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Abstract

Autism spectrum disorder is a neurodevelopmental condition characterized by deficits in social 

communication and repetitive behaviors. How specific anatomical alterations contribute to the 

clinical profile of autism spectrum disorder remains largely uncharacterized. We have previously 

shown that parvalbumin-positive Chandelier cells, a specific type of GABAergic interneuron, 

are reduced in number in the autism spectrum disorder prefrontal cortex. Here, we assessed 

the relationship between interneuron pathology with autism spectrum disorder symptom severity 

and comorbidity. We collected clinical records from autism (n = 20) and control (n = 19) 

brain donors, from whom we previously characterized GABAergic interneuron pathology in 

three regions of the prefrontal cortex (BA9, 46, and 47). We assessed the relationship between 

the severity of core symptoms, as indicated by Autism Diagnostic Interview—Revised scores, 

and Chandelier cell pathology in autism spectrum disorder, and also differences in interneuron 
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pathology associated with autism spectrum disorder comorbidities. Total GABAergic interneuron 

number was significantly reduced in autism spectrum disorder cases with intellectual disability in 

the prefrontal cortex (PFC )—by 36.6% relative to autism spectrum disorder without intellectual 

disability and by 38.7% relative to neurotypical controls. The severity of autism spectrum disorder 

motor stereotypies was correlated with the severity of Chandelier cell loss in BA47, as indicated 

by reductions in parvalbumin+ interneurons and GABA transporter 1+ cartridges. Chandelier cell 

loss is associated with the core autism spectrum disorder symptom domain of restricted repetitive 

behaviors and likely plays a role in stereotypic motor mannerisms. Intellectual impairment in 

autism spectrum disorder reflects a more severe form of a common underlying neuropathology-

cortical GABAergic interneuron loss.

Lay Abstract

Autism spectrum disorder is a neurodevelopmental condition characterized by deficits in 

sociability and communication and the presence of repetitive behaviors. How specific pathological 

alterations of the brain contribute to the clinical profile of autism spectrum disorder remains 

unknown. We previously found that a specific type of inhibitory interneuron is reduced in 

number in the autism spectrum disorder prefrontal cortex. Here, we assessed the relationship 

between interneuron reduction and autism spectrum disorder symptom severity. We collected 

clinical records from autism spectrum disorder (n = 20) and assessed the relationship between the 

severity of symptoms and interneuron number. We found that the reduced number of inhibitory 

interneurons that we previously reported is linked to specific symptoms of autism spectrum 

disorder, particularly stereotypic movements and intellectual impairments.

Keywords

autism; behavior; human; interneuron; postmortem

Introduction

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

social communication deficits and restricted repetitive patterns of behavior (RRB). 

Symptoms from both domains and evidence of early onset (<36 months) must be 

present for diagnosis (American Psychiatric Association, 2013). Social communication 

deficits manifest as impairments in social-emotional reciprocity, nonverbal communication 

used for social interaction, and/or developing and maintaining relationships (American 

Psychiatric Association, 2013). RRBs manifest as circumscribed interests, a compulsive 

need for sameness, stereotypic motor behaviors, and/or altered reactivity to sensory input 

(American Psychiatric Association, 2013). Epilepsy (Kohane et al., 2012), intellectual 

disability (Maenner et al., 2020), and language deficits (Sterponi et al., 2015) are prevalent 

comorbidities.

We have an incomplete understanding of the pathophysiological mechanisms that underlie 

ASD. Human postmortem studies indicate that ASD cases show altered brain growth 

trajectories and increased neuron number (Courchesne et al., 2011; Falcone et al., 2021). 

Heterotopias and focal dysplasia are common (Wegiel et al., 2010), and likely reflect 
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abnormalities in prenatal cell proliferation and migration (Wegiel et al., 2010). Cortical 

minicolumns show disrupted organization and wider spacing (Casanova et al., 2002), 

and pyramidal neurons show increased dendritic spine density (Hutsler & Zhang, 2010). 

More recently, we (Amina et al., 2021; Ariza et al., 2018; Hashemi et al., 2017) and 

other groups (Adorjan et al., 2017; Lawrence et al., 2010) have identified alterations in 

GABAergic interneurons (INs) in the human postmortem ASD brain. INs are inhibitory 

neurons that compose 20%–30% of all neocortical neurons, forming a network that regulates 

the activity of local pyramidal glutamatergic projection neurons and each other (DeFelipe et 

al., 2013; Hof et al., 1999). Numerous distinct subtypes of INs have been identified based 

on differences in cell morphology, electrophysiology, and circuit connectivity (DeFelipe et 

al., 2013; Zaitsev et al., 2005). While there are no specific markers that individually label 

each subtype, the calcium-binding proteins calretinin (CR), calbindin (CB), and parvalbumin 

(PV) are frequently used to identify and characterize subpopulations of INs (Hof et al., 

1999; Zaitsev et al., 2005). These markers are exclusively expressed by INs in largely a 

nonoverlapping fashion (Hof et al., 1999; Zaitsev et al., 2005).

Our group first identified a specific ~30%–60% reduction in PV+ IN number in three 

regions (BA9, 46, and 47, [Figure 1A])of the ASD prefrontal cortex (Hashemi et al., 2017), 

while CR+ and CB+ IN numbers were not altered (Hashemi et al., 2017). These regions of 

PFC were of particular interest in the initial study due to their known involvement in ASD-

relevant behavioral function—including complex cognitive ability (Snow, 2016), language 

(Hertrich et al., 2021), behavioral control (Tanji & Hoshi, 2008), and social behavior (Beer 

et al., 2006). We next demonstrated that this loss of PV+ INs reflected a specific loss of 

PV+ Chandelier cells (ChCs) (Ariza et al., 2018). PV+ basket cells, the only other PV+ 

IN subtype, were not different between ASD and control cases (Ariza et al., 2018). ChCs 

have a unique morphology, circuit connectivity, and function in the neocortex. These are 

characterized by large axonal arbors that terminate in a short series of GABA Transporter 

1 (GAT1) positive puncta, called cartridges (Figure 1B) (DeFelipe & Gonzalez-Albo, 1998; 

Wang et al., 2016). ChC cartridges synapse exclusively on the axon initial segment (AIS) 

of pyramidal neurons, where they regulate action potential generation (Wang et al., 2016). 

In a third experiment, we identified that GAT1+ cartridges are also reduced by the same 

percentage as PV+ INs in the same three regions of the ASD PFC, which corroborates our 

initial finding of reduced ChCs (Amina et al., 2021).

It remains poorly understood how any known human ASD neuropathology, including our 

recent findings of alterations of PFC ChCs, is related to specific ASD symptoms. Here, 

in a retrospective study, we aimed to better understand how our previous findings of IN 

pathology in the ASD PFC correspond to ASD symptoms and comorbidities. To do so, we 

acquired detailed clinical records from the brain donors used in previous studies (Amina et 

al., 2021; Hashemi et al., 2017) and statistically assessed the relationship between ChC loss 

(data generated previously) and patient clinical profile. While this was an exploratory study 

based on ASD symptom heterogeneity, it was guided by a broad overarching hypothesis 

that the severity of specific ASD symptoms corresponds to the pattern and/or severity of IN 

pathology in the prefrontal cortex.
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Methods

Cases and tissue

We obtained formalin-fixed postmortem brain tissue from the NIH Neurobiobank (NBB) 

and the Autism Tissue Program (ATP), (Table I). ASD diagnosis was confirmed postmortem 

using the Autism Diagnostic Interview—Revised (ADI-R). The brain bank dissected three 

blocks of tissue (1 cm × 1 cm × 0.5 cm) from the PFC (BA9, BA 46, and BA 47, [Figure 

1A] from each case, and shipped to UC Davis. Blocks were submerged in 30% sucrose, 

embedded in OCT and frozen, sectioned at 14 μm using a Cyrostat (Leica), and stored at 

−20 C until staining.

Neuropathology

We used neuropathology data from our previously published IHC studies that identified 

a reduction in PV+ neuron number and in ChC cartridge number in the ASD brain 

(Amina et al., 2021; Hashemi et al., 2017). In these studies, we used triple enzymatic 

IHC against calbindin (CB-D28k, mouse monoclonal, 1:500, Swant 6797), Calretinin (CR, 

rabbit polyclonal, 1:500, Swant 7697), and PV (1:500, Swant 235) to stain interneurons 

(Figure 1C), and single enzymatic IHC against GABA transporter 1 (GAT1, rabbit 

polyclonal, 1:250, Abcam ab426) to stain ChC cartridges (Figure 1C). The same standard 

immunohistochemical procedure was used for all sections/stains, which included: incubation 

in 50% ethanol/chloroform, re-hydration in graded alcohols, heat-mediated antigen retrieval 

using a Diva decloaker (DV2004 LX, MX, Biocare medical), incubation in 3% H202 for 20 

min. to block endogenous peroxidase, incubation in Bloxall Reagent (Vector Laboratories) 

to block other types of nonspecific staining, incubation in 10% donkey serum to block 

nonspecific antibody binding, overnight incubation in primary antibody solution (10% 

serum, .03% Triton, in TBS) at 4 C, 1 h incubation in secondary antibody solution the 

second day, 1 h incubation in ABC reagent (Vector), followed by visualization with a desired 

detection kit (Vector DAB, Vector NovaRed, or Vector AP Blue). Tissue was washed three 

times between each step with TBS/TBS-Tween. After staining, tissue was dehydrated using 

graded alcohols, cleared in xylenes, and coverslipped using paramount.

Stereoinvestigator software was used for the quantification of INs and cartridges. All cells or 

cartridges were quantified within a 3-mm wide (horizontally running along the pial surface) 

counting frame that spanned all cortical layers (vertically). We compared the total number 

of PV+ neurons and GAT1+ cartridges, and the ratio between PV+ neurons to the total 

number of INs (CR + CB + PV), between ASD cases and matched controls. An adjacent 

cresyl-violet stained section was used to confirm that the counting frames were located 

within the boundaries of the desired Brodmann Area using von Economo cytoarchitecture.

Clinical data

We acquired available clinical records for all cases and extracted and coded data regarding 

ASD symptom severity and comorbidities (see Tables I and S1). For ASD cases, this 

included autism diagnostic interview—revised (ADI-R) scores, IQ scores, indications of 

comorbid diagnoses, and autopsy/pathology report information. We classified ASD cases 

with clinical data indicative of clear intellectual disability (ID clinical diagnosis, or evidence 
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of full-scale IQ (FSIQ) < 70) as ASD + ID. ADI-R scores were used to determine and 

classify verbal ability in ASD cases, defined as a functional use of spontaneous language on 

a daily basis that involves at a minimum use of three-word phrases that are comprehensible 

to others. All cases classified as control by the NIH NBB and ATP were screened at intake 

to ensure that such cases were neurologically normal, without any evidence of brain injury, 

brain disease, or psychiatric illness. Accordingly, we classified all control cases in this study 

as being without intellectual disability, without epilepsy, and having a verbal ability.

The ADI-R is the standard psychometric instrument used clinically to diagnose autism 

and consists of 93 questions that characterize the presence and severity of individual 

ASD symptoms. These questions fall into specific categories and subcategories (Table SI), 

which reflect abnormalities in reciprocal social interaction (category A), abnormalities in 

communication (category B), and the presence of restricted, repetitive, and stereotyped 

patterns of behavior (category C). Increased scores reflect increased symptom severity. An 

algorithm is utilized to determine if individuals meet a minimum threshold of symptom 

severity across domains—and if these thresholds are reached, then a diagnosis of autism 

is made clinically (or confirmed for postmortem cases). Algorithm-transformed scores are 

used for diagnostic purposes but treat moderate and severe symptomology equivalently. 

Accordingly, here we utilized untransformed ADI-R scores for assessing correlations 

between the severity of ASD symptoms and pathology and recalculated Category and 

Subcategory scores using the same constituent questions.

Statistics

We performed statistical analyses in JMP 16.0.0 (SAS Institute, Cary, NC, USA). We 

used repeated-measures analysis of variance (ANOVA) to assess differences in IN and 

cartridge numbers between comorbidity subgroups, and preplanned post hoc contrasts 

to assess statistical differences between subgroups. F-tests were used for both fixed 

effects and contrasts. Means and standard error of the means are reported. We used 

Pearson’s correlation to assess the relationship between the severity of ASD pathology 

with the severity of ASD symptomology, as indicated by each case’s ADI-R scores, and 

nonparametric Spearman’s rank correlations to assess the relationship between the severities 

of interneuron pathology with case IQ. For all analyses, α = 0.05. As this was an exploratory 

study using a scarce resource (human postmortem brain tissue from ASD cases), we did not 

adjust alpha for multiple comparisons to avoid excessive type II error.

Results

We set out to understand the relationship between pathological alterations in IN anatomy 

with ASD with clinical symptoms. To do so, we used two previously published data sets 

generated in our laboratory from which we discovered a reduction in the number of PV+ 

ChCs in the human ASD prefrontal cortex (Amina et al., 2021; Hashemi et al., 2017). 

Human postmortem ASD and control brain tissue was acquired from the NIH Neurobiobank 

(NBB) and the Autism Tissue Program (ATP) for both studies. This included fixed samples 

from the prefrontal cortex, including the dorsolateral prefrontal (DLPFC: BA9, BA46) and 

orbitofrontal (OFC, BA47) cortices (Figure 1A). The first experiment (Hashemi et al., 
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2017) utilized triple enzymatic immunohistochemistry to label CB-, CR-, and PV-expressing 

interneurons within single sections for all cases (Figure 1C). This dataset included 11 ADI-R 

confirmed ASD cases (11M/0F, age: 26.5 ± 4.5 years, PMI: 25.9 ± 8.6 h, brain mass: 1492.5 

± 54.1 g) and 9 matched controls (8M/1 F, age: 35.1 ± 4.6 years, PMI: 25.8 ± 1.8 h, brain 

mass: 1491.0 ± 67.1 g). There were no significant differences in age, PMI, or brain mass 

(p > 0.05 for all). A subset of ASD cases in this cohort had the following comorbidities: 

intellectual disability (n = 5/11), non verbal (n = 5/11), and epilepsy (n = 2/11). For each 

Brodmann area, all CR, CB, and PV + INs were quantified within a 3-mm-wide counting 

frame that spanned all cortical layers. To obviate the potential confounds of tissue shrinkage 

and/or poor tissue quality, we utilized the ratios of each IN subtype to the total neurons for 

statistical analysis and retained the raw cell count data for each case that was also used here. 

We found significant reductions in the ratio of PV+ INs to other INs in ASD, relative to 

controls—including a 45% reduction in BA9 (p = 0.030), 70% in BA46 (p = 0.001), and 

38% in BA47 (p = 0.030). The second experimental dataset comes from a study where we 

assessed changes in GABA transporter 1 (GAT1) positive cartridges, GABAergic terminals 

that are anatomically distinct and specific to PV+ ChCs (Figure 1B and C). This dataset 

included 11 ADI-R confirmed ASD cases (11M/0F, age: 15.3 ± 1.6 years, PMI: 15.7 ± 3.9 

h, brain mass: 1455.1 ± 43.1 g) and 11 matched controls (7M/4F, age: 15.7 ± 1.6 years, 

PMI: 21.6 ± 3.1 h, brain mass: 1376.4 ± 36.7 g). There were no significant differences 

in age, PMI, or brain mass (p > 0.05 for all). A subset of ASD cases in this cohort had 

the following comorbidities: intellectual disability (n = 7/11), non verbal (n = 6/11), and 

epilepsy (n = 4/11). For each Brodmann area, all GAT1+ cartridges were quantified within a 

3-mm-wide counting frame that spanned all cortical layers. We found significant reductions 

in the GAT1+ cartridges in ASD, relative to control cases—including a 39% reduction in 

BA9 (p = 0.002), 61% in BA46 (p = 0.004), and 46% in BA47 (p = 0.020). Together, these 

datasets illustrate a significant reduction in ChCs in ASD, using two separate markers and 

using two separate case cohorts (with the exception of 2 ASD and 1 control case that were 

used in both experiments). Detailed case data are outlined in Table I.

For the current study, we obtained extensive clinical records from the cases included in the 

previous studies and extracted symptom severity and comorbidity data from each case using 

postmortem ADI-R scores and clinical histories. We took advantage of the fact that there is 

tremendous patient heterogeneity in symptom profile, and thus assessed whether variation 

in ASD symptom severity corresponded with previously quantified variation in IN anatomy. 

More specifically, we assessed the relationship between IN pathology (reductions in the 

total number of total and specific INs, PV+ neuron ratio, and number of GAT1+ cartridges) 

with ASD symptomology (ADI-R scores and subscores, IQ scores, and comorbidities) in 

the three prefrontal areas of interest using ANOVA and correlation analysis. Herein, we 

described positive findings.

Total interneuron number is reduced in ASD cases with intellectual disability

We first assessed whether the severity and/or pattern of interneuron pathology was 

associated with specific ASD comorbidities. We found a striking difference in the pattern 

of total IN loss (CR + CB + PV) that corresponded with intellectual disability (Figure 

2). Analysis with repeated-measures ANOVA revealed that the total number of INs was 
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significantly reduced (Group: p = 0.025) in ASD cases with ID (ASD + ID, MEAN ± SEM: 

208.5 ± 37.1 INs/bin) by 36.6% relative to ASD cases without ID (ASD, 329.0 ± 31.5 

INs/bin, p = 0.024) and by 37.0% relative to control cases (340.1 ± 25.7 INs/bin, p = 0.009) 

(Figure 2A). The total IN number was not different between control and ASD cases without 

ID (p = 0.788). There was not a fixed effect of the region (p = 0.266) nor was there a 

group-by-region interaction (p = 0.890), suggesting that this reduction in total IN number in 

ASD + ID reflects a global change across the PFC (Figure 2B).

Accounting for ID in the ASD cohort revealed differences in CR and CB (Figure 2C) 

neuron populations. ASD cases with ID had 37.1% fewer CB + neurons (59.21 ± 12.5 CB+ 

INs/bin, p = 0.049) and 27.8% fewer CR+ neurons (116.4 ± 16.4 CR + INs/bin, Trend: 

p = 0.052) relative to ASD cases without ID (94.1 ± 10.8 CB+ INs/bin, 161.1 ± 13.8 

CR+ INs/bin). Neither ASD subgroup was significantly different (p > 0.10 for both) from 

control cases (148.0.4 ± 11.3 CR+ INs/bin, 71.4 ± 8.8 CB+ INs/bin) with respect to CR+ 

or CB+ IN number. However, while mean CR+ number was similar between control and 

ASD cases without ID (nonsignificant 8% elevation, p = 0.473), there was a sizable yet 

nonsignificant (p = 0.122) 31.9% elevation in CB+ INs in ASD without ID. Although not 

detected statistically here, it is possible that increases CB+ INs in ASD without ID offset the 

loss of PV+ INs in this group (see below), leading to total IN counts that are not different 

from neurotypical controls.

Consistent with our previous findings across ASD cases, there was a large and significant 

38.9% reduction in PV+ interneurons in ASD without ID (73.8 ± 15.8 PV+ INs/bin), and 

even larger 71.4% reduction in ASD + ID (34.6 ± 18.5 PV+ INs/bin, p = 0.001), relative 

to control cases (120.8 ± 12.9 PV+ INs/bin) (Figure 2(c)). While there was a large 53.2% 

reduction in PV + number in ASD + ID relative to ASD without ID, this did not reach 

statistical significance (p = 0.124). However, together these data suggest that ASD + ID 

cases show more severe IN loss across subtypes, leading to a total reduction in IN number.

Total IN number reduction and CR+ neuron number reduction are correlated with 
decreases in IQ

Full-scale IQ (FSIQ) scores were available for five cases from the triple stain cohort and the 

relationship between FSIQ and IN number (mean count across BA9, BA46, and BA47) was 

assessed using Spearman’s rank Correlations (Figure 2D). ASD cases showed a significant 

stepwise reduction in total IN number and in CR+ neuron number that correlated with 

reductions in FSIQ (rho = 0.90, p = 0.034 for both). While similar patterns were found for 

both CB and PV, these were not statistically significant (p > 0.10 for both).

Other ASD comorbidities not associated with differences in or cartridge number

Epilepsy was not associated with further alterations in cartridge number in ASD cases across 

PFC regions (p > 0.10, Figure S1A). Too few ASD cases had comorbid epilepsy (n = 2) 

to assess alterations in the triple stain (IN) cohort. We did find a further 31.7% reduction 

in BA9 cartridge number (Figure S1B) in ASD cases with ID relative to those without; 

however, this difference did not reach statistical significance (p = 0.183). We did not find 

any difference between verbal and nonverbal ASD cases with respect to total or individual 
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(CR/CB/PV) IN number, or cartridge number across all three BA regions (p > 0.10 for all 

analyses).

BA47 ChC pathology is correlated with restricted repetitive behaviors

We next assessed the relationship between the severity of ChC pathology (using PV ratios 

and cartridge number) with the severity of ASD symptomology as reflected by patient 

ADI-R category scores in the domains of social behavior (category A), non verbal language 

(category B), and restricted repetitive behaviors (category C, RRB). ADI-R correlations are 

summarized in Table 2. Specific correlations of interest are highlighted in Figure 3.

Restricted repetitive behavior category scores (C) were strongly correlated with the severity 

of ChC pathology in BA47 (Figure 3A, r = −0.822, p = 0.012), with RRB symptom severity 

increasing in tandem with increasing ChC pathological severity (decreasing PV ratios). 

There was not a relationship between PV ratios and RRB category scores in either BA9 or 

BA46 (p > 0.10 for both). Cartridge number did not show a significant relationship with the 

RRB category score in any region in our second ASD cohort (Figure 3 and Table 2, p > 0.10 

for all).

ADI-R category score C reflects the severity of RRBs across multiple subcategories, 

including circumscribed Interests (C1), compulsive routines or rituals (C2), stereotypic 

motor mannerisms (C3), and a preoccupation with parts of objects and/or materials (C4). 

We found a specific correlation between the severity of ChC pathology (PV ratio) with the 

severity of stereotypic motor mannerisms (C3) in BA47 (Figure 3A and (B), r = −0.722, p = 

.043). This finding was replicated in the GAT1+ cartridge cohort, with cartridge loss severity 

also corresponding to an increase in stereotypic motor mannerism severity in BA47 (Figure 

3C) and D, r = −0.710, p = 0.049). We did not detect a relationship between ChC pathology 

(PV or cartridges) with the other RRB subscores (Figure 3, C1, C2, C4, p > 0.10 for all). We 

did not find a relationship between BA9 and BA46 ChC pathologies with RRB subscores 

(Table 2, p > 0.10).

Ch pathology is marginally correlated with nonverbal social-communication deficits

We did not find any significant correlations between ChC pathology (PV ratios or cartridge 

number) with ASD social deficits in any brain region, with respect to total category score 

(A), or any category subscores (p > 0.10). However, we found a trending relationship 

between the severity of cartridge loss with the severity of nonverbal communication deficits. 

The total nonverbal language deficit severity (Category B—nonverbal) increased as BA9 

cartridge number decreased (Figure S2, r = −0.652, p = 0.057), illustrating that increased 

ChC pathological severity in BA9 is associated with increased social-communication 

deficits. This correlation was not associated with cartridge loss in BA46 or BA47 (p > 0.10). 

The nonverbal category B score is a composite of subcategory B1 (lack/delay in spoken 

language and gestures) and B4 (lack of spontaneous play). There was a trending correlation 

between B4 and cartridge number (Figure S2, r = −0.660, p = 0.053), but the B1 score was 

not statistically associated with cartridge pathology (Figure S2, r = −0.448, p = 0.227).
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Discussion

We identified that distinct patterns of GABAergic interneuron pathology in the ASD 

prefrontal cortex correspond with specific ASD symptoms. ASD cases with intellectual 

disability show a more widespread and severe pattern of IN loss, while those without ID 

only show a specific loss in PV+ INs. Increased severity of ASD motor stereotypies was 

significantly correlated with increased levels of ChC pathology in BA47, as indicated by 

reductions in PV + neurons and GAT1+ cartridges. We also found a trending correlation 

between a lack of spontaneous play and an indicator of social communication, with cartridge 

loss in BA9. We did not detect any link between ChC pathology and other types of restricted 

repetitive behaviors nor with ASD core social deficits or comorbid epilepsy.

Motor stereotypies, defined as motor patterns that are repetitive, invariant, and seemingly 

functionless (American Psychiatric Association, 2013; M. Lewis & Kim, 2009; Mason, 

1991), are a common behavioral symptom present in numerous neurodevelopmental and 

psychiatric disorders (American Psychiatric Association, 2013; Kataoka et al., 2010; M. 

Lewis & Kim, 2009; Morrens et al., 2006), including ASD (Yerys, 2015). They are believed 

to represent failures in behavioral inhibition, and abnormalities in corticostriatal circuit 

function have long been theorized to underlie such phenomena (Albin et al., 1995; M. 

Lewis & Kim, 2009; Yerys, 2015). Corticostriatal circuits are responsible for selecting/

activating particular behavioral sequences (striatal direct pathway) or terminating/inhibiting 

behavioral sequences (striatal indirect pathway) (Albin et al., 1995). These circuits run in 

five discrete parallel pathways, consisting of closed loops running from the cortex to basal 

ganglia to the thalamus and back to the cortex (Albin et al., 1995; Alexander et al., 1986). 

Each of the five pathways represents connections to different cortical regions including 

the anterior cingulate (ACC), orbitofrontal (OFC), dorsolateral prefrontal (DLPFC), motor 

(M), and oculomotor (OM) (Alexander et al., 1986)—which are believed to correspond 

with different levels of behavioral selection, from motivation (limbic loop: ACC/OFC), to 

cognition (associative loop: DLPFC), to specific motor sequences and individual movements 

(motor/oculomotor loops: M/OM) (Albin et al., 1995; Garner et al., 2011; Yerys, 2015). 

Here, we identified a specific putative circuit-level mechanism by which corticostriatal 

circuits may be disinhibited in BA47 and thus pathologically contribute to ST stereotypies 

in a complex human disorder—a failure of ChC inhibition of pyramidal neurons, which 

exclusively mediate information flow from the cortex to the striatum, leads to behavioral 

disinhibition. If this hypothetical mechanism is true, we would expect that a loss of ChC 

input into layer V pyramidal cells, the main output from the cortex to the striatum, would 

be the main driver of such a circuit-level deficit. It is hypothesized that an imbalance 

in direct/indirect corticostriatal circuitry may be responsible for perseverative behavior at 

the level of the striatum—specifically that there is an excessive activity in the striatal 

direct pathway (increased/inappropriate behavioral selection/activation) and/or a deficit 

in the striatal indirect pathway (reduced/failure of behavioral inhibition) (Garner et al., 

2011; M. Lewis & Kim, 2009). Although speculative, cortical pyramidal cell disinhibition 

would presumably be associated with an abnormal increase in activity of both downstream 

striatal direct and indirect pathways. Consistent with this, stereotypic behavior is associated 

with increased functional connectivity between dorsal attention and subcortical networks 
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(McKinnon et al., 2019). However, it is not clear how pyramidal cell disinhibition, mediated 

by ChC loss, could result exclusively in attenuated indirect pathway activity and associated 

disinhibition. Future work with in vivo models will be necessary to elucidate how ChC loss 

in the prefrontal cortex will differentially affect direct and indirect pathway circuits, and how 

such alterations would manifest behaviorally. It is important to also acknowledge that it is 

possible, if not likely, that superficial layer (i.e. layer II/III pyramidal cells) cortical-cortical 

circuits are also disinhibited due to ChC losses in ASD. However, the mechanism by which 

disinhibited intraregional and intrahemispheric cortical-cortical signaling could contribute to 

this class of behavioral symptoms in ASD is unclear.

ASD stereotypies were correlated specifically with ChC pathology in the OFC (BA47) 

but not in the DLPFC (BA9 and BA47). This was surprising, as most corticostriatal 

dysfunction hypotheses of ST predict that disinhibition in the motor or associative loops 

(DLPFC), or their corresponding striatal targets, drive this type of repetitive behavior 

(Garner et al., 2011; M. Lewis & Kim, 2009). OFC hyperactivity is strongly implicated 

in the pathophysiology of obsessive-compulsive disorder (OCD) (Saxena et al., 1998), 

a psychiatric illness characterized by unusual anxiety-driven obsessions which in turn 

drive ritualized compulsive behaviors (American Psychiatric Association, 2013). For this 

reason, OFC dysfunction is believed to contribute to higher-order repetitive behaviors 

(i.e. obsessions and/or compulsions), but not stereotypes. Nevertheless, our findings are 

consistent with fMRI and MR-spectroscopy literature. ASD cases show increased OFC 

activity during motor inhibition tasks (Schmitz et al., 2006). In addition, reduced cortical 

GABA levels in the ACC and striatum, but not the DLPFC or premotor cortices, correlate 

with the severity of motor stereotypies in nonautistic individuals with stereotypic movement 

disorder (Harris et al., 2016). PV+ INs are present throughout the cortex as well as most 

subcortical structures, including the striatum. PV+ IN alterations have been discovered in 

other psychiatric disorders, suggesting that their loss may play a role in repetitive behaviors 

more broadly. Striatal PV+ INs are reduced in Tourette syndrome (Kataoka et al., 2010), a 

disorder characterized by both complex and simple repetitive behaviors (i.e. tics), including 

stereotypies. PV+ ChCs are also impaired in schizophrenia (D. A. Lewis, 2011), a disorder 

in which altered motor activity (American Psychiatric Association, 2013) and stereotypies 

(Morrens et al., 2006) are common. Although the integrity of ChCs in human OCD is 

uncharacterized, patients show regional hyperactivity (as indicated by fMRI) (Adler et al., 

2000) and GABAergic deficits (Zhang et al., 2016) in the OFC. It remains a possibility that 

a loss of OFC ChCs or other INs may be involved in OCD. Moving forward, it will be 

important to characterize PV+ loss in brain regions outside of the PFC in ASD, particularly 

the striatum, and to assess their involvement in other ASD symptoms.

While large-scale developmental disruptions in brain organization are believed to broadly 

underlie the complex cognitive deficits that constitute ID, specific circuit-level mechanisms 

are poorly understood. ID is a symptom that occurs in many disorders of differing etiologies, 

including approximately 33% of ASD cases (Maenner et al., 2020). Of the numerous 

genetic and environmental causes of ID, the two most prevalent are Trisomy 21 (Down 

syndrome (DS)) and fetal exposure to ethanol (fetal alcohol syndrome (FAS)) (Pulsifer, 

1996). Neuropathological alterations in the brain structure have been identified for both, 

and key features are reduction in brain mass and neuron counts in DS (Wisniewski, 1990) 
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and FAS (Roebuck et al., 1998), and reduced dendritic spine density and maturity in DS 

(Takashima et al., 1994) and FAS (Ferrer & Galofre, 1987). Both of these deficits are 

also found in idiopathic ID (Purpura, 1974), yet they differ from ASD neuropathology, 

which typically includes increased cortical neuron number (Courchesne et al., 2011), and 

as increased dendritic spine density (Hutsler & Zhang, 2010). Increased spine density 

also occurs in fragile X Syndrome, the most prevalent monogenic cause of ID. Reduced 

IQ in ASD is correlated with the most extreme increases in spine density (Hutsler & 

Zhang, 2010) and alterations (increases or decreases) in brain size (Amaral et al., 2017; 

Miles et al., 2000). While it is possible that these differences in neuropathology simply 

reflect differences in cognitive deficits that are specific to each ID-associated disorder, it is 

possible that other neuropathological mechanisms may more specifically and consistently 

contribute to cognitive impairment in ID. Deficits in GABAergic signaling, possibly 

involving alterations in GABAergic interneuron populations, is one candidate mechanism 

that has received interest in recent years (reviewed extensively by Contestabile et al., 2017). 

A critical recent study identified that GABAergic interneuron proliferation and migration 

are broadly impaired in human fetuses prenatally exposed to ethanol (Marguet et al., 2020). 

Another recent study demonstrated that DS-derived iPSCs show a reduction in GABAergic 

interneuron proliferation/differentiation in vitro and migration when grafted in-vivo resulting 

in specific a reduction in total CR + interneurons (Huo et al., 2018).

Here, we found for the first time a link between alterations in IN anatomy with intellectual 

disability in the human postmortem autistic brain, thus providing further support for a 

GABAergic hypothesis of ID. ASD cases with intellectual disability (ASD + ID) show a 

clear reduction in total interneuron number (CR + CB + PV) relative to both neurotypical 

controls and ASD cases without ID. This pattern is consistent within our PFC regions of 

interest, but it remains unknown if this pattern extends to other cortical and subcortical 

regions. Our data indicate that a loss of CR+ INs and a more severe loss of PV+ INs may 

be a significant contributor to the total IN reduction in ASD + ID. Although ID was not 

accounted for, reduced CR+ density also was recently identified in the human ASD caudate 

(Adorjan et al., 2017), also consistent with our findings. A dramatic expansion of CR+ INs 

occurred during human cortical evolution, and this change is hypothesized to enable more 

complex cognitive abilities specific to the human lineage (Dzaja et al., 2014). Our finding 

of reduced CR+ INs in ASD + ID provides further support for this hypothesis, which is 

also consistent with deficits in CR+ IN proliferation and migration identified in DS and 

FAS (Huo et al., 2018; Marguet et al., 2020). We also found a significant increase in CB+ 

IN counts ASD without ID relative to ASD + ID, and a nonsignificant increase relative to 

controls. This possibly reflects an increase in CB+ INs in ASD without ID, which offsets the 

loss of PV+ INs, resulting in a normalization of total IN counts to control levels.

It remains unclear what causes alterations in ASD IN anatomy. These alterations most 

likely reflect developmental impairments in proliferation, differentiation, and/or migration 

of INs. Cortical INs are not generated from radial glia within the neocortex, but instead are 

generated from neural precursor cells in the ganglionic eminences (Marin & Rubenstein, 

2001). While disruptions in these processes cannot be directly assessed in the prenatal 

human ASD brain, there is abundant indirect evidence consistent with this perspective. 

Increased neuron number (Courchesne et al., 2011; Falcone et al., 2021) is a well-
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established anatomical abnormality in ASD—clearly implicating dysregulation of fetal 

neurogenesis. Focal dysplasia and heterotopias are common in ASD and reflect errors in 

neuronal migration (Wegiel et al., 2010). Many prevalent ASD risk genes (e.g. CHD8 

(Xu et al., 2018), FMR1 (Wu et al., 2019), Pten (Chen et al., 2015), Shank3 (Zhao et 

al., 2017)) are also potent regulators of neuron proliferation, differentiation, and migration

—suggesting that allele variants in these genes may impair normal neurodevelopmental 

regulatory controls (Packer, 2016; Xu et al., 2018). Unlike ASD, DS and fetal exposure to 

ethanol can be identified prenatally; fetal brain tissue from these cases has been used to 

identify deficits in IN proliferation and migration (Huo et al., 2018; Marguet et al., 2020). 

Together, these data are highly suggestive that anatomical and circuit-level brain disruptions 

in ASD reflect abnormalities in neuron proliferation, differentiation, and/or migration. 

Alternatively, it is possible that early brain development is normal for most ASD cases, 

and that PV+ INs do not survive through subsequent developmental stages after the cells 

are established, either late prenatally or postnatally. In rodents, PV+ INs are pruned during 

early postnatal brain development (~30% reduction from PND 5–10), which is regulated by 

pyramidal cells in an activity-dependent manner (Denaxa et al., 2018; Wong et al., 2018). 

PTEN, a gene implicated in ASD risk (Butler et al., 2005), is a critical intermediary in 

this process (Wong et al., 2018). It is possible that ChC loss in ASD occurs as a result of 

excessive pruning through this experience-dependent mechanism. Autoimmune-driven loss 

of specific neuronal populations is another potential mechanism for the etiology of various 

behavioral/psychiatric disorders, particularly childhood-onset disorders involving repetitive 

behaviors (Kiessling et al., 1994), but is poorly substantiated and highly controversial 

(Wilbur et al., 2019) (e.g. PANDAS (Swedo et al., 1998) and PANS (Swedo et al., 2012) 

hypotheses of Tourette syndrome and other childhood-onset repetitive behaviors (Hsu et al., 

2021)). Narcolepsy is one of the few substantiated examples of this possible mechanism, 

whereby an autoimmune-driven loss of orexin+ neurons in the lateral hypothalamus leads 

to deficits in sleep-wake cycle regulation (Luo et al., 2018; Mahlios et al., 2013). Immune 

system abnormalities occur in ASD (Guastella et al., 2015; Warren et al., 1986), including 

maternal autoimmune processes targeting neuronal proteins in the fetal brain (Braunschweig 

et al., 2013; Martinez-Cerdeno et al., 2016), and thus autoimmunity could theoretically be 

a mechanism by which PV+ INs are lost in ASD. PV+ INs are also particularly vulnerable 

to stress—as fast-spiking interneurons, they have high metabolic demand and high levels 

of calcium signaling, both of which render these cells vulnerable to excitotoxic cell death 

(Reviewed in Ruden et al., 2021). Finally, another possible explanation for altered IN counts 

in ASD is that this simply reflects transcriptional changes in specific IN markers (i.e. there 

is a transcriptional reduction in PV mRNA and protein in ASD, leading to the detection of 

fewer positive cells with IHC), but not an actual reduction in cell number. This is plausible, 

as PV+ basket cells undergo experience-dependent changes in PV expression (Donato et al., 

2013, 2015), with associated variations in immunofluorescence signal intensity. However, 

there is no evidence that PV expression is ever fully silenced in PV + basket cells, nor is 

there any evidence that this type of variable PV expression occurs in ChCs. Our previous 

findings of ChC loss in ASD were detected using two independent markers (PV + soma 

and GAT1 + cartridges) and quantifying different structures (soma vs cartridges), and we 

found roughly the same magnitude of ChC loss regardless of the method used. For these 

reasons, we believe that transcriptional alterations in PV are an unlikely explanation for the 
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reduced number of ChCs detected in the ASD PFC. Nevertheless, this possibility still needs 

to be ruled out directly, possibly through developmental studies in rodent models or using 

single-cell molecular analyses in human brain tissue.

Although designed as a retrospective exploratory study, the main limitation of our study 

is the relatively small sample size, which is common for neuropathological studies due to 

the scarcity of resource. Balancing statistical analysis to avoid both Type I and Type II 

error becomes a particular challenge, and most findings here would not hold up to alpha 

adjustment for post hoc comparisons. While these findings should be considered preliminary 

and require further validation, we were able to replicate our key findings internally, which 

provides us with more confidence in their replicability. Our data sets predominantly relied 

on young male ASD subjects (only one female was included), and thus it is unclear how 

alterations in INs, ChCs, or their clinical correlates may possibly differ according to sex 

or age. Regretfully, the cohorts utilized here were constrained by the sample selection in 

previous studies.

It is poorly understood how specific circuit-level neuropathology maps onto ASD 

symptomology. Our data provide evidence directly from human cases that IN pathology 

is an important contributor to ASD symptomology—that ChC loss is involved in RRB 

symptomology, and that ASD cases with ID show more severe IN loss, which suggests 

a similar but more severe developmental insult is occurring in these individuals. These 

anatomical alterations most likely reflect developmental impairments in proliferation, 

migration, and/or survival of INs. Our findings identify novel testable hypotheses concerning 

how alterations in INs may disrupt neural circuits. It also identifies IN pathology as an 

important biomarker for ASD animal model validation, for ASD developmental studies, and 

for developing targeted therapeutics that are thus far lacking for ASD patients. 2
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Figure 1. 
Overview—human postmortem tissue and staining. (A) Anatomical localization of three 

regions of interest from the prefrontal cortex (BA9, BA46, and BA47), as overlayed 

onto an intact human brain hemisphere (left) and a coronal slab (right). (B) Illustration 

of the Chandelier cell (ChC)—a parvalbumin (PV) expressing GABAergic interneuron 

subtype that is reduced in number in autism. ChCs have a unique morphology, which 

includes a complex axonal arbor that terminates in numerous sequences of vertically 

oriented synaptic terminals (Cartridges) which synapse exclusively on the axon initial 

segment (AIS) of cortical pyramidal (PYR) neurons. (C) Overview of tissue staining, 

using representative images from BA46. Left: All GABAergic Interneuron subtypes were 

identified simultaneously with enzymatic immunohistochemistry (IHC) for the calcium-

binding protein markers calretinin (CR, blue), calbindin (CB, brown), and PV (purple), 

which are expressed by all GABAergic Interneurons in a predominantly nonoverlapping 

manner. Middle: IHC stain for PV to illustrate cortical layer distribution, as well as the 

presence of PV+ soma and cartridges (red arrows). Right: IHC stain for GABA transporter 1 

(GAT1), a marker for GABAergic synaptic terminals. ROIs “a” and “b” are enlarged to show 

individual GAT1+ Cartridges at 40× (top) and 100× (below).
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Figure 2. 
GABAergic interneuron number and intellectual disability in ASD. (A) Autistic cases with 

comorbid intellectual disability (ASD + ID) show a significant reduction in total interneuron 

(IN) number relative to intellectually normal autistic cases (ASD) and neurotypical controls 

(CTL). Interneuron count reflects the sum of calretinin (CR, black), calbindin (CB, white), 

and parvalbumin (PV, blue) expressing neurons measured in a 3-mm-wide bin that spanned 

all cortical layers. There was not a statistical difference between brain regions and brain 

region-by-group interactions. (B) The same pattern of total IN loss was detected across 
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all three PFC regions. Reconstructions of IN counts from the three subgroups illustrate a 

dramatic reduction in total IN number in the ASD + ID group in all three BA regions. 

(C) ASD + ID showed a 27.8% trending reduction in CR+ (p = 0.052) and a significant 

37.1% reduction in CB+ (p = 0.049) INs relative to ASD cases without ID. PV+ cell number 

was significantly reduced in both groups of ASD cases relative to controls. (D) Spearman’s 

Rank correlations between Full Scale IQ scores (reverse plot, LOESS curve fit) with total 

IN counts (left, large), as well as individually for CR, CB, and PV. Although FSIQ was 

available for only a small subset of cases, all near or below the ID cutoff of FSIQ = 70, 

reductions in total IN number and CR+ number were significantly correlated (p < 0.05) with 

reductions in FSIQ. LSM ± SE is shown from repeated-measures ANOVA that included 

all three cortical regions—BA 9, 46, and 47. For all analyses using ANOVA, pairwise 

comparisons were made using preplanned post hoc contrasts (α = 0.05). Scale bar = 500 μm.
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Figure 3. 
Chandelier cell loss and ADI-R symptom correlations. Autism core symptom severity, 

as defined by ADI-R scores, shows a specific relationship with Chandelier Cell (ChC) 

Pathology, as indicated by reduced PV ratios and cartridges in a region-specific manner. 

Increased scores reflect increased symptom severity. (A) Reduced PV ratios in the 

orbitofrontal cortex (OFC, BA47) were correlated with increased severity of Restricted 

Repetitive Behaviors (Left, ADI-R Category C). Reductions in BA47 PV ratios were 

significantly (p < 0.05) correlated with the severity of stereotypic motor mannerisms (ADI-R 
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Subcategory C3), but not with other types of RRB such as circumscribed interests (C1), 

compulsive routines or rituals (C2), or preoccupation with parts of objects or materials 

(C4). (b) Reconstructions of IN populations (all INs top row, PV+ INs only bottom row) 

from individual cases illustrate that a reduced PV+ Ratio corresponds to increased severity 

of stereotypic motor mannerisms. (c) Reductions in cartridge number in the orbitofrontal 

cortex (OFC, BA47) were also correlated with increased severity of stereotypic motor 

mannerisms (C3), but not with other types of RRB such as circumscribed interests (C1), 

compulsive routines or rituals (C2), or preoccupation with parts of objects or materials 

(C4). (d) Reconstructions of cartridge counts (each cartridge is represented by a single 

vertical line) from individual cases illustrate that a reduced cartridge number corresponds 

to increased severity of stereotypic motor mannerisms. Linear density of cartridges plotted 

below reconstruction. Scale bar = 500 μm.
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Table I.

Autism and control subjects.

ID Experiment Group Origin Age Sex PMI brain mass hemi Verbal epilepsy ID FULL 
IQ

Cause of death

AN03221 BOTH ASD ATP 7 M 11.4 1560 R V NO NO UNK Drowning

ANO 1293 TRIPLE ASD ATP 9 M 3.8 1690 L NV NO ID UNK Cardiac arrest

AN00394 TRIPLE ASD ATP 14 M 10.3 1615 UNK V NO NO 71 Cardiac arrest

AN02736 BOTH ASD ATP 15 M 2.5 1390 R NV EP NO UNK Aspiration/
pneumonia

AN00764 TRIPLE ASD ATP 20 M 23.7 1 144 R NV NO ID 52 Car accident/
trauma

AN00493 TRIPLE ASD ATP 27 M 8.3 1575 R V NO ID 40 Drowning

AN 18892 TRIPLE ASD ATP 31 M 99 1600 R V NO NO 73 Gun shot

AN0990I TRIPLE ASD ATP 32 M 28.7 1694 R V NO NO UNK Heat stress

AN06746 TRIPLE ASD ATP 44 M 30.8 1530 UNK V NO ID 66 Cardiac arrest

AN 19534 TRIPLE ASD ATP 45 M 40.2 1360 R NV EP NO UNK Asphyxiation

AN 18838 TRIPLE ASD ATP 48 M UNK 1260 R NV NO ID Severe 
(20–35)

Asphyxiation

5144 Cartridges ASD NIH 7 M 3 131 1 R V NO NO UNK Cancer

4305 Cartridges ASD NIH 12 M 13 1360 R V EP ID UNK Serotonin 
syndrome

AN00754 Cartridges ASD ATP 13 M 8.0 1470 R NV EP ID Mild 
(50–69)

SUDEP

4899 Cartridges ASD NIH 14 M 9 1450 R NV EP NO UNK Drowning

5403 Cartridges ASD NIH 16 M 35 1777 R NV NO ID 55 Cardiac 
arhythmia

4269 Cartridges ASD NIH 19 M 45 1500 R V NO ID UNK Meningitis

4999 Cartridges ASD NIH 20 M 14 1427 R NV NO ID Severe 
(20–35)

Cardiac 
arhythmia

5176 Cartridges ASD NIH 22 M 18 1525 R NV NO ID UNK Subdural 
hemmorhage

5574 Cartridges ASD NIH 23 M 14 1236 R NV NO ID UNK Pneumonia

AN07444 BOTH CTL ATP 17 M 30.8 1460 R V NO NO UNK Asphyxia

AN00544 TRIPLE CTL ATP 17 M 28.9 1250 L V NO NO UNK UNK

AN 19760 TRIPLE CTL ATP 28 M 23.3 1580 R V NO NO UNK Cardiac arrest

AN 12137 TRIPLE CTL ATP 31 M 32.9 1810 R V NO NO UNK Asphyxia

AN 15566 TRIPLE CTL ATP 32 F 28.9 1360 R V NO NO UNK Heart attack

AN05475 TRIPLE CTL ATP 39 M NK 1350 R V NO NO UNK Cardiac arrest

AN 17868 TRIPLE CTL ATP 46 M 18.8 1588 R V NO NO UNK Cardiac arrest

AN 19442 TRIPLE CTL ATP 50 M 20.4 1740 R V NO NO UNK Heart attack

AN 13295 TRIPLE CTL ATP 56 M 22.1 1370 L V NO NO UNK Cardiac arrest

4203 Cartridges CTL NIH 7 M 24 1 188 R V NO NO UNK Respiratory 
insufficiency

4337 Cartridges CTL NIH 8 M 16 1290 R V NO NO UNK Accident

5554 Cartridges CTL NIH 13 F 15 1271 R V NO NO UNK Suicide

5309 Cartridges CTL NIH 14 F 8 UNK R V NO NO UNK Infection
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ID Experiment Group Origin Age Sex PMI brain mass hemi Verbal epilepsy ID FULL 
IQ

Cause of death

5834 Cartridges CTL NIH 14 M 38 1510 R V NO NO UNK Cardiac failure

4638 Cartridges CTL NIH 15 F 5 1250 R V NO NO UNK Accident/chest 
injuries

5893 Cartridges CTL NIH 19 M 19 1550 R V NO NO UNK Dilated 
cardiomegaly

5646 Cartridges CTL NIH 20 F 23 1440 R V NO NO UNK Reactive airway 
disease

5958 Cartridges CTL NIH 22 M 24 1440 R V NO NO UNK Dilated 
cardiomegaly

ANO 1891 Cartridges CTL ATP 24 M 35 1365 L V NO NO UNK Trauma/car 
accident

PMI = Post-Mortem Interval (hours)

Triple = triple stained tissue for IN subtype analysis (calretinin, calbindin, parvalbumin). Cartridges = GABA transporter I (GATI) Stained tissue 
for cartridge counts.

Group: ASD = autism spectrum disorder diagnosis, all confirmed with postmortem ADI-R.

Group: CTL = control subjects.

Origin: ATP = autism tissue program/NIH = NIH Neurobiobank.

Verbal: NV = nonverbal; V = verbal.

EP = Epilepsy co-morbidity present.

ID = intellectual disability (MR/ID clinical diagnosis, or full scale IQ < 70).
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Table 2.

ADI-R category and subcategory symptom correlations with Chandelier cell pathology.

PV ratio Cartridges

BA9 (DLPFC) BA46 (DLPFC) BA47 (OFC) BA9 (DLPFC) BA46 (DLPFC) BA47 (OFC)

r p r p r p r p r p r p

A. Social deficits 0.029 0.946 0.055 0.889 −0.101 0.811 −0.173 0.711 0.535 0.216 −0.206 0.695

 Al Nonverbal social −0.021 0.961 0.218 0.573 −0.187 0.657 0.056 0.886 0.064 0.870 0.078 0.854

 A2 Peer relationships 0.0 15 0.972 −0.232 0.547 0.097 0.819 −0.496 0.211 0.483 0.225 −0.471 0.286

 A3 Shared enjoyment 0.367 0.371 0.468 0.204 −0.060 0.888 −0.084 0.830 0.032 0.935 −0.1 17 0.782

 A4 Socioemotional 
reciprocity

−0.103 0.809 −0.091 0.817 −0.177 0.674 −0.024 0.956 0.475 0.235 0.020 0.966

B. Nonverbal language 
deficits

0.084 0.843 0.231 0.550 −0.048 0.910 −0.652 0.057 0.158 0.684 −0.357 0.386

 Bl Spoken language −0.175 0.678 0.087 0.824 −0.098 0.818 −0.448 0.227 0.294 0.442 −0.246 0.558

 B4 Lack of spontaneous 
play

0.393 0.336 0.343 0.367 0.022 0.960 −0.660 0.053 −0.162 0.678 −0.325 0.433

C. Restricted repetitive 
behaviors

0.061 0.886 −0.167 0.668 −0.822 0.012 0.174 0.654 −0.118 0.763 0.375 0.359

 Cl Circumscribed 
interests

−0.142 0.737 −0.294 0.443 −0.387 0.344 0.397 0.291 0.442 0.233 0.295 0.478

 C2 Compulsive 
routines/rituals

−0.574 0.137 −0.133 0.733 −0.039 0.928 0.373 0.322 −0.405 0.280 −0.126 0.766

 C3 Stereotyped motor 0.348 0.398 −0.160 0.681 −0.722 0.043 −0.441 0.235 −0.086 0.826 −0.710 0.049

 C4 Preocc. objects/
nonfunct

0.503 0.204 0.518 0.153 −0.235 0.575 0.012 0.976 −0.173 0.656 −0.222 0.598

ADI-R: autism diagnostic interview—revised; DLPFC: dorsolateral prefrontal; OFC: orbitofrontal; PV: parvalbumin. Significant correlations (p< 
0.05) in bold.
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