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A b s t r a c t

The present study was aimed at supplementing our previous investigations on the morphological features of the 
Purkinje cells during the autonomic nervous system development, particularly in victims of sudden perinatal death 
(Sudden Intrauterine Unexplained Death Syndrome and Sudden Infant Death Syndrome), given their crucial role 
in determining connectivity patterns in the brain as well as in the control of autonomic functions. We highlighted 
in these pathologies, and precisely in 21 cases of sudden foetal death and 26 cases of sudden infant death, a high 
percentage of developmental defects of the Purkinje cells such as heterotopia, hypoplasia, hyperplasia, mitotic and/
or shrunken features and abnormal neuronal nuclear antigen expression. These alterations can be interpreted as  
a result of a defective maturation and/or migration of Purkinje cells in foetal cerebellum, likely consequence of expo-
sure to injuries, particularly to maternal cigarette smoke. Interestingly, we observed in sudden perinatal deaths an 
association with similar developmental defects of both the dentate and the inferior olivary nuclei. This suggests the 
existence of a Purkinje-Olivo-Dentate network playing a fundamental role in triggering a sudden death mechanism 
in perinatal life in the presence of specific risk factors.
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Introduction

The human cerebellar cortex is known to undergo 
rapid changes during the foetal and early postnatal 
development, changing in thickness as well as under-
going reorganization of its cortical layers [1,14,32]. 

The timing of these changes has been the subject 
of our previous investigations [24-26]. In these stud-
ies we highlighted in particular, besides the dynamic 
sequence of the developmental steps, maturational 
disorders of the cerebellar cortex in sudden intrauter

ine unexplained death and sudden infant death syn-
dromes (SIUDS and SIDS, respectively).

The purpose of this paper was to provide additio
nal information about the Purkinje cells (PCs), given 
their crucial role in determining connectivity patterns 
in the brain and, in general, in the coordination of the 
autonomic functions [31,46]. 

The PCs in the mature cerebellar cortex are easy 
to analyse as they are among the largest brain neu-
rons, placed in an ordered row between the granule  
and the molecular cortex layers. These neurons are  
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characterized by one of the most sophisticat-
ed dendritic tree which allows them to integrate 
numerous signals from the cerebellar and brain-
stem circuitry.

The Purkinje cells are classified as inhibitory neu-
rons as they release the neurotransmitter GABA  
(γ-aminobutyric acid). Their major projections, di
rected towards the deep cerebellar nuclei, work by 
inhibiting or reducing the neuronal firing rate par-
ticularly of the dentate nucleus [39,41]. In addition 
PCs receive excitatory synapses from several extra-
cerebellar locations, mainly from the inferior olive 
via climbing fibres that, through the pons and the 
inferior cerebellar peduncle, enter from the brain-
stem into the cerebellum [32]. In turn, the inferior 
olivary nucleus innervates the deep cerebellar nu
clei, including the dentate nucleus, thereby complet
ing the Purkinje-Olivo-Dentate network (PODn) [10, 
22,35,40]. 

As regards the ontogenesis, the PCs arise in hu
mans, together with the deep cerebellar nuclei, from 
the ventricular germinal zone of the metencephalic 
alar plate at the beginning of the fifth week of devel-
opment. Only in postmitotic phases, between 9 and 
13 gestational weeks, the PCs migrate to their defin-
itive sites. The dorsolateral part of the alar plate, 
known as “rhombic lip”, and precisely the “lower 
rhombic lip” gives rise to a set of cell migrations that 
will result in formation of the inferior olivary nucleus 
in the medulla oblongata [5]. 

Both the embryological and anatomical links of 
PCs with the dentate and the inferior olivary nuclei 
are sustained by the particular absence of expression 
in the mature neurons of all these structures, of the 
neuronal nuclear antigen (NeuN). This antigen is in 
fact intensely expressed in postmitotic neurons of 
the human nervous system [27,36,42]. 

A  further aim of this study was then to evalu-
ate whether the PODn may somehow be involved as 
a whole in analogous developmental alterations in 
SIUDS and SIDS.

The specific study protocol, applied to a  wide 
sample of perinatal deaths (65 cases, aged from 25 
gestational weeks to 12 months of life, died of both 
known and unknown causes) included an in-depth 
morphological and immunohistochemical examina-
tion of the PCs and of the dentate nucleus in the 
cerebellum and of the inferior olivary nucleus in the 
medulla oblongata.

Material and methods

The material consisted of 65 brains obtained from 
autopsy of 30 fresh foetuses, ranging from 25 to  
40 gestational weeks, and 35 neonates and infants, 
died from 2 postnatal days to 12 months, prevalently 
from the Italian Lombardy region. 

The subjects underwent a complete autopsy, in
cluding examination of the placental disk, umbilical 
cord and foetal membranes. All autopsies were per-
formed 1 to 2 days following death, according to the 
Police Mortuary Regulations in Italy, with no signif-
icant differences in post-mortem intervals between 
subjects. 

In all cases, an in-depth histological examination 
of the cardiorespiratory autonomic nervous system 
was made, in application of the guidelines applied in 
our Research Centre of the Milan University [29,30]. 

In particular, the cerebellum, the primary target 
of this study, was excised from the pons by dividing 
the peduncles. Then, sections at intervals of 60 µm 
of both cerebellar hemispheres were obtained. Care 
was taken to examine corresponding folia from dif-
ferent subjects whenever possible.

Transverse sections at the same intervals were 
obtained also from the midbrain, pons and medulla 
oblongata, where the main brainstem structures to 
be examined, including the inferior olivary nucleus, 
are located.

All the samples were fixed in 10% phosphate- 
buffered formalin, embedded in paraffin and serial-
ly sectioned. For each level, six-seven 5 µm sections 
were obtained, two of which were assigned to the 
histological examination using hematoxylin-eosin 
and Klüver-Barrera stains; adjacent paraffinized sec-
tions were submitted to immunohistochemical pro-
cedures for the evaluation of the NeuN, to point out 
a possible deviation from the normal negative pat-
tern of expression [34], and, when the PC recognition 
was uncertain, of the Calbindin, a  neurochemical 
hallmark of these cells [20]. The remaining sections 
were saved and stained as deemed necessary for fur-
ther investigations.

In 47 cases, death was classified as totally unex-
plained, after an in-depth microscopic study according 
to our protocol. A diagnosis of SIUDS was established 
for 21 foetuses and a diagnosis of SIDS for 26 infants. 
In the remaining 18 cases (9 foetuses and 9 infants, 
forming the “Control group”) a  cause of death was 
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formulated at autopsy (respiratory infections, car
diomyopathies, sepsis in infant deaths; cardiomyop-
athies and chorioamnionitis in foetal deaths). Table I 
summarizes the case profile of this study.

Complete clinical histories in all the cases were col
lected. Additionally, mothers completed a  question
naire on their smoking habits, detailing the number 
of cigarettes smoked before, during and after preg-
nancy. Twenty-two out of the 47 SIUDS/SIDS moth-
ers (47%) were active smokers before and during the 
pregnancy, smoking > 3 cigarettes/day. The remain-
ing 25 mothers (53%) reported no history of ciga-
rette smoking. Four mothers of the Control group 
(22%) reported a  smoking habit, while 14 mothers 
(78%) were non-smokers.

Consent. Parents of all the victims of the study 
provided written informed consent to autopsy, with 
the Milan University L.Rossi Research Centre institu-
tional review board approval.

Immunohistochemical neuronal nuclear 
antigen detection

Selected sections from paraffin-embedded tis-
sue blocks were stained using commercially supplied 
mouse monoclonal antibody against the neuronal 
nuclear antigen NeuN (Millipore Chemicon Interna-
tional, MAB377). A  standard avidin-biotin complex 
technique was used with peroxidase-diaminobenzi-
dine to visualize and develop the antigen-antibody 
reaction. The antibody dilution at 1 : 100 was used. 
Incubating solutions were boiled in citrate buffer pH 
6.0, in a microwave oven, for 5 min at high power, 
then 5 min at 50% power, and finally cooled for 20 
min. Sections were counterstained lightly with May-
er’s hematoxylin.

Immunohistochemical calbindin 
detection

A  mouse IgG1 monoclonal antibody against cal
bindin-D28k (clone CL-300, Sigma Immunochemicals,  
St. Louis, MO), a specific PC marker in the cerebellum,  
was used in selected paraffin sections, at dilution of  
1 : 200. As the secondary antibody, anti-rabbit IgG was 
used. For visualization of the reaction sites, immunohis-
tochemical staining was carried out by the peroxidase 
linked avidin-biotin complex (ABC) method. Blocking 
of endogenous peroxidase activity was obtained with 
0.08% hydrogen peroxidase (H2O2) in methanol for  
5 minutes. In order to block unspecific binding, incu
bation with (1 : 10) normal goat serum in 0.1 M PBS,  
pH 7.2 was performed.

Microscopic evaluations

The histological examination, besides the evalua
tion of the developmental steps of the PC layer, includ-
ed the classification of the PCs according to their 
cytological features. They were categorized in “nor-
mal cells” with a distinct stained nucleus, and “dam-
aged cells” with swollen, necrotic, shrunken or dark 
degeneration (classification adapted from Hausmann 
et al. [19]). The morphology of 150-200 cells per case 
along randomly selected segments of the PC layer 
was examined at light microscope in Klüver-Barrera 
stained histological sections, at ×20 magnification, 
and at ×100 magnification when more in-depth cyto-
logical information was needed.

As regards the immunohistochemical analysis, 
only the cells with intense brown NeuN-immunostain
ing were considered to be really positive.

Table I. Case profiles of the study

Subjects Age range Death diagnosis

Foetuses

(n = 30)

25-40 gw

27-40 gw

SIUDS (n = 21)

Controls

   chorioamnionitis (n = 4)

   congenital heart diseases (n = 5)

Infants 

(n = 35)

0-12 m

1-11 m

SIDS (n = 26)

Controls 

   pneumonia (n = 4)

   congenital heart diseases (n = 4)

   sepsis (n = 1)
gw – gestational week, m – month
SIUDS – sudden intrauterine unexplained death syndrome, SIDS – sudden infant death syndrome
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Histological and immunohistochemical observa
tions were carried out by two independent blinded 
pathologists. Comparison among the results was 
performed employing Kappa statistics (Kappa Index 
– KI) to evaluate the inter-observer reproducibility. 
The Landis and Koch system [21] for K interpreta-
tion was used, where 0 to 0.2 is slight agreement, 
0.21 to 0.40 indicates fair agreement, 0.41 to 0.60 
is moderate agreement, 0.61 to 0.80 is strong or 
substantial agreement, and 0.81 to 1.00 indicates 
very strong or almost perfect agreement (a  value 
of 1.0 being perfect agreement). The application 
of this method revealed a very satisfactory Kappa 
Index (KI = 0.85).

Statistical analysis

The statistical significance of direct comparison 
between groups was determined using analysis of 
variance (ANOVA). Statistical calculations were car-
ried out with an SPSS statistical software (version 
11.0; SPSS Inc., Chicago, IL, USA). The selected thresh-
old level for statistical significance was P < 0.05.

Results

According to the purpose of this study, below we 
indicate only in-depth morphological and immuno
histochemical observations related to the PCs. De
velopmental steps of all the cerebellar cortex layers 
can be found in our previous works [24-26]. 

Chronological changes in Purkinje cells 
during the human cerebellar cortex 
development

First we highlighted progressive developmental 
stages of the PCs maturation in control cases from 
the foetus to the infant.

At the earliest observation, around the 25th gesta
tional week, the PCs result in a pluristratified, poorly 
defined row between sketchy molecular and internal 
granular layers (Fig. 1A). 

Successively, at 28-30 weeks, the PCs form an 
ordered 3-4 cells thick layer of round immature larg-
er neurons with several short processes (Fig. 1B). 
Around the 35th week of gestation, a single layer of 
round or pear-shaped PCs, increased in size, is rec-
ognized. The PCs have prominent primary dendrites 
arranged in a parallel pattern in the molecular layer 
(Fig. 1C). 

The PC layer at 38-40 weeks shows numerous 
large cells, polygonal in shape and with a  wide 
branched arborization. Frequently it is possible to 
distinguish transversal branches in the molecular 
layer with a  single primary process that extends 
towards the pial surface (Fig. 1D). Shrunken neurons 
without evident nucleus were sometimes present. 
This cytoarchitecture is maintained at birth and in 
the first year of life. 

PCs display negative NeuN-immunoreactivity at 
all ages, in spite of the external and internal gran-
ular layers of the cerebellar cortex that are strongly 
positive (Fig. 2). 

Purkinje cells alterations in sudden 
intrauterine unexplained death 
syndrome and sudden infant  
death syndrome

Thirteen victims of sudden death showed the 
above delineated cytoarchitectural and biological 
features corresponding to developmental age. Nev-
ertheless, abnormal patterns of PC maturation were 
identified in 34 cases (72%).

Precisely, in 12 subjects diagnosed as SIDS, aged 
3-6 months, and in 8 foetuses suddenly died between 
36 and 40 gestational weeks, heterotopic scattered 
PCs, isolated or in clusters, were visible within the 
molecular and/or granular layers and even position
ed over the external granular layer. These misplaced 
cells, identified as PCs by their immunoreactivity 
for Calbindin-D28k, showed an immature oval struc-
ture with substantial reduction of the dendritic tree  
(Fig. 3).

A loss of PCs for extensive sections of the cere
bellar cortex (hypoplasia) was observed in 11 cases  
(5 SIUDS and 6 SIDS) (Fig. 4A). Conversely, in 6 fur-
ther SIDS cases (aged 3-4 months) and in 3 late 
SIUDS cases (38-40 gestational weeks) the PC lay-
er was disorganized with densely packed roundish 
cells in a pluristratified structure (hyperplasia of the 
PCs) (Fig. 4B). Mitotic figures in adjacent tracts were 
not uncommon findings, prevalently in SIDS cases 
(Fig. 5). Nevertheless, more frequently (precisely in 
12 SIUDS and 14 SIDS) the PCs were classified as 
“damaged cells”, as they did not exhibit the nucle-
us and showed shrunken morphology with intensive 
dark staining of the cytoplasm lacking arborization 
(Fig. 6). 

Only in 3 control cases, occasional PC alterations 
were observed. On the whole, a significant decreased 
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incidence of intact PCs was detected in the cerebellar 
cortex of suddenly dead victims compared to con-
trols (p < 0.01).

Finally, positive NeuN-immunolabeling resulted 
in morphologically immature PCs of 16 SIDS (range 
of age: from 3 to 8 months) and 10 SIUDS cases (34-
39 gws) (Fig. 7). The staining was mainly present in 
the nucleus, but also the cytoplasm was immunore-
active, though to a lesser extent. 

Frequently the above-reported alterations were 
combined in the same case. Noteworthy was a sig-
nificant association highlighted between PC altera-
tions and cigarette smoke exposure (p < 0.01). In fact, 
in 20 out of the 22 SIUDS/SIDS cases with a smoking 
mother, defective development of the PC layer was 
present. The association between the presence of 
damaged PCs and smoke absorption was very signif-
icant (p < 0.01). Table II summarizes all the findings.

Fig. 1. Developmental steps of the PCs. A) Cerebellar cortex of a 25-gestational-week foetus of the control 
group. The arrow indicates a poorly defined pluristratified PC layer between the molecular layer and the 
internal granular layer. B) Round PCs arranged in a 3-4 row layer in the cerebellar cortex of a 30 gestation-
al-week-old foetus. C) Regular monostratified arrangement of PCs with primary dendrites running towards 
the external granular layer in a foetus died at 34 gestational weeks. D) PCs in a newborn died in the first 
days of life, showing wide arborization of the processes. Klüver-Barrera stain. EGl – external granular lay-
er, IGl – internal granular layer, Ml – molecular layer, PCl – Purkinje Cell layer. Magnification: A), B) 10×;  
C), D) 20×.

A BA

C D

Fig. 2. NeuN-immunonegative PCs in a 2-month-
old infant. Conversely note the intense immu-
nopositivity of both the internal and external 
granular layer neurons. NeuN – immunostain-
ing; magnification: 20×.
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A BA

C D

Fig. 3. Heterotopic PCs. Arrows indicate: in A) a  cluster of PCs in the molecular layer (3-month-old SIDS 
case); in B) isolated PCs in the molecular layer and intermingled with the internal granular layer neurons 
(39-gestational-week foetus); in C) a misplaced neuron overlooking the external granular layer identified as 
PC by its immunoreactivity for calbindin (37-gestational-week foetus); in D) normal layer of PCs calbindin-im-
munopositive as control. A) and B) Klüver-Barrera stain; C) and D) calbindin-D28k immunohistochemistry; 
magnification: A), B) and D) 20×; C) 40×.

Additional results on cerebellum  
and brainstem

The present PC analyses were complemented by 
findings in the structurally and ontogenetically linked 
structures in the cerebellum and brainstem. Interest-
ing was the observation of hypodevelopment of both 
the dentate nucleus and the inferior olivary nucleus 
with neuronal degeneration, in 8 out of the 11 cases 
with PC hypoplasia (Fig. 8).

The routine histological examination of other brain
stem structures led to the diagnosis in several cases, 
and above all in SIUDS, of hypoplasia/agenesis of the 
arcuate, the pre-Bötzinger, the inferior olivary, the Köl-
liker-Fuse, the parafacial and the serotonergic raphé 

nuclei, but without any specific correlation with the 
PODn alterations. 

Discussion

During the last decade our research Centre report-
ed developmental abnormalities of different nuclei 
and/or structures in the brainstem and cerebellum 
of SIUDS and SIDS victims. In particular, a group of 
our studies was performed to highlight alterations 
of the cerebellar cortex, since its neat layered struc-
ture and its developmental pattern over a long peri-
od of time, extending from the early embryonic life 
until the first postnatal year, make this structure  
a favourite field of research [24-26]. 
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A BA

Fig. 4. PC numerical alterations. A) PC depletion in a late SIUDS case of 39 gestational weeks (hypoplasia). 
B) Pluristratified disposition of roundish PCs in a SIDS victim died at 2 months (hyperplasia). Klüver-Barrera 
stain; magnification: A) and B) 20×.

A BA

Fig. 5. PCs in mitotic phases (telophases). In A) 
and B) mitotic figures observed in 2 SIDS died 
at 3 months; in C) a  telophase in a  SIUDS of 
38 gestational weeks (see arrows). A) and C) 
Klüver-Barrera stain; B) hematoxylin-eosin stain; 
magnification: 100×.

C

In the present study we expanded the information 
hitherto obtained on the PCs adding specific develop-
mental alterations, previously not well outlined, in 
sudden unexplained perinatal deaths. Precisely, we 
observed patterns of heterotopia, hypoplasia, hyper-

plasia, presence of mitotic figures and/or shrunken 
features, in addition to anomalous positive NeuN 
immunoexpression in PCs. Many of these defects 
could be a  result of disruption of radial neuronal 
migration systems occurring in early human embry-
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onic stages when the PCs migrate from the germinal 
ventricular zone of the metencephalic alar plates, 
where they undergo terminal mitoses, into the cere-
bellar wall [18,37,43]. 

The formation of the PC layer is indeed a com-
plex process that requires interactions between mul
tiple neuronal populations and precise migratory 
patterns established under a  definite glia guid-
ance. The presence of PCs in heterotopic sites, their 
decreased or increased number and the persistence 
of mitotic features can be a result of an arrested or 
premature and erroneous neuronal migration in the 
foetal cerebellum [9]. A  similar interpretation was 
proposed by Laure-Kamionowska and Maślińska [23] 
in a large study on morphologic features of the cer-
ebellum in perinatal life. These authors considered 
in fact the frequent finding of P neurons irregularly 
dispersed in the molecular and granular layers as 

Fig. 7. NeuN-immunopositive PCs in a 3-month-
old SIDS case. The staining is present in both 
nuclei and cytoplasm of the cells. NeuN immu-
nostaining; magnification: 40×.

Fig. 6. A) and B) Irregular shrunken morphology 
of PCs without a distinct nucleus in 2 SIDS vic-
tims (both 5 month old). In C) normal features 
of a PC with well-evident nucleus and nucleolus 
from a control age-matched case. Klüver-Barrera 
stain; magnification: 100×.

A B

C
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A BA

C D

Fig. 8. A) and B) Hypoplasia of the cerebellar dentate nucleus and of the medullary inferior olivary nucleus, 
respectively, in a SIDS case of 4 months (also affected by PC layer hypoplasia). C) and D) normal structure 
of the dentate nucleus and of the inferior olivary nucleus, respectively, in an age-matched infant control. 
Klüver-Barrera stain; magnification: 10×.

Table II. Morphological and immunohistochemical alterations of the PCs in SIUDS, SIDS and Control cases 

Alterations of the PCs 

Total number of cases, n = 34*

SIUDS

n = 21

SIDS

n = 26

Controls

n = 18

Heterotopia 8 (4) 12 (5) 2 (0)

Decreased number (hypoplasia) 5 (2) 6 (3) 1 (1)

Increased number (hyperplasia) 3 (2) 6 (2) 0 (0)

Mitosis 2 (1) 5 (3) 0 (0)

Damaged cytological features

(shrunken aspect, indistinct nucleus, darkened degeneration)
12 (9) 14 (11) 3 (1)

Positive NeuN expression 10 (5) 16 (6) 0 (0)

When comparing SIUDS/SIDS groups vs. Controls, p < 0.01
*Individual victims may display combination of the PC alterations
NeuN – neuronal nuclear antigen, PC – Purkinje cell, SIUDS – sudden intrauterine unexplained death syndrome, SIDS – sudden infant death syndrome
A total of 34 out of the 47 SIUDS/SIDS cases had one or more developmental defects of the cerebellar PC layer. Twenty of the 22 cases of SIUD/SIDS with 
a smoking mother belong to this group of 34 cases. In brackets the number of cases with a smoking mother is indicated, for every type of alteration (always 
considering that individual victims may display any combination of the CP alterations).
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a  result of impaired migration of neuronal precur-
sors in improper places. The NeuN intense immuno-
reactivity can be instead interpreted as a deep disor-
der of the normal developmental programs of these 
cells. The PCs in fact cannot usually be recognized by 
the NeuN antibody in the postmitotic phases, unlike 
other neurons of the human nervous system which 
migrate from the birthplace to their final position 
[27,36,42]. 

Our findings could be a consequence of exposure 
to toxic agents. It is known in fact that the protract-
ed development of the cerebellar cortex makes this 
structure particularly vulnerable to a  broad spec-
trum of extrinsic injuries, such as cigarette smoke, 
air pollution, ionizing radiations, drugs, alcohol, etc. 
[11,12,28]. In particular, the period over the 28th 
week of gestation in humans seems to be of crucial 
importance for the maturation of PCs and for the 
development of their structural and functional con-
nections. Particularly from this age the PCs may be 
affected by acquired disorders [13]. Accordingly, we 
have observed PC alterations in subjects older than 
28 gestational weeks with a high frequency of smok-
ing mothers, prevalently died in Lombardy, a highly 
polluted Italian region. 

Although the cerebellar cortex activity, likely 
ranging from the control and coordination of move-
ments to autonomic functions, is still poorly defined, 
an inhibitory function to respiration, especially dur
ing hypercapnia, has been recognized to the PCs. Xu 
et al. [45] in experimental studies on rats demon-
strated in fact that degeneration of PCs enhances 
eupneic and hypercapnic ventilation. Morphological 
alterations of the PCs have been reported also as 
a consequence of hypoxic insults [2,4,19]. In particu-
lar, shrunken, swollen, necrotic PCs with lack of a dis-
tinct nuclear staining and/or dark cell degeneration 
are considered primary manifestations of chronic 
hypoxic damage [19]. Thus, the PC alterations here 
observed in high percentages of SIUDS and SIDS 
could be determined by chronic hypoxic exposure.

The major risk factor for chronic hypoxia in peri-
natal periods is the exposure to maternal cigarette 
smoke. Nicotine is one of the few lipid-soluble sub-
stances among many cigarette toxic compounds 
that can pass through the blood-brain barrier and 
act directly on the foetal brain [16]. Thus, nicotine 
is capable of producing a wide spectrum of abnor-
malities of neuronal cells, particularly of the devel-
oping PCs [7,8]. One major action of nicotine is the 

interaction with nicotinic receptors, a subpopulation 
of the acetylcholine receptors (nAChRs), and in par-
ticular with the α4 and α7 subunits that are strongly 
expressed in PCs [15]. 

In agreement with these considerations, the re
sults of our study showed a  significant correlation 
between prenatal cigarette smoke absorption and 
developmental alterations of the PC layer. The spe-
cific study of the nicotinic receptors in our series is 
now in progress in our laboratory and it will be the 
subject of a forthcoming publication.

The vulnerability of PCs seems to have an impact 
also on the dentate and the inferior olivary nuclei, 
given their mutual connections and the common ori-
gin from the same embryological compartment of 
the neural tube. We observed in fact in 34% of the 
SIUDS/SIDS cases, developmental alterations of all 
these structures. Furthermore, likewise to PCs, also 
the inferior olivary nucleus and the dentate nucleus 
may play a critical role in modulating the respiratory 
pattern [17,33,38,44]. 

In conclusion, this work suggests an important 
role of the PODn in the physiology of breathing. 
While it may be plausible that the cerebellar-med-
ullary defects reported here give rise to respiratory 
inhibition after birth, and consequently to sudden 
neonatal and infant death, we can reasonably spec-
ulate whether ventilatory alterations during intra-
uterine life can lead to foetal death. We know that 
an immature respiratory-related neuronal network 
is active before birth and controls breathing-like 
rhythmic movements, necessary to favour the lung 
development [3,6]. However, intrauterine respiratory 
alterations would not be sufficient to justify a foe-
tal loss. One possibility that we strongly support 
is that the PCs together with the connected struc-
tures participate not only in respiratory modulation 
but, more extensively, in the general control of all 
the vital functions. Consequently, disruption of the 
ascending and descending pathways between cere-
bellum and medulla, likely imputable to smoke expo-
sure in utero, can produce severe dysregulation in 
the autonomic nervous system, triggering a sudden 
death mechanism in vulnerable periods of pre- and 
postnatal life. 
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