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Abstract

Introduction: Prenatal nicotine exposure (PNE) from maternal cigarette smoking is linked to devel-
opmental deficits, including impaired auditory processing, language, generalized intelligence,
attention, and sleep. Fetal brain undergoes massive growth, organization, and connectivity during
gestation, making it particularly vulnerable to neurotoxic insult. Nicotine binds to nicotinic acetyl-
choline receptors, which are extensively involved in growth, connectivity, and function of devel-
oping neural circuitry and neurotransmitter systems. Thus, PNE may have long-term impact on
neurobehavioral development.The purpose of this study was to compare the auditory K-complex,
an event-related potential reflective of auditory gating, sleep preservation and memory consolida-
tion during sleep, in infants with and without PNE and to relate these neural correlates to neurobe-
havioral development.

Methods: We compared brain responses to an auditory paired-click paradigm in 3- to 5-month-old
infants during Stage 2 sleep, when the K-complex is best observed. We measured component
amplitude and delta activity during the K-complex.

Results: Infants with PNE demonstrated significantly smaller amplitude of the N550 component
and reduced delta-band power within elicited K-complexes compared to nonexposed infants and
also were less likely to orient with a head turn to a novel auditory stimulus (bell ring) when awake.
Conclusions: PNE may impair auditory sensory gating, which may contribute to disrupted sleep
and to reduced auditory discrimination and learning, attention re-orienting, and/or arousal during
wakefulness reported in other studies.

Implications: Links between PNE and reduced K-complex amplitude and delta power may rep-
resent altered cholinergic and GABAergic synaptic programming and possibly reflect early neu-
ral bases for PNE-linked disruptions in sleep quality and auditory processing. These may pose
significant disadvantage for language acquisition, attention, and social interaction necessary for
academic and social success.

Introduction still birth, sudden infant death,>® substance abuse,* and deficits in

behavioral and cognitive development including impulsivity, auditory
Recent data show that at least 22% of pregnant women smoke in the and visual sensory processing,™ attention,” language skills,® and nota-
first trimester and 14% continue to smoke throughout the third trimes- bly, sleep/waking abnormalities.”!! Therefore, it is important to learn
ter.! Prenatal smoking increases risk for low birth weight, prematurity, more about the mechanisms that may underlie these negative outcomes.
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Of the more than 4000 chemicals contained in cigarette smoke,
nicotine is considered the primary reinforcing substance,'>!* with
well-documented neurotoxic effects on fetal brain development.' It
readily crosses the placental barrier into fetal circulation and brain,!
where it binds to nicotinic acetylcholine receptors (nAChR) that are
extensively distributed throughout the fetal nervous system. Diverse
regional and temporal expression and nAChR subtype profiles per-
mit widespread developmental influence across time and brain struc-
tures during gestation, allowing acetylcholine (ACh) to play a crucial
role in directing and modulating maturation of neural circuitry in
brain stem,'®!'” subcortical,'® and cortical systems.>!"” The nAChRs
are also critically important in formation of sensory—cortical connec-
tions such as thalamus-to-auditory cortex circuitry and for central
catecholamine pathways and the crucial switch in GABA-ergic sys-
tems from excitatory to inhibitory functioning during fetal develop-
ment. Animal models show substantial prenatal nicotine exposure
(PNE)-induced disrupted development of central auditory process-
ing networks and impaired auditory discrimination in early life as
well as impaired ACh signaling in response to auditory stimuli which
persists into adulthood.”?

The impact of nicotine on brain development during gestation
may manifest as deficits in attention and auditory processing after
birth.>” In the current study we used electroencephalographic (EEG)
recording to study the auditory sensory processing as a function
of PNE in 3- to 5-month-old infants. Here we report results from
examination of the elicited K-complex in Stage 2 sleep, which we
hypothesized would be impaired in infants with PNE compared
to nonexposed infants. The K-complex is a modality-independent,
sleep-specific event-related potential (ERP). It displays the same
scalp topography in response to external or internal stimuli,! and
is detectable in the first month of life,?> making it an appropriate
tool for study of infants. The auditory K-complex is posited to be
involved with gating of auditory information and arousal inhibition
during sleep® and is considered analogous to the orienting response
during wakefulness.?* The N550 component is unique to, and con-
sidered most indicative of, the elicited K-complex response.?>?¢

Methods

Participants

Forty-eight healthy singleton infants and their mothers were recruited
from prenatal clinics and the community (PNE = 24 exposed to
maternal prenatal cigarette smoking and 24 born to nonsmoking
mothers who did not reside with a smoker during pregnancy).

Procedures

Third Trimester Visit

Mothers were screened for cigarette smoking during pregnancy with
the Time Line Follow Back (TLFB) interview,”” which assessed the
average number of cigarettes smoked per day for each day in preg-
nancy. The mean number of cigarettes per day in each trimester was
derived from these values. Maternal expiratory carbon monoxide
(CO) and carboxyhemoglobin levels were assessed by breathalyzer
(pico+ Smokerlyzer, Bedfont, United Kingdom), and maternal urine
was collected for assay of the nicotine metabolite, cotinine (reported
as ng cotinine per mg creatinine).

Postpartum Visit
Mothers returned with their infants for developmental and EEG
assessments between 3 and 5 months postpartum. Maternal

postpartum tobacco smoke exposure was assessed with expiratory
CO and carboxyhemoglobin and urinary cotinine. The Cognitive,
Language, and Motor scales and subscales of the Bayley III Scales of
Infant and Toddler Development® were conducted to assess infant
development (full results to be reported elsewhere). Infants then
underwent the EEG protocol during sleep.

Recording of EEG

At approximately 3—5 months, infants attended an EEG session at a
time compatible with nap schedule. Single-lead gold electrodes were
placed on the scalp and face according to the 10-20 International
System. The EEG was recorded from Cz; HEOG and VEOG elec-
trodes recorded bilateral eye movements; right mastoid served as ref-
erence. EEG data were recorded on a Synamps system (1000 Hz, 0.1
Hz high-pass and 100 Hz low-pass recording filters) and captured
and analyzed using NeuroScan 4.4 software. The K-complex consists
of P200,N350, N550, and P900 components. The N350 component
is maximal at the Cz electrode, and N550 and P900 are maximal at
Fz?8. However, since this protocol was originally designed to measure
the P50 component during rapid eye movement (REM) sleep (see
Hunter et al., 2008, for full protocol description®’), the Fz electrode
was not included. Therefore, all components of the K-complex were
acquired using the Cz electrode.

Auditory stimuli were presented binaurally at 85 dB from two
speakers placed 50.8 cm to the left and right of the infant’s head.
Identical paired clicks (duration 0.04 ms, intrapair interval 500 ms,
and interpair interval 10 seconds) were presented throughout the
session, per the auditory P50 protocol.*

Analyses of continuous EEG data were limited to Stage 2
sleep because the K-complex does not occur during REM,?! and
those occurring in Stages 3 and 4 blend with existing delta waves.
Appearance of sleep spindles indicated Stage 2 sleep onset; larger
delta waves signified Stage 3 sleep.’’ We required approximately >7
minutes of Stage 2 sleep to ensure sufficient trials.

Data were epoched to include 100 ms before to 1400 ms after
the first click within each pair. Epochs with artifacts exceed-
ing = 150 pVs were removed from the analysis. Epochs were
examined individually. Epochs with visible elicited K-complexes
were included in further analysis. All accepted events for each
participant were averaged, creating a K-complex waveform for
each individual. A 30-Hz low-pass filter with a 12-dB roll off was
applied to each average waveform. Automatic peak detection
identified the four components of the K-complex for each aver-
age waveform. A grand average was created for each group (CTL
and PNE), and these were overlaid into one figure (Figure 1).
We compared groups on (a) the peak-to-peak amplitude of the
K-complex ERP components, as the amplitude of one can alter
the amplitude of subsequent peaks and (b) power of the delta
band in the K-complex waveform, as delta is the main spectral
contributor.

The EEG data were analyzable for 33 of the 48 infants who
attended the EEG visit (68.75%; PNE = 16, CTL = 17). Reasons for
excluding subjects’ data from analyses were primarily poor record-
ing quality/artifact and movement (4 CTL and 4 PNE), software or
equipment malfunction (2 CTL and 2 PNE), and insufficient dura-
tion of Stage 2 sleep necessary for K-complex identification (3 CTL).
Included subjects did not differ from excluded subjects on maternal
education, marital status, or group; however, mothers of included
infants were older (30.1 = 0.7 vs 27.1 = 0.7 years), #(2,31) = 2.62,
p <.0S.
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Figure 1. (a) Difference in peak-to-peak amplitude between P200 and N550 components of K-complex by exposure group, adjusted for postmenstrual age at
electroencephalogram (EEG). CTL = 17 drug-free infants, PNE = 16 with prenatal nicotine exposure. F= 3.74, p = .036. (b) Delta power of K-complex measured at
the C, electrode, adjusted for postmenstrual age at EEG, by group; F=3.76, p = .035.

Orienting Response

Since the K-complex during sleep is posited as analogous to the
orienting response in awake infants, we operationalized behavioral
orienting using 2 items included in the Bayley III Scale of Infant and
Toddler Development assessment conducted prior to EEG at the
postpartum visit: a bell ring and wrinkling paper. Each stimulus was
positioned lateral and slightly behind the awake and alert infant’s
head as per assessment instructions.’ Orienting was defined as a
head turn toward the stimulus.

Statistical Analyses

Group differences were tested using two-sample #-tests for con-
tinuous variables and chi-square statistic for categorical values.
Primary analyses of covariance (ANCOVA) tested group differ-
ences in K-complex component amplitude and delta band power,
adjusted for postmenstrual age at EEG (days post-conception) to
account for the wide age range at testing. Maternal education was
added to significant models to test group effects with both covari-
ates in the model. Inhomogeneity of variance was tested with the
Welch test.

Results

Group characteristics are displayed in Table 1. Groups did not
differ on ethnicity, gender, postmenstrual age at EEG (days since
conception), or months since birth at EEG. Maternal education
(x* = 12.1, p < .01) and gestational age at birth, #(2, 31) = 4.04,
p = .0004, were significantly lower for PNE (mean = standard
error [SE]: 280 = 1.9, range: 266-294) than CTL (270 = 1.4,
261-278) groups, (2, 31) = 4.04, p = .0004. However, all were
born at >37 weeks gestation. Two females in the PNE group had
low birth weight (2155 and 2353 g), but none reached the very
low birth weight threshold (<1500 g). As expected, mean maternal
expiratory CO and carboxyhemoglobin were higher in the PNE
group and did not differ from third trimester to 3- to 5-month
postnatal visit (paired #-test = 0.19, p = .85). Mean maternal uri-
nary cotinine in third trimester was also higher in PNE (mean =
SE: 104.5 = 29.8; range: 31-520) than CTL (1.4 = 0.44, 0.3-5.3)
groups. Maternal smoking rates ranged from 0 to 20 cigarettes
per day in each trimester in the PNE group as reported by TLFB
interview. Consistent with other studies, number of cigarettes per
day dropped in each trimester.?%**

Group Differences in Elicited K-Complex
Characteristics

Peak-to-peak differences between the P200 and N550 amplitude
were significantly smaller for PNE (mean = SE: 102 = 6.8, range:
65.6-161.2) compared to CTL (122 = 11.9, 55.8-216.2) groups
(F = 3.74, p = .036), using postmenstrual age at EEG as a covariate
(Figure 1a).

A significant group difference in peaks for the N550 component
was found (F=3.76; p =.035) with the PNE group exhibiting reduced
delta band power (mean = SE: 907.4 = 89.6, range: 479-1789.5)
relative to CTLs (1574.3 = 343, 231.5-5496) after adjustment of
postmenstrual age at EEG (Figure 1b). After adding maternal educa-
tion as a covariate, group differences remained marginally significant
(PNE: 750.8 = 273; CTL: 1,624.44 = 282; p = .0518). Mean group
differences were marginal (p = .075) after adjustment for inhomoge-
neity of variances identified by the Welch test.

The PNE group also displayed significantly fewer acceptable
epochs from which to analyze an elicited K-complex (25.3 = 2.3,
range: 15-42) compared to CTL (28.1 = 2.3, 9.5-41; Table 1).

Orienting Response in Awake Infants

Significantly fewer PNE (50%) compared to CTL (94.75%) infants
oriented to the bell ring while awake (x> = 7.58, df = 1, p = .006),
with significant differences persisting after adjusting for postmen-
strual age and maternal education (Group effect F = 5.24, p = .03).
However, groups did not differ in response to the wrinkling paper
stimulus.

Discussion

Our study revealed reduced amplitude and delta band power within
K-complexes elicited during Stage 2 (non-REM) sleep in response
to repeated auditory stimuli in infants with PNE compared with
CTL; also, significantly fewer PNE infants oriented with a head turn
response to a bell ring stimulus while awake. These findings indicate
that the PNE infants exhibited reduced neural responses to audi-
tory information and perhaps a reduced ability to gate such repeated
auditory stimuli in sleep. The analogue of this auditory K-complex
during sleep, behavioral orienting to novel sounds while awake, was
also reduced in the PNE group. Both sensory gating and orienting to
environmental sounds are essential for survival and early interaction
with caretakers, thus neural circuits underlying these processes typ-
ically appear functional very early in postnatal development.?>%
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Table 1. Participant and ERP characteristics by exposure group

CTL PNE

Mean SE Range Mean SE Range
Gestational age at birth (days)* 279.9 1.9 266-294 270.4 1.4 261-278
Postmenstrual age at EEG® 418.4 3.3 400-446 419.4 5.6 381-455
Age at EEG, months 4.61 0.5 4.0-5.5 4.96 0.8 3.9-6.2
Birth weight, grams* 3610.5 118 2778-4423 3130.6 156 2155-4111
Male, 7 (%) 7 (.44) 7 (.47)
Nonwhite 4(.25) 4 (.24)
3 Trimester Maternal expired CO, ppm¢ 1.67 0.14 1.0-2.0 9.6 2.5 1.0-33.5
3t Trimester Maternal COHb, % 1.00 0.08 0.8-1.8 2.2 0.4 0.8-6.0
Cigarettes/day Trimester 1¢ 0 14.1 1.9 5-20
Cigarettes/day Trimester 2¢ 0 7.7 2.0 0-20
Cigarettes/day Trimester 3¢ 0 5.5 1.4 0-10
Maternal Cotinine 3 Trimester®s 1.97 0.44 0.3-5.3 104.5 29.8 31-520
Maternal Postpartum expired CO, ppm? 2.27 1.15 1.0-7.0 9.7 1.4 1.0-26.0
K-Complex Characteristics
% of acceptable ERP epochs# 28.1 2.3 9.5-41 25.3 2.3 15-42
Peak-to-peak amplitude®, pVe 122.04 11.9 55.8-216.2 102.0 6.8 65.6-161.2
Delta power of N550, pV/2¢ 1574.3 343 231-5496 907.4 89.6 479-1789.5

Abbreviations: CTL, drug free control, n = 17; PNE, prenatal nicotine exposure # = 16; SE, standard error of the mean; CO, carbon monoxide; PPM, parts per

million; Hb, hemoglobin
P <.001.
"days since conception;

°p <.09,

dp < .01, Gestational age at birth, birthweight, Maternal COHb, CO, and cotinine results of 2-sample #-test, df: 2, 31.

“Time Line Follow Back Interview.
fMaternal urinary cotinine (ng cotinine per mg creatinine).
5[AQ: Please provide significance for “g.”]

"Peak-to-peak difference between P200 and N550 components of elicited K-complex, adjusted for gestational age at EEG.

Therefore, our findings may reflect impaired sensory gating of audi-
tory information in infants with PNE and are consistent with work
showing that central auditory processing is vulnerable to disruption
as a result of perinatal nicotine exposure.?” These results are also in
line with longitudinal reports from the Ottawa Prenatal Prospective
Study showing impaired performance of tasks requiring auditory
processing in infants,* children,’”*® and adolescents’*** with PNE.
In addition, these findings parallel reported PNE-related deficits in
another marker of auditory sensory gating in infants—the P50 ERP
detected during REM sleep,*® which is notably linked to later deficits
in attention in early childhood.*!

Our finding of reduced delta activity in elicited K-complexes
suggests dysregulated sleep maintenance with possible disruption of
information processing that occurs during sleep.*> Delta activity is
typically increased during each K-complex compared to periods sur-
rounding it and is accompanied by reduced neuronal firing, network
activity, and broadband EEG power in other frequencies. These brief
cortical “down-states” may facilitate transition into deeper slow-
wave sleep and be involved in sleep preservation, synaptic homeo-
stasis, and memory consolidation.?’ Greater delta activity and slow
wave sleep are accompanied by a relative reduction in central acetyl-
choline (ACh) compared to REM sleep, and prevention of this drop
in ACh interferes with sleep-induced consolidation of declarative
memory in humans.*

In rodent studies, nicotine administration at a time equivalent
to human gestation disrupts postnatal sleep-wake cycles, causing
premature neural cell differentiation and disrupted cholinergic and
monoaminergic neurotransmitter systems that regulate sleep and
vigilance. Central messenger RNA expression of the nAChR is also

upregulated, which may be a compensatory response to desensitiza-
tion by repeated nicotine stimulation of nAChR’s during gestation.*
The altered K-complex activity we observed may also reflect aberrant
maturation of GABAergic neurons in thalamo-cortical pathways
responsible for the relay of sensory information to the cortex**¢ as
well as altered synaptic plasticity within the hippocampus,*” which
may then disrupt the long-term memory consolidation essential for
learning and memory that occurs during sleep.*>#4

Limitations of the study include the small sample size, which
restricted power to test the effects of other factors which may
have influenced infant brain development and behavior (e.g., gen-
der, birth weight, SES, and perinatal environment). Importantly, we
are unable to identify or biologically confirm nicotine as the sole
source of our findings, since preclinical studies show that other con-
stituents of cigarette smoke exert significant detrimental effects on
placental structure/function and fetal development.’~2> We meas-
ured self-report of cigarette smoking and two biological indicators
of maternal exposure during third trimester as well as maternal
exposure at the time of infant EEG test (expired CO-Hb and CO).
However, we did not measure exposures to other drugs of abuse
during pregnancy. This is a significant limitation, which substantially
impacts our ability to conclude that our findings are due, completely
or in part, to fetal exposure to maternal cigarette smoking. Future
studies should include drug testing for additional teratogenic drugs
including alcohol, marijuana, stimulants and opiates, and test for
other potential influences on auditory processing. Moreover, we only
assessed group differences in auditory-elicited K-complexes and did
not measure spontaneous K-complexes or those evoked by other
stimuli. Therefore, group differences in other types of K-complex
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responses cannot be ruled out. Measurement was limited to a sin-
gle electrode at Cz, which may have underestimated the amplitude
of N550 and P900. However, significant group differences were
observed and K-complexes were detected in sufficient numbers of
epochs using this configuration. Since mothers were not queried
about infants’ sleep characteristics, we cannot generalize our find-
ings to PNE-linked sleep problems at home. Nevertheless, PNE alters
sleep—wake cycles reducing total and REM sleep in animals* and is
associated with sleep problems persisting through the first 12 years
of life in humans.*?

In summary, our findings support an early neural basis for PNE-
linked disruptions in sleep quality and potential impairments in
auditory processing and/or discrimination of relevant sounds. To the
extent that PNE contributes to subtle or not so subtle lasting damage
to developing neural circuits, the effects on productivity, achieve-
ment, and quality of life may be particularly burdensome. However,
due to our study’s small sample size and limited power, replication
and further detailed investigation in larger samples are needed to
confirm these conclusions.
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