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Pre-natal exposures to nicotine and alcohol are known risk factors for sudden infant death syndrome (SIDS), the leading cause of post-neonatal infant mortality. Here, we present data on nicotinic receptor binding, as determined by 125I-epibatidine receptor autoradiography, in the brainstems of infants dying of SIDS and of other known causes of death collected from the Safe Passage Study, a prospective, multicenter study with clinical sites in Cape Town, South Africa and 5 United States sites, including 2 American Indian Reservations. We examined 15 pons and medulla regions related to cardiovascular control and arousal in infants dying of SIDS (n = 12) and infants dying from known causes (n = 20, 10 pre-discharge from time of birth, 10 post-discharge). Overall, there was a developmental decrease in 125I-epibatidine binding with increasing postconceptional age in 5 medullary sites [raphe obscurus, gigantocellularis, paragigantocellularis, centralis, and dorsal accessory olive (p = 0.0002–0.03)], three of which are nuclei containing serotonin cells. Comparing SIDS with post-discharge known cause of death (post-KCOD) controls, we found significant decreased binding in SIDS in the nucleus pontis oralis (p = 0.02), a critical component of the cholinergic ascending arousal system of the rostral pons (post-KCOD, 12.1 ± 0.9 fmol/mg and SIDS, 9.1 ± 0.78 fmol/mg). In addition, we found an effect of maternal smoking in SIDS (n = 11) combined with post-KCOD controls (n = 8) on the raphe obscurus (p = 0.01), gigantocellularis (p = 0.02), and the paragigantocellularis (p = 0.002), three medullary sites found in this study to have decreased binding with age and found in previous studies to have abnormal indices of serotonin neurotransmission in SIDS infants. At these sites, 125I-epibatidine binding increased with increasing cigarettes per week. We found no effect of maternal drinking on 125I-epibatidine binding at any site measured. Taken together, these data support changes in nicotinic receptor binding related to development, cause of death, and exposure to maternal cigarette smoking. These data present new evidence in a prospective study supporting the roles of developmental factors, as well as adverse exposure on nicotinic receptors, in serotonergic nuclei of the rostral medulla—a finding that highlights the interwoven and complex relationship between acetylcholine (via nicotinic receptors) and serotonergic neurotransmission in the medulla.
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INTRODUCTION

The sudden infant death syndrome (SIDS) is a major worldwide public health problem. It is defined as the sudden death of a seemingly healthy infant under 1 year of age that remains unexplained after a thorough case investigation, including the performance of a complete autopsy, an examination of the death scene, and a review of the infant's clinical history (1). Death typically occurs during sleep or during one of the many transitions to arousal that occur in normal infant sleep (2). SIDS is the leading cause of post-neonatal infant death in the United States where the overall rate is 0.35/1,000 live births (3). The SIDS risk increases in socioeconomically disadvantaged minority populations throughout the world, e.g., African-Americans in the urban United States, American Indians in the Northern Plains, mixed ancestry groups in Cape Town in South Africa, Maoris in New Zealand, and Aboriginal and Torres Strait Islanders in Australia (3–7). Biological mechanisms in minority high-risk SIDS populations have been historically understudied because of the decreased access to modern forensic centers with pediatric research tools, lack of funds for research in health disparities, and the general mistrust of autopsy by these minority populations (8–10).

A leading hypothesis in SIDS research today is that there is an abnormality in neurotransmitter networks in the lower brainstem that regulate cardiorespiratory control and arousal (11). We and others have reported abnormalities in tissue parameters of the neurotransmitter serotonin (5-HT) in the serotonergic homeostatic network in the medulla oblongata (lower brainstem) in SIDS cases compared to controls (12–17) as well as abnormalities in cholinergic (18–25), GABAergic (26), and substance P (27) networks. These abnormalities likely impair protective reflexes to life-threatening challenges during a sleep period, leading to defective arousal to a metabolic stressor (hypoxia, hypercarbia) and sleep-related sudden death. The underlying premise is that a vulnerable infant with a biological defect in homoeostasis dies suddenly in a sleep period when they fail to respond to an exogenous stressor in a critical developmental period (the Triple Risk model) (28). While the origin or basis of the biological defect is unknown, one possibility includes altered development of neurotransmitter systems due to exposure to adverse conditions in utero. Among these exposures, pre-natal exposure to nicotine and alcohol are candidates based on epidemiological data showing the contribution of maternal smoking (29–31) and drinking (32) to SIDS risk. Most recently, the Safe Passage Study conducted by the Pre-natal Alcohol in SIDS and Stillbirth (PASS) Network (see below) reported an increased relative risk for SIDS of 4.86 (95% CI: 0.97–24.27) for infants with pre-natal exposure to smoking only beyond the first trimester, as compared to those unexposed or those whose mothers reported quitting early in pregnancy (33). The relative risk increased to ~12-fold (98% CI: 2.59–53.7) in infants whose mothers reported both smoking and drinking beyond the first trimester, suggesting a combined, possibly synergistic, effect on infant risk (33).

The Safe Passage Study was a large, prospective, multidisciplinary study designed, in part, to investigate the association between pre-natal alcohol and/or pre-natal smoke exposure, and SIDS and stillbirth (34). A key objective of the Safe Passage Study was to elucidate the role of pre-natal exposures in altered development of neurotransmitter systems in the human brainstem. This includes development of the cholinergic receptor system in cardiorespiratory and arousal brainstem sites involved in homeostatic regulation. Acetylcholine is a neurotransmitter that mediates its effects via 2 classes of cholinergic receptors, metabotropic muscarinic receptors, and ionotropic nicotinic acetylcholine receptors (nAChRs), localized diffusely throughout the brain and brainstem. Early in fetal development, acetylcholine, via interactions with acetylcholine receptors, serves as a growth factor, affecting neuronal proliferation, growth, survival, differentiation, and pathfinding (35). Aberrant embryonic alterations in acetylcholine signaling adversely affects its morphogenetic properties during development with lasting effects into the post-natal period (35). In the Safe Passage Study, we have focused specifically on acetylcholine signaling as mediated by nAChRs because of the agonistic properties of nicotine upon binding to this receptor subtype and because of the documented effect of nicotine on nAChRs expression (36).

Nicotinic receptors are ligand-gated cation channels that exist as pentamers of subunits around a central pore. Genes encoding a total of 16 subunits (α1–10, β1–4, δ, ε, γ) have been identified in mammals (37). They are present as either homopentamers (α7, α9) or heteropentamers throughout the central and peripheral nervous system and can be found both at pre- and post-synaptic membranes (38). Human developmental studies have shown expression of many subunits as early as 4 to 5 gestational weeks, with high expression during early to midgestation, including within the brainstem (39). During early infancy, nAChR expression decreases substantially (40), suggesting a heightened vulnerability to the effects of maternal smoking during gestation. Maternal smoking results in nicotine crossing the placental barrier, the fetal blood–brain barrier, and binding to the endogenous nAChRs in the fetal brain (41) affecting nAChR expression and function. Similarly, ethanol from maternal drinking crosses the placenta into the fetal circulation and interacts with nAChRs via an ethanol binding pocket to modulate the action of the receptor (42–46). Given that both nicotine and ethanol affect the action of nAChRs within the brain, these receptors represent a common target underlying the adverse effect of maternal smoking and drinking during pregnancy. Previous studies have examined the effects of pre-natal exposures on nAChRs in the brain or brainstem of autopsied infants and in relationship to SIDS (19, 22–25), including in the American Indian population, which is at a high risk for pre-natal exposure and SIDS death (21). These studies were, however, retrospective in nature with exposure information collected at autopsy. The strengths of the Safe Passage Study include its prospective design and rigorous assessment of quantity, frequency, and timing of pre-natal alcohol and smoking exposures. It is also uniquely focused on brainstem analysis in at-risk SIDS minority populations. Using cases collected from the Safe Passage Study and receptor ligand autoradiography, we tested the 2-fold hypothesis that (1) nAChR binding, as determined by binding to nAChR agonist 125I-epibatidine, is significantly altered in medullary centers and pontine sites related to cardiorespiratory function and arousal in SIDS infants compared to controls and (2) that pre-natal exposure to alcohol and smoking modifies 125I-epibatidine binding in these same brainstem sites.



MATERIALS AND METHODS


Design of the Safe Passage Study

The study's hypotheses, specific aims, common protocol, enrollment, shipping, compliance, and specimen donation have been described in detail (34), as well as the approach to autopsy consent in socioeconomically disadvantaged populations (47). In brief, the Safe Passage Study was an international prospective, multicenter longitudinal cohort study with data collection conducted between August 2007 and October 2016. Clinical sites were selected based upon known high rates of maternal drinking and smoking during pregnancy and known high rates of SIDS in the population; however, all women from the catchment areas presenting for care at these sites were eligible to participate. These predominately include pregnant (1) American Indian and Caucasian women from the Northern Plains and (2) mixed ancestry women of the Western Cape, South Africa. Screening and enrollment occurred at pre-natal clinics affiliated with each clinical site between 6 weeks gestation up to, but not including, delivery. The maternal and fetal/infant dyads were followed during pregnancy and from birth until infants were 1 year of age, i.e., the risk period of SIDS. Detailed information regarding quantity, frequency, and timing of substance use was self-reported up to 4 times during pregnancy (recruitment, 20–24, 28–32, and 34+ gestational weeks) and at 1 month post-delivery. At sites in South Africa, a medico-legal autopsy was performed upon demise. Consent for research was sought from the family as soon as possible after death (47). At sites within the United States, an autopsy was regularly ordered by the coroner/medical examiner after which the family was approached for consent to the donation of tissue for research purposes. If consent was given, brain portions were frozen and shipped on dry ice to the Developmental Brain and Pathology Center (DBPC), Department of Pathology, Boston Children's Hospital, the centralized laboratory for research analysis (48). The study, including the use of brain tissue, was approved by the Institutional Review Boards (IRBs) of the local hospitals at which the infants were autopsied and Boston Children's Hospital. When designed, the Safe Passage Study for brain analysis anticipated and was powered on 37 SIDS cases and 37 non-SIDS controls, which would allow detection of a difference in receptor binding levels as small as 0.67 standard deviation.



Clinical Database

SIDS was defined using a study definition that included the sudden unexpected death of an infant, <1 year of age, whose cause of death remained unexplained after review of all available information, including performance of a complete autopsy, examination or report of the death scene, and review of the clinical history (1). In addition, SIDS included deaths that might otherwise have been classified as undetermined including infants dying in unsafe sleep conditions but without evidence of mechanical asphyxia or suffocation by overlay. Known cause of death (KCOD) controls were defined as infants whose cause of death was identified after review of all available information (33). All demises were adjudicated by a team of pediatric pathologists, neuropathologists, forensic pathologists, a neonatologist, geneticist, obstetrician, and developmental psychologist who were blinded to pre-natal exposures. Case reviews did include toxicology, genetic testing (when appropriate and available), and metabolic testing (when appropriate and available). The postmortem interval (PMI) was calculated as the time when the infant was last seen alive to proclamation of time of discovery, as in previous studies by us (16, 49). Prospective collection of demise cases in the Safe Passage Study included 28 SIDS and 38 control cases that died after discharge from the hospital (post-discharge) (33). Of these cases, 12 SIDS and 10 post-discharge KCOD (post-KCOD) controls were available for neurochemical studies. There were 16 SIDS and 28 post-KCOD cases that were accrued in the Safe Passage Study but not available for neurochemistry either due to a lack of consent for autopsy research or due to technical issues related to quality of tissue. There were 45 KCOD controls that died prior to leaving the hospital after delivery [pre-discharge KCOD (pre-KCOD)] and 10 of these were analyzed for 125I-epibatidine binding to provide baseline developmental data.



Brainstem Accrual

At autopsy, the brain was removed, weighed fresh, and examined for gross developmental and acquired abnormalities. The entire brainstem was removed from the level of the midbrain at the mammillary bodies to the cervicomedullary junction in 1.5-cm samples, sectioned on a Leica motorized cryostat at 20 μm, mounted on glass microscopic slides, and stored at −80°C until used for tissue receptor autoradiography. Frozen blocks were stored at −80°C in air-tight plastic containers.



125I-Epibatidine Binding and Generation of Brainstem Autoradiograms

To examine nicotinic receptors, we used receptor ligand autoradiography. Unlike homogenate radioligand binding, autoradiography allows the visualization of spatial anatomy and provides details of regional expression patterns (50). It is quantitative in nature and thus provides benefits over other techniques like immunohistochemistry. Radioligand 125I-epibatidine was used for autoradiographic analysis. Epibatidine is a nAChR agonist with high affinity to α4β2 nAChRs, one of the major subtypes of nAChRs in the brain, and with lower affinity to α7 nAChRs (51). The autoradiography procedures were performed according to the detailed methodology previously reported from our laboratory for 3H-epibatidine (52), with modification for the iodinated ligand. All steps were performed at room temperature. In brief, total 125I-epibatidine binding was determined by incubation of the frozen, unfixed sections with 0.5 nM 125I-epibatidine (2200 Ci/mmol, PerkinElmer, Waltham, MA, USA) in binding buffer consisting of 50 nM Tris–HCl, 120 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, and 1 mM MgCl2, pH 7.4 for 60 min, an incubation time sufficient for equilibrium to be reached in epibatidine binding experiments (53). Non-specific binding was determined in adjacent sections by addition of 0.5 nM 125I-epibatidine and 300 μm of L-nicotine bitartrate. To remove unbound ligand, the sections were washed in a series of buffer changes (5 min each) followed by 3 dips in distilled water. Sections were then left overnight for drying, after which they were placed in cassettes and exposed to a BAS_TR2025 phosphoimaging plate (GE Healthcare Life Sciences, Marlborough, MA) for 20 h, with a set of 125I standards (American Radiolabeled Chemicals, Inc, MO, USA) calibrated by the manufacture in terms of radioactivity per unit weight. The standards allowed for the conversion of relative optical density to fentamoles per milligram (fmol/mg) of tissue to determine binding levels. A BAS-500 Bioimaging Analyzer (Fuji-Film) with Image Reader version 1.8 software (FujiFilm) was used to generate digital autoradiographic images from phosphoimaging plates. Quantitative densitometry of autoradiograms was performed using a MCID 5+ imaging system (Imaging Research). Specific receptor binding was determined by subtracting non-specific binding from total binding in individual tissue sections. The same sections incubated for autoradiography were subsequently stained with hematoxylin and eosin for anatomical assessment.



Analysis of 125I-Epibaditine Binding in Homeostatic Brainstem Sites

For relevance, we provide detail of the neuroanatomical functions and connectivity of the medullary and pontine nuclei studied here (see Supplemental Material). The human brainstem sites measured (Figure 1) were defined with reference to Olszewski and Baxter brainstem atlas (54) and confirmed with Paxinos and Huang brainstem atlas (55). For each case, 125I-epibatdine binding in the brainstem was measured at 3 levels; mid medulla at the level of nucleus of Roller, which included the nucleus of the solitary tract (NTS) (all visceral sensory inputs of the autonomic nervous system and sympathetic autonomic system integration), the hypoglossal nucleus (HG) (airway patency, especially during sleep), dorsal motor nucleus of the vagus (DMX) (preganglionic vagal outflow of the parasympathetic autonomic nervous system), centralis (CEN), principal inferior olive (PIO), and medial accessory olive (MAO) (the cerebellar network); rostral medulla at the level of the nucleus pre-positus, which included the raphe obscurus (RO), gigantocellularis (GC), paragigantocellularis lateralis (PGCL), core nuclei of serotonergic homeostatic medullary network, and the dorsal accessory olive (DAO); and rostral pons at the level of nucleus parabrachialis lateralis, which included the locus coeruleus (LC) (major source neurons of the noradrenergic ascending arousal network), nucleus pontis oralis (PoO) (part of source neurons of the cholinergic ascending arousal system), griseum pontis (GRPo) (pre-cerebellar nucleus, part of the pontocerebellar network), and median raphe (MR) (part of the rostral 5-HT ascending arousal network) (Figure 1). With the exception of the midline nuclei (RO and MR), 125I-epibatidine binding was measured from both sides (left and right) of the section and the means calculated to determine final value in fmol/mg.


[image: Figure 1]
FIGURE 1. Representative distribution of 125I-epibatidine binding in the pons and medulla. Illustrative autoradiograms displaying 125I-epibatidine binding in tissue sections at the level of the pons (left), rostral medulla (middle), and mid medulla (right). Sections are taken from a 52-postconceptional week SIDS case (pons) and a 45-postconceptional week SIDS case (rostral and mid medulla) case. Receptor binding is normalized to the same scale (shown). The amount of receptor binding in fmol/mg is indicated with color according to the scale. The nuclei measured are denoted with dashed boundary lines and labeled. These nuclei include the following: (Pons) MR, median raphe; LC, locus coeruleus; PoO, nucleus pontis oralis; GRPO, griseum pontis; (Rostral Medulla) RO, raphe obscurus; GC, gigantocellularis; PGCL, paragigantocellularis lateralis; PIO, principal inferior olive; DAO, dorsal accessory olive; (mid medulla) HG, hypoglossal nucleus; DMX, dorsal motor nucleus of the vagus; NTS, nucleus of the solitary tract; CEN, centralis; MAO, medial accessory olive.




Collection of Exposure Data

This study used a modified timeline follow-back method to collect exposure related to maternal smoking/drinking during pregnancy (56). At each visit during and after pregnancy, the participant was asked about the last date of use (separately for alcohol and smoking). For data relating to alcohol, they were asked about consumption for ±15 days around last menstrual period, as well as 30 days prior to the last drinking day since their last research appointment. For smoking, they were asked about the frequency of smoking and number of cigarettes on a typical day for the 30 days prior to the last date of use since their last research appointment. To estimate the total number of drinks consumed during pregnancy, each drink consumed was first standardized where 1 drink is defined as 14 g of ethanol. The study design did not allow consumption data to be collected on every single day of pregnancy, so missing values were imputed using the k-nearest neighbor (kNN) method. Methods for alcohol imputation are cited elsewhere (57). Since frequency of cigarette use was collected more sparsely, average cigarettes smoked per week during pregnancy was used. The number of cigarettes smoked each week during pregnancy was calculated, and missing weeks was imputed in a similar way to the alcohol imputation. After imputation, an average number of cigarettes during pregnancy was calculated.



Statistical Analysis

Descriptive analysis was conducted to analyze differences between cause of death (SIDS vs. KCOD controls) and demographics, maternal substance use during pregnancy, infant sleep practices, and relevant autopsy and clinical findings. Analyses used included Student's t-test or Mann–Whitney U for continuous variables and chi-square testing with Fisher's exact test for categorical variables. Maternal demographics assessed included age, education, housing type, history of loss by SIDS, and delivery type. Infant demographics assessed included birth weight and length, gestational age at birth, post-natal age at death, gender, and race. Autopsy findings assessed included postmortem interval, body weight at autopsy, and brain weight at autopsy. Maternal use of alcohol and smoking during pregnancy were assessed as binary values (used during pregnancy or not) and as continuous values (total number of drinks during pregnancy and average number of cigarettes per week). Maternal use of alcohol and smoking by trimester was assessed as continuous values (number of drinks by trimester and average cigarettes per week). Infant sleep practices assessed included sleep position last placed, sleep position found, and whether or not the infant was covered by bedding or blankets.

Multivariate linear regression models were built to analyze differences in mean 125I-epibatidine binding values by case diagnosis and exposure. Post-conceptional age (PCA) was controlled for in all models, as it is significantly different by case diagnosis and associated with 125I-epibatidine binding. A subanalysis assessed the effect of development (PCA) on 125I-epibatidine binding in the 10 pre-KCOD- and 10 post-KCOD-control infants. There was no effect of PMI on binding; therefore, PMI was not controlled for in the analyses. p < 0.05 were considered statistically significant. Analyses were conducted using SAS 9.4.




RESULTS


Clinicopathological Information

The demise cohort for 125I-epibatidine analyses include SIDS (n = 12), post-KCOD controls (n = 10), and pre-KCOD controls (n = 10) (see above). The causes of death for the control groups are given in Table 1, with demises separated as pre- or post-discharge, based on whether the infant died in the hospital without being discharged after birth or at home after discharge. Selected demographic data including incidence of exposure are summarized in Table 2. Pre-KCOD cases were included only for the purpose of looking at developmental changes in receptor binding. Pre-KCOD cases (n = 10) ranged from 25.8 to 41.9 postconceptional weeks (mean = 32.8 weeks) (Table 2). Sixty percent of pre-KCOD cases were male (n = 6) and 80% (n = 8) were South African mixed race with the other 20% being American Indian (n = 1) or Caucasian (n = 1). The SIDS cohort was statistically analyzed relative to the post-KCOD cases only. In the comparison between SIDS and post-KCOD, there was no significant difference in mean gestational age (GA), PCA, PMI, birth weight, sex, pre-mature birth, autopsy body, or brain weight (Table 2). The majority of cases was from the South Africa clinical site (Table 2), accounting for the predominately South African mixed-race assignment in SIDS (92%) and post-KCOD (80%) [p = non-significant (ns)]. We assessed several maternal characteristics and found a significant difference only in education status (p = 0.03) with the majority of post-KCOD mothers completing high school (60%) and the majority of SIDS mothers reporting some high school education (67%) (Table 2). Other demographic measures were not significantly different between SIDS and post-KCOD controls. These include crowding index (>1 person/room), employed (yes/no), marital status, and housing type (council housing, informal shack/squatter, apartment/house, other) (data not shown).


Table 1. Causes of death in pre- and post-discharge known cause of death (KCOD) cases.
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Table 2. Selected demographic information.
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The presence of infection in KCOD controls, including peripheral and central infection, is noted in Table 1. Evidence of mild infection was noted at autopsy in 7 out of 12 SIDS cases including group B Streptococcus in the lungs (n = 1), inflammatory changes in the larynx (n = 1), inflammatory changes in the pharynx (n = 1), inflammatory cells in the lamina propria (n = 1), mild pneumonitis (n = 2), and positive Clostridioides difficile in the stool (n = 1).

Information regarding maternal smoking and drinking during pregnancy was available for all cases in the SIDS (n = 12) and post-KCOD cases (n = 10). The incidence of maternal smoking during pregnancy (yes or no) was 100% (12/12) in the SIDS group (Table 2) and ranged from an average of 0.1 cigarettes per week to 62.3 (median of 20.6) (Table 3A). This was not statistically different from post-KCOD cases whose incidence of smoking was 90% (Table 2) and ranged from an average of 0 cigarettes per week to 58.6 (median of 28.7) (Table 3A). Maternal smoking was neither statistically different between SIDS and controls in any one trimester nor was it statistically different across trimesters in SIDS or in controls. The incidence of maternal drinking during pregnancy (yes or no) was 50% (6/12) in the SIDS group (Table 2) and ranged from 0 drinks during pregnancy to 210.75 drinks in pregnancy (median of 2.6) (Table 3B). This was not statistically different from post-KCOD cases whose incidence of drinking was 70% (Table 2) and ranged from 0 drinks during pregnancy to 102.5 drinks in pregnancy (median of 8.3) (Table 3). There was no statistical difference between SIDS and post-KCOD cases when exposure was analyzed by trimesters (Tables 3A,B).


Table 3A. Smoking through pregnancy and by trimesters.

[image: Table 3]


Table 3B. Drinking exposure through pregnancy and by trimesters.
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Information regarding sleep-related risk factors was available for all cases within the SIDS group but only 2 of the 10 post-KCOD controls (data not shown). Within the SIDS group, the prevalence of infants last placed supine was 8% (1/12), on their side (lateral) was 33% (4/12), and prone was 58% (7/12). The prevalence of SIDS infants in the demised state on their side (lateral) was 64% (7/11) and in the prone position was 36% (4/11). In the post-KCOD group, the position last being placed supine was two of two; one of two was found dead in the supine position, and the other was found prone.

Information regarding post-natal exposure to cigarette smoke was available in 11 out of 22 (50%) of post-discharge infants. Of these 11, only 5 (2 SIDS and 3 post-KCOD controls) reported the infant being exposed to cigarettes at home. Information regarding other illicit drugs (i.e., marijuana and methamphetamine) was available on 24 of 32 total KCOD controls and SIDS. In total, only 4 cases (one pre-KCOD control, two post-KCOD controls, and one SIDS) reported any illicit drug use.



125I-Epibatidine Binding Distribution in the Developing Brainstem

We assessed 125I-epibatidine binding in the medulla and the pons from 26 postconceptional (PC) weeks (midgestation) to 64 PC weeks (~6 post-natal months) in the pre-KCOD (n = 10) and post-KCOD (n = 10) cases for developmental information. The inclusion of pre-KCOD controls allowed us to analyze a greater range of ages and provide increased information on development through gestation. By midgestation binding was differentially localized to nuclei of interest in a relatively fixed distribution (Figure 1). Medullary binding patterns across all controls combined showed the highest binding in the PIO and lowest binding in the RO (Table 4, Figure 1). In the rostral pons, binding in nuclei of the pontine tegmentum (MR, LC, and PoO) were relatively high compared to measurements in the basis pontis (GRPO) (Table 4, Figure 1). There was a significant developmental decrease in binding with increasing postconceptional age (p < 0.05) in the RO, GC, PGCL, and DAO (beta values from −0.39 to −0.25) of the rostral medulla and in the CEN of the mid medulla (beta = −0.22) (Table 4). There was a marginally significant developmental decrease binding in in the LC and PoO of the rostral pons (p = 0.07; beta = −0.22 and p = 0.05; beta = −0.24, respectively). To illustrate this effect, a decrease in 125I-epibatidine binding with increasing PC age is shown for the RO, GC, and PGCL of the rostral medulla (Figure 2). Of note, three rostral medullary sites found to have decreased binding with age (RO, GC, and PGCL) were also found to be significantly affected by nicotine exposure when SIDS and post-KCOD controls were combined (see Table 6). The effects of age on these sites remained significant even after adjusting for the effect of smoking (see Table 6).


Table 4. Effect of PCA in Pre- and Post-KCOD controls combined on 125I-epibatidine binding in brainstem nuclei.
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FIGURE 2. Developmental decrease in 125I-epibatidine binding in the rostral medulla. Combined pre- and post-KCOD controls show a decrease in 125I-epibatidine binding in nuclei of the rostral medulla. This relationship is illustrated in the RO (p = 0.0002), GC (p = 0.002), and PGCL (p = 0.001).




125I-Epibatidine Binding Between All SIDS and All Post-KCOD Controls

Using analysis of covariance (ACOVA) controlling for the effect of PCA, there was a significant effect of diagnosis only in rostral pons PoO (p = 0.02) with post-KCOD controls having a higher binding than SIDS (12.1 ± 0.9 fmol/mg and 9.1 ± 0.8 fmol/mg, respectively) (Table 5). There was a marginally significant effect in the LC of the rostral pons (p = 0.08) with post-KCOD controls having a higher binding than SIDS (Table 5). The demise cohort within PASS has a relatively high prevalence of pre-term birth (58%, SIDS; 50% KCOD) (Table 2). Thus, we analyzed 125I-epibatidine binding in the PASS cohort based on pre-term (<37 gestational weeks) or term birth (>37 gestational weeks). 125I-Epibatidine binding from pre-term SIDS (n = 7) was compared to pre-term post-KCOD controls (n = 5), adjusting for PCA. Similarly, 125I-epibatidine binding from term SIDS (n = 5) was compared to term post-KCOD controls (n = 5), adjusting for PCA. We found no significant effect of diagnosis in any nuclei in either pre-term or term cases (data not shown).


Table 5. Effect of diagnosis controlling for PCA on 125I-epibatidine binding in the brainstem.

[image: Table 5]



Effect of Exposure on 125I-Epibatidine Binding

We assessed the effect of the amount of maternal drinking (number of drinks consumed) on 125I-epibatidine binding in all SIDS (n = 12) and post-KCOD controls (n = 10) combined, adjusting for PCA. There were no significant effects of amount of drinking on 125I-epibatidine binding in any nuclei (Table 6). Given that 50% of SIDS mothers and 70% of post-KCOD mothers reported drinking during pregnancy, we repeated the analyses with exposed-only, SIDS (n = 6), and post-KCOD controls (n = 7) combined. Similar to the analyses in Table 5, the analysis in alcohol exposed-only cases showed no effect of amount of drinking on 125I-epibatidine binding in any nuclei (data not shown). There was no effect of maternal drinking on pre-KCOD controls (data not shown). Similarly, we assessed the effects of amount of smoking on SIDS and post-KCOD controls combined, adjusting for PCA. A significant positive association between average cigarettes per week and 125I-epibatidine binding was found in the following rostral medullary nuclei: RO, GC, and PGCL (p = 0.01, 0.02, and 0.002, respectively) (Table 6). Given the effect of smoking on both SIDS and post-KCOD controls combined, we analyzed each group separately to determine if cigarette smoking had a differential effect on one compared to the other. In post-KCOD controls, we found a significant positive association between 125I-epibatidine binding and cigarettes smoked per week in the RO (p = 0.047) and the PGCL (p = 0.03) but little effect in any nuclei in SIDS (Table 7). Of note, there was a significant effect of PCA in the RO, GC, and PGCL of post-KCOD controls consistent with the developmental data of Table 4. Likewise, there was a significant effect of PCA in these same nuclei in SIDS cases. Given the effect of smoking on 125I-epibatidine binding in sites of the rostral medulla, we reanalyzed the SIDS vs. post-KCOD control data to examine the effect of diagnosis controlled for smoking and PCA. The significant effect of diagnosis remained in the PoO (p = 0.04). A marginal significance of diagnosis was seen in the GC (p = 0.07) and DAO (p = 0.07) (data not shown).


Table 6. Effects of exposure on 125I-epibatidine binding in the brainstem in SIDS and Post-KCOD controls combined.
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Table 7. Effects of maternal cigarette smoking on 125I-epibatidine binding in the brainstem in SIDS and Post-KCOD.
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DISCUSSION

The Safe Passage Study is the first prospective, multicenter longitudinal study to provide evidence that infants exposed to pre-natal alcohol and cigarette smoke continuing beyond the first trimester have substantially higher risk of SIDS, as compared to those unexposed or exposed only in the first trimester (33). While the first trimester is critical for neurulation and neurogenesis, brain development through the second and third trimesters involves neuronal maturation, synaptogenesis, and synaptic reorganization and pruning—processes that are adversely affected by exposure to nicotine and alcohol (58). Although the fundamental mechanism of pre-natal exposures upon SIDS risk is unknown, we hypothesize that it involves adverse effects on the cholinergic receptor system during brain development. The Safe Passage Study provided an opportunity to examine this hypothesis in an international cohort of prospectively collected cases. Our major findings are as follows: (1) there is a developmental decrease in 125I-epibatidine binding with age in 5 sites within the rostral and mid medulla; (2) there is a decrease in 125I-epibatidine binding in the PoO, a critical component of the cholinergic ascending arousal system of the rostral pons, in SIDS compared to post-KCOD controls; and (3) smoking affected 125I-epibatidine binding in 3 rostral medullary sites that contain 5-HT neurons and that have been shown to be abnormal in SIDS infants when examined for the serotonin receptor 1A (5-HT1A) (16, 49). These new prospective analyses not only provide reproducibility of developmental changes in cholinergic systems within the brainstem and select cholinergic abnormalities in SIDS but also provide new insights and hypotheses regarding mechanisms by which pre-natal exposures may adversely affect critical medullary neurotransmitter systems involved in cardiorespiratory functions.


125I-Epibatidine Binding in the Brainstem—Effect of PCA on KCOD Controls

The baseline (control) expression pattern of the nicotinic receptors in the brainstem of humans and other species has been studied extensively at the mRNA, protein, and receptor level via the methods of in situ hybridization, immunohistochemistry, and receptor-ligand binding autoradiography, respectively [reviewed in Vivekanandarajah et al. (36)]. The relative distribution of 125I-epibatidine binding in selected human infant brainstem sites of this study is similar in pattern to previous observations with 3H-epibatidine binding (40), 3H-nicotine binding (19, 21, 59), and immunohistochemistry (24, 60). In this study, we observed a significant decrease in 125I-epibatidine binding with increasing PCA in all controls combined (pre- and post-discharge) in the rostral medullary nuclei RO, GC, PGCL, and DAO, mid-medullary nucleus CEN, and a marginally significant effect of age in the PoO of the rostral pons. Given that our KCOD controls ranged from 26 to 64 PC weeks, these data provide information on nAChRs and epibatidine binding prenatally through the second half of gestation and postnatally into the first 6 months of life. The decrease in binding with age suggests that this developmental window is a dynamic period of cholinergic influence on brain development and function. While a decrease in the DAO, PoO, and CEN with age has previously been reported using either 3H-epibatidine (DAO) (40) or 3H-nicotine (CEN, PoO) (19), a developmental decrease in the RO, GC, and PGCL using 125I-epibatidine as a ligand has not been shown. The RO, GC, and PGCL nuclei of the medullary 5-HT system contain 5-HT cells and project diffusely to other regions of the brainstem and the spinal cord. These nuclei form part of the homeostatic network of the rostral medulla, critically involved in cardiorespiratory integration and arousal (11). Serotonergic neurons within the nuclei mediate these homeostatic responses (11, 61, 62). Given that serotonergic neurons in these regions express nicotinic receptors (40) and that these serotonergic neurons are likely undergoing developmental changes in 5-HT neurotransmission (as determined by developmental changes in ligand binding to general 5-HT receptor agonist 3H-LSD), particularly from midgestation to infancy (63), developmental changes in 125I-epibatidine binding support a dynamic and complex relationship between the neurotransmitter systems—a relationship likely vulnerable to dysregulation during development due to pre-natal exposure to nicotine and inappropriate nicotinic receptor binding at these sites. Evidence supporting the effects of nicotine on 5-HT function is detailed below. Studies of additional neurotransmitter systems (including 5-HT) in the PASS cohort are warranted to address potential interrelationships between receptor systems.



125I-Epibatidine Binding Between SIDS and Post-KCOD Controls

In our analysis between SIDS and post-KCOD controls, we found no difference in 125I-epibatidine binding in the SIDS brainstem in 14 out of 15 brainstem sites. This lack of difference is consistent with the findings of Duncan et al. (21) and Nachmanoff et al. (19), both of which used nicotine as a ligand as opposed to epibatidine and both of which showed no difference in any nuclei when SIDS were compared to controls. We did, however, find a significant decrease in SIDS compared to post-KCOD controls in the PoO and a marginal decrease in the LC, both nuclei of the rostral pons. The LC and PoO are components of the extrathalamic and thalamic arousal system, respectively, and a decrease in cholinergic neurotransmission at these sites in SIDS infants potentially reflect an impairment of arousal responses. With regard to sleeping/waking, the functional significance of a nAChR deficiency in the PoO and LC (marginally decreased) of the SIDS cases compared to controls is unknown. However, given a postulated role of the PoO in the generation of rapid eye movement (REM) sleep (64), we speculate that this lesion may interfere with REM–non-REM (NREM) sleep regulation and the generation of REM sleep in SIDS cases with associated dysfunction in breathing and/or heart rate. Similarly, the LC's involvement in sleep to wake transitions and arousal (65) further support a role for dysfunctional sleep regulation as part of the pathogenesis of SIDS. While the current finding of decreased binding in the PoO and LC in SIDS differs from previous studies that found no change at these sites, these pontine sites were previously identified as affected by maternal smoking (19), thus supporting their inherent vulnerability to alterations in cholinergic development and potentially function.



Effects of Pre-natal Exposure on 125I-Epibatidine Binding in the Infant Brainstem

A major finding in this study is that pre-natal smoking is associated with an increase in 125I-epibatidine binding in SIDS and controls combined in 3 sites of the rostral medulla after controlling for PCA—the GC, RO, and PGCL. Additional analyses show that this significant effect is being driven mainly by post-KCOD controls, particularly in the RO and PGCL where smoking significantly increases 125I-epibatidine binding in the controls but not in SIDS. Our data of increased receptor binding in response to pre-natal smoking are consistent with the literature (see below) and suggests a compensatory upregulation of 125I-epibatidine-labeled nAChRs, possibly in response to a decrease in cholinergic activity at these sites (66, 67). Further studies on other cholinergic markers in this dataset are necessary to address the compensatory relationship between cholinergic markers and nAChRs in our dataset. It is of interest that the significant increase in 125I-epibatidine binding, seen predominately in controls, occurred in three of the five medullary nuclei that are significantly decreasing with age. This represents complex and dynamic neuroplastic changes associated with both development and exposure. The fact that the effect of exposure in the SIDS infants was not statistically significant at these sites suggests a lack of compensatory neuroplasticity within these sites in SIDS. Whether the normal mechanisms shown to be involved in upregulation of nAChRs [post-translational receptor assembly (68), trafficking (68), cell surface expression (68), degradation (68), and affinity alterations (69); post-transcriptional modification by microRNAs (70)] are deficient in SIDS is unknown; however, the potential consequences of incomplete compensation are noteworthy.

Given that acetylcholine modulates serotonergic activity in regulation of cardiorespiratory and homeostatic functions (71–74), an imbalance of acetylcholine transmission (via abnormal nicotinic and/or muscarinic receptors) in SIDS infants likely puts them at risk for sudden death in response to homeostatic challenges. As noted, embedded within the GC, PGCL, and RO are 5-HT neurons. Our data showing an effect of pre-natal smoking in these nuclei support literature reporting an effect of pre-natal nicotine on 5-HT neuron neurotransmission in general (67, 75–77) and directly on medullary 5-HT neurons (78, 79). Numerous experimental and human studies [reviewed in Vivekanandarajah et al. (36)] have shown that maternal cigarette smoke/nicotine exposure adversely affects ventilation (80), breathing drive (81), respiration rate (82–84), ventilatory drive (85, 86), respiratory rhythm pattern generation (87), and arousal responses to adverse stimuli such as hypoxia and hypercapnia (88–91)—responses mediated in part by medullary 5-HT neurons within the RO, GC, and PGCL. It is important to note that maternal smoking exposes a fetus to more than just nicotine, including toxins that have been shown to have unique neurodevelopmental effects and/or combine with nicotine to exacerbate nicotine's effect (66, 67). Given this, our findings are likely not attributed to nicotine alone.

Our data on the amount of pre-natal smoke exposure positively associated with post-natal nicotinic receptor binding are in agreement with the experimental animal models studying the brainstem. Animal models of chronic pre-natal exposure have generally shown increased nAChR expression in the infant brainstem (92–96). Maternal nicotine exposure during pregnancy have resulted in increased nAChR binding in mouse (97) and rhesus monkey (93), increased nicotinic receptor mRNA in the rat (95), and increased nAChR protein expression in the mouse (98) at various brainstem sites. Slotkin et al. also reported an overall increase in 125I α-bungarotoxin binding in the brainstem that emerged in the early post-natal period (99). Studies of human infant pre-natal exposures demonstrate conflicting results. Our laboratory previously reported an increase in 3H-nicotine binding in mesopontine nuclei related to cardiorespiration (nucleus parabrachialis) and arousal (LC and PoO) (19) and a decrease in binding in the LC nucleus, periaqueductal gray, and the raphe dorsalis, part of the ascending 5-HT arousal system (21). Other groups have reported decreased α7, β2 nAChR protein expression in the arcuate nucleus, XII, and NTS (22), decreased α4 nAChR fiber staining in the cribriform nucleus (24) in smoke-exposed infants, and increased α7 nAChR protein expression in major brainstem sites associated with pre-natal smoke exposure (100). The differences in the direction of change may be attributable to the composition of the control groups across the datasets with differing cohorts of infants who die from varying causes, the patterns of smoking, and/or the experimental measures, including the use of different ligands and antibodies. Irrespective of direction (up- or downregulation due to exposure), the specificity of change only in KCOD controls is consistent with our other studies showing alterations in controls but not in SIDS. Furthermore, these differences provide an example of the complexity of human autopsy studies where, without measurable cotinine levels, it is unclear whether the differences are due to acute changes in circulating nicotine close to the time of death or due to early or sustained developmental effects of nicotine exposure in utero.

Interestingly, there was no effect of the amount of maternal alcohol use on 125I-epibatidine binding in the brainstem. This differs from the Aberdeen Area Infant Mortality Study (AAIMS) showing a significant reduction in nicotinic receptor binding with an increase in the average number of drinks per month during pregnancy (21). It also differs from experimental studies, both in vivo (101–103) and in vitro (104), that have shown changes in nicotinic receptor expression following alcohol exposure. It is possible that our continuous measure of drinks per pregnancy is not discerning enough to detect small effects or effects that are trimester specific. It is also possible that the size of the cohort does not have the statistical power to detect effects of alcohol on 125I-epibatidine. With these caveats, however, our data do support that, in this cohort, pre-natal smoke exposure plays a greater role in altering nicotinic receptor binding than pre-natal alcohol exposure. Although the results of the present study show that amount of pre-natal alcohol exposure does not alter brainstem nicotinic receptors in infants, further studies are warranted to investigate the effect on other neurotransmitter systems, such as the serotonergic system.


Other Factors of Consideration

Many of the cases (KCOD and SIDS) had some degree of infection, either peripheral or central. In SIDS, this is consistent with minor infection prior to death as a known risk factor (105). The role of nAChRs, specifically the α7 subtype, in neuroinflammation is becoming more appreciated with regard to their function on inflammatory cells (106) and the changes seen in α7 neuronal expression in response to some pathogens and pathogen-specific proteins (107). While we cannot rule out a possible effect of inflammation on our data, given that epibatidine binds the α4β2 nAChR subtype with a much greater affinity than the α7 nAChR subtype (108), an effect of inflammatory-associated influence on α7 nAChR is likely to be minimal. Post-natal exposure to cigarette smoke is another potential consideration (22) as is the effects of pre-natal exposure to cannabinoids (109) from marijuana and methamphetamine (110). Given the relatively small number of cases across SIDS and KCOD controls reportedly exposed postnatally to cigarette smoke (n = 5) and prenatally to marijuana and/or methamphetamine (n = 4), we did not assess their influence on our data. Larger datasets with quantitative measures of these exposures are necessary to separate out an independent or potentially synergistic influence of these exposures on nAChR binding. Finally, intermittent episodes of hypoxia either prenatally or postnatally have been proposed in the pathogenesis of SIDS (61). While we have no means to identify or quantitate hypoxic events in our cases, the potential influence of hypoxia on nAChR expression should be noted (111–113).




Limitations of the Study

A major limitation of this study is the relatively small sample size. The validity of results is supported, however, by their general consistency with previously reported data in other cohorts and animal models. A second limitation of this study is the fact that all SIDS, nearly all post-KCOD controls (90%), and all pre-KCOD controls were exposed to pre-natal smoking to some degree, thus making it difficult to detect differences in binding between SIDS and post-KCOD controls controlling for exposure. Despite this, the continuous values measuring pre-natal exposure to smoking enabled us to determine the association between the amount of exposure and nicotinic receptor binding and the developmental trajectory of nicotinic receptor binding with age. A third limitation is that the autopsied control infants were not representative of living controls. This limitation is not specific to the Safe Passage Study but is inherent in all autopsy case/control studies. Another limitation of the study is that there was no experimental verification of the biological concentration of pre-natal exposure in the infant's system. The pre-natal exposures related to smoking and alcohol was based on the mother's self-report of her consumption without verification with biomarkers such as cotinine measurements for smoke exposure and ethanol metabolites for alcohol exposure in infant blood. Finally, the selected radioligand 125I-epibatidine binds with most, but not optimally, or with all nicotinic receptor subtypes. Additional analysis of and comparison between 125I-bungarotoxin and 3H-nicotine would allow for a more comprehensive analysis of nAChRs in the brainstem (114, 115).




CONCLUSIONS

In summary, our data confirmed our hypothesis that nAChR binding is abnormal in SIDS infants compared to infants dying of known causes. Although significant difference was only detected in one nucleus, the PoO, this abnormality represents a deficit in an arousal system that likely places an infant at risk for SIDS. The fact that deficiencies were only found in one nucleus supports that other neurotransmitters, including 5-HT, may be more affected in SIDS in this database. Relevant to pre-natal exposures, our data support that SIDS infants are not properly responding to or compensating for an effect of pre-natal nicotine exposure by increasing nicotinic receptors. This deficiency, especially in medullary nuclei containing 5-HT neurons, could hinder a normal adaptive/neuroplastic mechanism in SIDS that extends into the post-natal period and decreases the effectiveness of homeostatic responses. Our data showing an effect of pre-natal smoking in medullary nuclei containing 5-HT neurons support the vulnerability of these sites, previously identified as abnormal in SIDS by serotonergic measures, to adverse developmental exposures. The vulnerability is likely heightened during the first year of life when post-natal developmental changes in 5-HT and acetylcholine systems converge. In the Safe Passage Study, we recently reported a synergistic effect of maternal smoking and drinking on SIDS risk—an effect greater than either exposure alone (33). The results reported here showing no effect of maternal drinking on nAChRs suggest that the neuropathological basis for this combined exposure likely involves other systems, including other neurotransmitter systems within the brain. Overall, our results contribute to the wealth of other data, human and animal, supporting the evidence for the adverse effects of pre-natal exposures on a developing fetus, effects that persist into post-natal life, including the period of risk for SIDS.
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The Safe Passage Study could not have been completed without Johan's leadership and grasp of the impact of infant mortality on his community. He was motivated to pursue SIDS research by a love of children, having two beautiful children of his own. He was passionate about finding the cause of SIDS, especially among disenfranchised groups in South Africa. He was described by many as larger than life, with wide and varied interests, including reading Shakespeare, playing drums in a band (with his daughter as singer and bass guitar) and traveling the world with his beloved family: his wife Karen, daughter Mieneke, and son Daniël. He was proud of his Afrikaans language and heritage and his country, acknowledging its faults of the past to assure a better and more educated tomorrow. He was a wise and enthusiastic scholar and teacher of forensic medicine, a man who loved life and held it sacred in the most difficult settings, including the tragedy of infant death. He took on some of the most challenging, hardened and complex cases in the courtroom with an unshakeable sense of fairness and both academic knowledge and experience to guide the legal profession. He was never without a smile, a word of encouragement, a hearty laugh and the ability to relate to all. His kindness and philanthropy were constant and personal—assisting a friend or stranger just because he could meet a need. We were privileged to know him and to work with him. He became a friend to us all, without exception, and we will greatly miss his joyful and all-inclusive ways.



AUTHOR CONTRIBUTIONS

RH: had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis. HK, AE, WF, MMM, HO, and RH: concept and design. AV, RH, HK, MN, AE, RF, HT, JC, PJ, MM, KM, JRD, KB, KS, HO, JA, LB, EB, JAC, JDD, TB, WF, EG, CG, IH, MMM, BR, PS, MS, CW, DR, LN, DZ, and SW: acquisition, analysis, or interpretation of data. RH, AV, HK, and MN: drafting of the manuscript. RH, AV, HK, MN, AE, HO, WF, MMM, RF, and JRD: critical revision of the manuscript for important intellectual content. MN: statistical analysis. HK, AE, WF, HO, and RH: obtained funding. AV, RH, HK, AE, WF, MMM, HO, RF, HT, JC, PJ, MM, KM, JRD, JA, KB, and KS: administrative, technical, or material support. RH, HK, AE, WF, HO, JA, RF, and CG: supervision. All authors approved the final manuscript as submitted and agree to be accountable for all aspects of the work.



FUNDING

The research reported in this publication was supported by the National Institutes of Health (NIH) grants U01HD055154, U01HD045935, U01HD055155, U01HD045991, and U01AA016501 funded by the National Institute on Alcohol Abuse and Alcoholism, Eunice Kennedy Shriver National Institute of Child Health and Human Development, and the National Institute on Deafness and Other Communication Disorders. AV was supported on a fellowship by River's Gift (Victoria, Australia) and the Harvard University Mobility Scheme awarded by the University of Sydney (Sydney, Australia). JRD was supported by the First Candle/SIDS alliance and CJ Martin Overseas Fellowship (National Health and Medical Research Council of Australia).



ACKNOWLEDGMENTS

The PASS Network is solely responsible for the design and conduct of the study; collection, management, analysis, and interpretation of the data; and preparation, review, or approval of the manuscript. The following researchers compose the PASS Network:

• PASS Steering Committee Chair (University of Texas Medical Branch): Gary DV Hankins, MD

• Data Coordinating & Analysis Center (DM-STAT, Inc.): PI: Kimberly A. Dukes, Ph.D; Co-PI: Lisa M. Sullivan, Ph.D; Biostatistics: Tara Tripp, MA; Fay Robinson, MPH; Cheri Raffo, MPH; Project Management/Regulatory Affairs: Julie M. Petersen, MPH; Rebecca A. Young, MPH; Statistical Programming/Data Management: Cindy Mai, BA; Elena Grillo, MBA, BS, BBA; Data Management/Information Technology: Travis Baker, BS; Patti Folan; Gregory Toland, MS; Michael Carmen, MS

• Developmental Biology & Pathology Center (Children's Hospital Boston): PI: Hannah C. Kinney, MD; Assistant Director: Robin L. Haynes, Ph.D; Co-investigators: Rebecca D. Folkerth, MD; Ingrid A. Holm, MD; Theonia Boyd, MD; David S. Paterson, Ph.D; Hanno Steen, Ph.D; Kyriacos Markianos, Ph.D; Drucilla Roberts, MD; Kevin G. Broadbelt, Ph.D; Richard G. Goldstein, MD; Laura L. Nelsen, MD; Jacob Cotton, BS; Perri Jacobs, BS

• Comprehensive Clinical Site Northern Plains (Sanford Research): PI: Amy J. Elliott, Ph.D; Co-PI: Larry Burd, Ph.D; Co-investigators: Jyoti Angal, MPH; Elizabeth Berg, RN; Jessica Gromer, RN; H. Eugene Hoyme, MD; Margaret Jackson, BA; Luke Mack, MA; Bethany Norton, MA; Bradley B. Randall, MD; Mary Ann Sens, MD; Liz Swenson, RN; Deborah Tobacco, MA; Peter Van Eerden, MD

• Comprehensive Clinical Site South Africa (Stellenbosch University): PI: Hendrik Odendaal, MBChB, FRCOG, MD; Co-PI: Colleen Wright, MD, FRCPath, Ph.D; Co-Investigators: Lut Geerts, MD, MRCOG; Greetje de Jong, MBChB, MMed, MD; Pawel Schubert, FCPath (SA) MMed; Shabbir Wadee, MMed; Johan Dempers, FCFor Path (SA); Elsie Burger, FCFor Path (SA), MMed Forens Path; Janetta Harbron, PhD; Co-investigator & Project Manager: Coen Groenewald, MBChB, MMed, FCOG, M Comm; Project Manager: Erna Carstens, RN

• Physiology Assessment Center (Columbia University): Co-PIs: William Fifer, Ph.D; Michael Myers, Ph.D; Co-investigators: Joseph Isler, Ph.D; Yvonne Sininger, Ph.D; Project Management: J. David Nugent, MA; Carmen Condon, BA; Data Analysis: Margaret C. Shair, BA; Tracy Thai, MA

• NIH Project Scientists: Marian Willinger, Ph.D (NICHD); Dale Hereld, MD, Ph.D (NIAAA); Howard J. Hoffman, MA (NIDCD); Chuan-Ming Li, MD, Ph.D (NIDCD)

The authors gratefully acknowledge the cooperation of the study participants, PASS investigators and members of the NICHD Advisory and Safety Monitoring Board: Elizabeth Thom, Ph.D (Chair); The Reverend Phillip Cato, Ph.D; James W Collins, Jr, MD, MPH; Terry Dwyer, MD, MPH; George Macones, MD; Philip A May, Ph.D; Richard M Pauli, MD, Ph.D; Raymond W Redline, MD; and Michael Varner, MD.

Additional Acknowledgments: the following individuals made significant contributions to the research and warrant recognition:

• DCAC: Idania Ramirez, MPH; Laura Spurchise, MPH; Jamie Collins, Ph.D; Derek Petersen, BS

• PAC: Johnston T. Grier, BA; Emilia F. Vignola, BA; Joseph J Violaris, BA

• DBPC: Richard Belliveau

We would like to acknowledge Dr. Eugene Nattie and Elisabeth Haas for the careful review of the data and the manuscript. We would like to acknowledge Molly Riehs for administrative assistance with manuscript and database organization.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2021.636668/full#supplementary-material



REFERENCES

 1. Willinger M, James LS, Catz C. Defining the sudden infant death syndrome (SIDS): deliberations of an expert panel convened by the national institute of child health and human development. Pediatr Pathol. (1991) 11:677–84. doi: 10.3109/15513819109065465

 2. Kinney HC, Thach BT. The sudden infant death syndrome. N Engl J Med. (2009) 361:795–805. doi: 10.1056/NEJMra0803836

 3. Ely DM, Driscoll AK. Infant mortality in the United States, 2017: data from the period linked birth/infant death file. Natl Vital Stat Rep. (2019) 68:1–20.

 4. Mitchell EA, Thompson JM, Zuccollo J, MacFarlane M, Taylor B, Elder D, et al. The combination of bed sharing and maternal smoking leads to a greatly increased risk of sudden unexpected death in infancy: the New Zealand SUDI nationwide case control study. N Z Med J. (2017) 130:52–64.

 5. Parks SE, Erck Lambert AB, Shapiro-Mendoza CK. Racial and ethnic trends in sudden unexpected infant deaths: United States, 1995-2013. Pediatrics. (2017) 139:e20163844. doi: 10.1542/peds.2016-3844

 6. Dempers JJ, Burger EH, Toit-Prinsloo LD, Verster J. A South African perspective. In: Duncan JR, Byard RW, eds. SIDS Sudden Infant and Early Childhood Death: The Past, the Present and the Future. Adelaide, AU: University of Adelaide Press (2018). doi: 10.20851/sids-17

 7. Freemantle J, Ellis L. An Australian perspective. In: Duncan JR, Byard RW, eds SIDS Sudden Infant and Early Childhood Death: The Past, the Present and the Future. Adelaide, AU: University of Adelaide Press (2018). doi: 10.20851/sids-16

 8. Karat AS, Omar T, Tlali M, Charalambous S, Chihota VN, Churchyard GJ, et al. Lessons learnt conducting minimally invasive autopsies in private mortuaries as part of HIV and tuberculosis research in South Africa. Public Health Action. (2019) 9:186–90. doi: 10.5588/pha.19.0032

 9. Uneke CJ, Uro-Chukwu HC, Chukwu OE. Validation of verbal autopsy methods for assessment of child mortality in sub-Saharan Africa and the policy implication: a rapid review. Pan Afr Med J. (2019) 33:318. doi: 10.11604/pamj.2019.33.318.16405

 10. Skewes MC, Gonzalez VM, Gameon JA, FireMoon P, Salois E, Rasmus SM, et al. Health disparities research with american indian communities: the importance of trust and transparency. Am J Community Psychol. (2020) 66:302–13. doi: 10.1002/ajcp.12445

 11. Kinney HC, Haynes RL. The serotonin brainstem hypothesis for the sudden infant death syndrome. J Neuropathol Exp Neurol. (2019) 78:765–79. doi: 10.1093/jnen/nlz062

 12. Panigrahy A, Filiano J, Sleeper LA, Mandell F, Valdes-Dapena M, Krous HF, et al. Decreased serotonergic receptor binding in rhombic lip-derived regions of the medulla oblongata in the sudden infant death syndrome. J Neuropathol Exp Neurol. (2000) 59:377–84. doi: 10.1093/jnen/59.5.377

 13. Kinney HC, Randall LL, Sleeper LA, Willinger M, Belliveau RA, Zec N, et al. Serotonergic brainstem abnormalities in Northern plains Indians with the sudden infant death syndrome. J Neuropathol Exp Neurol. (2003) 62:1178–91. doi: 10.1093/jnen/62.11.1178

 14. Machaalani R, Say M, Waters KA. Serotoninergic receptor 1A in the sudden infant death syndrome brainstem medulla and associations with clinical risk factors. Acta Neuropathol. (2009) 117:257–65. doi: 10.1007/s00401-008-0468-x

 15. Paterson DS, Hilaire G, Weese-Mayer DE. Medullary serotonin defects and respiratory dysfunction in sudden infant death syndrome. Respir Physiol Neurobiol. (2009) 168:133–43. doi: 10.1016/j.resp.2009.05.010

 16. Duncan JR, Paterson DS, Hoffman JM, Mokler DJ, Borenstein NS, Belliveau RA, et al. Brainstem serotonergic deficiency in sudden infant death syndrome. JAMA. (2010) 303:430–7. doi: 10.1001/jama.2010.45

 17. Bright FM, Byard RW, Vink R, Paterson DS. Medullary serotonin neuron abnormalities in an australian cohort of sudden infant death syndrome. J Neuropathol Exp Neurol. (2017) 76:864–73. doi: 10.1093/jnen/nlx071

 18. Kinney HC, Filiano JJ, Sleeper LA, Mandell F, Valdes-Dapena M, White WF. Decreased muscarinic receptor binding in the arcuate nucleus in sudden infant death syndrome. Science. (1995) 269:1446–50. doi: 10.1126/science.7660131

 19. Nachmanoff DB, Panigrahy A, Filiano JJ, Mandell F, Sleeper LA, Valdes-Dapena M, et al. Brainstem 3H-nicotine receptor binding in the sudden infant death syndrome. J Neuropathol Exp Neurol. (1998) 57:1018–25. doi: 10.1097/00005072-199811000-00004

 20. Mallard C, Tolcos M, Leditschke J, Campbell P, Rees S. Reduction in choline acetyltransferase immunoreactivity but not muscarinic-m2 receptor immunoreactivity in the brainstem of SIDS infants. J Neuropathol Exp Neurol. (1999) 58:255–64. doi: 10.1097/00005072-199903000-00005

 21. Duncan JR, Randall LL, Belliveau RA, Trachtenberg FL, Randall B, Habbe D, et al. The effect of maternal smoking and drinking during pregnancy upon (3)H-nicotine receptor brainstem binding in infants dying of the sudden infant death syndrome: initial observations in a high risk population. Brain Pathol. (2008) 18:21–31. doi: 10.1111/j.1750-3639.2007.00093.x

 22. Machaalani R, Say M, Waters KA. Effects of cigarette smoke exposure on nicotinic acetylcholine receptor subunits alpha7 and beta2 in the sudden infant death syndrome (SIDS) brainstem. Toxicol Appl Pharmacol. (2011) 257:396–404. doi: 10.1016/j.taap.2011.09.023

 23. Lavezzi AM, Ferrero S, Roncati L, Piscioli F, Matturri L, Pusiol T. Nicotinic receptor abnormalities in the cerebellar cortex of sudden unexplained fetal and infant death victims-possible correlation with maternal smoking. ASN Neuro. (2017) 9:1759091417720582. doi: 10.1177/1759091417720582

 24. Aishah A, Hinton T, Waters KA, Machaalani R. The alpha3 and alpha4 nicotinic acetylcholine receptor (nAChR) subunits in the brainstem medulla of sudden infant death syndrome (SIDS). Neurobiol Dis. (2019) 125:23–30. doi: 10.1016/j.nbd.2019.01.010

 25. Luijerink LLM, Vivekanandarajah A, Waters KA, Machaalani R. The alpha7 and beta2 nicotinic acetylcholine receptor subunits regulate apoptosis in the infant hippocampus, and in sudden infant death syndrome (SIDS). Apoptosis. (2020) 25:574–89. doi: 10.1007/s10495-020-01618-0

 26. Broadbelt KG, Paterson DS, Belliveau RA, Trachtenberg FL, Haas EA, Stanley C, et al. Decreased GABAA receptor binding in the medullary serotonergic system in the sudden infant death syndrome. J Neuropathol Exp Neurol. (2011) 70:799–810. doi: 10.1097/NEN.0b013e31822c09bc

 27. Bright FM, Vink R, Byard RW, Duncan JR, Krous HF, Paterson DS. Abnormalities in substance P neurokinin-1 receptor binding in key brainstem nuclei in sudden infant death syndrome related to prematurity and sex. PLoS ONE. (2017) 12:e0184958. doi: 10.1371/journal.pone.0184958

 28. Filiano JJ, Kinney HC. A perspective on neuropathologic findings in victims of the sudden infant death syndrome: the triple-risk model. Biol Neonate. (1994) 65:194–7. doi: 10.1159/000244052

 29. Mitchell EA, Milerad J. Smoking and the sudden infant death syndrome. Rev Environ Health. (2006) 21:81–103. doi: 10.1515/REVEH.2006.21.2.81

 30. Hauck FR, Tanabe KO. Beyond “back to sleep”: ways to further reduce the risk of sudden infant death syndrome. Pediatr Ann. (2017) 46:e284–90. doi: 10.3928/19382359-20170721-01

 31. Anderson TM, Lavista Ferres JM, Ren SY, Moon RY, Goldstein RD, Ramirez JM, et al. Maternal smoking before and during pregnancy and the risk of sudden unexpected infant death. Pediatrics. (2019) 143:e20183325. doi: 10.1542/peds.2018-3325

 32. Iyasu S, Randall LL, Welty TK, Hsia J, Kinney HC, Mandell F, et al. Risk factors for sudden infant death syndrome among northern plains Indians. JAMA. (2002) 288:2717–23. doi: 10.1001/jama.288.21.2717

 33. Elliott AJ, Kinney HC, Haynes RL, Dempers JD, Wright C, Fifer WP, et al. Concurrent prenatal drinking and smoking increases risk for SIDS: safe passage study report. EClinicalMedicine. (2020) 19:100247. doi: 10.1016/j.eclinm.2019.100247

 34. Dukes KA, Burd L, Elliott AJ, Fifer WP, Folkerth RD, Hankins GD, et al. The safe passage study: design, methods, recruitment, and follow-up approach. Paediatr Perinat Epidemiol. (2014) 28:455–65. doi: 10.1111/ppe.12136

 35. Lauder JM, Schambra UB. Morphogenetic roles of acetylcholine. Environ Health Perspect. (1999) 107 (Suppl. 1):65–9. doi: 10.1289/ehp.99107s165

 36. Vivekanandarajah A, Waters KA, Machaalani R. Cigarette smoke exposure effects on the brainstem expression of nicotinic acetylcholine receptors (nAChRs), and on cardiac, respiratory and sleep physiologies. Respir Physiol Neurobiol. (2019) 259:1–15. doi: 10.1016/j.resp.2018.07.007

 37. Hurst R, Rollema H, Bertrand D. Nicotinic acetylcholine receptors: from basic science to therapeutics. Pharmacol Ther. (2013) 137:22–54. doi: 10.1016/j.pharmthera.2012.08.012

 38. Gotti C, Clementi F. Neuronal nicotinic receptors: from structure to pathology. Prog Neurobiol. (2004) 74:363–96. doi: 10.1016/j.pneurobio.2004.09.006

 39. Hellstrom-Lindahl E, Gorbounova O, Seiger A, Mousavi M, Nordberg A. Regional distribution of nicotinic receptors during prenatal development of human brain and spinal cord. Brain Res Dev Brain Res. (1998) 108:147–60. doi: 10.1016/S0165-3806(98)00046-7

 40. Duncan JR, Paterson DS, Kinney HC. The development of nicotinic receptors in the human medulla oblongata: inter-relationship with the serotonergic system. Auton Neurosci. (2008) 144:61–75. doi: 10.1016/j.autneu.2008.09.006

 41. Ekblad M, Korkeila J, Lehtonen L. Smoking during pregnancy affects foetal brain development. Acta Paediatr. (2015) 104:12–8. doi: 10.1111/apa.12791

 42. Forman SA, Zhou Q. Novel modulation of a nicotinic receptor channel mutant reveals that the open state is stabilized by ethanol. Mol Pharmacol. (1999) 55:102–8. doi: 10.1124/mol.55.1.102

 43. Borghese CM, Ali DN, Bleck V, Harris RA. Acetylcholine and alcohol sensitivity of neuronal nicotinic acetylcholine receptors: mutations in transmembrane domains. Alcohol Clin Exp Res. (2002) 26:1764–72. doi: 10.1111/j.1530-0277.2002.tb02482.x

 44. Borghese CM, Henderson LA, Bleck V, Trudell JR, Harris RA. Sites of excitatory and inhibitory actions of alcohols on neuronal alpha2beta4 nicotinic acetylcholine receptors. J Pharmacol Exp Ther. (2003) 307:42–52. doi: 10.1124/jpet.103.053710

 45. Davis TJ, de Fiebre CM. Alcohol's actions on neuronal nicotinic acetylcholine receptors. Alcohol Res Health. (2006) 29:179–85.

 46. Hendrickson LM, Guildford MJ, Tapper AR. Neuronal nicotinic acetylcholine receptors: common molecular substrates of nicotine and alcohol dependence. Front Psychiatry. (2013) 4:29. doi: 10.3389/fpsyt.2013.00029

 47. Odendaal HJ, Elliott A, Kinney HC, Human M, Gaspar D, Petersen D, et al. Consent for autopsy research for unexpected death in early life. Obstet Gynecol. (2011) 117:167–71. doi: 10.1097/AOG.0b013e318200cb17

 48. Haynes RL, Folkerth RD, Paterson DS, Broadbelt KG, Dan Zaharie S, Hewlett RH, et al. Serotonin receptors in the medulla oblongata of the human fetus and infant: the analytic approach of the international safe passage study. J Neuropathol Exp Neurol. (2016) 75:1048–57. doi: 10.1093/jnen/nlw080

 49. Paterson DS, Trachtenberg FL, Thompson EG, Belliveau RA, Beggs AH, Darnall R, et al. Multiple serotonergic brainstem abnormalities in sudden infant death syndrome. JAMA. (2006) 296:2124–32. doi: 10.1001/jama.296.17.2124

 50. Griem-Krey N, Klein AB, Herth M, Wellendorph P. Autoradiography as a simple and powerful method for visualization and characterization of pharmacological targets. J Vis Exp. (2019). doi: 10.3791/58879

 51. Salehi B, Sestito S, Rapposelli S, Peron G, Calina D, Sharifi-Rad M, et al. Epibatidine: a promising natural alkaloid in health. Biomolecules. (2018) 9:6. doi: 10.3390/biom9010006

 52. Duncan JR, Garland M, Stark RI, Myers MM, Fifer WP, Mokler DJ, et al. Prenatal nicotine exposure selectively affects nicotinic receptor expression in primary and associative visual cortices of the fetal baboon. Brain Pathol. (2015) 25:171–81. doi: 10.1111/bpa.12165

 53. Marks MJ, Smith KW, Collins AC. Differential agonist inhibition identifies multiple epibatidine binding sites in mouse brain. J Pharmacol Exp Ther. (1998) 285:377–86.

 54. Olszewski J, Baxter D. Cytoarchitechture of the Human Brain Stem. Basel: S Karger (1954).

 55. Paxinos G, Huang X. Atlas of the Human Brain Stem. Academic Press (1995).

 56. Dukes K, Tripp T, Petersen J, Robinson F, Odendaal H, Elliott A, et al. A modified timeline followback assessment to capture alcohol exposure in pregnant women: application in the safe passage study. Alcohol. (2017) 62:17–27. doi: 10.1016/j.alcohol.2017.02.174

 57. Sania A, Pini N, Myers MM, Shuffrey LC, Lucchini M, Nelson ME, et al. The K nearest neighbor algorithm for imputation of missing longitudinal prenatal alcohol data. Preprint. (2020). doi: 10.21203/rs.3.rs-32456/v1

 58. Thompson BL, Levitt P, Stanwood GD. Prenatal exposure to drugs: effects on brain development and implications for policy and education. Nat Rev Neurosci. (2009) 10:303–12. doi: 10.1038/nrn2598

 59. Kinney HC, O'Donnell TJ, Kriger P, White WF. Early developmental changes in [3H]nicotine binding in the human brainstem. Neuroscience. (1993) 55:1127–38. doi: 10.1016/0306-4522(93)90326-B

 60. Machaalani R, Kashi PK, Waters KA. Distribution of nicotinic acetylcholine receptor subunits alpha7 and beta2 in the human brainstem and hippocampal formation. J Chem Neuroanat. (2010) 40:223–31. doi: 10.1016/j.jchemneu.2010.05.009

 61. Kinney HC, Richerson GB, Dymecki SM, Darnall RA, Nattie EE. The brainstem and serotonin in the sudden infant death syndrome. Annu Rev Pathol. (2009) 4:517–50. doi: 10.1146/annurev.pathol.4.110807.092322

 62. Kinney HC, Broadbelt KG, Haynes RL, Rognum IJ, Paterson DS. The serotonergic anatomy of the developing human medulla oblongata: implications for pediatric disorders of homeostasis. J Chem Neuroanat. (2011) 41:182–99. doi: 10.1016/j.jchemneu.2011.05.004

 63. Zec N, Filiano JJ, Panigrahy A, White WF, Kinney HC. Developmental changes in [3H]lysergic acid diethylamide ([3H]LSD) binding to serotonin receptors in the human brainstem. J Neuropathol Exp Neurol. (1996) 55:114–26. doi: 10.1097/00005072-199601000-00012

 64. Scammell TE, Arrigoni E, Lipton JO. Neural circuitry of wakefulness and sleep. Neuron. (2017) 93:747–65. doi: 10.1016/j.neuron.2017.01.014

 65. Carter ME, Yizhar O, Chikahisa S, Nguyen H, Adamantidis A, Nishino S, et al. Tuning arousal with optogenetic modulation of locus coeruleus neurons. Nat Neurosci. (2010) 13:1526–33. doi: 10.1038/nn.2682

 66. Slotkin TA, Skavicus S, Card J, Stadler A, Levin ED, Seidler FJ. Developmental neurotoxicity of tobacco smoke directed toward cholinergic and serotonergic systems: more than just nicotine. Toxicol Sic. (2015) 147:178–89. doi: 10.1093/toxsci/kfv123

 67. Slotkin TA, Skavicus S, Ko A, Levin ED, Seidler FJ. The developmental neurotoxicity of tobacco smoke can be mimicked by a combination of nicotine and benzo[a]pyrene: effects on cholinergic and serotonergic systems. Toxicol Sci. (2019) 167:293–304. doi: 10.1093/toxsci/kfy241

 68. Colombo SF, Mazzo F, Pistillo F, Gotti C. Biogenesis, trafficking and up-regulation of nicotinic ACh receptors. Biochem Pharmacol. (2013) 86:1063–73. doi: 10.1016/j.bcp.2013.06.023

 69. Vallejo YF, Buisson B, Bertrand D, Green WN. Chronic nicotine exposure upregulates nicotinic receptors by a novel mechanism. J Neurosci. (2005) 25:5563–72. doi: 10.1523/JNEUROSCI.5240-04.2005

 70. Hogan EM, Casserly AP, Scofield MD, Mou Z, Zhao-Shea R, Johnson CW, et al. miRNAome analysis of the mammalian neuronal nicotinic acetylcholine receptor gene family. RNA. (2014) 20:1890–9. doi: 10.1261/rna.034066.112

 71. Commons KG. Alpha4 containing nicotinic receptors are positioned to mediate postsynaptic effects on 5-HT neurons in the rat dorsal raphe nucleus. Neuroscience. (2008) 153:851–9. doi: 10.1016/j.neuroscience.2008.02.056

 72. Garduno J, Galindo-Charles L, Jimenez-Rodriguez J, Galarraga E, Tapia D, Mihailescu S, et al. Presynaptic alpha4beta2 nicotinic acetylcholine receptors increase glutamate release and serotonin neuron excitability in the dorsal raphe nucleus. J Neurosci. (2012) 32:15148–57. doi: 10.1523/JNEUROSCI.0941-12.2012

 73. Hernandez-Lopez S, Garduno J, Mihailescu S. Nicotinic modulation of serotonergic activity in the dorsal raphe nucleus. Rev Neurosci. (2013) 24:455–69. doi: 10.1515/revneuro-2013-0012

 74. Davis MR, Magnusson JL, Cummings KJ. Increased central cholinergic drive contributes to the apneas of serotonin-deficient rat pups during active sleep. J Appl Physiol. (2019) 126:1175–83. doi: 10.1152/japplphysiol.00909.2018

 75. Say M, Machaalani R, Waters KA. Changes in serotoninergic receptors 1A and 2A in the piglet brainstem after intermittent hypercapnic hypoxia (IHH) and nicotine. Brain Res. (2007) 1152:17–26. doi: 10.1016/j.brainres.2007.03.037

 76. Slotkin TA, Ryde IT, Tate CA, Seidler FJ. Lasting effects of nicotine treatment and withdrawal on serotonergic systems and cell signaling in rat brain regions: separate or sequential exposure during fetal development and adulthood. Brain Res Bull. (2007) 73:259–72. doi: 10.1016/j.brainresbull.2007.03.012

 77. Slotkin TA, Seidler FJ, Spindel ER. Prenatal nicotine exposure in rhesus monkeys compromises development of brainstem and cardiac monoamine pathways involved in perinatal adaptation and sudden infant death syndrome: amelioration by vitamin C. Neurotoxicol Teratol. (2011) 33:431–4. doi: 10.1016/j.ntt.2011.02.001

 78. Cerpa VJ, Aylwin Mde L, Beltran-Castillo S, Bravo EU, Llona IR, Richerson GB, et al. The alteration of neonatal raphe neurons by prenatal-perinatal nicotine. Meaning for sudden infant death syndrome. Am J Respir Cell Mol Biol. (2015) 53:489–99. doi: 10.1165/rcmb.2014-0329OC

 79. Avraam J, Wu Y, Richerson GB. Perinatal nicotine reduces chemosensitivity of medullary 5-HT neurons after maturation in culture. Neuroscience. (2020) 446:80–93. doi: 10.1016/j.neuroscience.2020.08.012

 80. Huang YH, Brown AR, Cross SJ, Cruz J, Rice A, Jaiswal S, et al. Influence of prenatal nicotine exposure on development of the ventilatory response to hypoxia and hypercapnia in neonatal rats. J Appl Physiol. (2010) 109:149–58. doi: 10.1152/japplphysiol.01036.2009

 81. Ueda Y, Stick SM, Hall G, Sly PD. Control of breathing in infants born to smoking mothers. J Pediatr. (1999) 135 (2 Pt. 1):226–32. doi: 10.1016/S0022-3476(99)70026-0

 82. Sovik S, Lossius K, Eriksen M, Grogaard J, Walloe L. Development of oxygen sensitivity in infants of smoking and non-smoking mothers. Early Hum Dev. (1999) 56:217–32. doi: 10.1016/S0378-3782(99)00048-1

 83. Huang YH, Brown AR, Costy-Bennett S, Luo Z, Fregosi RF. Influence of prenatal nicotine exposure on postnatal development of breathing pattern. Respir Physiol Neurobiol. (2004) 143:1–8. doi: 10.1016/j.resp.2004.07.002

 84. Simakajornboon N, Vlasic V, Li H, Sawnani H. Effect of prenatal nicotine exposure on biphasic hypoxic ventilatory response and protein kinase C expression in caudal brain stem of developing rats. J Appl Physiol. (2004) 96:2213–9. doi: 10.1152/japplphysiol.00935.2003

 85. Hafstrom O, Milerad J, Asokan N, Poole SD, Sundell HW. Nicotine delays arousal during hypoxemia in lambs. Pediatr Res. (2000) 47:646–52. doi: 10.1203/00006450-200005000-00015

 86. Hafstrom O, Milerad J, Sundell HW. Prenatal nicotine exposure blunts the cardiorespiratory response to hypoxia in lambs. Am J Respir Crit Care Med. (2002) 166 (12 Pt. 1):1544–9. doi: 10.1164/rccm.200204-289OC

 87. Eugenin J, Otarola M, Bravo E, Coddou C, Cerpa V, Reyes-Parada M, et al. Prenatal to early postnatal nicotine exposure impairs central chemoreception and modifies breathing pattern in mouse neonates: a probable link to sudden infant death syndrome. J Neurosci. (2008) 28:13907–17. doi: 10.1523/JNEUROSCI.4441-08.2008

 88. Lewis KW, Bosque EM. Deficient hypoxia awakening response in infants of smoking mothers: possible relationship to sudden infant death syndrome. J Pediatr. (1995) 127:691–9. doi: 10.1016/S0022-3476(95)70155-9

 89. Horne RS, Ferens D, Watts AM, Vitkovic J, Lacey B, Andrew S, et al. Effects of maternal tobacco smoking, sleeping position, and sleep state on arousal in healthy term infants. Arch Dis Child Fetal Neonatal Ed. (2002) 87:F100–5. doi: 10.1136/fn.87.2.F100

 90. Parslow PM, Cranage SM, Adamson TM, Harding R, Horne RS. Arousal and ventilatory responses to hypoxia in sleeping infants: effects of maternal smoking. Respir Physiol Neurobiol. (2004) 140:77–87. doi: 10.1016/j.resp.2004.01.004

 91. Sawnani H, Jackson T, Murphy T, Beckerman R, Simakajornboon N. The effect of maternal smoking on respiratory and arousal patterns in preterm infants during sleep. Am J Respir Crit Care Med. (2004) 169:733–8. doi: 10.1164/rccm.200305-692OC

 92. Slotkin TA, Orband-Miller L, Queen KL. Development of [3H]nicotine binding sites in brain regions of rats exposed to nicotine prenatally via maternal injections or infusions. J Pharmacol Exp Ther. (1987) 242:232–7.

 93. Slotkin TA, Pinkerton KE, Auman JT, Qiao D, Seidler FJ. Perinatal exposure to environmental tobacco smoke upregulates nicotinic cholinergic receptors in monkey brain. Brain Res Dev Brain Res. (2002) 133:175–9. doi: 10.1016/S0165-3806(02)00281-X

 94. Falk L, Nordberg A, Seiger A, Kjaeldgaard A, Hellstrom-Lindahl E. Smoking during early pregnancy affects the expression pattern of both nicotinic and muscarinic acetylcholine receptors in human first trimester brainstem and cerebellum. Neuroscience. (2005) 132:389–97. doi: 10.1016/j.neuroscience.2004.12.049

 95. Lv J, Mao C, Zhu L, Zhang H, Pengpeng H, Xu F, et al. The effect of prenatal nicotine on expression of nicotine receptor subunits in the fetal brain. Neurotoxicology. (2008) 29:722–6. doi: 10.1016/j.neuro.2008.04.015

 96. Duncan JR, Garland M, Myers MM, Fifer WP, Yang M, Kinney HC, et al. Prenatal nicotine-exposure alters fetal autonomic activity and medullary neurotransmitter receptors: implications for sudden infant death syndrome. J Appl Physiol. (2009) 107:1579–90. doi: 10.1152/japplphysiol.91629.2008

 97. van de Kamp JL, Collins AC. Prenatal nicotine alters nicotinic receptor development in the mouse brain. Pharmacol Biochem Behav. (1994) 47:889–900. doi: 10.1016/0091-3057(94)90293-3

 98. Vivekanandarajah A, Chan YL, Chen H, Machaalani R. Prenatal cigarette smoke exposure effects on apoptotic and nicotinic acetylcholine receptor expression in the infant mouse brainstem. Neurotoxicology. (2016) 53:53–63. doi: 10.1016/j.neuro.2015.12.017

 99. Slotkin TA, Southard MC, Adam SJ, Cousins MM, Seidler FJ. Alpha7 nicotinic acetylcholine receptors targeted by cholinergic developmental neurotoxicants: nicotine and chlorpyrifos. Brain Res Bull. (2004) 64:227–35. doi: 10.1016/j.brainresbull.2004.07.005

 100. Lavezzi AM. Toxic effect of cigarette smoke on brainstem nicotinic receptor expression: primary cause of sudden unexplained perinatal death. Toxics. (2018) 6:63. doi: 10.3390/toxics6040063

 101. Yoshida K, Engel J, Liljequist S. The effect of chronic ethanol administration of high affinity 3H-nicotinic binding in rat brain. Naunyn Schmiedebergs Arch Pharmacol. (1982) 321:74–6. doi: 10.1007/BF00586353

 102. Robles N, Sabria J. Effects of moderate chronic ethanol consumption on hippocampal nicotinic receptors and associative learning. Neurobiol Learn Mem. (2008) 89:497–503. doi: 10.1016/j.nlm.2008.01.006

 103. Hillmer AT, Tudorascu DL, Wooten DW, Lao PJ, Barnhart TE, Ahlers EO, et al. Changes in the alpha4beta2* nicotinic acetylcholine system during chronic controlled alcohol exposure in nonhuman primates. Drug Alcohol Depend. (2014) 138:216–9. doi: 10.1016/j.drugalcdep.2014.01.027

 104. Dohrman DP, Reiter CK. Ethanol modulates nicotine-induced upregulation of nAChRs. Brain Res. (2003) 975:90–8. doi: 10.1016/S0006-8993(03)02593-9

 105. Blackwell C, Moscovis S, Hall S, Burns C, Scott RJ. Exploring the risk factors for sudden infant deaths and their role in inflammatory responses to infection. Front Immunol. (2015) 6:44. doi: 10.3389/fimmu.2015.00044

 106. Bagdas D, Gurun MS, Flood P, Papke RL, Damaj MI. New insights on neuronal nicotinic acetylcholine receptors as targets for pain and inflammation: a focus on alpha7 nAChRs. Curr Neuropharmacol. (2018) 16:415–25. doi: 10.2174/1570159X15666170818102108

 107. Ballester LY, Capo-Velez CM, Garcia-Beltran WF, Ramos FM, Vazquez-Rosa E, Rios R, et al. Up-regulation of the neuronal nicotinic receptor alpha7 by HIV glycoprotein 120: potential implications for HIV-associated neurocognitive disorder. J Biol Chem. (2012) 287:3079–86. doi: 10.1074/jbc.M111.262543

 108. Wonnacott S, Barik J. Nicotinic ACh Receptors. Tocris Biosciences Scientific Review Series. Erie, PA (2007).

 109. Mahgoub M, Keun-Hang SY, Sydorenko V, Ashoor A, Kabbani N, Al Kury L, et al. Effects of cannabidiol on the function of alpha7-nicotinic acetylcholine receptors. Eur J Pharmacol. (2013) 720:310–9. doi: 10.1016/j.ejphar.2013.10.011

 110. Garcia-Rates S, Camarasa J, Escubedo E, Pubill D. Methamphetamine and 3,4-methylenedioxymethamphetamine interact with central nicotinic receptors and induce their up-regulation. Toxicol Appl Pharmacol. (2007) 223:195–205. doi: 10.1016/j.taap.2007.05.015

 111. Souvannakitti D, Kuri B, Yuan G, Pawar A, Kumar GK, Smith C, et al. Neonatal intermittent hypoxia impairs neuronal nicotinic receptor expression and function in adrenal chromaffin cells. Am J Physiol, Cell Physiol. (2010) 299:C381–8. doi: 10.1152/ajpcell.00530.2009

 112. Machaalani R, Ghazavi E, David RV, Hinton T, Makris A, Hennessy A. Nicotinic acetylcholine receptors (nAChR) are increased in the pre-eclamptic placenta. Hypertens Pregnancy. (2015) 34:227–40. doi: 10.3109/10641955.2015.1009545

 113. Vivekanandarajah A, Aishah A, Waters KA, Machaalani R. Intermittent hypercapnic hypoxia effects on the nicotinic acetylcholine receptors in the developing piglet hippocampus and brainstem. Neurotoxicology. (2017) 60:23–33. doi: 10.1016/j.neuro.2017.02.011

 114. Wonnacott S. alpha-Bungarotoxin binds to low-affinity nicotine binding sites in rat brain. J Neurochem. (1986) 47:1706–12. doi: 10.1111/j.1471-4159.1986.tb13078.x

 115. Jensen AA, Frolund B, Liljefors T, Krogsgaard-Larsen P. Neuronal nicotinic acetylcholine receptors: structural revelations, target identifications, and therapeutic inspirations. J Med Chem. (2005) 48:4705–45. doi: 10.1021/jm040219e

Disclaimer: The content of this article is solely the responsibility of the authors and does not necessarily represent the official views of the Indian Health Service (IHS) or the National Institutes of Health, the Eunice Shriver National Institute of Child Health and Human Development (NICHD), the National Institute on Alcohol Abuse and Alcoholism (NIAAA), or the National Institute on Deafness and Other Communication Disorders (NIDCD).

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Vivekanandarajah, Nelson, Kinney, Elliott, Folkerth, Tran, Cotton, Jacobs, Minter, McMillan, Duncan, Broadbelt, Schissler, Odendaal, Angal, Brink, Burger, Coldrey, Dempers, Boyd, Fifer, Geldenhuys, Groenewald, Holm, Myers, Randall, Schubert, Sens, Wright, Roberts, Nelsen, Wadee, Zaharie, Haynes and PASS Network. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-12-636668-t003.jpg
Through pregnancy
Average cigarettes/week

siDs 11
Post-KCOD 8
By trimester

Average cigarettes/week by trimester
Trimester 1

sDs 1
Post-KCOD 8
Trimester 2

sDs 11
Post-KCOD 8
Trimester 3

sDs 11
Post-KCOD 7

N, number; STD, standard deviation; Min, minimum; Max, maximum; Post-KCOD, post-discharge known cause of death; SIDS, sudden infant death syndrome.

Mean

271
268

26.7
19.2

279
27.7

268
o

20.14
2391

20.08
20.32

21.63
23.80

19.59
31.79

Median

206
287

237
124

225
276

213
7.7

Min

02
0

62.3
58.6

61.7
52.4

64.4
60.0

60.4
67.6

Wilcoxin p-value

0.90

0.54

0.90

0.72





OPS/images/fneur-12-636668-t004.jpg
Through pregnancy
N diinks in pregnancy
sDs

Post-KCOD

By trimester

N drinks by trimester
Trimester 1

sDs

Post-KCOD

Tiimester 2

sDs

Post-KCOD

Trimester 3

sDs

Post-KCOD

N, number; STD, standard deviation; Min, minimum; Max, maximum; Post-KCOD, post-discharge known cause of death; SIDS, sudden infant death syndrome.

12
10

12
10

12
10

12
10

251
253

83
10.1

136
135

33
16

STD

59.57
36.42

22.80
13.56

2767
28.27

10.31
455

Median

26
83

210.75
102.5

80.1
375

94.8
69.2

359
145

Wilcoxin p-value

0.48

0.23

0.65

096





OPS/images/fneur-12-636668-t001.jpg
Case Pre- or Post-discharge GA (wks) PNA PCA Cause of death

(wks) (wks)

1 Pre-discharge 25.7 01 2538 Complications of pre-maturity

2 Pre-discharge 270 004 27.0 Hyaline membrane disease,
chorioamnionitis and placental abruption

3 Pre-discharge 270 06 276 Pre-eclampsia and pre-maturity

4 Pre-discharge 30.3 14 31.7 Omphalocele, peritonitis, sepsis

5 Pre-discharge 326 01 %27 Pulmonary hemorrhage

6 Pre-discharge 329 01 330 Fetal head trauma due to motor vehicle
accident

7 Pre-discharge 31.7 1.6 333 Kiebsiella pneumonia, necrotizing
enterocolis, jaundice

8 Pre-discharge 370 004 37.0 Intrauterine growth restriction

9 Pre-discharge 375 002 375 Pulmonary hypoplasia, mulicystic
dysplastic kidney disease complicating
Potter's sequence

10 Pre-discharge 73 06 a19 Meconium aspiration, severe
bronchopneumonia, perinatal asphyxia

11 Post-discharge 273 9.4 367 Respiratory infection

12 Post-discharge 356 21 380 Respiratory infection

13 Post-discharge 276 12.9 405 CNS infection

14 Post-discharge 389 16 405 Congenital defects

15 Post-discharge 32.1 12.4 442 Renal; tubule-interstital nephitis

16 Post-discharge 36.0 9.0 45.0 Respiratory infection

17 Post-discharge 400 1.7 517 Respiratory infection

18 Post-discharge 38.3 141 52.4 CNS infection

19 Post-discharge 396 227 623 Gastrointestinal infection

20 Post-discharge 386 259 644 Respiratory infection

Pre-discharge cases are infants who died in the hospital prior to being released after birth. Post-discharge cases are infants that died after discharge from the hospital. KCOD, known
cause of death; CNS, central nervous system; N, number; GA, gestational age; PNA, post-natal age; PCA, postconceptional age; wks, weeks.
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(%) or median
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416£253
2,388.3  785.0
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6(50)
7(88)

0(0)
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i)
4,168.7 £ 1,935.7
510.3+ 1739
374+ 46
6(50)

26
12 (100)

206

Post-discharge

Post-KCOD

N Mean  STD orn
(%) or median

10 27.0% 6.1
7 00
10 3(30)
10
0(0)
4(40)
6(60)
0(0)
10 35.4+48
10 47.6+98
10 47.6+37.1
10 2,535.0 + 1,061.0
8 478+57
10 6(60)
10 5(50)
10
1(10)
8(80)
1(10)
9 3672.4 % 18700
6 507.8 +288.1
9 375+£49
10 7(70)
10 83
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8 287

p-value

0.97
1.00
1.00
0.03

0.70
0.76
0.66
071
0.88
0.69

1.0

071

0.56
0.98
097
0.41
0.48
0.45
0.90

N represents the number of cases with available demographic information. KCOD, known cause of death; SIDS, sucden infant death syndrome; yrs, years; HS, high school: GA,
gestational age; PCA, postconceptional age; PMI, postmortem interval; wks, weeks; hrs, hours; circum; circumference; cm, centimeter; y/n, yes/no; Avg, average; g, grams, STD,
standard deviation. Significant p < 0.05 are in bold.
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Alcohol on 'l-epibatidine Smoking on "2|-epibatidine

N drinks per pregnancy PCA Ave. cigarettes per week PCA

N Beta p-value Beta p-value N Beta p-value Beta p-value
Mid medulla
HG 22 —001 076 ~0.17 032 19 0.15 012 ~0.19 031
DMX 22 -0.04 031 0.1 050 19 -0.04 056 0.15 027
NTS 22 —0.07 023 004 0.87 19 —0.11 030 0.10 0.64
CEN 22 -0.02 028 -025 0.008 19 004 0.15 -0.18 0.006
PIO 22 ~0.05 050 -028 039 19 008 046 008 0.70
MAO 22 -005 032 -036 0.1 19 003 058 -0.12 034
Rostral medulla
RO 22 -001 045 -025 0.0003 19 006 001 ~0.19 0.0001
Gc 22 -0.02 022 -032 0.0005 19 007 0.02 -025 0.0002
PGCL 22 -001 0.41 -028 0.0014 19 007 0.002 -020 <0.0001
DAO 19 ~0.04 032 -035 0.0074 16 003 039 -020 0.007
PIO 22 -0.08 0.18 -0.06 054 19 001 080 0001 1.00
Rostral pons
MR 16 ~0.004 093 0.004 0.97 15 -0.06 032 008 082
Lc 17 001 085 -0.12 0.12 16 002 065 —0.41 0.15
PO 17 0.02 052 -0.15 0.04 16 003 045 ~0.16 0.04
GRPO 17 -0.08 0.10 —007 0.10 16 002 042 -0.08 0.09

Significant p (<0.05) are bolded. Marginal p (> 0.05 and <0.1) are in talcs. The effects of indiviclual exposure (N drinks per pregnancy or average cigareftes per week) on '2%|-epibaticine
bindling is adjusted for PCA. N, number; PCA, postconceptionel age in weeks, Ave, average; Post-KCOD, post-discharge known cause of death; SIDS, suciden infent death syndrome;
HG, hypoglossal nucleus; DMX, dorsal motor nucleus of the vagus; NTS, nucleus of the soltary tract; CEN, centrals; PIO, principal iferior olive; MAO, medal accessory olive; RO,
raphe obscurus; GC, gigantocellularis; PGCL, paragigantoceliularis lateralis; DAO, dorsal accessory olive; MR, median raphe; LG, locus coeruleus; PoO, nucleus pontis oralis; GRPo,
griseum ponts.
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PCA-adjusted mean of %-epibatidine Effect of PCA on

binding in specific brainstem nuclei 125).epibatidine binding
N Mean  SE Beta p-value
(fmol/mg)

Mid medulla
HG 20 13,08+ 2.42 —021 037
DMX 20 13.36 = 169 019 026
NTS 20 15.22 258 021 039
CEN 20 1182+ 1.02 -022 0.03
PIO 20 23.46 +3.08 027 037
MAO 19 16.58 + 1.84 -0.01 0.94
Rostral medulla
RO 20 935 0.65 -0.29 0.0002
Gc 20 13.63% 1.15 -0.39 0.002
PGCL 20 1196+ 0.81 -0.30 0.001
DAO 16 1471+ 105 —025 0.022
PIO 20 16.82 % 0.97 006 053
Rostral pons
MR 16 1575 £ 1.47 -0.22 0.13
Lo 16 13.46 % 120 -022 007
PoO 16 1424122 —0.24 005
GRPO 16 619079 001 089

Significant p (< 0.05) are bolded. Marginal p (> 0.05 and <0.1) are in italics.

The beta values represent the degree of change in 2%|-epibatidine binding associated with a change in postconceptional age (PCA). Negative beta values indicate a decrease in
125 .epibaticine bindling with PCA. Al binding vales are in fmol/mg. N, number of cases measured; SE, standard error. Pre-KCOD, predischarge known cause of death; Post-KCOD,
post-discharge KCOD; HG, hypoglossal nucleus; DX, dorsal motor nucleus of the vagus; NTS, nucleus of the solitary tract; CEN, centrals; PIO, principal inferior olive; MAO, medial
accessory olive; RO, raphe obscurus; GC, gigantocellulris; PGCL, paragigentocelulers lateralis; DAO, dorsal accessory olve; MR, median raphe; L, locus coenuleus; PoO, nucleus
pontis oralis; GRPo, griseum pontis.
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1084232
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14.2+3.13

6.8 +0.80
99+ 1.1
9.6+1.08
186+ 1.85
165+ 1.34

10.2 + 1.65
89+0.89
9.1+0.78
5.9+ 0.59

~ NN~

Post-KCOD

Mean & SE
(fmol/mg)

123 +£2.56
14.2+2.53
17.0+4.04
93+1.37
27.4 £4.83
16.1 £ 3.42

6.9+0.87
104+ 1.21
92+1.18
127 + 167
179+ 1.46

130+ 1.72
115+ 1.04
121 £0.91
6.5+ 0.69

p-value

0.26
0.33
053
0.88
027
0.70

0.94
0.73
0.83
072
0.24

0.25
0.08
0.02
053

-0.15
0.16
0.12

-0.23

-0.21

-0.31

-0.24
-0.30
-0.27
-0.35
-0.02

-0.02
—0.11
-0.15
-0.05

p-value

0.37
0.33
0.65
0.02
051
0.17

<0.001
0.001
0.002
0.011
0.82

0.88
0.10
0.02
0.25

Diagnosis p-values are adjusted for postconceptional age (PCA). Means estimated for PCA = 48. Significant p (< 0.05) are bolded. Marginally significant (> 0.05 and <0.10) p-values
are in telics. SE, standerd error; Post-KCOD, post-discharge known cause of death; SIDS, sudden infant death syndrome; HG, hypoglossal nucieus; DMX, dorsal motor nuceus of the
vagus; NTS, nucleus of the solitary tract; CEN, centrals; PIO, principal inferior olive; MAO, medial accessory olive; RO, raphe obscurus; GC, gigantocellularis; PGCL, paragigantocellularis
lateralis; DAO, dorsal accessory olive; MR, median raphe; LC, locus coeruleus; PoO, nucleus pontis oralis; GRPo, griseum pontis.
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Smoking on epibatidine—SIDS Only Smoking on epibatidine —Post-KCOD Only

N Ave. cigarettes PCA N Ave. cigarettes PCA
per week per week

Beta p-value Beta p-value Beta p-value Beta p-value
Mid medulla
HG 11 0.07 022 —0.11 024 8 023 033 —0.49 071
DMX 11 -0.06 050 0.13 038 8 -001 093 022 048
NTS 11 -027 007 023 034 8 003 087 001 098
CEN 11 0.04 030 -0.19 0.02 8 005 0.41 -0.14 030
PIO 11 -008 021 022 007 8 023 034 006 091
MAO 11 ~0.004 093 -0.12 021 8 0.08 055 -002 095
Rostral medulla
RO 11 0.05 0.18 ~0.17 0.02 8 0.06 0.047 ~021 0,01
GC 1 0.05 0.13 -0.20 0.006 8 0.09 0.10 -0.31 0.03
PGCL 11 005 0.10 ~0.19 0.004 8 0.09 0.03 -0.19 0.04
DAO 8 -0.03 0.45 -0.06 0.44 8 0.03 0.59 -0.19 0.16
PIO 11 —o.11 0.10 0.14 020 8 0.12 017 -0.12 053
Rostral pons
MR 9 -005 063 0.04 080 6 -0.10 041 -007 082
e 10 0.03 064 —0.11 030 6 -001 085 -0.16 031
PoO 10 0.04 037 -0.15 006 6 -001 093 -023 027
GRPO 10 001 067 -0.05 021 6 001 091 -0.15 035

Significant p (< 0.05) are bolded. Mrginelly significant p (> 0.05 and <0.1) are in talics. PCA, postconceptional age; Ave, average; Post-KCOD, post-discharge known cause of death;
SIDS, suciden infant death syndrome; HG, hypoglossal nucleus; DMX, dorsal motor nucleus of the vagus; NTS, nucleus of the soltary tract; CEN, centrali; PIO, principal inferior olive
MAO, medial accessory olive; RO, raphe obscurus; GC, gigantocellularis; PGCL, paragigantocellueris laterals; DA, dorsal accessory olive; MR, median raphe; LC, locus coeruleus;
PoO, nucleus pontis oralis; GRPo, griseum pontis.
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