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Abstract

Methylmercury (MeHg) and polychlorinated biphenyls (PCBs) are seafood contaminants known
for their adverse effects on neurodevelopment. This study examines the relation of developmental
exposure to these contaminants to information processing assessed with event-related potentials
(ERPs) in school-aged Inuit children from Nunavik (Arctic Québec). In a prospective longitudinal
study on child development, exposure to contaminants was measured at birth and 11 years of age.
An auditory oddball protocol was administered at 11 years to measure ERP components N1 and
P3b. Multiple regression analyses were performed to examine the associations of levels of the
contaminants to auditory oddball performance (mean reaction time, omission errors and false
alarms) and ERP parameters (latency and amplitude) after control for potential confounding
variables. A total of 118 children provided useable ERP data. Prenatal MeHg exposure was
associated with slower reaction times and fewer false alarms during the oddball task. Analyses of
the ERP parameters revealed that prenatal MeHg exposure was related to greater amplitude and
delayed latency of the N1 wave in the target condition but not to the P3b component. MeHg effects
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on the N1 were stronger after control for seafood nutrients. Prenatal PCB exposure was not related
to any endpoint for sample as a whole but was associated with a decrease in P3b amplitude in the
subgroup of children who had been breast-fed for less than 3 months. Body burdens of MeHg and
PCBs at 11 years were not related to any of the behavioural or ERP measures. These data suggest
that prenatal MeHg exposure alters attentional mechanisms modulating early processing of
sensory information. By contrast, prenatal PCB exposure appears to affect information processing
at later stages, when the information is being consciously evaluated. These effects seem to be
mitigated in children who are breast-fed for a more extended period.
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1. Introduction

Methylmercury (MeHg) and polychlorinated biphenyls (PCBs) are widespread
environmental pollutants contaminating the marine food web. Both contaminants are known
to be neurotoxic to humans. Vulnerability of the central nervous system to these substances
is increased during early development, especially during the prenatal period [1]. MeHg
derives from methylation of inorganic mercury (Hg), a toxic metal that is ubiquitous in the
environment, by aquatic micro-organisms. The effects of acute MeHg intoxication have been
documented following large-scale poisoning episodes that occurred in Japan (1953 and
1964-1965) and Iraq (1971-1972). The Japanese episodes resulted from industrial Hg
releases in waters supplying the population with fish and shellfish [2]. Consumers of MeHg-
contaminated seafood displayed symptoms, such as ataxia, constriction of the visual fields
and hearing impairments [3]. The Iragi contamination was caused by the intake of bread
made from wheat treated with a MeHg contaminated fungicide [4]. In all cases, the most
disastrous effects--mental retardation, seizures, cerebral palsy, blindness and death--were
found in children exposed prenatally [5]. Several epidemiological studies have been
conducted within fish-eating populations to examine the consequences of chronic exposure
to lower doses of MeHg on cognitive development using behavioural assessments. The most
consistent findings include impairment in visuomotor function [6,7; cf. 8] and alterations in
early auditory processing [9] in relation to prenatal exposure. Verbal, attention and learning
deficits have also been reported but somewhat less consistently [7,10,11,12; cf. 13,14].

PCBs are synthetic organochlorine compounds widely used in industry during the mid-20t
century, notably as lubricating oils and hydraulic fluids [15]. Developmental neurotoxicity of
PCBs was documented following large-scale Japanese and Taiwanese poisoning episodes in
1968 and 1979, respectively, due to the intake of rice oil accidentally contaminated with
PCBs and dioxins during production processes. Many children born to women exposed prior
to or during pregnancy displayed symptoms, such as growth retardation, nail malformation,
delays in cognitive development and behavioural problems [16,17]. Subsequent birth-cohort
studies have reported detrimental PCB effects on neuropsychological functioning apparent
in infancy [18,19,20] and continuing through school age [e.g. 21,22], notably on 1Q and
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executive and attentional function (reviewed in [23]). Some of these effects, however, were
only present in children who had not been breast-fed [24,25].

Despite the existence of a few large, well designed cohort studies documenting
neurobehavioural outcomes following prenatal exposure to MeHg and PCBs, the nature of
the effects of these contaminants on brain function remains unclear. The neurobehavioural
tasks typically used in epidemiological studies depend on a broad range of cognitive
processes making difficult the identification of specific aspect(s) of brain function impaired
by a given contaminant. Sensory electrophysiological assessment, such as brainstem-
auditory evoked potentials (BAEPs) and visual evoked potentials (VEPS), have successfully
identified sub-clinical alterations associated with exposure to seafood contaminants [9,26].
Further insights into brain processing can be obtained with cognitive electrophysiological
assessment using event-related potentials (ERPs), which can reveal subtle and specific
effects of these neurotoxicants on cognitive and attention processing [27].

One of the most frequently used ERP protocols is the oddball detection task, in which the
participant is asked to respond to targets randomly distributed among a series of standard
stimuli. The average EEG waveforms obtained from oddball protocols show several ERP
components including the N1, a wave of negative voltage peaking around 100 ms at the
vertex after stimulus onset [28], and the P3b, a positive wave peaking around 300 ms at
centro-parietal electrodes, which is seen predominant in the target condition [29]. The N1
wave is composed of several overlapping subcomponents [28,30]. Some are automatically
elicited by the occurrence of any detectable stimulus and are modality-specific. However, the
vertex-recorded N1 obtained during an active task (e.g., oddball detection) appears to reflect
a non-modality-specific subcomponent, which is significantly affected by the vigilance state
of the participant, as its amplitude increases with the level of attention to task [31,32,33,34].
In this context, the vertex-recorded N1 has been proposed to reflect cerebral excitability
during attention, or coarse mechanisms of selective attention to the attended input
[32,35,36,37]. The P3b wave is elicited by the active detection of an anticipated and
unpredictable stimulus, and has been attributed to working memory processing [38,39,40] or
post-decision closure mechanisms [41,42,43]. P3b latency is thought to reflect information
categorization speed [44,45] and is inversely associated with behavioural performance in
speeded attention tasks and on digit span tasks [46,47]. P3b amplitude is used as an index of
allocation of attentional resources [48] and correlates with performance on tests of selective
attention and verbal learning [49,50,51].

Two epidemiological studies in children assessed the P3b component in an auditory oddball
paradigm to study the impact of prenatal exposure to PCBs on brain processing. In Taiwan,
7- to 12-year-old children exposed to PCBs and polychlorinated dibenzofurans in ufero (n=
27) due to maternal consumption of contaminated rice oil were found to have smaller P3b
amplitudes and longer P3b latencies than matched controls [52]. In a birth cohort study
conducted in the Netherlands, 9-year-old children from a high PCB exposed group (77 = 32)
were found to have longer P3b latencies than those from a low exposed group (7= 28) [53].
However, both studies were limited by small sample sizes, and neither assessed the N1 wave
preceding the P3b component, which can provide information about the contaminant’s
effects on earlier stages of information processing. Furthermore, no study conducted to date
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has used ERPs to assess MeHg neurotoxicity in children. Findings from the behavioural
assessments of attention and memory in the Faroe Islands study [7,10] suggest that ERPs
associated with the domains of cognitive function assessed in the auditory oddball paradigm
might also be affected by prenatal exposure to MeHg. We have previously reported an
association between prenatal lead (Pb) exposure and increased P3b amplitude on a visual
oddball task in Inuit children at 5 years, as well as an association of Pb exposure during the
preschool period with delayed P3b latency [54]. However, neither prenatal Pb nor 11-year
Pb body burden was related to auditory oddball performance at 11 years.

The present study examined the association of prenatal and current exposures to MeHg and
PCBs with ERP measures of information processing elicited during an auditory oddball task
in a cohort of Inuit children in Arctic Quebec, who were exposed to these contaminants
through marine mammal and fish consumption. The Inuit are among the most highly
exposed populations on earth due to long-range transport of these compounds via
atmospheric and ocean currents and their bioaccumulation in fish and sea mammals that are
staples of the Inuit diet [55]. It is hypothesized that higher prenatal exposure to PCBs and
MeHg will be related to increased latencies and decreased amplitudes of N1 and P3b.

2. Materials and Methods

2.1 Participants

This ERP study is part of an 11-year-old follow-up assessment of a group of Inuit children
from Nunavik (Arctic Québec, Canada) recruited at birth. For most of the participants,
umbilical cord blood samples were obtained under the auspices of the Cord Blood
Monitoring Program, conducted between 1993 and 1998 [56]. Between September 2005 and
November 2008, three groups of Inuit mothers and their children were invited to participate
in this assessment: (1) children who had participated in the Environmental Contaminants and
Child Development Study as infants [55,57], (2) children for whom cord blood samples were
available and who had participated in the Nunavik Preschool Study [26,54,58], and (3)
children for whom cord blood samples were available but had not been previously tested?.
Assessments were conducted in the three largest Nunavik villages. Participants who resided
in other communities were transported by plane to one of the larger villages for assessment.
Written informed consent was obtained from a parent of each participant; oral assent, from
each child. The research was approved by Laval University and Wayne State University
ethics committees. A detailed interview was conducted with the child’s mother (or other
principal caregiver) to document potential confounding variables.

The following inclusion criteria were used for this ERP study: children between 10.0 and
13.0 years of age, birth weight = 2500 g, gestation duration = 36 weeks, and no known
neurological or clinically significant developmental disorder. Participants with a medical
condition that could affect ERP recording, such as a history of epilepsy (n7=2) or on
medication at testing time (/7= 1) were excluded. Pure-tone audiometry (1000 and 2000 Hz)

Lin the third group, participants within the highest and lowest quartiles for cord blood Hg, PCB 153, and docosahexaenoic acid (DHA)
concentrations were given priority for recruitment. However, because the Hg, PCB153, and DHA levels were moderately
intercorrelated, the distributions of contaminants in this group of children was very similar to those in Groups 1 and 2, which were not
selected according to any exposure level criteria.
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was performed to check for hearing impairment before ERP testing. Children with a hearing
threshold = 35 dB at best ear on either frequency were excluded (7 = 3). Of the 222 children
who were invited to participate, 20 refused to perform the task and 13 others could not
complete it due to technical problems during the EEG recording.

2.2 ERP protocol, recording and analyses

ERPs were recorded during an auditory oddball protocol. The child was asked to sit still in
front of a computer screen and to press the space key on the computer keyboard as quickly
and accurately as possible to the target stimulus (2000 Hz tone; 20% probability) but not to
press to the standard stimulus (1000 Hz tone; 80% probability). Stimuli (sound pressure
level: 70 dB; duration: 50 ms; rise/fall time: 5 ms; inter-stimulus interval: 2 s) were
presented binaurally through E-A-RTONE audiometric insert earphones (Auditory Systems)
and generated by Presentation Software (Neurobehavioural Sciences). The total protocol
included four trials of 100 stimuli each, for a total of 13 minutes of stimulus presentation.
Data acquisition was performed with InstEP® v5.17, and data were stored on-line for later
averaging. The electro-oculogram (EOG) was recorded for both eyes with tin electrodes
placed at the supra- and infra-orbital ridges. ERPs were recorded with 29 Ag-AgCl
electrodes (Fz, F3, F4, F7, F8, AF3, AF4, AF7, AF8, FCz, FC1, FC2, Cz, C3, C4, T3, T4,
T5, T6, Pz, P3, P4, Oz, 01, 02, M1, M2, Al, and A2 according to the international 10-20
system), but ERP scoring was performed only at two locations (Cz for N1, Pz for P3b).
Electrodes were referenced to linked ear lobes, with forehead ground. The impedance was
kept below 10 k2. EOG and EEG gain were amplified with a gain of 7500 and 15000,
respectively, with Grass Model 15A54 amplifiers. The digitization rate was 512 Hz.

ERP analyses were performed using Analyzer 1.05 (Brain Vision©) hardware. EOG
correction was performed from the vertical EOG electrode. High and low pass filters were
set at 0.16 and 30 Hz, respectively. Artefact rejection was performed with a + 100 pV
criterion. Baseline correction was applied using a 100 ms pre-stimulus baseline. Trials with
omission errors (false negative response), false alarms and impulsive responses (<200 ms
post-stimuli) were excluded from averaging. ERPs were identified according to the
following definitions: N1, most negative peak (Cz) ranging in the 90-150 ms post-stimulus
interval; P3b, most positive peak (Pz) in the 250-500 ms interval. Latency for each
component was determined from stimulus onset to maximal peak, and peak amplitude was
measured from baseline. Peaks were manually identified by a trained doctoral student
unaware of exposure levels (OB). Peak validity was ensured by performing co-validation of
P3b ratings (target condition) by a trained research assistant. Inter-rater validity was high.
Pearson correlations between both scorings were r=0.86 for latency (p < 0.001) and r=
0.97 for amplitude (p < 0.001). In case of disagreement, an experienced neurophysiologist
(CB) resolved the issue.

Among the 189 children from whom data were obtained, the data were considered reliable
for 118 (62.4% of the sample). Reasons for exclusion were: noise in data due to alpha waves
or eye movement (/7= 27), omission errors on = 50% of the target stimuli (7= 6), false
alarms on = 15% of standard stimuli (7= 2), < 20 target stimuli in average wave [59] (n=1)
and inability to identify a clear P3b wave (7= 35). An exclusion rate of this magnitude is not
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uncommon in ERP studies with children [e.g. 60,61]. 7-tests showed that the children with
reliable data were representative of the sample as a whole; the Hg and PCB 153
concentrations in the cord and 11-year blood samples of the participants with reliable data
did not differ from those of the excluded subjects (all p’s > 0.20).

2.3 Contaminant and nutrient analyses in biological samples

PCB, Hg, Pb and selenium (Se) analyses were performed at the Laboratoire de Toxicologie
INSPQ, which is accredited by the Canadian Association for Environmental Analytical
Laboratories. Concentrations in umbilical cord blood were used as indicators of prenatal
exposure. Detailed analytical and quality control procedures are described elsewhere
[54,55,62]. The 14 most prevalent PCB congeners (IUPAC nos. 28, 52, 99, 101, 105, 118,
128, 138, 153, 156, 170, 180, 183, 187) were measured in purified plasma extracts using
high-resolution gas chromatography (Hewlett-Packard HP5890A), with two capillary
columns (Hewlett-Packard Ultra I and Ultra I1) and dual Ni-63 electron capture detectors.
Total Hg concentrations were determined in umbilical cord blood samples using cold vapor
atomic absorption spectrometry (Pharmacia Model 120). Blood Pb levels were determined
by graphite furnace atomic absorption with Zeeman background correction (Perkin Elmer
model ZL 4100). Se concentrations were determined by inductively coupled plasma mass
spectrometry (ICP-MS) on a Perkin Elmer Sciex Elan 6000 instrument. The limits of
detection (LODs) were 0.2 pg/L for blood Hg, 0.2 pg/dL for Pb, 0.1 pmol/L for Se, and 0.02
ug/L for all PCB congeners in plasma. Docosahexaenoic acid (DHA), an omega-3 fatty acid,
was measured in plasma phospholipids at the University of Guelph Lipid Analytical
Laboratory (B.J. Holub) as described in Jacobson et al. [57].

In addition, venous blood samples (20 mL) obtained from each participant were used to
document exposure of children at time of testing. Concentrations of 13 PCB congeners
(IUPAC nos. 99, 101, 105, 118, 128, 138, 153, 156, 163, 170, 180, 183, 187) were measured
in plasma extracts by gas chromatography (HP 5890 Series 11 Plus) equipped with a 30-m
DB-5 (J&W Scientific) and HP 5890B mass spectrometer (Agilent) according to the method
described by Dallaire et al. [63]. Compounds are automatically extracted from the aqueous
matrix using solid phase extraction. LODs were less than 0.05 pg/L for all PCB congeners
except for PCB-52 (LOD = 0.15 pg/L). Total Hg, Pb and Se concentrations were determined
in children whole blood samples by ICP-MS (Perkin Elmer Sciex Elan 6000 ICP-MS
instrument for Pb and Se; PE DRC Il instrument for Hg). LODs were 0.002 pg/dL for Pb,
0.10 ug/L for Hg and 0.09 umol/L for Se. DHA was measured in plasma phospholipids with
the same procedure as in cord blood.

For the present study, PCB congener 153, expressed on a lipid basis, was used as an
indicator of total PCB exposure since it is highly correlated with other PCB congeners and is
considered an adequate marker of exposure to environmental PCB mixtures in the Arctic
[55,64]. A value equal to half the limit of detection of the analytical method was entered in
the database whenever a substance was not detected.
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2.4 Confounding variables

Variables used as covariates in previous studies on the effects of exposure to seafood
contaminants and situational and biological factors known to influence ERPs were selected
as potential confounding variables. The potential confounding variables were age and gender
of child; whether the child was a local resident or had to travel by plane from a remote
village same day of testing; time when testing took place (morning or afternoon); maternal
age, education (years), and parity; breast-feeding status (yes/no) and duration (number of
months); maternal tobacco smoking (yes/no), regular use of marijuana (at least once/month;
yes/no) and binge drinking (at least one episode of = 5 alcohol drinks; yes/no) during
pregnancy; socioeconomic status (SES) [65] of the primary caregiver; and maternal non-
verbal reasoning abilities (Raven Progressive Matrices) [66]. We also considered as potential
confounders the haemoglobin status (assessed from child’s blood sample at testing) as well
as newborn and child Pb and nutrients (DHA and Se) body burdens. Number of trials
retained for computing the ERP average was also considered a potential confounding
variable.

2.5 Statistical analyses

The normality of each variable’s distribution was subjected to visual inspection and checked
for skewness/kurtosis values (normality range: —2.0 to 2.0). Log transformations were
conducted on Hg, PCB 153, Pb and Se concentrations (both prenatal and current); rates of
omission errors and false alarms; and breast-feeding duration and parity since they follow
log-normal distributions. Extreme values (>3 standard deviations from the mean) for
normally distributed variables were recoded to one point greater than the highest observed
non-outlying value following the procedure recommended by Winer [67]. The following
variables were corrected with this procedure: maternal age, SES, haemoglobin level, cord
Se, child Se, cord DHA, rate of false alarms (log), N1 latency in standard and target
conditions, target-N1 amplitude and target-P3b latency. For most of these variables, there
was only one outlying value, with the exceptions of child Se (2 outliers), target-N1
amplitude (3 outliers) and rate of false alarms (log; 9 outliers).

The associations among the contaminants and nutrients were examined with Pearson
correlation analyses. Hierarchical multiple regression analyses were conducted to assess the
relation between each of the contaminants (cord and 11-year blood levels) and each of the
following behavioural and ERP outcomes after controlling for potential confounders: hit
reaction time, rate of omission errors, rate of false alarms, and latencies and amplitudes of
N1 and P3b in both the standard and target conditions. Selection of confounders was
determined using a two-phase strategy combining significance test and change-in-estimate
criteria: 1) each variable related at p < 0.20 to the outcome measure being examined was
initially selected from the set of potential confounders; 2) the contaminant variable was
entered in the first step of the regression analysis; 3) each confounder that met the p < 0.20
criterion was entered hierarchically starting with the one showing the highest correlation
with outcome, and a confounder was retained if its inclusion altered the association (Std §
coefficient) between contaminant exposure and the outcome by at least 10% at the step of
entry (see [57]). The 0.20 alpha level and 10% change in value criteria were based on the
work of Greenland and associates [68—69] and are based on the premise that the p < 0.20
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criterion will ensure that all potential confounders are assessed but that only those that alter
the relation of exposure and outcome by at least 10% affect this association in a meaningful
fashion. Effects were considered significant when the contaminant measure was associated
with the dependent variable at p < 0.05 after control for confounders. Pearson correlations
relating two important seafood nutrients (DHA and Se levels in cord and 11-year blood) to
the outcome measures are also reported.

Based on previous studies reporting a moderating role of breast-feeding on the effects of
prenatal PCB exposure [24,25], analyses of the effects of prenatal exposure to cord PCB 153
and cord Hg were rerun separately for two groups of children: those who had not been
breast-fed or were breast-fed for less than 3 months vs. those who were breast-fed for at
least 3 months. The same control variables as those used for analyses involving the entire
sample were included in these additional regression analyses. The median value of breast-
feeding duration for the entire sample (3 months) was used as the cut-point in order to create
two subsamples of sufficient size, optimising the statistical power.

3.1 Descriptive statistics

Descriptive data for the participants included in the ERP analyses are summarized in Table
1. The final sample includes a higher proportion of girls than boys (x2 = 11.0, p= 0.001).
Table 1 shows that most children were breast-fed, and the duration of breast-feeding was
typically long relative to Southern Canadian and U.S. norms (more than 1 year for 39.3 % of
breast-fed infants).

Associations between the blood levels of the contaminants and nutrients are presented in
Table 2. As expected, the Hg, PCB 153, Pb, DHA and Se concentrations were moderately
associated in both cord and child blood samples since all these substances are found at
relatively high concentrations in traditional Inuit food [55]. Moderate associations were
found between cord and 11-year blood concentrations for Hg and PCB 153, presumably
because a child born to a mother with a traditional diet is likely to consume more traditional
foods during childhood. It is noteworthy that breast-feeding duration was associated with
higher child PCB 153 levels at testing (7= 0.52, p< 0.001), presumably because breast milk
provides a major source of postnatal PCB exposure [64,70]. Breast-feeding was not included
as a covariate in the child PCB models due to multicollinearity.

3.2 Auditory oddball results

The weighted grand averages at three midline electrode locations for both the standard and
target conditions of the auditory oddball task are shown in Figure 1. As expected, the N1 is
more clearly manifest at Cz, while the P3b is more posterior and is much larger in the target
condition. The waveform is very similar to those observed in previous studies using auditory
oddball protocols with children of this age [e.g., 71,72]. Behavioural and ERP results from
participants with reliable ERP data are reported in Table 3. False alarm errors were much
less frequent than omission errors. Pearson correlations relating the behavioural to the ERP
data (not shown in the tables) reveal, as expected, that longer hit reaction times are
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associated with more prolonged P3b latencies (r=0.29, p< 0.01) and smaller P3b
amplitudes (r=-0.23, p=0.01) in the target condition, while higher rates of omission errors
are related to longer P3b latencies (r= 0.28, p< 0.01) in the target condition and smaller N1
amplitudes in the standard condition (r=0.20, p = 0.03). False alarms are not related to any
ERP parameter.

3.2.1 Associations between contaminants and behavioural parameters—The
relations of the contaminants to the behavioural parameters within the final study sample are
shown in Table 4. After statistical control for confounders, none of the contaminants are
related to any of the behavioural performance measures from the auditory oddball task. To
optimise statistical power, these analyses were rerun with the initial sample of 189 children
who provided reliable behavioural data. Within this larger sample, higher cord blood Hg
levels are associated with longer hit reaction times and with lower rates of false alarms.
There is no association with other contaminants. One of the seafood nutrient parameters,
DHA levels at 11 years, was associated with increased rates of false alarms (r=0.16, p=
0.03), but including this variable in the regression model had no influence on the cord Hg-
false alarms relationship.

3.2.2 Associations between contaminants and ERP parameters—Multiple
regression analyses examining PCB and Hg exposures to latencies and amplitudes of the N1
and P3b components are presented in Table 5. After control for confounders, cord Hg
concentrations are significantly associated with longer N1 latencies and larger N1
amplitudes (i.e., higher Hg levels result in more negative voltage) in the target condition.
Cord Hg concentrations are not related to P3b parameters, and child Hg is not related to any
ERP component. Neither cord nor child PCB 153 at testing is related to the outcomes
examined.

Cord blood DHA was associated with smaller N1 amplitude (r= 0.20, p= 0.05) and its
inclusion in the regression model increases the standardised regression coefficient for the
cord Hg-N1 amplitude relation from —0.29 (p = 0.007) to —0.32 (p = 0.003). Child blood Se
levels at 11 years are related to shorter N1 latency (r=-0.21, p=0.04), and the standardised
regression coefficient for the cord Hg-N1 latency relation increases from 0.20 (o = 0.06) to
0.29 (p = 0.005) after including this confounder in the model, indicating that it too acts as a
suppressor.

We underline that Pb exposure, which was considered as a potential confounder, was not
associated with any auditory oddball ERP measure and was thus not included in the final
regression models.

3.2.3 Associations between contaminants and ERP parameters as a function
of breastfeeding duration—Independent-samples #tests show that children with longer
breast-feeding duration have higher cord Hg concentrations (mean: 24.9 ug/L) compared to
those with shorter breast-feeding duration (mean: 17.0 pg/L) (#(114) = =2.72, p< 0.01).
However, these groups do not differ in terms of cord PCB 153 concentrations (mean: 127.9
ng/g fat in children breast-fed < 3 months vs 132.1 ng/g fat in those breast-fed = 3 months;
114y = 0.20, p=0.85). Non-verbal intelligence scores are moderately (although not
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significantly) higher in mothers who breast-fed for a longer duration (raw score mean: 36.8
vs 33.9 on the Raven Progressive Matrices; #114) = —1.65, p=0.10), and there is no
significant difference for maternal education or socioeconomic status (both p ‘s > 0.20).

Regression analyses examining the associations of cord Hg and PCBs with the ERP
parameters separately for the children who were breast-fed less than 3 months vs. those who
were breast-fed for a longer period of time are presented in Table 6. The relations of cord Hg
to N1 latency and amplitude to the target stimulus are markedly stronger for the children
who received little or no breast-feeding when compared with the data for the sample as a
whole (Table 5), and an association between cord Hg and larger N1 amplitude in the
standard condition emerges in this group that was not seen in Table 5. By contrast, none of
these associations are seen in the children who were breast-fed for at least 3 months. An
association between cord Hg and shorter P3b latency in the target condition is seen only in
the minimally breast-fed group. In addition, an association between cord PCB 153 and
reduced target P3b amplitude emerges solely in the minimally breast-fed group.

The PCB-153 analyses were re-run twice—once using congener 118 (the only congener
among those measured in this study with dioxin-like properties) as the exposure measure
and then using the sum of four PCB congeners (118, 138, 153 and 180), the exposure
measure used in the Dutch cohort study [e.g., 53]. These three indexes of prenatal PCB
exposure provided virtually identical results than those reported with PCB 153 (see Table 7).

4. Discussion

This study examined the associations between developmental exposure to Hg and PCBs and
information processing in 11-year-old children using ERPs during an auditory oddball task.
We found that cord blood Hg concentration, a well-recognized surrogate for prenatal MeHg
exposure in fish-eating populations [73], was related to larger N1 amplitude and delayed N1
latency in the target condition. These effects were particularly salient in the subgroup of
children who had been breast-fed for less than 3 months, a group in which cord Hg was also
related to greater N1 amplitude in the standard condition. Although cord Hg levels did not
relate significantly to behavioural performance on this task for the 118 children for whom
reliable ERP data were obtained, cord Hg was associated with slower behavioural reaction
time and fewer false alarms when all 189 children who completed the task were included in
the analyses. Cord PCB 153 concentrations were associated with reduced P3b amplitude
only within the subgroup of participants who had been breast-fed for less than 3 months.
Current blood MeHg and PCB 153 levels were not associated with any of the outcomes
assessed in this study.

The observed associations between cord Hg and the N1 parameters are indicative of subtle
alterations in attentional mechanisms modulating early processing of sensory information.
The longer N1 latency found in association with prenatal Hg exposure confirms our initial
hypothesis and is consistent with the slower behavioural reaction time that was observed in
the sample as a whole. Although the N1 component in the auditory oddball paradigm relates
more directly to vigilance than sensory processing per se, it is of interest that prenatal Hg
exposure was related to longer sensory evoked potential latencies in the auditory [7,74,75]
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and visual [26] modalities in previous studies. Delayed latencies for the auditory N1 may
also be caused by general prolongation of nerve conduction velocity [e.g., 76].

We had not predicted that prenatal Hg would be associated with larger N1 amplitude, which
suggests greater brain responsiveness. This surprising finding may reflect a state of
—overarousal|| or hypervigilance caused by MeHg exposure, possibly resulting from a
GABA-glutamate imbalance. On the one hand, MeHg is known to selectively alter GABA
receptor function, leading to a decrease in inhibitory neurotransmission [77,78]. A loss of
inhibition in the brain may thus alter ERP amplitude. For instance, N1 amplitude in the
visual domain increases drastically following pharmacologically blocking of GABA
receptors [79]. On the other hand, it is also known that MeHg inhibits glutamate uptake by
astrocytes [80,81]. The resulting accumulating glutamate concentrations might account for
our apparently paradoxical relation of Hg to N1 amplitude as N1 amplitude is sensitive to
glutamatergic activity [82]. These explanations are indirect, and further experimental studies
are needed to account for this result.

Recent research has demonstrated the importance of considering the potential beneficial
effects of fish consumption when examining the association between seafood contaminants
and cognitive development [83,84,85]. This was done in the present study by documenting
Se and DHA concentrations in cord and child blood samples as potential confounders or
suppressors of the relations between seafood contaminants and ERP parameters. This
approach was justified by experimental and epidemiological evidence of beneficial and/or
protective effects of these nutrients on child development [57,86]. In our study, child Se was
related to shorter N1 latency in the target condition, and controlling for this nutrient variable
strengthened the association between of cord Hg to N1 latency. Statistical control for cord
DHA also strengthened the association between Hg and N1 amplitude. Failure to control for
these nutritional influences would have obscured or understated the neurotoxicity of the
MeHg exposure. These findings, therefore, give further support for the importance of
measuring these nutritional variables when attempting to detect neurotoxic effects of MeHg
exposure within fish-eating populations.

We recently reported significant associations between auditory oddball P3b parameters and
behavioural performance on neuropsychological tests of processing speed, selective
attention and learning in the children in this study cohort [49]. Because prenatal exposures to
both MeHg and PCBs have been related to poorer performance in these domains in previous
studies of children exposed to comparable levels of these contaminants [7,10,23,87], we
expected that both pollutants would affect the P3b by prolonging its latency and/or by
reducing its amplitude. However, only PCB exposure affected the P3b component in the
expected direction and this, only within the subgroup of children who were breast-fed for
less than 3 months. This finding is consistent with the effects of prenatal PCB exposure on
infant recognition memory and school-age selective attention and working memory observed
in the Michigan and Oswego cohorts [18,19,20,22,24]. The effects of cord Hg on the N1
component suggest that cord Hg affects earlier stages of information processing, those when
the initial mechanisms of attention modulate sensory signals. Other processes which are not
reflected in either the N1 or P3b, such as those involved in motor response programming and
execution, may also be specifically affected by prenatal MeHg exposure [e.g., 6,7] and could
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account for the observed relation between cord Hg and slower mean reaction time on the
auditory oddball task.

The auditory oddball protocol that was used in this study was designed to be easy to perform
in order to maximise the number of artefact-free trials and to generate well-defined ERP
components associated with different stages of information processing. The absence of a
PCB effect on the behavioural parameters assessed during this task might be explained by
the low demands it puts on higher-order cognitive processes, and is thus not inconsistent
with other studies using more challenging, traditional neuropsychological assessments. For
instance, in the Michigan study, prenatal PCB exposure did not affect the children’s response
to a single target during a continuous performance task, but it did impair their performance
when more complex processes were involved, such as mental rotation and behavioural
inhibition [24]. The sensitivity of the P3b component to prenatal PCB exposure in the
present study is consistent with previous ERP studies from Taiwan [52] and the Netherlands
[53], although we did not replicate their finding of delayed P3b latency.

The finding of reduced P3b amplitude only in children who were either not breast-fed or
were breast-fed for a short period of time is consistent with two previous studies reporting
PCB effects on cognitive performance that were limited to non-breast-fed children [23,24].
Moreover, this study is the first to find that adverse effects associated with prenatal MeHg
exposure are also more salient in children who received only minimal breast-feeding.
Although our findings support a moderating role of breast-feeding on the adverse effects of
prenatal exposure to seafood contaminants, further research is needed to understand the
mechanisms responsible for this effect. It is possible that certain nutrients contained in breast
milk, such as DHA, counteract the adverse effects of perinatal brain injury [57,88].
Alternatively, Jacobson and Jacobson [89] have suggested that breast-feeding mothers might
offer more optimal intellectual stimulation to their children, which might help compensate
for subtle teratogenic effects.

5. Conclusions

This study was the first to use cognitive ERPs in a birth-cohort of children exposed to Hg
during prenatal development and the third to find effects using this methodology in PCB-
exposed children. Our data suggest specific associations between Hg exposure and N1-
mediated attentional mechanisms modulating early processing of sensory information but
not with the later cognitive processes that have been linked to the P3b component. By
contrast, P3b amplitude was sensitive to prenatal PCB exposure in children who were not
breast-fed or breast-fed only minimally, a result compatible with findings from studies in
other cohorts. Previous studies have linked prenatal exposure to MeHg and PCBs to poorer
child performance on standard neuropsychological tests. Our findings illustrate the utility of
ERPs for going beyond neurobehavioral assessments to identify specific stages of
information processing that may be impaired by a given contaminant. These data also
provide additional evidence that two sets of variables can protect against the adverse effects
of these environmental exposures: 1) nutrients, such as DHA and Se, which are found in
traditional Inuit food and 2) breast-feeding.
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Grand average for auditory oddball task at midline (Fz = frontal, Cz = central, Pz = parietal)

scalp positions (V= 118).
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Table 3

Behavioural and ERP parameters obtained from the auditory oddball task

N Mean S.D. Range

Behavioural performance
Mean hit reaction time (ms) 118 5420 75.7 345.0-748.6
Omission errors rate (%) 118 8.7 8.3 0.0-425
False alarms rate (%) 118 0.7 0.9 0.0-5.0

ERP parameters 0

Standard condition

N1 latency (ms) 113 1298 85 103.5-1484
N1 amplitude (uV) 113 -47 23 -10.0-0.12
P3b latency (ms) 51 3164 434 2559-4512
P3b amplitude (V) 51 3.1 17 -1.1-7.0
Target condition
N1 latency (ms) 99 1271 95 97.7-148.4
N1 amplitude (uV) 99 -4.7 3.0 -17.0-3.0
P3b latency (ms) 118 346.0 395 267.6-484.4
P3b amplitude (uV) 118 109 38 43-211

aNl at Cz and P3b at Pz;

b . - .
Sample sizes vary because not all ERP components were identifiable in all the averaged waveforms.
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