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Abstract

Autism Spectrum Disorder (ASD) is a neurodevelopmental condition characterized by impaired 

social communication and repetitive behaviors. Changes in the number of specific cell types in the 

cerebral cortex could produce a dramatic alteration in the regulation of cortical circuits and thus 

behavior in ASD.

We investigated whether there are layer-specific changes in the number of neurons, astrocytes, and 

oligodendrocytes in the prefrontal cortex in postmortem human brains from ASD subjects. We 

quantified the number of specific cell types in the prefrontal cortex (Brodmann areas (BA) 9, 46 

and 47) of 10 subjects with ASD and 10 age-matched control subjects. We found that the number 

of neurons was increased, and the number of astroglial cells was decreased in layer II of all three 

prefrontal areas. Area BA47 was most widely affected presenting with an increased number of 

neurons and a decreased number of astrocytes in layer II and deeper layers of the cortex. Among 

other possibilities, the alterations in neuron and glial cell number we report here are consistent 

with a failure of radial glial cells to shift daughter cell production from neurons to astrocytes 

during prenatal cortical development in ASD. The data provided here are key anatomical findings 

that shed light on ASD pathogenesis.
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LAY ABSTRACT

The cerebral cortex affected with Autism spectrum disorder (ASD) present changes in the number 

of neurons and glia cells, possibly leading to a dysregulation of brain circuits and affecting the 

behavior in ASD. However, little is known about cell number alteration in specific layers of the 

cortex. We found an increase in the number of neurons and a decrease in the number of astrocytes 

in specific layers of the prefrontal cortex in postmortem human brains from ASD subjects. 

We hypothesize that this may be due to a failure in neural stem cells to shift differentiation 

from neurons to glial cells during prenatal brain development in ASD. These data provide key 

anatomical findings that may contribute to the bases of ASD pathogenesis.

INTRODUCTION

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

impairment of social interaction, communication, and repetitive behaviors. About 1% of 

children in the US are affected by ASD, with boys being 4 to 5 times more affected than 

girls. Classic autism is the most common diagnosis among ASDs, and is associated with 

comorbid conditions like seizures (Jeste & Tuchman, 2015). The wide range of symptoms 

of ASD may be explained by distinct etiologies encompassing genetic, environmental, 

and/or immune factors that are not well understood (Mandy & Lai, 2016; Martínez-

Cerdeño et al., 2016; Schaefer, 2016), and these are most likely associated with functional 

abnormalities in neural networks (Rubenstein & Merzenich, 2003). Among various causes, 

an altered cytoarchitecture in specific areas of the cerebral cortex may be at the basis 

of functional abnormalities in neural networks. Cytoarchitectonic abnormalities in neural 

networks have predominantly been reported in prefrontal and temporal cerebral cortices, 

hippocampus, amygdala, striatum and cerebellum (Barnea-Goraly et al., 2004; Casanova, 

2004; Courchesne & Pierce, 2005; Herbert et al., 2004; Just et al., 2007; Wegiel et al., 

2014). Within the prefrontal cortex (PFC), three main Brodmann areas (BAs) have been 

strongly linked to ASD: dorsolateral PFC BA9 and BA46 - responsible for working and 

spatial memory, verbal fluency, auditory and verbal attention, and involved in attention; 

and ventrolateral PFC BA47 - implicated in oral and sign language processing (Dixon & 

Christoff, 2014; Dumontheil, 2014; Dumontheil et al., 2008; Jeon, 2014; Romanski, 2007; 

Shalom, 2009; Teffer & Semendeferi, 2012). Circuit disruption can result, among other 

causes, from an altered number of specific cell types in the cortex. Accordingly, data from 

animal models and genomic studies in postmortem human brain, suggest that the prenatal 

pattern of cortical neurogenesis and gliogenesis may be altered. This concept is supported 

by mutations in Rab39b and CHD8 genes, linked to autism, that lead to an altered switch 

in stem cell progression, neural proliferation, and neuronal output (Gompers et al., 2017; 

Zhang et al., 2020). And by many other genes with roles during development that are 

also altered in autism, as is for example the gene NOTCH2NL, a human-specific gene 

involved in the promotion of clonal expansion of human cortical neuronal progenitors and 

that when duplicated induces autism (Fiddes et al., 2018)(Suzuki et al., 2018). In addition, 

gene co-expression network analysis comparing autistic and control brains showed that 

regional patterns that usually distinguish frontal and temporal cortices are altered in the 

ASD, pointing also to abnormalities in cortical patterning (Voineagu et al., 2011). Further 
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whole genome studies mapped the expression of several ASD risk genes in early gestation, 

likely affecting the production of neurons (Parikshak et al., 2013; Satterstrom et al., 2020; 

Willsey et al., 2013). A few studies have investigated whether and how cytoarchitecture 

and altered cell number in cortical areas may underlie ASD phenotype and disrupted neural 

networks. A seminal study by Wegiel et al. reported that the presence of dysplasia and 

heterotopias is common in the cortex and other brain regions in autism (Wegiel et al., 2010). 

Additional studies reported an increase or decrease in cell number or density (Camacho 

et al., 2014; Casanova et al., 2002, 2010; Courchesne et al., 2011; Kim et al., 2015; 

Mukaetova-Ladinska et al., 2004; Uppal et al., 2014; van Kooten et al., 2008), or a lack of 

changes (Kennedy et al., 2007) for neurons, pyramidal neurons, and von Economo neurons 

in prefrontal, temporal, and fusiform areas. We have previously described a decrease in the 

number of chandelier interneurons in prefrontal cortex (Ariza et al., 2018; Hashemi et al., 

2017). It has also been reported that the number of astrocytes is increased in the primary 

olfactory cortex in autism (Menassa et al., 2017), but unaffected in the white matter of 

dorsolateral PFC (Lee et al., 2017) in ASD. Each cortical layer plays a defined function and 

therefore determining whether there are layer-specific alterations in the number of specific 

neural cell types in autism is crucial to understand the basis of the excitation/inhibition 

imbalance in ASD. To the best of our knowledge, there are no studies that quantified cell 

types within specific cortical layers of the cerebral cortex in ASD.

METHODS

Samples

Postmortem human tissue samples from 19 subjects with ASD and 19 age-matched 

control subjects (Table 1 and Table 2) were obtained from the Autism Tissue Program 

(currently Autism BrainNet), the NIH Neurobiobank, and the UCD Medical Center. The 

diagnosis of autism was confirmed by standard postmortem use of the autism diagnostic 

interview-revised (ADI-R) in all cases. ADI-R data included sociability, verbal/nonverbal 

communication, and repetition scores. The presence of intellectual disability and seizures 

was also reported (Table 2). Control subjects were free of neurological disorders, based on 

medical records obtained at the moment of death. Of the 19 cases obtained to be included 

in each group, only 10 ASD and 10 age-matched controls were analyzed for each cortical 

area because not all prefrontal areas analyzed in this study were available from each case 

or of sufficient quality to quantify cell number (Table 1). For each BA, different groups of 

10 ASD and 10 age-matched controls were analyzed. The average age of control and ASD 

subjects was 19.2 ± 4.3 years for BA9 (ctr: 15.2 ± 4.2 and ASD: 23.7 ± 4.0 years), 27.7 ± 

4.9 years for BA46 (ctr: 22.2 ± 4.7 and ASD: 33.3 ± 4.6 years), and 27.1 ± 4.6 years for 

BA47 (ctr: 29.3 ± 4.7 and 25.0 ± 4.8 years), with a range of 2 to 50 in BA9, 2 to 56 years 

in BA46, and 7 to 56 years in BA47. The number of male subjects was higher than females, 

with a ratio of males:females of 13:6 for BA9 (ctr: 5:5 and ASD: 8:1), 15:5 or BA46 (ctr: 

6:4 and ASD: 9:1), and 18:2 for BA47 (ctr: 8:2 and ASD: 10:0). The average postmortem 

interval (PMI) was 30.3 ± 6.2 hours. No difference in PMI was observed between control 

and ASD group (p = 0.34). Causes of death are listed in Table 1.
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Tissue Processing

After removal of the brain from the skull, brain tissue was immersed in 10% buffered 

formalin for at least 8 weeks. 3 cm3 blocks of the prefrontal cortex in BA9, 46 and 47 

were dissected based on Brodmann anatomy as previously described (Hashemi et al., 2017). 

Tissue blocks were post-fixed in 4 % PFA, cryoprotected in a 30% sucrose solution in 

0.1 M phosphate buffered saline (PBS) with 0.1% sodium azide, embedded in Optimum 

Cutting Temperature (OCT) compound, and frozen at −80°C. Tissues were sectioned on a 

Leica CM 1950 cryostat to obtain 14 μm – thick slide-mounted sections, and stored at −80 

°C until use. Tissue sections were stained with cresyl violet (Nissl staining), dehydrated 

through sequential immersion in 50%, 70%, 90%, 96%, and 100% EtOH for 3 minutes each, 

cleared in Xylene for 6 minutes and mounted on glass slide, and coverslipped with Permount 

mounting medium (Martínez-Cerdeño et al., 2003; Martínez-Cerdeño & Clascá, 2002). 

Cortical areas were confirmed based on von Economo histology as previously described 

(Hashemi et al., 2017) (Figure 1 A, B).

Quantification

Small blocks of tissue were obtained from each case included a portion of BA9, BA46, and 

BA47, but did not encompass the entire Brodmann area. We quantified the total cell number 

in one 1 mm-wide bin for each of the select regions of each BA that encompassed the entire 

thickness of the cortical gray matter. We identified neurons, astrocytes and oligodendrocytes 

based on their morphological characteristics (Figure 1 C–F) that present specific unique 

morphology in Nissl (Pelvig et al., 2008). Two blinded investigators quantified cells and 

obtained similar results.

Statistics

Statistical analyses compared the percentage of each cell type over the total number of cells, 

per each cortical layer in each specific BA, between ASD and control cases. N = 10 control 

and N = 10 age matched ASD cases were analyzed for each BA (except for BA9 where N = 

10 control and N = 9 ASD cases were analyzed). Different groups of samples were analyzed 

for each BA, from a pool of N = 19 control and ASD cases. Results were compared between 

ASD and control using ANOVA and t-test with significance set at α < 0.05. The effect of 

multiple factors (age, sex and PMI) on the cell ratios of any BA and any cortical layer, were 

analyzed by ANCOVA. No significant correlation was observed (p > 0.05).

Community involvement

Community involvement is not applicable.

RESULTS

We collected postmortem human tissue samples from subjects with ASD and age-matched 

control (ctr) subjects. Age, sex, PMI, and cause of death are provided in Table 1. We 

obtained blocks containing prefrontal cortex from 19 ASD and 19 control cases. Because 

not all prefrontal areas analyzed in this study were available from each case or of sufficient 

quality to quantify cell number, a total of 10 ASD and 10 age-matched controls where 

analyzed for each cortical area (Table 1). We performed Nissl staining on cryosections 
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obtained from blocks of prefrontal cortex that included BA9, 46 and 47 (isolated based 

on Brodmann anatomy, Figure 1A), and outlined specific cortical layers based on von 

Economo layer histology, (Figure 1B). We quantified the number of three cell types 

(neurons, astrocytes and oligodendrocytes) within each layer of each area of interest in 

the Nissl-stained prefrontal sections from ASD and age and sex-matched controls. Nissl 

staining clearly allowed us to distinguish among cellular types (García-Cabezas et al., 2016; 

Pelvig et al., 2008; Pilati et al., 2008). Nissl labels both cytoplasm and nuclei of neurons, 

while only the nucleus of glial cells. Cells were classified as neurons based on a pale 

chromatin pattern in a triangular/rounded nucleus, with a large nucleolus free of surrounding 

heterochromatin, and a visible surrounding cytoplasm (Berry M, 1997; Duffy PE, 1983). 

Cells were identified as oligodendrocytes based on a small rounded or oval nucleus with 

dense chromatin structure. Astrocytes were characterized by a round or oval pale nucleus, 

with the heterochromatin condensed in granules (Baumann & Pham-Dinh, 2001; Fuller 

GN, 1997). Endothelial cells and microglial cells were identified by their association with 

capillaries and their very characteristic elongated nuclei (Ludwig & M Das, 2020) and 

were not quantified. We selected and quantified the three cell types in a single 1 mm-wide 

bin that encompassed the entire thickness of the cortical gray matter for each BA region 

(Figure 1B). We analyzed the data following two different paradigms. First, we compared 

the total number of each cell type in ASD and the control cases, and second, to avoid the 

confounding effect of a potential differential stretch factor among different samples of the 

human brain tissue, we calculated the ratio of each cell type as a percentage with reference 

to the total number of quantified cells. We analyzed both absolute cell number and cell ratio 

within the bins that encompassed the entire thickness of the cortex, and within each cortical 

layer. A graphical representation of cell type quantification of a representative case of ASD 

and control is depicted in Figure 2.

We compared the total number of each specific cell type within the defined 1 mm-wide 

bin that encompassed layers II to VI and compared numbers between ASD and control 

cases but did not find a difference. Next we performed a layer-specific analysis and found 

some differences between ASD and control cases. In BA46, the total neuron number was 

increased in layer II (+58.2%, p<0.03), while the number of astrocytes and oligodendrocytes 

was decreased (+51.2%, p < 0.004 and −33.9%, p<0.05, respectively), (Figure 3 A–C). In 

BA47, neuron number was increased in layer II (+73.3%, p < 0.01) and astrocyte number 

was decreased in layer III (−35.3%, p < 0.03) in ASD vs control (Figure 3 D,E). No further 

differences were found in any other cortical layer in BA46 and BA47, nor in any layer in 

BA9 (Figure 3).

We next calculated the percentage of each cell type with reference to the total number of 

cells per bin and compared data between ASD and control cases. We found a significant 

increase in the percentage of neurons per bin and a mild but significant decrease in the 

percentage of astrocytes per bin in BA47 (+7.9%, p < 0.04 and −2.7%, p < 0.03, for neurons 

and astrocyte, respectively) (Figure 4 C). No difference was observed for these variables in 

BA9 and BA46 (Figure 4 A,B).

Next we analyzed the percentage of specific cell types within each cortical layer. Analysis 

showed layer-specific changes in the percentage of each cell type in ASD compared to 
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control cases (Figures 5–7). Specifically, BA9 presented a significant 11% increase in 

neurons in layer II (+11.2%, p < 0.02; Figures 5 A) and a decrease in the percentage of 

both astrocytes and oligodendrocytes in layer II (−3.8%, p < 0.05 and −7.4%, p < 0.05, 

respectively; Figure 5 B,C). Similarly, in BA46 we found a 21% increase in the percentage 

of neurons in layer II and an 11% decrease in the percentage of astrocytes in layer II 

(+21.6%, p < 0.001, and −11.6%, p < 0.002 for neurons and astrocytes, respectively; Figure 

6 A,B). In BA47 we noted a significant difference in the percentage of neurons, astrocytes, 

and oligodendrocytes in multiple cortical layers. Analyses showed an 18% increase in the 

percentage of neurons in layer II (layer II: +18%, p < 0.003), an 11% increase in the 

percentage of neurons in layer IV(p < 0.01), and an 8.8% increase in the percentage of 

neurons in layer V (p < 0.03) (Figure 7 A). There was also a decrease in the percentage 

of glial cells across multiple layers in BA47. In layer II the percentage of astrocytes was 

decreased by 6%, (p < 0.03), and the percentage of oligodendrocytes was decreased by 

12.8%, (p < 0.02). In Layer III there was a significant decrease in the percentage of 

astrocytes (29.1%, p < 0.02) and oligodendrocytes (79.8%, p < 0.03) in ASD compared to 

controls (Figure 7 B,C) and no change in neurons (Figure 7 A). In layer IV the percentage 

of oligodendrocytes was decreased by 9%, (p < 0.03). In layer V the percentage of astrocytes 

was decreased by 2.3%, (p < 0.04; Figure 7 B,C).

We did not find a significant correlation between age and cell number or cell percentage 

for any cortical area or cortical layer analyzed (p > 0.05 for all correlations). Assessing the 

effect of sex on the cell numbers and percentage was not possible due to the mostly male 

composition of our cohort.

Overall, we observed a consistent increase in the number of neurons, and a decrease in the 

number of astrocytes number in layer II of all the analyzed prefrontal cortical areas. The 

percentage of neurons, astrocytes was most strongly affected in BA47, where we observed 

cell specific changes across multiple layers.

DISCUSSION

We here provide a comprehensive analysis of the number of specific cell types across 

cortical layers of the prefrontal cortex in ASD postmortem human brains compared to 

age-matched control cases. We found that the number of neurons was increased, and the 

number of astrocytes decreased in layer II in prefrontal areas BA9, BA46, and BA47. In 

addition, we found an increased number of neurons and a decreased number of astrocytes in 

multiple cortical layers in BA47.

Neuron number is increased in cortical layer II in the prefrontal cortex in autism

The number of neurons and other cell types have been investigated in several areas of the 

brain in autism. We present here for the first time an analysis of the number of neurons on 

a layer by layer basis in the prefrontal cortex in ASD. The seminal work by Courchesne 

at al. reported a significant increase in the number of neurons in the prefrontal cortex of 

ASD (Courchesne et al., 2011). They quantified the number of neurons in the postmortem 

dorsolateral cortex (lateral part of BA9 and BA46) and mesial prefrontal cortex (BA10, 

BA12 and BA32) (Brodmann, 1909; Knutson et al., 2003) from 7 autistic and 6 control male 
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children aged 2 to 16 years. They found that children with autism had 67% more neurons in 

the PFC compared with control children, including 79% more in dorsolateral PFC and 29% 

more in mesial PFC. No subsequent studies examining neuron numbers in the prefrontal 

cortex have been performed, but Karst and Hutsler examined cell density in Nissl sections 

of 9 ASD and 8 control cases and provided evidence for an increase in total cell density in 

layer II, but not in layer III of BA9, BA21 and BA7 in ASD (Karst & Hutsler, 2016). Our 

data is partially in agreement with that from Courchesne at al. since we detected a significant 

increase in the number of neurons. However, the increase in neuronal number we found was 

more modest and was not detected when examined the cortex as a whole, with the exception 

of a mild but significant increase in the percentage of neurons in BA47. Our data may also 

be consistent with that from Karst and Hutsler since we only found a consistent increased 

number of neurons in layer II, and they reported an increase in the density of cells in layer II 

but not in layer III in BA9. As far as we know, no other cortical layers were studied, and the 

magnitude of such increase was not reported in their publication.

In our study, neuronal number in layer II was the only layer affected regarding cell 

type numbers in ASD in the three cortical areas investigated. Layer II has a mixed 

neuronal composition and has been correlated to higher cognitive functions. Pyramidal 

cells in supragranular layers (II-III) make local connections over short distances with 

the supragranular cells of other cortical areas, and pyramidal cells layer II/III of the 

medial prefrontal cortex have been reported to play a role in stress-induced behavioral 

disorders such as depression (Shrestha et al., 2015). Layer II interneurons in BA46 represent 

a powerful inhibitory system that regulates prefrontal activity during working memory 

(Arteaga et al., 2015). Our result that neuron number is increased in layer II is consistent 

with MRI studies that indicate an increase in thin axons that communicate over short 

distances locally in the cortex in ASD, specifically in BA46 (Egaas et al., 1995; Fingher 

et al., 2017; Herbert et al., 2004; Kana et al., 2017; Keown et al., 2013; Uddin et 

al., 2011; Wilkinson et al., 2016; Zikopoulos & Barbas, 2013). The increase in neurons 

we found in layer II is also consistent with rodent studies. Increasing the number of 

pyramidal neurons in the upper neocortical layers by using the small molecule XAV939 to 

expand the intermediate progenitor population in mice, resulted in perturbations of behavior 

resembling those of autism, together with phenotypic changes and dysregulated excitatory 

and inhibitory synaptic balance typical of autism (Fang et al., 2014). Overall, the results 

presented here is in agreement with previous data.

Astrocyte number is decreased in cortical layer II in the prefrontal cortex ASD

We provide here for the first-time layer-specific data on astrocyte number in the prefrontal 

cortex in ASD. Astrocytes, together with neurons, are actively involved in information 

processing (Agulhon et al., 2010; Araque & Navarrete, 2010; Hamilton & Attwell, 2010) 

by participating in synaptic plasticity (Araque & Navarrete, 2010). Detecting an alteration 

in the number of astrocytes in the cerebral cortex in ASD could provide crucial information 

on signal processing and synaptic plasticity disruption. We found a mild but significant 

decrease in the number of astrocytes in layer II of BA9, BA46 and BA47 and in layer III and 

V of BA47 (see Figure 7 B).
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Previous studies by Lee et al. reported unchanged density of GFAP+ astrocytes within the 

white matter of dorsolateral prefrontal cortex (Lee et al., 2017) in ASD, and unchanged total 

glial number identified with Nissl (Courchesne et al., 2011), respectively. However, these 

data are not comparable to the data we report here for the following reasons. GFAP does 

not label all astrocytes, but only a fraction of astrocytes that retain the capacity to proliferate 

under specific circumstances (Sofroniew & Vinters, 2010). Several studies have reported an 

increase in total levels of GFAP protein, implying a potential increase in astrocyte number 

(Edmonson et al., 2014; Liddelow & Barres, 2017; Serrano-Pozo et al., 2013; Sofroniew, 

2009; Sofroniew & Vinters, 2010). However, increased GFAP protein expression may result 

from an increase in GFAP protein synthesis by activated astrocytes and not necessarily from 

an increase in the astrocyte number.

BA47 is the most prominently affected area in ASD prefrontal cortex

Previous neuropathological studies suggest that the cytoarchitectural changes in ASD are 

region-specific. For example, alterations in the columnar organization of the cortex have 

been described in the dorsal and orbital frontal cortex in ASD, but not in the primary visual 

cortex (Buxhoeveden et al., 2006; Casanova, 2004; Casanova et al., 2002, 2010). Brain 

region-specific changes associated with ASD have also been found in mitochondria-related 

gene expression (Anitha et al., 2012), in the response to oxidative stress, and in neurotrophin 

levels (Sajdel-Sulkowska et al., 2011). Our data also points to a region-specific anatomical 

alteration in ASD. Here we report that while all three BAs of interest present alterations in 

layer II, BA47 is the only area with alterations in both neuron and glial cell number across 

multiple layers (II, III and V). In a previous study we examined pyramidal cell number in 

supragranular and infragranular layers of the superior temporal cortex (BA 41, 42, 22), but 

found no differences (32). All together, these data point to a region-specific alterations of 

cellular density and/or distribution in ASD.

Relatively few studies have investigated cortical layer-specific alterations in ASD. Among 

studies that have analyzed layer specific alterations in ASD, evidence presented supports the 

concept of region-specific anatomical alterations in ASD. For example, it has been reported 

that neuron density in layer I is unchanged in the temporal cortex (Kim et al., 2015), that 

spine density on apical dendrites is increased in layer II of the temporal cortex (Hutsler 

& Zhang, 2010), that fewer MAP2+ dendrites are present in the prefrontal cortex in ASD 

(Mukaetova-Ladinska et al., 2004), and that glial cell number is increased in layer II/III of 

the primary olfactory cortex (Menassa et al., 2017).

Radial glial cells may fail to shift daughter cell production from neurons to astrocytes 
during prenatal development in ASD

The alteration in the number of cortical specific cell types reported here may result from 

altered programs of prenatal and/or postnatal stem cell proliferation and cell migration, 

and/or cell survival and death. During cortical development, individual radial glial cells 

(RGCs) produce both neurons and astrocytes (Noctor et al., 2001, 2004). During early 

stages of cortical formation new-born neurons are generated by RGCs and migrate to 

their laminar destination in the cortex following an inside-out pattern (Noctor et al., 2001, 

2004, 2008). Later RGCs lose their apical contact and their cell bodies translocate into 
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the SVZ where they are known as outer RGCs (oRGCs), (Hansen et al., 2010). During 

this translocation, oRGCs continue producing neurons but also give rise to glial daughter 

cells and eventually transform into astrocytes (Holst et al., 2019; Howard et al., 2008). 

Mechanisms regulating astrocyte development have been extensively studied in rodent 

models, while few studies have been performed on human astrogenesis. In human astrocytes 

are generated late in development mainly from oRGCs and they keep proliferating locally 

at their final destination. It has been suggested that human cortical astrocytes first populate 

the upper cortical marginal zone (layer I) and the lower subplate, and then they populate 

the cortical plate in between these two regions later in development (Marín-Padilla, 1995; 

deAzevedo et al., 2003; de Majo et al., 2020). We reasoned that the increased number of 

neurons we detected in ASD could be explained, among other mechanisms, by a delay in 

the switch of RGC daughter cell production from neurons to astrocytes. Consistent with 

this notion, several ASD risk genes (including PTEN, MECP2, CHD8, ARID1B, ERBIN, 

and the 16p11.2 locus) are involved in neural/glia proliferation, differentiation and migration 

(Courchesne et al., 2019, 2020). Large-scale analyses of ASD-linked genes show that the 

highest enrichment of autism-linked genes is present early in the developing brain (Grove 

et al., 2019; Parikshak et al., 2013; Satterstrom et al., 2020). Grove et al. show high 

enrichment of ASD-linked genes specifically in prenatal corticogenesis (Grove et al., 2019). 

A switch in stem cell progression and a dysregulation of cortical development have been 

reported before in ASD animal models. For example, in a autism-like maternal reactive 

autoimmune model, autism-specific autoantibodies directed against fetal brain proteins shift 

radial glia cell proliferation from the ventricular zone to the subventricular zone (SVZ) 

of the embryonic neocortex resulting in increased brain size, spine abnormalities, and 

behavioral abnormalities (Ariza et al., 2018; Camacho et al., 2014; Martínez-Cerdeño et al., 

2016). A study on the effects of mutations in the small GTPase gene RAB39b, associated 

with ASD and other developmental disorders showed increased proliferation and delayed 

differentiation of outer SVZ neuronal progenitor cells, resulting in neuronal overproduction 

in Rab39b knockout (KO) mice and RAB39b-deleted human cerebral organoids (Zhang et 

al., 2020). Another study showed that a heterozygous mutation in the chromatin remodeling 

gene CHD8, a key gene in neurodevelopmental gene networks involved in autism, results 

in an increased neuronal proliferation and developmental splicing perturbation, among other 

disrupted pathways in early brain development (Gompers et al., 2017). The changes in 

neuron number we observed were primarily localized to layer II, suggesting that if these 

modifications resulted from altered cell production this cell fate shift would have taken 

place during late stages of neurogenesis when layer II cells are generated (Figure 8). Cell 

migration, and/or cell survival and death may be also involved in this process.

Limitations

19 ASD and 19 controls cases were initially included in this study. However, the quality of 

tissue varied across cases and by cortical areas within cases. As a result, some cases did not 

have high enough quality tissue for reliable cell number quantification in each of the three 

cortical areas examined in this study. We were not able to quantify cell number from each 

of the areas in all cases and we used tissue from 10 ASD and 10 CT cases for cell number 

quantification. This may be a limitation, so caution is needed concerning the potential for 

quantitative differences across areas. On the other hand, use of tissue from different cases 
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has the benefit of informing us that the increase in layer II neuron we found in each area 

did not result from large differences in a small subset of cases that may have a unique 

pathological phenotype, but rather the difference in cell number may result from a broadly 

observed change in neuron numbers across autism cases.

We did not find any significant effect of age on the cell ratios in any BA nor any cortical 

layer. ASD cases age ranged from 7 to 56 and control case age ranged from 2 to 56 years. 

The majority of cases were adults, adolescents and preadolescents, and only 4 control and 

3 ASD subjects were children. The limited number of cases at very young ages limited 

analyses of possible ASD age-related events. Due to the mostly male composition of our 

cohort, we could not assess the effect of sex on the cell numbers and percentage.

We did not apply stereological methods since it is not applicable to anatomical structures 

where defined borders cannot be delimited. This is the case of specific Broadman areas and 

of specific anatomical regions such as the prefrontal cortex. Based on the accepted definition 

of stereology (Boyce et al., 2010; Peterson, 2010), true stereological methods can only be 

applied to the cortex as a whole, for which one can clearly delimit boundaries, but only 

possible if the entire brain is available for study. Since we could not employ stereological 

methods, and to avoid the confounding effect of differential stretching factor for each human 

brain, we reasoned that the best solution for obtaining reliable results was quantification 

of ratio among cell types. This approach allowed us to obtain a reliable representation of 

potential changes in cell populations.

Nissl staining was used for cell recognition. A limitation of this approach may be that cell 

nuclei morphology and size may be specifically affected in ASD (Wegiel et al., 2015). Also, 

neuronal microstructural alteration in the actin cytoskeleton has been associated to ASD 

(Joensuu et al., 2018; Falougy et al., 2019). Glial cell cytoplasm are not labled qith Nissl, 

thus the use of specific nuclear characteristics for glial type recognition may lead to some 

error. Another way to identify cell types would be using immunohistochemical methods 

that we routinely use in our laboratory, for example to identify chandelier interneurons 

(Hashemi et al., 2017; Ariza et al., 2018). However, there is not a universal marker that 

labels all astrocytes. While GFAP is widely used as an astrocyte marker, it only labels 

reactive astrocytes, astrocytes with proliferative capacity, astrocytes located in the SVZ and 

layer I, and astrocytes localized to patches throughout the cortical plate (Köhler et al., 2019; 

Lundgaard et al., 2014; Sun & Jakobs, 2012). Other commonly used markers for astrocytes 

are S100β, Aldh1l1 and Aldolase C that are not specific to astrocytes or do not label all the 

astrocyte population (Fujita et al., 2014; Garwood et al., 2017; Steiner et al., 2007). NeuN 

is a definitive marker of cortical neurons, but we obtained inconsistence labeling with NeuN 

in postmortem human tissue. In contrast, Nissl staining also allowed us to quantify all cell 

types of interest in the same section, rather than in sequential sections, and therefore the cell 

type ratios are not an estimation but represent the number of cells in tissue samples. Whilw 

this study focused on three regions in the prefrontal cortex known to be affected in ASD, 

we do not know if other cortical regions are similarly affected in ASD and this will be the 

subject of a follow-up study.
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Conclusion

We found a consistent and significant increase in neuron number and a decrease in 

astrocytes in layer II of the prefrontal cortex (BA46, BA4, BA9), and in most layers in BA47 

(layers III, IV and V). These data suggest a potential alteration in stem cell proliferation 

during the prenatal neurogenic and gliogenic periods in the prefrontal cortex in ASD. A 

combination of increased neuronal number together with decreased astrocyte number within 

specific layers in each cortical area analyzed may represent a crucial cytoarchitectural 

alteration that could contribute to cortical circuit disfunction in ASD. This finding provides 

an important insight on the cellular basis of ASD pathogenesis and should be the subject of a 

follow-up studies.

ACKNOWLEDGMENTS

This project was funded by MH094681 and Shriners hospitals.

We thank the NIH Neurobiobank and the Autism Brain Net for brain tissue.

Funding:

This project was funded by MH094681 and Shriners hospitals.

REFERENCES

Agulhon C, Fiacco TA, & McCarthy KD (2010). Hippocampal short- and long-term plasticity are 
not modulated by astrocyte Ca2+ signaling. Science (New York, N.Y.), 327(5970), 1250–1254. 
10.1126/science.1184821 [PubMed: 20203048] 

Anitha A, Nakamura K, Thanseem I, Yamada K, Iwayama Y, Toyota T, Matsuzaki H, Miyachi T, 
Yamada S, Tsujii M, Tsuchiya KJ, Matsumoto K, Iwata Y, Suzuki K, Ichikawa H, Sugiyama 
T, Yoshikawa T, & Mori N (2012). Brain region-specific altered expression and association of 
mitochondria-related genes in autism. Molecular Autism, 3, 12. 10.1186/2040-2392-3-12 [PubMed: 
23116158] 

Araque A, & Navarrete M (2010). Glial cells in neuronal network function. Philosophical Transactions 
of the Royal Society B: Biological Sciences, 365(1551), 2375–2381. 10.1098/rstb.2009.0313

Ariza J, Rogers H, Hashemi E, Noctor SC, & Martínez-Cerdeño V (2018). The Number of Chandelier 
and Basket Cells Are Differentially Decreased in Prefrontal Cortex in Autism. Cerebral Cortex 
(New York, N.Y.: 1991), 28(2), 411–420. 10.1093/cercor/bhw349 [PubMed: 28122807] 

Arteaga G, Buritica E, Escobar MI, & Pimienta H (2015). Human prefrontal layer II interneurons in 
areas 46, 10 and 24. Colombia Médica : CM, 46(1), 19–25. [PubMed: 26019381] 

Barnea-Goraly N, Kwon H, Menon V, Eliez S, Lotspeich L, & Reiss AL (2004). White matter 
structure in autism: Preliminary evidence from diffusion tensor imaging. Biological Psychiatry, 
55(3), 323–326. 10.1016/j.biopsych.2003.10.022 [PubMed: 14744477] 

Baumann N, & Pham-Dinh D (2001). Biology of oligodendrocyte and myelin in the mammalian 
central nervous system. Physiological Reviews, 81(2), 871–927. 10.1152/physrev.2001.81.2.871 
[PubMed: 11274346] 

Berry M BA (1997). Structure and function of glia in the central nervous system. Greenfield’s. 
London : Arnold, 63–83.

Boyce RW, Dorph-Petersen K-A, Lyck L, & Gundersen HJG (2010). Design-based Stereology: 
Introduction to Basic Concepts and Practical Approaches for Estimation of Cell Number. 
Toxicologic Pathology, 38(7), 1011–1025. 10.1177/0192623310385140 [PubMed: 21030683] 

Brodmann K (1909). Vergleichende Lokalisationslehre der Großhirnrinde. Barth. https://
www.livivo.de/doc/437605

Mevises et al. Page 11

Autism. Author manuscript; available in PMC 2022 December 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.livivo.de/doc/437605
https://www.livivo.de/doc/437605


Buxhoeveden DP, Semendeferi K, Buckwalter J, Schenker N, Switzer R, & Courchesne E (2006). 
Reduced minicolumns in the frontal cortex of patients with autism. Neuropathology and Applied 
Neurobiology, 32(5), 483–491. 10.1111/j.1365-2990.2006.00745.x [PubMed: 16972882] 

Camacho J, Ejaz E, Ariza J, Noctor SC, & Martínez-Cerdeño V (2014). RELN-expressing neuron 
density in layer I of the superior temporal lobe is similar in human brains with autism and in age-
matched controls. Neuroscience Letters, 579, 163–167. 10.1016/j.neulet.2014.07.031 [PubMed: 
25067827] 

Casanova MF (2004). White matter volume increase and minicolumns in autism. Annals of Neurology, 
56(3), 453; author reply 454. 10.1002/ana.20196 [PubMed: 15349878] 

Casanova MF, Buxhoeveden DP, & Brown C (2002). Clinical and macroscopic correlates 
of minicolumnar pathology in autism. Journal of Child Neurology, 17(9), 692–695. 
10.1177/088307380201700908 [PubMed: 12503647] 

Casanova MF, El-Baz A, Vanbogaert E, Narahari P, & Switala A (2010). A topographic study of 
minicolumnar core width by lamina comparison between autistic subjects and controls: Possible 
minicolumnar disruption due to an anatomical element in-common to multiple laminae. Brain 
Pathology (Zurich, Switzerland), 20(2), 451–458. 10.1111/j.1750-3639.2009.00319.x [PubMed: 
19725830] 

Courchesne E, Gazestani VH, & Lewis NE (2020). Prenatal Origins of ASD: The When, What, and 
How of ASD Development. Trends in Neurosciences, 43(5), 326–342. 10.1016/j.tins.2020.03.005 
[PubMed: 32353336] 

Courchesne E, Mouton PR, Calhoun ME, Semendeferi K, Ahrens-Barbeau C, Hallet MJ, Barnes CC, 
& Pierce K (2011). Neuron number and size in prefrontal cortex of children with autism. JAMA, 
306(18), 2001–2010. 10.1001/jama.2011.1638 [PubMed: 22068992] 

Courchesne E, & Pierce K (2005). Why the frontal cortex in autism might be talking only to itself: 
Local over-connectivity but long-distance disconnection. Current Opinion in Neurobiology, 15(2), 
225–230. 10.1016/j.conb.2005.03.001 [PubMed: 15831407] 

Courchesne E, Pramparo T, Gazestani VH, Lombardo MV, Pierce K, & Lewis NE (2019). The ASD 
Living Biology: From cell proliferation to clinical phenotype. Molecular Psychiatry, 24(1), 88–
107. 10.1038/s41380-018-0056-y [PubMed: 29934544] 

de Majo M, Koontz M, Rowitch D, & Ullian EM (2020). An update on human astrocytes and their role 
in development and disease. Glia, 68(4), 685–704. 10.1002/glia.23771 [PubMed: 31926040] 

deAzevedo LC, Fallet C, Moura-Neto V, Daumas-Duport C, Hedin-Pereira C, & Lent R (2003). 
Cortical radial glial cells in human fetuses: Depth-correlated transformation into astrocytes. 
Journal of Neurobiology, 55(3), 288–298. 10.1002/neu.10205 [PubMed: 12717699] 

Dixon ML, & Christoff K (2014). The lateral prefrontal cortex and complex value-based 
learning and decision making. Neuroscience and Biobehavioral Reviews, 45, 9–18. 10.1016/
j.neubiorev.2014.04.011 [PubMed: 24792234] 

Duffy PE. (1983). Astrocytes: Normal, reactive and neoplastic. New York: Raven Press.

Dumontheil I (2014). Development of abstract thinking during childhood and adolescence: The role 
of rostrolateral prefrontal cortex. Developmental Cognitive Neuroscience, 10, 57–76. 10.1016/
j.dcn.2014.07.009 [PubMed: 25173960] 

Dumontheil I, Burgess PW, & Blakemore S-J (2008). Development of rostral prefrontal cortex and 
cognitive and behavioural disorders. Developmental Medicine and Child Neurology, 50(3), 168–
181. 10.1111/j.1469-8749.2008.02026.x [PubMed: 18190537] 

Edmonson C, Ziats MN, & Rennert OM (2014). Altered glial marker expression in autistic post-
mortem prefrontal cortex and cerebellum. Molecular Autism, 5(1), 3. 10.1186/2040-2392-5-3 
[PubMed: 24410870] 

Egaas B, Courchesne E, & Saitoh O (1995). Reduced size of corpus callosum in autism. Archives of 
Neurology, 52(8), 794–801. 10.1001/archneur.1995.00540320070014 [PubMed: 7639631] 

Falougy HE, Filova B, Ostatnikova D, Bacova Z, & Bakos J (2019). Neuronal morphology 
alterations in autism and possible role of oxytocin. Endocrine Regulations, 53(1), 46–54. 10.2478/
enr-2019-0006 [PubMed: 31517618] 

Mevises et al. Page 12

Autism. Author manuscript; available in PMC 2022 December 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fang W-Q, Chen W-W, Jiang L, Liu K, Yung W-H, Fu AKY, & Ip NY (2014). Overproduction of 
upper-layer neurons in the neocortex leads to autism-like features in mice. Cell Reports, 9(5), 
1635–1643. 10.1016/j.celrep.2014.11.003 [PubMed: 25466248] 

Fiddes IT, Lodewijk GA, Mooring M, Bosworth CM, Ewing AD, Mantalas GL, Novak AM, Bout 
A. van den, Bishara A, Rosenkrantz JL, Lorig-Roach R, Field AR, Haeussler M, Russo L, 
Bhaduri A, Nowakowski TJ, Pollen AA, Dougherty ML, Nuttle X, … Haussler D (2018). Human-
Specific NOTCH2NL Genes Affect Notch Signaling and Cortical Neurogenesis. Cell, 173(6), 
1356–1369.e22. 10.1016/j.cell.2018.03.051 [PubMed: 29856954] 

Fingher N, Dinstein I, Ben-Shachar M, Haar S, Dale AM, Eyler L, Pierce K, & Courchesne E (2017). 
Toddlers later diagnosed with autism exhibit multiple structural abnormalities in temporal corpus 
callosum fibers. Cortex; a Journal Devoted to the Study of the Nervous System and Behavior, 97, 
291–305. 10.1016/j.cortex.2016.12.024 [PubMed: 28202133] 

Fujita H, Aoki H, Ajioka I, Yamazaki M, Abe M, Oh-Nishi A, Sakimura K, & Sugihara I 
(2014). Detailed Expression Pattern of Aldolase C (Aldoc) in the Cerebellum, Retina and Other 
Areas of the CNS Studied in Aldoc-Venus Knock-In Mice. PLOS ONE, 9(1), e86679. 10.1371/
journal.pone.0086679 [PubMed: 24475166] 

Fuller GN BP (1997). Central nervous system. Histology for Pathologists. Sternberg SS, Editor.

García-Cabezas MÁ, John YJ, Barbas H, & Zikopoulos B (2016). Distinction of Neurons, Glia and 
Endothelial Cells in the Cerebral Cortex: An Algorithm Based on Cytological Features. Frontiers 
in Neuroanatomy, 10. 10.3389/fnana.2016.00107

Garwood CJ, Ratcliffe LE, Simpson JE, Heath PR, Ince PG, & Wharton SB (2017). Review: 
Astrocytes in Alzheimer’s disease and other age-associated dementias: a supporting player with 
a central role. Neuropathology and Applied Neurobiology, 43(4), 281–298. 10.1111/nan.12338 
[PubMed: 27442752] 

Gompers AL, Su-Feher L, Ellegood J, Copping NA, Riyadh MA, Stradleigh TW, Pride MC, Schaffler 
MD, Wade AA, Catta-Preta R, Zdilar I, Louis S, Kaushik G, Mannion BJ, Plajzer-Frick I, Afzal V, 
Visel A, Pennacchio LA, Dickel DE, … Nord AS (2017). Germline Chd8 haploinsufficiency alters 
brain development in mouse. Nature Neuroscience, 20(8), 1062–1073. 10.1038/nn.4592 [PubMed: 
28671691] 

Grove J, Ripke S, Als TD, Mattheisen M, Walters RK, Won H, Pallesen J, Agerbo E, Andreassen OA, 
Anney R, Awashti S, Belliveau R, Bettella F, Buxbaum JD, Bybjerg-Grauholm J, Bækvad-Hansen 
M, Cerrato F, Chambert K, Christensen JH, … Børglum AD (2019). Identification of common 
genetic risk variants for autism spectrum disorder. Nature Genetics, 51(3), 431–444. 10.1038/
s41588-019-0344-8 [PubMed: 30804558] 

Hamilton NB, & Attwell D (2010). Do astrocytes really exocytose neurotransmitters? Nature Reviews. 
Neuroscience, 11(4), 227–238. 10.1038/nrn2803 [PubMed: 20300101] 

Hansen DV, Lui JH, Parker PRL, & Kriegstein AR (2010). Neurogenic radial glia in the outer 
subventricular zone of human neocortex. Nature, 464(7288), 554–561. 10.1038/nature08845 
[PubMed: 20154730] 

Hashemi E, Ariza J, Rogers H, Noctor SC, & Martínez-Cerdeño V (2017). The Number of 
Parvalbumin-Expressing Interneurons Is Decreased in the Medial Prefrontal Cortex in Autism. 
Cerebral Cortex (New York, N.Y.: 1991), 27(3), 1931–1943. 10.1093/cercor/bhw021 [PubMed: 
26922658] 

Herbert MR, Ziegler DA, Makris N, Filipek PA, Kemper TL, Normandin JJ, Sanders HA, Kennedy 
DN, & Caviness VS (2004). Localization of white matter volume increase in autism and 
developmental language disorder. Annals of Neurology, 55(4), 530–540. 10.1002/ana.20032 
[PubMed: 15048892] 

Holst CB, Brøchner CB, Vitting-Seerup K, & Møllgård K (2019). Astrogliogenesis in human fetal 
brain: Complex spatiotemporal immunoreactivity patterns of GFAP, S100, AQP4 and YKL-40. 
Journal of Anatomy, 235(3), 590–615. 10.1111/joa.12948 [PubMed: 30901080] 

Howard BM, Mo Z, Filipovic R, Moore AR, Antic SD, & Zecevic N (2008). Radial Glia Cells in 
the Developing Human Brain. The Neuroscientist : A Review Journal Bringing Neurobiology, 
Neurology and Psychiatry, 14(5), 459–473. 10.1177/1073858407313512 [PubMed: 18467668] 

Mevises et al. Page 13

Autism. Author manuscript; available in PMC 2022 December 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hutsler JJ, & Zhang H (2010). Increased dendritic spine densities on cortical projection neurons 
in autism spectrum disorders. Brain Research, 1309, 83–94. 10.1016/j.brainres.2009.09.120 
[PubMed: 19896929] 

Jeon H-A (2014). Hierarchical processing in the prefrontal cortex in a variety of cognitive domains. 
Frontiers in Systems Neuroscience, 8. 10.3389/fnsys.2014.00223

Jeste SS, & Tuchman R (2015). Autism Spectrum Disorder and Epilepsy: Two Sides of the Same 
Coin? Journal of Child Neurology, 30(14), 1963–1971. 10.1177/0883073815601501 [PubMed: 
26374786] 

Joensuu M, Lanoue V, & Hotulainen P (2018). Dendritic spine actin cytoskeleton in autism spectrum 
disorder. Progress in Neuro-Psychopharmacology & Biological Psychiatry, 84(Pt B), 362–381. 
10.1016/j.pnpbp.2017.08.023 [PubMed: 28870634] 

Just MA, Cherkassky VL, Keller TA, Kana RK, & Minshew NJ (2007). Functional and anatomical 
cortical underconnectivity in autism: Evidence from an FMRI study of an executive function task 
and corpus callosum morphometry. Cerebral Cortex (New York, N.Y.: 1991), 17(4), 951–961. 
10.1093/cercor/bhl006 [PubMed: 16772313] 

Kana RK, Sartin EB, Stevens C, Deshpande HD, Klein C, Klinger MR, & Klinger LG (2017). 
Neural networks underlying language and social cognition during self-other processing in Autism 
spectrum disorders. Neuropsychologia, 102, 116–123. 10.1016/j.neuropsychologia.2017.06.008 
[PubMed: 28619530] 

Karst AT, & Hutsler JJ (2016). Two-dimensional analysis of the supragranular layers in 
autism spectrum disorder. Research in Autism Spectrum Disorders, 32, 96–105. 10.1016/
j.rasd.2016.09.004

Kennedy DP, Semendeferi K, & Courchesne E (2007). No reduction of spindle neuron number in 
frontoinsular cortex in autism. Brain and Cognition, 64(2), 124–129. 10.1016/j.bandc.2007.01.007 
[PubMed: 17353073] 

Keown CL, Shih P, Nair A, Peterson N, Mulvey ME, & Müller R-A (2013). Local functional 
overconnectivity in posterior brain regions is associated with symptom severity in autism spectrum 
disorders. Cell Reports, 5(3), 567–572. 10.1016/j.celrep.2013.10.003 [PubMed: 24210815] 

Kim E, Camacho J, Combs Z, Ariza J, Lechpammer M, Noctor SC, & Martínez-Cerdeño V (2015). 
Preliminary findings suggest the number and volume of supragranular and infragranular pyramidal 
neurons are similar in the anterior superior temporal area of control subjects and subjects with 
autism. Neuroscience Letters, 589, 98–103. 10.1016/j.neulet.2015.01.021 [PubMed: 25582788] 

Knutson B, Fong GW, Bennett SM, Adams CM, & Hommer D (2003). A region of mesial prefrontal 
cortex tracks monetarily rewarding outcomes: Characterization with rapid event-related fMRI. 
NeuroImage, 18(2), 263–272. 10.1016/s1053-8119(02)00057-5 [PubMed: 12595181] 

Köhler S, Winkler U, & Hirrlinger J (2019). Heterogeneity of Astrocytes in Grey and White Matter. 
Neurochemical Research. 10.1007/s11064-019-02926-x

Lee TT, Skafidas E, Dottori M, Zantomio D, Pantelis C, Everall I, & Chana G (2017). No preliminary 
evidence of differences in astrocyte density within the white matter of the dorsolateral prefrontal 
cortex in autism. Molecular Autism, 8, 64. 10.1186/s13229-017-0181-5 [PubMed: 29234492] 

Liddelow SA, & Barres BA (2017). Reactive Astrocytes: Production, Function, and Therapeutic 
Potential. Immunity, 46(6), 957–967. 10.1016/j.immuni.2017.06.006 [PubMed: 28636962] 

Ludwig PE, & M Das J (2020). Histology, Glial Cells. In StatPearls. StatPearls Publishing. http://
www.ncbi.nlm.nih.gov/books/NBK441945/

Lundgaard I, Osório MJ, Kress B, Sanggaard S, & Nedergaard M (2014). White matter astrocytes in 
health and disease. Neuroscience, 0, 161–173. 10.1016/j.neuroscience.2013.10.050

Mandy W, & Lai M-C (2016). Annual Research Review: The role of the environment in the 
developmental psychopathology of autism spectrum condition. Journal of Child Psychology and 
Psychiatry, and Allied Disciplines, 57(3), 271–292. 10.1111/jcpp.12501 [PubMed: 26782158] 

Marín-Padilla M (1995). Prenatal development of fibrous (white matter), protoplasmic (gray matter), 
and layer I astrocytes in the human cerebral cortex: A Golgi study. The Journal of Comparative 
Neurology, 357(4), 554–572. 10.1002/cne.903570407 [PubMed: 7545703] 

Martínez-Cerdeño V, Camacho J, Fox E, Miller E, Ariza J, Kienzle D, Plank K, Noctor SC, & 
Van de Water J (2016). Prenatal Exposure to Autism-Specific Maternal Autoantibodies Alters 

Mevises et al. Page 14

Autism. Author manuscript; available in PMC 2022 December 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.ncbi.nlm.nih.gov/books/NBK441945/
http://www.ncbi.nlm.nih.gov/books/NBK441945/


Proliferation of Cortical Neural Precursor Cells, Enlarges Brain, and Increases Neuronal Size in 
Adult Animals. Cerebral Cortex (New York, N.Y.: 1991), 26(1), 374–383. 10.1093/cercor/bhu291 
[PubMed: 25535268] 

Martínez-Cerdeño V, & Clascá F (2002). Reelin immunoreactivity in the adult neocortex: A 
comparative study in rodents, carnivores, and non-human primates. Brain Research Bulletin, 57(3–
4), 485–488. 10.1016/s0361-9230(01)00718-3 [PubMed: 11923015] 

Martínez-Cerdeño V, Galazo MJ, & Clascá F (2003). Reelin-immunoreactive neurons, axons, and 
neuropil in the adult ferret brain: Evidence for axonal secretion of reelin in long axonal pathways. 
The Journal of Comparative Neurology, 463(1), 92–116. 10.1002/cne.10748 [PubMed: 12811805] 

Menassa DA, Sloan C, & Chance SA (2017). Primary olfactory cortex in autism and epilepsy: 
Increased glial cells in autism. Brain Pathology (Zurich, Switzerland), 27(4), 437–448. 10.1111/
bpa.12415 [PubMed: 27409070] 

Mukaetova-Ladinska EB, Arnold H, Jaros E, Perry R, & Perry E (2004). Depletion of MAP2 
expression and laminar cytoarchitectonic changes in dorsolateral prefrontal cortex in adult 
autistic individuals. Neuropathology and Applied Neurobiology, 30(6), 615–623. 10.1111/
j.1365-2990.2004.00574.x [PubMed: 15541002] 

Noctor SC, Flint AC, Weissman TA, Dammerman RS, & Kriegstein AR (2001). Neurons 
derived from radial glial cells establish radial units in neocortex. Nature, 409(6821), 714–720. 
10.1038/35055553 [PubMed: 11217860] 

Noctor, Stephen C, Martínez-Cerdeño V, Ivic L, & Kriegstein AR (2004). Cortical neurons arise 
in symmetric and asymmetric division zones and migrate through specific phases. Nature 
Neuroscience, 7(2), 136–144. 10.1038/nn1172 [PubMed: 14703572] 

Noctor, Stephen C, Martínez-Cerdeño V, & Kriegstein AR (2008). Distinct behaviors of neural 
stem and progenitor cells underlie cortical neurogenesis. The Journal of Comparative Neurology, 
508(1), 28–44. 10.1002/cne.21669 [PubMed: 18288691] 

Orosco LA, Ross AP, Cates SL, Scott SE, Wu D, Sohn J, Pleasure D, Pleasure SJ, Adamopoulos IE, & 
Zarbalis KS (2014). Loss of Wdfy3 in mice alters cerebral cortical neurogenesis reflecting aspects 
of the autism pathology. Nature Communications, 5, 4692. 10.1038/ncomms5692

Parikshak NN, Luo R, Zhang A, Won H, Lowe JK, Chandran V, Horvath S, & Geschwind DH (2013). 
Integrative functional genomic analyses implicate specific molecular pathways and circuits in 
autism. Cell, 155(5), 1008–1021. 10.1016/j.cell.2013.10.031 [PubMed: 24267887] 

Pelvig DP, Pakkenberg H, Stark AK, & Pakkenberg B (2008). Neocortical glial cell numbers in 
human brains. Neurobiology of Aging, 29(11), 1754–1762. 10.1016/j.neurobiolaging.2007.04.013 
[PubMed: 17544173] 

Peterson DA (2010). Stereology. In Kompoliti K & Metman LV (Eds.), Encyclopedia of Movement 
Disorders (pp. 168–170). Academic Press. 10.1016/B978-0-12-374105-9.00287-2

Pilati N, Barker M, Panteleimonitis S, Donga R, & Hamann M (2008). A Rapid Method 
Combining Golgi and Nissl Staining to Study Neuronal Morphology and Cytoarchitecture. Journal 
of Histochemistry and Cytochemistry, 56(6), 539–550. 10.1369/jhc.2008.950246 [PubMed: 
18285350] 

Romanski LM (2007). Representation and Integration of Auditory and Visual Stimuli in the Primate 
Ventral Lateral Prefrontal Cortex. Cerebral Cortex (New York, N.Y. : 1991), 17(Suppl 1), i61–i69. 
10.1093/cercor/bhm099 [PubMed: 17634387] 

Rubenstein JLR, & Merzenich MM (2003). Model of autism: Increased ratio of excitation/
inhibition in key neural systems. Genes, Brain, and Behavior, 2(5), 255–267. 10.1034/
j.1601-183x.2003.00037.x [PubMed: 14606691] 

Sajdel-Sulkowska EM, Xu M, McGinnis W, & Koibuchi N (2011). Brain region-specific changes in 
oxidative stress and neurotrophin levels in autism spectrum disorders (ASD). Cerebellum (London, 
England), 10(1), 43–48. 10.1007/s12311-010-0223-4 [PubMed: 20967576] 

Satterstrom FK, Kosmicki JA, Wang J, Breen MS, De Rubeis S, An J-Y, Peng M, Collins R, Grove 
J, Klei L, Stevens C, Reichert J, Mulhern MS, Artomov M, Gerges S, Sheppard B, Xu X, 
Bhaduri A, Norman U, … Buxbaum JD (2020). Large-Scale Exome Sequencing Study Implicates 
Both Developmental and Functional Changes in the Neurobiology of Autism. Cell, 180(3), 568–
584.e23. 10.1016/j.cell.2019.12.036 [PubMed: 31981491] 

Mevises et al. Page 15

Autism. Author manuscript; available in PMC 2022 December 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Schaefer GB (2016). Clinical Genetic Aspects of ASD Spectrum Disorders. International Journal of 
Molecular Sciences, 17(2). 10.3390/ijms17020180

Serrano-Pozo A, Gómez-Isla T, Growdon JH, Frosch MP, & Hyman BT (2013). A Phenotypic Change 
But Not Proliferation Underlies Glial Responses in Alzheimer Disease. The American Journal of 
Pathology, 182(6), 2332–2344. 10.1016/j.ajpath.2013.02.031 [PubMed: 23602650] 

Shalom DB (2009). The medial prefrontal cortex and integration in autism. The Neuroscientist: 
A Review Journal Bringing Neurobiology, Neurology and Psychiatry, 15(6), 589–598. 
10.1177/1073858409336371 [PubMed: 19617590] 

Shrestha P, Mousa A, & Heintz N (2015). Layer 2/3 pyramidal cells in the medial prefrontal cortex 
moderate stress induced depressive behaviors. ELife, 4. 10.7554/eLife.08752

Sofroniew MV (2009). Molecular dissection of reactive astrogliosis and glial scar formation. Trends in 
Neurosciences, 32(12), 638–647. 10.1016/j.tins.2009.08.002 [PubMed: 19782411] 

Sofroniew MV, & Vinters HV (2010). Astrocytes: Biology and pathology. Acta Neuropathologica, 
119(1), 7–35. 10.1007/s00401-009-0619-8 [PubMed: 20012068] 

Steiner J, Bernstein H-G, Bielau H, Berndt A, Brisch R, Mawrin C, Keilhoff G, & Bogerts B (2007). 
Evidence for a wide extra-astrocytic distribution of S100B in human brain. BMC Neuroscience, 8, 
2. 10.1186/1471-2202-8-2 [PubMed: 17199889] 

Sun D, & Jakobs TC (2012). Structural Remodeling of Astrocytes in the Injured CNS. The 
Neuroscientist : A Review Journal Bringing Neurobiology, Neurology and Psychiatry, 18(6), 567–
588. 10.1177/1073858411423441 [PubMed: 21982954] 

Suzuki IK, Gacquer D, Van Heurck R, Kumar D, Wojno M, Bilheu A, Herpoel A, Lambert N, Cheron 
J, Polleux F, Detours V, & Vanderhaeghen P (2018). Human-Specific NOTCH2NL Genes Expand 
Cortical Neurogenesis through Delta/Notch Regulation. Cell, 173(6), 1370–1384.e16. 10.1016/
j.cell.2018.03.067 [PubMed: 29856955] 

Teffer K, & Semendeferi K (2012). Human prefrontal cortex: Evolution, development, and pathology. 
Progress in Brain Research, 195, 191–218. 10.1016/B978-0-444-53860-4.00009-X [PubMed: 
22230628] 

Uddin LQ, Menon V, Young CB, Ryali S, Chen T, Khouzam A, Minshew NJ, & Hardan AY (2011). 
Multivariate searchlight classification of structural magnetic resonance imaging in children and 
adolescents with autism. Biological Psychiatry, 70(9), 833–841. 10.1016/j.biopsych.2011.07.014 
[PubMed: 21890111] 

Uppal N, Gianatiempo I, Wicinski B, Schmeidler J, Heinsen H, Schmitz C, Buxbaum JD, & Hof 
PR (2014). Neuropathology of the posteroinferior occipitotemporal gyrus in children with autism. 
Molecular Autism, 5, 17. 10.1186/2040-2392-5-17 [PubMed: 24564936] 

van Kooten IAJ, Palmen SJMC, von Cappeln P, Steinbusch HWM, Korr H, Heinsen H, Hof PR, van 
Engeland H, & Schmitz C (2008). Neurons in the fusiform gyrus are fewer and smaller in autism. 
Brain: A Journal of Neurology, 131(Pt 4), 987–999. 10.1093/brain/awn033 [PubMed: 18332073] 

Voineagu I, Wang X, Johnston P, Lowe JK, Tian Y, Horvath S, Mill J, Cantor RM, Blencowe BJ, 
& Geschwind DH (2011). Transcriptomic analysis of autistic brain reveals convergent molecular 
pathology. Nature, 474(7351), 380–384. 10.1038/nature10110 [PubMed: 21614001] 

Wegiel J, Flory M, Kuchna I, Nowicki K, Ma SY, Imaki H, Wegiel J, Cohen IL, London E, Wisniewski 
T, & Brown WT (2014). Stereological study of the neuronal number and volume of 38 brain 
subdivisions of subjects diagnosed with autism reveals significant alterations restricted to the 
striatum, amygdala and cerebellum. Acta Neuropathologica Communications, 2, 141. 10.1186/
s40478-014-0141-7 [PubMed: 25231243] 

Wegiel J, Flory M, Kuchna I, Nowicki K, Ma SY, Imaki H, Wegiel J, Frackowiak J, Kolecka BM, 
Wierzba-Bobrowicz T, London E, Wisniewski T, Hof PR, & Brown WT (2015). Neuronal nucleus 
and cytoplasm volume deficit in children with autism and volume increase in adolescents and 
adults. Acta Neuropathologica Communications, 3. 10.1186/s40478-015-0183-5

Wegiel J, Kuchna I, Nowicki K, Imaki H, Wegiel J, Marchi E, Ma SY, Chauhan A, Chauhan V, 
Bobrowicz TW, de Leon M, Louis LAS, Cohen IL, London E, Brown WT, & Wisniewski 
T (2010). The neuropathology of autism: Defects of neurogenesis and neuronal migration, 
and dysplastic changes. Acta Neuropathologica, 119(6), 755–770. 10.1007/s00401-010-0655-4 
[PubMed: 20198484] 

Mevises et al. Page 16

Autism. Author manuscript; available in PMC 2022 December 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Wilkinson M, Wang R, van der Kouwe A, & Takahashi E (2016). White and gray matter fiber 
pathways in autism spectrum disorder revealed by ex vivo diffusion MR tractography. Brain and 
Behavior, 6(7), e00483. 10.1002/brb3.483 [PubMed: 27247853] 

Willsey AJ, Sanders SJ, Li M, Dong S, Tebbenkamp AT, Muhle RA, Reilly SK, Lin L, Fertuzinhos 
S, Miller JA, Murtha MT, Bichsel C, Niu W, Cotney J, Ercan-Sencicek AG, Gockley J, Gupta 
AR, Han W, He X, … State MW (2013). Coexpression networks implicate human midfetal 
deep cortical projection neurons in the pathogenesis of autism. Cell, 155(5), 997–1007. 10.1016/
j.cell.2013.10.020 [PubMed: 24267886] 

Zhang W, Ma L, Yang M, Shao Q, Xu J, Lu Z, Zhao Z, Chen R, Chai Y, & Chen J-F (2020). Cerebral 
organoid and mouse models reveal a RAB39b-PI3K-mTOR pathway-dependent dysregulation of 
cortical development leading to macrocephaly/autism phenotypes. Genes & Development, 34(7–
8), 580–597. 10.1101/gad.332494.119 [PubMed: 32115408] 

Zikopoulos B, & Barbas H (2013). Altered neural connectivity in excitatory and inhibitory 
cortical circuits in autism. Frontiers in Human Neuroscience, 7, 609. 10.3389/fnhum.2013.00609 
[PubMed: 24098278] 

Mevises et al. Page 17

Autism. Author manuscript; available in PMC 2022 December 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Cortical areas and cell types.
(A) Coronal section of prefrontal cortex from a left hemisphere. Blocks containing BA9, 

BA46, and BA47 (labeled in A) were isolated based on Brodmann and von Economo 

anatomy. (B) Nissl-stained sections of BA9, BA46, and BA47. (C-D) Representative Nissl 

stained layer III of BA47 cortex. N = neuron: pale chromatin pattern in a triangular/

rounded nucleus, with a large nucleolus free of surrounding heterochromatin, and a visible 

surrounding cytoplasm, A = astrocyte: round or oval pale nucleus, with the heterochromatin 

condensed in granules, O = oligodendrocytes: small rounded or oval nucleus with dense 

chromatin structure. Scale bar in A: 0.5cm, B: 200 μm, C: 60 μm.
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Figure 2. 
(A-C) Representation of neuron, astrocyte, and oligodendrocyte distribution within cortical 

layer of BA9 (A), BA46 (B) and BA47 (C), in ctr and ASD brains in a control and 

ASD cases. (D) purple triangle = neurons, green stars = astrocytes, orange circle= 

oligodendrocytes.
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Figure 3. Cell types number in BA46 and BA47 in ASD and control cases (ctr).
(A-C) Layer-specific number of neurons (A), astrocytes (B), and oligodendrocytes (C) 

in BA46 in ASD and control cases (ctr). (D-F) Layer-specific numbers of neurons (D), 

astrocytes (E), and oligodendrocytes (F) in BA47 in ASD and control cases (ctr). Circles = 

ctr; Squares = ASD. Asterisks indicate p < 0.05.
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Figure 4. Cell type percentage in BA9, BA46 and BA47 in the whole cortex of ASD and control 
cases (ctr).
(A-C) Layer-specific percentages of neurons, astrocytes, and oligodendrocytes in (A) BA9, 

(B) BA46, and (C) BA47 in ASD and control cases (ctr). Circles = ctr; Squares = ASD. 

Asterisks indicates p < 0.05.
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Figure 5. Cell type percentages in BA9 by cortical layers in ASD and control cases (ctr).
(A-C) Layer-specific percentages in neuron (A), astrocytes (B), and oligodendrocytes (C) in 

BA9 in ASD and control cases (ctr). Circles = ctr; Squares = ASD. Asterisks indicate p < 

0.05.
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Figure 6. Cell type percentages in BA46 by cortical layers in ASD and control cases (ctr).
(A-C) Layer-specific percentages in neuron (A), astrocytes (B), and oligodendrocytes (C) in 

BA46 in ASD compared to controls (ctr). Empty circle= ctr; full square= ASD. Asterisks 

indicates a p < 0.05. Specific p values are in the Results.
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Figure 7. Cell type percentages in BA47 by cortical layers in ASD and control cases (ctr).
(A-C) Layer-specific changes in neuron (A), astrocytes (B), and oligodendrocytes (C) in 

BA47 in ASD compared to controls (ctr). Empty circle= ctr; full square= ASD. Asterisks 

indicates a p < 0.05. Specific p values are in the Results.
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Figure 8. Hypothesis: Radial glial cells may fail to shift daughter cell production from neurons to 
astrocytes during prenatal development in ASD.
(A) ctr and (B) ASD hypothesis. RG = radial glia cell; oRG = outer radial glia cell; N = 

neurons; A = astrocytes.
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Table 1

Clinical characteristic of ASD and control patients: Diagnosis, Sex, Age, PMI, cause of death, and BA 

analyzed. Brodmann areas included in the analysis.

Case ID Diagnosis Sex Age (years) PMI (hours) Cause of death BAs analyzed

1791 ctr F 2 12 Drowning 9, 46

4327 ctr F 5 24 Respiratory failure 9, 46

4337 ctr M 8 16 Blunt force 9

738 ctr F 8 12 Cardiac Arrhythmia 9, 46

5834 ctr M 14 38 Cardiac arrhythmia 9, 47

5309 ctr F 14 8 Streptococcal Toxic Shock Syndrome 9, 47

4638 ctr F 15 5 Chest injury 9

AN07444 ctr M 17 30.7 Asphyxia 47

AN00544 ctr M 17 28 NK 9

5893 ctr M 19 11 Dilated cardiomegaly 9, 46, 47

5646 ctr F 20 23 Reactive airway disease 46

5958 ctr M 22 24 Dilated cardiomegaly 46

UCD-16-02 ctr M 26 35.7 Burn/ Respiratory failure 46, 47

UCD-15-05 ctr M 26 224 E coli sepsis, end-stage renal disease 47

AN12137 ctr M 31 32 Asphyxia 46

AN15566 ctr F 32 28 NK 47

AN05475 ctr M 39 NK Cardiac arrest 46, 47

AN19442 ctr M 50 20 NK 9, 46, 47

AN13295 ctr M 56 22 NK 47

5144 ASD M 7 3 Cancer 9

AN03407 ASD M 7 41.83 Drowning 47

AN01293 ASD M 9 3.75 Cardiac arrest 46, 47

4305 ASD M 12 13 Serotonin Syndrome 9

AN00394 ASD M 14 10.3 Cardiac arrest 47

4899 ASD M 14 9 Drowning 9

5403 ASD M 16 35 Cardiac arrhythmia 9,47

4269 ASD M 19 45 Meningitis 47

AN00764 ASD M 20 23.66 Car Accident/Trauma 46

5176 ASD M 22 18 Subdural hemorrhage 9, 47

5574 ASD M 23 14 Pneumonia 9, 46

AN00493 ASD M 27 8.3 Drowning 9, 46

AN18892 ASD M 31 99 Gun shot 9, 46, 47

AN09901 ASD M 32 28.7 Heat Stress / Pulmonary Congestion 46

5027 ASD M 37 26 Bowel obstruction 47

1575 ASD F 40 24 Complications of diabetes 9, 46

AN06746 ASD M 44 30.75 Cardiac arrest 9, 46, 47

Autism. Author manuscript; available in PMC 2022 December 19.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mevises et al. Page 27

Case ID Diagnosis Sex Age (years) PMI (hours) Cause of death BAs analyzed

5137 ASD M 51 72 Pneumonia 46, 47

AN01093 ASD M 56 19.48 aspiration/anoxic encephalopathy 46
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Table 2

Additional clinical information of ASD cases

Case ID Diagnosis PM-ADI-R CNS co-morbidities

5144 ASD Yes -

AN03407 ASD N/A N/A

AN01293 ASD Yes Pervasive developmental disorder

4305 ASD Yes Pervasive developmental disorder

AN00394 ASD Yes -

4899 ASD No (clinical diagnosis) -

5403 ASD Yes Functional constipation

4269 ASD Yes Intellectual disability, intermittent explosive disorder

AN00764 ASD Yes -

5176 ASD Yes Intellectual disability

5574 ASD Yes Intellectual disability

AN00493 ASD Yes -

AN18892 ASD Yes Major depressive disorder, borderline personality

AN09901 ASD N/A -

5027 ASD No (clinical diagnosis) Pervasive developmental disorder

1575 ASD Yes -

AN06746 ASD Yes -

5137 ASD Yes -

AN01093 ASD N/A Seizures
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