Brain Struct Funct
DOI 10.1007/s00429-015-1108-6

CrossMark

@

ORIGINAL ARTICLE

Three-dimensional and stereological characterization
of the human substantia nigra during aging

Ana Tereza Di Lorenzo Alho"*” - Claudia Kimie Suemoto™* «

Livia Polichiso’ + Edilaine Tampellini' - Katia Cristina de Oliveira'? -

Mariana Molina' - Glaucia Aparecida Bento Santos'™ - Camila Nascimento' -
Renata Elaine Paraizo Leite'* - Renata Eloah de Lucena Ferreti-Rebustini'* -
Alexandre Valotta da Silva'? - Ricardo Nitrini'” - Carlos Augusto Pasqualucci'”’ -
Wilson Jacob-Filho'* - Helmut Heinsen>’ * Lea Tenenholz Grinberg"®”’

Received: 18 June 2015/ Accepted: 5 September 2015
© Springer-Verlag Berlin Heidelberg 2015

Abstract The human brain undergoes non-uniform
changes during aging. The substantia nigra (SN), the
source of major dopaminergic pathways in the brain, is
particularly vulnerable to changes in the progression of
several age-related neurodegenerative diseases. To estab-
lish normative data for high-resolution imaging, and to
further clinical and anatomical studies we analyzed SNs
from 15 subjects aged 50-91 cognitively normal human
subjects without signs of parkinsonism. Complete brains or
brainstems with substantia nigra were formalin-fixed,
celloidin-mounted, serially cut and Nissl-stained. The
shapes of all SNs investigated were reconstructed using
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fast, high-resolution computer-assisted 3D reconstruction
software. We found a negative correlation between age and
SN volume (p = 0.04, rho = —0.53), with great variability
in neuronal numbers and density across participants. The
3D reconstructions revealed SN inter- and intra-individual
variability. Furthermore, we observed that human SN is a
neuronal reticulum, rather than a group of isolated neuronal
islands. Caution is required when using SN volume as a
surrogate for SN status in individual subjects. The use of
multimodal sequences including those for fiber tracts may
enhance the value of imaging as a diagnostic tool to assess
SN in vivo. Further studies with a larger sample size are
needed for understanding the structure—function interaction
of human SN.

Keywords Aging brain - Substantia nigra - Stereology -
3D reconstruction - Celloidin mounting

Introduction

The number of individuals over 60 years old is expected to
more than triple worldwide by 2100 (Ferri et al. 2005; UN
2013). The healthy human brain changes qualitatively and
quantitatively during the lifespan (Sohmiya et al. 2001;
Esiri 2007). After the fifth decade of life, the brain loses
approximately 2-3 % of its weight and volume per decade
(Esiri 2007). This loss is non-uniform because some areas
are more vulnerable to aging than others (Pakkenberg et al.
1991; Esiri 2007; Di Giovanni et al. 2009; Cabello et al.
2002). The mesencephalic substantia nigra (SN), the
principal source of dopaminergic projections to the basal
ganglia, is particularly vulnerable to aging processes (Do-
raiswamy et al. 1992; Pujol et al. 1992). Furthermore, the
SN is affected early in Parkinson disease (PD) and it can
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also be involved in frontotemporal lobar degeneration and
Alzheimer’s disease (Braak et al. 2003a, b; Lyness et al.
2003; Grinberg et al. 2009, 2011; Kouri et al. 2011;
Dickson 2012; raak and Braak 1991).

Imaging techniques are transforming neuroscience by
facilitating the visualization of brain structures in vivo. SN
imaging is a potential tool for diagnosing and monitoring
the progression of PD, and its utility may extend to the
investigation of other neurodegenerative diseases (Ogisu
et al. 2013). However, a lack of validated normative data
derived from morphological studies, especially in older
individuals, hampers interpretation of SN imaging data
(Pakkenberg et al. 1991; Ma et al. 1999; Cabello et al.
2002; Alladi et al. 2009). In order to characterize mor-
phologically the SN in older individuals, we used design-
based stereology, in which methods are independent of
neuronal size, shape, spatial orientation, therefore, deemed
unbiased (Schmitz et al. 1999a; Schmitz and Hof 2000) and
3D reconstructions to examine inter- and intra-individual
differences in SN volume, neuronal population, neuronal
density, and asymmetry. Our aim is to provide unbiased
estimations to inform the establishment of normative val-
ues for application to future imaging, clinical, and
anatomical studies of the SN.

Participants and methods

This study was approved by the ethical committees
_ENREF_23 of the University of Sao Paulo and the
University of Wiirzburg. Written informed consent for
brain donation and provision of clinical information was
obtained from the next-of-kin.

Participants

We studied the intact brainstems of 15 individuals: 14 were
obtained from the Brain Bank of the Brazilian Aging Brain
Study Group (BB-BABSG), University of Sao Paulo
(Grinberg et al. 2007) and one was obtained from the
University of Wiirzburg. These individuals were >50 years
old at death and showed no cognitive decline (clinical
dementia rating, CDR = 0, and informant questionnaire on
cognitive decline in the elderly, IQCODE = 3.00) or
parkinsonian symptoms (Morris 1993; Jorm 1994; Tanner
et al. 1990). They had no signs of macroscopic brain
infarcts, hemorrhage, or trauma. Cases were excluded from
the study if Lewy bodies were identified anywhere in the
brainstem. In addition, cases were selected to represent
evenly both genders and a range of ages (see Table 1). For
the Brazilian cases, a validated semi-structured interview
was conducted with a knowledgeable informant who had at
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least weekly contact with the subject over the 6 months
anteceding their death. _ENREF_24_ENREF_25 Clinical
information for the German case was obtained from med-
ical records.

In addition of the 15 cases, we used serial unstained
sections through the brainstem of a 72-year-old female, and
serial gallocyanin-stained sections from an entire brain of a
71-year-old female to facilitate interpretation of the results
and for illustration purposes. These cases were not included
in the subsequent analyzes.

Brain processing

Upon procurement, the total brain volume was obtained
using a volume displacement method (Archimedes’ prin-
ciple) (Mouton 2011), as previously described in the BB-
BABSG protocol (Grinberg et al. 2007). Brains were fixed
in 4 % formalin. After that, the brainstem and cerebellum
were severed with a cut ventral to the superior colliculi, to
produce a brainstem block that included the whole SN. The
brainstem blocks were embedded in celloidin and serially
sectioned on a sliding microtome (Polycut, Cambridge
Instruments, UK) with a section thickness of 350 pm
(Heinsen et al. 2000; Theofilas et al. 2014). To evaluate the
effect of the cutting axis to 3D reconstructions, the brain-
stems were cut in different orientations (see Table 1 for
details). Slices were stained with gallocyanin (Nissl stain-
ing) and mounted, as previously described (Heinsen and
Heinsen 1991).

Computer-assisted 3D reconstruction of the SN

Images were obtained during the cutting process by pho-
tographing the blockface using a camera (Canon EOS 5D
Mark II 21.1 Megapixel®, Tokyo, Japan) mounted on the
microtome knife holder The SN borders were defined on
each section using a stereomicroscope, and drawn directly
onto the corresponding digital image. The SNs were then
reconstructed in 3D using the software Amira 5.3° (Mer-
cury Systems), that uses state-of-the-art algorithms for
segmentation and 3D reconstruction rendering high-reso-
lution surfaces composed of several millions of triangles
based on individual outlines in a smooth manner without
delay (Heinsen et al. 2004; Theofilas et al. 2014).

Stereological measurements

We estimated neuronal numbers using the fractionator
method with an optical disector probe. Results derived by
this method are invulnerable to tissue shrinkage or changes
in slide orientation. Each side of the SN was counted
separately. We took several steps to abide by the principles
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of design-based stereology. We manually overlaid a
transparent grid (d = 1 mm) onto each histological slide
(West 1993). After that, we photographed the grid’s
crossing points hitting the SN with a Fuji FinePix S2 Pro®
camera (Tokyo, Japan) mounted with a SIGMA® macro
lens (1:2.8, 50 mm). Each crossing point became a disector
(counting frame-area: 0.02 mm?) analyzed at a magnifi-
cation of 400x (objective 40:1.0, 10 wide field eyepieces).
The disector height was established at 29.7 um, with the
superior point set at the appearance of the first neuron in
focus, plus a 15-pm guard zone. Pictures were taken at 11
different points along the z-axis at 2.7-um intervals. The
images were uploaded to ImageJ (National Institutes of
Health, USA), a software that provides various stereolog-
ical tools. We used the “cell counter” plugin, to transform
the image stack of each counting frame in a virtual optical
disector containing a z-axis scale. Each virtual disector was
overlaid with a lOO—um2 grid, and two forbidden lines were
established. All neurons with neuromelanin and lipofuscin
granules in the SN pars compacta (SNpc) and SN pars
diffusa (SNdiff)_ENREF_32 were counted manually. Each
nucleolus coming anew to focus within the disector was
counted (van Domburg and ten Donkelaar 1991).

The total number of neurons was calculated using
Eq. (1), where >_Q was the sum of counted nucleoli, ¢ was
the mean section thickness,  was the height of the disector,
asf was the area sampling fraction, and ssf was the section
sampling fraction (1, since every slice was evaluated) (West
1993; Heinsen et al. 1994, 2000). The coefficient of error
(CE) was calculated using Eq. (2) (West et al. 1996).

1 1

t
Neuronal number = Z 0 x PRalPwrRabor (1)

CE = \/ CE? (D0 ) +CEr) 2)

The SN volume was estimated using the Cavalieri principle
(3), multiplying the total sum of crossing points hitting SN
(3>_0,) by the grid area [a(p)] and ¢ (mean section thick-
ness). The CE was calculated using Eq. (4) (Gundersen and
Jensen 1987).

Volume = Z 0: xa(p) xt (3)

—1
CE = <ZA,>
i=1
n n—2 n—1
X [% (3 ZAZZ + ZA[A[+2 — 4214,‘14,4.1)]
i=1 i=1 i=1

(4)

The neuronal density was then calculated by dividing the
total number of neurons by the SN total volume (Heinsen
et al. 2000).
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An asymmetry coefficient (0) was calculated for each
case (Eidelberg and Galaburda 1982). For each variable,
we used Eq. (5), where X1 represented the left-side value
and Xr represented the right-side value_ ENREF_36.

X1 — Xr

T 0.5 (X1 + Xr) )

Statistical analysis

Means, standard deviations, and minimum and maximum
values were described for continuous variables while
absolute and relative frequencies were used for categorical
variables. We used the Spearman’s rank coefficient to
examine the correlation of age with the number of neurons,
volume, and cell density. We further stratified these cor-
relations by gender and brain side. In addition, we inves-
tigated the correlation between the SN total number of cells
and volume using Spearman’s rank test. Linear regression
models were used to investigate the association between
total brain volume and SN volume, adjusted for gender and
age. The level of significance was set at 0.05 level in
2-sided tests. Statistical analyzes were performed with
Stata 12.0 (StataCorp, College Station, TX, 2011).

Results

Morphological characteristics of the SN and 3D
reconstructions

Our Nissl-stained thick sections showed clear-cut SN bor-
ders that facilitated delineation between the SNpc, com-
ponents of the ventral tegmental area, and the SN pars
reticulata (SNret). We confirmed previous reports that the
SN extended from the caudal limits of the mammillary
bodies to the rostral margin of the pons. The SN is covered
ventrally by fibers of the cerebral peduncles, and dorsally
by the crossing fibers of the superior cerebellar peduncle
(Fig. 1a). A substantial portion of the efferent cerebellar
fibers end in the red nucleus, forming the dorsorostral
border of the anterior SN (Fig. 1a). We also could clearly
visualize the two parts of the SN : the SNpc, with large
(~50 pm) neuromelanin-rich neurons, and the SNret
composed of afferent fiber bundles, thick dendrites, and
sparse neurons without neuromelanin granules (Lynd-Balta
and Haber 1994). As stated by some authors (Braak and
Braak 1986; Fearnley and Lees 1991; van Domburg and
ten Donkelaar 1991; McRitchie et al. 1995), We also
appreciated a third part, the SNdiff, with a low neuronal
density and smaller neurons filled with lipofuscin and
clusters of SNpc-like neurons; this was found between the
dorsal and ventral tiers of the SNpc (Fig. 2).
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Fig. 1 3D a reconstruction of the substantia nigra (SN) (black) seen neuron numbers. Red nucleus (R); brachium conjunctivum (BC); stars
from dorsal. b Same as a, only SN. ¢ Ventral aspect of the SN. cell clusters; arrow trough-like thinning, ending in a pouch; white
d Reconstruction of the SNs. e Scatter plot of the SN volume and circles central perforations
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Fig. 2 Substantia nigra (SN)
unstained sections from a
72-year-old female (a—c) and
gallocyanin-stained sections
from a 71-year-old female (d—f).
Arrows: red parabrachial
nucleus; black rostromedial and
caudolateral border of
paranigral nucleus. Circles
indicate SN pars reticulata and
stars indicate SN pars diffusa

We observed that the neurons of SNpc form one (at the
rostral and caudal poles) or two beaded undulating dorsal
and ventral bands, which may overlap, as seen before
(Francois et al. 1985) (Fig. 2). The beaded appearance of
the neuronal band is caused by parallel rostrocaudally
extending cell clusters; these appeared to be connected by
a thin single-cell layer of pigmented SN neurons, as seen
in the Nissl-stained sections (Fig. 2, ventral tier). Fur-
thermore, the undulating outlines of these bands were
obviously caused by close attachment of SN neurons and
clusters to descending fiber bundles within the SNret
(Fig. 3). We noticed an absence of the dorsal band from
central parts of the SN, which is characterized by large
cell clusters with ill-defined boundaries, consisting of
neurons with a low neuromelanin load, and located ven-
tral to the dorsal band (Fig. 2, stars). In addition, the
ventral band is regularly perforated (Fig. 2c), displaying a
sieve-like appearance. In the subsequent serial section, the
medial and lateral end of the ventral band of the SN
appeared disconnected for about 2 mm, as shown in
Fig. 2e.

@ Springer

In single histological sections, the profiles of the SN
neuronal clusters varied considerably depending on the
plane of section. Nevertheless, reconstructions derived
from SNs cut in horizontal, sagittal, or frontal planes
yielded similar 3D objects, as shown in Fig. 1d.

The 3D reconstructions show clearly that the SNpc
resemble a perforated plate or neuronal reticulum closely
attached to longitudinal fiber systems, rather than groups of
neuronal islands. In its central part, this flat sheet was
perforated by holes of variable sizes containing longitudi-
nal fiber system (Fig. 1b, white circles). Other smaller
clefts were distributed over the SN in an irregular manner.
In addition, pockets and trough-like impressions (Fig. 1b,
white arrow) were flanked by thicker, partly notch-like,
rostrocaudally oriented cellular strands (Fig. 1, stars). The
anterodorsal and anteroventral aspects of the SN presented
a highly irregular surface, in contrast to the smooth cau-
doventral surface (Fig. 1).

Finally, we observed a marked intra- and inter-individ-
ual differences in shape and asymmetry. In about half
cases, the left SN is bigger or had more neurons that the
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Fig. 3 a Gallocyanin-stained anterior part of the substantia nigra
(SN) (dorsal tier) and b darkfield illumination of the same section
from subject #1. R red nucleus; /II rootlets of the oculomotor nerve.
a Black arrows point to cell clusters, whereas open arrows point to
single- or double-layered cell strands connecting the cell clusters.
This is reminiscent of a net or mesh (latin reticulum) consisting of
nodes (clusters) connected by neuronal bridges (strands) in a medio-

right. Curiously in the remaining cases, the opposite was
true (Table 1).

Stereological analysis

Table 1 gives the mean age, neuron numbers, SN volume
and density of the 15 participants. The smallest neuronal
number was found in a 74-year-old female (678,788 neu-
rons), and the largest number was identified in a 66-year-
old male (1,630,978 neurons). See Fig. 1d for details. The
mean CE was 0.05 (range 0.01-0.1) and 0.01 (range
0.01-0.03) for neuronal population and volume estimation,
respectively.

We found a moderate negative correlation between age
and total SN volume (tho = —0.53, p = 0.04). In contrast,
we did not find correlations between age and SN neuronal
number (tho = —0.22, p = 0.34) or age and SN neuronal
density (rho = —0.03, p = 0.59). In fact, SN neuronal
number and SN volume were only moderately correlated
(r =0.57, p = 0.03).

Interestingly, we verified an association between SN
volume and total brain volume. Each 1 mm?® increased in
brain volume, was associated with an average of 0.30 mm>
increase in SN volume, adjusted for age and gender
(B = 0.30, 95 % CI = 0.10-0.50, p = 0.008). Therefore,
to verify if the observed age-dependent loss of SN volume
was a mere effect of a possible age-dependent smaller brain
volume, we analyzed if there was an association between
total brain volume and age. This analysis was negative

lateral course. As a contrast, the white arrow in a points to a cleft
between nodes not bridged by cell strands but representing instead a
stream of cells seems to effuse in a dorso-ventral direction. By their
size and staining properties these cells belong to the pars diffusa, and
are oriented in parallel to a fiber tract, which is leaving or entering the
pars compacta reticulum via a cleft or hole (cf. Fig. 1b, white circles)

(Spearman’s rho = 0.01 and p = 0.97), refuting the
hypothesis.

The associations of age with SN volume, neuronal
number, or neuronal density were not significant when the
sample was stratified by gender or brain side (Table 2).

Discussion

Our results were consistent with those of previous studies,
identifying a clear SN division into pars compacta, retic-
ulata, and diffusa, and confirming the highly inter-indi-
vidual variation in shape, neuron number, and volume of
the SN (Braak and Braak 1986; German et al. 1983;
McRitchie et al. 1995). In addition, the present study of 15
older adults with normal cognition and no parkinsonism
from different age groups produced three major findings of
relevance. First, older age was associated with smaller SN
volume but SN neuronal number remained stable. Second,
3D reconstructions revealed a novel feature of the SN,
showing the SNpc/SNdiff as a neuronal reticulum perfo-
rated by fibers. Third, intra-individual SN asymmetry is the
norm but follows an unpredictive pattern.

The identified stable neuronal population and density
numbers along aging, despite a significant age-dependent
decrease in SNpc/SNdiff volume seems paradoxical. This
apparently disproportionate volume decrease is likely cor-
related to factors independent of neuronal numbers, such as
atrophy of neuronal processes (dendrites, axons), or a

@ Springer
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Table 2 Correlation between SN neuronal number, volume, neuronal density and age (n = 15)

Side Female Male Female + male
Spearman’s rho p value Spearman’s rho p value Spearman’s rho p value
Number of neurons R —0.2857 0.49 —0.4286 0.34 —0.2788 0.31
L —0.3810 0.35 0.2500 0.59 —0.2073 0.46
R+L —0.2857 0.49 —0.0714 0.88 —0.2627 0.34
Volume R —0.1905 0.65 —0.3571 0.43 —0.2645 0.34
L —0.5952 0.12 —0.1429 0.76 —0.3610 0.191
R+ L —0.5952 0.12 —0.4286 0.34 —0.5344 0.04
Neuronal density R —0.2857 0.49 —0.3214 0.48 —0.2288 0.41
L 0 1.00 0.3214 0.48 —0.1501 0.59
R+ L —0.0714 0.87 0.1429 0.76 —0.0340 0.90

Bold value is statistically significant
Side: R right, L left

decrease in neuronal size, resulting in smaller gaps between
neurons (Ma et al. 1999). It is important to stress that the
optical fractionator quantifies absolute numbers, rather than
cell volume what could explain the dissociation between
individual SN volume and neuronal population. The
majority of other stereological studies on SN aging with
number of control subjects varying between 7 and 19 sub-
jects and age >50 years described results in line with ours
(Pakkenberg et al. 1991; Halliday et al. 1996; Muthane et al.
1998; Chu et al. 2002; Alladi et al. 2009; Kubis et al. 2000).
Only three groups found an age-related decrease in SN
neuronal numbers.(Ma et al. 1999; Cabello et al. 2002).
Nevertheless, direct comparisons should be avoided as the
absolute numbers of neurons in the SN varied considerably
in these studies. The range of results reported in previous
articles (from around 180,000 TH + neurons (Kubis et al.
2000), passing through an average of 317,000 (Cabello et al.
2002) and 368,000 (single side) (Rudow et al. 2008) and
finally around 810,000 pigmented neurons (Pakkenberg
et al. 1991) may reflect the different selection criteria,
sampling, staining, and counting protocols employed.
Regarding selection criteria, other investigators selected
controls based on review of medical charts rather than
objective testing. Regarding sampling, in some instances,
only one side (Rudow et al. 2008), or an incomplete SN, was
available (Alladi et al. 2009; Perl et al. 2000). Our findings
highligh the considerable intra-individual asymmetry of SN
neuron number rendering extrapolation of results from
single-side estimations to total SN neuron numbers obso-
lete. In addition, most unbiased stereological studies used
40-pm brainstem sections. Although such preparations meet
criteria for unbiased estimations, the SN borders may not be
as easy to define as in our 350-um preparations (Fig. 2).
Finally, most authors restricted neuronal counting to either
neuromelanin-positive or tyrosine hydroxylase-positive
neurons or did not state which neuronal types were counted
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(Rudow et al. 2008; Kubis et al. 2000). As our staining
protocol bleaches neuromelanin, we were unable to distin-
guish neuromelanin-positive from neuromelanin free-neu-
rons. Therefore, both neuronal types are included in our
countings. Using a protocol that was similar to ours,
Pakkenberg et al. (1991) estimated an average SN popula-
tion (pigmented + non-pigmented neurons) of ~ 810,000
neurons, a figure that was closer to our data than those
reported by other authors. Considering the highly irregular
structure of the SNpc/SNdiff and the broad variability in
neuronal density between SN regions, the still higher neuron
numbers reported here are likely to result from the different
counting protocol employed covering a greater field,
including neuromelanin-negative neurons, and analyzing a
higher number of nucleoli, which affect the estimation
precision (Glaser and Wilson 1998; Schmitz 1998; Schmitz
etal. 1999a, b). Pakkenberg et al. (1991) counted an average
of 150 neuronal nuclei per case, whereas we counted at least
1200 per case.

A larger number of studies evaluated age-related chan-
ges in the SN using biased stereological methods. However,
such results are unreliable and may under- or over-estimate
neuronal number (Ma et al. 1995). It is also possible that
factors specific to the Brazilian population or environment
helped to preserve SN neurons during aging. A study by
Alladi et al. (2009) used unbiased stereology to investigate
SN changes across the lifespan in 32 Hindus. Consistent
with the present study, they reported that age did not cor-
relate significantly with neuronal number. The authors
hypothesized that the ethnicity of their study population
explained this conflict with previous reports of SN neuronal
loss. A study including individuals of mixed ethnicities,
from a range of geographical regions, would be necessary
to verify these findings.

We found a positive correlation between total brain and
SN volume. However, the lack of association between age
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and total brain volume in this series refutes the hypothesis,
that an age-dependent effect on SN volume could be
dependent on a possible age-related smaller total brain
volume.

Viewed two-dimensionally, the spatial arrangement of
SNpc/SNdiff neuronal clusters resembled that reported by
previous studies (Hassler 1937; McRitchie et al. 1995;
German et al. 1983; Heinsen et al. 1994). However, our
high-resolution 3D reconstructions unexpectedly revealed
that in all cases, the SNpc/SNdiff neurons actually formed a
perforated plate or coarse reticular network, rather than
isolated islands of neurons as suggested previously (Hass-
ler 1937; German et al. 1983). A previous study presented a
SN 3D reconstruction of a 33-year-old man (German et al.
1983). This study pioneered in demonstrating SN shape, but
it was limited by the computer power available at that time
and because just one case was used. Therefore, the com-
puter-assisted 3D reconstructions of the SN volume based
on very thick serial histological sections, which are less
prone to distortion, and the use of fast high-resolution
computer techniques represent an important innovation of
our study.

We hypothesize that the SN perforations represent the
entrance or exit sites of fiber bundles connecting SN
components and rostral di- and telencephalic structures.
The dorsal tier receives afferents from the anterior and
ventral striatum, whereas the ventrolateral tier is connected
by dorsal striatal afferents (Haber et al. 2000). Studies in
monkeys support our observation of the reticular nature of
the SNpc (Lynd-Balta and Haber 1994). Lynd-Balta and
Haber (1994) identified a close relationship between
defined ventral striatal afferents and SNpc cell clusters in
monkeys (see Fig. 3. of their article). Similar spatial rela-
tionships were shown in Fig. 12 of Hedreen and DeLong’s
article (1991). Both are comparable to our observations as
seen in Fig. 2. Supporting this argument, Francois et al.
(1985) described a large fiber bundle in the macaque pars
mixta, which could represent a hilum for fibers leaving the
SN, including nigrothalamic and nigrotegmental fibers.
Hedreen and DeLong (1991) also highlighted the patchy
nature and dense terminal fields of striatonigral projections
in both the SNret and SNpc. Cellular clusters and inter-
cluster constrictions (Fig. 1, stars), which are particularly
concentrated at the transition between the dorsal and ven-
tral tiers, could represent a negative impression of fiber
tracts and terminals on the SNpc reticulum, indicating sites
of interaction between parallel but segregated ventral and
dorsal striatal afferents. This kind of interaction is of
paramount importance for primate and human incentive-
based learning, for the development of goal-directed
behavior, and for habit formation (Haber and Behrens
2014). Curiously, this complex arrangement contrasts with
the rather smooth and regular surface of the caudal

ventrolateral tier, the target of afferents coming predomi-
nantly from the putamen (Hedreen and DeLong 1991;
Lynd-Balta and Haber 1994). Neurons in the ventrolateral
tier are particularly vulnerable to PD (Fearnley and Lees
1991; Halliday et al. 1996; Damier et al. 1999).

From the imaging investigation perspective, the crossing
fibers confer the inter-individual differences in shape and
volume of the SN and probably contribute for the relative
disconnection between neuronal population size and SN
volume. In fact, SN volume is not a good marker of SN
neuronal population size (Fig. 1d). Together with immense
individual variability with respect to the size, shape, and
laterality of the SN, it suggests that simple voxel-based
morphometric investigations of the SN using clinical
imaging methods are unlikely to be informative. Previous
investigation of basal ganglia volume and cell population
in age- and sex-matched controls also did not identify a
correlation between the neuronal number and volume
(Kreczmanski et al. 2007). Further morphological studies
focusing on fiber systems may provide information that
could contribute to the development of a multimodal
imaging package; this could enhance the practical utility of
imaging in the investigation of the SN.

Parkinson disease shows an asymmetric clinical picture.
We detected up to 53 % intra-individual side asymmetry
for neuron number in the SN. We hypothesize that this
difference in the number of neurons may contribute to the
asymmetric manifestation of PD. As clinical severity is
directly correlated to neuronal loss, we speculate the PD
asymmetric presentation may be partially explained by one
side of SN having less tissue reserve. Because we counted
dopaminergic and non-dopaminergic neurons together, we
cannot discard though that the observed asymmetry is more
related to the latter. However, our observation suggests that
a high degree of asymmetry also occurs in the dopamin-
ergic neurons. The great majority of counted cells resem-
bled big neurons with distributed Nissl substance, similar
to the type I neurons described by Braak and Braak (1986).
In fact, during extensive nucleolar counting, small neurons
(classically neuromelanin-negative ones) represented less
than 20 % of the total SNpc. This fact can be appreciated
comparing the neuron density of Nissl-stained neurons in
Figs. 2a—c with a similar density of neuromelanin-positive
otherwise unstained neurons in Fig. 2d—f. Pakkenberg et al.
(1991) reported that around 30 % of SN cells were non-
pigmented.

Even though our sample size is similar to other inves-
tigations, the small absolute number of study subjects still
represents a limitation of the present study. Therefore, we
cannot exclude the possibility of a false negative result
(type 2 error) regarding the lack of association between age
and neuronal loss. Although a relatively large number of
potential cases were available in the Brazilian brain bank,
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our selection criteria were stringent, and only 1 in 3 of
these were selected. In addition, the use of specialized
software represents another limitation of this study. Auto-
matic algorithms facilitated high-resolution 3D recon-
struction of the SN, but the algorithm codes are not
completely accessible to the end-user and may distort the
final volumes. Distortions have been reported previously in
the use of medical imaging software (Schmithorst et al.
2001). Also, post-mortem brain tissue suffers inherent
distortion during processing. This could affect SN volume
in an inter-individual and unpredictable way. We tried to
minimize differences by using the same protocol for all the
cases. Finally, as our series only included subjects older
than 50 years, age-associated SN changes occurring before
the 6th decade of life would be missed. Interestingly,
Pakkenberg et al. (1991) initially reported no age-depen-
dent neuron loss in SNpc/SNdiff, whereas a follow-up study
that included younger subjects did report a statistically
significant age-related neuron loss (Cabello et al. 2002).

In conclusion, our findings indicate that caution is
required when using SN volume as a surrogate of SN
neuronal numbers. The use of multimodal imaging
including sequences for fiber tracts may enhance the value
of imaging as a diagnostic tool to assess SN in vivo.
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