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Alterations in the cerebellum have been described as a
neuropathological feature of autism. Although numer-
ous studies have focused on the Purkinje cell (PC), the
projection neuron of the cerebellar cortex, PC function
is critically dependent on their innervation by the
GABAergic basket cells (BCs) and stellate cells (SCs) in
the cerebellar molecular layer. The present study was
designed to determine whether there are differences in
the packing density of these inhibitory interneurons or
whether the ratio of these interneurons to PCs differs in
autistic and age-matched control brains. The GABAer-
gic interneurons were identified by using immunohisto-
chemistry for parvalbumin (PV) in serial sections from
the posterior cerebellar lobe of six autistic and four
control brains and counted using stereological princi-
ples. Prior PC counts in the same area on adjacent
sections (Whitney et al., 2008) were available and were
used to calculate the number of BCs and SCs per PC.
In this sample of brains, no statistically significant dif-
ference was detected between the autistic and the
control groups in the density of BCs or SCs (P 5 0.44
and P 5 0.84, respectively) or in the number of BCs or
SCs per PC (P 5 0.47 and P 5 0.44, respectively). The
preservation of BCs and SCs, in the presence of the
reduced PC numbers as found in at least two, and pos-
sibly three, of these six autistic cases (Whitney et al.,
2008) suggests that PCs were generated, migrated to
their proper location in the PC layer, and subsequently
died in the autistic cases that showed a reduction in
PCs. VVC 2009 Wiley-Liss, Inc.
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Autism is a neurodevelopmental disorder character-
ized by deficits in reciprocal social interactions and com-
munication as well as repetitive or stereotypic behaviors
or interests (DMS-IV, 1995). Evidence that genetic fac-
tors play an important role in autism has been shown in
twin studies (Folstein and Rutter, 1977; Steffenburg
et al., 1989; Bailey et al., 1995) and in family studies in
which the risk of having a second child with autism is

reported to be 50–150 times greater than that of the
general population (Smalley et al., 1988; Folstein and
Piven, 1991). It has been suggested that as many as two
to fifteen genes (Pickles et al., 1995; Risch et al., 1999),
and not necessarily the same genes or same combinations
(Folstein and Rosen-Sheidley, 2001), contribute to the
expression of autism. Although a single candidate gene
has not been identified, several genes that code for g-
aminobutyric acid (GABA) receptor subunits have been
implicated (Cook et al., 1998; Wolpert et al., 2000; Fol-
stein and Rosen-Sheidley, 2001; Buxbaum et al., 2002;
Shao et al., 2003; Ma et al., 2005; Collins et al., 2006).
In line with the genetic findings, alterations in compo-
nents of the GABA system have been identified (Blatt
et al., 2001; Fatemi et al., 2002a; Guptill et al., 2007;
Yip et al., 2007, 2008). Further evidence of involvement
in the GABA system in autism is provided by reports of
reduced numbers of GABAergic Purkinje cells (PCs),
the sole output neuron of the cerebellar cortex. A recent
review by Palmen et al. (2004) indicated that 72% of
cases reported in the literature have a decreased number
of PCs. In our laboratory, a recent study of six autistic
and four control brains revealed that two or three of the
autistic cases (33–50%) had a reduced density of PCs
(Whitney et al., 2008; see also Table I, column 3). In
addition to the GABAergic PCs, there are GABAergic
interneurons in the cerebellar cortex that innervate PCs,
the basket cell (BC) and the stellate cell (SC), but these
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have not been quantitatively examined in the autistic
brain. Although there is some controversy about the
classification of cerebellar GABAergic molecular layer
interneurons (MLIs), they are most commonly described
based on their depth within the molecular layer and
their contribution to an axonal plexus (basket) that sur-
rounds the PC soma (Sultan and Bower, 1998) or their
innervation of PC cell apical dendrites. Thus, BCs are
typically said to reside in the lower one-third of the mo-
lecular layer and contribute the axonal plexus surround-
ing the PC soma (Sultan and Bower, 1998), whereas
SCs are typically considered to reside in the upper two-
thirds of the molecular layer and synapse with the PC
cell dendrite. Both BCs and SCs receive excitatory input
from granule cell parallel fibers as well as GABAergic
inhibitory input from other BCs and SCs (Palay and
Chan-Palay, 1974) and from the Lugaro cells in the
granule cell layer (Laine and Axelrad, 1998). Likewise,
efferent projections from BCs and SCs include other
BCs, SCs, and PCs (Palay and Chan-Palay, 1974).

The establishment of functional synaptic contacts
between PCs and MLIs is of critical importance for the
prolonged survival of BCs and SCs (Sotelo and Triller,
1979; Feddersen et al., 1992). Furthermore, PCs are
necessary for the proper cellular organization of the
developing cerebellar cortex (Sotelo, 1990; Feddersen
et al., 1992; Smeyne et al., 1995; Soha et al., 1997).
This published work, together with the data obtained in
the current study regarding BC and SC density and our
prior finding of PC density in these same cases (Whitney
et al., 2008; see also Table I, column 3), offers the op-
portunity to formulate a hypothesis for the timing of the
reduced density of PCs in the autistic brain, when pres-
ent. This hypothesis, which is outlined in the Discussion
section, is based on work in mutant mice and studies of
normal cerebellar development.

Given the reported involvement of the GABA sys-
tem in autism and the functional relationships between
PCs and MLIs, we set out to determine the numerical

density of these interneurons by using stereological
methods in sections immunolabeled with parvalbumin
(PV). With these data, the relationship of the number of
PCs to the number of BCs and SCs could be examined.
Based on these data, a hypothesis can be proposed
regarding the timing of the reduced number of cerebellar
PCs in the autistic brain.

MATERIALS AND METHODS

Six autistic and four control, formalin-fixed cerebella
were obtained from the Harvard Brain Tissue Resource Cen-
ter, Kathleen Price Bryan Brain Bank at Duke University
Medical Center, and University of Maryland Brain Bank. All
control brains were free from gross pathology and were
obtained from individuals without history of neurological dis-
orders. These same 10 cases were previously used in our labo-
ratory to examine the density of PCs (Whitney et al., 2008).
Table I includes the case number, group, age, sex, hemi-
sphere, post-mortem interval (PMI), years in formalin, num-
ber of PCs per millimeter, and cause of death of each case
and is derived from Whitney et al. (2008).

Tissue Processing

In each case, a 2 cm 3 2 cm 3 2 cm parasagittal block
of tissue, cut perpendicular to the folia, was obtained from
cerebellar hemisphere lobule crus II, located inferior to the
horizontal fissure (Schmahmann et al., 2000). Prior to tissue
processing, each case was coded to ensure that the investiga-
tors were blind to the case data throughout the experimental
process. All tissue blocks were cryoprotected (Rosene et al.,
1986) and embedded in albumin-gelatin prior to freezing in
order to hold the folia together after cutting and during subse-
quent processing (Crane and Goldman, 1979). The blocks
were then flash frozen in –758C 2-methylbutane and placed
in a –808C freezer for at least 48 hr before being serially sec-
tioned on a sliding microtome from medially to laterally.
Eighteen series per brain were cut at 30 lm and two series

TABLE I. Case Information on Autistic and Control Brains, Including Age, Sex, Hemisphere, Post-Mortem Interval (PMI), Years in

Formalin, No. PC/mm, and Cause of Death*

Group Case No. No. PCs/mm Age (years) Sex Hemisphere PMI (hr) Years in formalin Cause of death

Control Duke-495 5.4 17 F Unknown Unknown Unknown Unknown

Control 4104 5.3 24 M Left 5 Unknown Gunshot

Control 4334 4.0 53 M Right 23.75 3 Cancer

Control BCH-13 4.0 30 M Left Unknown 6 Unknown

Autism 4414a,b 0.5 26 M Left 47.68 2.5 Seizure

Autism 3845a,b 2.6 32 M Left Unknown 4 Pancreatitis

Autism 4099 3.3 19 M Left 3 4.5 CHF

Autism 2431 4.3 54 M Left 4 8.5 GI bleed

Autism 4259a,c 4.3 13 F Left 18.36 4 Unknown

Autism 3511a,d 5.8 27 M Right 16 7.5 Trauma

*GI, gastrointestinal; CHF, congestive heart failure.
aSeizure disorder.
bHistory of phenytoin (Dilantin) use.
cHistory of carbamazepine (Tegretol) use.
dHistory of phenobarbital use.
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were cut at 60 lm so that sections within a series were spaced
660 lm apart. Sections were thaw mounted onto gelatin-
subbed slides, air dried, and stored in a –208C freezer until
the day they were stained.

From each brain, ten 30-lm on-the-slide sections were
immunostained using a batch-processing procedure in four
groups (two pairs, two triplets), matched for age and sex, to
ensure that conditions were identical for the autistic and con-
trol groups. Immunostaining for PV was conducted using spe-
cially designed wells (PolyFab Inc., Avon, MA) that mini-
mized antibody volume. The optimal anti-PV antibody con-
centration (mouse monoclonal) was predetermined to be
1:750 (Swant Laboratories, Belinzona, Switzerland). Sections
were pretreated in a 1% hydrogen peroxide solution to quench
endogenous peroxidases and a blocking serum to minimize non-
specific binding. Sections were then incubated in the primary
antibody for 48 hr at room temperature, followed by a 1-hr
incubation in a biotinylated secondary antibody (Vector Labora-
tories, Burlingame, CA). An avidin-biotinylated peroxidase com-
plex solution (ABC) was then added (Vector Laboratories), and
the antigen was visualized with 3,30-diaminobenzidine as the
chromogen by incubating in hydrogen peroxide (1.5%) for
10 min. The reaction was stopped by washing sections in dH2O.
Sections were air dried overnight, lightly counterstained with thi-
onin, and coverslipped with Permount.

Basket Cell and Stellate Cell Counts

The equipment and computer software used in this
study were identical for all cases and included a Nikon Eclipse
E600 microscope (Nikon Instruments Inc., Melville, NY),
Optronics DEI-750 CE camera control unit (Optronics,
Goleta, CA), MAC 2002 motor stage control unit (Ludl Elec-
tronic Products, Ltd., Hawthorne, NY), and Stereo Investiga-
tor software from MircoBrightField Inc. (Williston, VT).

Ten sections from each autistic and control case, equally
spaced by 660 lm, were counted for both MLI types, BCs
and SCs. The BC and SC counts were performed on sections
adjacent to those previously used to obtain total PC counts
(Whitney et al., 2008). All sections were cut from tissue
blocks taken from lobule crus II, located inferior to the hori-
zontal fissure (Schmahmann et al., 2000). However, because
of variability in the tissue samples provided by the brain
banks, we were not able to identify definitively the identical
folia in all brains that could be counted in its entirety. Conse-
quently, in all brains, the superiormost folium in the most
medial section was identified for counting. For that region of
interest, stereological sampling principles were maintained
across all sections (Gundersen, 1986; West et al., 1991), deter-
mining both cell number and the area of molecular layer
sampled so that data are presented as cell density measures
(No. cells/mm3). Additionally, with Stereo Investigator soft-
ware and a 32 objective lens, the identical length along the
PC layer used for PC counts (Whitney et al., 2008) was meas-
ured in the PV-immunostained sections. This measurement
defined the region of interest from which we were later able
to calculate the number of BCs per PC and the number of
SCs per PC. Next, with a 32 objective lens and a transparent
ruler superimposed on the computer image, the examiner out-

lined the lower one-third and upper two-thirds of the molec-
ular layer. These two regions of interest allowed the examiner
to obtain two separate density measures, one for BCs (No.
BCs/mm3) and one for SCs (No. SCs/mm3). Within each
region of interest, the interneurons were systematically
sampled; the approach used was based on the optical disector
method (Gundersen, 1986; West et al., 1991) and ensures that
all objects, regardless of size, shape, and orientation, have an
equal chance of being counted.

After the two regions of interest were defined, the mag-
nification was increased to a 360 oil-immersion objective
lens. A 600 lm 3 450 lm grid with a 100 lm 3 75 lm
counting frame was used to sample the two ROI randomly
and systematically. To avoid double counting in the x or y
planes, the lower and left borders (x and y) of the counting
frame, as well as their extended edges, were considered for-
bidden, and BCs and SCs contacting these lines were not
counted (Gundersen, 1986). The BCs or SCs within the
counting frame and those contacting the upper and right bor-
ders of the counting frame were included in the counts (Gun-
dersen, 1986). To avoid double counting in the z-axis, an
exclusionary plane at the top of the section was implemented.
This z-axis exclusionary plane was used instead of guard volumes
because sections with an original thickness of 30 lm, when
thaw-mounted onto slides, shrink in the z-axis to 7.5–8.5 lm.
At this thickness and with the optics available, it was not possible
to implement reliable guard volumes. Although this does intro-
duce problems resulting from lost caps (Hedreen, 1998), the
same process was used in all cases, so the relative difference
between sections is not affected. After completion of the count-
ing in one frame, the motorized stage shifted to the next count-
ing frame. This process was repeated until all counting frames
within the region of interest were viewed. Then, the second
region of interest on the same section was examined.

The numerical density (Nv), was calculated as a ratio of
the total number of molecular layer interneurons (BCs or SCs)
counted (SQ) to the total disector volume, Sv(dis); the latter is
determined by the number of times (SP) the disector hits the
ROI reference space multiplied by the disector volume v(dis).

Nv ¼
P

Q
P

vðdisÞ ¼
P

Q
P

P �vðdisÞ

The estimated total number of BCs or SCs (N) in the
region of interest was then calculated as the product of Nv

and the reference volume, V(ref). The V(ref) was calculated as
the product of the outlined ROI (area) and section thickness.

N ¼ Nv�Vðref Þ

Finally, the density of BCs and SCs (NT) within the
region of interest, V(ref), was calculated as follows

NT ¼ N
Vðref Þ

where NT represents the estimated number of molecular layer
interneurons (BCs or SCs) per cubic millimeter.
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Given the controversy over classification of basket and
stellate interneurons, the data, in addition to being expressed
as No. BCs/mm3 and No. SCs/mm3, are also expressed as the
No. MLIs/mm3. Additionally, because we had previously
determined the density of PCs in the identical area and along
the identical length of the PC layer on adjacent 30-lm calbin-
din-immunolabeled sections (Whitney et al., 2008; see also
Table I, column 3), data are also expressed as the number of
BCs per PC, the number of SCs per PC, and the total num-
ber of MLIs per PC. To determine the number of these inter-
neurons per PC, we divided the total estimated number of
BCs, SCs, and MLIs by the total number of PCs along the
same length.

Statistical Analysis

The difference in the mean density of interneurons (No.
BCs/mm3, No. SCs/mm3, and No. MLIs/mm3) between the
autistic and control brains was examined using the t-test statis-
tic. The Pearson correlation was used to examine the relation-
ship between the density of BCs and the density of SCs
(Table II). Pearson correlation was also used to examine the
relationship between the density of MLIs (No. BCs/mm3,
No. SCs/mm3) and the density of PCs (No. PCs/mm; Table
II). The relationship between group (autistic, control) and BC
and SC density was also explored (Table II). Furthermore, the
t-test analysis was used for comparison of number of BCs per
PC (No. BCs/PC), number of SCs per PC (No. SCs/PC),
and number of MLIs per PC (No. MLIs/PC) between the
autistic and control brains. Finally, to examine the relationship
between No. MLIs/mm3 and years in formalin as well as No.
MLIs/mm3 and PMI, the Pearson correlation was calculated.

RESULTS

Numbers of Molecular Layer Interneurons

The numerical density of BC interneurons in the
lower one-third of the molecular layer is shown in
Figure 1. In the control brains, the density ranged from
17,219 to 32,129 BCs/mm3, with a mean density 6 SD
of 23,751 6 7,658 BCs/mm3. The corresponding den-
sities for the autistic brains were 14,222–28,293/mm3,
with a mean density 6 SD of 20,258 6 5,980 BCs/
mm3. The numerical density of SC interneurons is
shown in Figure 2. In the control brains, the density
ranged from 9,014 to 20,849 SCs/mm3, with a mean
density 6 SD of 14,794 6 6,072 SCs/mm3. The corre-

sponding densities for the autistic brains were 8,164–
22,586 SCs/mm3, with a mean density 6 SD of 13,990
6 6,164 SCs/mm3. Figure 3 represents the density of
the combined BC and SC (MLI) interneurons. In the
control brains, the density ranged from 13,152 to 26,489
MLIs/mm3, with a mean density 6 SD of 19,272 6
6,853 MLIs/mm3. The corresponding densities for the
autistic brains were 11,193–25,440 MLIs/mm3, with a
mean density 6 SD of 17,124 6 6,045 MLIs/mm3.
With the available number of cases, statistical analysis by
t-test did not detect a significant difference in the density
of BC, SC, or MLIs between autistic brains compared
with the control brains, with P 5 0.44, P 5 0.84, and
P 5 0.62, respectively. Additionally, photographs from
two autistic and two control cases (see Fig. 7) visually
demonstrate the variability in molecular layer inter-
neuron density within the autistic and control groups.

Correlations of Analyses of Molecular
Layer Interneurons

Pearson correlation, used to examine the relation-
ship between the No. BCs/mm3 and the No. SCs/mm3,
returned a value of r 5 0.96 (P < 0.0001; Table II).
Thus, as BC density increased, SC density also increased.
Using the Pearson correlation, a statistically significant
relationship was not identified when examining the rela-
tionship between the densities BCs and PCs or the rela-
tionship between the densities of SCs and PCs, with r 5
0.21 (P 5 0.57) and r 5 0.35 (P 5 0.34), respectively
(Table II). Analysis of the relationship between group
(autistic, control) and the No. BCs/mm3, using the
Pearson correlation, was not statistically significant, with
r 5 0.28 (P 5 0.44; Table II). Similarly, analysis of the
relationship between group (autistic, control) and the
No. SCs/mm3 was not statistically significant, with r 5
0.07 (P 5 0.84; Table II).

Number of Molecular Layer Interneurons
Relative to Purkinje Cells

The number of BCs per PC is shown in Figure 4.
In the controls, the number of BCs per PC ranged from
16.0 to 34.9, with a mean 6 SD of 22.7 6 8.5 BCs/
PC. In the autistic group, these numbers ranged from
10.6 to 124.5, with a mean 6 SD of 39.2 6 42.7 BCs/
PC. Compared with the other cases, autistic case 4414
appears as an outlier, with 124.5 BCs per PC (Fig. 4).

TABLE II. Correlation Matrix*

Group No. PCs/mm No. BCs/mm3 No. SCs/mm3

Group — r 5 0.40; P 5 0.25 r 5 0.28; P 5 0.44 r 5 0.07; P 5 0.84

No. PCs/mm r 5 0.40; P 5 0.25 — r 5 0.21; P 5 0.57 r 5 0.35; P 5 0.34

No. BCs/mm3 r 5 0.28; P 5 0.44 r 5 0.21; P 5 0.57 — r 5 0.96; P < 0.0001

No. SCs/mm3 r 5 0.07; P 5 0.84 r 5 0.35; P 5 0.34 r 5 0.96; P < 0.0001 —

*This correlation matrix includes the correlation coefficient (r values) and P values for all of the relationships examined. A significant relationship was

demonstrated between the density of BCs and SCs, with r 5 0.96 and P < 0.001. No significant relationship was observed between the group

(autistic or control) and the density of PCs, density of BCs, or density of SCs. Furthermore, no significant relationship was observed between the den-

sity of PCs and the density of BCs or density of SCs.
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This high number can be explained by the fact that
autistic case 4414 had the lowest density of PCs (0.5
PC/mm; see Table I) but a normal density of BCs that
fell within the control range (28,293 BCs/mm3; see Fig.
1). The reduced PC numbers, coupled with normal BC
numbers, yielded a high number of BCs per PC and
show that BCs were preserved in this case with
decreased PCs. The number of SCs per PC is shown in
Figure 5. In the control cases, the number of SCs per
PC ranged from 16.7 to 41.9, with a mean 6 SD of
27.5 6 11.1 SCs/PC. In the autistic cases, these num-
bers ranged from 12.3 to 195.3, with a mean 6 SD of
56.3 6 68.9 SCs/PC. Again, autistic case 4414 appears
as an outlier, with 195.3 SCs per PC (Fig. 5), this case
having the lowest density of PCs (0.5 PC/mm; see Ta-
ble I) coupled with a high density of SCs (22,586 BCs/
mm3; see Fig. 2). Thus, the reduced PC numbers,
coupled with high SC numbers, yielded a high number
of SCs per PC and show that SCs were preserved in this
case with decreased PCs. The number of combined BCs
and SCs (MLIs) per PC is shown in Figure 6. In the
controls, the number of MLIs per PC ranged from 32.7
to 76.8, with a mean 6 SD of 50.1 6 19.5 MLIs/PC.
In the autistic group, these numbers ranged from 22.9 to
319.8, with a mean 6 SD of 95.5 6 111.5 MLIs/PC.
With the available number of cases, statistical analysis by
t-test did not detect a significant difference in the num-
ber of BCs, SCs, or MLIs per PC between autistic brains
and control brains, with P 5 0.47, P 5 0.44 and P 5
0.45, respectively.

Effect of Time in Fixative and Post-Mortem Delay

Pearson correlation, used to examine the relation-
ship between density of MLIs (BCs and SCs) and years
in formalin (two control, six autistic), returned a value
of r 5 0.58 (P 5 0.13). These data, although not statis-
tically significant, suggest that 33% of the variability in
the density of MLIs may be accounted for by the num-
ber of years in formalin (r2 5 0.33). It is important to
note, however, that this is a positive correlation; as years
in formalin increases, the No. MLIs/mm3 also increases.
Thus, longer time periods in formalin did not appear to
have a detrimental effect on the number of molecular
layer interneurons identified with PV immunohisto-
chemistry. Pearson correlation, also used to examine the
relationship between density of MLIs and PMI (two
control, five autistic), returned a value of r 5 0.71 (r2 5
0.50; P 5 0.07). Again, this is a positive correlation; as
PMI increases, the No. MLIs/mm3 also increases. Thus,
the longer PMI did not appear to have a detrimental
effect on the MLIs.

DISCUSSION

Summary of Results

This study presents the first stereological cell
counting data on cerebellar MLIs in the autistic brain. In
both the autistic and the control cases, there was a sig-
nificant correlation in the density of BCs and SCs (P <

Fig. 2. The No. SCs/mm3 for each control case (gray bars) and
autistic case (black bars) is shown. In the control brains, the density
ranged from 9,014 to 20,849/mm3, with a mean density 6 SD of
14,794 6 6,072/mm3. The corresponding densities for the autistic
brains were 8,164–22,586/mm3 and 13,990 6 6,164/mm3. With this
sample, no statistically significant difference was identified between
the control and the autistic groups, with P 5 0.84.

Fig. 3. The No. MLIs/mm3 for each control case (gray bars) and
autistic case (black bars) is shown. In the control brains, the density
ranged from 13,152 to 26,489/mm3, with a mean density 6 SD of
19,272 6 6,853/mm3. The corresponding densities for the autistic
brains were 11,193–25,440/mm3 and 17,124 6 6,045/mm3. With
this sample, no statistically significant difference was identified
between the control and the autistic groups, with P 5 0.62.

Fig. 1. The No. BCs/mm3 for each control case (gray bars) and
autistic case (black bars) is shown. In the control brains, the density
ranged from 17,219 to 32,129/mm3, with a mean density 6 SD of
23,751 6 7,658/mm3. In autistic brains, the density ranged from
14,222 to 28,293/mm3, with 20,258 6 5,980/mm3. With this sam-
ple, no statistically significant difference was identified between the
control and the autistic groups, with P 5 0.44.
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0.001) without a significant difference in the density of
BC and SC interneurons, with P 5 0.44 and P 5 0.84,
respectively. There was no significant relationship
between the density of these interneurons (BCs, SCs)
and group (autistic, control; Table II, Figs. 1–3).

Discussion of MLI Counts

Although the sample size in this study was modest,
the density and variability of MLIs in both the autistic
and control cases in the current study are in close agree-
ment with data from Andersen et al. (1992). In their
study of the normal human brain, the density ranged
from approximately 8,000 to 32,000 MLIs/mm3. In the
current study, the density of the MLIs in the autistic
cases ranged from 11,193 to 25,440 MLIs/mm3 and in
the control cases from 13,152 to 26,489 MLIs/mm3.

There was no significant relationship between the
density of the interneurons (No. BCs/mm3, No. SCs/
mm3) and the density of PC (No. PCs/mm; P 5 0.57,
P 5 0.34; Table II). A significant difference in the No.
BCs per PC and the No. SCs per PC between the con-
trol and the autistic cases was also not identified (P 5
0.47 and P 5 0.44, respectively; Figs. 4, 5). The number
of MLIs per PC in the control brains (Fig. 6) is in close
agreement with data from Andersen et al. (1992). They
reported a mean of 50.0 MLIs/PC in the human cere-
bellum. In the current study, the mean number of
MLIs/PC in the control brains was 50.1. In the autistic
brains, the mean number of MLIs/PC was higher, at
95.5, because of a decreased number of PCs in at least
two, and possibly three, of the six autistic cases (Table I,
Figs. 3–6). These data demonstrate that MLIs were pre-
served in cases with reduced PCs numbers.

The finding that autistic cases with a reduced den-
sity of PCs had preservation MLIs was the basis from
which we developed our hypothesis for the timing of
PC loss in autistic cases with reduced PC numbers. Spe-
cifically, we looked to studies of mutant mice, normal
rat cerebellar development, and normal human cerebellar
development to formulate this hypothesis. Collectively,
this work reveals the importance of the early presence of
PCs for BC and SC survival.

Contribution of Mutant Mice Studies to Our
Hypothesis of the Timing of PC Reduction

To this point in time, many researchers have been
careful to indicate that there is reduction in PCs in the
autistic brain, because there was no direct evidence that
PCs were generated and then died at a later time. How-
ever, published work in mutant mice with PC loss at
varying developmental times lends evidence that, in
autistic brains with reduced PC numbers, PCs were gen-
erated during the prenatal period and subsequently died.
This research has shown that PCs are critical for the
proper cellular organization and development of the cer-
ebellar cortex (Sotelo, 1990; Feddersen et al., 1992;
Smeyne et al., 1995; Soha et al., 1997). Specifically, in
mice with disruption in PC development, it has been

Fig. 5. The No. SCs per PC for each control case (gray bars) and
autistic case (black bars) is shown. In the controls, the number of
SCs per PC ranged from 16.7 to 41.9, with a mean 6 SD of 27.5 6
11.1 SCs/PC. In the autistic group, these numbers ranged from 12.3
to 195.3, with a mean 6 SD of 56.3 6 68.9 SCs/PC. With this
sample, no statistically significant difference was identified between
the control and the autistic groups, with P 5 0.44.

Fig. 4. The No. BCs per PC for each control case (gray bars) and
autistic case (black bars) is shown. In the controls, the number of
BCs per PC ranged from 16.0 to 34.9, with a mean 6 SD of 22.7
6 8.5 BCs/PC. In the autistic group, these numbers ranged from
10.6 to 124.5, with a mean 6 SD of 39.2 6 42.7 BCs/PC. With
this sample, no statistically significant difference was identified
between the control and the autistic groups, with P 5 0.47.

Fig. 6. The No. MLIs per PC for each control case (gray bars) and
autistic case (black bars) is shown. In the controls, the number of
MLIs per PC ranged from 32.7 to 76.8, with a mean 6 SD of 50.1
6 19.5 MLIs/PC. In the autistic group, these numbers ranged from
22.9 to 319.8, with a mean 6 SD of 95.5 6 111.5 MLIs/PC. With
this sample, no statistically significant difference was identified
between the control and the autistic groups, with P 5 0.45.
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shown that the cerebellum does not possess the normal
three-layer cortex and that there are gross abnormalities
in cerebellar foliation (Feddersen et al., 1992; Smeyne
et al., 1995). In the L7ADT transgenic mouse, for exam-
ple, PC death occurs early in development and results in
a small cerebellum that lacks both normal foliation and
cytoarchitecture (Smeyne et al., 1995). Three transgenic
mouse strains (SV4, SV5, SV6) examined by Fedderson
et al. (1992) provide further evidence that PCs are nec-
essary for normal cerebellar development. Fedderson
et al. (1992) found that the SV5 transgenic mouse,
which experiences disrupted PC development at a time
when these cells are still immature, had an overall
reduced cerebellar size, abnormal foliation, and abnormal
cerebellar cytoarchitecture. In contrast, death of mature
PCs in the SV4 and SV6 mice was associated with

normal cerebellar foliation and normal cerebellar cortical
architecture. In the autistic brain, although there have
been inconsistent reports of atrophy of selective folia
(Courchesne et al., 1988, 1994a,b; Murakami et al.,
1989; Garber et al., 1989; Garber and Ritvo, 1992;
Hashimoto et al., 1992; Holttum et al., 1992; Kleiman
et al., 1992; Piven et al., 1997; Hardan et al., 2001;
Sparks et al., 2002), there is no evidence of cerebellar
cortical malformations (Williams et al., 1980; Bauman
and Kemper, 1985; Ritvo et al., 1986; Kemper and
Bauman, 1993; Bailey et al., 1998; Lee et al., 2002;
Fatemi et al., 2002b; Whitney et al., 2008).

Additionally, the autistic cases in the current study
with a reduced density of PCs and concomitant normal
density of MLIs provide further evidence for the timing
of PC loss in the autistic brain. It is proposed, based on

Fig. 7. Molecular layer basket and stel-
late cells are shown in a–d. Note the
variability in molecular layer inter-
neuron density. a: Control brain 4104.
b: Autistic brain 3511. c: Control brain
Duke-495. d: Autistic brain 4414. All
photographs taken at 3200. [Color fig-
ure can be viewed in the online issue,
which is available at www.interscience.
wiley.com.]
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work in mutant mice, that the survival of cerebellar
interneurons is dependent on the establishment of func-
tional synaptic contacts prior to PC death (Sotelo and
Triller, 1979; Feddersen et al., 1992). This suggests that
the survival of BCs and SCs in brains with reduced PC
numbers, as seen in cases 4414, 3845, and possibly 4099,
requires that BCs and SCs established functional synaptic
contacts prior to PC death. It is proposed that, once
these synaptic contacts are established, BCs and SCs are
able to persist without the PC target (Sotelo and Triller,
1979). In contrast to the L7ADT and S5V mice that lose
PCs prior to synaptogenesis, PCs in the nervous mutant
mouse develop normally until P23, at a time when
major synaptic contacts have been established (Sotelo
and Triller, 1979). These mutants then experience
marked PC loss (Sotelo and Triller, 1979). Qualitative
analysis, more than 1 year later, reveals that the BC and
SC populations are ‘‘relatively unaffected’’ (Sotelo and
Triller, 1979). The pogo (Jeong et al., 2000) and toppler
(Duchala et al., 2004) mutant mice also lose PCs follow-
ing the period of synaptogenesis. Both of these mutants
have preservation of their BC and SC populations (Jeong
et al., 2000; Duchala et al., 2004). Thus, we propose,
based on these data, that, in autistic brains where a
reduction in PC is observed, the PCs are lost following
the period when major synaptic contacts have been
established. The timing of these synaptic contacts is dis-
cussed below.

Cerebellar Synaptogenesis

In the human cerebellum, BCs are first observed in
the molecular layer between 16 and 19 weeks of gesta-
tion, with SCs observed 5 weeks later (Rakic and
Sidman, 1970; Bayer et al., 1993). Bayer et al. (1993)
have speculated on the timing of synaptogenesis in the
human cerebellum, based on developmental patterns in
the rat. They speculate that, in the human brain, BC-
parallel fiber synaptogenesis begins in the lower molecu-
lar layer at approximately 28 weeks of gestation and the
BC-PC synapse begins soon thereafter, by 30 weeks of
gestation. Synaptogenesis then proceeds in an inside-out
pattern, and, by approximately 32 weeks of gestation,
both SC-parallel fiber and SC-PC synapses begin to
form in the upper molecular layer. Rakic and Sidman
(1970), from direct observation of the developing human
cerebellum, place the development of the BC plexus on
the Purkinje cell in the human brain at some time after
32 weeks.

Hypothesis: Timing of PC Loss in the
Autistic Brain

Observations in mutant mice and timing of the
synaptogenesis in the developing human cerebellum,
taken together with the preserved density of interneur-
ons in the autistic brain with decreased number of PCs,
suggest the earliest timing of the cerebellar pathology is
the latter one-fourth of the gestational period or early

postnatal period. This gestational timing for the loss of
PCs is slightly later than that proposed by Kemper of
Bauman (1993). They speculate that the loss of PCs
might have occurred at or before about 30 weeks of ges-
tation. This timing was based on two observations. One
was that the decreased number of PCs was not accompa-
nied by loss of neurons in the inferior olive, a loss that
regularly occurs in the human brain with loss of PCs af-
ter 39 weeks of gestation (Holms and Stewart, 1908;
Norman, 1940). At this late gestational stage, climbing
fibers from the contralateral inferior olive densely inner-
vate the PC dendritic tree. The other was the initiation
of the complex pattern of climbing fiber innervation of
the PC at about 30 weeks of gestation. According to
Marin-Padilla (1985), the olivocerebellar climbing fiber
initially forms a pericellular plexus around the Purkinje
cell body at 29–31 weeks of gestation and at 34–36
weeks is concentrated above Purkinje cell body and then
starts to climb up the Purkinje cell dendrites at about 36
weeks of gestation. The timing of the dependence of the
inferior olive could conceivably be any time during this
trajectory.

The current study, taken together with prior pub-
lished work on the preservation of inferior olivary neu-
rons in the autistic brain (Kemper and Bauman, 1993),
overwhelmingly favors a late prenatal loss of PCs, during
the latter one-fourth of the gestation period. Despite the
strong evidence for a prenatal loss of PCs, it remains
possible that PC loss, when present in the autistic brain,
may extend into the postnatal period. This potential sce-
nario is based on the transient innervation pattern of
immature PCs. In the developing rodent cerebellum, a
single PC is innervated by multiple climbing fibers
(Mariani and Changeux, 1981; Crepel, 1982; Kakizawa
et al., 2000). As the rodent cerebellum matures, how-
ever, surplus climbing fibers regress and, by the second
to third postnatal week, a time that corresponds to the
final few weeks of human gestation (Bayer et al., 1993),
each PC is innervated by a single climbing fiber (Mariani
and Changeux, 1981; Kano et al., 1997; Hashimoto and
Kano, 2005). Experimental manipulation of metabo-
tropic glutamate receptors type 1 (mGluR1; Kano et al.,
1997) and NMDA receptors (Kakizawa et al., 2000),
however, has been shown to halt the regression of the
surplus climbing fibers. Consequently, in these experi-
mental animals, mature PCs persist with innervation
from multiple olivocerebellar climbing fibers. This alter-
ation interferes with the one-to-one relationship
between climbing fibers and PCs and, perhaps, alters the
dependence of inferior olivary neurons on PC survival.
Although there is currently no evidence to suggest that a
similar process occurs in autistic brains with reduced PC
numbers, we cannot discount the possibility that some
unknown alternative process is responsible for the sur-
vival of the inferior olivary neurons in these brains. In
this regard, the age-related changes in the inferior olive
and deep cerebellar nuclei, as described by Kemper and
Bauman (1993), may signify an alternate circuitry and,
thus, an alternate process by which inferior olivary neu-

2252 Whitney et al.

Journal of Neuroscience Research



rons are preserved in autistic cases with reduced PC
numbers.

CONCLUSIONS

From the data of the current study, we conclude
that, despite genetic and receptor binding evidence of
involvement of the GABAergic system in autism, there
is no evidence of an abnormality in the number or dis-
tribution of the GABAergic BC and SC interneurons in
the cerebellar molecular layer. Additionally, data from
the current study, taken together with prior published
work on the preservation of inferior olivary neurons in
the autistic brain and evidence from studies on mutant
mice and normal rat and human cerebellar development,
provide the strongest evidence to date that, in autistic
brains with PC reduction, PCs were generated, migrated
to their proper location in the PC layer, and then died.
Although the evidence overwhelmingly supports a loss
of PCs in the latter part of the gestational period, we
cannot rule out the possibility that PC loss persists into
the postnatal period.
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