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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
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HIGHLIGHTS

e We did not find significant differences in the number of supragranular or infragranular neurons in the cerebral cortex.
e We did not find significant differences in the volume of supragranular or infragranular neurons in the cerebral cortex.
® This report does not support an alteration of supragranular to infragranular neurons in autism.

ARTICLE INFO ABSTRACT

Article history:

Received 9 December 2014

Received in revised form 7 January 2015
Accepted 8 January 2015

Available online 9 January 2015

We investigated the cytoarchitecture of the anterior superior temporal area (TA;) of the postmortem
cerebral cortex in 9 subjects with autism and 9 age-matched typically developing subjects between
the ages of 13 and 56 years. The superior temporal gyrus is involved in auditory processing and social
cognition and its pathology has been correlated with autism. We quantified the number and soma volume
of pyramidal neurons in the supragranular layers and pyramidal neurons in the infragranular layers
in each subject. We did not find significant differences in the number or volume of supragranular or
infragranular neurons in the cerebral cortex of subjects with autism compared to typically developing
subjects. This report does not support an alteration of supragranular to infragranular neurons in autism.
However, further stereological analysis of the number of cells and cell volumes in specific cortical areas
is needed to better establish the cellular phenotype of the autistic cerebral cortex and to understand its
clinical relevance in autism.
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1. Introduction children with autism [1-3] that is localized to specific areas, such as

frontal cortex [3,4]. Postmortem studies of autistic brains have also

Autism is a neurodevelopmental disorder defined by abnormal-
ities in social interaction, communication, and repetitive interest
(DSM-V). Autism symptoms cover a wide spectrum, ranging from
individuals with severe impairments to high functioning individ-
uals. MRI studies have shown increased brain volume in 20% of

Abbreviations: STG, superior temporal gyrus; TA, anterior superior temporal
area; TB, magnocellular supratemporal area simplex; TE;, middle temporal area
proper; TG, temporopolar area.
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revealed abnormalities in cellular number and morphology in some
brain areas including the cerebral cortex, amygdala, cerebellum,
and brainstem [5-7]. An alteration in the number of cortical cell
subtypes or in the soma volume of neurons in specific layers of the
cortex would likely alter the pattern of connections between corti-
cal areas and could produce disturbances in cognitive functioning
similar to those seen in autism. A full understanding of the cellu-
lar basis of autism in the human brain is essential for establishing
underlying mechanisms that in turn could yield new therapeutic
interventions.

The superior temporal gyrus (STG) is involved in auditory pro-
cessing, language, and social cognition such as in the perception
of emotions in facial stimuli [8,9]. Alterations in the STG such as
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changes in total cell volume have been widely linked to autism
[8,10,11]. Supragranular layers II and III are the major source of
corticocortical projections and also receive sensory information,
whereas the infragranular layers V and VI are the output to sub-
cortical structures involved in behavior [12]. We carried out a
quantification of the number and volume of supragranular (layers,
[I-1IT) and infragranular (V-VI) pyramidal neurons in the autistic
and typically developing human anterior superior temporal area
(TA;) located within the STG.

2. Material and methods
2.1. Subjects

Postmortem tissue used in this project was approved by the UC
Davis Institutional Review Board. Consent was obtained in writing
by patients or their next of kin and confirmed at time of death. Tis-
sue from 18 postmortem human brains were used for this study
(9 autistic and 9 control blocks). Brain samples were obtained
from the Autism Tissue Program. The autistic cases included in
our study were all diagnosed as autism. The diagnosis of autism
was confirmed by standard postmortem use of the autism diag-
nostic interview-revised (ADI-R) in all cases. The control cases were
determined to be free of neurological disorders, including autism,
based on medical records and information gathered at the time
of death from next of kin. Cases were all males. Age hemisphere,
brain weight, severity of symptoms, and fixation time varied from
case to case (see Supplementary Table 1). Cases were age-matched.
Autistic cases were an average of 28.7 years old ranging from 13
to 56, and control cases were an average of 27.3 years old rang-
ing from 14 to 45. One of the subjects with autism suffered from
epilepsy, one was suspected to had one seizure, and one suffered
from schizophrenia. Control patients did not have a history of
seizures, mental retardation, or dementia. Notice that this study
shares many of its cases with previous work from our group and
other investigators [7,13].

Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.neulet.2015.01.021.

2.2. Neuropathology

All sections were examined microscopically by a board cer-
tified neuropathologist in a blind manner and the microscopic
findings were later compared with the clinical history, gross brain
images and MRI images provided by the Autism Tissue Program.
There were no abnormalities, except for minute meningioma
(0.4 x 0.3 cm) in the temporal lobe of one case patient (32 y/o con-
trol case), an incidental finding of no clinical significance.

2.3. Tissue processing

After removal of the brain from the skull, brain tissue was
immersed in 10% buffered formalin for at least 8 weeks. A4 cm block
of temporal cortex containing the entire rostrocaudal extent of the
amygdala was cut from one hemisphere, and placed into a cry-
oprotectant solution in preparation for freezing. The tissue blocks
were frozen with 2-methyl butane (isopentane) and 100 pm thick
coronal sections were performed. One of every nine sections were
stained with cresyl violet (Nissl).

2.4. Nissl staining

Nissl staining was performed following a standard protocol [13].
Neurons in Nissl stained tissue were identified by the presence
of dendritic processes, cresyl violet-positive cytoplasm within the
soma, a nucleolus, and euchromatin material within the nucleus.
Pyramidal neurons were characterized by a large soma, a big
nucleus, and an apical dendrite directed toward the pia. It impor-
tant to note that the plane of tissue sectioning may affect the ability
to accurately identify apical dendrites. It has been previously sug-
gested that the orientation of apical dendrites of pyramidal neurons
is altered in autism, however we did not observe any abnormally
oriented pyramidal cells in the tissue included in this study. How-
ever, cells that did not meet all of the three criteria noted above
were not included in our analysis. We estimated that less that 0.1%
of pyramidal neurons were excluded from quantification due to the
plane of section limitation.

Fig. 1. (A) Consecutive 100 pm sections of the post-mortem brain from a subject with autism. Each section is separated by 1500 wm. The black line indicates the limit of the
area of study. The arrow indicates the superior temporal sulcus. (B) Representative image of the cortical area of interest. Scale bar=A. 2 mm; B=200 pm.
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2.5. Regional definition

We obtained tissue blocks containing the middle third of the
temporal lobe. The cortical area analyzed, located in the lower wall
of the superior temporal lobe, was the anterior superior tempo-
ral area (TA, of von Economo) or rostral Brodmann’s area (BA)
22. To consistently analyze the same cortical area within the tem-
poral cortex in each case, we established rostral, caudal, dorsal
and ventral boundaries for our area of interest. To delineate these
boundaries, we followed anatomical and cytoarchitectonic criteria.
TA; is characterized by a thick layer I, and a thin and cell sparse layer
I. Layer III is thick and possesses medium-sized pyramidal cells
distributed uniformly throughout the layer. Layer IV is relatively
thin and comprises small pyramidal neurons grouped together in
small vertical columns. Layer V is thick and contains medium-sized
pyramidal cells. Layer VI is subdivided in two sub-laminas that
exhibits different concentrations of fusiform cells. We established
the ventro-medial boundary of our area of interest as the transi-
tion area between TA; and the middle temporal area proper (TE{)
- located in the MTG - that can be delineated based on the thick-
ness of infragranular layers, with layers V and VI of TE; being much
thicker than those of TA,. In addition, pyramidal cells are bigger in
layer Il of TE; than in TA;. We established the dorso-caudal bound-
ary of our area of interest as the transition region located between
TA; and the magnocellular supratemporal area simplex (TB) par-
tially located on the dorsal surface of the STG within the sylvian
fissure. TB can be distinguished from TA, by the presence of large
cells in sublayer Illc with the appearance of giant cells, while neigh-
boring areas have medium-sized cells. The rostral boundary of our
area of interest was the transition area between the TA, and the
temporopolar area (TG). Areal delineations depend on autism cases
having normal layer appearance, thickness, normal cell volume and
appearance. Therefore, some variability may be introduced if these
variables are affected in autism.

2.6. Cell quantification

The optical fractionator and nucleator probes were used on
an Olympus microscope with Stereolnvestigator software (Micro-
BrightField) to defined a systematic-random sampling sequence of
counting frames and grids in 100 wm sections within each area
analyzed. A section sampling interval of ten was examined. The
neuroanatomical regions including layers II-Ill and V-VI were
defined at low magnification with a 2x objective. The optical frac-
tionator probe was run within the selected neuroanatomical region
with a 100x oil objective. The population estimate was used to
determine the section sampling fraction (0.09), the area sampling
fraction was(8.2), and the height sampling fraction (0.66) necessary
to reach a coefficient of error equal or less than 0.008 [14]. To pre-
vent sampling bias, post-processing tissue thickness was measured
at each sampling site. Cells were counted if the cellular nucleolus
was into focus within the dissector counting frame. The nucleator
probe was implemented during the optical fractionator allowing for
simultaneous cell number and cell volume estimates. The nucleolus
was selected as the midpoint of the cell and the distance from the
midpoint to the soma margin was used to calculate soma volume.
For stereological parameters go to Supplementary Table 2.

Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.neulet.2015.01.021.

2.7. Imaging

Imaging was performed on an Olympus BX61 microscope with
a Hamamatsu camera interfaced with a Dell Preision PWS 690,
Intel Xeon CPU Computer with Microsoft Windows XP Professional

V.2002 running MBF Bioscience Stereolnvestigator V.9 Software
(MicroBrightField, Williston, VT).

2.8. Statistics

The number and volume of pyramidal neurons was compared
between brains from control and autistic age-matched subjects
using paired t-test (GraphPad Prism software). A p value of 0.05
was used for statistical significance.

3. Results

We compared number and soma volume of pyramidal neurons
in the supragranular layers and pyramidal neurons in the infragran-
ular layers of TA; in autistic brains compared to control (Fig. 1). We
analyzed samples obtained from 9 brains of subjects with autism
and from 9 brains from control subjects, whose ages ranged from 13
to 56 years (Supplementary Table 4). We classified cell types based
on cellular morphology in Nissl stained tissue and performed quan-
tification using the optical fractionator and the nucleator (Fig. 2).

Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.neulet.2015.01.021.

The number of supragranular pyramidal neurons in layer II-III
within TA; was 4,759,737.4 +2,105,467.2 (s.d.) in control subjects
versus 5,295,067.0 4 2,238,309.4 in subjects with autism. The num-
ber of infragranular pyramidal neurons in layer V-VI within our
area of interest in TA, was 5,070,925.44+1,678,678.4 in control
subjects versus 5,071,869.3.4+2,351,919.9 in subjects with autism.
There was no statistically significant difference in the number of
supragranular pyramidal neurons in layers II-1II (p = 0.6), nor in the
number of infragranular pyramidal neurons in layers V-VIin TA; of
autistic versus control subjects (p = 1.0). We also compared the ratio
of the number of supragranular to infragranular pyramidal neurons
within our area of interest in control (0.91 £+ 0.06) versus autism
(1.08 £ 0.09), but found no differences between groups (p=0.1).

The volume of supragranular pyramidal neurons in layer II-III
within the area of interest in TA, was 2411.92+307.89 um3
(s.d.) in control subjects versus 2124.92 +722.28 in subjects with
autism. The volume of infragranular pyramidal neurons in layer
V-VI of the STG was 2597.43 +£317.78 in control subjects versus
2591.14 4+ 772.54 in subjects with autism. There was no statistically
significant difference in the volume of supragranular pyramidal
neurons in layers II-III (p=0.38) nor in the volume of infragran-
ular pyramidal neurons in layers V-VI within our area of interest
in TA; in autistic versus control subjects (p=0.65). We compared
the ratio of the volume of supragranular to infragranular pyrami-
dal neurons in control (0.92 4+ 0.03) versus autism (0.83 £ 0.10) and
found no difference between groups (p=0.17).

To test if there was an age effect on cortical structure, we divided
our cases into two groups: adolescents (13 to 15 years old), and
adults (20 years and older). We performed statistical analysis to
compare the data from autistic and control cases within each age
group and found no significant differences on any measure. We
also repeated statistical analyses that excluded those cases with
epilepsy or schizophrenia, but again did not find significant dif-
ferences for any of our measures in the anterior superior temporal
cortex. We did not find a correlation between cell number and brain
weight.

In summary, we did not find any difference in the number,
soma volume, nor ratio of number or volume of supragranular to
infragranular pyramidal neurons within the TA; of autistic versus
control subjects (Fig. 3, Supplementary Table 3). For individualized
data see Supplementary Tables 4-6.

Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.neulet.2015.01.021.
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Fig. 2. Nissl stained sections from a subject with autism. Representative pyramidal neurons are shown in layers II (A), IlI (B), V (C), and VI (D). Pyramidal neurons possessed
a large pyramidal-shaped soma, a large nucleus, and an apical dendrite directed toward the pia (arrowhead). Notice nuclei of glial cells with absence of cytoplasmic staining
and nucleolus (arrow). Scale bar: 25 pm.
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Fig. 3. Analysis of the STG in autistic versus typically developing subjects showed that there was not a statistically significant difference in: (A) The number of supragranular
pyramidal neurons in layers II-1II; (B) the number of infragranular pyramidal neurons in layers V-VI; (C) the ratio of the number of short-projection supragranular pyramidal
neurons to infragranular pyramidal neurons; (D) the volume of supragranular pyramidal neurons in layer II-1I[; (E) the volume of infragranular pyramidal neurons in layer
V-VI; or (F) the ratio of the volume of supragranular to infragranular pyramidal neurons.

4. Discussion

Previous data on cell density and cell number in the cerebral
cortex of autistic brains are not in agreement. Some authors have
reported unchanged neuronal number and density [15-20], while
others have found significant reductions in neuronal density [21],
or increased neuronal number [6] in various regions of the pre-
frontal cerebral cortex and other cortical regions. In addition, some
authors have suggested autism might involve neuron loss and on-
going pruning with age across adolescence and adulthood [22]. In
this study, we did not find significant differences in total number
or ratio of supragranular versus infragranular pyramidal neurons
in the area of interest within TA; of autistic and control subjects.

The heterogeneity in findings from these studies may result
from a variety of factors including differences in quantification
methodologies, sample volumes, cortical area analyzed, variabil-
ity in the diagnosis of each case, age of subjects, as well as the
quality of the tissue. For example, our cases included both ado-
lescent and adult cases, but not children. In contrast, Courchesne
et al. included children and adolescents but not adults [6]. In this
study, the mean age of subjects was 27 years, so our results may
not reflect active pathological processes, but rather the result of
developmental neuropatholgy. The substantial variability in corti-
cal areas across subjects and even between cortical areas within
the same brain can potentially impact results. In addition, neocor-
tical pathology in autism is enormously variable, with very clear
regional, laminar, and cellular vulnerabilities, and not all regions
are equally susceptible. Also, cases with comorbidities are included
in this and other studies. For example, in our study one case
was diagnosed with neuroleptic syndrome and another case was
suspected to have suffered a seizure. These comorbidities could
potentially impact cell number in the cortex and could therefore
confound interpretations.

Published data on the volume of neuronal soma in autism
also varies. Some studies that compared neuronal volumes in
postmortem tissue have reported unchanged neuronal volume

[6,19], while others have found significantly reduced neuronal vol-
ume in subjects with autism compared to controls. For example,
Jacot-Descombes et al. observed significantly smaller pyramidal
neurons in Brodmann areas 44 and 45 of patients with autism com-
pared to controls [ 17]. Courchesne et al. reported that there were no
significant differences in dorsolateral prefrontal cortex or medial
prefrontal cortex neuronal volumes between autistic and control
groups [6]. Previous research has also suggested Purkinje cell atro-
phy [23], significant decreases in cell volume in the cingulate cortex
[24], and smaller neurons in the hippocampus of autistic subjects
compared to control subjects [25]. In addition to autism, changes
in neuronal volume has also been correlated with several neu-
rological and neurodegenerative diseases including Huntington’s
disease, schizophrenia, major depressive disorder, bipolar disor-
der, Alzheimer’s disease, and Parkinson’s disease [26-33]. We did
not find significant differences in volume or the ratio of the volume
of supragranular versus infragranular pyramidal neurons in TA; of
autistic and control subjects. The contrasting findings highlight the
need for systematic studies of cellular neuroanatomy in the autistic
brain.

This study suggests that an alteration in the number or volume
of pyramidal neurons in the anterior superior temporal area may
not contribute to altered white matter thickness. Other potential
causes for altered white matter thickness include an altered num-
ber of oligodendrocytes or myelination. Our data does not support
an alteration of supragranular to infragranular neurons in autism.
However, unchanged numbers of neocortical cells does not exclude
the possibility of altered neuronal function in the brains of autistic
subjects since nearly limitless factors impact cellular function in
the adult brain.

5. Conclusion
In summary, we did not find significant differences in the total

number or volume of supragranular and infragranular pyrami-
dal neurons in TA, between autistic and control subjects. Further
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analysis of the total number of cells and neuronal volume in specific
cortical areas will be needed to better establish the cellular pheno-
type of the autistic cerebral cortex and to understand its clinical
relevance to autism.
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