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INTRODUCTION

Abstract

The high rate of the sudden infant death syndrome (SIDS) in American Indians in the
Northern Plains (3.5/1000) may reflect the high incidence of cigarette smoking and alcohol
consumption during pregnancy. Nicotine, a neurotoxic component of cigarettes, and alcohol
adversely affect nicotinic receptor binding and subsequent cholinergic development in
animals. We measured *H-nicotine receptor binding in 16 brainstem nuclei in American
Indian SIDS (n = 27) and controls (n = 6). In five nuclei related to cardiorespiratory control,
3H-nicotinic binding decreased with increasing number of drinks (P < 0.03). There were no
differences in binding in SIDS compared with controls, except upon stratification of prena-
tal exposures. In three mesopontine nuclei critical for arousal there were reductions
(P <0.04) in binding in controls exposed to cigarette smoke compared with controls
without exposure; there was no difference between SIDS cases with or without exposure.
This study suggests that maternal smoking and alcohol affects *H-nicotinic binding in the
infant brainstem irrespective of the cause of death. It also suggests that SIDS cases are
unable to respond to maternal smoking with the “normal” reduction seen in controls. Future
studies are needed to establish the role of adverse prenatal exposures in altered brainstem
neurochemistry in SIDS.

Northern Plains, the population of this study, SIDS is a significant
public health problem, with a rate of 3.5/1000, almost seven times

Despite the publicity of risk reduction messages (ie, the Back-to-
Sleep campaign), the sudden infant death syndrome (SIDS)
remains the leading cause of postnatal infant mortality in the USA,
with an overall rate of 0.53/1000 live births (30). It is defined as the
sudden death of an infant less than 1 year of age that remains
unexplained after a thorough case investigation, including an
autopsy and death scene investigation (49). Of major concern is the
wide disparity in SIDS rates among different ethnic and racial
groups (30). In the American Indians of Aberdeen Area of the
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the overall US rate (1, 2). Prenatal exposure to maternal cigarette
(tobacco) smoke is a major risk factor for SIDS (19, 24, 31). In a
recent study of infant mortality and SIDS risk in the Aberdeen Area
of the Northern Plains, that is, the Aberdeen Area Infant Mortality
Study (AAIMS), 55%—70% of pregnant American Indian women
in the Northern Plains were found to smoke during pregnancy
compared with the national average of 11% (2). The AAIMS also
demonstrated that prenatal exposure to alcohol is a risk factor for
SIDS in this population (24), an observation supported in studies of
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non-American Indian populations (19, 31). The AAIMS reported
an 6.2-fold increase in SIDS in infants whose mothers drank during
the 3 months prior to and after conception, and an 8.2-fold increase
in infants whose mothers binged drank in the first trimester (24).
The incidence of maternal drinking during pregnancy overall was
approximately 60% (6, 24), compared with the national average of
13% (7)

In the following autopsy study of the AAIMS, we examined the
effect of prenatal exposures to cigarette smoke and alcohol upon
the distribution and binding of cholinergic nicotinic receptors
(nAChRs) in the brainstem of SIDS cases in order to gain insight
into the possible role of these exposures in the pathogenesis of
abnormal brainstem neurochemistry in SIDS. Nicotine, a major
neurotoxin in cigarette smoke, crosses the placental barrier and
fetal blood—brain barrier, and binds to the endogenous nAChRs in
the fetal brain. The nAChRs are widely expressed in the brain, and
are located primarily pre-synaptically; they are involved in neu-
rotransmitter release, neurite outgrowth and differentiation, and
neuronal survival (18, 32, 47). The nAChRs are ligand-gated ion
channels, pentameric in structure, and comprised of homomeric or
heteromeric combinations of 12 genes (0:2-10, $2-4). Each recep-
tor subtype is pharmacologically, anatomically and functionally
different (50), for example, the [ subunit regulates the rate of
agonists/antagonists binding and dissociation (37).

In this study, we chose the radioligand *H-nicotine for analysis
because it binds with varying affinity to all subunits of the
nAChRs; moreover, it binds preferentially to the 042 receptor
subunit to which nicotine in cigarettes smoke binds (4, 14). Use of
this radioligand also allowed us to compare the results from this
study with those in a non-American Indian population that we
reported previously (33). In the previous study, we found that
*H-nicotinic binding was significantly increased in three mesopo-
ntine nuclei in controls exposed to smoke prenatally compared
with non-exposed controls, but not in exposed SIDS cases. The
affected nuclei were the locus coeruleus (LC) and pontis oralis
that are involved in extra-thalamic and thalamic ascending arousal
pathways, respectively, and the parabrachialis lateralis (PBL),
involved in the ascending processing of visceral information. The
finding of increased binding in these three nuclei in the control
cases exposed to smoke suggested to us that the “normative”
response to exposure is to increase, that is, up-regulate, nicotinic
binding. This idea is based in part upon considerable animal data
indicating up-regulation of nicotinic binding upon exposure to
nicotine in multiple paradigms, including animal models of prena-
tal exposure (34, 35, 42). The fact that the exposed SIDS cases did
not demonstrate this increase suggested to us that SIDS infants
are unable to respond in the same way as non-SIDS cases at the
cellular and molecular level, albeit for unknown reasons. Because
the sample size was small in this non-American Indian study, as
well as clinical information about exposures was limited, we
sought to replicate the mesopontine findings in the autopsy cases
of the AAIMS. Indeed, the AAIMS provided the extraordinary
opportunity to study the role of prenatal exposures to cigarette
smoke and alcohol due to the unprecedented amount of epidemio-
logic information available to link to brainstem development and
SIDS pathology.

In this study, we tested the hypothesis that *H-nicotine binding to
nicotinic receptors is significantly different (up-regulated) in meso-
pontine nuclei between controls exposed to prenatal cigarette
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smoke compared with unexposed controls, but that this presumably
normative response does not occur in exposed SIDS cases, and thus
there is no difference in binding between exposed SIDS vs. unex-
posed SIDS. We were also interested in analyzing the effect of
maternal drinking upon *H-nicotinic receptor binding in the brain-
stem in the SIDS cases because of the strong association between
maternal drinking with SIDS risk in the AAIMS, in combination
with the known adverse effects of alcohol upon nicotinic binding
in experimental models (13, 17). We tested the hypothesis that
*H-nicotine binding is altered in SIDS cases exposed to alcohol
during gestation.

MATERIALS AND METHODS

Clinical information

The AAIMS involved the analysis of 72 infant deaths, 56 (78%) of
whom were autopsied. Thirty-three brains (59% of the autopsied
cases) were available for detailed anatomic and neurochemical
analysis. SIDS cases were classified according to the National
Institute of Child Health and Human Development (NICHD) 1991
definition (49). Control cases were infants that died suddenly but in
whom a complete autopsy established an anatomic cause of death.
Under the auspice of the AAIMS, information for all SIDS and
autopsied control cases was available from maternal interviews,
standardized autopsies, death scene investigations and medical
chart reviews (24, 27). In the present study, the same SIDS and
control cases were examined as in the 5-HT receptor binding study
(4), with the use of adjacent sections for receptor binding to the
different radioligands.

3H-nicotine receptor binding and generation of
brainstem autoradiograms

Horizontally sectioned blocks of unfixed, hemisected brainstem
tissues were frozen, and serially sectioned at 20 um on a Leitz
cryostat and mounted on glass slides. The frozen, unfixed sec-
tions were prei-ncubated with 3.5nM D,L-*H-nicotine (79.5
Ci/mmol, PerkinElmer, Waltham, MA, USA) in 50 nM Tris-HCL
buffer, pH 7.4 and 8 mM CaCl, for 20 minutes at 25°C (33).
Nonspecific binding was determined in a subset of adjacent sec-
tions which was incubated in 3.5 nM *H-nicotine and 10 uM
L-nicotine bitartrate. To remove unbound ligand, the sections
were washed in a series of changes of buffer (1 minute each)
followed by 10s in distilled water. They were dried under a
stream of anhydrous air and then exposed to *H-sensitive film
(LKB Ultrofilm-3H, Amersham, Piscataway, NJ, USA) for 12
weeks. Films were then developed in a Kodak D-19 developer (5
minutes), fixed in a Kodak Rapid fixer (5 minutes), washed in
running water and hung to dry. A set of *H standards (Amersham)
was included in each X-ray cassette to permit the conversion of
the optical densities of silver grains in autoradiograms to specific
activity of tissue-bound ligand in femtomole per milligram (fmol/
mg) of tissue.

Analysis of brainstem autoradiographs

Receptor binding density (expressed as the specific activity of
tissue-bound ligand) was analyzed in 16 brainstem nuclei of each
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brainstem specimen (all nuclei were not available in all cases). For
each specimen, the selected nuclei were analyzed at eight standard-
ized brainstem levels (two autoradiograms/each nucleus) (26),
and their receptors densities were combined and expressed as a
mean * standard error of the mean (SEM). To ascertain tissue
boundaries of brainstem nuclei, tissue sections which generated the
*H-nicotine autoradiographs were stained with hematoxylin-and-
eosin and compared with the autoradiograph. The brainstem nuclei
were determined with reference to the human brainstem atlas of
Olszewski and Baxter (36), with the exception of the raphé nuclei,
which were classified according to the atlas of Paxinos and Huang
(39). The levels and nuclei at which analysis was performed are
presented with their atlas number (36) in parentheses: (i) caudal
medulla, level of the gracilis (Plate VIII), for analysis of the arcuate
nucleus (ARC); (ii) caudal medulla, level of area postrema (Plate X),
for analysis of the ARC; (iii) mid-medulla, level of nucleus of Roller
(Plate XII), for analysis of the nucleus of the solitary tract (NTS),
hypoglossal nucleus (HG), nucleus centralis medullaec oblongata
(CEN), principal inferior olive (PO), dorsal accessory olive (DAO),
medial accessory olive (MAO), and ARC; (iv) pontomedullary
junction (Plate XVIII), for analysis of the ARC; (v) rostral pons,
level of nucleus PBL (Plate XX VIII), for analysis of LC, nucleus
pontis oralis (PoO), griseum pontis (GRPO), and PBL; (vi) caudal
midbrain, level of the decussation of the superior cerebellar
peduncle (Plate XXXII), for measurements of interpeduncular
nucleus (IPN), nucleus cuneiformis (CUN), raphé dorsalis (RD),
inferior colliculus (ICOL), and periaqueductal gray (PAG); (vii)
rostral midbrain (Plate XXXVIII) for measurement of the red
nucleus (RN).

An MCID imaging system (Interfocus Imaging, Linton, Cam-
bridge, UK) was used to perform quantitative densitometry of
autoradiographs. Optical densities were converted to specific
activities of tissue bound ligand in fmol/mg tissue with
*H-standards. Receptor binding density was determined in each
brainstem nucleus by digitizing the boundaries of the nucleus
upon the color image of the autoradiogram displayed on the com-
puter monitor. There was no detectable nonspecific binding in the
tissue autoradiographs. Specific activity data are presented as
computer-generated mosaics with a linear, 15-step color scale
from 0 to 67 fmol/mg tissue. All neurochemical analysis was per-
formed blinded, without knowledge of the diagnosis or age of the
case.

Statistical analysis

For the clinical and autopsy database, group characteristics were
compared using Student’s #-test or the Wilcoxon rank sum test for
continuous variables, and Fisher’s exact test for categorical vari-
ables. Analysis of covariance (ANCOVA) was used to compare
mean nicotine binding by case diagnosis (SIDS vs. control)
adjusted for postconceptional age (PCA). ANCOVA was also used
to compare cases with a history of maternal smoking/drinking
during pregnancy to those without, adjusted for PCA. This analysis
was preformed separately for SIDS and control cases, as well as in
the combined population. Regression analysis, controlling for
PCA, was used to test the effect on nicotine binding of the number
of cigarettes/alcoholic drinks during pregnancy in the combined
population of SIDS and control cases.
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RESULTS

Clinicopathologic information

Between 1992 and 1996, the period of case accrual in the AAIMS,
there were 27 SIDS deaths and six autopsy control (non-SIDS)
cases (total, n = 33). As previously reported, the causes of death in
the autopsy control population were: acute respiratory infection
(n=2), congenital heart disease presenting as sudden death
(n =2), meningococcal sepsis (n = 1), and chronic encephalopathy
consistent with perinatal hypoxia-ischemia (n= 1) (27). Detailed
clinical and sociodemographic data for the SIDS and autopsy con-
trols in the AAIMS has been published previously (24, 27).
Selected demographic data for the dataset in which cases were
available for *H-nicotine receptor binding in the brainstem are sum-
marized in Table 1, related to the 27 SIDS and six autopsy controls
cases reported in previous brainstem AAIMS studies (24, 27).
There was no statistically significant difference between mean
PCA in SIDS (54.6 = 13.4 weeks, range 39-90 weeks) and
controls (53.8 = 19.1 weeks, range 39-91 weeks). There was,
however, a significant difference in birth weight, with the autopsy
controls being on average low (2309 * 790 g) compared with
SIDS cases [3277 = 405 g (P =0.03)] (Table 1). In addition, the
control cases had significantly lower 1 and 5 minutes Apgar Scores
compared with the SIDS cases (P = 0.03) (Table 1). There was no
difference in sleep position between SIDS and controls, either
“usual placement” or “usually found” after a sleep period (Table 1).
The incidence of “usual placement” in the supine position was
40.0% in the SIDS group and 33.3% in the control group (Table 1).
There was no statistically significant difference in the incidence of
bed sharing, although the incidence was higher in the SIDS group
(64.0%) compared with the control group (33.3%).

A history of maternal smoking and/or alcohol consumption
during pregnancy was available in most cases (n =25 SIDS and
n =06 control cases). Maternal cigarette smoking anytime during
pregnancy occurred in 76.0% of SIDS cases compared with 66.7%
of control cases, and was not significantly different between the
groups (P =0.634). The consumption of alcohol anytime during
pregnancy occurred in 64.0% of SIDS cases and 33.3% of controls,
and was not significantly different between the groups. However,
60.0% of SIDS cases and only 16.7% of control cases partook of
binge drinking (defined as five or more drinks in one sitting)
(Table 1), a marginally significant difference (P =0.083). There
was no difference in the postmortem interval between SIDS and
control cases (24.7 vs. 21.6 h), and there was no effect of postmor-
tem interval upon *H-nicotine receptor binding in the nuclei
assessed (data not shown).

3H-nicotine receptor binding analysis in
the control cases

The qualitative distribution of *H-nicotine binding in the brainstem
nuclei of the control (baseline) infants of this American Indian
population was essentially identical to that described by us in non-
American Indian control infants (25, 33). In the AAIMS control
cases, high binding (>13 fmol/mg tissue) was observed in the PO
(highest binding in the brainstem) and MAO in the medulla; in the
LC and pontis oralis in the pons, and in the INP and RN in the
midbrain (Table 2) (Figure 1). High binding was also observed in
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Table 1. Selected demographic information in

Variable SIDS Controls Prvalue the sudden infant death syndrome (SIDS) and
n Mean =+ SD or n Mean =+ SD or control groups.
median or % median or %

Male 25 48.0% 6 16.7% 0.359
Birth weight 25 3277 + 405 6 2309 = 790 0.029
Birth length 25 486 = 6.8 6 46.3 + 6.8 0.461
Gestational age 22 39.0+1.7 6 35.7 = 3.8 0.087
Gravidity 25 3.0 6 4.5 0.293
1-minute Apgar 25 8.0 6 6.5 0.031
B5-minute Apgar 25 9.0 6 8.5 0.005
Smoking during pregnancy 25 76.0% 6 66.7% 0.634
Alcohol during pregnancy 25 64.0% 6 33.3% 0.208
Binge drinking during pregnancy 25 60.0% 6 16.7% 0.083
Bed sharing 25 64.0% 6 33.3% 0.208
Usual placement for sleep 25 6 1.000

Prone 4 16.0% 1 16.7%

Lateral 1 44.0% 3 50.0%

Supine 10 40.0% 2 33.3%
Usually found after sleep period 25 6 1.000

Prone 6 24.0% 1 16.7%

Lateral 8 32.0% 2 33.3%

Supine 11 44.0% 3 50.0%
Clothing + covers > 5 27 22.2% 6 33.3% 0.616

the substantia nigria in the midbrain though measurements were
not made in this region. *H-nicotine binding was visually undetect-
able in the raphé obscurus and arcuate nucleus in both SIDS and
controls; therefore, quantitative measurements were not preformed
in either group in these nuclei. We found a significant effect of PCA
on *H-nicotine binding in all brainstem nuclei analyzed, with a
reduction in binding with increasing age (Table 2) (Figure 2). The
temporal profiles, however, varied: the slopes ranged from a
decrease of 0.12 fmol/mg tissue per week in the NTS to a decrease
of 0.35 fmol/mg tissue per week in the RN.

3H-nicotine receptor binding in SIDS vs. control
cases without stratification by history of
prenatal exposure to smoking or alcohol

There were no significant differences in *H-nicotine binding in any
of the nuclei sampled in SIDS compared with control cases,
adjusted for PCA and without stratification by history of adverse
prenatal exposures (Table 2). In addition, the relative distribution
and developmental profile of *H-nicotine receptor binding among
the brainstem nuclei was essentially the same as in our previous

Table 2. °*H-nicotine binding to nicotine

Site Age-adjusted mean *+ SE (n) Diagnosis Slope P-value receptors (fmol/mg tissue) in selected
SIDS Controls P-value brainstem nuclei in SIDS and control groups,
NTS 0= 0622 x116 0313 012 0.003 adjusted for the effect of postconceptional age
6(22) 5. ) ’ e ' (PCA). Abbreviations: NTS = nucleus of the
CEN 9.2 = 0.8(23) 8.4 + 1.5(6) 0.684 -0.20 <0.001 . ] .
solitary tract; CEN = nucleus centralis medullae
HG 9.0 + 0.8 (20) 8.1 +1.4(6) 0.604 -0.18 0.001 ) .
oblongata; HG = hypoglossal nucleus;
PO 21.6 =1.1(24) 20.3 = 2.1 (6) 0.593 -0.26 <0.001 TP .
PO = principal inferior olive; DAO = dorsal
DAO 11.8 £ 0.7 (22) 11.9 = 1.4 (6) 0.956 -0.19 <0.001 o .
accessory olive; MAO = medial accessory
MAOQO 14.8 £1.0(22) 145 + 1.9 (6) 0.885 -0.23 0.001 L . -
olive; PBL = parabrachialis lateralis;
PBL 12.3 = 1.0(21) 11.0 = 1.9 (6) 0.551 -0.24 0.001 ) .
PoO = nucleus pontis oralis; LC = locus
PoO 17.1 = 1.2(21) 13.7 £ 2.3 (6) 0.195 -0.28 0.001 . . .
coeruleus; GRPO = griseum pontis;
LC 16.4 £ 1.3(21) 13.0 = 2.3 (6) 0.212 -0.27 0.002 . )
GRPO 9.8 £0.8(21 82+15(6 0.367 0.14 0.009 IPN = interpeduncular nucleus;
+08(21) ) ’ e ' PAG = periaqueductal gray; CUN = nucleus
IPN 20.1 = 1.3 (20) 15.9 = 2.4 (6) 0.144 -0.25 0.006 . . ) . . .
cuneiformis; ICOL = inferior colliculus;
PAG 13.8 £1.2(18) 12.8 + 2.1 (6) 0.678 -0.31 0.001 -
RD = raphe dorsalis; RN = red nucleus.
CUN 15.3 = 1.2(19) 125+ 2.2 (6) 0.274 -0.29 0.001
ICOL 10.2 = 0.9(18) 8.5+ 1.6 () 0.378 -0.21 0.002
RD 155+ 1.2(17) 12.6 = 2.0 (6) 0.228 -0.24 0.003
RN 175 +1.6(19) 145 + 2.9 (6) 0.376 -0.35 0.002

Values are expressed as means + SEM adjusted for PCA. No significant differences in *H-nicotinic
receptor binding were found between the SIDS and control groups. P < 0.05, significant for either (i)
diagnosis of SIDS vs. controls or (i) the effects of PCA.
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Figure 1. Computer-generated specific activity
mosaics of *H-nicotinic binding in the
brainstem at the levels of (A) caudal midbrain;
(B) mid pons; (C) mid medulla. Tritiated nicotine
binding is highest in the principle inferior olive
(PO), nucleus pontis oralis (PoO), locus
coeruleus (LC), interpeduncular nucleus (IPN)
and raphé dorsalis (RD). High binding was also
observed in the substantia nigria (SN) though
measurements were not made in this region.
Brainstem levels standardized to the same
scale. Scale bar: 0.4 cm.

Midbrain

studies of *H-nicotine binding in SIDS and control cases in non-
American Indian populations (25, 33). In both populations, there
was a significant effect of age on *H-nicotine binding, with
decreasing binding with increasing age in both the SIDS and
control groups (Table 2) (Figure 2).

3H-nicotine receptor binding in SIDS and control
cases with stratification by history of prenatal
exposure to smoking

We next analyzed *H-nicotinic receptor binding in the selected
brainstem nuclei in SIDS and control groups stratified by history of
maternal smoking status in analysis of covariance models, control-
ling for PCA. Statistically significant differences were found in
the control group in three of the 16 nuclei analyzed: the LC
(P=0.039), PAG (P =0.005) and RD (P=0.011), with signifi-
cantly reduced binding in the control group exposed to maternal
smoke in utero (n=4) compared with the control group without
exposure (n=2) (Figure 3). In contrast, there was no significant
difference in binding between SIDS infants exposed to (n = 13)
compared with SIDS infants without exposure (n=4) in these
three or any other nuclei analyzed (Figure 3). There were also no
significant effects of the average number of cigarettes smoked per
day during pregnancy on *H-nicotinic receptor binding in SIDS or
control cases (Table 3).

3H-nicotine receptor binding in SIDS and control
cases with stratification by history of prenatal
exposure to alcohol

We next analyzed *H-nicotinic receptor binding in the selected
brainstem nuclei in SIDS and control groups stratified by history of
any maternal drinking during pregnancy in analysis of covariance
models, controlling for PCA. There was a general trend for reduced
nicotinic binding in cases with exposure to maternal drinking, but
there were no significant effects in any of the brainstem nuclei
sampled, in either the SIDS or control groups (data not shown). The
number of drinks per month was calculated from the demographic
data as number of days/month drank times number of drinks per
day. This number was then averaged over the three trimesters. The
number of drinks per month was calculated from the demographic

Brain Pathology 18 (2008) 21-31
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Medulla

data as number of days/month drank times number of drinks per
day. In all brainstem nuclei in the SIDS and control groups com-
bined, *H-nicotinic receptor binding decreased with increased
average number of drinks per month, with statistical significance
achieved in five nuclei (Table 3). These nuclei were the: NTS
(P =0.021), nucleus centralis (P = 0.028), HG (P = 0.023), DAO
(P =0.027) and MAO (P = 0.020) (Figure 4). Models were fit that
controlled for the number of cigarettes and the interaction between
the number of drinks and number of cigarettes to determine if the
effect of drinking was compounded by the effect of smoking. There
were no significant interactions, although the slope of the interac-
tions was mostly negative, indicating a trend in the expected direc-
tion (data not shown).

DISCUSSION

Maternal cigarette smoking and alcohol consumption during preg-
nancy are major risk factors for SIDS (24, 31). The high prevalence
of these two behaviors in the American Indians of the Northern
Plains suggests that they contribute in significant ways to the high
SIDS rate among this population. The fundamental mechanism(s)
of prenatal exposures to alcohol and tobacco smoke upon the risk
for SIDS is unknown, as is the possibility of synergistic effects of
cigarette smoke and alcohol upon human brain development. Pre-
viously, we found serotonergic (5-HT) receptor binding abnormali-
ties in the medulla in SIDS infants compared with controls in this
same population (27). In the 5-HT study in this same dataset, 5-HT
receptor binding at the ventral medullary surface (arcuate nucleus)
was significantly reduced in infants whose mothers smoked during
pregnancy compared with those whose mothers did not (P = 0.01),
and was marginally reduced in infants whose mothers drank com-
pared with those whose mother did not (P = 0.07) whether or not
they died of SIDS or known causes (controls). These data suggest
that alcohol and cigarette smoke each suppresses 5-HT receptor
binding in critical areas related to cardiorespiratory control. In the
present study, we postulated in the same high-risk dataset of Ameri-
can Indian infants that alcohol and cigarette smoke adversely affect
the regulation of nicotinic receptor binding in critical brainstem
nuclei in SIDS and/or control infants, and that this putative altered
nicotinic binding, in addition to altered 5-HT receptor binding,
contributes to the pathogenesis of sudden death. The underlying
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Figure 2. Developmental profiles of
SH-nicointe binding in the sudden infant death
syndrome (SIDS, closed circles) and control
infants (open circle). When SIDS and control
data are combined, there is a significant
decrease in *H-binding with increasing

Postconceptional Age (weeks)

premises of this study were that endogenous cholinergic nicotine
receptors in the human brain bind with exogenous nicotine or inter-
act with alcohol; and that prenatal nicotine exposure causes altered
development of the 5-HT, cholinergic, and other neurotransmitter
systems in the brain (9, 29, 43, 44), at least in part via changes in
nicotinic receptor binding. When stratified by exposure to maternal
cigarette smoking at any time during pregnancy, we found in this
study that SIDS infants exposed to prenatal cigarette smoke did not
display the same significant reduction in *H-nicotine binding in the
RD, PAG and LC that the control infants did upon prenatal expo-
sure. We also found a significant correlation between increasing

26

postconceptional age in all nuclei sampled.
lllustrated are (A) the raphé dorsalis (P=0.003)
and (B) the locus coeruleus (P=0.002).

number of drinks and decreasing nicotinic receptor binding. We
begin the discussion with consideration of the study’s limitations.

Limitations of the study

A major limitation of this study is the small sample size, particu-
larly of autopsy controls. Based upon the robustness of the differ-
ences (P <0.05) between study groups in this study, even with
small sample sizes, and the consistency of the nicotine findings in
the mesopons with those previously reported by us in a non-
American Indians, however, we believe the findings are valid and
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warrant further investigation. A second limitation is that the
autopsy control cases are likely not representative of living control
infants who do not die of SIDS. This limitation is inherent in all
autopsy studies of SIDS due to the fact that “normal” infants rarely
die. In this study, the controls on average were born prematurely
(<37 gestational weeks), and had low birth weight (<2500 g); fur-
thermore, the control group had a high incidence of prenatal expo-
sures to cigarette smoke and alcohol. An additional limitation of
the study is the self-reporting of prenatal exposures by the mother
without validation with biomarkers, for example, cotinine mea-
surements in infant blood. In the AAIMS, the design was retrospec-
tive, and no measurements of prenatal exposures were available
from mothers whose infants subsequently died of SIDS or other
causes. A final limitation is that the radioligand selected for use,
that is, *H-nicotine, does not bind optimally with all receptor sub-
types (22), and thus, information about particularly subtypes
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SIDS Control

maybe “masked”. Future analysis using radioligands with different
binding selectivity and affinity is needed to exclude all nicotinic
receptor deficits are needed.

The effect of maternal smoking upon
3H-nicotinic binding in the infant brainstem

The primary finding of this study is that nicotinic receptor binding
is reduced in three mesopontine nuclei related to arousal and
defense responses in control cases exposed to smoking during
pregnancy compared with control cases without exposure, but is
not reduced in SIDS cases exposed to smoking. Although definitive
conclusions are not possible due to the small sample size of the
study, this finding suggests that in response to smoking exposure,
SH-nicotine binding is down-regulated in control cases—the
“appropriate” or “normal” response—but not in SIDS cases. These
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n Average no. of cigarettes
per day during pregnancy

Average no. of drinks
per month during pregnancy

Table 3. Regression of *H-nicotinic binding in
selected brainstem nuclei in SIDS and control

cases combined, by average number of

Slope (SE) P-value Slope (SE) P-value  cigarettes (per day) and drinks (per month)

during pregnancy, adjusting for

NTS 28 —0.06 (0.11) 0.608 —0.09 (0.04) 0.021 .
postconceptional age.

CEN 28 —0.08 (0.15) 0.586 —0.12(0.05) 0.028

HG 26 —-0.004 (0.14) 0.976 -0.11 (0.05) 0.023

PO 29 —0.07 (0.20) 0.748 -0.13(0.07) 0.076

DO 27 0.08 (0.13) 0.576 —-0.11 (0.05) 0.027

MO 28 -0.07 (0.19) 0.707 —-0.15 (0.086) 0.020

PBL 26 -0.13(0.19) 0.492 -0.12(0.07) 0.071

POO 26 -0.15(0.23) 0.624 —-0.10(0.08) 0.223

LC 26 -0.28 (0.23) 0.233 —-0.12 (0.08) 0.176

GRPO 26 —0.16 (0.15) 0.304 —0.09 (0.05) 0.126

IPN 25 -0.25(0.25) 0.317 —0.06 (0.09) 0.507

PAG 23 -0.16 (0.21) 0.465 -0.05 (0.08) 0.537

CUN 24 —0.04 (0.23) 0.870 —0.06 (0.08) 0.439

ICOL 22 0.04 (0.16) 0.832 —0.08 (0.06) 0.149

RD 22 -0.15(0.21) 0.491 —0.05 (0.08) 0.562

RN 24 —0.20 (0.29) 0.501 -0.12(0.10) 0.254

Values are expressed as a correlation of *H-nicotine binding and (i) the number of cigarettes per day
or (ii) the number of drinks per day, adjusting for PCA. In five nuclei there was a significant decrease
in ®H-nicotine binding with increasing numbers of drinks. Data are expressed as means + SEM. For

abbreviations see Table 2.

data raise the question of a genetic or environmentally acquired
defect in the molecular regulation of nicotinic receptor number
and/or affinity to nicotine exposure in SIDS. In the previous study
reported by us of *H-nicotinic binding in a non-American Indian
population of SIDS and controls, we found an increase, as opposed
to decrease, in binding in the control cases exposed to smoking, as
well as no changes in the SIDS cases (33). The differences in
direction of binding changes in the two control population to prena-
tal exposure to cigarette smoke, that is, increase or decrease in
binding, suggests the possibility that the control populations in the
two studies are not identical. This lack of consistency may reflect
insufficient samples sizes. Yet, the differences may also relate to
different perinatal factors in the disparate populations, for
example, gestational age, birth weight, the amount and type of
exposure to cigarette smoke, and the targeted subunit of the nico-
tinic receptor.

In both these studies, three mesopontine nuclei were affected: in
the non-American Indian study, they were the LC (3, 5) and pontis
oralis (51) (components of thalamic and extra-thalamic arousal
systems, respectively), and PBL (ascending visceral information);
in the AAIMS study, the three affected nuclei were the LC (3, 5),
PAG (defense-related region) (12, 21) and RD (ascending 5-HT
arousal system) (41). Interestingly, the LC, which contains the
source neurons of the noradrenergic system and has a key role in
arousal (5), was affected in both study populations, implicating this
nucleus in particular in interactions with maternal cigarette smoke
and nicotine in the pathogenesis of arousal deficits associated with
prenatal exposure. Experimentally, maternal smoking during preg-
nancy decreases in the offspring the frequency of spontaneous
arousals (23), the arousal response to mild hypoxia (28); and arous-
als to auditory stimuli (8, 15). In addition, newborn lambs with
prenatal nicotine exposure at levels similar to those in smoking
humans experience delays in arousal to hypoxia (20). It is unclear if
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noradrenergic pathways are specifically involved in these arousal
deficits upon exposure to prenatal nicotine, but our studies suggest
that they are, at least in part, affected.

Based upon experimental studies (48), we expected postnatal
nicotinic binding in the human infant brainstem to be up-regulated
in response to prenatal nicotine exposure. In adult postmortem
brains of individuals who smoked, protein expression for the differ-
ent receptor subtypes is also increased (46); in rat exposed brains,
nAChR mRNA (16) and receptor binding (34, 35) are increased.
With prenatal exposures, Chen et al, however, found a reduction in
125]-epibatidine (0.7 nAChR) binding in the postnatal rat brainstem,
with long-lasting changes in mRNA expression and reduction in
neuronal number in the ventral tegmental area (9). These changes
in nicotinic binding in prenatal models of exposure are associated
with downstream adverse affects upon cholinergic development,
and thus, prenatal exposures adversely affect neuronal cell number
(10), neuronal cell maturation (40) and synaptogenesis (44). Con-
sequently, the changes in nicotinic binding in response to prenatal
exposure in the exposed controls in our two studies cannot be
considered “protective”, but rather, reflect the “normal” response
to exposure at the cellular and molecular level. The combined
American Indian and non-American Indian data suggest that the
LC in particular is “normally” able to alter nicotinic receptor
binding levels upon exposure to prenatal cigarette smoke in the
control group, but that this capability is not present in exposed
SIDS infants, thereby potentially exacerbating the toxic effects of
cigarette smoke upon developing ascending arousal pathways—
noradrenergic, serotonergic (via the RD), and extra-thalamic (via
the pontis oralis) systems. The reason that the subset of mesopon-
tine nuclei in exposed controls undergo nicotinic binding changes
in association with prenatal alcohol exposure and other brainstem
nuclei do not is unknown; thus, the vulnerability of these mesopo-
ntine nuclei to exposure require further study. Nevertheless, this
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Figure 4. Regression analysis of *H-nicotine
binding by the average number of alcoholic
beverages during pregnancy, illustrated in two
of five nuclei with significant changes. (A)
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finding delineates, at least in part, the neuroanatomic substrate of
arousal deficits in association with prenatal exposure to cigarette
smoke.

The effect of maternal drinking upon
3H-nicotinic binding in the infant brainstem

The second finding in this study is that decreasing *H-nicotine
binding correlates with increasing average number of alcoholic
drinks per month in the SIDS and control groups combined, with
statistical significance (P < 0.05) reached in five nuclei in the
medulla, two of which (NTS and HG) are involved in cardiorespi-
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ratory control. Thus, prenatal exposures are not necessarily caus-
ative in SIDS, given that they are associated with the same changes
in controls, but rather, they may augment the intrinsic abnormality
in infants “vulnerable” to SIDS. In this regard, we found signifi-
cantly reduced 5-HT4 binding in the NTS and HG in SIDS cases
(38) the same sites in which exposure to maternal drinking in
pregnancy is associated with altered nicotinic binding in all con-
trols. We speculate that the nicotinic change in the SIDS infant with
the 5-HT) 4 vulnerability in some way increases the risk for sudden
death. The correlation between increasing alcohol intake and
decreasing nicotinic binding in infants irrespective of the cause of
death suggests that prenatal alcohol exposure interacts with nico-
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tinic receptors to alter the function, as indicated by experimental
studies (17, 45). The o7 subunit, for example, is inhibited upon
alcohol exposure, and alcohol toxicity is enhanced in o7 knockout
mice (11).

CONCLUSION

This study suggests that smoking and alcohol adversely affect
3H-nicotinic binding in the infant brainstem irrespective of diagno-
sis. In addition, it suggests that American Indian infants in the
Northern Plains that die of SIDS have an intrinsic or acquired
defect in regulation of nicotinic receptor binding upon exposure to
prenatal cigarette smoke that may exacerbate medullary 5-HT
abnormalities in cardiorespiratory control in the same dataset. The
finding now in two independent datasets of changes in postnatal
nicotinic binding in controls exposed to prenatal smoke but not in
exposed SIDS cases in three mesopontine nuclei is intriguing,
despite the small sample sizes in both studies, the difference in the
direction (increase/decrease) of the nicotinic binding change, and
the affected nuclei (with only the LC involved in both datasets).
Nevertheless, the data of these two studies taken together are
hypothesis-generating for experimental studies, as well as for
larger human datasets in future research initiatives.
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