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INTRODUCTION

Minicolumns are modular arrangements of neurons oriented per-
pendicular to the pial surface, which span most or all neocortical
layers, and which are a ubiquitous feature of neocortex throughout
the mammalian order (13). It has long been recognized that these
modules “may vary in cell type and number, in internal and external
connectivity, and in mode of neuronal processing between different
large entities, but within any single large entity [they] have a basic
similarity of internal design and operation” (2). Minicolumns are
framed by several distinct radially oriented anatomical elements
including pyramidal cell arrays and apical dendritic bundles. Param-
eters of minicolumnar width are defined by center-to-center spacing
of like elements in the tangential plane of the cortex (12, 23).
Postmortem studies examining the radial organization of pyra-
midal cell arrays in autism have revealed significantly narrower
minicolumns (14, 18, 22). In these studies, semi-automated
imaging methods have been used to define minicolumnar mor-
phometry using an algorithm based on the Euclidean minimum
spanning tree (EMST) (15, 18). After voxel thresholding of the
image to screen out smaller cellular elements, including interneu-
rons and glia, the EMST is computed using the minimum total
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Abstract

Radial cell minicolumns are basic cytoarchitectonic motifs of the mammalian neocortex.
Recent studies reveal that autism is associated with a “minicolumnopathy” defined by
decreased columnar width and both a diminished and disrupted peripheral neuropil com-
partment. This study further characterizes this cortical deficit by comparing minicolumnar
widths across layers. Brains from seven autistic patients and an equal number of age-
matched controls were celloidin embedded, serially sectioned at 200 um and Nissl stained
with gallocyanin. Photomicrograph mosaics of the cortex were analyzed with computerized
imaging methods to determine minicolumnar width at nine separate neocortical areas:
Brodmann Area’s (BA) 3b, 4, 9, 10, 11, 17, 24, 43 and 44. Each area was assessed at
supragranular, granular and infragranular levels. Autistic subjects had smaller minicolumns
whose dimensions varied according to neocortical area. The greatest difference between
autistic and control groups was observed in area 44. The interaction of diagnosis X cortical
area X lamina (Fs316=1.33; P=0.175) was not significant. Diminished minicolumnar
width across deep and superficial neocortical layers most probably reflects involvement of
shared constituents among the different layers. In this article we discuss the possible role of
double bouquet and pyramidal cells in the translaminar minicolumnar width narrowing
observed in autistic subjects.

length of segments connecting the centroids of pyramidal cells to
index the radial axes of pyramidal cell arrays. The method applied
to model 3D morphometry indicated that the smaller minicolumns
in autism are also increased in total numbers (15). These results
have been replicated using independent populations, alternate mea-
surement techniques and targeting of anatomical elements other
than pyramidal cell arrays (18, 19, 22). More recent studies have
found a topographical gradient in the cortex of minicolumnar size
abnormalities, the most salient of which are observed in hetero-
modal cortices (14, 21). By contrast, idiotypical cortices appear
spared or with minimal noticeable changes (21).

In autism, tangential distances between pyramidal cell arrays
have been found to be reduced in studies using as alternative and
complimentary algorithms the gray level index and the Delaunay
triangulation (19, 22). The EMST is a subset of the Delaunay
triangulation for the same set of points. The number and length of
vertices on centroids of pyramidal cells determined by Delaunay
triangulation yields a bimodal distribution whereby the smaller and
larger modes represent vertices within and between minicolumns,
respectively. Changes in this distribution implied that the greater
cell density observed in the cortex of some autistic patients is due
to an increased number of minicolumns rather than an increased
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number of cells per minicolumn (21). This finding may reflect
perturbations of early cortical development affecting the spa-
tiotemporal pattern of neuroepithelial germinal cell divisions that
establishes the number and arrangement of progenitors within the
protomap of the cortex (48, 49).

Many of the aforementioned studies have focused on cortical
lamina III, as the radial orientation of minicolumnar elements is
easily discernible in supragranular cortex (18). In deeper laminae,
pyramidal cell bodies and apical dendrites may be more obliquely
oriented or displaced in relation to the core apical dendritic bundle.
Methods for imaging the whole minicolumn across laminae [1-VI
have used thick Nissl-stained sections to include displaced minico-
lumnar elements (22). However, to the authors’ knowledge there
have been no neuropathologic studies in autism comparing differ-
ences in morphometric parameters across different laminae.

In this study we examine for minicolumnar width according to
lamina in post-mortem cortical tissue series of autistic subjects and
controls whose brain hemispheres were serially sectioned in full as
part of the Autism Tissue Program’s (ATP) Human Brain Atlas
Project. This is the same series of cases we previously used to
report cell density and minicolumnar neuronal numbers (22). The
advantage of using this series is the availability of full hemisphere
coronal serial sections that allows for the anatomical identification
of different brain parcellations using cytoarchitectural criteria (22).
Furthermore, tissue processing and embedding in celloidin avoided
heating and diminished the amount of shrinkage that often con-
founds many neuronomorphometric studies (4). Our initial hypoth-
esis was that minicolumnar width differences in autism would be
most prominent in the supragranular laminae.

METHODS

Subjects

Postmortem tissue was obtained from seven autistic individuals
and an equal number of controls (Table 1). Six of these pairs,
excluding the two oldest individuals, comprised the cohort for
previous studies (22). The diagnosis for each autistic patient was
confirmed postmortem by the ATP. A certified rater and trainer
arranged for a postmortem visit with the family to obtain, with
written consent, medical and clinical information using a question-
naire that included the Autism Diagnostic Interview-Revised.

The Harvard Brain Tissue Resource Center questionnaire was
modified to include autism-specific questions for ATP use. The

Table 1. Postmortem material. Abbreviation: Hem. = cerebral hemi-
sphere from which tissue sections were obtained.

Case pair Patients with autism Normative controls

Age Sex Hem. Age Sex Hem.
1. 4 Male Left 4 Male Left
2. 5 Female Left 4 Female Right
3. 8 Male Right 7 Female Right
4. 13 Male Left 14 Male Right
5. 20 Female Right 23 Male Right
6. 24 Male Right 25 Male Right
7. 67 Male Left 65 Male Left
452
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information obtained included: donor and respondent identifying
information; ethnicity, handedness and known exposure to hazard-
ous materials; diagnostic information including dates and physi-
cian; genetic testing results; pre- and postnatal medical history;
immunizations, medication and hospitalization information; and
family history and additional information about donor participa-
tion in any training or research studies such as imaging, medication
trials and/or genetic studies. The supporting documents such as
autopsy reports, death certificates, medical, clinical and/or educa-
tional records were obtained at the time of the home visit or by
sending written requests, signed by the legal next-of-kin, to named
providers.

Brain specimens

Tissue sources comprised several brain banks in the United States
and Germany (see Acknowledgments). Clinical records were avail-
able, indicating that all donors had no history of other neurologic or
developmental disorders. In all of the cases, autopsy was per-
formed after informed consent was obtained from a relative. The
use of these autopsy cases was approved by the relevant Institu-
tional Review Boards.

Tissue processing

Cerebral hemispheres were fixed in 10% formalin for at least 3
months, embedded in celloidin and cut into 200 or 500 um thick
sections. One of every three sections was stained with gallocyanin
for cell somata, according to the method of Heinsen and Heinsen
(34). One section per brain per cortical area was selected according
to gross anatomical landmarks. Nine cortical areas of interest were
identified according to cytoarchitectural criteria (10, 45): dorsolat-
eral prefrontal area 9, frontopolar area 10, orbitofrontal area 11,
primary sensory area 3b, primary motor area 4, primary visual area
17, anterior cingulate area 24, subcentral area 43 and Broca’s area
44.

Digital micrographic equipment consisted of a modified BX50
light microscope with UPlanApo objectives (Olympus, Tokyo,
Japan), a motorized specimen stage for automatic sampling (Ludl
Electronics, Hawthorne, NY, USA), HV-C20AMP CCD color
video camera (Hitachi, Tokyo, Japan) and Stereolnvestigator soft-
ware (MicroBrightField, Williston, VT, USA). Regions of interest
were delineated using a 10X objective (numerical aperture 0.4) and
photographed using a 40X liquid immersion objective (numerical
aperture 1.0). Several hundred images were captured per region of
interest so as to cover the whole cortical thickness. Images were
assembled into mosaics using the Virtual Slice module of the
Stereolnvestigator software (MicroBrightField). Only slight
adjustments of contrast and brightness were made, without altering
the appearance of the original materials.

Image analysis

Accurate segmentation of the digitized images into neuron and
background regions (i.e. neurons at a deeper plane of focus and
other brain tissue) is difficult to achieve through thresholding
alone. The gray-level distribution corresponding to the neurons and
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Figure 1. The Gibbs energy function of a sample neighborhood (out-
lined gray boxes) is illustrated, left. Also shown is the neighborhood
system, in the form of the weight b assigned to each pixel adjacent to
the central pixel X. The range of the function is determined by the lowest
and highest intensities of the pixels in the neighborhood, N. The energy

the background regions overlap (Figure 1), so simply choosing
only the pixels below a certain threshold value would cause many
of them to be incorrectly classified. Additionally, there is signifi-
cant variation within each region due to electronic noise from the
camera and the inhomogeneous subcellular structure of the
neurons. Again, if a simple threshold was applied, these small
variations would introduce errors.

To solve these problems we implemented a two-step approach in
which we smoothed the image, thereby reducing variance within
each region, and then enhanced the contrast between the neurons
and the background. With this method, smoothing is achieved by
modeling the image as a Markov—Gibbs random field (MGRF), and
using a Gibbs energy function to find the gray level that minimizes
the difference in intensity between each pixel and its eight sur-
rounding neighbors. The advantage of using Gibbs energy over
other image smoothing methods, such as median filtering, is that it
better preserves the region boundaries. We then compare the opti-
mized gray level to a threshold value and increase or decrease its
intensity, making the neuron regions darker and the background
lighter. Each iterate of the process is described by the following
equations:

g =argm;n(|q§k>—qr+a’>~" p) b”|q—q$’f>|”)

reN(s)

B g2

(k+1) _ S(k+1)
=4 + ~
N

Here ¢ is the intensity of pixel s at iterate k, each pixel in the
neighborhood N(s) of pixel s is given weight b,,, 3 and 7 determine
the degree of contrast enhancement and the remaining variables
parameterize the MGRF model (9). The small, eight-pixel size of
the neighborhood system reflects the small size of the neurons in
the image and ensures that the optimum gray level is calculated
mostly from pixels within the true boundaries of each region. The
threshold, 7, is estimated from the average intensity of several
neurons in each slide, and this is done on an image by image basis
as the contrast and brightness of the original images varies greatly.
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is calculated for every integer value in the range, and the intensity
corresponding to the minimum is chosen as the new gray level. An
image is shown before (center) and after (right) five iterations of the
noise reduction algorithm. No contrast enhancement was done, in order
to illustrate the effects of smoothing alone.

The process is repeated for five iterations, using the same threshold
and bias value, until adequate separation between the regions is
achieved (Figure 2).

Our method for measuring minicolumnar width requires that the
center of each neuron be determined. To accomplish this, the

Number of pixels
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Figure 2. The low contrast of a raw image (top) is evident in the narrow
range of its gray level histogram. Although two peaks (modes) are
present, each corresponding to one region, the boundary between them
is indistinct. A threshold placed at the local minimum separating the
peaks would cause many pixels to be mislabeled. After five iterations of

noise reduction and contrast enhancement (bottom), there is a clear
separation between modes associated with each region of the image.
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Figure 3. Boundaries of cells from the segmented, contrast-enhanced
image are superposed on the original image (left). Objects are classified
by size such that anything smaller than 10 um in diameter (black out-
lines) is considered not a pyramidal cell and excluded from measure-
ment. Cell centerpoints (middle) are determined as the point inside each
pyramidal cell profile with relative maximum Euclidean distance from the
boundary. In the case of multiple relative maxima, the centerpoint is the
centroid of the set of maximizers. The line tracing method finds two
minimal distance paths (right), from centerpoint to centerpoint, spanning
the lamina, for each seed point on the laminar boundary. Core width is
the average distance between the boundary lines and their median (not
shown), or simply half the average distance between boundary lines.

neurons must first be segmented from the background, and each
region corresponding to a single neuron must be identified. The
smoothed, contrast-enhanced images obtained from the previous
steps are segmented by thresholding, which produces a binary
color image. The individual neurons are then identified using a
region growing algorithm that distinguishes all of the contiguous
regions of the image from one another (Figure 3).

Once the individual neurons have been identified, their edges are
detected, and the resulting boundaries are used to find the distance
map inside each segmented region. The distance map is calculated
by finding the nearest point on the boundary to each pixel inside,
finding the Euclidian distance between them, and then assigning
this value to the pixel. When the distance map has been calculated
for the entire region, the pixel with the maximum distance is
chosen as the centroid of the neuron (Figure 3).

Measures

We identified the minicolumns in each image using a line tracing
method that groups cells into minicolumns by finding the shortest
cell-to-cell paths from one end of the layer to the next. Start and end
cells (represented by center points) were chosen at each end of the
layer, and the algorithm traced the shortest paths between the start
cell and several endpoints within a certain margin of the end cell.
The two shortest of these paths were chosen as the lateral bound-
aries of the minicolumn, and all cells between them were grouped
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into the minicolumn. Once the boundaries were identified for a
single minicolumn, its cells were removed from the image, and the
entire process was repeated until all of the minicolumns were
detected. Minicolumnar core widths (w) were measured by finding
the average distance between the center line and both boundary
lines for each minicolumn (Figure 3).

Statistics

Values of w were pooled to produce three estimates in each cortical
area: one for each of laminae I1-11I together, lamina IV and laminae
V-Vl together. Autistic cases and normative controls were grouped
into age-matched pairs. Statistical analysis employed a linear
mixed effects model, with case-control pair as a random effect and
fixed effects diagnosis (autistic disorder or none), cortical area, and
lamina together with all interaction effects and also sex and cere-
bral hemisphere. Interactions of any two of sex, hemisphere or
diagnosis were not testable given our sample. Inclusion of those
terms led to degeneracy of the linear model.

In order to assess the possible confounding eftects of the uneven
sampling of sex and cerebral hemisphere, a principal components
regression (PCR) was performed. The starting point was the linear
model above, plus a sex x hemisphere interaction term. Degen-
eracy in the design matrix X does not pose a problem here, as the
data were fit to models comprising the first NV principal components
X, where N=1, . .., rank(X). A particular model, that is, a specific
value of NV, was selected to minimize the corrected Akaike informa-
tion criterion (36). The coefficients of the selected model were then
transformed back into a set of coefficients on the original design.
The whole procedure of PCR and model selection was repeated for
R =9999 bootstrap samples generated by resampling residuals
from the fit to the original data. Basic bootstrap confidence limits
(27) were computed for the sex and hemisphere effects and their
interaction.

RESULTS

Statistically significant differences were found by diagnosis
(Fi316=373.7; P<0.0001), -cortical area (Fs316=4.93;
P <0.0001), lamina (F>316=940.9; P <0.0001), diagnosis X
cortical area interaction (Fs316=06.38; P <0.0001) and
diagnosis x lamina interaction (F316=16.19; P <0.0001). The
interactions of cortical area X lamina (Fie316=1.38; P =0.149)
and diagnosis X cortical area X lamina (Fie316=1.33; P=0.175)
were not significant.

Core width averaged across all cortical areas was 11.5 um in
laminae II-III in controls [standard deviation (SD) 1.23 um],
14.3 wm in lamina I'V (SD 1.89 pum), and 20.6 pm in laminae V-VI
(SD 2.35 um). In patients with autism, mean w in supragranular
laminae was 8.67 um (SD 1.34 um), 11.8 um (SD 1.39 um) in
lamina IV and 16.0 um (SD 1.75 wm) in the infragranular laminae.
Within each cortical area and diagnostic category, it held without
exception that w increased with depth in the cortex (Figure 4).
Considering only normal controls, and averaging over all laminae,
core width was greatest in area 44 (mean 16.5 um; SD 4.16 um),
while the narrowest column cores were found in area 11 (mean
14.3 um; SD 4.38 um). The greatest difference between autistic
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Figure 4. Mean minicolumnar core width by lamina and cortical area.
Errorbars are +1 standard deviation.

and control groups was observed in area 44, where core width in
autism averaged 10.3 um (SD 2.69 um).

Core width measured in the right hemisphere was 0.013 um
greater than in the left hemisphere on average across the whole
group of autistic patients and controls, a nonetheless statistically
significant result (£ 316 = 59.94; P <0.0001). In male subjects, w
was 0.29 um greater than in females (F316=06.54; P=0.011),
again averaged over all cases. The follow-up analysis using PCR
estimated a 95% confidence interval of (—0.86 wm, 0.10 pm) for
the difference between right and left hemispheres. The confidence
limit for the difference between males and females was (—=0.67 um,
0.58 um) and that for the interaction term was (—0.17 um,
0.95 um). The cumulative effect of these factors on w ranges from
—1.69 um to +1.62 um, or on the order of *1 within-cortical-area
SD, to at least 95% confidence.

DISCUSSION

As in previous investigations, the present study used a line
tracing method that grouped cells into minicolumns by finding
the shortest cell-to-cell paths between the end points of a lamina.
Results of the study corroborate and provide credence to previous
findings indicating a reduction of minicolumnar width in autism.
Similar differences were found in all compartments/laminae
examined but varied according to brain parcellation, being most
salient in Brodmann area 44. No pairwise comparisons were done
among different cortical regions, but deficits were widespread.
Variation of minicolumnar widths between regions indicates the
usefulness of this parameter as an index of brain parcellation. The
limited sample size prevented us from drawing firm conclusions
regarding the significance of our laterality and gender findings.
However, the secondary analysis indicated that any effect these
have on minicolumnar core width should be less in absolute value
than the observed differences between cortical areas, between
laminae and between autistic and control groups.

Brodmann area 44 corresponds to the pars opercularis of the
inferior frontal gyrus, which in humans is part of Broca’s area. This
association cortex is a homologue of F5 in monkeys where mirror
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neurons were first described electrophysiologically (52). The role
of this area in language processing, speech production and under-
standing the intention behind observed motor acts lends support to
the present finding as a potential clinicopathologic correlate to
autism (26, 43, 51). Thus far, mirror neurons have not been identi-
fied anatomically as a particular cell subtype.

Previous studies have reported topographical patterns of mini-
columnar abnormalities in the anterior cingulate gyrus, frontopo-
lar region and dorsolateral prefrontal cortex of autistic patients
(14, 18, 21). All of these areas are characterized by the presence
of von Economo cells (30). These large, spindle-shaped cells
give rise to long, extensively-distributed processes (1, 30) which,
given their cortical distribution, may mediate integration of dis-
tributed emotional, social and executive cognitive functions. The
role of these cells in the pathophysiology of autism is currently
debated in the literature (1, 39, 53). It seems possible that the
significance of previous minicolumnar findings within different
cortical areas relate to their prominent corticocortical connectiv-
ity of which the presence of von Economo cells seems to be an
expression.

Results from the present study are striking when considered in
terms of heterogeneity in the properties of cortical laminae (see
below). Differences in core minicolumnar widths in test cases com-
pared with controls were observed across laminae; these were
smallest in lamina II/III and largest in lamina V/VI. The results,
however, do not imply abnormalities of lamina thickness related to
dysplastic processes affecting cortical gyrification or manifesting
heterotopic development, that is, defects of glioneuronal migration
(44). Qualitative and quantitative studies related to this aspect
of cortical lamination in autism have yielded ambiguous results
(3, 37, 42). Rather, our findings relate to minicolumnar width per
lamina within the flat face of gyri. Minicolumnar abnormalities
different from the ones presently reported for autism may exist in
the sulci or crests of gyri.

Significance of lamina findings

A potential limitation of this study stems from the fact that vari-
ability in cytoarchitectural landmarks across different brain
regions made us group laminae together into three compartments:
supragranular (II-1II), granular (IV) and infragranular (V-VI).
This organizational scheme conforms to the division of the iso-
cortex into “super layers” as proposed by Swanson (54). Supra-
granular and infragranular lamine vary both in regards to the type
of germinal/stem cell that engenders them as well as to the
migratory path taken by neuroblasts to the cortical plate. During
cortical maturation laminae can be distinguished by multiple
immunocytochemically labeled molecular markers (17). Molecu-
lar markers and morphometric features are shared by infra-
granular laminae and archicortex suggesting commonalities in
development (17). Infragranular laminae may thus provide a
homologue to the cortex of non-mammalian vertebrates, whereas
the stratified layering of supragranular laminae confer upon
mammals the advantages of a small-world, scale-free network of
connectivity (16). It is not surprising therefore that genes associ-
ated with brain size and encephalization may independently regu-
late formation of different cortical laminae. Mutations in either
the microcephalin or Abnormal Spindle-like Microcephaly-
associated (ASPM) genes, which have exhibited strong positive
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selection in hominids, result in primary microcephaly or micro-
cephaly vera (8, 38). This type of microcephaly is associated with
the decreased numbers of neurons in laminae II and III (32).
Despite these salient ontogenetic differences among laminae, the
most parsimonious explanation to our findings is that minicolum-
nar narrowing in autism results from disruption of an anatomical
constituent common to multiple layers, for example, double
bouquet or pyramidal cells. An alternative account based on com-
pensatory reactions among different cellular elements would
introduce additional assumptions likely to compound any mecha-
nistic explanation.

Peripheral neuropil and double bouquet cells

Previous studies suggest that decreased peripheral neuropil space
is the major contributor to decreased width of minicolumns in the
cortex of autistic individuals (18). This compartment contains glial
and vascular cellular elements and modulatory monoaminergic and
catecholaminergic collaterals, and the interneurons and projections
that help frame any activation of the modules by an inhibitory
surround (12). Anatomists and physiologists have long emphasized
the nature of activity within the peripheral neuropil space of mini-
columns by calling it a strong vertical flow of inhibition or, more
graphically, a shower curtain of inhibition (41, 55). Although our
studies suggest that the neocortex of autistic subject’s has a defect
in the inhibitory surround of minicolumns, proof of the same was
only recently obtained from studies of tactile resolution and habitu-
ation to stimuli (31, 56, 57). A deficit in the inhibitory surround
of minicolumns thus appear to account for the phenomenon of
sensory (whether hyper or hypo) abnormalities and seizures in
autism (20).

The dimensions and cell composition of peripheral neuropil
space are highly variable among different primate species. In a
recent study (24), this compartment accounted for most of the
variation in minicolumnar size among different primate species,
with the core pyramidal cell compartment exhibiting relatively
limited cross-species size differences. The peripheral inhibitory
surround of minicolumns is primarily the result of serially arranged
double bouquet cells whose horsetail-like projections run perpen-
dicular to the cortical surface (29). Double bouquet cells are readily
apparent within the primate cortex but appear absent in the rodent
brain (28, 35, 40). This cellular speciation calls into question the
validity of using rodent animal models in autism.

Pyramidal cells

Besides double bouquet cells another motif of the minicolumn that
is readily found across different laminae is the presence of pyrami-
dal cells. These cells are found in laminae II-VI, within the core of
the minicolumn, and constitute approximately 80% of all cortical
neurons. Early during gestation precursor cells reach their cortical
position from the periventricular germinal zone by migrating along
a glial/stem cell projection. The resultant inside-out scaffolding of
neurons within the cortex exhibit early interconnectivity via gap
junctions (46, 47). The initial wiring or connectivity among
neurons may provide for Hebbian learning, thus engendering a
canonical circuit based on the minicolumn.

Several neuropathologic studies in both typical and syndromic
autism have shown a slight diminution in the size of cortical and
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subcortical pyramidal cells (5, 6, 11, 22, 50, 58). This shift toward
smaller size may render longer corticocortical connections less
metabolically efficient. In autism, functions that rely on short
arcuate fibers may therefore be preserved or overrepresented. Con-
trariwise, functions that rely on the interconnection of disparate
brain regions may be dysfunctional (7, 22, 25, 33).

In summary, minicolumns are the smallest among all hierarchi-
cally arranged modules of the neocortex. The present study
describes minicolumnar changes widely distributed throughout the
neocortex of autistic individuals. Changes were equally observed
across different laminae suggesting involvement of a common ana-
tomical element(s). Two such possibilities, both offering clinico-
pathologic correlates to the condition, have been discussed, that is,
double bouquet and pyramidal cells.
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