children [35]; it is also characterized by stereotypic behaviors and 

male predominance. In addition to sharing some symptomatology and sexual dimorphism, 

these disorders are commonly comorbid [36–39]. Furthermore, abnormalities in cortico-

striatal circuits are common in both disorders. Brain imaging studies in TS patients have 

shown aberrant hyper-connectivity between cortical regions and the striatum [40]. This is 

accompanied by aberrant structural organization and volumes in the cortico-striatal circuitry 

[41, 42]. ASD patients also have overconnectivity between cortico-striatal circuits, as well as 

abnormal striatal growth ratio and shape [43–45]. Importantly, the fact that these 

neurodevelopmental disorders share a dysfunction in specific neural circuits does not mean 

that the etiology is common.

Genetics and interneuron related dysfunction

Tourette’s Syndrome

TS and tic disorders appear to be among the most heritable neuropsychiatric disorders [46]. 

Multiple genes have been related to TS etiology, including the histidine decarboxilase 

(HDC), contactin associated protein-like 2 (CNTNAP2) and Neuroligin 4 (NLGN4), among 

others [47]. Although most of these are rare mutations with high penetrance that run in 

(some of) the families of the patients, this has brought valuable information regarding the 

genetics of TS. Altered cortico-striatal anatomy in TS is well documented, particularly in the 

striatum, orbital and medial prefrontal cortices [41, 48]. TS patients are also affected by a 

widespread GABAergic disruption [49]. Interestingly, patients with TS showed a reduction 

in the number of PV+, nNOS+ and cholinergic striatal INs[50, 51]. Finally, an exhaustive 

transcriptomic analysis of the striatum in TS patients showed decrements in the expression 

of GABA, cholinergic and SST levels, all key elements for proper neurotransmission [51].
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Autism Spectrum Disorders

The ASD genetic framework is proposed to derive from a combination of common genetic 

variants and contributions from de novo and rare inherited mutations [52, 53]. Genetic 

studies have shown multiple genes with high penetrance in different forms of ASD like SH3 

and multiple ankyrin repeat domains protein 3 (SHANK3) and CNTNAP2, among others 

[54]. Non-invasive measurement by magnetic resonance spectroscopy (MRS) in ASD 

patients showed a reduction of GABA levels in frontal, motor, somatosensory and auditory 

cortices [55–59]. Another set of studies has indicated a reduction of GABAA receptor 

binding in the frontal cortex and other subcortical region in patients with ASD [60]. Recent 

post mortem studies in ASD patients strikingly showed a decrease in the number of PV Ins 

in prefrontal cortex [61, 62]. Although this has brought some new insights into the 

pathophysiology of ASD, we still lack a mechanistic explanation of why, how, and when this 

aberrant GABAergic neurotransmission occurs.

Overlap and differences

Thus far, there has been little to no reported overlap between the genetics of TS and ASD, 

although they do share the fact that E/I imbalance occurs in cortico-striatal circuits [63, 64]. 

The origin of this imbalance is thought to be due to an interneuron dysfunction that leads to 

overall disinhibition of the areas compromised. Even though the aforementioned studies 

have offered more insight into the role of INs in the pathophysiology of TS and ASD, we 

still cannot elucidate precise molecular mechanisms altered in patients due to both 

technological and ethical limitations. For this purpose, multiple rodent models based on 

clinical and genetic data have been developed to unravel the pathophysiology of these 

disorders.

Pre-clinical models of ASD and TS with interneuronal alterations

Tourette’s Syndrome

Based on data from postmortem studies that found striatal INs alteration, rodent models of 

TS has been developed for further studying this disorder at different levels. The single 

striatal ablation of PV+ or Chat+ INs showed abnormal stereotypy after amphetamine 

administration [66, 67]. The growing body of evidence from clinical and preclinical studies 

points out that the etiology of stereotypic behavior and social deficits observed in these child 

psychiatric disorders comes in part from interneuron dysfunction. Perhaps one of the most 

intriguing questions is where and which kind of these INs modulates these behavioral 

outputs.

Autism Spectrum Disorder

Originally described as a deletion in a syndromic form of ASD, the shank3 deletion in 

different exons has been widely studied in rodent models. Shank3 deletions in mice produce 

social deficits, stereotypic behavior and aberrant cortical and striatal synaptic 

neurotransmission [68–70]. There is evidence that in these models the PV+ circuitry has a 

reduction in its perineuronal net over PC cells, resulting in a dysregulation in cortical 

networks due to an E/I imbalance [71]. Another genetic model that mimics the core 
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symptoms of ASD is the CNTNAP2 knockout (KO) mouse [72]. This rodent model is 

characterized by asynchronous cortical neuronal firing, as well as a strong reduction in the 

number of GABAergic INs in the somatosensory cortex and striatum (with a highest 

reduction in the PV+ subtype). Furthermore, it has been shown that knockout of this gene 

affects spine density, glutamatergic receptor trafficking and perisomatic inhibition [73, 74]. 

In this sense, the pharmacological model of ASD based on prenatal exposure to valproate 

also showed a reduction of PV at the levels of protein, mRNA and cell number [75]. The 

BTBR mouse idiopathic model of ASD also has reduced GABAergic neurotransmission 

[76], as well as decreased levels of PV+ expression and PV+ contacts onto pyramidal cells 

in somatosensory cortex [71].

PV+ KO mice display core symptomatology of ASD, e.g., social and communicational 

deficits [77], but perhaps another important fact to highlight is that these mice exhibit an E/I 

imbalance as well. Rett syndrome is a syndromic form of ASD, with a well identified 

genetic mutation in the methyl CpG binding protein 2 (MECP2). Interestingly, specific 

deletion of this gene in PV+ INs produces social deficits, whereas in SST+ INs generates 

stereotypic behaviors [78].

A recent study [65] showed that PV+ and Chat+ striatal INs dual ablation produce social 

deficits and stereotypic behavior only in male mice during adulthood. Reduction of both 

types of INs produces an overall activation of the striatum, which explains the stereotypic 

behavior but not social deficits. Interestingly, single ablation of either PV or Chat does not 

induce spontaneous stereotypy or social deficits, being the aberrant behavior only 

attributable to the combined reduction of both cell types. Different preclinical models for 

both disorders have shown abnormalities in INs, proposing that dysfunction of this type of 

neuron is an important characteristic in social deficits and stereotypic behaviors (Table 1). 

Besides, this evidence arises the question regarding if the striatum is involved in social 

behaviors or if the behavioral output found is the result of a cortico-striatal dysfunction at 

circuit level.

Protein down regulation or cell loss? That is the questionThe studies using the rodent models 

discussed above raises an important question: are these disorders occurring due to cell-

specific aberrant gene expression or reduced number of specific INs in cortico-striatal 

circuits? Both ASD and TS have a strong neurodevelopmental component. Based on the 

current literature, the evidence of a disruption in E/I balance due to interneuronal 

dysfunction is solid. However, there are multiple questions about when, how and where 

interneuron dysfunction occurs and leads to social deficits and/or stereotypic behavior.

Autism Spectrum Disorder

One question that immediately arises is when during development these anomalies in 

cortico-striatal INs occur. INs arise from different neuronal precursors in the brain, 

expressing a complex set of markers, that during development migrate, differentiate and 

integrate into cortico-striatal networks [7, 79]. Mutations in the Distal-less homeobox (Dlx) 

gene, which is critical for GABAergic interneuron migration, has been found in ASD 

patients [80]. Dlx genes are the only family of genes related to migration and differentiation 

found to be altered in ASD patients. Similarly, Dlx1 KO mice have their interneuron 
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migratory system completely disrupted [81]. Absence of CNTNAP2 in mice produces 

aberrant migration of GABAergic INs [72], whereas patients with mutations in this gene 

present ectopic neurons [80, 82]. We have already described previous evidence that supports 

a reduction of PV+ cells in ASD in mice and humans. Thus, it seems plausible that reduction 

of PV+ INs in the ASD brain could be due to a deficiency in the migratory system during 

development. Nevertheless, we cannot discard the possibility that failure to integrate into 

functional neural circuits (and posterior cell death and removal) might result instead from 

mutations in scaffold proteins. Mild reductions in the levels of PV gene have been observed 

in humans with ASD [83], a similar observation was made in certain preclinical models 

(e.g., Shank3 and Shank1 KO mice) but without reduction in the number of PV+ INs [84]. 

Notably, there is still no rationale or suitable hypothesis about why mutations in a scaffold 

protein can lead to PV down regulation or migration abnormalities.

It seems clear that various GABAergic interneuron abnormalities result in similar effects on 

behavior. Unfortunately, the heterogeneity of genetic factors that lead to GABAergic 

abnormalities in ASD does not help to understand why interneuron pathology occurs. 

Although a full understanding of different putative mechanisms could open alternative 

clinical approaches to treatment, in general, reestablishing normal GABAergic tone is the 

ultimate therapeutic target. In this vein, there continue to be advances in stem cell therapies 

to transplant GABAergic INs to treat psychiatric disorders [85]. Importantly, this approach is 

valuable since it has been shown that stem cells can be reprogrammed to INs in vivo and in 

vitro [86–88]. Although, reduction of PV+ INsin ASD patients occurs in discrete brain 

regions [61, 62] we still cannot discard that is happening in other regions, being this is a 

substantial pitfall for treatment. Thinking that only interneuron dysfunction or a rare gene 

mutation are the sole cause for ASD would be a simplistic and narrow-minded way to 

approach this disorder. Studies in patients with TS showed that the number of PV+ cells is 

reduced without changes in the expression of the gene, whereas in the case of Chat+ INs 

there was a reduction in cell number and expression of the Chat gene [50, 51].

Tourette’s Syndrome

Relative to the evidence in ASD, it is clearer in the case of TS that loss of PV+ INs occur. 

Conversely, for Chat+INs in TS the date is harder to interpret because of a dual contribution 

of low expression of Chat and reduction in cell number. Thus, it will be of importance to 

identify, in TS patients, other genes (besides CTNAP2) that are not related to neuronal 

migration, especially since there are no studies investigating abnormalities and/or reporting 

disease linked modulation of factors that modulate striatal cholinergic differentiation, such 

as the Lhx7 gene. Perhaps one of the most intriguing questions regarding TS and ASD is 

that even though interneuron pathology is described in the cortico-striatal circuits in both 

neurodevelopmental disorders (Figure 1), patients with TS do not develop social deficits. 

Given that TS patients have cortical abnormalities in somatosensory, orbital and medial 

cortex similar to those reported in ASD [41, 89] there must be an additional disturbance in 

the neural circuits of patients with ASD to produce these additional symptoms.
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Shared features

It is still an open question how PV+ and/or Chat+ INs contribute specifically to social 

deficits and stereotypic behaviors. It has been shown that both types contribute 

synergistically to produce those behaviors during adulthood when they are reduced in the 

striatum [65], but we need to know how reductions of only PV+ INs in cortical structures in 

ASD rodent models contribute to either of those behaviors. Interestingly, recent studies 

support a new alternative hypothesis about an autistic striatum [10]. These data showed that 

striatal restoration of shank3 during adulthood rescues social deficits and stereotypic 

behavior [90]. Disruption of striatal E/I balance during adulthood by PV and Chat 

interneuron ablation produced ASD-like behaviors [65], being this evidenced by striatal 

overactivation and aberrant signaling. Therefore, we and others suggest that ASD should no 

longer be seen as a disorder with an etiology predominantly cortical, but more as a cortico-

striatal dysfunction (Figure 2). Nevertheless, the specific circuit disruption that results in 

disruption of the cortico-striatal neural circuits involved in social and stereotypic behaviors 

remains to be identified. There is also the necessity to study more thoroughly the role of the 

striatum as an alternative structure as trigger of ASD, or at least as a critical region to this 

pathology (Figure 2). This is not the case for TS, where we have a clearer idea where in the 

striatum the circuitry is altered and then triggers tics (Figure 2). However, we are still far 

from a full understanding of, and effective treatments too, this disorder.

Conclusions and future directions

Based on the genetic studies performed in humans, the etiology of ASD and TS seems to be 

heterogeneous and complex making it hard to find an effective treatment. The use of 

preclinical models to formulate a better understanding of the progressive molecular 

mechanisms involved, from development to adulthood, and resultant neuronal abnormalities 

during different stages of development is critical to obtain better treatments in the short term. 

Preclinical studies will have to focus on how to find feasible early intervention strategies, 

either via pharmacological treatments or stem cell therapies (for return of PV+ and/or Chat+ 

interneuron number to normal range), to reestablish the E/I balance.. Particularly, work 

should focus on therapeutic approaches aimed at reducing the loss of INs, or at minimizing 

the impact of interneuron dysfunction, to ameliorate social deficits and stereotypic 

behaviors.
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GLOSSARY

Parvalbumin
a small calcium binding protein that controls calcium transients highly expressed in fast 

spiking interneurons.

Somatostatin
neuropeptide secreted by a specific subtype of brain interneurons that exerts an inhibitory 

effect through its multiple receptors. Specifically used as a marker to differentiate between 

interneurons.

neuronal nitric oxide synthase
neuronal isoform of the enzyme that synthetizes nitric oxide in the brain. Expressed only in 

certain subtype of interneurons.

pyramidal cells
principal type of excitatory neurons in cortical, thalamic and hippocampal regions.

GABA
the main and most important inhibitory neurotransmitter in the brain.
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Acetylcholine
it is a molecule widely distributed in the body derived from choline acetylation, but in the 

brain, works as a neurotransmitter that can be either excitatory or inhibitory based on the 

target receptor.

choline acetyltransferase
enzyme responsible for the synthesis of acetylcholine. It is also a marker for cholinergic 

interneurons
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Trends

• Interneuron dysfunction in cortico-striatal circuits leads to TS and ASD.

• Differences in the location of these abnormalities could be the key that can 

lead to either TS or ASD.

• Reduced GABAergic tone in both disorders generates an E/I imbalance that 

produces the core behaviors in both disorders.

• There is strong evidence for a critical role of the striatum in TS, but only 

recently, a series of studies have demonstrated a new hypothesis of the 

striatum as a key participant in ASD.
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Outstanding Question Box

• Is normalization of GABAergic tone the main therapeutic feasible target for 

ASD?

• Is interneuron dysfunction a consequence of genetic abnormalities not yet 

discovered?

• Is the absence of PV interneurons or reduction of PV levels responsible for 

affecting the brain E/I balance in ASD?

• How striatal circuitry and its interneurons modulate social behaviors?

• Does TS and ASD have common circuit deficiencies that are differentially 

affected by environmental factor and then results to different 

symptomatology?
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Figure 1. 
INs alterations in ASD and TS, from humans to rodent models. A) Medial prefrontal cortex 

loss of PV+ INs in Broadmann areas (BA) BA46, BA47, and BA9 [62] has been found in 

postmortem studies in patients with ASD. B) Somatosensory cortices and striatum are 

affected by either PV interneuron death or PV lower levels of expression in rodent models of 

ASD. Different KO mice based on ASD genetic abnormalities found in ASD patients 

showed disruption in PV INs . Deletions in the shank3 and shank1 mice produces a 

reduction in the levels of PV expression without cell loss. In the CNTNAP2 KO mice, 

another well validated model of ASD, there is a reduction in the number of PV+ INs in the 

striatum and somatosensory cortex, where the main issue it seems to be migration impaired 
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migration of progenitors. The idiopathic spontaneous inbred BTBR mice have a reduction in 

the expression of PV only in somatosensory cortices without alterations in other regions. 

Adulthood striatal ablation of PV and Chat INs showed to produces ASD behaviors like 

stereotypy and social deficits in a sexually dimorphic way, proposing a novel role of striatal 

INs in brain physiology. These different animals models of ASD shows a potential an 

exciting shared alteration that produces stereotypic behaviors and social deficits (in red): 

cortical and/or striatal INs abnormalities as a common denominator for ASD. C) Post 

mortem studies in TSpatients shows a significant reduction in the anumber of Chat and PV 

striatal INs. D) Striatal ablation of either PV or Chat INs mimics part of the core behaviors 

observed in TS like stereotypy. Single depletion of either type of these interneurons does not 

produce basal stereotypy, nevertheless this kind of behavior is strongly exacerbated after d-

amphetamine administration.
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Figure 2. 
Different hypothesis of ASD and TS brain functioning. Diagram of the cortico-striatal region 

specific alterations involved in TS and ASD. In the normal brain (top left panel) cortico-

striatal-thalamic loops are balanced in such way to produce the appropriate behavioral 

output. It is proposed that TS symptomatology emerges from an overactivation in the 

striatum (top right), particularly due to an increment in the direct pathway activity and 

inhibition of the indirect pathway that eventually leads also to cortical processing deficits. 

ASD is characterized by having an excitatory and inhibitory imbalance in the cortex (shifted 

towards excitatory) that generate social deficits and stereotypic behavior. Another interesting 

hypothesis is the one that proposes a pivotal role of the striatum in the pathophysiology of 

ASD [10], and that this could occur due to INs dysfunction that triggers a E/I imbalance 

[65].
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Table 1

Preclinical model Region Behavioral abnormalities INs abnormality

Tourette syndrome

PV+ INs ablation Striatum ↑ stereotypy behavior after amphetamine, 
anxiety

↓ number of PV+ INs

Chat+ INs ablation Striatum ↑ stereotypy behavior after amphetamine ↓ number of Chat+ INs

Austism

Shank3 Striatum Stereotypic behaviors, social deficits ↓ PV expression

CNTNAP2 Striatum and 
somatosensory cortex

Stereotypic behaviors, social deficits, 
seizures

↓ number of PV INs

Prenatal Valproate Striatum Stereotypic behaviors, social deficits ↓ PV expression and cell number

BTBR Somatosensory cortex Stereotypic behavior, social deficits, 
cognitive rigidity

↓ PV expression

MecP2 deletion in PV+ 
INs

Whole brain motor, sensory, memory, and social deficits Null mecp2 expression in PV INs

Chat+ and PV+ INs 
ablation

Striatum Stereotypic behaviors, social deficits, 
anxiety

↓ number of PV+ and Chat+ INs
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