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ABSTRACT

Quantitative estimation of neuronal numbers in the human substantia nigra (SN) can be achieved by a
conventional single section (SS) count or by the more modern stereological disector (DS) count. However,
counting results from SS counts are potentially biased and might not accurately reflect the total neuronal
number in the SN or the changes in the total number of neurons occurring during aging or with
neurodegenerative disease. Potential sources of bias include the lack of linearity between cell number per
area of section and cell number per volume; the variation in the counting level and orientation of tissue
sections; and shrinkage of tissue. Modern stereological DS counting overcomes these problems and has
played a crucial role in many recent studies in neuropathology, neuroanatomy, neuropharmacology and
neurogenetics. Over the past decades, four stereology based counting methods including physical DS,
physical fractionator, optical DS and optical fractionator, have been established for quantitative
measurement. Recently, stereological estimates have revealed a linear reduction rate of total nigral neuronal
numbers with age of about 10% per decade. These findings suggest that the surviving nigral neurons
undergo a degenerative change leading to neuronal dysfunction with aging. Furthermore, as an advanced
quantitative tool, modern stereological evaluation may provide new insights into the aging of the human SN
thereby enabling us to better understand the pathophysiological processes in aging brain.
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INTRODUCTION

Quantitative estimation using modern stereological
disector (DS) counts combined with Cavalier’s
principle plays a crucial role in neuropathological,
neuroanatomical, neurogenetic and neuromorphological
studies (Ma et al., 1999a; b; Long et al., 1999; Dowd
et al., 2000; Stein et al., 2000; Greferath et al., 2000).
The modern stereological technique has been used
extensively to estimate changes in the total number of
neurons in various brain nuclei associated with aging
(Ma et al., 1999a, b; Ma 1997; Park ef al., 2001; Perl
et al., 2000; West 1993a). Recently, quantitative
studies using DS counts have revealed a selective
age-related neuronal loss in vulnerable brain nuclei,
particularly in the human substantia nigra (SN) (Ma
et al., 1999a, b). Previous studies using traditional
single section (SS) counts in aging human SN have
also demonstrated a similar decrease of nigral neurons
with advancing age (Hirai, 1968; McGeer et al., 1977,
Mann and Yates, 1984; Fearnley and Lee, 1991).
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Although quantitative counting methods in the aging
human SN can apply either SS or DS counts, the
accuracy of the counting method plays an important
role in the overall impact of quantitative studies in aging
human SN research (Saper 1996; Guillery and Herrup
1997; Williams and Pakic 1988). In this review, we will
address principles of stereology, application of
neurostereology, and the findings revealed by
quantitative measurement in the aging human SN.

SINGLE SECTION COUNTS IN THE
AGING HUMAN SUBSTANTIA NIGRA

There is a long history of traditional estimation of
neuronal number using SS counts in quantitative
studies of the aging human SN (Hirai, 1968; McGeer
et al., 1977; Mann and Yates, 1982; Fearnley and
Lee, 1991). These quantitative evaluations may be
associated with considerable variation in application
and therefore may underestimate or overestimate
nigral neuronal number (Hirai, 1968; McGeer et al.,
1977, Mann and Yates, 1982; Fearnley and Lee,



1991; Pakkenberg et al., 1991; Ma et al., 1997, 1999a,
b). Multiple factors can affect the number of nigral
neurons estimated from SS counts in the aging human
SN, including counting levels, section orientation,
and tissue shrinkage.

COUNTING LEVELS IN THE
SUBSTANTIA NIGRA

The SN, a small and irregular nucleus, is located
in the brain stem and contains pigmented
neuromelanin cells (Olszewski and Baxter, 1964; van
Domburg et al., 1992). According to anatomical
topography, the SN is composed of various irregular
sub-nuclei, such that nigral neurons are not evenly
distributed along the rostral-caudal axis within the SN
(Olszewski and Baxter, 1964; Ma et al., 1995a, b;
1997). Therefore, the selected level of examination
may be an important factor in neuronal counts. In
most SS-based studies estimating the number of
neurons in the SN, only one level across the SN is
assessed (Fearnley and Lee, 1990; German et al.,
1995; Ma et al., 1995a, b). These studies using SS
counts from various regions of the SN have revealed
that the greatest number of nigral neurons appears at
the middle portion of the SN. Both the far rostral and
the far caudal portion of the SN have much smaller
numbers of neurons (Ma et al., 1995a, b; Ma, 1997).
In this regard, the variation of nigral neuronal counts
between the middle and far rostral or far caudal
portions is considerable (Hirai, 1968; McGeer et al.,
1977, Mann and Yates, 1982; 1984; Fearnley and
Lee, 1991; German et al., 1989; Ma et al., 1995a, b;
1996; Ma, 1997). As illustrated in Fig. 1, if the
counting level is not perfectly matched with the
selected level in the mid-portion of SN, or with a pre-
defined level, one may obtain a large variation in the
nigral neuronal count. Another source of variation is
that cell numbers estimated from SS counts are
dependent on the outlined area of estimation.
Generally, in SS counts in the aging human SN the
goal has been to obtain a section from the mid-
portion of the SN, e. g., at the level of exit of the third
cranial nerve or the level of the superior colliculus
and caudal part of the red nucleus (Hirai, 1968;
McGeer et al., 1977, Mann and Yates, 1982; German
et al., 1989; Fearnley and Lee, 1991; Ma et al.,
1995a, b; Ma, 1997). These levels of cross sections
provide a large area for quantitative estimation in SS
counts. However, in practice, it is difficult to validate
the actual level of the section obtained for analysis.
Consequently, the results from different levels of the
SN cannot reliably be compared with each other in
the aging human SN. Thus, results from quantitative
analyses using SS counts cannot be easily compared
between laboratories, and the results must be
interpreted with caution in terms of quantitative
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estimation of total numbers of neurons (McRitchie et
al., 1996).
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Fig. 1. Different counting levels in the human SN are
illustrated. If the counting level (case A) is not
accurately and consistently located at the same
counting level (case B) in the mid-portion of the SN
or at some other with-defined levels, a large variation
in estimates from SS counts will result. Here, case A
will estimate less nigral neurons than case B because
case B has a larger counting region.

Different counting levels in the SIN

Single section connting area

ORIENTATIONS OF TISSUE
SECTIONS

There are several ways to remove the brain stem
and to sample tissue blocks containing the SN, such
as cutting perpendicular (coronal sections) or parallel
(sagital sections) from the long axis of the brain stem
(Ma et al., 1995a, b; McRitchie ef al., 1996; Ma, 1997).
Potential variations in orientation of brain tissue
sections are illustrated in Fig. 2. Consistent with the
large counting region in case B compared to case A
(Fig. 2), it has been clearly demonstrated that increased

areas lead to an increase in the number of cells counted.
A
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Fig. 2. This figure reveals different orientations of
tissue sections in the human SN. If the orientation of
tissue section is not closely defined and followed, one
will obtain a considerable variation in SS counts. In
this case, sample B will lead to detection of more
nigral neurons than that of sample A.

Single section counting area
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TISSUE SHRINKAGE IN THE
SUBSTANTIA NIGRA

Tissue shrinkage may be one of variables
affecting the results estimated from SS counts. After
its removal from the brain stem, the tissue containing
SN is usually fixed in 4% phosphate-buffered
formalin, which may cause primary tissue shrinkage.
Following that, the tissue blocks are processed for
paraffin embedding or saturated with 30% sucrose.
Based on different immunostaining and fixation
techniques, tissue shrinkage may occur after the
immunohistological staining processes (Ma et al.,
1999b). Along with tissue shrinkage, neurons also
undergo shrinkage. If only a single section is counted,
the reduction in neuronal size would lead to failure to
detect some neurons and lead to an underestimate of
neuronal number. The conventional SS counting
method is a biased two-dimensional sampling
approach, and the problem is that the number of
neurons detected per area of tissue is a more
complicated feature than the number of neurons
actually present per volume of tissue. In addition to
variations in counting level, in tissue shrinkage and in
orientation of the sample in SS counts, the number of
neuronal profiles detected per unit area in two-
dimensional sections is also influenced by other
factors, such as section thickness, the average diameter
of neurons, the density of neurons, truncation of
nuclei and the percentage of lost caps (truncation)
(Ma, 1997, Dorph-Petersen et al., 2001). Furthermore,
the number of neuronal profiles per unit area in two-
dimensional sections may also vary due to anisotropy
in the SN. Taken altogether, SS estimates may produce
large variations of nigral neuronal counts in the
human SN studies (Hirai, 1968; McGeer ef al., 1977;
Mann and Yates, 1982; Fearnley and Lee, 1991). This
large variability and underestimation or overestimation
may be related to biological differences, variable
counting levels, different orientations of sampling

tissue sections and also tissue shrinkage (Ma et al.,
1995a, b; 1996; Ma, 1997). Therefore, in terms of
quantitative analysis, the results from SS counts may
not necessarily be reliably comparable across different
studies. In addition, SS counts cannot be used to
reliably estimate the absolute number of neurons.

COMPARISON OF SS AND DS
COUNTING METHODS

SS-based counting method assumes that cell
density is uniform throughout the SN. In the DS
method, application of Cavalier’s principle allows the
estimation of the total number of neurons in the
whole SN regardless of its size, shape or orientation
(Sterio, 1984; Pakkenberg et al., 1988; 1991; West,
1993b; Ma, 1997; Ma et al., 1999a, b). Methodological
differences between SS and DS counting systems are
summarized in Table 1. The SS approach measures
the number of neurons per area in one section of the
SN (neurons/mm?), whereas the DS approach counts
neurons in consequative sections and estimates the
number of neurons per volume (neurons/mm’). The
cutting of sections for the SS counts is simple, but
cutting of sections for the DS counts is laborious, and
takes more time (Collan et al., 1984; 1983; 1991;
1992; Ma, 1997; Ma et al., 1995a, b; 1999a, b). In
terms of topography of neuroanatomic structures and
neuromorphological evaluation, DS counts with
Cavalieri’s principle of volumetric measurement
provide more information for quantitative estimations
and for morphological structures, such as the volume
of brain nuclei, and cell density within nuclei
compared to SS-based counts. In quantitative
evaluations in aging brain, stereological counting
methods offer the advantages of reproducible and
stereologically unbiased analyses. Furthermore,
Cavalieri’s principle and the methodology of DS-
based assessment can be learned after a reasonably
short period of training.

Table 1. Comparison of single section and disector counts.

Single section counts

Disector counts

Brain tissue one block

Sections one section

Neuronal density neurons/mm’

Measurement two-dimensional

Counted neurons at one sectional level (location)
Time consumption modest

Accuracy uncertain / biased

Variation sources: counting level

sampling orientation
thickness of section
shrinkage of tissue

many blocks

many sections

neurons/mm’

three-dimensional

serial sections from the whole nucleus
high

more certain / unbiased

not dependent on single level

not affected by section orientation

the same section thickness

shrinkage may or may not affect the result
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PRINCIPLE OF STEREOLOGICAL
EVALUATION IN THE SUBSTANTIA
NIGRA

Tissue preparation

To establish a stereology based counting
method for assessment of the SN tissue blocks
harvested from human brain should be well-defined
and include the entire SN, and a well-defined brain
tissue block (Ma et al, 1999a, b). Tissue
preparations for sampling, fixation and storage
should be taken in a uniform, systematic and
unbiased manner in order to reduce sampling
variations (Ma, 1997; Ma et al., 1999a, b).

Penetration assessment of
immunostaining

For an unbiased and accurate stereological results
from immunohistological investigation, one must
confirm uniform penetration of immunostaining
throughout the entire thickness of the tissue section.
Such evaluation can be done with scanning at 1 —
5 um intervals along the z-axis (i.e., vertical axis)
through the whole tissue section from the upper
surface to the bottom of tissue section. If the whole
tissue section is not totally penetrated by antibody;
one will underestimate the immunohistochemical
positive neurons. In applying immunostaining for
tyrosine hydroxylase (TH) or the dopamine
transporter (DAT), a floating section thickness of
40 um allows adequate tissue penetration and
immuno-visualization (Ma et al., 1999b).

Criteria for neuronal counts

Counting of neurons with a stereologically
unbiased procedure requires careful planning for
the sampling procedure. The counting fields should
be randomly chosen and systematically scanned.
To avoid duplicate estimation, a counting frame
should be always applied (Gundersen, 1978). In the
ideal case, counts are based on identification of
nuclei if they are clearly visualized by
immunostaining. In cases in which nuclei are not
well visualized neuronal bodies are counted (Ma,
1997; Ma et al., 1999a, b). The neuronal profiles or
the nuclei should be clearly focused. With high
neuronal densities, one should be careful in
estimating the defined counting height (h) to avoid
overlapping of counts. The designation of counting
height is based on the diameter of nucleus or
diameter of neuron. Generally, the counting height
should be greater than the diameter of nuclei or
diameter of neurons counted. Fig. 3 demonstrates
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how to determine the counting height (h) using either
the neuronal body or neuronal nucleus in the entire
tissue section. As the picture illustrates, both surface
and bottom of tissue regions are regarded as guard zones
or forbidden areas for neuronal estimates because of the
uneven tissue levels. Furthermore, to obtain an unbiased
and accurate result from DS estimation, counts should be
performed in a blinded manner.

Surface of tissue / guard zones

Bottom of tissue / guard zones

Fig. 3. Demonstrates determination of counting height
(h) using either the neuronal body or neuronal nucleus
in the tissue section. As illustrated, both regions of the
surface and bottom of tissue are regarded as a guard
zones in which neurons are not counted because of
uneven tissue topography.

Assessment of variance in neuronal counts

For quantitative studies, assessment of variance is
important to assure an unbiased result. There are two
major sources of variations including application of
quantitative methods and intrinsic biological differences
between samples. However, in order to reduce variations
from application of counting methods, principles of
stereology, systematic tissue preparation, systematic
random sampling, confirmation of penetration of
immunostaining; and consistent application of well-
established criteria for neuronal counts should be applied.
To minimize biological variations, one should use age /
sex — matched and homologous animal samples
(Gundersen and Osterby, 1981; Gundersen and Jensen,
1987; Tang, 1999).

COMPARISON OF PHYSICAL / OPTICAL
DISECTOR AND PHYSICAL / OPTICAL
FRACTIONATOR COUNT

Applied with the Cavalier’s principle, currently
there are four different stereologically valid counting
methods. Using physical disector and physical fractionator
approaches, two adjacent sections are examined and
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neurons only present in the sampling section, but
not in the adjacent look-up section, should be
counted. In optical disector and optical fractionator
counts a computer-based automatic stage allows to
optical scanning and counting throughout serial
tissue sections or continual optical dissections
within a given section. The advantages and
disadvantages of these methods have been
discussed (Braendgaard and Gundersen 1986;
Dorph-Petersen et al., 2001). The physical DS
approach is used for counting small structures such
as neurons, synapses, fibers and axons, under an
electron microscope or a light microscope with a
high magnification using a pair of adjacent sections
or serial sections (Collan et al., 1992; Ma et al.,
1995a, b; Ma, 1997; Tang et al., 2001). Tissue
preparation and neuronal counts incorporating
matching neurons in pairs of sections in physical
DS and in serial sections in physical fractionator
counts may take more time than that required for
optical dissector or optical fractionator studies.
Matching of neurons in paired sections is not
always possible in the physical DS or physical
fractionator counts, but is necessary. If reliable
results are to be obtained with high numerical
densities, physical DS and physical fractionator
methods are more likely to produce variation
resulting from the overlapping of objects. Section
thickness for physical DS and physical fractionator
counts should be < 5 um, whereas section thickness
for optical DS and optical fractionator counts
should be greater (> 25 um). With the availability
of computer-based visualization approaches, the
optical DS and the optical fractionator counts have
become more frequently applied. Computer-based
control of an automatic stage allows optical
dissection along the Z-axis of the tissue section.
Optical dissection throughout the Z-axis allows
assessment of neurons throughout the entire thickness
of the three-dimensional tissue section and thus
allows a greater number of images to be assessed

than that allowed using physical DS or physical
fractionator approaches. The computerized stereological
evaluation allows efficient, consistent and accurate
estimate of the total number of neurons from the entire
targeted nucleus. Estimates for total number of nigral
neurons using physical fractionator counts is not
dependent on volume measurement of the whole SN,
and is not affected by tissue shrinkage (Ma, 1997;
Dorph-Petersen et al., 2001). Table 2 compares physical
DS / fractionator and optical DS / fractionator counts.

QUANTITATIVE EVALUATION IN THE
AGING HUMAN SUBSTANTIA NIGRA

The relationship between normal aging and decline
in the number of dopaminergic neurons in the SN was
reported by a study using SS counts several decades
ago (Hirai, 1968). A subsequent investigation using SS
counts demonstrated a decrease in SN neurons with
advancing age in the human SN at a rate of 4.7% per
decade (Fearnley and Lee, 1990). Several lines of
evidence have revealed that age-related neuronal loss
occurs at significantly different rates in different brain
nuclei (West 1993a; Ma et al., 1999a, b). Application of
DS-based counts using principles of stereology with
Cavalieri’s principle has confirmed a linear relationship
between increasing age and decreasing neuron number.
Stereological evaluation has revealed decreases in
neuronal numbers at a rate of 9.8% per decade from age
17 to 90 years. In addition to the nigral neuronal loss,
the average nigral neuronal size decreases by 3.2% per
decade, suggesting that the surviving nigral neurons are
under an age-related neuronal degenerative process (Ma
et al., 1999a). Recent studies using DAT and guanosine
triphosphate cyclohydrolase I (GTPCHI) immunostaining
have demonstrated a decrease of 88% in counts of
DAT-staining neurons and a decrease of 81.5% in
counts of GTPCHI-staining neurons within the SN in
elderly individuals as compared to young individuals
(Ma et al., 1999b; Chen et al., 2000).

Table 2. Comparison of physical disector/fractionator and optical disctor/fractionator.

Physical disector / fractionator

Optical disector / fractionator

Microscopes two
Imaging evaluation two images
Time consumption high

Tissue thickness
Sample volume/space
Counting sections
Neuronal density
Mathematic formula

thinner (< Spum)
measurement / regardless of space

one

one with section height

modest

thicker (= 25um)

measurement / regardless of space

the sections are systematically selected (i.e., every third) from a set of serial sections
neurons/mm’ / irrelevant neuronal density
N=Ny*V/N=>Q-thel/asf.

neurons/mm’ / irrelevant neuronal density

1/ssf N=Ny*V/ N=>Qth-e1/asfe 1/ssf

N = total number; Ny = density; V = volume; >Q = sum of disector numbers; t = thickness; h = height; asf = areal sampling fraction

and ssf = section-sampling fraction
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Table 3. Quantitative estimates in the aging human substantia nigra.

Studies Percentage reduction with age
Number Density (neurons/mm®) Volume (mm”)

SS Counts:

Hirai, 1968 38 (elderly vs. young) n.a. n.a.

McGeer et al., 1977 48 (elderly vs. young n.a. n.a.

Mann ef al., 1984 36 (elderly vs. young) n.a. n.a.

Fearnley and Lee, 1991 4.7 (per decade) n.a. n.a.

DS Counts:

Ma et al., 1999a 9.8 (per decade) 7.4 4.4

Ma et al., 1999b 88 (elderly vs. young) 85 21

Chen et al., 2000 81.5 (elderly vs. young) 81.8 n.a.

n.a.= not available and SS counts = number of neurons per section, *type I DAT neurons

These studies using stereological evaluations
confirm the previous studies using SS counts
demonstrating a decline of nigral neuronal numbers
with aging. Table 3 compares quantitative estimates
using SS and DS counts in the human aging SN. The
percentage reduction of nigral neurons per decade
with age derived from DS counts is more than double
that derived from SS counts, indicating that previous
investigations using SS counts underestimated the
extent of age-related nigral neuronal loss (Hirai,
1968; McGeer et al., 1977; Fearnley and Lee, 1990;
Ma et al., 1999a, b; Chen et al., 2000). Therefore,
three-dimensional quantitative measurements provide
a more accurate insight into the pathophysiological
alterations in the aging human SN.

CONCLUSIONS

Age-related nigral neuronal loss has been well
documented by studies using either SS or DS counts.
Modern stereological DS methods estimating the total
number of nigral neurons have had a significant
impact on elucidating the effects of aging on the
human SN. Stereological counts have become a
reliable, accurate and reproducible method, which is
not affected by the counting level, orientation of the
sample, or tissue shrinkage in the aging human SN.
Studies of neuronal numbers should incorporate the
principles of stereology, uniform tissue preparation,
systematic random sampling, confirmation of
immunostaining peneration, well-defined criteria for
neuronal counts, and evaluation of variance.
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