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Abstract

Developmental scientists halang beerinteresedin how the environment influences
children’sdevelopment. However, with few exceptiottieyhave not researelk how exposure
to contaminants in the physical environmafiectsdevelopmental processes. Children are
uniquely at risk for exposure to contaminants because they drink more, eat mdneadhe
more airthan adults as a proportion of their body weight. In this articéepravide an
ecosystemsgperspective to illustrate how contextsm the prenatal environment and
neighborhood-level exposute laws and policies-contribute to children’exposure to
contaminants. We also discuss four mechanisisgasaccount for how and when exposure to
contaminantgffects children, and we provide examples to spur research on these mechanisms.
We conclude with recommendations to foster integrative scigheeedevelopmental science

interacts withenvironmental health and toxicology.

Environmental influences on children’s development are well known; family, school, and
neighborheod affect a range of developmental outcomes. The physical erentosmale
influential, yetdevelopmental scientists have studied its impact Magy chemicals that
enhancehequality of life in industrializd societies are consideredntaminants in the physical
environment because they pose risks to health and develofgrhesé contaminants are
especially risky fochildrenbecause they drink more, eat more, and breathe more air than adults
in proportion to'their body weiglfl). Infants and young children also spend monetclose to
the groundandengage in frequent harid-mouth behavior, and their metabolism is immature,

rendering thenfessable to cope with toxic chemicals. Moreoveecause ofapid growth and
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brain development in the early yeactentaminantsancontribute tgotentially irreversible
developmental delays.

Chemicalcontaminants include heavy metals like lead, mercury, and cad@itvar
contaminants are synthetic chemicals sughesisistent organic pollutants (POR®t are
resisant toenvironmatal degradation. POPs include intentionally produced chemicals like
polychlorinated biphenyls (PCBs) and dichlorodiphenyltrichloroethane (DDT), and
unintentionally"produced chemicdt®m industrial processes. Other synthetic chemicals were
developedformodern conveniences, including phthalates andotdkgcizersused to soften
materials ‘as well as phenols suctbaphenol A (BPA) used in plastic storage containers and in
the resins eoatg the inside of metal food cans.

Overithe past several decadessearch in toxicology and environmental health has
uncovered links between exposure to these contaminants and impairments during childhood i
cognition, behavior, and health (2, 3). For example, elevatets oflead have long been
associated.with lowescores on tests aitelligence(4, 5).Moreover, conduct problenand
other behawioral difficulties have been linked to exposure to heavy metals,desstenid other
contaminant$6<8). Exposure to contaminarisalso associated witbroblems in children’s
physical'development, including obegi8). Risks associated with contaminants have led to
policies andlawssuch as the U.S. Food and Drug Administration’s ban on BPA in baby bottles
and the packaging of baby formula. However, many contaminants persist in the environment, as
evidenced by the crisis in Flint, Michiganyolving lead in water service linesd other aging
infrastructure*(e.g., paint in older buildings).

Givenithe wide-ranging impacts of chidoh’s exposure to specific chemicals, research on
exposurgQ contaminantsnust be informed by the science of child development, and
environmental health and toxicology findingsistadvance developmental sciene®wever
even though.a few developmental scientists have tackled thisitdpgratng developmental
science and.the fields of environmental health and toxicatogre. As evidence of this
problem, thesflagship journals of developmental scieGbdd DevelopmenandDevelopmental
Psychologyhave not publishegkcent articles othe developmental outcomes of
contaminants—even though thegcepublishedarticlesonthe impacts o€ontaminants on
children(e.g., 10)With theseconcerns in mind, ithis article we provide an ecological systems

perspective on exposurec¢ontaminants and discuss four mechanisms of expos@eli
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recommenadvaysto integratelevelopmental scienagth relevant disciplines, including
toxicology and environmental health.

An_Ecological Systemd$erspective on Exposurgéo Contaminants

Bronfenbrenner’'gcological systems theory commonly used to describe how childsen’
environmental.context influences their development. (st often, this approach is applied to
understandingthe impact of the home, the school, the neighborhood, and the broader culture on
psychosocial'development, but Bronfenbrenner’s perspective applies equally to irdlirence
the physical environment. As shown in Figure 1,exological systempgerspective on exposure
to contaminants dégs how manylayers of children’s surroundingdgfecttheir exposure to
contaminants.-Rildren are exposed to contaminatiitsough the microsystem, or their
interactions with their immediate surroundingjie prenatal environment contribato
exposured contaminantat the microsystem levé€l0). Within the postnatal environment, paint,
dust, water, and building materials are potential sources of exposure to icantarat home and
at school12:14). Within neighborhoods, soil and air pollutican be sources ekposure, too,
especially'in urban settings where, for example, rates of lead poisoning from soil are much
greaterthan.,in nonurban setting5). Disparities in the conditions of microsystem contexts
might acceunt for a portion of socioecononmequalitiesin childhood including the
achievement gafi6).

Sources of exposure can also be fowttlin children’s exosystem, the settings that do
not directlysinelude chilcenbut influencewhat theyexperience in their immediate surroundings.
Theseexosystem settings may influence exposure by contaminating air, dust, water, and other
sources irtheimmediatesettings of children’snicrosystems. For example, living near sites of
industrial pollutioncan expose children to heavy metals and other contamiiiantélso, small
aircraft use leaded fuel and children who live near airports in which airplangssukied of
fuel have higher levels of lead in their blood than children who do not live in such proxamity t
planeg(18)..Municipalities can ats be sources of contamination. For example, childrenliwvao
in homes connected to wellsth higher levels of manganesevieareaterconcentrationsf this
chemicalin their hair and more behavior problems in the classroom than children whose homes

are not connected to wells with mangan@d$,).
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At the macrosystem level, cultural values, policies, and laws contribute to children’s risk
for exposure to contaminants. For example, structural racism and discriminaiefy el
practices can contribute to the likelihood that children will experiestdstandard environment
with higher levels of exposure tmntamirants(20). As anotheexampleeadrelated policy
changes in.Massachusetts contributed to a drop in the proportion of childré@estdun the
unsatisfactory range mtateacademic test(21) Policies and laws can also lead to regrettable
substitutionsvhen chemicalsvhose toxicity idess wellunderstood replace prohibited chemicals
(22). For example, bisphen® (BPS)is sometimes used whéaws prohibit usin@@PA,
resulting in productthat ardabeledBPA-free but still containpotentiallytoxic chemicals.

Applying, theecological systempgerspective on exposure to contaminamtsesearch on
situations whee children have experiencedposure to contaminants could help strengthen
connections between developmental science and toxicology and environmental health. For
example, during the water crisis in Flint, Michigémat began in 2015, young children were
more likely,to have elevated levadtlead in their bloodfterthe community changed a water
source thatwas more corrosive to the lead pipatssupplywater to homeg§23). Many consider
the change'inwater source and subsequent spike in blood lead levels a public health failur
resulting frem missteps atanylevels of government and regulati#4). Thus, actions at the
exosystemrand macrosystem levels harmed children in this largelpdomwe and ethnic-
minority community by tainting the water in their homes. Developmental scoamcee!l usvhy
some clidren maybe at greater risk from tainted wabsr focusing, for example, on
microsysterdevel variability inthe family context, sucas some parents being less attentive to
the water their‘children were drinkiiig5). Such researctouldalsoimprove coordinated
responses to public health emergencies involving contaminants and vulnerable yourg blyild
helping identify the familiesvho might benefit thenost from immediate assistance.

Deyvelopmental science wouddiso be strengthened if tkeological systemgerspective
on exposure ta@ontaminants informed conceptual models of key indicators of child
developmentFor example, growth in executive functioning is a marker of healthy development
during the preschool years, and exposure to contaminants including lead ang RGBsd to
less optimakxecutive functioning (26, 27). Thus, conceptualizations of the development of
executive functioning should include these contaminants among the factors thetenitf

normative development of working memory, attention, and other facets of executive functioning.
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Conceptualizationsould also incorporate risk factors in children’s immediate physical
surroundings as well as their broader ecological context (including policiesves)dakafactors
thatcanimpedethe development of executive functioning by increasing children’s expésu

contaminants.

How Exposure Affects Children

In addition to identifying the main effects of exposuredataminants, toxicologists and
environmental'health researchers have increasingly focused on how and when sqexstices
affectchildren. This movement toward understanding how expasteets childrenshould be
familiar to developmental scientists because similar to workelucidating when and how
specific environmental contexts shape afeiids developmentNext, we summarize four key
mechanisms and provide examples to splated research

First, mediating mechanisnae increasingly studied to understand how exposure to
contaminants is harmful. For example, exposure to chemicals including BPA is litked w
metabolic changes amdterations igene expression that are thought to lead to obesity (28).
Other studiesnvestigate possibleeurobiological mediatothatare proposed to link exposure to
contaminants with impairments in cognition and behavior. For example, recent stwgies ha
focused_onrbrain alterations, such as reduced volume of gray matter in adulthood, following
exposureo leadin childhood(29). Researchershould test physiological and bréased
pathways‘as mediators of associations betwegposure taontaminats and developmental
outcomesThus, research on mediating processes should mirror ongoing efforts in
developmental'science, such as recent studies of the effects of differences in socioeconomic
statuson brain volume (30).t8dies could incorporatexposue tocontaminants with more
traditional_ environmental measures (e.g., socioeconomic status) when examihggppa
children’scognition via braifbased mediating processes.

Secondpossiblemoderatorsare studied to understand the circumstancerwhich
exposure tascontaminantsmost and least likely tbarm childrenGeneticvariants have been
examined as modifiers of the effects of contaminants in the physical environment. For example,
in one studycarriers of a variant of thePOEgene were more vulnerable to the negative effects
of exposure to mercury on behavior problems during childhood (31), with nutritional and family
factorspossiblymitigating the effect olexposure (3). In a study of Ingitvho are ahigh risk of
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exposure to mercury from fish, preschoolers wteomore tomato products had lower levels of
mercury (32). large studiethat includedata on the physical and social environment in the home
as well aggenetic information could advance developmental science by focusing on the ynterpla
among family context, exposured¢ontaminants, and genetic variants. For example, if a measure
of parenting.were included with assessment&RMOEvariants and exposure to mercury,
researchers _couidvestigate whether supportive patiag mitigates the impact of the
combination‘oftheAPOErisk variant and mercury exposure arildren’sbehavior problerms.

Third,"Whereas earlier studies almost alweyamined exposure to a single contaminant,
researchers aracreasinty investigating the relative and joint impact of exposunaamy
contaminantsinitially, such studies focused on interactions between exptsarew
contaminants (3). For example, in one st(®B), during early pregnancgxposure to lead was
associated withiless optinmralental development among infants with low&posure to
cadmium, whereas during late pregngrexposurdo leadwas associated witless optimal
mental development among infants with higher exposure to cadmium. Within the peait seve
years, theaermexposomavas introduced to describe the range of exposure to contaminants an
individual enceunteracross the lifespaf84). As technology and data collection improve,
researchers will be able &3sesgxposure t@ range otontaminants to closely approximate
individuals*&xposome. In the meantime, a summary score that tabulates expodere to a
contaminants could be created for developmental studies using the same approach as genetic risk
scores and contextual risk indexes (35, B&searchers could theassess the joimtnpact of
cumulativeseontaminant risk, genetic risk, and social environmental risk on denzita
outcomes.

Fourth, research on environmental contaminants and childhood outcomes has recently
begun taaddresgnultigeneational processesncluding epigenetic effects. Epigenetic changes
include DNA methylation where methyl groups are added to DNA that can then lead to
modifications.of DNA function, including suppressed transcription of genes, whiglbena
transmitted.a@ss generations. In mammals, the mother hosts the development of the offspring
from the zygote stage to birtAs offspring develop, a separate lineage of cells, called the
primordial germ cells, migrate and differentiate into gamete precursor celletwahé the

grand-offspringgeneration. Thus, when a pregnant woman is exposed to a contaminant, it may
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directly affectnot only her epigenome, but the epigenome of her offspring and grand offspring,
producingintergenerational effects

As anexample of the importance of developmental exposure and intergenerational
epigenetic effects in offspring, maternal exposafrmiceto BPA was linked to changes in coat
color and risk.of obesity in offspring via decreases in DNA methylg8a@j In addition,
environmental.exposures influencstat are referred to asansgenerational effects dme
greatgrand-offspring generation, in which no direct exposure oedun areview of studieson
animals of‘transgenerational inheritance of diseases via epigenetic chlaritpes by
environmental contaminantskay mechanism of transgenerational transmission of susceptibility
to cancer,.obesity, and other physical changgesincomplete or inaccurate reprogramming of
DNA methylation of germ cells (sperm and egferexposure to contaminants (38).
Conducting studies of environmental contaminants and epigenetic chiapgepleis
challengng, but evidence is mounting that exposure to specific contaminants is assodiated w
DNA methylationin humans. For example, in one study, the lev@re&dolescent girls’
exposure t@BPA was associated with reduced DNA methylation at specific sites in genes linked
to immune*function, metabolism, and other functions (38seRrchersould assessxposure to
contaminants along withgects of the social environment (e.g., parenting) to investigate
whether theSe features of the environment have unique or overlapping impacts on DNA
methylation.

Fostering an Integrative Developmental Science @&xposure toContaminants

Advaneing developmental science and spurring innovative, developmentally informed
research on emonmental contaminants requirgegrative approaches and collaboration across
disciplines. Broadly speaking, the focus on integration and collaboration fitsheithission
statement thathe Society for Research in Child Developm@&RCD) “advances developmental
science and promotes its use to improve human lives.” More specifically, one BfSRC
strategicgoalsfocuses on supporting “researchers’ efforts to codbointegrate, and
communicate,research across disciplin8sveral strategieand approachese needed to
integrate developmental science with disciplines that focus on amartal contaminants,

including toxicology and environmental healtiee Tale 1).
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First,developmental scientisteeed to be moraware of current research on
environmental contaminants. One of the flagship journals of developmental sciertte coul
publish a pecialsection on childhood outcomes of exposure to contamimatitsrticles on
mechanisms of exposuseassociations with developmental outcomes, including mediating
processes, moderators that mitigate or exacetbateffects oexposure, and multigenerational
impacts. In,addition, the biennial meeting of SRCD cde&due an invited symposium on the
impact of exposure to contaminants on many domains of child development that includes
presentations'by environmental scientists, toxicologists, and policy experts as well as
developmental scientists.

Secondydevelopmental scientists need to collabonate withresearchers in
environmentalshealth and toxicology. SRCD could hogtegigltopic meeting on the interface
between developmental science and the other disciplines. A targeted meetidghooul
researchers from all three fields to present findings to members of the othglirdéscand forge
professional connections. Universities could also integrate these discipfioesating cross-
disciplinary=centers or institutes that span these disciptinegpping into existing institutes to
fund collaborative research.

Third, developmental scientisteed intensive training in relevant methods. The Core
Centers ofithe National Institute of Enviraental Health Sciencé®st workshops on
assessment of exposure. Efforts could be made to increase developmental scientists’ awareness
of these workshops, and funding could be provided to support the participation of developmental
science trainees. In addition, trainings could be created on methods at the interface between
developmental’science and environmental health and toxicology. For example, webinars or
workshops could focus on how wisebiological specimens (e.g., blood) from longitudinal
studies of children and families to assesgosure to contaminants.

Fourth, the next generation of integrative developmental sciemésts to be trained so
a cadre of young scholars will be prepared to conduct cuatigg-research at the interface of
these disciplines. To accomplish this goal, craissiplinary pre and postdoctoral training
programs could be developed at leading universities that have strengths in developmental
science, toxicology, or environmental health. These programs could include graduate coursework

on contaminants and their impact on children’s development. Such coursework could be taught
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by teams ofaculty from these disciplines, and trainees cdiddnentored bgcholars in each
discipline.

The success of these strategies would hinge on the involvement of leading scholars in
developmental@ence, environmntal health, and toxicologgs well as representatives from
professional.erganizations, including SRCD. Although the prospects for lastigopiite
across these fields may seem daunting, similar approachestegraed developmental
science"withgeneticand neuroscientifiperspective$40). Integratioracross relevant fieldsill
help fulfill the‘intent of Bronfenbrennes’ecological systems perspective in wistidying the
impact ofcorntexts and systems on childremaswiewed as essential to adviagodevelopmental
science Giveprevidence of the role of environmental contaminants inrehilsldevelopment,
developmental‘scientistsustpursue the proposed strategies to genaraiategrative

developmental ‘science ekposure to contaminants.
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Table 1

Integrating Developmental Science with Toxicology and Environmental Health
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Increasalevelopmental
scientists’awareness of
cutting-edgeresearch
on environmental

contaminants

Organize aspecialsection in a leading developmental science
journal (e.g.Child Developmentfocusing on childhood
outcomes of contaminankgosure.

Plan an invited symposium for an upcoming meeting of the
Society for Research in Child Development (3R focused on
childhood contaminantxposure.

Ensure SRCD members are awareasiults from the National
Institute ofEnvironmental Health Sciences (NIEHS) Core
Centers as well dsitiatives such as the NIEHS Children's
Health Exposure Analysis Resource (CHEAR) throwghbinars
and presentations at SRCatings.

2. Promotescholarly

collaborationacross

disciplines

Add environmental keath gecialists andoxicologists to the
editorial teams of developmental scienaerpals.

Organize a multidy SRCDSpecial Topic Meeting on the
interface betweenavelopnental science anenvironmental
health and toxicology

Increase cresdisciplinary centers or institutes or leverage
existing crosglisciplinary institutes atniversities to foster

collaborative researchgects.

Providedevelopmental
scientists withintensive
training onkey
methods irtoxicology
andenvironmental
health

Engagedevelopmental scientists in workshops in exposure
asessment offered by the NIEHS Core Centers.

Ensure developmental scientists amageof continuing
education and summer workshops in environmental health t
are regularly tiered by Schod of Public Health.

Develop innovative training on methods at the interface betv

developmental science and environmental health@adalogy.

hat

veen

Train thenext
generation-of
integrative
developmental

scientists

Offer graduate coursework on contaminantd their impact on
child development that are tedaught by faculty from across
disciplines.

Develop crosglisciplinary pre or postdoctoralrgining
programsthat focus on the integration of developmental scie
toxicology, and environmentakhlth.

Facilitate joint appointments of mentoring faculty across

nce,
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disciplinary schools andeghartments (e.g., School of Public

Health and Department of Psychology)

Author Manuscript
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MACROSYSTEM

MICROSYSTEM

; Droducts for Infants Jrom Gasoling
e

Figure@logical gstemsperspective on exposure toantaminants at the micre, exo; and macrosystem levels.
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