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Abstract: Among the neurotoxicants contained in tobacco smoke, if absorbed during pregnancy,
nicotine significantly affects o7-nicotinic acetylcholine receptors, which play essential roles in
the development of the brainstem regions receiving cholinergic projections in perinatal life.
Immunohistochemical procedures for analysing formalin-fixed and paraffin-embedded brainstem
samples from 68 fetuses and early newborns, with smoking and non-smoking mothers, who died
of known and unknown causes, were carried out in order to determine if nicotine had activated
the or7-nicotinic acetylcholine receptors. High o7-nicotinic acetylcholine receptor expression levels
were only observed in the victims with smoking mothers. Frequently, these findings were associated
with the hypoplasia of the brainstem structures controlling vital functions. The results of this study
indicate that the exposition to nicotine in pregnancy exerts a strong direct effect on a7-nicotinic
acetylcholine receptor activity especially in perinatal life and may be one of the primary risk factors
leading to the sudden unexplained death of fetuses and newborns.

Keywords: nicotine; nicotinic acetylcholine receptors; immunohistochemistry; sudden fetal death;
sudden neonatal death; brainstem; Kolliker-Fuse nucleus

1. Introduction

To date, the “Lino Rossi” Research Center of Milan University, Italy, has examined over 200 cases
of unexplained fetal and infant death, as it is the national reference center for the application and
enforcement of the Italian Law 31/2006 “Regulations for diagnostic post mortem investigation in
victims of sudden infant death syndrome (SIDS) and unexpected fetal death” [1]. This law decrees
that all infants suspected of SIDS who died suddenly in Italian regions within the first year of age as
well as all fetuses who died after the 25th week of gestation without any apparent cause must undergo
diagnostic post mortem investigations performed according to specific guidelines. The application of
this protocol, which foresees an in-depth anatomo-pathological examination of the autonomic nervous
system, including immunohistochemical techniques to highlight the expression of various functional
markers, allowed for carrying out a wide range of research studies, many of which have highlighted
the harmful effects of prenatal nicotine absorption on the autonomic nervous system in perinatal life.
In particular, a significantly increased incidence of hypodevelopment of nuclei prevalently located in
the brainstem has been observed in fetuses and infants with smoking mothers compared to victims
with nonsmoker mothers [2-7].

The aim of this study is to provide evidence of the primary mechanism underlying the perturbed
development of brainstem substructures associated with nicotine absorption, especially focusing on
neuronal nicotinic acetylcholine (Ach) receptors (nAChRs). These receptors, widely expressed in the
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fetal nervous system, mainly in neuronal structures that are undergoing major phases of differentiation
and synaptogenesis, are responsible for the regulation of many vital phases of brain maturation,
by modulating the excitatory neurotransmission of the Ach [8-11].

This study in particular aims to evaluate if nicotine, one of the many neurotoxic chemicals
contained in tobacco smoke, mimicking the effects of the endogenous neurotransmitter ACh, may have
affected the nAChR expression in specific brain regions during the most critical periods of development.

2. Materials and Methods

Fifty-four brains were collected from 32 sudden fetal death cases (20 females and 12 males,
28-40 gestational weeks) and 22 newborns (10 females and 12 males who died in the first two months
of postnatal life), for whom the traditional autopsy procedure, including the examination of the
placenta in the case of fetuses, did not reveal a specific cause of death. The acronym “SIUD” (Sudden
Intrauterine Unexplained Death) is used for fetal deaths that occur after 28 weeks of pregnancy,
and “e-SIDS” (early-Sudden Infant Death Syndrome) is used for newborns who die in the first weeks
of life. This was a selected set of cases of perinatal death sent to our Research Center in conformity
with the directives of the above-mentioned Italian law n. 31/2006.

A complete medical history, with particular focus on maternal lifestyle habits, was provided for
each case. None of the mothers of the 54 victims had any significant pathology. The mothers were
asked if they smoked cigarettes. Thirty mothers (56%) reported to have been active smokers before
and during pregnancy, while 24 (44%) declared that they had never smoked. As the retrospective
assessment of maternal smoking habits may be complicated following a child’s death due to a deep
sense of guilt [12], deceptive self-reports were verified by testing the hair of the victims for cotinine,
the main metabolite of nicotine characterized by a long half-life and great stability [13]. Four out of
the 24 mothers who denied smoking tested positive for cotinine therefore the total number of cases
with ascertained nicotine absorption in pregnancy was 34 (63%) (23 cases of SIUD and 11 e-SIDS) thus
reducing the number of non-smoking mothers to 20 (37%) (10 SIUD and 10 e-SIDS).

Eight age-matched stillbirths (5 females and 3 males) and 6 newborns (2 females and 4 males)
were used as controls for whom a precise cause of death was formulated at autopsy. Specific diagnoses
among the fetal deaths included: severe chorioamnionitis (detected in 5 cases) and congenital heart
disease (detected in 3 cases). The related diagnoses of neonatal death included 3 cases of congenital
heart disease, 1 case of pulmonary dysplasia, 1 case of bronchopneumonia and 1 case of myocarditis.
Four of the 14 mothers belonging to the control group had smoked during pregnancy. Table 1
summarizes the features of the cases included in the study.

Table 1. Case profiles of the study.

Sex Maternal Smoking Habit
Victims ——————— Age Range Death Diagnosis
F M Smokers Nonsmokers
Fetuses 20 12 SIUD (n = 32) 23 10
5 3 28-40 gw Control cases (n = 8): 2 6

severe chorioamnionitis (n = 5)
congenital heart disease (1 = 3)

Newborns 10 12 0-2 pm e-SIDS (n = 22) 11 10
2 4 Control cases (1 = 6): 2 4
congenital heart disease (n = 3)
broncopneumonia (1 = 1)
pulmonary dysplasia (n = 1)
myocarditis (n = 1)

F = female; gw = gestational weeks; M = male; pm = postnatal months; SIUD = sudden intrauterine unexplained
death; e-SIDS = early sudden infant death syndrome.
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2.1. Ethics Statement

Permission from the Ethics Committee was not required for this study as the Lino Rossi Research
Center at Milan University is the national referral center for neuropathological studies under the Italian
Law n. 31/2006. This study was part of a legal obligation and therefore the consent of the subjects
involved was not required.

2.2. Neuropathological Protocol

The neuropathological study was focused on the brainstem, where the main structures controlling
the vital functions are located.

Figure 1 shows the brainstem examination methods. On the right, the sampling of three specimens
is shown. The first rostral specimen includes the upper third of the pons and the adjacent caudal
portion of midbrain; the second specimen is taken from the caudal portion of the pons; the third
specimen is from the medulla oblongata around the obex. A last caudal specimen is taken at the border
between the medulla oblongata and the spinal cord.

red nucleus

locus coeruleus~.

parabrachial and Kolliker Fuse nuclei

hypoglossusn.

dorsal motor vagus n.
tractus solitariin.
ambiguus n.
pre-Bétzinger n.
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intermediolateral n.

SPINAL CORD

Figure 1. On the right, schematic representation of the sampling from the brainstem. On the left,
the histological sections obtained from the specimens, with the indication of the main nuclei and
structures to be examined.

Transverse serial sections of each specimen were taken at 60 um intervals. Eight to ten 5-um-thick
sections were obtained for each level, two of which were stained with hematoxylin-eosin and
Kliiver—Barrera for histological examination. On the left-hand side of Figure 1, the representative
histological sections obtained from the above-described specimens are shown and the main
nuclei and structures to be examined are indicated due to their frequent involvement in
sudden fetal and infant deaths, in terms of delayed development (hypoplasia/agenesis) and/or
neurotransmitter perturbations.

The microscopic evaluation was focused mainly on the locus coeruleus and the Kolliker-Fuse
nucleus, the median raphe nucleus in the rostral pons/caudal mesencephalon, the magnus raphe
nucleus, the superior olivary complex, the retrotrapezoid nucleus and the facial/parafacial complex
in the caudal pons; the hypoglossus, the dorsal motor vagus, the tractus solitarius, the ambiguus,
the pre-Botzinger, the inferior olivary, the raphé obscurus/pallidus and the arcuate nuclei in the
medulla oblongata.
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2.3. Immunohistochemical Protocol

The remaining sections obtained from each brainstem specimen were treated with a specific
immunohistochemical technique in order to evaluate nicotinic receptor expression. Since the molecular
biology of neuronal nAChRs features a multitude of potential subtypes (various homomeric or
heteromeric combinations of twelve different nicotinic receptor subunits, designated by Greek letters,
followed by Arabic numerals to distinguish variants: «2-«10 and (32—(34) [14,15], this study focused
on the «7-nAChRs, which are those essential for normal brain development [16,17].

2.3.1. nAChR Immunohistochemistry

The immunohistochemical method for evaluating «7-nAChRs was carried out using the
rabbit polyclonal antibody (aa 22-71, Abcam Ltd., Cambridge, UK) on selected transverse
sections. After dewaxing and rehydration, the sections were immersed and boiled in TRIS-EDTA
(2-hydroxymethyl aminomethane hydrochloride-ethylenediaminetetraacetic acid) Buffer for antigen
retrieval with a microwave oven, after blocking endogenous peroxidase with 3% hydrogen peroxide
treatment. The sections were then incubated with diluted 1:167 primary antibody overnight in a wet
chamber. The samples were subsequently washed with PBS buffer and incubated with a biotinylated
goat anti-rabbit IgG secondary antibody (PK-6101, Vector Laboratories, Burlingame, CA, USA) and
processed using the avidin-biotin-immunoperoxidase technique (VEDH-4000, Vector Laboratories).
Finally, each section was counterstained with Mayer’s Hematoxylin and coverslipped.

A set of sections from each brainstem sample was used as negative control: the same procedure
was applied for staining the nerve tissues without the primary antibody in order to exclude any
antibody labeling due to the secondary antibody. If immunostaining occurred in the negative control
tissue, the results were considered invalid.

2.3.2. nAChR Immunohistochemistry Quantification

For each selected brainstem nucleus and/or structure, the degree of immunoreactivity was
calculated as the number of dark-brown neuronal cells divided by the total number of neurons and
expressed as percentage (nAChR immunopositivity index: nAChR-I). nAChR-I was classified as:
“Class 0” for no or light staining (negativity); “Class 1” when the index was <10% (weak positivity);
“Class 2” with a percentage of immunopositive cells ranging between 10 and 40% (moderate positivity);
“Class 3” with an index of >40% of the counted cells (strong positivity).

2.4. Statistical Analysis

The results were tabulated and analyzed for differences by comparing pairs of groups with
analysis of variance (ANOVA). Statistical calculations were carried out with SPSS statistical software
(version 11.5; SPSS Inc., Chicago, IL, USA). The threshold level set for statistical significance was
p <0.05.

3. Results

3.1. Neuropathological Examination

The histological examination of the brainstems of the 32 SIUD cases and 22 e-SIDS cases showed
the hypodevelopment of various nuclei and/or structures checking the vital functions. More precisely,
hypoplasia/agenesis of one or more nuclei of the raphé system, of the facial/parafacial complex, the
Kolliker-Fuse, the pre-Botzinger and the arcuate nuclei were observed in 60% of the cases (19 SIUD
and 13 e-SIDS, 11 of which died within the first month of life). Combinations of these alterations were
frequently found in the same subject. The hypoplasia of the Kélliker-Fuse nucleus (reduced size and
number of neurons) was the most frequent finding especially in e-SIDS victims. This alteration was
in fact observed in seven fetuses (22% of SIUD cases) and nine newborns (41% of e-SIDS) (Figure 2).
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No significant brainstem morphological alteration was found in the controls, except for a slight
hypoplasia of the arcuate nucleus observed in two cases.

IV ventricle

Superior
cerebellar
peduncle

D

Figure 2. An image series related to the Kolliker-Fuse nucleus (KEN). (A) Ventral brainstem image
indicating the best level for optimizing the sampling of the KFN; (B) Histological section cut at the
previously-mentioned level. The circles show the bilateral localization of the KFN, represented at
higher magnification in (C); At this magnification, a considerable number of large neurons can be seen
which are intermixed with smaller cells (interneurons and astrocytes); (D) Hypoplasia of the KFN
observed in a newborn who died 24 h after birth. (B) Kliiver Barrera staining, magnification: 0.5x;
(C,D) Kliiver—Barrera staining, magnification: 20x.

3.2. Immunohistochemical Expression of a7 Receptors

Dark «7-nAChR membrane-bound intracellular immunoreactivity, indicative of the presence
of the receptor protein, was observed in the neurons of brainstem structures with both normal and
delayed maturation, in a total of 23 SIUD, 10 e-SIDS, and three controls. More precisely, a percentage
of immunostained neurons ranging from 28% to 40% (corresponding to “Class 2” of nAChR-I) was
detected in nine SIUD, three e-SIDS and three controls. The percentage of immunostained neurons
in the remaining 14 SIUD and seven e-SIDS cases was very high, ranging between 82% and 100%
(“Class 3” nAChR-I). Figure 3 shows an example of “Class 3” «7-nAChR-I in the facial/parafacial
complex, a pontine structure characterized by the presence of many neurons. In Figure 4, two examples
of 7 immunoreactivity of neurons of the pontine Kolliker-Fuse nucleus are shown in cases with normal
cytoarchitecture and with hypoplasia, respectively.

Figure 3. Strong o7-nAChR immunopositivity (“Class 3” of «7-nAChR-Index) in the pontine
facial/parafacial complex with normal cytoarchitecture in an SIUD case (38 gestational weeks).
«7-nAChR immunostaining; magnification: 40 x.
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A B

Figure 4. Strong a7-nAChR immunopositivity (“Class 3” of a7-nAChR-IndeXx) in the Koélliker-Fuse
nucleus (KEN). (A) Normal structure and (B) hypoplasia of the KFN in two e-SIDS cases (both died in
the first postnatal week). (A,B) «7-nAChR immunostaining; magnification: 100x.

3.3. Correlations between Immunoexpression of a7-nAChR and Maternal Smoking

A highly significant correlation was observed between «7-nAChR immunopositivity and cigarette
smoke absorption in intrauterine life. In fact, all of the 23 SIUD cases and 10 of the 11 e-SIDS
cases with smoking mothers showed dark immunostained neurons in many of the main brainstem
nuclei. Contrastingly, the mothers were proven non-smokers in all of the cases with «7-receptor
immunonegativity (p < 0.01). Similarly, three of the mothers of the victims of the control group with
a7 subunit hyperexpression were smokers.

Table 2 shows the correlation of the morphological and immunohistochemical alterations with
maternal smoking.

Table 2. Distribution of the brainstem morphological and «7-nAChR alterations in SIUD, e-SIDS and
control cases, related to maternal smoking.

Brainstem Nuclei with SIUD Control Fetal Death e-SIDS Control Neonatal Death
Hypoplasia/Agenesis * n = 32[23] n = 8[2] n =22[11] n = 6[2]
Kolliker nucleus 7171 0[0] 9[9] 0[0]
Raphé nuclei 5[5] 0[0] 412] 0[0]
Pre-Botzinger 5[2] 0[0] 4[4] 0[0]
Facial / parafacial
complex 5[5] 0[0] 4[1] 0[0]
Arcuate nucleus 5[5] 1[1] 5[3] 1[0]
o7-nAChR immunopositivity **
“Class 2” Index 9[9] 2[2] 3[2] 1[1]
“Class 3” Index 14[14] 0[0] 8[8] 0[0]

In brackets, the number of cases with smoking mothers. * A single subject may have more alterations of the nuclei
here indicated; ** see “nAChR immunohistochemistry quantification” in Materials and Methods for the explanation
of the receptor expression grading; -Statistically-significant differences between hypodevelopment of brainstem
nuclei in SIUD and e-SIDS cases with smoker mothers vs. SIUD and e-SIDS with non-smoker mothers: p < 0.05;
-Statistically-significant differences between a7-nAChR expression in SIUD and e-SIDS cases with smoker mothers
vs. SIUD and e-SIDS with non-smoker mothers: p < 0.01; nAChR = nicotinic acetylcholine receptor; SIUD = sudden
intrauterine unexplained death; e-SIDS = early sudden infant death syndrome.

4. Discussion

Tobacco exposure is known to exert adverse health effects on the health of adults as well as fetuses
and newborns [18-20]. Smoking during pregnancy causes low birth weight, premature delivery,
neonatal morbidity and also mortality [21-24]. In particular, nicotine, the main pathogenic component
of tobacco smoke, hinders foetal brain development when absorbed in intrauterine life, which is a
particularly vulnerable phase to toxic agents [7,25,26].
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In cases of maternal smoking in pregnancy, carbon monoxide, a gaseous combustion product of
cigarette smoke, may readily cross the placenta and bind to fetal hemoglobin [27,28]. The consequent
carboxyhemoglobin is not able to release oxygen, thus inducing alterations in the physiological
development of fetal organs and tissues, especially those that are particularly susceptible to hypoxic
damage, including the brain. Moreover, nicotine is one of the few lipid-soluble substances that can
pass through the blood-brain barrier by passive diffusion, thus directly affecting gene expression
and the activity of the transmitters essential for the development of the nervous system, such as the
acetylcholine (ACh). ACh, the endogenous cholinergic neurotransmitter, plays a fundamental trophic
role during various stages of the fetal brain development through synaptic mechanisms mediated
by specific receptors, the nicotinic acetylcholine receptors (nAChRs) that are located on the neuronal
surface [8-11].

A single nAChR is composed of five subunits around an axis of pseudosymmetry with a small
ionic pore. Permeable to cations, this channel usually opens to bind to the endogenous agonist
Ach when the action of this neurotrasmitter is necessary for the development of the nervous system,
but closes under resting condition. Although it is beyond the scope of this article to discuss the structure
of the nAChRs in detail, I would like to underline that these neuronal receptors exist in twelve different
subunits («2-x10 and $2-f4) combined into two different interconvertible conformational states:
homomeric receptors, formed by « subunits and heteromeric receptors, composed of combinations
of two or more o and {3 subtypes in the same receptor complex [14,15]. In neurons, the a7 nAChR,
a homopentamer protein composed of five individual a7-subunits plays a specific role in neuronal
differentiation, axogenesis and synapse formation [16,17].

Moreover, it is important to note that, compared to other nAChR subtypes, the &7 subunit is
characterized by faster kinetics. This raises the possibility that, during key critical developmental
periods, the «7-nAChRs could be the primary potential target for neurotoxicants like nicotine,
thus causing significant alterations in the normal ACh synaptic turnover rate.

In this study, performed on a wide set of fetuses who died in the last months of pregnancy and
newborns suddenly died in the first weeks of postnatal life, with both smoking and non-smoking
mothers, a very high correlation was observed between «7 nAChR overexpression and nicotine
absorption. Since the main brainstem structures controlling vital functions almost reach maturity in
perinatal age, and therefore the activation of nAChRs by ACh is very limited or no longer required,
the intense &7 subtype immunoreactivity generally observed in victims with smoking mothers
can be attributed to nicotine absorbed during pregnancy. The fact that only these victims show
immunopositivity for these receptors, while the same receptors in victims with nonsmoking mothers
are immunonegative, clearly indicates the deleterious effect triggered by nicotine. This implies that
exogenous nicotine acts as an antagonist of the endogenous ACh by binding inappropriately to
nAChRs. Consequently, nicotine alters the regular cholinergic activity due to the inappropriate timing
or stimulation intensity negatively affecting the normal function of the brain structures essential for life.

This mechanism may cause the structural abnormalities that trigger sudden deaths, and in
particular the hypoplasia of brainstem nuclei and / or neuronal complexes essential for life reported with
high frequency (approximately 60% of cases) in this study. In fact, several studies have reported that
stimulation of nAChRs by nicotine causes neuronal inhibition of DNA synthesis, mitotic abnormalities
and apoptosis [29,30], leading to a severe decrease in the number of neurons, which is the main feature
of hypoplasia.

It is important to note the high frequency of the Kolliker-Fuse nucleus hypoplasia, characterized
by the presence of a few, prevalently «7-nAChR immunopositive neurons, prevalently observed
in e-SIDS victims with smoking mothers. The Koélliker-Fuse nucleus is a specific brainstem center
involved in breathing control. More precisely, experimental studies have demonstrated that the
Kolliker-Fuse nucleus, through excitatory synaptic inputs to medullary respiratory regions [31,32],
modulates the transition from the inspiration to expiration phase and the dynamic control of the upper
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airway patency, particularly during expiratory airflow [33-35]. Furthermore, the KFN controls the
post-apnea airway reflexes essential for postnatal survival.

5. Conclusions

The results of this study show that sudden perinatal death is almost always associated with the
activation of nAChRs by nicotine exposure in the womb. These receptors are particularly sensitive
to environmental stimuli, especially to exogenous nicotine. In many cases, this induces permanent
alterations in cell function and structural impairments of the nerve centers that are essential for life.

We can therefore conclude that aberrant exposure of fetal and neonatal brains to nicotine, through
maternal smoking, has detrimental effects on the cholinergic modulation of brain development.
This mechanism is the basis of structural changes frequently observed in cases of sudden perinatal
death of infants born to mothers who smoked during pregnancy.

Firstly, all pregnant women should be advised that smoking puts their unborn babies at risk
of possible structural and functional alterations of vital brainstem centers and to sudden apparently
inexplicable death. Moreover, the ineffectiveness of smoking cessation interventions among pregnant
women suggests that these interventions should focus on preventing cigarette smoking among
teenaged girls. In fact, most women begin smoking as teenagers and then find it difficult to stop
smoking in pregnancy due to nicotine addiction.
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