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Introduction: In the developing brain neuronal differentiation is associated with permanent exit from the mi-
totic cycle. Neuronal nuclear antigen (NeuN) is a nuclear protein widely expressed in the mature postmitotic
neurons.
Methods:WeappliedNeuN immunocytochemistry in 65 cases of perinatal death (16 victims of sudden intrauter-
ine unexplained death syndrome/SIUDS, 19 of sudden infant death syndrome/SIDS and 30 controls) to test the
physiological status of the brain neurons. In additionwe applied both TUNEL and Caspase 3 immunohistochemical
methods in order to highlight a possible relation between decreasedNeuN expression and apoptotic outcome.We
also attempted to see whether or not NeuN pathological changes can be related to cigarette smoke absorption in
pregnancy.
Results: NeuN staining was considerably reduced or lost in SIUDS/SIDS compared to controls. However neurons
with decreased NeuN-labeling showed no sign of apoptosis. A significant association was found between NeuN

depletion and maternal smoking.
Conclusion: Altered NeuN expression can be a marker of immature and/or suffering neurons. The exclusive pres-
ence of this pattern of expression in SIUDS/SIDS victims, leads us to recommend the NeuN immunohistochemis-
try as a routine method in neuropathological protocols to convalidate a diagnosis of sudden perinatal death.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The neuronal nuclear antigen (NeuN) is a specific protein expressed
in post-mitotic neurons. The corresponding antibody, developed by
Mullen in 1992 [1], primarily stains the neuronal nucleus, but the cyto-
plasm and dendrites are also immunoreactive, though to a lesser extent.
Noteworthy it does not stain the immature nerve cells until they exit
from the cell cycle and achieve a stage of development that at least ap-
proaches mature function. This is coincident with the migration of the
neuroblasts from their birthplace in the embryonic neural tube to
their final position, outgrowth of axons and generation of synapses
[2–5].

With the inexplicable exception of several neuronal cell types,
such as the Purkinje cells and the dentate nucleus neurons in the cer-
ebellum, the neurons of the inferior olivary nucleus in the medulla
oblongata and the glial cells, that generally are not recognized by
the NeuN antibody, the vast majority of neurons is strongly NeuN
positive already in fetal life [1,2].
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In addition to representing a marker of maturing neurons, the NeuN
immunohistochemistry can be applied in neuropathologic studies to
highlight their physiological status. Precisely, while intense NeuN ex-
pression is shown by healthy neurons, a decreased NeuN positivity in
postembryonic life can be indicative of degeneration of differentiated
neurons. In particular, immunoreactivity is significantly weakened
after a severe injury, such as cerebral hypoxia/ischemia [6–8]. Infants
who have suffered fetal distress or perinatal asphyxia may show less
brain NeuN immunostaining than infants who have not experienced
such insults [2].

Stressors, such as hypoxia, hypercarbia and asphyxia are known as
pathogenetic factors in SIDS [9–12], resulting in functional and/or
morphological developmental alterations of brain neurons. Neverthe-
less, among the countless existing works in the literature on this field,
our previous contributions included, there are no reports taking into
consideration the NeuN expression as index of neuronal distress in
SIDS.

Insofar, we aimed to evaluate the immunoexpression of NeuN in a
group of victims already object of our prior studies but not formerly in-
vestigated in this regard. We reconsidered a total of 65 subjects aged
from 17 gestational weeks to 10 postnatal months, who had died of
known or unknown causes. Our aims were firstly to obtain basic infor-
mation about themanifestation of NeuN in the study groups and to eval-
uate a possible wrong expression in sudden perinatal and infant death,
in addition to specific morpho-functional alterations of the autonomic
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Table 1
Case profiles of the study.

Victims Age
(range)

Sex Death diagnosis

M F Explained death
Controls
(n.30)

Unexplained death
(n.35)

Fetuses
(n.29)

17–40 gw 12 15 Necrotizing
chorioamnionitis (n.7)
Congenital heart disease
(n.5)
Potter's syndrome (n.1)
Smoking mothers (n.3)

SIUDS (n.16)
Smoking mothers (n.12)

Infants
(n.36)

1–10 m 20 16 Pneumonia (n.6)
Congenital heart disease
(n.10)
Pericarditis (n.1)
Smoking mothers (n.1)

SIDS (n.19)
Smoking mothers (n.14)

gw = gestational week; m = month.
SIDS = Sudden Infant Death Syndrome.
SIUDS = Sudden Intrauterine Unexplained Death Syndrome.

46 A.M. Lavezzi et al. / Journal of the Neurological Sciences 329 (2013) 45–50
nervous systemwe had already reported [13–19]. Then, in order to eval-
uate if the NeuN depletion can be indicative of neuronal degeneration,
we applied the TUNEL method as hallmark of apoptosis [20,21] and
Caspase3 immunohistochemistry as a signal of dying cells [22].

Finally, we considered a possible correlation between NeuN path-
ological changes and hypoxic injuries related to cigarette smoke ab-
sorption in pregnancy.

2. Methods

A total of 65 brains were considered for this study, from 29 fresh
ante-partum stillbirths (17–40 gestational weeks—gw, mean age:
37 gw), and 36 infants aged between 1 and 10 months (mean age:
3.5 months).

For each case, a complete clinical history, with particular reference to
thematernal lifestyle, and including the death scene examination for in-
fant victims, was collected. None of the mothers had any significant pa-
thology. The mothers were also asked for information about the
smoking habit particularly before and during pregnancy. Thirty mothers
(46%) were active smokers before and during pregnancy while 35 (54%)
declared no history of cigarette smoking. Since the retrospective assess-
ment of the smoking habit of a mother, mainly after the death of his son,
is sometimes unavoidable, the negative self-reports were verified by the
urinary measuring of cotinine, the main metabolite of nicotine.

2.1. Consent

Parents of all the victims of the study provided written informed
consent to autopsy, with the Milan University L. Rossi Research Cen-
ter institutional review board approval.

2.2. Anatomopathological protocol

The victims were subjected to a complete autopsy, including exam-
ination of the placental disk, umbilical cord andmembranes in perinatal
deaths. In all cases an in-depth histological examination of the auto-
nomic nervous system was made, according to the protocol routinely
followed by the “Lino Rossi Research Center for the study and preven-
tion of unexpected perinatal death and the SIDS” of Milan University
[23,24].

After fixation in 10% phosphate-buffered formalin, the brains were
processed and embedded in paraffin. In particular, transverse serial
sections of the midbrain, pons, medulla oblongata and spinal cord
(cervico-thoracic tract), where the main structures controlling the
vital functions are located, were made at intervals of 60 μm. For
each level, six–seven 5 μm sections were obtained, two of which
were stained for histological examination using hematoxylin–eosin
and Klüver–Barrera stains, two sections for immunohistochemical de-
tection of NeuN and apoptosis, respectively. The remaining sections
were saved for further investigations and stained as deemed necessary.

The routine histological evaluation of the brainstem was focused on
the locus coeruleus, the parafacial/facial complex, the superior olivary
complex, the retrotrapezoid nucleus, the superior olivary nucleus, the
parabrachial/Kölliker–Fuse complex in the pons/mesencephalon; on the
hypoglossus, the dorsal motor vagal, the tractus solitarius, the ambiguus,
the pre-Bötzinger, the inferior olivary and the arcuate nuclei in the
medulla oblongata and the intermediolateral nucleus in the spinal cord.

In 35 cases, after the in-depth autoptic examination, the death
remained totally unexplained. A diagnosis of “sudden intrauterine
unexplained death syndrome/SIUDS” was therefore made for 16 fe-
tuses, who died suddenly after the 17th gestational week before com-
plete expulsion or retraction from the mother, and a diagnosis of
“sudden infant death syndrome/SIDS” for 15 infants who died within
the first ten months of life. In the remaining 30 cases, 13 stillbirths,
and 17 infants, a precise cause of death was formulated at autopsy.
These cases were regarded as “controls”.
Table 1 summarizes the case profiles in this study, indicating the sex
distribution, range of ages, death diagnoses andmaternal smoking habit.

2.2.1. Immunohistochemical techniques

2.2.1.1. NeuN immunohistochemistry. Representative sections from
paraffin-embedded tissue blocks were stained using commercially
supplied mouse monoclonal antibodies against the neuronal nuclear
antigen NeuN (Millipore Chemicon International, MAB377). A standard
avidin–biotin complex (ABC) technique was used with peroxidase–
diaminobenzadine to visualize and develop the antigen–antibody reac-
tion. The antibody dilution at 1:100 was used. Incubating solutions
were boiled in boilded in citrate bufferat 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 Mayer's
hematoxylin.

Evaluation of the NeuN immunohistochemical results. Since in health
status the NeuN immunopositivity is diffused in almost the entire
brain, for a uniform and representative evaluation of the results we
selectively examined at light microscope only the histological sec-
tions from the caudal pons given the general presence, above all in
the ventral portion, of a wide diffuse population of neurons (the so
called “griseum pontis”).

Only the cells with intense brown immunostainingwere considered
to be really positive. Moreover, also a weak brown intensity was taken
into account.

We quantified the scoring for each case, using a ×40 lens, as follow:

− = no positive cell (negativity)
+ = a number of positive cells ≤ 30% per unit area (moderate
positivity)
−/+ = a number of cells with only weak positivity ≤ 30% per
unit area (weak positivity)
++ = a number of positive cells > 30% per unit area (strong
positivity).

The unit area was represented by square millimeteter (mm2).

2.2.1.2. Apoptosis detection. To detect cells undergoing apoptosis, we
applied the TUNEL method and immunohistochemistry for Caspase 3.

TUNEL staining. To detect cells undergoing apoptosis, we used the
technique of Terminal-Transferase dUTP Nick End labeling (TUNEL
Apoptag plus peroxidase in situ Apoptosis detection kit, S7101,
Chemicon). Sections were pretreated with proteinase k (20 μg/ml)
for 15 min. Endogenous hydrogen peroxidase activity was quenched
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in 3% hydrogen peroxide. After a series of rinsing, nucleotides labeled
with digoxigenin were enzymatically added to the DNA by terminal
deoxy nucleotidyl transferase enzyme (TdT). The incubationwas carried
out for 60 min the labeled DNA was detected using anti-digoxigenin-
peroxidase for 30 min. The chromogen diaminobenzidine tetra hydro-
chloride (DAB) resulted in a brown reaction product. Incubationwithout
TdT served as negative control.

Caspase 3 immunohistochemistry. Immunohistochemistry was
performed with mouse monoclonal IgG antibody (Vector LABS #
VP-C308) against a 182 amino acid region of the caspase-3 CPP32
molecule. Deparaffinized/rehydrated sections were boiled in citrate
solution for antigen retrieval by microwaving, after blocking endoge-
nous peroxidase with 3% H2O2. Incubation with primary antibody
(1:40) was overnight. Samples were washed with PBS and processed
with avidin–biotin-immunoperoxidase. Counterstaining was with
Mayer's hematoxylin.

For all the methods, the slides were examined by two independent
and blinded observers comparing the results to evaluate the inter-
observer reproducibility. In cases of discordance among the investi-
gators, the slides were reviewed and discussed until a unanimous
diagnosis was obtained.

2.3. Statistical analysis

The statistical significance of direct comparisons between the groups
of victims was determined using analysis of variance (ANOVA). Statisti-
cal calculationswere carried outwith SPSS statistical software. Statistical
significance was set at a value of p b 0.05.

3. Results

Table 2 shows the NeuN expression scores observed in victims of
perinatal death.

In control cases, from the 27th week of gestation to 10 postnatal
months, the major part of the neurons exhibited NeuN immunostaining.
In particular, the examination of the griseumpontis, the selected region as
standard parameter to compare the results, showed in 24 out of 30 con-
trol cases strong NeuN-immunoreactivity in almost all the neuronal cell
population (Score ++). The staining was present in both nuclei and cy-
toplasm, extending into the proximal parts of the processes, whereas
more distal axons and dendritic ramifications were unlabeled (Fig. 1).
These neurons were organized in clusters with irregular shape and size
(thereby constituting the “pontine nuclei”) separated by bundles of lon-
gitudinally and horizontally coursing pontocerebellar fibers (Fig. 2). In
the remaining 6 cases the immunopositivity was limited to a neuronal
percentage less than 30% (moderate positivity; Score +).
Table 2
NeuN immunopositivity score in pontine tegmentum.

Study groups NeuN immunopositivity Score

− −/+ + ++

SIUDS
(n = 16)

11 (69%) 1(6%) 4 (25%) –

SIDS
(n = 19)

12 (63%) 4 (21%) 3 (16%) –

Fetus controls
(n = 13)

– – 2 (15%) 11(85%)

Infant controls
(n = 17)

– – 4 (24%) 13 (76%)

SIDS = Sudden Infant Death Syndrome; SIUDS = Sudden Intrauterine Unexplained
Death.

− = no positive cell (negativity)
+ = a number of positive cells ≤ 30% per mm2 (moderate positivity)
−/+ = anumber of cellswith onlyweakpositivity ≤ 30%permm2 (weak positivity)
++ = a number of positive cells > 30% per mm2 (strong positivity).
The griseum pontis in SIUDS/SIDS cases did not show any changes
in the number or morphology of neurons compared with the same
area in controls. Nevertheless, the NeuN-labeling was significantly
decreased. Precisely, total loss of immunoreactivity (nuclear as well
cytoplasmic; Score−) resulted in 63% of SIDS and 69% of SIUDS
cases (Fig. 3a). A reduction in staining intensity with a light nuclear
signal (weak positivity; Score−/+) was observed in further 21% of
SIDS and 6% of SIUDS (Fig. 3b).

In all, 28 of the 35 victims of sudden unexplained death (80%)
showed loss or decreased neuronal maturity, while the NeuN was
constantly expressed in age-matched controls (p b 0.01).

The reduction of NeuN-staining intensity in SIUDS/SIDS cases does
not necessarily mean neuronal degeneration and loss of morphologi-
cal integrity. In fact, the application of the TUNEL-method revealed
apoptotic features only in small cells (interneurons and glial cells)
scattered in pontine nuclei, whereas positive neurons were rarely or
not detected (Fig. 4). On the contrary, Caspase 3 was prevalently
expressed in neuronal cells, all showing undamaged nuclear and cel-
lular boundaries (Fig. 5).

In control cases, neurons with typical morphological apoptotic
features (cellular shrinkage and condensation of nucleus) were both
Caspase 3 and TUNEL positive; neurons with normal appearance
only occasionally were diagnosed as died and/or dying cells with
the specific immunomethods.

Another important finding of this study was the significant associ-
ation between decreased NeuN immunostaining and cigarette smoke
exposure (p b 0.01). In fact, in 25 of the 28 cases of SIUDS/SIDS with
NeuN depletion, the mothers belonged to the smoking category.

3.1. Additional results on brainstem

The presented NeuN analyses complemented the brainstem
alterations highlighted in this patient series in our previous works.
These findings included the hypoplasia/agenesis of the arcuate, the
pre-Bötzinger, the inferior olivary, parafacial and serotonergic raphé
nuclei, and a wide spectrum of pathological changes of the ependyma
(namely desquamation, clusters of ependymal cells in subventricular
zone). No correlation was found between NeuN immunonegativity
and hypodevelopment of specific brainstem structures.

4. Discussion

The application of the immunohistochemistry using antiNeuN anti-
body provides the neuropathologists with an easy method to examine
the stage of maturation and differentiation of the human CNS. NeuN is
in fact a transcriptional factor that is expressed in the nucleus and
Fig. 1. Transverse section of caudal pons of a 36-week human fetus of the control
group. NeuN-immunoreactive neurons are seen, at higher magnification in the right
image. The staining is present in both nuclei and cytoplasm, extending into the proxi-
mal part of the processes — NeuN immunostaining. Magnification: left image 20× and
right image 40×.



Fig. 2. Immunopositive pontine nuclei in a 3 month-old infant of the control group. On
the right schematic representation of a caudal pontine section indicating the localiza-
tion of the pontine nuclei. Left image: NeuN immunostaining. Magnification 10×.

Fig. 4. TUNEL immunostaining of pontine nuclei of a SIDS case (2-month-old). Positiv-
ity affects only interneurons (green arrow) and glial cells (white arrows), whereas
neurons are TUNEL-negative (yellow arrows)— TUNEL (DNA Nick End Labeling) meth-
od. Magnification: 40×.
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cytoplasm of neurons in postmitotic stage when start to differentiate
into mature cells functionally and morphologically [1,2]. So, immature
neuronal cells are negative for NeuN.

Even if NeuN immunopositivity appears diffuse in post-embryonic
brain parenchima, this study, performed on a wide set of perinatal
deaths, was designed as a detailed survey of NeuN expression in repre-
sentative pontine coronal sections, given the presence in the ventral
side (precisely, in the griseum pontis) of a noteworthy number of neu-
rons.Wefirstly documented strong pattern of expression of this antigen
in control subjects, died in perinatal period of known cause; then we
reported that normal appearing neurons in the great part of SIUDS/
SIDS victims (80%) failed to be marked by the specific antibody or
showed weak nuclear NeuN immunoreactivity.

Although the pathophysiology of these results is not fully under-
stood, the different pattern of NeuN expression in sudden perinatal
deaths compared to controls is intriguing.

The reduction in immunostainability has been considered as evi-
dence of neuronal death in several experimental studies [25,26]. In
particular, Davoli et al. [25], after double labeling with TUNEL and
NeuN, showed that the depletion of NeuN immunoreactivity in rat
brains after ischemic insults was correlated with an increase of neu-
ronal apoptosis. However, in our study, the NeuN-immunonegative
Fig. 3. a) NeuN-immunonegative neurons in pontine nuclei of a SIDS victimdead at 2 months. b
SIDS case. c) NeuN_immunopositivity of a control case (late fetal death — 38 gestational week
neurons in SIUDS/SIDS victims preserved their cellular integrity with
intact nuclear membrane and no sign of disintegration. In addition,
TUNEL-immunopositivity only affected interneurons and glial cells,
while the great part of neurons did not disclose apoptotic features.
Caspase 3 immunopositivity was instead predominantly confined to
NeuN negative neurons.

Caspase-3 is one of the primary executioners of apoptosis playing an
essential role in the initiation and regulation of the downstreamproteo-
lytic events leading to cell death [22,27]. The detection of activated
Caspase 3 could therefore be a valuable and specific tool for identifying
early apoptotic cells in tissue sections, even before the occurrence of the
typical morphological features of apoptosis. It is important to note,
however, that apoptosis may occur without Caspase activation and
that Caspase-3 may be activated independently from cell death events
[28–30].

Hence, loss of NeuN labeling in neurons with healthy appearance
does not necessarily indicate an ongoing dying process, but more
)Weak immunopositivity in several neurons belonging to pontine nuclei of a 3-month-old
s) for comparison— NeuN immunostaining. Magnification: a), b) and c) 20×.

image of Fig.�2
image of Fig.�3
image of Fig.�4


Fig. 5. Activated-caspase 3 immunopositive neurons in a late fetal death (40 gestational
weeks) — activated-caspase 3 (AC3) immunohistochemistry. Magnification 40×.
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simply a decrease of NeuN protein synthesis or change of its antigenic-
ity. Our supposition is in agreement with the work of Unal-Cevik et al.
[31]. These authors demonstrated that the decrease of the NeuN stain-
ing in mouse brain after cerebral ischemia does not mean neuronal
loss but rather the presence of functional troubles, such as antigen alter-
ations, synaptic dysfunctions and impaired chemoreception, a funda-
mental mechanism to achieve life-sustaining functions [32,33].

Anyway, the presence of neuronal NeuN-immunonegativity in
sudden deaths and the absence of these changes in age-matched con-
trols were accepted as the convincing evidence of a general decreased
viability of neurons in these pathologies, probably as a consequence
of insulting events. Neuronal NeuN immunoreactivity has been
reported in fact to decrease under several pathologic conditions,
such as cerebral ischemia, hypoxia and trauma [6–8].

Maternal smoking in pregnancy is a primary determinant of hypoxic/
ischemic brain damage particularly in victims of unexplained death
[34,35]. Here is one possible explanation: the carbon monoxide, a gas-
eous combustion product of nicotine, easily crosses the placental barrier
by passive diffusion, where it binds to hemoglobin. Consequently,
carboxyhemoglobin, that is present in the fetal compartment at concen-
trations that are generally 15% higher than the maternal levels, inhibits
the release of oxygen into fetal tissues, causing hypoxiawith consequent
delayed maturation of all the organs, especially those most susceptible
to hypoxic damage, including the brain [34,35]. Besides, nicotine is one
of the few lipid-soluble substances that can go beyond the blood–brain
barrier and act directly on the expression of genesmodulating thedevel-
oping brain, i.e. by inducing specific molecular alterations in the DNA,
RNA, and antigenic proteins of the nervous cells [36,37].

In agreement with these considerations is the observation in this
study of a significant relation betweenmaternal smoking and NeuN de-
ficient expression in sudden unexplained perinatal death. This implies
that smoke exposure in pregnancy makes the neurons remarkably vul-
nerable, easily resulting in an unfavorable physiological outcome.

We have however to underline the possible involvement in this
pathogenetic mechanism of more global environmental factors, such
as air pollution. In fact many victims included in this study were
from Lombardy, a highly polluted Italian region, in which the mean
PM2.5 and P10 levels are recognized to contribute in a substantial
way to perinatal mortality. Air pollution may directly affect brain
structures through a variety of cellular and molecular pathways, in-
cluding a decrease of the antigenic expression [38,39].

Anyway this study provide novel approaches to evaluating the
causes that can contribute to the sudden death, although further
studies are undoubtedly necessary to clarify the role and the func-
tionality of the NeuN.
In conclusion, given the different NeuN expressions here reported
in brains of subjects who suddenly died compared to controls, we rec-
ommend to include the NeuN immunohistochemistry as a routine
method in neuropathologic protocols in order to individuate signs
of neuronal suffering and/or immaturity particularly in cases of sud-
den perinatal death.
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