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A BS TR AC T

Background

Autism involves early brain overgrowth and dysfunction, which is most strongly 

evident in the prefrontal cortex. As assessed on pathological analysis, an excess of 

neurons in the prefrontal cortex among children with autism signals a disturbance 

in prenatal development and may be concomitant with abnormal cell type and 

laminar development.

Methods

To systematically examine neocortical architecture during the early years after the 

onset of autism, we used RNA in situ hybridization with a panel of layer- and cell-type–

specific molecular markers to phenotype cortical microstructure. We assayed 

markers for neurons and glia, along with genes that have been implicated in the 

risk of autism, in prefrontal, temporal, and occipital neocortical tissue from post-

mortem samples obtained from children with autism and unaffected children 

between the ages of 2 and 15 years.

Results

We observed focal patches of abnormal laminar cytoarchitecture and cortical dis-

organization of neurons, but not glia, in prefrontal and temporal cortical tissue 

from 10 of 11 children with autism and from 1 of 11 unaffected children. We ob-

served heterogeneity between cases with respect to cell types that were most abnor-

mal in the patches and the layers that were most affected by the pathological features. 

No cortical layer was uniformly spared, with the clearest signs of abnormal expres-

sion in layers 4 and 5. Three-dimensional reconstruction of layer markers confirmed 

the focal geometry and size of patches.

Conclusions

In this small, explorative study, we found focal disruption of cortical laminar 

architecture in the cortexes of a majority of young children with autism. Our data 

support a probable dysregulation of layer formation and layer-specific neuronal 

differentiation at prenatal developmental stages. (Funded by the Simons Founda-

tion and others.)
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A
utism is, in part, a heritable devel-

opmental disorder involving macroscopic 

early brain overgrowth in the majority of 

cases1-7 and dysfunction8 that affects several cor-

tical and subcortical regions mediating autistic 

symptoms, including prefrontal and temporal 

cortexes.4,9-11 The underlying cortical defects re-

main uncertain. Despite the early diagnosable 

onset, in more than 40 studies, the average age of 

patients with autism in postmortem analyses 

was 22 years.4

Three previous case studies that evaluated 

Nissl-stained sections of brains obtained from 

patients with autism ranging in age from 4 to 

60 years described individual instances of hetero-

topias, slight focal laminar disorganization,12,13 

and subependymal dysplasia,14 but a common 

developmental neuropathological defect has not 

been reported. Moreover, by young adulthood, 

the brains of autistic persons are no longer en-

larged15,16 and instead often show signs of corti-

cal thinning and neuronal loss,4,7,15,17 suggest-

ing that studies involving adults with autism 

may not reveal abnormalities in neural develop-

ment that are present in the brains of children 

with autism. The molecular, cellular, and organi-

zational anomalies that are present in the brains 

of children with autism remain largely unstudied, 

and the bases of early brain enlargement and 

dysfunction remain speculative.

Recently, we discovered abnormal expression of 

genes and gene pathways that govern cell-cycle 

regulation (and consequently the number of neu-

rons), DNA integrity, cell differentiation, and corti-

cal patterning in the prefrontal cortex in young 

children with autism.18 We also discovered that 

among children between the ages of 2 and 16 years, 

those with autism, as compared with unaffected 

children, had abnormally heavy brains and a 

relative increase of 67% in the overall number of 

neurons in the prefrontal cortex.3 Although a 

transient increase in the number of cortical neu-

rons is expected during the second trimester of 

pregnancy,19,20 this increase has usually disap-

peared by birth or in the several months after 

birth,19-21 during which there is maturation in 

cortical laminar development and cortico–cortical 

and cortico–subcortical circuitry.22 Although the 

cause of this increased number of neurons in the 

prefrontal cortex among patients with autism is 

unclear, such abnormality appears to be prenatal 

in origin and may be expected to produce a dis-

ruption in early cortical development that is 

similar to disruptions in certain other disorders, 

such as lissencephaly, polymicrogyria, schizen-

cephaly, and several cortical heterotopias23 that 

arise from defects in cell-cycle processes, neuro-

nal migration, pruning, and apoptosis, as well 

as in cell fate specification.22 We hypothesized 

that such a disturbance is present in the neocor-

tex of children with autism and that it is detect-

able in the prefrontal and temporal cortexes, as 

reported in previous studies of children with 

autism that used magnetic resonance imaging 

(MRI),2,4,10,11 functional MRI,8 gene expression,18 

and neuron count.3,24

To test this hypothesis, we used a standardized 

colorimetric RNA in situ hybridization platform 

to systematically examine the expression of a 

large panel of highly selective molecular markers 

in postmortem brain samples obtained from 

children with autism and from unaffected chil-

dren. These markers include specific subtypes of 

excitatory (layer-enriched) and inhibitory neurons, 

microglia and astroglia, and a set of autism can-

didate genes.

Me thods

Marker Selection

Using in situ hybridization, we analyzed the ex-

pression patterns of 63 genes, including cortical 

layer–specific markers, genes implicated in the 

pathogenesis of autism, and putative cell-type 

markers (interneurons releasing γ-aminobutyric 

acid, glia, and oligodendrocytes) in samples of 

dorsolateral prefrontal cortex obtained from two 

unaffected boys who were 10 and 16 years of age 

(Table S1 in the Supplementary Appendix, avail-

able with the full text of this article at NEJM.org). 

On the basis of the results of this analysis, we 

selected 25 of the 63 genes for further analysis in 

children with autism, because these genes had ro-

bust, consistent, and specific expression patterns 

in the cortex. This final set of 25 markers included 

probes that selectively labeled one or more cortical 

layers or fell into one or more cell-type–specific 

groups.

Postmortem Tissue Acquisition

We obtained 42 fresh-frozen postmortem corti-

cal tissue blocks (1 to 2 cm3) from the superior or 

middle frontal gyrus of dorsolateral prefrontal 

cortex, posterior superior temporal cortex, or oc-

cipital cortex (Brodmann’s area 17) from children, 

2 to 15 years of age, with autism (case samples) 

The New England Journal of Medicine 

Downloaded from nejm.org at UC SHARED JOURNAL COLLECTION on March 27, 2014. For personal use only. No other uses without permission. 

 Copyright © 2014 Massachusetts Medical Society. All rights reserved. 



Disorganization in the neocortex of Children with Autism

n engl j med 370;13 nejm.org march 27, 2014 1211

or without autism (control samples) (Table 1, and 

Table S2 in the Supplementary Appendix, with 

details including cause of death). There was no 

preselection for either case or control samples 

with specific clinical endophenotypes. Selected 

case samples represented nearly the entirety of 

tissue suitable for study at the Brain and Tissue 

Bank for Developmental Disorders at the Nation-

al Institute of Child Health and Human Develop-

ment and the Harvard Brain Tissue Resource 

Center (see the Supplementary Appendix for a 

further description of exclusionary criteria). 

Samples that passed quality-control measures in-

cluded 22 blocks of dorsolateral prefrontal cortex 

(from eight boys and three girls in each group), 

5 blocks of posterior superior temporal cortex 

(2 case samples from boys and 3 control sam-

ples from boys), and 6 blocks of occipital cortex 

(3 case samples from boys and 3 control samples 

from boys) (mean [±SD] RNA integrity number, 

7.10±1.74 for case samples; 7.04±1.71 for control 

samples) (Fig. 1A).

Marker-Based Phenotyping

Study I

Each sample of dorsolateral prefrontal cortex 

(8 case samples and 8 control samples from 

boys) was serially cryosectioned (20-µm thick-

ness) in a plane of section containing all corti-

cal layers (Fig. 1B). Sections were grouped into 

10 series of 30 sections per series; 24 sections 

were labeled with the use of markers for in situ 

hybridization, 2 sections were Nissl-stained for 

gross anatomic and cellular cytoarchitectural 

analysis, and 4 sections were left unstained for 

future use. We modified the methods for auto-

mated high-throughput in situ hybridization and 

acquisition of whole-slide digital imaging for 

processing postmortem samples of young hu-

man postnatal fresh-frozen brain tissue.25

Study II

We serially sectioned each block and used in situ 

hybridization to label samples of dorsolateral 

prefrontal cortex from the 3 case samples and 

3 control samples from girls, plus tissue from 

temporal cortex from boys (2 case samples and 

3 control samples) and occipital cortex from 

boys (3 case samples and 3 control samples) to 

assay the expression of five genes: CALB1, RORB, 

PCP4, PDE1A, and NEFL. These genes represent a 

subset of the genes that showed robust changes 

in the case samples from boys that were ana-

lyzed in study I. (See the Methods section in the 

Supplementary Appendix for further details re-

garding the gene selection.)

Rating of Marker Expression

We scored all data obtained by in situ hybridiza-

tion for each gene on each specimen using a 

3-point scale: 0 for normal, 1 for mild abnormal-

ity, and 2 for severe abnormality. A specimen was 

considered to be abnormal if we identified at 

least one of the following three criteria in three 

or more adjacent sections: the intensity of gene 

expression appeared to be reduced or disrupted, 

as compared with that in controls; gene expres-

sion was abnormal owing to a qualitative change 

in the number of labeled cells, as compared with 

the number in adjacent areas; or the pattern of 

gene expression that was specific to the cell type 

Table 1. Clinical Data on the 11 Patients with Autism in the Study.*

Patient  
No. Age Sex

Score on Autism Diagnostic 
Interview–Revised

Intellectual 
Disability†

Social Communication

Restrictive 
and 

Repetitive

yr

12 2 M 14 9 (NV) 6 No

13 4 F 26 13 (NV) 3 Yes

14 5 M NA NA NA Yes

15 5 F 24 20 (V) 7 Yes

16 7 M 22 18 (V) 8 Yes

17 8 M 19 14 (NV) 4 No

18 8 M NA NA NA Yes

19 8 M 24 10 (NV) 10 Yes

20 9 M 24 20 (V) 6 No

21 14 M 22 14 (NV) 8 Yes

22 15 F 22 21 (V) 5 No

* To meet the diagnostic classification of autism, the patient must have met 
cutoff scores in each of three areas of the Autism Diagnostic Interview–
Revised (Western Psychological Services): the Qualitative Abnormalities in 
Reciprocal So cial Inter action section (with a cutoff score of 10), the Quali-
tative Abnormalities in Commu nication portion (with a cutoff score of 7), 
and the Restricted, Repetitive, and Stereo typed Patterns of Behavior section 
(with a cutoff score of 3). All patients met or exceeded cutoffs for a diagnostic 
classification of autism on the basis of this instrument, except for Patients 14 
and 18, for whom no scores were available (NA). The diagnosis of autism in 
these patients was verified by brain banks and confirmed by a review of re-
cords by a research psychologist independent of the brain banks. Additional 
 diagnostic details regarding the patients with autism (listed here) and the 
controls (Patients 1 to 11) are provided in Table S2 in the Supplementary 
Appendix. NV denotes nonverbal, and V verbal.

† Intellectual disability status was determined on the basis of available standard-
ized IQ scores for Patients 12 through 16 and of a review of available patient 
records without a standardized IQ measure for Patients 17 through 22.
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or layer appeared to be abnormal, as compared 

with controls. One investigator examined and 

scored all sections in every case, and a second 

investigator at a different location, who was un-

aware of the scores of the first investigator, inde-

pendently examined and scored all sections. The 

two sets of scores were then compared and eval-

uated for the degree of concordance. (Details re-

garding scoring are provided in the Methods sec-

tion in the Supplementary Appendix.)

Expression Overlay and Three-Dimensional 

Reconstruction

To visualize coregistered regions of abnormal ex-

pression across genes, multicolor overlays were 

created by thresholding and manually registering 

and compositing series of images on in situ hy-

bridization with the use of Adobe Photoshop CS5 

(Adobe Systems). Pseudoexpression density rep-

resentations were created for each image on in 

situ hybridization and aligned to form an inter-

polated image volume. The image volumes were 

rendered in a molecular visualization tool (UCSF 

Chimera26) to capture the full three-dimensional 

microstructure of cortical layering within the tis-

sue block.

R esult s

Expression Analyses

To provide an initial description of the disease in 

the cortex of children with autism, we conducted 

in situ expression analyses, using an exploratory 

design that made use of sparse sampling across 

a wide range of areas within the dorsolateral pre-

frontal cortex, posterior superior temporal cortex, 

and occipital cortex of children with and children 

without autism.

Laminar Expression Profiles in Control Cortex

Laminar expression patterns that were examined 

in the 11 samples from unaffected children ap-

peared to be similar to those in unaffected adults, 

as described previously27 (Fig. 1C), with one ex-

ception. A sample from a 9-year-old unaffected 

girl (Patient 6) showed a focal abnormality: a 

patchlike region (6 mm in length) of reduced la-

beling of multiple markers in layers 3, 4, and 5 of 

dorsolateral prefrontal cortex (Fig. S2 in the Sup-

plementary Appendix).

Aberrant Laminar Expression Patterns

Focal regions of reduced expression or unusual 

patterns of markers on in situ hybridization were 

identified in 10 of 11 case samples by independent 

raters (86% interrater concordance for detection 

and 75% agreement on specific level of severity 

for 181 ratings) (Fig. 2). These regions, hereafter 

referred to as patches, were identified by the 

presence of patchlike abnormalities ranging from 

5 to 7 mm in length in one or more independent 

markers, adjacent to regions of apparently unaf-

fected cortex (i.e., cortex that appeared to be very 

similar to that of unaffected children). The presen-

tation of aberrant labeling extended through mul-

tiple sections and most often involved a local reduc-

tion in the expression of a subset of cellular markers. 

In samples obtained from 3 of the 11 children 

with autism, we observed areas containing in-

Figure 1 (facing page). Methods and Results of Marker-

Based Phenotyping of Autism Case Samples and Control 

Samples.

Panel A shows the locations of the dorsolateral pre-

frontal cortex (from which case and control samples 

were obtained from eight boys [M] and three girls [F] 

each), posterior superior temporal cortex (from which 

case samples were obtained from two boys, and con-

trol samples from three boys), and occipital cortex 

(from which case and control samples were obtained 

from three boys each). Panel B shows the sectioning 

and labeling procedure, in which blocks of tissue mea-

suring 1 cm3 were cut from frozen slabs and sectioned 

into 10 series of 30 sections per series with a section 

thickness of 20 µm. Each section was then labeled and 

imaged at 1 µm per pixel, with sections analyzed by 

means of in situ hybridization (ISH, in orange) or Nissl 

staining (in blue). The remaining sections were kept un-

stained for future use. Panel C shows raw images  labeled 

with the use of ISH with the nearest Nissl-labeled im-

ages for anatomical reference. Laminar expression pat-

terns appear to be similar in unaffected adults (top row), 

which have been described previously, and in unaffected 

children in our study (bottom row). Annotations de-

marcate regions of layer-specific expression labeling. 

Panel D shows raw images of an identified patchlike 

region of aberrant laminar expression in a sample ob-

tained from Patient 20, which was labeled with the use 

of ISH. Arrows show decreased or absent expression 

across neuronal markers in layers 2 or 3 through 5, 

with normal-appearing expression for marker CTGF in 

deep layer 6b. The nearest Nissl-labeled image also 

shows indications of polymicrogyria. Panel E shows a 

false-color image overlay generated from multiple 

markers, indicating a focal region of aberrant expres-

sion adjacent to normal-appearing cortex. Panel F 

shows a detailed view of the inset area in Panel E, in-

dicating the transition region from normal-appearing 

cortex to a patch region.
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creased density of labeled cells immediately adja-

cent to patch regions (data not shown).

We identified the majority of patches using 

markers specific for layers 4 and 5. However, no 

two patches were identical in presentation. 

Patches within one case sample had a similar 

pattern of labeling. We observed heterogeneity 

between case samples with respect to the layers 

and the cell types that were most abnormal. 

Samples obtained from a 9-year-old boy with 

autism (Patient 20) showed the clearest presen-

tation of a patch phenotype, with reduced ex-
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Figure 2. Comprehensive View of Identified Expression Abnormalities.

The left panel shows the genetic markers and their classification: laminar layer, cell type, and whether the data are from study I (in which 

dorsolateral prefrontal cortex from boys was assayed) or study II (in which the expression of a subset of genes was evaluated in both sexes 

and additional regions). The middle panel shows expression abnormalities as identified by an aggregate decision by two independent in-

vestigators after initial examination, according to the brain region. The intensity of the blue color indicates the affected level. The charts 

below and to the right of the investigators’ ratings show the proportion of markers that were examined that fell into one of two catego-

ries of severity (severe or either mild or severe), according to the cell type (below) and brain location (at right). More intense red color 

indicates greater severity. A single asterisk indicates Patient 6, a 9-year-old unaffected girl who was the only control in whom a patch was 

identified. Double asterisks indicate Patient 16, a 7-year-old boy with autism in whom investigators found no patch in the dorsolateral 

prefrontal cortex but a clear patch in the posterior superior temporal cortex. Triple asterisks indicate Patient 21, a 14-year-old boy with 

autism in whom no patch was identified.
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pression found across multiple independent 

markers within a 5.8-mm diameter patch of 

cortex (Fig. 1D, 1E, and 1F).

Patches were identified in both dorsolateral 

prefrontal cortex (in 10 of 11 case samples) and 

posterior superior temporal cortex (in 2 of 2 case 

samples) (Fig. 2). No abnormal expression pat-

terns of any markers were identified in the oc-

cipital cortex in 3 case samples or in the poste-

rior superior temporal cortex or occipital cortex 

in 3 control samples.

Three-Dimensional Reconstruction  

of Laminar Defects

To better describe the complete microstructure 

of the patch phenotype, we performed three-

dimensional reconstruction of laminar organi-

zation in regions of patches, using four layer-

specific markers for four samples of dorsolateral 

prefrontal cortex (two case samples and two con-

trol samples). This method enabled visualization 

of marker distribution independent of the origi-

nal plane of section and confirmed that patch 

regions of multiple markers were closely aligned. 

Figure 3 shows the surface reconstruction of cor-

tex in a child with autism (Patient 20 from Fig. 1) 

with a prominent pathological patch spanning 

several independent markers immediately adja-

cent to typical-appearing cortex.

Marker Expression in Patch Regions

A deficit in the expression of markers of excit-

atory cortical neurons was the most robust indi-

cator of a patch region, although abnormalities 

were identified in three of the four cell-type–

specific groups that were examined (Fig. 2). 

Markers that were encoded by each of the five 

autism candidate genes showed mild patch ab-

normalities across the majority of case samples 

that were examined. Most interneuron markers 

(e.g., PVALB and CALB1) showed mild abnormal-

ities, which were inconsistently present within 

patches across case samples, with a few excep-

tions (e.g., GAD1 and VIP) that appeared to be rela-

tively unaffected in all case samples that were 

analyzed.

With one exception (SLC1A2 in Patient 12), 

glia-specific markers showed the same labeling 

patterns in case samples and control samples 

across the different regions of cortex, including 

tissue that contained patch abnormalities in other 

markers (Fig. S9 in the Supplementary Appendix). 

This finding supports the premise that features 

of patches cannot be attributed primarily to the 

global down-regulation of gene expression.

No Reduction in Neuron Density

To determine whether expression abnormalities 

across multiple genes were due to a reduction in 

the number of neurons at discrete locations, we 

performed post hoc blinded stereologic density 

C
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Figure 3. Three-Dimensional Reconstruction of a Patch Region in Cortical 

Microstructure.

Panel A shows a three-dimensional reconstruction of the four markers, as seen 

on in situ hybridization of samples obtained from Patient 20 (as shown in Fig. 1, 

Panels D, E, and F). Panel B shows a cross section of the reconstructed struc-

ture at the original slice plane for the same four markers. Panel C shows angled 

renderings of individual layer-specific markers, indicating a focal patch of sub-

stantially reduced or absent expression. Panel D shows an angled reconstruc-

tion indicating a patch region with an independent, conserved location across 

several markers. The dashed oval indicates the patch region.

The New England Journal of Medicine 

Downloaded from nejm.org at UC SHARED JOURNAL COLLECTION on March 27, 2014. For personal use only. No other uses without permission. 

 Copyright © 2014 Massachusetts Medical Society. All rights reserved. 



T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 370;13 nejm.org march 27, 20141216

measurements using Nissl sections adjacent to 

sections showing patches in dorsolateral pre-

frontal cortex. We measured pan-laminar neuro-

nal and glial density across two regions (one con-

taining the patch and the other distant to the 

patch) per sample across a minimum of five Nissl 

sections that spanned a minimum of 3 mm of 

cortex. We observed a small but significant in-

crease in the average neuronal density in the 

patch regions in case samples as compared with 

control samples (P = 0.01 by two-tailed t-test). In 

case samples, there was a small but nonsignifi-

cant increase in the neuronal density in patch 

regions as compared with the region of adjacent 

cortex (P = 0.10). On the basis of these results, we 

infer that regions of focal patches were not the 

result of a reduced number of neurons (Fig. S8 in 

the Supplementary Appendix).

Quantitative Validation of Findings

We performed a quantitative reverse-transcriptase–

polymerase-chain-reaction (RT-PCR) assay to vali-

date the semiquantitative findings on in situ hy-

bridization. We examined additional tissue blocks 

obtained from the four case samples with the 

most severe patches from study I. In these sam-

ples, we further identified one severe patch and 

one mild patch. Focusing on the case sample 

with the severe patch, we used laser capture micro-

dissection guided by in situ hybridization to iso-

late the patch and adjacent regions of interest 

and used RT-PCR to assay messenger RNA tran-

script levels of CALB1. Consistent with the results 

obtained on in situ hybridization, we observed 

that the CALB1 signal was greatly decreased (by a 

mean factor of 11.02±1.51 in three samples) in 

the isolated patch, as compared with the region 

of adjacent cortex (Fig. 4).

Discussion

Using a large panel of highly selective markers 

for specific cell subtypes and a subset of autism 

candidate genes, we detected discrete pathologi-

cal patches of abnormal laminar cytoarchitecture 

and disorganization in the majority of analyzed 

samples of prefrontal and temporal cortexes, but 

not occipital cortex, obtained from the boys and 

girls with autism who were included in our study. 

Serial analysis and three-dimensional reconstruc-

tion of multiple cellular markers revealed these 

regions to be focal patches of abnormal gene ex-

pression measuring 5 to 7 mm in length and 

spanning multiple contiguous neocortical layers. 

These patches were characterized by a decrease 

in the number of cells expressing layer- or cell-

type–specific markers that are normally present 

in fully differentiated cortical neurons, as well as 

decreased expression of certain autism candidate 

genes.

The presentation of the patches was consis-

tent within case samples but varied across cases. 

No cortical layer was uniformly spared, and the 

clearest evidence of abnormal expression was 

found in layers 4 and 5. Reduced marker expres-

sion was not due to a reduced number of neu-

rons; the identity of the unlabeled neurons in 

the patches remains to be determined. These 

neurons may be layer-appropriate neurons that 

failed to express the marker, neurons in an im-

mature or perturbed developmental state, or 

layer-inappropriate neurons. Our data are con-

sistent with an early prenatal origin of autism or 

at least prenatal processes that may confer a 

predisposition to autism.

Although our data suggest a novel pathologi-

cal mechanism in autism, they do not identify 

the mechanism. The identified laminar disorga-

nization could result from migration defects re-

sulting in the failure of cells to reach their tar-

geted destination and the accumulation of such 

cells in nearby regions, as has been seen in 

mouse models.28 Alternatively, patches could 

reflect de novo changes early in neurodevelop-

mental processes, potentially in gene sequence 

or epigenetic state, which yield patch regions of 

affected progenitor cells adjacent to regions of 

unaffected progenitor cells. To test either model, 

a targeted analysis across large regions of neo-

cortical tissue obtained from children with autism 

would be required, with detailed comparisons 

of gene sequence, methylation state, and ex-

pression profiles in identified regions with cor-

tical patches, as compared with regions without 

such patches.

Even though we did not preselect for specific 

clinical endophenotypes, we identified patho-

logical cortical patches in 10 of 11 case samples 

(91%) and in 1 of 11 control samples (9%). Be-

cause we sampled only small portions of cortex 

yet observed focal patches in nearly every case 

sample, the most parsimonious explanation is 
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that pathological patches are widespread across 

prefrontal and temporal cortex in children with 

autism. Given the well-described phenotypic 

heterogeneity in autism, the presence of a rela-

tively similar pathological feature across cases 

was unexpected. However, the features that we 

describe here may explain some of the hetero-

geneity of autism: disorganized patches in differ-

ent locations could disrupt disparate functional 

systems in the prefrontal and temporal cortexes 

and potentially influence symptom expression, 

response to treatment, and clinical outcome. 

Within this model, the observation of an appar-

ent patch in one control sample also raises the 

possibility of a subclinical patch phenotype.

We did not observe in the patches obvious 

abnormalities of marker expression specific to 

either microglia or astroglia, a finding that 

shows that the lack of in situ signal was not a 

nonspecific-tissue or processing artifact affect-

ing messenger RNA integrity in general. The 

post hoc RT-PCR experiment guided by in situ 

hybridization further confirmed our original 

finding that patch regions represent areas of 

quantitative decrease in signal rather than arti-

facts from processing.

The strength of the standardized high-

throughput colorimetric in situ hybridization 

used here is the reproducibility of labeling 

across large gene panels and the sensitivity of 

the method to label the soma of expressing cells 

in serial thin-tissue sections. This platform has 

been used extensively for genomewide mapping 

of brainwide transcript distributions in mouse 

brain25 and for targeted analysis in brain tissue 

obtained from nonhuman primates and from 

humans (www.brain-map.org). Our study design 

was informed by the accumulated knowledge of 

cell-type–specific gene expression and was test-

ed to show similar specificity in a subset of 

genes that, when expressed, selectively label tis-

sues in children’s brains. Although in situ hy-

bridization is semiquantitative, we were able to 

identify focal differences in cellular (laminar) 

distributions and decreased expression levels 

across cortical regions. We advise caution, how-

ever, in defining any nonpatch region as “nor-

mative” autism cortex, because previous studies 

have shown widespread pathological features 

(e.g., overabundance of neurons) in the prefron-

tal cortex of children with autism.3

Although our sample size was small in com-

parison with postmortem studies of adult dis-

eases, it is as large as or larger than that in most 

previous postmortem studies of autism. The 

study was not limited by tissue quality, since 

frozen blocks obtained from each patient were 

evaluated and selected for high RNA integrity 
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Figure 4. Post Hoc Quantitative Reverse-Transcriptase–Polymerase-Chain-

Reaction (RT-PCR) Assay and In Situ Hybridization Validating Patch Region.

In a post hoc experiment, laser-capture microdissection was performed on 

a frozen tissue block of dorsolateral prefrontal cortex obtained from severely 

affected patients with autism. Panel A shows a Nissl-stained tissue section 

indicating the location of a patch (green box) and an adjacent region of in-

terest (red box). Panel B shows the corresponding CALB1 image on in situ 

hybridization, with a region of decreased expression (green box) and adja-

cent cortex (red box). Panel C shows a magnified view of the patch region 

with decreased CALB1 expression. Panel D shows a magnified view of an 

adjacent region with normal CALB1 expression. The approximate location 

of cortical layers 2 through 6 are indicated. Panel E shows the difference in 

expression between the patch region and the adjacent region on RT-PCR 

assay, indicating the factor reductions in CALB1 expression in the patch 

 region, as compared with the adjacent region. The I bar indicates the stan-

dard deviation.
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numbers before being sectioned and stained on 

in situ hybridization. Interpretation was not con-

founded by other variables of interest: patho-

logical cortical patches were present in boys and 

girls, in high- and low-functioning children, and 

regardless of the cause of death or postmortem 

interval. The only two children with autism who 

had a history of medical complications were those 

with the least severe patch defects: Patient 21, 

the only child with autism in whom we did not 

detect patches, was the only child in our study 

with a history of severe seizures, and Patient 16, 

who had in utero exposure to cocaine and hero-

in, had the mildest pathological features with 

respect to patches (Table S2 in the Supplemen-

tary Appendix). Otherwise, prenatal and peri-

natal developmental histories were unremark-

able and did not involve prematurity.

In conclusion, we identified discrete patches of 

disorganized cortex in the majority of postmor-

tem samples obtained from young autistic chil-

dren that we examined. These patches occurred 

in regions mediating the functions that are dis-

turbed in autism: social, emotional, communica-

tion, and language functions. Such abnormalities 

may represent a common set of  developmental 

neuropathological features that underlie autism 

and probably result from dysregulation of layer 

formation and layer-specific neuronal differentia-

tion at prenatal developmental stages.
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