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Abstract

Pathological changes in neuronal density in the amygdaloid complex have been associated with
various neurological disorders. However, due to variable shrinkage during tissue processing, the
only way to unambiguously determine changes in neuron number is to estimate absolute counts,
rather than neuronal density. As the first stage in evaluating potential neuropathology of the
amygdala in autism, the total number of neurons was estimated in the control human amygdaloid
complex using stereological sampling. The intact amygdaloid complex from one hemisphere of
ten brains was frozen and sectioned. One 100 um section was selected every 500 um and stained
by standard Nissl method. The entire amygdaloid complex was outlined then further partitioned
into five reliably defined subdivisions: 1. lateral nucleus, 2. basal nucleus, 3. accessory basal
nucleus, 4. central nucleus, 5. remaining nuclei (including anterior cortical, anterior amygdaloid
area, periamygdaloid cortex, medial, posterior cortical, nucleus of the lateral olfactory tract,
amygdalohippocampal area, and intercalated nuclei). The number of neurons was measured using
an optical fractionator with Stereoinvestigator software. The mean number of neurons (x106) for
each region was: lateral nucleus: 4.00, basal nucleus: 3.24, accessory basal nucleus: 1.28, central
nucleus: 0.36, remaining nuclei: 3.33, total amygdaloid complex: 12.21. The stereological
assessment of neuron number in the human amygdala provides an essential baseline for
comparison of patient populations, such as autism, in which the amygdala may develop
abnormally. To facilitate these types of analyses, this paper provides detailed anatomical
description of the methods used to define subdivisions of the human amygdaloid complex.
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Change in neuronal density or neuron number in the human amygdaloid complex has been
associated with the pathogenesis of various neurological and psychiatric disorders. For
example, an increase in the density of neurons in portions of the amygdaloid complex has
been reported in postmortem studies of autism (Bauman and Kemper, 1985; 1994). In
contrast, the number of neurons may be decreased in disorders such as epilepsy (Hudson et
al., 1993; Wolf et al., 1997; Thom et al., 1999), dementia (Herzog and Kemper, 1980; Scott
etal., 1992), and Parkinson's disease (Harding et al., 2002).

Although these studies are often portrayed as indicating an increase in, or loss of, neurons,
the observations from all of these studies are either qualitative or present estimates of
neuronal density (neurons per unit volume) rather than absolute neuron number. Several
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studies, however, have pointed out the flaws in declaring that a brain region is pathological
based solely on density measures. Haug (1994) found that the process of fixation, which
removes water to preserve the tissue, results in differential shrinkage of brains at different
ages; shrinkage was inversely proportional to age. Moreover, the effects of disease processes
on tissue shrinkage are unknown. Stereological techniques have been applied to other areas
of the human brain to accurately measure absolute neuron numbers (Pakkenberg and
Gundersen, 1988; West and Gundersen, 1990; Pakkenberg and Gundersen, 1997; West and
Slomianka, 1998; Andersen et al., 2003; Andersen et al., 2004; Korbo et al., 2004; West et
al., 2004). Although there is now a general consensus that the only way to get an accurate
measurement of neurons is to use stereological methods (Saper, 1996) and the only way to
unambiguously determine pathology-related changes in the number of neurons is to estimate
absolute neuron number, recent studies of the amygdaloid complex continue to assess the
density of neurons rather than absolute neuron number (Bowley et al., 2002; Harding et al.,
2002).

Little is known about how dysfunction of the amygdaloid complex may be related to the
pathogenesis of human disorders or accompanying behavioral impairments. This is due, in
part, to our incomplete understanding of the normal anatomy of the human amygdaloid
complex. This study sought to measure the total number of neurons in five well-defined
subdivisions of the human amygdaloid complex using systematic stereological sampling
techniques. In order to facilitate the use of these techniques in future studies, this paper
provides a detailed description of the guidelines used to define the subdivisions of the
human amygdaloid complex.

Materials and Methods

Tissue processing

Brain tissue through the entire rostrocaudal extent of the amygdaloid complex from ten
human cases was acquired for this study. Eight cases were acquired from the Brain and
Tissue Bank for Developmental Disorders at the University of Miami School of Medicine in
contract to the National Institute of Child Health and Development. Two cases were
acquired from the Department of Pathology at the University of California, Davis School of
Medicine. This study was approved by the Institutional Review Board of the University of
California, Davis. Clinical characteristics of the ten cases are summarized in Table 1.

After removal of the brain from the skull, each brain was immersed in 10% buffered
formalin for at least eight weeks prior to transfer to our laboratory. A proton-density
weighted magnetic resonance imaging (MRI) scan was acquired on each of the ten brains
with a 1.5 Tesla magnet at the UC Davis Imaging Research Center as previously described
(Schumann et al., 2001). A four centimeter block containing the entire rostrocaudal extent of
the amygdala (Figure 1) was cut from one hemisphere and returned to 10% buffered
formalin at 4 degrees Celsius. The amygdala tissue block was placed into a cryoprotectant
solution (10% glycerol for two days and 20% glycerol for five days) in preparation for
freezing. The tissue block was frozen with 2-methyl butane (isopentane) and serially
sectioned into six series of 50 um thick sections and two series of 100 um thick sections.
One 100 um series was stained with 0.25% thionin (standard Nissl method) for further
analyses.

The amygdaloid complex was outlined on every 100 um Nissl section in which it was
present (approximately 20-25 sections per case). The amygdaloid complex was further
partitioned into five subdivisions: 1. lateral nucleus, 2. basal nucleus, 3. accessory basal
nucleus, 4. central nucleus, and 5. remaining nuclei. A tenet of design based stereological
techniques is that the entire area of interest must be reliably sampled. The first four
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individual nuclei could reliably be defined from case-to-case. Other regions of the
amygdala, such as the periamygdaloid cortex, were highly variable across cases. Since a
goal of this study was to get an estimate of total neuron number in the amygdala, all
remaining regions of the amygdala were grouped into “remaining nuclei” that could be
accurately outlined. Since there is no published protocol for outlining the entire human
amygdala or its major subdivisions, a detailed description of our strategy is provided below.

Nissl-stained brightfield photomicrograph images (Figure 2) were acquired with a Nikon
Photomacrography Multiphot system, the amygdaloid complex was outlined with Canvas 9
(ACD Systems Inc., Miami, FL), and images were adjusted for brightness and contrast with
Adobe Photoshop 10 (Adobe systems Inc., San Jose, CA).

Definition of the human amygdaloid complex outer border

The rostral most section in which the amygdaloid complex was initially outlined was
defined as the section in which the first appearance of either the lateral or basal nucleus
occurred (Figure2a). In this section, the periamygdaloid cortex, anterior cortical nucleus,
and/or paralaminar nucleus, if present, were included in the outline. In some cases, portions
of what appeared to be the periamygdaloid cortex, anterior cortical nucleus, and/or
paralaminar nucleus were present rostral to this section. But these regions were not clearly
definable and therefore were not included in the amygdala outline.

The starting point of the outline was the dorsolateral point of where the medial surface of the
temporal lobe curves laterally (Figure 2a). From this point, a line was drawn ventrolaterally,
including the anterior cortical nucleus, to the top of the lateral nucleus (or basal nucleus if no
lateral nucleus was present). One exception to the above occurred if the ventral claustrum
extended into the temporal lobe dorsal to the lateral nucleus and ventral to the anterior
cortical nucleus. If the cluster of neurons in this area appeared continuous with the ventral
claustrum, it was excluded as part of the amygdala outline. The outline continued along the
lateral and ventral borders of the lateral and basal nucleus, then extended to the medial
surface of the brain at the semiannular sulcus. The outline was completed by drawing along
the medial surface of the temporal lobe to the starting point.

In progressively more caudal sections, additional nuclei appeared within the amygdaloid
complex (Figure 2b). These included the accessory basal nucleus, located dorsomedial to the
basal nucleus, and the nucleus of the lateral olfactory tract, which was visible in some cases
ventral to the anterior cortical nucleus. The anterior amygdaloid area was also present dorsal
to the lateral nucleus and ventrolateral to the anterior cortical nucleus. The outline was
drawn from the dorsolateral most point of the medial surface of the brain to the dorsal
border of the anterior amygdaloid area, then ventrolateral to the dorsal most point of the
lateral nucleus and completed as described above.

At midrostrocaudal levels through the amygdaloid complex, the anterior amygdaloid area
was no longer present (Figure 2¢). Fiber tracts cut across the dorsolateral portion of the
lateral nucleus. The basal nucleus also developed a large dorsal portion that appeared
separated from the rest of the nucleus due to fiber tracts. The central nucleus appeared dorsal
to the basal and accessory basal nuclei. The anterior cortical nucleus was replaced by the
medial nucleus on the medial surface of the brain. The amygdala also had scattered
intercalated nuclei that were included in the outline. The outline was drawn from the same
starting point to the dorsal most point of the central nucleus, around the lateral surface of the
central nucleus, until its ventrolateral extent was reached. The outline was then drawn to the
dorsal extent of the lateral or basal nucleus, whichever extended further dorsal, and
completed as described above.
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When the optic tract extended further laterally than the medial surface of the brain, or
extended the same distance laterally, the starting point of the outline became the dorsolateral
extent of the optic tract (Figure 2d). The outline extended laterally from the starting point,
dorsal to the medial nucleus and ventral to the substantia innominata, to the dorsal extent of
the central nucleus and completed as described above. At this level, the amygdala was
bordered dorsomedially by the substantia innominata, dorsolaterally by white matter, and
ventrally by the hippocampus. The amygdala formed a portion of the medial surface of the
brain adjacent to the optic tract. The temporal horn of the lateral ventricle often appeared
along the lateral border of the lateral nucleus. The hippocampus was clearly separated from
the lateral and basal nucleus by the paralaminar nucleus and the temporal horn of the lateral
ventricle. The lateral and basal nuclei decreased in size in subsequent caudal sections. The
outline at this level was drawn as described above.

At the caudal extent of the amygdaloid complex (Figures 2e and f), the
amygdalohippocampal area appeared ventromedial to the basal and accessory basal nuclei
and ventrolateral to periamygdaloid cortex. The amygdalohippocampal transition area was
present medial to the basal nucleus and ventral to the posterior cortical nucleus as a
dorsomedial extension of the hippocampus, and was not included in the amygdala outline.
The outline at the caudal extent of the amygdala was drawn essentially as just described
above for adjacent rostral sections. The ventromedial limit of the amygdaloid complex was
located just ventral to the posterior cortical nucleus and dorsal to the amygdalohippocampal
transition area. Sections were outlined until both the basal and accessory basal nuclei could
no longer be identified. Although some variable portion of central nucleus,
amygdalohippocampal area, and/or posterior cortical nucleus may still be present in sections
located caudal to the basal and accessory basal nuclei, these were not clearly definable and
therefore not included within the outline.

Delineation of the lateral nucleus

The lateral and ventral boundaries of the lateral nucleus were previously defined in the
process of making the amygdala outer border outline. To define the dorsal and medial
border, a line was drawn from the dorsolateral extent of the lateral nucleus at the existing
outline and extended medially until the basal nucleus was reached to form the dorsal border
(Figure 2a). This point was identified in two ways: 1) the dorsal extent of the border
between the lateral and basal nucleus was marked by white matter slightly dipping ventrally
between the two nuclei and 2) neurons in the dorsal portion of the basal nucleus were larger
and darker than those of the adjacent lateral nucleus. The outline continued ventrally
between the lateral and basal nucleus until the existing outline of the amygdala was reached.

At midrostrocaudal levels, the dorsolateral division of the lateral nucleus extended further
dorsal than in rostral sections (Figure 2c). The dorsal and medial outline was drawn as
described above for rostral sections. The medial border of the lateral nucleus, particularly in
the ventral portion, was difficult to define. In addition to the suggestions above, another aid
to delineate the lateral and basal nuclei was to find where the paralaminar nucleus, along the
existing ventral border of the amygdala, extended dorsally between the two nuclei.

In more caudal sections, the lateral nucleus continued to decrease in size and was less
fragmented by fiber tracts (Figure 2d). The outline was drawn as described above until the
last section in which lateral nucleus was present (Figure 2e).

Delineation of the basal nucleus

Most of the lateral border of the basal nucleus was already present from the definition of the
medial border of the lateral nucleus. The paralaminar nucleus remains ventral to the basal
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nucleus throughout most of the amygdala and the two nuclei are often difficult to
distinguish. Therefore, for this study, the basal and paralaminar nuclei were combined into
one contour and referred to as the basal nucleus. The ventral border of the basal nucleus was
already present from the outer amygdala border outline.

In rostral sections, the outline of the basal nucleus began at the dorsolateral extent of the
basal nucleus on the existing lateral border (Figure 2a). The outline then extended slightly
dorsal to include the dorsal portion of the basal nucleus before continuing medially to
complete the dorsal border. The outline continued ventrally to form the medial border of the
basal nucleus until the existing ventral border of the amygdala was reached.

In more caudal sections, the basal nucleus increased in size (Figure 2b). The accessory basal
nucleus formed the dorsomedial border with the basal nucleus and ventral to this, the basal
nucleus was bordered medially by the periamygdaloid cortex. The ventromedial limit of the
basal nucleus was associated with the medial extent of the paralaminar nucleus.

At midrostrocaudal levels, the dorsolateral portion of the basal nucleus was often
encapsulated by white matter (Figure 2c). The outline was drawn from the dorsolateral
extent of the main body of the basal nucleus on the existing outline as described above,
continued to the dorsal tip of the main body, and extended to include the additional
dorsolateral portion. The outline was drawn around the additional portion of the basal
nucleus and continued back to the main body of the basal nucleus. The remaining outline of
the basal nucleus was drawn as described above.

In more caudal sections, the basal nucleus decreased in size and the additional dorsolateral
portion of the basal was fused with the main body (Figure 2d). The central nucleus was
present at this level and separated from the dorsomedial portion of the basal nucleus by
fibers.

In caudal sections, the amygdalohippocampal area replaced the periamygdaloid cortex as the
ventromedial border of the basal nucleus (Figure 2e). The border between the
amygdalohippocampal area and the ventral portion of the basal nucleus was often difficult to
distinguish. Neurons of the amygdalohippocampal area were more homogeneously
distributed, appeared darker, and more densely-packed than adjacent basal nucleus neurons.
The medial extent of the basal nucleus continued to be defined by the medial extent of the
paralaminar nucleus along the ventral surface of the amygdala. The outline at this level was
drawn as described for rostral sections.

When the lateral nucleus was no longer present, the dorsal, lateral, and ventral borders of the
basal nucleus formed part of the existing outer amygdala outline (Figure 2f). Surrounding
structures included the central nucleus dorsally, accessory basal nucleus dorsomedially,
temporal horn of the lateral ventricle laterally, and hippocampus ventrally. The outline of the
basal nucleus at its caudal extent began at the existing outer amygdala outline, continued
dorsomedially to the accessory basal nucleus, then ventromedially until the existing
amygdala boundary was reached.

Delineation of accessory basal nucleus

The rostral extent of the accessory basal nucleus first appears dorsomedial to the basal
nucleus (Figure 2b). The existing medial border of the basal nucleus forms the lateral border
of the accessory basal nucleus. In general, accessory basal neurons are slightly smaller and
more lightly stained than cells of the basal nucleus, and gradually decrease in size from
dorsolateral to ventromedial. The periamygdaloid cortex was located medial to the accessory
basal nucleus for the rostral two-thirds of the amygdala. The outline of the accessory basal
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nucleus began at its dorsolateral extent at the existing basal nucleus outline. The outline
continued medially around the dorsal extent of the accessory basal nucleus, then
ventromedially along the fiber tracts, and completed along the ventral border until the
preexisting outline of the basal nucleus was reached.

At midrostrocaudal levels, the accessory basal nucleus was bordered dorsomedially by the
medial nucleus and medially by the periamygdaloid cortex (Figure 2¢). The central nucleus
was located dorsomedial to the accessory basal, but was clearly separated from it by fiber
bundles. The dorsal and medial boundaries of the accessory basal nucleus were drawn as
described above for rostral sections.

In more caudal sections, the accessory basal nucleus was bordered dorsolaterally by the
central nucleus, dorsomedially by the medial nucleus, medially by the posterior cortical
nucleus, and ventromedially by the amygdalohippocampal area (Figures 2d and e). The
outline began at the dorsolateral extent of the accessory basal nucleus on the existing border
of the basal nucleus as described in previous sections, continued dorsally around the dorsal
tip of the accessory basal nucleus, continued medially and ventrally to the
amygdalohippocampal area, then completed ventrolaterally to the previously defined lateral
border.

In most cases, the accessory basal nucleus extended to the caudal pole of the amygdala and,
at these levels, was nearly completely surrounded by fiber tracts (Figure 2f). At this level,
the basal nucleus appeared more ventral than lateral to the accessory basal nucleus. The
outline of the accessory basal nucleus at the caudal extent began at the existing basal nucleus
outline along the ventrolateral border of the accessory basal nucleus, continued dorsally
around the dorsal tip of the accessory basal nucleus, then ventrally until the existing basal
nucleus outline was reached.

Delineation of the central nucleus

The central nucleus was located in the dorsocaudal portion of the amygdala, and was nearly
completely encapsulated by fiber tracts. A band of fibers also separated the nucleus into two
subdivisions. The lateral subdivision was made up of small, more lightly stained neurons
relative to most of the amygdaloid complex, but homogeneous and densely packed. The
polymorphic neurons of the medial subdivision stained slightly darker than the lateral
subdivision and they were more loosely packed.

At the rostral extent of the central nucleus, the lateral division generally appeared before the
medial division (Figure 2c). The dorsolateral portion of the basal nucleus was present
ventrolaterally and the accessory basal nucleus was situated ventromedially. The
dorsolateral border of the central nucleus was part of the outer amygdala outline. The
remaining outline began at the most lateral extent of the central nucleus on the existing
outline and continued ventrally, medially, then dorsally around the central nucleus until the
existing outline was reached.

At midrostrocaudal levels, the central nucleus increased in size and both the lateral and
medial divisions were present (Figure 2d). The dorsal surfaces of the accessory basal and
basal nucleus formed a groove into which the central nucleus fit. The existing outer
amygdala outline formed the dorsal and lateral border of the central nucleus. The central
nucleus outline began at the ventrolateral extent of the central nucleus along the existing
outer amygdala outline. The outline continued dorsomedially along the fiber tracts that
separate the central nucleus from the basal and accessory basal nucleus, then dorsally along
the lateral boundary of the medial nucleus until the existing outline was reached.
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The caudal most section in which the total amygdala was traced was also the last section in
which the central nucleus was outlined. The outer amygdala outline formed the dorsal and
lateral borders of the central nucleus at this level. The remaining ventral and medial borders
of the central nucleus were marked by the encapsulating white matter. The outline began at
the ventrolateral extent of the central nucleus on the existing outer amygdala outline. The
outline then continued medially and dorsally, along the white matter. The outline was
completed along the white matter to the existing outer amygdala outline.

Delineation of remaining nuclei

The remaining amygdala nuclei were all other nuclei within the outer boundary of the
amygdaloid complex that were not individually outlined. The remaining nuclei included the
anterior cortical nucleus, anterior amygdaloid area, nucleus of the lateral olfactory tract,
periamygdaloid cortex (Figure 2b), medial nucleus, posterior cortical nucleus,
amygdalohippocampal area, and intercalated nuclei (Figure 2e).

Stereological sampling techniques

All measurements were made using a Nikon Eclipse 600 microscope attached to an
Optronics camera with Microfire software (Goleta, CA), which was connected to a Dell
Precision 450 workstation using Stereoinvestigator software (Microbrightfield, Inc,
Williston, VT). The neuroanatomical limits of each of the regions were first defined, as
described above, at low magnification with a 1x (0.04 NA) objective.

The volume of each region was estimated using the Cavalieri method. This tool is
implemented by randomly overlaying a lattice of points over each section and then counting
the number of points in the lattice that lie within the region being measured. A grid spacing
area of .04 mm? (200 um distance between points) was used to measure the area of each
region. Volume was calculated by multiplying the area by the average measured section
thickness for each region and subject.

An optical fractionator method was used to estimate the number of neurons in each
subdivision of the amygdaloid complex at high magnification with a 100x (1.30 NA) oil
objective (Figure 3). This technique involved counting neurons with optical disectors, a
three-dimensional probe placed through a reference space (Gundersen, 1986;West et al.,
1991). This method is independent of volume measurements and therefore unaffected by
tissue shrinkage that takes place during any stage of tissue preparation. 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). The guard zone is an area at the top and bottom of the
histological section in which neurons are not counted to avoid errors in estimation due to
cutting artifact. Total section thickness was measured at every other counting frame site.

A pilot study of three cases was first carried out to determine an optimal sampling scheme.
The precision of the estimate expressed as the coefficient of sampling error (CE) was
calculated to determine the appropriate number and size of disector counting frames
(Gundersen and Jensen, 1987; Gundersen et al., 1999). The CE is the variation in sampling
within each individual and reflects the precision based on how intensely each individual is
sampled. The CE may be improved by sampling more sections within each individual or
sampling more disector sites within each section. Our goal was to reach a CE (Gundersen
CE where m=1) of less than 10% (Gundersen and Jensen, 1987; Gundersen et al., 1999).

Optimal spacing of the counting frames (grid size) depended on the area of the amygdala
subdivision being measured. The counting frame area (in um?) and grid size (in mm?2) for
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Results

Volume

each region is summarized in Table 2. The optical disector height (thickness) was 9 um with
a 3 um top and bottom guard zone. Optimal disector and guard zone height was determined
after measuring that the average post-processing thickness of the tissue ranged from 15-20
um per section. The mean section thickness measured at each disector 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/total area), the
area sampling fraction (area of section sampled/total area), and the thickness sampling
fraction (section thickness/disector height).

The mean volume (mm3), after all tissue processing was completed, of each subdivision of
the human amygdaloid complex is summarized in Table 3. The coefficient of error (CE) was
<0.01 for all regions measured. The volume of the total amygdaloid complex did not
correlate with the age of the subject at death (Figure 4). Central nucleus volume was
positively correlated with subject age at death (p<.01).

Neuron number

The mean number of neurons (10%) for each subdivision of the human amygdaloid complex
is summarized in Table 4. All coefficients of error (CE(N)) were <0.08. Neuron number did
not correlate with the age of the subject at death in the total human amygdaloid complex or
individual subdivisions (Figure 4).

Discussion

This study utilized modern stereological techniques to measure the total number of neurons
in the human amygdaloid complex. There are approximately 12 million neurons in the
human amygdaloid complex in subjects 11-44 years of age, with more than 50% residing in
the lateral and basal nuclei. Previous studies have given qualitative descriptions of the
human amygdaloid complex (Sorvari et al., 1995) and/or provided quantitative measures of
neuronal density (Herzog and Kemper, 1980; Bauman and Kemper, 1985; Scott et al., 1992;
Hudson et al., 1993; Bauman and Kemper, 1994; Wolf et al., 1997; Thom et al., 1999;
Harding et al., 2002), but have not reported estimates of total neuron number. As a baseline
for studies of pathology of the amygdala, density measures are problematic since differential
shrinkage can occur at various stages of tissue processing and the shrinkage can vary with
age at time of death (Haug et al., 1994; Pakkenberg and Gundersen, 1997). If tissue shrinks
during processing, the number of neurons will not change, but there will be more neurons
per unit volume. Design-based stereology has been used in other areas of the brain, such as
the locus coeruleus, to refute earlier studies of age-related changes in neuronal density using
assumption-based methods (Mouton et al., 1994; Ohm et al., 1997).

The only other study that we are aware of that carried out a quantitative stereological
analysis of the human amygdala involved Alzheimer's patients (Vereecken et al., 1994). This
study used a different definition of amygdala regions (Crosby and Humphrey, 1941) and an
older patient population (mean age = 75.2 for controls). Interestingly, VVereecken and
colleagues (1994) estimated fewer neurons in the overall amygdaloid complex in their older
population of controls with 10.7 million neurons in the left (n=4) and 9.8 million neurons in
the right (n=6). It would be of interest to conduct a stereological study on a larger sample of
cases distributed throughout this age range to determine if there is an age-related decrease in
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neuron number. The current study found that neither volume nor neuron number in the
amygdaloid complex displayed a significant correlation with age in our subjects 11-44 years.

There are a few studies available that have utilized modern stereological techniques in other
regions of the brain in order to compare our finding of 12.2 million neurons in the human
amygdaloid complex. Pakkenberg and Gundersen (1997), using an optical disector
technique, found that there are 23 billion neurons in the male neocortex, with 5 billion
residing in the temporal lobe. Within the temporal lobe, West & Gundersen (1990) estimated
the number of neurons in the hippocampal formation with an optical disector and found 15
million in the granule cell layer of the dentate gyrus, 2 million pyramidal neurons in the
hilus of the dentate gyrus, 2.7 million pyramidal neurons in CA2-3, 16 million pyramidal
neurons in CAL, and 4.5 million pyramidal neurons in the subiculum. West & Slomianka
(1998) estimated the total number of neurons in the human entorhinal cortex using a similar
optical fractionator technique that was used in our study. They estimated approximately 1
million layer Il cells, 5 million layer 111 cells, 2 million layer V cells, and 4 million layer VI
cells, for a total of 13 million neurons in the entorhinal cortex.

The intent of the current study was to demonstrate that stereological techniques can be used
to estimate the number of neurons in subdivisions of the human amygdaloid complex. The
use of the optical fractionator technique to estimate the total number of neurons required
careful definition of the boundaries of each subdivision. However, few studies were
available to serve as a guide for defining the extent of these regions. Therefore extensive
explanation of the boundaries used in this study were provided. Future studies may also
benefit from additional stains, such as myelin or acetylcholinesterase, to aid in the
delineation of individual nuclei or even define subdivisions within each nucleus. Another
technical modification that would enhance the current study would be to embed tissue in
glycol methacrylate, rather than cutting frozen sections, to reduce the shrinkage of tissue
(Dorph-Petersen et al., 2001). Although the optical fractionator technique eliminates
consideration of biases related to tissue shrinkage, the thickness of our 100um frozen
sections were reduced by approximately 80% during processing. Embedded tissue would
allow for the use of thinner sections for stereological techniques since shrinkage is reduced.
Finally, this study demonstrates that it is possible to estimate absolute neuron number in
nuclei of the human amygdaloid complex with an efficient sampling scheme, without the
biases associated with density measures, in order to compare patient populations in which
the amygdala may be pathological.
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Figure 1.
Lateral view of the left hemisphere of the brain displaying the cuts made to obtain a tissue
block of the intact amygdala. Scale bar: 1 cm.

J Comp Neurol. Author manuscript; available in PMC 2008 October 26.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Schumann and Amaral Page 13

Figure 2.

Brightfield photomicrograph of Nissl-stained coronal section through (a, b) rostral, (c, d)
midrostrocaudal, and (e, f) caudal amygdaloid complex. Abbreviations: (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, (1) 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.
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Figure 3.

Examples of tissue at 100x, the magnification used for the optical fractionator technique,
from three cases: (a) 11 year old male in the left lateral nucleus, (b) 24 year old male in the
right lateral nucleus, and (c) 44 year old male in the left lateral nucleus. Scale bar: 10 um.
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Figure 4.

Bivariate scattergram of volume (mm?3) and mean number of neurons (10%) in each
subdivision of the human amygdaloid complex by age (lines represent Lowess tension=80).
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Clinical characteristics of ten human cases in which the amygdaloid complex was analyzed.

Table 1

Ag(;&e;tegga)th Sex Pos(tpml\z :'tﬁm (I)Etresgval Hemisphere Cause of Death
11 male 30 left cardiac arrest / renal failure
14 male 19 right drowning
17 male 24 left motor vehicle accident
18 male 20 left drowning
24 male 19 right gunshot wound to chest
25 male 19 left drowning
27 male 21 right suicide by hanging
27 male 16 left cardiac arrest
32 male 17 left coronary arteriosclerosis
44 male 26 left pneumonia
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Table 2

Page 17

Stereological sampling parameters for neuron number measurement with the optical fractionator method in
each subdivision of the human amygdaloid complex.

Amygdaloid Complex Subdivision  Mean # of Sections

Disector Frame Area

Disector Grid Area

Mean # of Neurons

(um?) (mm?) Counted
Lateral Nucleus 17 3600 6.25 253
Basal Nucleus 20 3600 4.00 320
Accessory Basal Nucleus 18 3600 2.25 234
Central Nucleus 12 3600 1.00 158
Remaining Nuclei 20 3600 4.00 349
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