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Abstract
Background - The purpose of this study was to research possible morphological and functional
alterations of the substantia nigra in SIDS.

Methods - Brainstems of 46 victims of sudden infant death, aged from 1 to 7 months, were investigated.
Twenty-six of these cases were diagnosed as SIDS, due to the lack of any pathological �nding, while the
remaining 20 cases, in which the cause of death was determined at autopsy, served as controls. Maternal
smoking was reported in 10% of controls and 77% of SIDS. Histopathological examination of the
substantia nigra was done on midbrain 5-µm-thick sections stained with hematoxylin-eosin and Klüver-
Barrera. Densitometry, immunohistochemistry and histochemistry were applied to highlight the neuronal
concentration, the expression of tyrosine hydroxylase and neuromelanin, respectively.

Results - Hypoplasia of the pars compacta of the substantia nigra was observed in SIDS but not in
controls. Tyrosine hydroxylase expression in the substantia nigra was signi�cantly higher in controls than
in SIDS. Neuromelanin was observed as dark granules only in 4 infants of the control group but never in
SIDS. A signi�cant correlation was found between hypoplasia/low neuronal density, low tyrosine
hydroxylase expression in the substantia nigra pars compacta and maternal smoking.

Conclusion - The substantia nigra pars compacta, that is the main dopamine center in the brain, is
involved in the control of many functions, including the sleep-arousal phase, and hence, its structural
and/or functional alterations may explain the pathogenesis of SIDS, that often occurs during sleep. This
study also indicates that maternal smoking can may have strongly in�uenced the SN altered
development.

Trial registration – not applicable for this study

Introduction
The “substantia nigra” (SN) is a large midbrain structure that lies dorsal to the cerebral peduncles
extending from the rostral border of the pons to the subthalamic region. Although the SN looks like a
continuous band on both the right and left hand side of transverse histological sections, it is actually
composed of two parts with very different connections and functions: the “pars compacta” (SNpc), a
dorsal stratum of closely spaced pigmented cells that contain dopamine and neuromelanin (a product of
the dopamine synthesis), and the “pars reticulata” (SNpr), a larger ventral region of widely scattered and
mainly GABAergic cells. Sometimes a third region, the pars lateralis (SNpl), is mentioned in literature, but
it is more usually classi�ed as a component of the SNpr (1,2).

The SNpr conveys output signals from the basal ganglia to many other brain structures which use GABA
(Gamma-AminoButyric Acid) as neurotransmitter (such as thalamus and superior colliculus), while the
SNpc serves as an input to the basal ganglia circuit, supplying the striatum with dopamine (3–6).
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Moreover, the SNpc dopaminergic neurons play an important role in controlling many brain functions,
especially voluntary movement (7,8). Therefore this region is associated with the motor abnormalites
commonly observed in patients with Parkinson's disease (PD), in which the degeneration of dopaminergic
cells of the SNpc represents the most consistent pathological �nding (9,10).

Several studies have reported that, apart from controlling motor functions, dopamine also regulates the
sleep-wake cycle (11–13). Dopamine de�ciency in the SNpc can therefore lead to sleep disturbances,
such as excessive daytime sleepiness and REM (rapid eye movement) sleep behavior disorder which are
common in patients with PD (14,15).

Since sleep arousal disorders have frequently been involved in the pathogenetic mechanism of sudden
infant death syndrome (SIDS) (16–18), the aim of this study is to evaluate possible developmental
defects of SN in a large group of infants who died suddenly and unexpectedly in the �rst months of life.
In particular, using immunohistochemical and istochemical techniques, we aimed to examine the
cytoarchitecture of the SN in these cases and the expression of thyrosine Idroxylase (TH), which is an
essential enzyme for the dopamine synthesis (19), as well as neuromelanin (NM), which is known to be a
speci�c marker of dopaminergic neurons (20).

Methods
We investigated the expression and the stages of development of both TH and NM in the neurons of the
SN in a cohort of 46 sudden infant death syndrome victims, 26 males and 20 females, aged between 1
and 7 months. The post-mortem examination was performed in accordance with the guidelines provided
by the Italian law n.31/2006 “Regulations for Diagnostic Post Mortem Investigation in Victims of sudden
Infant Death Syndrome (SIDS) and Unexpected Fetal Death” (21).

Consent - The parents of all of SIDS victims included in the study provided written informed consent to
autopsy and related research; study approval was granted by the institutional review board of the Milan
University (Lino Rossi Research Center).

After the anatomopathological examination, 26 infant deaths were classi�ed as “SIDS”, due to the lack of
pathological �ndings. A precise cause of death was formulated at autopsy for the remaining 20 cases,
which as they shared certain sociodemographic characteristics (gender, ethnicity and age) at the time of
death with the SIDS victims, were used as “controls”. For these remaining 20 cases the diagnoses were:
congenital heart disease (9 cases), severe bronchopneumonia (4 cases), pulmonary dysplasia (3 cases),
myocarditis (2 cases), malaria (1 case), and pericarditis (n.1 case).

Before performing the autopsies, a complete clinical history, including information related to death
circumstances, was collected for each victim. Twenty-six newborns, including 24 SIDS and 2 controls,
died during sleep. In addition, the mothers were asked to complete a questionnaire concerning their
smoking habits. Moreover, the guidelines of the Lino Rossi Research Center foresee the removal of a lock
of the victims’ hair to test for xenobiotics and in particular cotinine, the main metabolite of nicotine,
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characterized by a long elimination half-life, using gas chromatography/mass spectrometry (GC/MS)
(22). Twenty of the 26 SIDS victims’ mothers (77%) admitted to being active smokers or it was detected
through a nicotine test. The remaining 6 mothers had never smoked, which was veri�ed through the same
analysis. Only two of the 20 mothers in the control group (10%) had a proven smoking habit. Information
on cigarette smoking was also collected from fathers, with a positive match for 8 fathers in the SIDS
group and 3 in the control group. A summary of the case pro�les is shown in Table 1.

Table 1
Case pro�les of the study

  SIDS Controls

Number of cases 26 20
Diagnosis:
Severe broncopneumonia (n.4); congenital heart diseases (n.9);
pulmonary dysplasia (n.3); myocarditis (n.2); malaria (n.1)

Sex, male/female 15/11 11/9

Age range (months) 1–7 2–7

Dead during sleep 24 2

Maternal smoking
(smokers/nonsmokers)

20/6 2/18

Paternal smoking
(smokers/nonsmokers)

8/18 3/17

Antomopathological procedures
The study focused on the examination of the brainstem, where the control centres for vital body functions
are located. The procedure, which has already been described in depth in some of our previous articles
(23–25), is again summarized below.

Figure 1 shows the methodology used for the brainstem processing. On the right, the sampling of four
specimens is illustrated. The �rst specimen, ponto-mesencephalic, includes the upper third of the pons
and the adjacent portion of caudal mesencephalon. The second specimen extends from the upper portion
of the medulla oblongata to the adjacent caudal portion of the pons. The third specimen includes the
obex. A fourth specimen is taken from the rostral tract of spinal cord.

Transverse serial sections from each specimen were made at intervals of 60 µm. For each level, 5-µm-
thick sections were obtained, some of which were stained with hematoxylin-eosin and Klüver-Barrera for
the histological examination. The remaining sections were saved and stained for further histochemical
and immunohistochemical investigations on neurochemical alterations (26), as deemed necessary.



Page 5/22

The slides were observed under a Nikon Eclipse E800 light microscope (Nikon Corporation, Tokyo, Japan)
equipped with an ocular micrometer and images of interest were captured using a 40x objective lens and
a Nikon Coolpix 8400 digital camera attached to the microscope, using the same settings and exposure
times. More speci�cally, prior to image capturing, the camera was white balanced and the exposure times
were standardised to 0.055 ms.

On the left Fig. 1 shows the representative histological sections obtained from the above described
specimens and indicates several of the main nuclei and structures to be examined due to their frequent
involvement in SIDS in terms of delayed development (hypoplasia/agenesis).

Essentially, the most important centers are: the locus coeruleus, the Kölliker-Fuse and the median raphé
nucleus in the �rst rostral pontine specimen; the substantia nigra and the red nucleus in the midbrain; on
the parafacial/facial complex, the superior olivary complex, the retrotrapezoid and the magnus raphé
nucleus in the second sample from the caudal pons, on the hypoglossus, the dorsal motor vagal, the
ambiguus, the pre-Bötzinger, the inferior olivary, the obscurus and pallidus raphé, the arcuate nuclei and
the solitary tract complex in the third medullary sample. A meticulous neuropathological examination
was carried out on the substantia nigra (SN), which was the main focus of this study.

Quanti�cation of neuron density in SN
For each case a densitometric analysis was performed on Klüver-Barrera stained midbrain sections at the
root of the oculomotor nerve on one of the two symmetrical sides using an image analyzer (Image-Pro
Plus - Media Cybernetics, Silver Spring, Maryland, USA), after plotting the outline of the two portions of
the SN, the densely packed dorsal region (namely the SNpc) and the widespread ventral pars (the SNpr).
Images of the stained histological sections were acquired using a colour video camera and displayed in a
PC-monitor. Only neurons with clearly de�ned boundaries were considered. The neuronal density of each
of the two SN portions (SNpc and SNpr) was expressed as the number of neurons per mm2. The overall
data obtained from both SIDS and Controls were expressed as mean values and standard deviation
(mean ± SD).

Tyrosine hydroxylase (TH) immunohistochemistry of the
SNpc neurons
TH, the rate-limiting enzyme in dopamine biosynthesis, was used as a dopaminergic neuronal marker.
More speci�cally, for the immunohistochemical study of neuronal dopaminergic population within the
SNpc, tissue sections obtained from the �rst cranial brainstem sample at caudal midbrain level were
incubated with rabbit anti-TH primary antibody diluted in PBS and reacted overnight at 4 °C. Biotin
conjugated secondary antibody incubation (1∶200 cat #S-1000 Vector Laboratories) was performed for
30 min at room temperature. After several washes in PBS, antibody complex was localized using the ABC
system (Vectastain ABC Elite kit cat #PK6101, Vector Laboratories) followed by 3,3′-diaminobenzidine
reaction. The sections were then counterstained with Mayer Hematoxilin for nuclei and coverslipped after
dehydration in ascending concentrations of ethanol and cleared in xylene. Negative controls were
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performed by pre-absorbing the primary antibody with a relative antigen excess (100 µg mL-1) and
incubating the complex with the sections in the speci�c step, which always resulted negative.

• Quanti�cation of TH immunohistochemical results
In order to quantify the TH-immunopositive neurons in the SN a qualitative rating system was applied to
the two portions of the SN (SNpc and SNpr). A four-point scale was used to quantify the percent of TH-
immunopositive neurons in the delineated areas:

0= no TH-immunopositivity in the neurons

1= immunopositivity present in ≤ 20% of the neurons

2 = immunopositivity present in  20% and ≤ 50% of the neurons

3 = immunopositivity present in  50% of the neurons

Neuromelanin staining of the SNpc neurons
The Schmorl’ reaction taken from Lillie’s method (27) was used to stain the histological sections adjacent
to those employed for other examinations, as a reducing method for determining the presence of NM in
the neurons. Firstly the sections were treated with a ferric-ferricyanide solution for 5–10 minutes and then
washed under running tap water to ensure that all of the residual ferricyanide had been removed, after
which a counterstain in Nuclear Fast Red Stain, Kernechtrot was carried out for 5 minutes. Since melanin
is able to reduce ferricyanide to ferrocyanide with the production of Prussian blue in presence of ferric
salts, the NM appeared dark blue in the neuron cytoplasms under the microscope, while the nuclei were
stained in red.

Statistical methods
All of the evaluations were scored by two independent blinded pathologists. The results were compared
with the K Index (KI) in order to evaluate the inter-observer reproducibility. The Landis and Koch
methodology (28) for the interpretation of the k coe�cient was then used, where 0 to 0.2 indicates slight
agreement, 0.21 to 0.40 indicates fair agreement, 0.41 to 0.60 indicates moderate agreement, 0.61 to 0.80
indicates strong or substantial agreement, and 0.81 to 1.00 indicates very strong or almost perfect
agreement (a value of 1.0 implying perfect agreement). A very satisfactory KI value (0.88) was obtained
in this study.

The statistical signi�cance of the direct comparisons between groups of victims was determined by
analysis of variance (ANOVA). Statistical calculations were carried out using the SPSS (statistical
package for social science) statistical software. Differences were considered statistically signi�cant if the
p value was < 0.05.
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Results
• Morphological examination of the SN
The histological examination of the SN, the main focus of this study, was performed on transversal serial
sections of the caudal midbrain stained with Klüver-Barrera. In the control group, this structure was
located adjacent to the superior peduncles, with a bilaterally symmetrical “strip-like” shape. Figure 2
highlights the localization of the SN and its components according to the human brainstem atlas of
Olszewski and Baxter (29), i.e. the pars compacta (SNpc), with a densely packed and numerous
population of neurons, subdivided into subnucleus α, and subnucleus β, with a more rare�ed pattern of
neurons, and the pars reticulata (SNpr), a relatively poor cell structure lying ventral to the SNpc, which is
much larger and more ovoid in shape than the SNpc. The soma of the neurons od the SN are polygonal or
fusiform in shape with a light, frequently eccentric nucleus, evident nucleolus and abundant cytoplasm.
The dendrites and axons are well visible and intertwined with each other especially in the SNpc (Fig. 3A).
Frequent hypoplasia of the SN mainly affecting the SNpc was observed in 18 of the 26 SIDS cases, with
a greatly reduced number of damaged fusiform neurons with rare processes, compared to those of the
control group (Fig. 3B). This observation was validated by densitometric evaluation, as reported below.
Noteworthy was the frequent presence of mitotic �gures (telophases) and binucleate neurons in the SNpc
of most SIDS cases (Fig. 4).

• Neuron density
Overall the SIDS cases had a signi�cantly lower neuron density in the SNpc compared to the controls (p < 
0.01). The mean values in SNpc were 36.5 ± 32.7/mm2 for the SIDS group and 92.8 ± 15.3/mm2 for the
control group (p < 0.05). The number of neurons per mm2 in SNpr was almost overlapping in the two
groups (5.44 ± 2.43 in SIDS and 5.52 ± 3.1 in controls). Table 2 summarizes the densitometric
evaluations.
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Table 2
Analysis of the SN neuronal density (cells/mm2) in SIDS and Controls

  SIDS CONTROLS

SNpc  

Range 5-100 72–120

Mean value ± SD 36.5 ± 32* 92.8 ± 15.3*

SNpr  

Range 1–9 2–10

Mean value ± SD 5.44 ± 2.43 5.52 ± 3.1

*Signi�cance related to Controls: p < 0.01

SNpc = substantia nigra, pars compacta; SNpr = substantia nigra, pars reticulata; SD = standard
deviation

• TH-immunohistochemistry
The percentage of TH-immunopositive neurons in the control group ranged from 60 to 90% (score 3) in
the SNpc (Fig. 5A). Contrastingly, a greater loss of TH immunopositivity in the SNpc neurons was
observed in the SIDS victims compared to the controls (Fig. 5B). In fact, the number of positive neurons in
SNpc was classi�ed as 0 or 1 (with ≤ 10% of TH-immunopositive neurons) in 22 of the 26 SIDS cases
(84,6%). Only a few positive neurons were occasionally found in the SNpr of both the controls and the
SIDS cases, which probably migrated from the adjacent SNpc.

• Neuromelanin
In 4 infants over six months of age belonging to the control group, dark cytoplasmatic granules were
detected in several neurons of the SNpc, which was indicative of NM content (Fig. 6). Conversely, NM was
not found in the SIDS cases, even in the older victims of SIDS.

Correlations of results with maternal smoking
All of the results were associated with maternal prenatal smoking. A signi�cant correlation was observed
between SNpc hypoplasia, negativity/low TH immunostaining and maternal smoking (p < 0.01). In
particular, 16 of the 20 SIDS victims and one of the 2 control subjects with smoker mothers showed TH-
scores = 0 or 1 in the SN neurons. Conversely, low TH expression was detected only in 4 of the 24 victims
with non-smoker mothers (6 SIDS and 18 controls).

Figure 7 summarizes schematically all the results obtained in this study.

Discussion
To the best of our knowledge this study provides the �rst direct evidence of SN morphological and
functional alterations in SIDS. In particular, since the SN, and precisely the SNpc, is known to be a major
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dopamine producing region of the brain, the loss of dopamine neurons from the SNpc provides us with
valuable insight into the pathogenetic mechanism of this syndrome. It is well known that among its
various functions, dopamine regulates the sleep-wake cycle (11) and in most cases SIDS occurs during
arousal from sleep (16–18).

Dopamine is a neurochemical that, together with adrenalin and noradrenalin, belongs to the
catecholamine group. The biosynthesis of these neuromodulators starts with phenylalanine, which is
converted into tyrosine by phenylalanine hydroxylase. In turn, tyrosine is hydroxylated by tyrosine
hydroxylase (TH) to L-dihydroxyphenylalanine (L-DOPA) which is able to cross the blood-brain barrier and
reach the brain parenchyma where it is converted to dopamine (DA) by the enzyme L-aminoacid-
decarboxylase especially in the SN of the midbrain (30).

Much attention has been paid to the involvement of DA in locomotor activity, cognitive functions and
sensorimotor integration (7,31–33). The degeneration of dopaminergic neurons within the SNpc has long
been known to be a hallmark feature of Parkinson's disease, a neurodegenerative disorder mainly
characterized by motor de�cits and cognitive impairment (as executive function de�cits, attention and
learning di�culties, etc.) (9,10). Over the last few years, numerous studies have highlighted the role of DA
in many physiological functions such as ventilation and neurological modulation of sleep (34–37). In
particular, during the arousal phase from sleep to wakefulness there is an increase in the �ring activity of
dopaminergic neurons of the SNpc. The pressing need to increase DA synthesis is justi�ed by the fact
that physiological arousal requires a radical change in brain activity, as it is characterized by
hyperventilation, greater motor activity and increased responsivity to sensory and emotional inputs
(38,39). A sudden arousal from sleep is also required as a life-saving re�ex in case of hypoxia and/or
hypercapnia (due to accidental airway obstruction, severe bronchial disease, prone sleeping position,
nicotine absorption, etc.) (40).

Defects in sleep arousal in response to a life-threatening stressor is deemed to be the main cause of SIDS
(17,18). Sudden infant death is primarily attributed to respiratory failure caused by physiological increase
of the respiratory rate that usually occurs under hypoxic conditions to regularize the plasmatic gas values
(41).

The results of our study indicate that the SN, and especially the SNpc, undergoes delayed development in
most SIDS victims and a reduced number of neurons sometimes characterized by immature features
(hypoplasia). In addition, on using the rate-limiting enzyme TH as a marker for dopaminergic neurons, a
signi�cant loss of TH-immunopositive neurons was observed, both in cases with normal or reduced
neuronal density, compared to the controls. This observation suggests that in SIDS cases the SN neurons
are unable to synthesize and store DA. Our results contrast with those reported by Obonai et al (42).
These authors, in a study on the catecholamine neurons in the brainstem of SIDS victims, reported that
TH immunoreactivity was decreased in adrenergic and noradrenergic neurons of the vagal nuclei and
area reticularis super�cialis ventrolateralis, but not in dopaminergic neurons of the SN.
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In support to our statements, electrophysiological data indicated that the loss of only half of the
dopaminergic neurons within the SNpc leads to a signi�cant impairment in sleep-wake parameters (12).
We can therefore hypothesize that the de�cit of dopaminergic neurons by us demonstrated in the SNpc of
SIDS victims may have contributed to fatal outcomes, considering that the majority of the SIDS deaths
occurred during sleep. The DA de�cit may also have hindered the essential motor response of the
newborn to a life-threatening stressor which reduces the amount of oxygen supplied to the brain. There is
strong evidence that maternal smoking during pregnancy is a major risk factor for SIDS. In fact, in our
SIDS cohort, a very low expression of the TH enzyme, indicative of DA de�cit, was detected in 80% of
cases with proven nicotine absorption. Our previous SIDS studies revealed a close correlation between
maternal smoking, especially during pregnancy, and defects in the morphological/functional
development of various nervous system structures (43–49). This study enhances our knowledge on the
devastating effect of cigarette smoking and reinforces our awareness that once nicotine crosses the
blood-brain barrier, it can harm and disactivate important brain centers which are crucial to perform the
vital activities.

It is important to note the differences in neuronal density observed in the SNpc of newborns compared to
the neuronal density of adult subjects. Our results indicate a mean neuronal density in the control infants
of 92.8 ± 15.3/mm2, which is de�nitely a higher value than that observed in adult humans, as reported in
literature. Various studies in fact, carried out on the SN albeit on different topics, reported similar mean
values of approximately 20 neurons per mm2 (50–52).

It is well known that the decline in the number of adult SNpc neurons may be due to a progressive loss of
neurons, which is an inevitable consequence of normal aging (53–55) and that the numeric atrophy
through age affects mainly the noradrenergic locus coeruleus and the dopaminergic substantia nigra
(51,56).

Another noteworthy �nding of this study concerns neuromelanin (NM), a dark stained pigment which is
produced and stored in intracellular granules in speci�c populations of catecholaminergic neurons of the
human brain such as the locus coeruleus and especially the SNpc (20,57).

Histochemical studies have demonstrated that this dark pigment in the human brain has similar
properties to the melanin found in skin, hair and eyes, being insoluble to organic solvents and labelled by
silver stains (58,59), which was why it was called “neuromelanin”. However, little is known about the
biology and the physiological functions of NM. We only know that it is directly biosynthesized from L-
DOPA, precursor in DA synthesis (20). However, a much debated issue is the involvement of NM in cell
iron homeostasis and in the neuroprotective function by sequestration of toxic substances (60–63).

In this study it was observed that the NM in controls is normally unexpressed in the SN in the �rst months
of life and only begins to appear in the form of cytoplasmatic dark granules in several neurons of the
SNpc from 6 months of age onwards. This result is inconsistent with current knowledge that NM pigment
in the SN is not visible under light microscopy in newborns and becomes visible only at 2–3 years of age
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(64). However it is interesting to note that, as reported in one of our previous studies (65), the NM in the
locus coeruleus can already be identi�ed in 2–3 month-old infants. As yet we are unable to explain these
differences in synthesis times. In this study NM was not detected in the SIDS cases, even in the victims
over 6 months of age. It was observed that the NM de�ciency was understandably related to the decrease
in TH, since both NM and TH are byproducts of tyrosine.

Another interesting observation concerns the frequent presence of mitotic/binucleated neurons only in
SIDS cases and not in controls. The pathogenetic mechanism for their formation is still unknown. It is
well known that during prenatal nervous system differentiation, neuroblasts undergo mitotic activity and
migrate to reach their de�nitive location, where they differentiate into mature neurons that are
characterized by the permanent exit from the cell cycle (66–68). However, according to various authors, if
necessary neurons can reactivate, the molecular system which is capable of promoting cell proliferation
which was previously blocked (69–72). The activated neurons in the SNpc detected in this study could
represent an attempt to divide in order to promote an hyperplastic process as a reaction to noxious
stimuli and unfavorable circumstances. The functional signi�cance of these neurons obviously merits
further investigation.

Conclusions
This study highlights for the �rst time the important involvement of the SNpc in SIDS pathogenesis and,
as already reported in our previous studies (43–49), con�rms that cigarette smoke absorption may have
strongly in�uenced the results here presented. In fact, all the SIDS cases with decreased neuronal density,
negative TH and NM expression and with mitotic neurons in the SNpc were born to smoking mothers.
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GABA= Gamma-AminoButyric Acid; DA= dopamine; GC/MS= gas chromatography/mass spectrometry;
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pars compacta; SNpr= substantia nigra pars reticulata; TH= thyrosine hydroxylase;
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Figure 1

At the right, sampling of three specimens from the brainstem. The �rst specimen, ponto-mesencephalic,
includes the upper third of the pons and the adjacent portion of mesencephalon. The second extends
from the upper portion of the medulla oblongata to the adjacent caudal portion of the pons. The third
specimen extends 2-3 mm above and below the obex. A fourth sample is taken from the rostral tract of
spinal cord. At the left, the histological sections obtained from the specimens are represented, indicating
the main nuclei and structures to be examined.
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Figure 2

(A) Photomicrographs of a transverse section of midbrain, at the level of inferior colliculus. The circle
area, shown at great magni�cation in (B), indicates the localization of the right part of the bilaterally
located substantia nigra. Klüver-Barrera stain. Magni�ction: (A) 0,5x; (B) 10x. aS= aqueduct of Sylvius;
cp= cerebral peuncle; ml= medial lemniscus; mlf= medial longitudinal fasciculus; on= oculomotor nervus;
ic= inferior colliculus; scpd= superior cerebellar peduncle decussation; sl= spinal lemniscus
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Figure 3

Substantia nigra pars compacta (SNpc). Comparison between the neuron density in a control case (A)
and in a case of SIDS (B). Klüver-Barrera stain. Magni�ction: (A) (B) 20x.
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Figure 4

A panel of photomicrographs showing terminal mitotic �gures (highlighted by arrows in A,B and C) and a
binucleate neuron (D) found in the SNpc. A)B)C) Klüver-Barrera stain; C) Thyrosine hydroxylase-
immunohistochemistry. Magni�cation: 100x.

Figure 5

Thyrosine hydroxylase (TH)- immunohistochemistry. A) intense immunopositivity in the neuronal bodies
and processes in the SNpc of a control cases. B) Rare presence of weakly immunostained neurons in the
SNpc of a SIDS case. Magni�cation: 40x.
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Figure 6

Neuromelanin (NM) histochemistry. Pigmented neurons in the SNpc of a control infant. Magni�cation:
40x.
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Figure 7

Schematic representation of all the results obtained in this study. It’s evident that the SN in SIDS cases is
characterized by a decrease in the neuron number and in the expressivity of both the TH enzyme and NM
with respect to the control cases and furthermore that these results are closely related to the exposure to
cigarette smoke.


