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Neurobiology of Disease

Stereological Analysis of Amygdala Neuron Number
in Autism
Cynthia Mills Schumann and David G. Amaral
Department of Psychiatry and Behavioral Sciences and The M.I.N.D. Institute, University of California, Davis, Sacramento, California 95817

The amygdala is one of several brain regions suspected to be pathological in autism. Previously, we found that young children with autism
have a larger amygdala than typically developing children. Past qualitative observations of the autistic brain suggest increased cell density
in some nuclei of the postmortem autistic amygdala. In this first, quantitative stereological study of the autistic brain, we counted and
measured neurons in several amygdala subdivisions of 9 autism male brains and 10 age-matched male control brains. Cases with
comorbid seizure disorder were excluded from the study. The amygdaloid complex was outlined on coronal sections then partitioned into
five reliably defined subdivisions: (1) lateral nucleus, (2) basal nucleus, (3) accessory basal nucleus, (4) central nucleus, and (5) remaining
nuclei. There is no difference in overall volume of the amygdala or in individual subdivisions. There are also no changes in cell size.
However, there are significantly fewer neurons in the autistic amygdala overall and in its lateral nucleus. In conjunction with the findings
from previous magnetic resonance imaging studies, the autistic amygdala appears to undergo an abnormal pattern of postnatal development that includes early enlargement and ultimately a reduced number of neurons. It will be important to determine in future studies
whether neuron loss in the amygdala is a consistent characteristic of autism and whether cell loss occurs in other brain regions as well.
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Introduction
Autism is a lifelong neurodevelopmental disorder characterized
by impairments in social interaction, deficits in communication,
and a restricted repertoire of interests. The cause(s) of autism
remains unknown and associated neuropathology has not been
clearly established. Given the complexity of symptoms seen in
autism, it is probable that several brain areas are dysfunctional.
The amygdala, which is involved in the production and recognition of emotions such as fear, has been consistently implicated in
the pathophysiology of autism (Baron-Cohen et al., 2000). Structural magnetic resonance imaging (MRI) studies indicate an abnormal growth pattern in the amygdala marked by precocious
enlargement (Sparks et al., 2002; Schumann et al., 2004).
Bauman and Kemper (1985, 1994) were the first to report
abnormalities in the amygdala in postmortem autism cases. Serial
histological sections stained for cell bodies through the amygdala
of a 29-year-old male with autism and comorbid seizure disorder
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trol male. Density measures were taken in the central part of each
amygdaloid nucleus (Bauman and Kemper, 1985). Increased
cell-packing density and reduced cell sizes were observed in the
central, medial, and cortical nuclei in the autism case. Kemper
and Bauman (1993) extended their initial case study with qualitative analyses of five additional cases of autism (four males and
one female; ages 9, 10, 12, 22, and 28) and confirmed their initial
observations. Kemper and Bauman speculated that the patches of
small, densely packed neurons were symptomatic of arrested development in portions of the amygdala. The results are complicated, however, by the fact that four of the six cases also had a
seizure disorder. It is well established that epilepsy alone can
affect the structure of the amygdala (Pitkanen et al., 1998). More
recent postmortem studies of the autistic brain have only superficially evaluated amygdala pathology (Bailey et al., 1998).
Bauman and Kemper (1985, 1994) described changes in neuronal density, or neurons per unit volume, in portions of the
autistic amygdala. Recent studies, however, have raised methodological concerns about the interpretation of density measurements as an indication of neuropathology. Haug et al. (1994), for
example, found that the process of tissue fixation results in differential shrinkage of brains at different ages; shrinkage was inversely proportional to age. The implication of this finding is that
differences in the density of neurons may reflect changes in the
volume of the tissue rather than changes in total cell number. The
only way to unambiguously interpret pathological changes in
neuron number is to actually count a representative sample of
neurons in a defined volume (West et al., 1991). The goal of the
current study was to measure neuron number, regional volume,
and mean neuronal cross-sectional area in the entire amygdala
and in individual amygdaloid nuclei. We have analyzed postmor-
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Table 1. Clinical characteristics of postmortem cases
Age at death (years)

Diagnosis

Postmortem interval (hours)

Hemisphere

10
11
14
15
15
16
17
18
20
24
25
27
27
28
32
35
36
44
44

Autism
Control
Control
Autism
Autism
Autism
Control
Control
Autism
Control
Control
Control
Control
Autism
Control
Autism
Autism
Autism
Control

24
30
19
3
12
47
24
20
24
19
19
21
21
18
17
17
24
31
26

Right
Left
Right
Right
Right
Right
Left
Left
Right
Right
Left
Right
Left
Left
Left
Left
Left
Left
Left

tem brains from 9 male cases of autism and compared these with
postmortem brains from 10 typically developing age-matched
male controls using systematic stereological techniques. None of
the cases analyzed in this study had comorbid epilepsy during life.

Materials and Methods
This study was approved by the Institutional Review Board of the University of California, Davis. Nineteen postmortem brains, 9 from individuals with autism and 10 from age-matched typically developing controls, were collected for this study. Clinical characteristics are
summarized in Table 1. Cases were free of seizure disorder or other major
neurological disorders (e.g., schizophrenia, blindness). The diagnosis of
autism was confirmed by postmortem use of the Autism Diagnostic Interview–Revised (ADI-R) in seven of the nine cases (Lord et al., 1994). No
other clinical information is available for these cases.
Tissue preparation. After removal of the brain from the skull, each
brain was immersed in 10% buffered formalin for at least 8 weeks before
transfer to our laboratory. A proton density-weighted MRI scan was
collected on each of the 19 brains with a 1.5 T magnet at the University of
California, Davis, Imaging Research Center (Schumann et al., 2001). A 4
cm block containing the entire rostrocaudal extent of the amygdala was
cut from one hemisphere and placed into a cryoprotectant solution (10%
glycerol in 0.1 M phosphate buffer for 2 d and 20% glycerol for 5 d) in
preparation for freezing. The tissue block was frozen with 2-methyl butane (isopentane) and serially sectioned into six series of 50-m-thick
sections and two series of 100-m-thick sections. One 100 m series was
stained with 0.25% thionin (standard Nissl method) for additional
analyses.
Stereological measurements. All measurements were made using a Nikon Eclipse 600 microscope attached to an Optronics camera with Microfire software, which was connected to a Dell Precision 450 workstation using Stereoinvestigator software (MicroBrightField, Williston,
VT). The entire rostrocaudal extent of the human amygdala was defined
on every 100 m Nissl section in which it was present; this was ⬃25
sections per case. The amygdala was further partitioned into five subdivisions (Fig. 1): (1) lateral nucleus (⬃20 sections), (2) basal nucleus (⬃20
sections), (3) accessory basal nucleus (⬃20 sections), (4) central nucleus
(⬃10 sections), and (5) remaining nuclei (⬃25 sections). The remaining
amygdala nuclei were defined as the nuclei that were enclosed within the
outer border of the amygdala after subtracting the lateral, basal, accessory
basal, and central nuclei. The remaining nuclei included the anterior
cortical nucleus, anterior amygdaloid area, nucleus of the lateral olfactory tract, periamygdaloid cortex (Fig. 1a), medial nucleus, posterior
cortical nucleus, amygdalohippocampal area, and intercalated nuclei

(Fig. 1c). A detailed protocol for defining the
amygdala boundaries has been provided previously (Schumann and Amaral, 2005).
Choking
The postprocessing volume of each region
Cardiac arrest
was estimated using the Cavalieri method. This
Drowning
tool was implemented by randomly overlaying
Pneumonia
a lattice of points on each section and counting
Drowning
the number of points of the lattice located
Stopped breathing
within the region being measured. By knowing
Motor vehicle accident
the following parameters: the number of points
Drowning
counted within the region, the grid spacing area
Motor vehicle accident
(0.04 mm 2 or 200 m between points), and the
Chest gunshot wound
cut thickness (100 m) of the histological secDrowning
tions, we were able to calculate the volume of
Hanging
each region.
Cardiac arrest
An optical fractionator method was used to
Carbon monoxide
estimate the number of neurons in each subdiArteriosclerosis
vision of the amygdaloid complex at high magPneumonia
nification with a 100⫻ (1.30 numerical aperCardiac arrest
ture) oil objective (Fig. 2). The optical
Heart disease
fractionator method (West et al., 1991) is a
Pneumonia
three-dimensional probe placed through the
reference space, which was used to estimate the
number of neurons in each subdivision of the
amygdala. This method is independent of volume measurements and thus unaffected by tissue shrinkage. Parameters
for applying the optical fractionator method for counting cells in the
amygdala nuclei have been described previously (Schumann and Amaral,
2005). Briefly, a neuron was counted if the nucleus associated with that
neuron first came into focus within the optical disector counting frame
(i.e., a neuron was not counted if the nucleus associated with that neuron
came into focus within the guard zone or if the nucleus was touching the
left or bottom side of the disector frame). Neurons were distinguished
from glia on the basis of size, presence of a visible rim of cytoplasm
surrounding the nucleus, and a prominent nucleolus. The optical disector height (thickness) was 9 m with a 3 m top and bottom guard zone.
The mean section thickness measured at every other counting frame site
was used for final calculation of neuron number for each subdivision of the
amygdaloid complex. The estimation of neuron number was calculated by
the product of the total number of neurons counted at the disectors, the
section sampling fraction (number of sections sampled per total sections),
the area sampling fraction (area of section sampled per total area), and the
thickness sampling fraction (section thickness per disector height).
The cross-sectional areas of neurons were also measured using a Nucleator method (Gundersen, 1988). Each time a neuron was counted with
the optical fractionator, a grid of six radially extending lines with origin at
the nucleus was overlaid onto the neuron. The point at which each line
intersected the boundary of the neuron was marked. The mean line
length from the nucleus to the border of the neuron was used as the
radius to calculate neuronal cross-sectional area.
Statistical analyses. Two-tailed t tests were performed to identify statistically significant differences between autism and control cases. Comparisons were made of the age of the subjects at death, volume of the total
amygdala and amygdala subdivisions, neuron number, neuron crosssectional area, and neuronal density (neurons per unit volume).
Cause of death

Results
There was no difference in the mean age at death of the autism
and control cases (Table 1). There were no group differences in
the volume of the total amygdala or of its subdivisions (Table 2).
Nor were there differences in the cross-sectional areas of measured neurons. However, there were significantly fewer neurons
in the autistic amygdala compared with controls ( p ⫽ 0.032).
While there was a trend for several amygdaloid nuclei to have
fewer neurons in the autistic cases, the decrease in the lateral
nucleus reached significance ( p ⫽ 0.029) (Fig. 3). There was also
a trend toward fewer neurons in the “remaining nuclei” subdivision in the autism group relative to controls ( p ⫽ 0.061).
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Figure 2. Photomicrograph of a Nissl-stained section illustrating the lateral nucleus at
100⫻ (the magnification used for the optical fractionator) from a 15-year-old with autism.
Scale bar, 10 m.

Subject age at death was not correlated with the number of
neurons in the total amygdala (Fig. 4) or in any of its subdivisions. When age was included as a covariate, the number of neurons in the total amygdala ( p ⫽ 0.037) and in the lateral nucleus
( p ⫽ 0.035) of autism cases remained significantly lower. The
density of neurons in the lateral nucleus was lower in the autism
group relative to controls ( p ⫽ 0.049).

Discussion

Figure 1. Brightfield photomicrograph of Nissl-stained coronal sections through rostral (a),
midrostrocaudal (b), and caudal (c) levels of the amygdala. AAA, Anterior amygdaloid area; AB,
accessory basal nucleus; AHA, amygdalohippocampal area; B, basal nucleus; C, central nucleus;
COa, anterior cortical nucleus; COp, posterior cortical nucleus; EC, entorhinal cortex; H, hippocampus; I, intercalated nuclei; L, lateral nucleus; M, medial nucleus; NLOT, nucleus of the
lateral olfactory tract; OT, optic tract; PAC, periamygdaloid cortex; PL, paralaminar nucleus; PU,
putamen; SAS, semiannular sulcus; VC, ventral claustrum. Scale bar, 2 mm.

This is the first study to use systematic, stereological sampling
techniques to quantitatively measure the number of neurons in
the autistic amygdala. The major finding is that the total amygdala and its lateral nucleus have significantly fewer neurons in the
autistic brains compared with age-matched controls.
Before the current study, the amygdala of only seven autism
cases had been systematically examined (Bauman and Kemper,
1985; Kemper and Bauman, 1993; Bailey et al., 1998). Bauman
and Kemper reported decreased size and increased density of
neurons in the medial, central, and cortical nuclei. We did not
replicate these findings. There are several fundamental differences between the reports of Bauman and Kemper and the current study. First, the previous studies made qualitative observations of neuronal density and the actual numbers of neurons were
not determined. The current study, in contrast, used modern
stereological methods to obtain quantitative measurements of
true neuron number in the entire amygdala and five reliably defined subdivisions. Second, most of the brains from the autism
cases in the previous studies had a comorbid seizure disorder.
There is substantial evidence that temporal lobe epilepsy is associated with pathology, including cell loss, of the amygdala (Pitkanen et al., 1998; Vernet et al., 2000). We eliminated this potentially confounding factor by only analyzing postmortem brains
from individuals with no history of seizures.
Magnetic resonance imaging studies of typically developing
male children indicate that the amygdala undergoes a prolonged
postnatal increase in volume and reaches an adult size in late
adolescence (Giedd et al., 1996; Giedd, 1997; Schumann et al.,
2004). In contrast, the amygdala in autistic boys is at adult size by
⬃8 years of age and does not enlarge thereafter (Sparks et al.,
2002; Schumann et al., 2004). One possibility to account for the
greater initial volume of the autistic amygdala is that there is an
exuberant proliferative phase with the generation of a greater
number of neurons. This might be reflected in a greater number
of neurons in the mature, postmortem brain. We found, however, that there were actually fewer neurons in the amygdala of
autistic individuals compared with age-matched controls, al-
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Table 2. Mean stereological measures ⴞ SD
Control (n ⫽ 10)
Age (years)
Volume (mm3)
Lateral nucleus
Basal nucleus
Accessory basal nucleus
Central nucleus
Remaining nuclei
Total amygdala
Neuron number (⫻106)
Lateral nucleus
Basal nucleus
Accessory basal nucleus
Central nucleus
Remaining nuclei
Total amygdala
Neuronal density (no. per cm3)
Lateral nucleus
Basal nucleus
Accessory basal nucleus
Central nucleus
Remaining nuclei
Total amygdala
Neuronal area (M2)
Lateral nucleus
Basal nucleus
Accessory basal nucleus
Central nucleus
Remaining nuclei
Total amygdala

23.9 ⫾ 10

Autism (n ⫽ 9)
24.3 ⫾ 12

452
343
152
34
399
1380

⫾ 43
⫾ 30
⫾ 16
⫾6
⫾ 48
⫾ 114

456 ⫾ 86
334 ⫾ 56
151 ⫾ 27
34 ⫾ 8
396 ⫾ 77
1371 ⫾ 224

4.00
3.24
1.28
0.36
3.34
12.21

⫾ 0.40
⫾ 0.52
⫾ 0.20
⫾ 0.08
⫾ 0.53
⫾ 1.28

3.47 ⫾ 0.57*
2.88 ⫾ 0.58
1.10 ⫾ 0.26
0.35 ⫾ 0.05
2.94 ⫾ 0.32
10.74 ⫾ 1.47*

8.98
9.38
8.61
10.61
8.22
8.87

⫾ 0.80
⫾ 1.18
⫾ 0.85
⫾ 1.56
⫾ 0.80
⫾ 0.53

7.78
8.71
7.38
10.58
7.70
7.99

257
265
273
185
211
238

⫾ 19
⫾ 24
⫾ 21
⫾ 15
⫾ 14
⫾ 15

253
268
282
174
216
239

⫾ 1.44*
⫾ 1.52
⫾ 1.74
⫾ 2.41
⫾ 1.99
⫾ 1.55
⫾ 28
⫾ 32
⫾ 25
⫾ 12
⫾ 19
⫾ 19

Figure 3. Number of neurons in five subdivisions of the amygdala of autism (red) and control
(blue) brains. The asterisk indicates significant difference ( p ⫽ 0.03) in neuron number between autism and control lateral nuclei.

*Measurement significantly lower than controls at p ⬍ 0.05.

though there was no difference in overall volume and neuron size
was indistinguishable from controls.
What might account for the observed lower number of neurons in the postmortem, autistic amygdala? Two obvious alternatives are the following: (1) fewer neurons were generated during
early development, or (2) a normal or even excessive number of
neurons was generated initially but some of these have subsequently degenerated. Unfortunately, we do not currently have
data to support or reject either of these possibilities. For example,
the early increased size of the autistic amygdala that was identified in MRI studies (Sparks et al., 2002; Schumann et al., 2004)
cannot be used as evidence of increased neuronal proliferation
because the size difference could be accounted for by an increase
in the number of glial cells or fibers rather than differences in
neuron number. The resolution of this issue would require similar stereological studies of the amygdala in neonatal autistic subjects. This is currently impractical because the diagnosis of
autism is typically made when a child is 3 years of age or older.
It is interesting to note, however, that both studies (Sparks et
al., 2002; Schumann et al., 2004) performed with young autistic children indicate that the amygdala is larger than normal,
whereas studies performed with adolescents (Sparks et al.,
2002; Schumann et al., 2004) and young adults (Aylward et al.,
1999; Pierce et al., 2001) indicate either no difference or a
smaller amygdala. This raises the possibility that the amygdala
has a normal or perhaps even increased number of neurons in
early postnatal life and that a regressive process takes place at
some later time.
Is there a unifying hypothesis that might account for the findings of an increased volume of the autistic amygdala in infancy
and a smaller number of neurons in the mature brain? Although

Figure 4. Bivariate scattergram of the number of neurons in the total amygdala of autism
(red) and control (blue) brains by age.

quite speculative at present, one intriguing hypothesis relates to
the concept of “allostatic load” (McEwen, 2003, 2004). As espoused by McEwen, stress promotes adaptation (allostasis)
through a variety of mechanisms such as the release of stress
hormones. However, persistent stressors can lead to damage to
multiple body systems (allostatic overload). This hypothesis is
based on several premises. One is that precocious growth of brain
regions such as the frontal lobe and amygdala is a characteristic
biological feature of autism (Redcay and Courchesne, 2005) perhaps through a fundamental defect in regulatory mechanisms of
ontogenesis. Precocious growth of the amygdala may lead to early
and excessive functional activity. A second consideration is the
abundance of evidence from animal (LeDoux, 2000; Davis et al.,
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2003) and human (Adolphs et al., 1994, 1995; Buchel and Dolan,
2000) studies that implicate the amygdala in the detection of
danger and the production of fear and anxiety. One component
of the response to fear is the regulation by the amygdala of both
autonomic activity and corticotropin and cortisol production
through its descending connections from the central nucleus
(Schulkin et al., 1994). In other words, the greater the output
from the amygdala, the larger the stress response. Interestingly,
the amygdala in children with an anxiety disorder is both larger
(De Bellis et al., 2000) and more active (Thomas et al., 2001) than
that of age-matched controls. Even in older autistic individuals,
Dalton et al. (2005) have recently demonstrated that the amygdala is more active when provoked by images of faces, a stimulus
category that is typically avoided by people with autism. This is
consistent with the literature indicating that anxiety is a common
comorbid feature of autism (Muris et al., 1998).
Thus, one possibility is that a biological defect inherent to
autism leads to the production of a larger and more active amygdala. The more active amygdala produces a heightened level of
fear and anxiety typical of autism (Muris et al., 1998) as well as a
heightened and chronic stress response. Over time, the heightened stress response could possibly have damaging effects leading
to the loss of neurons and a smaller amygdala. This scenario is not
without precedent, because in depression, early stages are associated with amygdala enlargement (Frodl et al., 2002), whereas
long-term depression is associated with atrophy of the amygdala
(Sheline et al., 1998). One caveat to this interpretation of our data
is the inherent heterogeneity of the human brain and the substantial variability within the diagnosis of autism. Although there was
a significant reduction in the number of neurons in the autistic
amygdala as a group, not all individuals with autism had fewer
neurons in the amygdala relative to their age-matched typically
developing counterparts. Our data are consistent with the view
that there may be many causes of autism and many neurological
sequelae. It will be important to perform similar quantitative
analyses on larger numbers of postmortem brains to determine
whether amygdaloid neuron loss is a consistent and important
pathological characteristic of autism.
To conclude, this is the first postmortem study to provide
quantitative evidence that the amygdala is structurally abnormal
in autism. In conjunction with the findings from our MRI studies
(Schumann et al., 2004), the amygdala appears to undergo an
abnormal pattern of development that includes early enlargement and a decreased number of neurons in adulthood. No study
to date has used modern stereological techniques in any area of
the autistic brain to determine whether there are differences in
neuron number. Therefore, it is unclear whether the finding of
decreased neuron numbers in the autistic amygdala is idiosyncratic for this brain region or a more generalized feature of the
autistic brain that will eventually be observed in other regions. As
mentioned above, many areas of the brain appear to undergo
abnormal overgrowth early in development, including the frontal
lobe and amygdala (Redcay and Courchesne, 2005). Unfortunately, sparse tissue availability has made postmortem studies
difficult to perform. Nonetheless, future stereological studies
performed in other brain regions will define the generality of the
findings reported here in the autistic brain.
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