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Abstract

Endocrine disrupting chemicals are common in our environment and act on
hormone systems and signaling pathways to alter physiological homeosta-
sis. Gestational exposure can disrupt developmental programs, permanently
altering tissues with impacts lasting into adulthood. The brain is a criti-
cal target for developmental endocrine disruption, resulting in altered neu-
roendocrine control of hormonal signaling, altered neurotransmitter con-
trol of nervous system function, and fundamental changes in behaviors such
as learning, memory, and social interactions. Human cohort studies reveal
correlations between maternal/fetal exposure to endocrine disruptors and
incidence of neurodevelopmental disorders. Here, we summarize the major
literature findings of endocrine disruption of neurodevelopment and con-
comitant changes in behavior by four major endocrine disruptor classes:
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bisphenol A, polychlorinated biphenyls, organophosphates, and polybrominated diphenyl ethers.
We specifically review studies of gestational and/or lactational exposure to understand the effects
of early life exposure to these compounds and summarize animal studies that help explain human
correlative data.

INTRODUCTION

Endocrine disrupting chemicals (EDCs) have rapidly become a priority area for researchers and
health regulators around the world. An EDC is defined by the US Environmental Protection
Agency (EPA) as “an exogenous agent that interferes with the synthesis, secretion, transport, bind-
ing, action, or elimination of natural hormones in the body that are responsible for the mainte-
nance of homeostasis, reproduction, development, and/or behavior” (1, p. 1) and by the Endocrine
Society as “an exogenous chemical, or mixture of chemicals, that interferes with any aspect of hor-
mone action” (2, p. E3). These definitions are broad and, as such, can be applied to an overwhelm-
ing number of compounds.To date, scientific investigation has generally focused on EDCs that act
directly on nuclear hormone receptors and mimic or antagonize the effects of endogenous circu-
lating hormones, although the field is expanding to include agents that interact with proteins that
have more indirect effects on hormonal systems. Over the last few decades, public awareness of
compounds such as bisphenol A (BPA), dioxins, organophosphate pesticides, and flame retardants
has grown significantly, such that today many consumers are at least educated on the chemicals
found in various products even if they continue to buy them. Despite consensus across the scien-
tific community of the adverse effects of many EDCs, government regulatory bodies have been
slow to restrict their use. The reasons for moderate regulation are varied and generally involve
differences in how data are collected, analyzed, and interpreted.

Although ingestion is themost common route of exposure for humans and animals—mainly via
contaminated drinking water—EDCs can also be inhaled (e.g., airborne organophosphate pesti-
cides) or absorbed through the skin (e.g., BPA on thermal paper) (3–5). Most relevant to this
review, EDCs can cross the placenta to expose the developing fetus or be transferred during lac-
tation. Indeed, gestational and early life exposure to various EDCs has been repeatedly correlated
with increased risk of neurodevelopmental disorders in humans. Here, we describe studies that
have similar findings across different animal models and compare and contrast them with hu-
man studies to provide an effective understanding of the state of the scientific literature on the
disruptive effects of gestational exposure to EDCs on the developing brain.

The brain is a frequently reported target of developmental disruption by EDCs, with alter-
ations in synaptic connectivity, neurotransmitter or neuropeptide expression, and neuronal differ-
entiation commonly influenced by gestational EDC exposure (6, 7). In addition, lasting changes
to behavior, learning, memory, and potential effects that can be transmitted transgenerationally
and/or epigenetically from a single exposure are also well documented (8). Given that the neu-
roendocrine hypothalamus is particularly sensitive to EDCs, the potential for lifelong alterations
in endocrine signaling is also a likely outcome from gestational exposure to these chemicals (6). Fe-
tal and/or newborn exposure to EDCs via placental transport or lactation is of particular concern,
as the developing brain is in a state of rapid growth, with neurogenesis, gliogenesis, neuronal dif-
ferentiation and migration, synaptogenesis, and synaptic pruning all taking place during relatively
short temporal windows. Errors during these times will have lasting impacts on activity, behavior,
learning and memory capacity, and other factors that can impact health, fitness, and quality of
life.
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Figure 1

Chemical structures of the endocrine disrupting chemicals summarized in this review: (a) bisphenol A,
(b) polychlorinated biphenyls (PCBs), (c) dioxin, (d) chlorpyrifos, (e) malathion, and ( f ) polybrominated
diphenyl ethers (PBDEs). For PCBs, dioxin, and PBDEs, representative minimally substituted congeners are
pictured. Red dots indicate potential alternate/additional substitution sites, and red lines indicate bonds to
chlorine (b,c) or bromine ( f ) atoms that can be found at different or additional positions in other congeners.

Given the rising public awareness of EDCs combined with the correlations of human de-
velopmental neurodevelopmental disorders with early life exposure, here we collate the effects
of four major EDC classes: BPA, polychlorinated biphenyls and dioxins, organophosphates, and
polybrominated diphenyl ethers. These are arguably the four most well-known and best-studied
classes of EDCs, and therefore findings have the highest chance of revealing potential trends. In
this review, we have collected and grouped similar studies to capture the relative consensus in the
scientific community, in hopes of simplifying complex literature and perhaps providing a basis for
future work by researchers as well as information for those seeking to further improve regulatory
guidelines.

BISPHENOL A

BPA is arguably the most well-studied EDC and likely the best publicized to the lay public. It is a
plasticizer used to make the flexible plastics found in food containers, medical tubing, the lining of
aluminum cans, and thermal receipt paper and many other consumer goods. BPA crosses the pla-
cental barrier freely during pregnancy (9, 10) and has been detected in human embryos as early as
1.5 months postconception (11). Its structure consists of two benzene rings joined by a central car-
bonwith a hydroxyl group substituted on each ring (Figure 1a). BPAwas originally identified as an
estrogenic compound acting through estrogen receptors (ERs) -α and -β and estrogen-related re-
ceptor (ERR)-γ (12–14), although now it is also recognized as modulating thyroid receptors (TRs)
-α and -β (15) and the androgen receptor (AR) (16). BPA can also act via nongenomic intracellular
signaling by binding membrane ERs such as GPR30 (17) and has been identified as a putative glu-
cocorticoid receptor agonist (18). BPA exhibits a nonmonotonic U-shaped dose curve (19), with
relatively high and low doses tending to exhibit more pronounced effects than median doses.

Bisphenol A Disrupts the Developing Brain

Prenatal exposure to BPA alters a number of neurodevelopmental processes, leading to lasting
changes in the developing brain. Given that BPA is considered a “messy” EDC (e.g., has multiple

www.annualreviews.org • EDCs and the Developing Brain 179



PH82CH09_Kurrasch ARjats.cls January 20, 2020 13:9

protein targets), it is not surprising that gestational BPA-mediated neural disruptions tend to be
variable and region specific. For example, gestational exposure to BPA downregulates key neu-
rodevelopmental transcription factors, including Sox2 and Pax6 (20), which mediate neural stem
cell activation (21) and developmental regionalization of the brain (22). Moreover, BPA can in-
fluence the timing and duration of neurogenesis—the birth of neurons—specifically by altering
neural stem cell proliferation and differentiation (see Supplemental Figure 1 for schematic puta-
tive BPAmechanisms on neural stem cells). In fact, low-dose gestational BPA exposure accelerates
the onset of hypothalamic neurogenesis in both zebrafish (23) and mice (D. Nesan, D. Kurrasch,
unpublished data). In the hippocampus, higher doses of BPA exposure decrease neurogenesis in
vivo and in neuronal culture (24). The hypothalamus and the hippocampus appear to be areas of
particular vulnerability to BPA action. For example, ERβ expression in the hippocampus is re-
duced after prenatal BPA exposure (25), and sexually dimorphic ER expression is altered in the
hypothalamus (26) in rats exposed during gestation to BPA.

Alterations in hippocampal dendrites are also frequently reported in BPA studies. Indeed, ges-
tational BPA exposure reduces spine density and branching of hippocampal CA1 neurons in mice
(27) and decreases spine synapses in rhesus macaques (28). The dendritic regulator, Arc, is also
downregulated following BPA exposure (29) and, perhaps tellingly, the dendritic cytoarchitecture
is altered in cerebellar Purkinje cells (30) and in the prefrontal cortex following juvenile or adult
BPA exposure (31, 32). Moreover, both data-mining analysis and separate validation indicate that
zebrafish embryos exposed to BPA display reduced expression of Sp4, a gene involved in both hip-
pocampal and cerebellar dendritic patterning (33–35), perhaps offering a potential mechanism for
the decreases in observed arborization.

Gestational BPA exposure can also affect tyrosine hydroxylase (TH)-immunoreactive neurons,
with reduced expression in the substantia nigra, the locus coeruleus, the periventricular preop-
tic hypothalamus, and midbrain regions (28, 36–38), although some of these effects are sex spe-
cific.Moreover, in addition to ERs, other hormone receptors are altered in BPA-exposed animals,
such as the cerebellar somatostatin receptor subtype sst2 (39) and cortical and cerebellar retinoic
acid receptors (40). Beyond hormone receptors, other neuroendocrine targets of gestational BPA
exposure include brain aromatase in zebrafish models (23), and neonatal BPA exposure alters
kisspeptin expression and fiber density in rodents (41). Combined, gestational BPA can bind to
various receptors and proteins found throughout the developing brain and can lead to changes in
neurodevelopment.

Early Bisphenol A Exposure Impacts Behavior

Consistent with the widespread impact of gestational BPA exposure on key brain regions, in-
cluding the cerebellum, hippocampus, and hypothalamus, lasting alterations in behavior are also
observed. Indeed, in numerous models, across multiple generations, and over a variety of tests,
behavioral perturbations are commonly observed in animals exposed to BPA in utero. Many of
these studies arise from a desire to determine causality of the associations observed in humans.
For example, in cohort studies, early life BPA exposure is associated with increased externalizing
behaviors in two-year-old girls (42), increased opposition behaviors and aggression in school-aged
boys (43, 44), increased anxiety and depressive symptoms in three-year-old girls (45), and increased
attention deficit/hyperactivity disorder symptoms in four-year-old boys and girls (46). All of these
behaviors (and more) have been assessed in BPA-exposed animal models.

Themost commonly reported behavior in BPA-exposed animal studies is hyperactivity. For ex-
ample, exposure to nanomolar dosages of BPA in zebrafish embryos causes increased total move-
ment by larval stages (23). In mice, gestational BPA exposure increases spontaneous activity in
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females nine months of age (47) and, in rats, gestational and lactational BPA exposure causes 4-
week-old males to be hyperactive in open field tests (48). Anxiety-like behaviors are also reported
in gestational BPA-exposed mice (49) and rats (50), as measured using the elevated plus-maze,
open field test, and dark-light transition tasks. Depressive behaviors, commonly measured by the
forced swim test, are likewise increased following in utero BPA exposure (51, 52).

Sociosexual behaviors are also commonly disrupted in rodents after early life BPA exposure,
although the studies tend to use varied assessments and end points, making it challenging to iden-
tify trends. For example, play behavior is reduced in female rats exposed to BPA during gestation
and lactation, leading to reduced play and social grooming with males (53). In contrast, a change
in gender-specific sexual behavior is observed in gestationally exposed animals, with females more
receptive and males more defensive and less interested (54). This finding is supported by reports
in juvenile mice, whereby BPA-exposed males exhibit more solitary investigative behaviors and
females more social interests (55).

Finally, gestational BPA exposure also impairs learning, but with contrasting sex-specific ef-
fects. For example, one study reports that only female rats exposed to BPA in utero exhibit an
impaired performance in a water maze learning test (56). In other reports, only male rats experi-
ence learning and memory impairments (29, 57).

Altogether, a striking similarity exists between the observations of the effects of gestational BPA
exposure in rodents and zebrafish and the effects seen in children with relatively high prenatal/
perinatal exposure to BPA, although caution is needed when translating animal model findings
to human behavioral patterns. Furthermore, when considering the findings that gestational BPA
exposure alters the neural development of key brain regions, the consensus in the field is clear
that the brain, specifically the hippocampal and hypothalamic regions, is a sensitive target for
developmental endocrine disruption by BPA.

POLYCHLORINATED BIPHENYLS AND DIOXINS

Polychlorinated biphenyls (PCBs) are a class of endocrine disrupting compounds originally pro-
duced formanufacturing uses such asmechanical coolants, hydraulic fluids, lubricants, and carbon-
less copy papers, among others. PCBs all share a common dual-benzene (biphenyl) ring structure
that can be variably substituted with chlorines (Figure 1b). Despite a ban on their production
in the United States and other Western countries starting in the 1970s, PCBs are highly sta-
ble and tend to persist in the environment. Indeed, PCBs have been found in remote regions
far from production sources because they tend to bioaccumulate in migratory animals and can
thereby be spread to distant food chains and environments. PCBs are classed as either coplanar
or noncoplanar, depending on whether the benzene rings lie in the same plane. Coplanar PCBs
are often referred to as dioxin-like PCBs, as they tend to exert similar effects as dioxins because
both EDCs act through the aryl hydrocarbon receptor (AhR) (58). Noncoplanar PCBs tend to be
less neurotoxic, requiring much higher doses for adverse effects, although some chemicals do alter
neurotransmitter expression at lower levels. Mechanistically, PCBs act through a variety of path-
ways. Depending on the specific congeners studied, PCBs can be either estrogenic, antiestrogenic
(59), or antiandrogenic (60).

Dioxins are structurally similar to coplanar PCBs with two benzene rings, except the dioxin
rings are linked by central oxygen molecules that are not present in PCBs (Figure 1c) (61). The
archetypal dioxin is 2,3,7,8-tetrachlorodibenzodioxin (TCDD), often just referred to as dioxin.
Dioxins are primarily produced in industrial combustion reactions, such as incinerators, but are
also created as by-products of herbicide production and chlorine bleaching of paper products. A
similar class of EDCs is furans, which are not discussed here but are often characterized alongside
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dioxins because they have similar effects and mechanisms of action. As stated above, dioxins bind
AhR, and AhR agonists cause antiestrogenic effects (62) with significant effects on sex steroids and
reproductive functions such as ovarian follicle development and ovulation (58).

Both PCBs and dioxins are lipophilic, and human exposure is predominantly via diet, with
PCB half-lives ranging from 10 to 15 years and dioxins from 5 to 15 years (63, 64). Given their
persistence in the environment and their widespread effects, decades of research have produced
a large body of literature describing the impact of PCBs and dioxins on human health; however,
only a subset of that literature examines the risk of maternal-fetal transfer and actions on the
developing brain and behavior. Below, we summarize the disruptive effects of gestational PCB
and dioxin exposure on neurodevelopment.

Polychlorinated Biphenyls and Dioxins Disrupt Neuroendocrine Signaling
and Other Brain Functions

PCBs and dioxins readily cross the placenta and can be found in lactation samples, and given their
persistence in adult human fat, there is a high likelihood of fetal exposure during gestation (65,
66). One of the most explored neurodevelopmental phenotypes from gestational PCB exposure
is changes to brain thyroid hormone levels. Fetal exposure to different PCB mixtures results in
lowered thyroid hormone expression in the juvenile rat brain, including a reduction in triiodothy-
ronine (T3) and thyroxine (T4) expression and an increase in the conversion of T3 to T4 (67).
Likewise, a reduction of circulating levels of T3 and T4 is found in rodents exposed to PCB or
dioxins gestationally (68, 69). Thyroid hormone metabolism is also affected in gestationally PCB-
exposed rats, with reduced deiodinase enzyme expression preventing T4 to T3 conversion.More-
over, peripheral hepatic glucuronidation of T4 is increased, causing a decrease in circulating T4
(67) and likely responsible for the lowered brain T4 observed in other studies. Additionally, gesta-
tional PCB exposure causes thyroid structural changes that mimic those found in pups chronically
exposed to increased thyroid stimulating hormone levels, indicating a potential neuroendocrine
effect of PCBs (68). It should be noted that although PCBs are structurally similar to thyroid hor-
mones and cause widespread alterations in thyroid hormone expression and metabolism, PCBs do
not bind to TRs (70).

There are indications that the neuroendocrine system also is a target of gestational PCB expo-
sure and, indeed, the hypothalamus appears to be a region of vulnerability. Developmental expo-
sure to amixture of PCBs [commercially available as Aroclor (A) 1221,which contains lightly chlo-
rinated PCBs that are commonly found in humans] lowers ERβ expression in the anteroventral
periventricular nucleus of female rats. It also sex-specifically alters expression of genes, including
brain-derived neurotrophic factor (BDNF), GABAβ receptors 1 and 2, kisspeptin receptor, and
NMDA receptor subunits in the preoptic area of the hypothalamus, suggesting that gestational
PCB exposure masculinizes the brain of female rats (71, 72). The loss of BDNF in male rats is
of particular interest, as BDNF regulates sensory neuron development and its reduced expression
causes aggression and other behavioral disruptions (73, 74). Moreover, BDNF expression also is
altered following short-term PCB exposure later in life (75), further illustrating a link between
BDNF and PCBs. Interestingly, the expression of BDNF itself is regulated by thyroid hormone
(76), potentially linking the thyroid disruption described above following gestational PCB expo-
sure with neuroendocrine dysfunction. A final neuroendocrine target of gestational PCBs is brain
aromatase, expression of which can change depending on the administered PCB mixture (77, 78).
Meanwhile, a single dose of dioxins at gestational day (GD)15 to pregnant dams was sufficient to
significantly impair release of gonadotropin-releasing hormone in male offspring (79), likely con-
tributing to the reduction in downstream hormones produced from the pituitary and gonads (80).
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Neurotransmitter signaling is also affected by gestational PCB exposure. For example, fetal
exposure to PCBs alters prefrontal cortex dopamine expression in a congener-specific manner,
with coplanar compounds increasing and noncoplanar PCBs decreasing dopamine levels (81).
Moreover, serotonin levels are increased in response to gestational exposure to A1254 (82).
Finally, hippocampal cholinergic nicotinic receptors are downregulated after gestational PCB
exposure, although the technique used in the study only looked at binding capacity as opposed
to expression itself. A single dose of dioxin on GD15 was found to reduce neural activity in the
somatosensory cortex along with a reduction in glutamate and NMDA receptor subunits (83),
while a single dose at GD18 impairs glutamate transport in the cortex alongside general cell death
(84). Additionally, the astrocytes marker glial fibrillary acidic protein (GFAP) was increased in
the cerebellum and olfactory tract following fetal exposure to PCBs in rats, whereas the neuronal
marker synaptophysin was decreased in the olfactory tract, prefrontal cortex, and striatum, but
neither GFAP nor synaptophysin was impacted in the hippocampus (85). This apparent increase
in astrocytes is of interest because the cerebellum appears to be a functional target of PCB
action, but assessment of cerebellar morphology revealed few to no defects after A1254 exposure
(86). There has also been a report of general delay in fetal brain development with prolonged
low-dose gestational dioxin exposure (as opposed to the higher single dose that most studies use),
resulting in lowered fetal brain forebrain weight (87). Taken together, these studies make clear
that gestational PCB or dioxin exposure has lasting effects on a variety of neural systems.

Polychlorinated Biphenyls and Dioxins Alter Sexual Behaviors
and Cognitive Function

A series of cohort studies has correlated behavioral deficits in children following fetal exposure to
PCBs. For example, a Dutch study found reduced cognitive function in nine-year-olds exposed
to PCBs during gestation (88). Moreover, studies from children cohorts in Michigan and North
Carolina found correlations between higher gestational and lactational PCB exposure and lower
psychomotor scores in six- and twelve-month-old children (89), reduced performance in visual
memory tests in seven-month-olds (90), and deficits in short-term memory at four years of age
(91). Meanwhile a series of studies from a cohort of children living near a dioxin-contaminated
site in Vietnam has provided correlations between perinatal exposure via breast milk and reduced
newborn head circumference (92), impaired neurodevelopment at four months old based on lower
cognitive and finemotor domains on the Bayley Scales of Infant andToddlerDevelopment (BSID)
(93), increased autistic traits (94), and impaired motor coordination and cognitive function (95)
in three-year-olds. Together these human studies provide compelling evidence that gestational
exposure to PCBs and dioxins can lead to lasting behavioral and cognitive defects.

To provide supporting evidence and mechanistic understanding for these human associations,
animal studies have been employed, with the primary focus on coplanar PCBs that are more com-
monly found in human tissues. Globally, studies reveal learning deficits in mice exposed to PCBs
in utero, although a variety of congeners have been tested with varying and sometimes confound-
ing results. For example, exposure to ortho-substituted PCBs or dioxin disrupts spatial learning
in rats (69, 96, 97), whereas coplanar PCBs alter spatial or passive avoidance learning (98), and
dioxin impairs active avoidance learning (87). In contrast, under certain conditions gestational
PCB exposure can improve working memory (99). Furthermore, both dioxin-like and nondioxin-
like PCB exposure can impair learning ability in a Y-maze task, but only in three-month-old mice
and not at 7–8 months (100). Learning effects of gestational and lactational exposure to ortho-
substituted PCBs are sex specific, with both male and female rats experiencing learning deficits in
a Y-maze discrimination task, although the alterations appear to be fundamentally different, with
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PCB-exposedmales learning poorly based on previous experience and females exhibiting impaired
learning of new associations (101). Meanwhile, examination of other nondioxin-like PCBs shows
congener-specific effects, with developmental exposure to PCBs 138 or 180 impairing learning
in a Y-maze test, while PCB 52 affects motor coordination. These findings from rat studies are
reinforced in other model animals, as PCB-exposed mice exhibit learning and memory deficits
(102) and maternally exposed nonhuman primates underperform on spatial learning tasks (103).
Finally, there is some evidence that learning deficits may be sex specific, which is supported by the
estrogenic properties and brain-masculinizing effects of PCBs on neurodevelopmental processes
in rodent studies. Although sex differences are not found in human cohorts, assessing boys and
girls separately might be beneficial in future studies.

Locomotor function and activity are also frequently measured end points in gestational PCB-
exposed animals, but as with learning, the combination of different exposure times and varied
uses of PCB congeners and mixtures makes for a complex body of literature that is in some cases
complementary and in others contradictory. For example, righting and startle reflexes in rat pups
exposed to PCBs or dioxin during gestation are impaired across multiple studies (87, 104, 105);
however, other experiments showed no alteration in these reflexes (106, 107). Moreover, more
complex behaviors such as swimming (107) and cliff avoidance (104) are delayed in rats exposed
to gestational PCBs. Assessments of locomotor activity in rats show similar mixed findings, with
some demonstrating hyperactivity (108–110) and others showing no change in activity (107, 111).
Additionally, a pair of studies shows no change in activity in one-month-old mice gestationally ex-
posed to PCBs; one study shows hyperactivity at two months (104) but the other shows a decrease
in activity by three months (112), which serves to illustrate the challenges of determining the exact
outcomes of gestational PCB exposure. Complex locomotor tests also show similar mixed find-
ings, with grip strength decreased (108) or unchanged (104, 111) following fetal PCB exposure.
In addition, rotor rod measurements of walking capacity are impaired by gestational and lacta-
tional exposure to A1254 (105, 113) but actually improved following a short gestational exposure
to PCB118 (104). Altogether, this lack of consensus indicates that PCB neurodevelopmental dis-
ruption is highly dependent on the specific congeners tested, the length and dose of exposure,
and likely the rodent strain and/or environmental conditions. Nonetheless, collectively these data
show that gestational exposure to select PCBs can disrupt a variety of behavioral characteristics,
including learning, memory, and fine motor control, whereas exposure to other PCBs causes few
if any defects.

Multiple studies have reported alterations in sociosexual behavior from gestational or lacta-
tional dioxin exposure, including reduced social interaction in rats (110) and impaired sexual be-
havior (80) after a single dose at GD15. A slightly lower dose, also at GD15, was found to result in
demasculinized sexual behaviors in male rats (114). Finally, these effects are found in nonhuman
primates as well, as repeated doses during gestation and lactation altered social behavior in rhe-
sus monkeys (115). Given the effects on multiple species, the evidence indicates that gestational
dioxin exposure is a likely cause of impaired sociosexual behavior.

ORGANOPHOSPHATES

Organophosphates are a group of EDCs commonly found in pesticides and herbicides.They share
a common structure, including a central phosphate atom double bonded to one oxygen atom and
single bonded to three more.These single-bonded oxygen atoms can have varied substitutions de-
pending on the specific organophosphate. Organophosphates are widely used in North America
for agricultural pest control and by some cities for insect management programs. All organophos-
phates target the acetylcholinesterase (AChe) enzyme and inhibit its ability to break down the
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neurotransmitter acetylcholine (ACh). Inhibited ACh turnover causes increased binding of ACh
at synapses that can result in a variety of symptoms, including seizures, muscle paralysis, and suf-
focation due to lung failure. Organophosphates can be classified as reversible, quasi-reversible, or
irreversible depending on their duration of efficacy and their ability to be readily broken down
to release AChe. Reversible agents tend to be used in pharmaceuticals to treat conditions such as
myasthenia gravis, neuromuscular block, and glaucoma. Quasi-reversible and irreversible agents
are used as pesticides or as nerve agents in chemical weapons. Because all organophosphates share
a common central mechanism, findings from individual molecules can be extrapolated to the class
as a whole. Thus, herein we focus on two major organophosphate compounds: chlorpyrifos and
malathion (see Figure 1d and e for structures).

We focus on these two compounds because they are the most abundant organophosphates in
the environment, with nearly all US wheat-based products contaminated with chlorpyrifos and/or
malathion (116). Malathion is among the most commonly used organophosphates in the United
States, a position it has held since 2007 (117). Additionally, malathion is of particular interest be-
cause despite classification as moderately toxic by the EPA (118), it has metabolites and impurities,
such as malaoxon and isomalathion, that are up to 1,000-fold more toxic (119, 120). Chlorpyrifos
is also classified as moderately toxic by the EPA (118) and moderately hazardous by the World
Health Organization (121). Chlorpyrifos was a target of the EPA’s attempt in 2000 to reduce pes-
ticide exposure, and manufacturers have since agreed to remove it from residential products. In-
terestingly, chlorpyrifos was recently the subject of intense court battles seeking to permanently
ban its use in all applications given its harmful effects, particularly on children.Chlorpyrifos would
not be the first organophosphate to be removed from use given that parathion was banned in the
early 2000s due to potent toxicity to nontarget organisms (122). Exposure to organophosphates
occurs through multiple routes, with inhalation and skin absorption the most common and inges-
tion from contaminated food products or from water also frequent. Fetal and newborn exposure
to organophosphates occurs by both transplacental transport and lactation (123, 124). Here, we
examine the known effects of these two predominant organophosphate compounds on neurode-
velopment and behavior.

Organophosphates Disrupt Neurodevelopment and Neurotransmitter Signaling

Because organophosphates are primarily AChe inhibitors, the most reported neural end point is
themeasurement of brain cholinesterase activity. Predictably, gestational exposure to organophos-
phates inhibits AChe activity, with both chlorpyrifos (125–127) and malathion (128, 129) affecting
AChe function. However, the effect of these two organophosphates on fetal AChe is always lower
than their inhibition of maternal AChe (125, 126, 130), suggesting protective mechanisms at the
placental level. In contrast, lactational exposure to malathion causes similar inhibition of AChe as
is found in the adult brain exposed directly (128), consistent with the notion that the placenta is a
unique barrier.

Gestational organophosphate exposure also perturbs other aspects of ACh signaling in new-
born and juvenile rat pups, including reduced activity of the ACh synthetic enzyme choline acetyl-
transferase, reduced muscarinic and vesicular acetylcholine receptor expressions (127), and mus-
carinic receptor binding (125). Again, differences between dam and fetal AChe sensitivity to these
organophosphates indicate potential placental protection (130). Most of these effects appear to
persist into adulthood, with hippocampal cholinergic nerve impulse activity and muscarinic re-
ceptor binding decreased in adolescent and adult rats exposed to gestational chlorpyrifos. More-
over, chlorpyrifos exposure in utero causes the expression of choline acetyltransferase to increase,
and these mice exhibit disrupted neurodevelopment with altered expression of biomarkers for cell
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size, number, and density, as well as a loss of neurite projections (131, 132). Forebrain volume also
is reduced in guinea pigs following gestational chlorpyrifos exposure (133). These findings raise
the possibility that decreased regional brain volume may occur via organophosphate action on de-
veloping neural progenitors, which would explain the lowered overall cell density and number in
various parts of the brain. Indeed, there is evidence that organophosphates target developing neu-
rons and glia beyond their effects on AChe. For example, gestational chlorpyrifos exposure causes
a reduction in biomarkers for oligodendrocytes, neurons, and axon bodies in juvenile females only
(134). Interestingly, postnatal chlorpyrifos exposure had a similar effect but it was not restricted to
females only, supporting the idea that the placenta might offer fetal protection from organophos-
phate exposure perhaps in a sex-specific manner. Peak gliogenesis (postnatal days 11–14 in rats)
might represent a window of vulnerability to chlorpyrifos because GFAP expression is disrupted
in both males and females, indicating altered astrocyte development (135, 136). Moreover, stud-
ies in neural stem cells indicate that malathion affects cell proliferation and differentiation (137),
which could be the initial source of these widespread alterations of cell number, size, and type ob-
served in developing organophosphate-exposed rodent brains.Of particular note,multiple groups
have highlighted the striatum as the region with the largest effects (135, 138), indicating that the
striatum might be particularly vulnerable to organophosphate exposure, although the underlying
mechanisms remain unknown.

ACh is not the only neurotransmitter affected by developmental organophosphate exposure, as
changes in dopamine and serotonin signaling have also been reported. In fact, gestational chlor-
pyrifos exposure in rodents is more impactful on serotonergic systems than postnatal exposure,
causing alterations in serotonin receptor and transporter expression in juvenile rats (139). These
effects persist into adulthood, with altered serotonin turnover observed in two-month-old rats af-
ter late gestation (but not postnatal) exposure to chlorpyrifos (140). Similarly, dopamine content
is decreased in the hippocampus and cerebral cortex of juvenile rats after gestational exposure to
chlorpyrifos, with permanent region-specific effects reported depending on if the exposure was
early (GD 7.5–11.5, more hippocampal effect) or mid- (GD 13–17, more cortical effect) gestation
(141). Although gestational organophosphate exposure is more consequential than postnatal ex-
posure on serotoninergic pathways, this observation is not true for dopamine receptors. In fact, a
marked loss of dopaminergic neurons in the substantia nigra occurs after postnatal (days 11–14)
exposure, which persists into adulthood (142). Moreover, gestational exposure to chlorpyrifos re-
sults in increased presynaptic activity of both serotonin and dopamine in adolescent rats (143),
demonstrating the lasting effects of organophosphates in the fetal brain. Organophosphates may
also affect intracellular signaling cascades in the developing brain. For example, short-term ges-
tational or postnatal exposure to organophosphates can change adenylyl cyclase signaling in adult
rat brains (144), underscoring the lasting effects of developmental exposure to organophosphates.
Combined, these data demonstrate that gestational organophosphate exposure can affect neuro-
transmitter and signaling systems during neural development.

Unlike PCBs and BPA, organophosphates have not been found to strongly disrupt neuroen-
docrine function, although extensive studies have not been conducted. A recent report found
that gestational and lactational exposure to chlorpyrifos increases hypothalamic ERβ, decreases
amygdala oxytocin receptor expression in males, and increases amygdala vasopressin 1a recep-
tor expression in both sexes (145). Moreover, oxytocin levels increase, and male-only vasopressin
expression decreases in the hypothalamus after late gestational and/or postnatal chlorpyrifos expo-
sure. Gestational exposure to chlorpyrifos can also lower thyroid hormone content in adult mice
(146), potentially impacting learning,memory, and social behaviors. Finally, both chlorpyrifos and
malathion exposure in utero increases oxidative stress (147, 148), though it is unclear whether it
contributes to the observed neurotoxic effects of organophosphates.
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Organophosphates Disrupt a Wide Variety of Behaviors and Reflexes

Although numerous studies have explored the consequences of organophosphate exposures in
human populations (149), only a limited subset has examined pregnant mothers and the neurode-
velopmental outcomes in their offspring. In a cohort of 30 Chinese infants, cord blood chlor-
pyrifos concentration was associated with poorer visual acuity and motor function at 9 months
of age (150, 151). In a larger study, prenatal organophosphate exposure correlated with a lower
social developmental quotient (as measured by Gesell Developmental Schedules), whereas post-
natal exposure was associated with a higher adaptive developmental quotient (152). In a cohort
of Latino-American families from California [the Center for the Health Assessment of Mothers
and Children of Salinas (CHAMACOS) cohort], higher levels of maternal urinary organophos-
phate metabolites correlated with increases in abnormal reflexes in newborns as per the Brazelton
Neonatal Behavioral Assessment Scale (153); lower scores on theMental Development Index (but
not on the Psychomotor Development Index) of the BSID at two years of age (154); and lower
measures of working memory, processing speed, verbal comprehension, perceptual reasoning, and
IQ in 7-year-olds as measured by the Wechsler Intelligence Scale for Children (155). A second
cohort of inner-city families from New York City [the Columbia Center for Children’s Envi-
ronmental Health (CCCEH) Mothers and Newborns cohort] also used the BSID and found that
high levels of chlorpyrifos in umbilical cord blood are correlated with significantly lower scores on
both the Mental and Psychomotor Developmental Indexes at 3 years old (156) and lower working
memory and IQ scores at 7 years, again measured by the Wechsler Intelligence Scale (157). And
finally, a study of 350 mother/infant pairs from Cincinnati [the Health Outcomes and Measures
of the Environment Study (HOMES) cohort] found no correlation between higher maternal uri-
nary organophosphate metabolite concentration and altered neurobehavior in 5-week-old infants
(158). Despite some divergent findings, the overall consensus from these studies is that maternal
exposure, especially at the relatively high levels observed in farmworker families or others of low
socioeconomic status, correlates readily with reduced cognitive function as well as potential effects
on early reflexes and social interaction.

In animal models, multiple studies show that gestational organophosphate exposure reduces
learning ability, though the effects are nuanced. For example, sex-specific learning deficiencies
following late gestational chlorpyrifos exposure occur in female mice as measured by a foraging
behavior maze (146) in female rats in multiple maze tests (159) and in both sexes after early gesta-
tion exposure using a radial maze (160). In contrast,male guinea pigs exposed during late gestation
exhibit lower performance in spatial navigation and learning in water maze trials (161), indicating
some species specificity in organophosphate effects. Gestational organophosphate exposure also
affects early reflexes, including impaired righting reflex and cliff avoidance in rats (125) as well as
general hyporeflexia and reduced ultrasonic vocalization (162).

Social interactions are also perturbed following gestational organophosphate exposure in an-
imal models. In mice, mid-gestation chlorpyrifos exposure increases social investigation time of
a novel animal in females only (163), whereas combined gestational and lactational chlorpyrifos
exposure causes sex-specific effects, with males exhibiting increased investigation of unfamiliar so-
cial stimuli and females displaying delayed social investigation and lower reaction to novel stimuli
(145). Animal behavioral testing has also uncovered changes in activity levels and anxiety in ges-
tationally exposed animals, although these phenotypes have not been reported in human cohorts.
The findings in organophosphate-exposed rodents are mixed, however. For example, gestational
and lactational malathion exposure reduces locomotor activity specifically in male rats (164). In
contrast, early postnatal exposure to chlorpyrifos increases activity in both sexes in mice (165)
and rats (160), whereas late gestational and/or lactational organophosphate exposure causes no
alteration in activity in mice (148) or guinea pigs (161). Similarly, multiple studies show increases
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in anxiogenic behaviors in mice exposed prenatally and lactationally to chlorpyrifos (166, 167) and
malathion (148, 164). In rats, late gestational chlorpyrifos exposure induces anxiety-like behaviors
in males only (168), but in contrast, this same exposure can also decrease anxiety (165) as can a
postnatal dosing tomimic lactational exposure (169).Taken together, behavioral studies in rodents
and other animal models reinforce the human cohort studies, whereby gestational and lactational
exposure impairs learning, cognition, and sociability, and provides evidence that more complex
traits should be explored as these cohorts age, especially signs of hyperactivity or anxiety.

POLYBROMINATED DIPHENYL ETHERS

Polybrominated diphenyl ethers (PBDEs) are a class of EDCs used primarily as flame retardants.
The structure of PBDEs is two benzene rings each connected via an ether bond to a central
oxygen atom (Figure 1f ). The benzene rings are substituted at one or more sites with bromine
atoms, with a fully substituted PBDE having 10 bromines (decabromodiphenyl ether). PBDEs
are generally classified by the number of bromines they contain: monoPBDEs have a single
bromine substitution, diPBDEs have two bromines, triPBDEs have three, and so on. The lower
the number of bromines, the more distinct the molecules within a given class due to the number
of possible substitution sites available for diversification. In total there are 209 different PBDE
congeners. Lower-brominated PBDEs tend to bioaccumulate more readily, although all PBDEs
are lipophilic and will readily concentrate in fat stores. Although commercial mixtures tend to be
labeled by their most common class, they are nonetheless complex mixtures due to contamination
during production. For example, commercial pentabromodiphenyl generally contains tri-, tetra-,
and hexaPBDEs as well. Based on human exposure studies, tetra-, penta-, and hexaPBDEs are
the most common congeners found in bodily tissues. Concerns regarding toxicity have led to
the banning of both penta- and octaPBDEs from production in the United States and Europe
(170). In general, PBDEs are highly resistant to degradation, in the environment and in the
body, leading to their persistence and bioaccumulation despite recent measures to limit their
production (171). The most common PBDE exposure routes are ingestion and inhalation (170),
and maternal-fetal transfer occurs readily across the placenta and via lactation (172, 173). There
is still some debate as to the mechanisms underlying PBDE endocrine disruption, although both
in vitro and in vivo evidence shows that they can act as ER (174) and TR agonists (175) as well
as AR antagonists (176, 177). Despite the lack of mechanistic clarity, numerous studies, including
from government labs such as the EPA, have identified the brain as a specifically vulnerable
developmental target of PBDE toxicity (178, 179).

Polybrominated Diphenyl Ethers Are Neurotoxic and Disrupt Neuroendocrine
and Neurotransmitter Targets

The effects of gestational PBDE exposure on thyroid hormone levels are among the most well-
characterized and frequent effects reported in the literature.Pre- and/or postnatal PBDE exposure
reduces circulating thyroid hormone concentrations in mice (180), rats (181, 182), human fetal
cord blood (183), and young children (184). Gestational PBDE exposure also reduces thyroid
weight in female rats (185), increases thyroid growth in male rats (186), and alters thyroid cell
growth in both sexes (182),with human cohort analysis suggesting that these thyroid hormone and
physiological changes are independent from PBDE action on hypothalamic thyroid-stimulating
hormone release (187). Despite unclear mechanisms of PBDE action, thyroid hormones are well
known to mediate multiple neurodevelopmental processes, including proliferation, differentia-
tion, migration, and myelination (188). These effects alone can cause potent neurodevelopment
disruption and, indeed, prenatal and/or postnatal PBDE exposure disrupts neuronal maturation
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and cell cytoskeletal development (189), alters neurogenesis and synaptogenesis (190), and impairs
oligodendrocyte development (182). The hippocampus is resistant to neurogenic or gliogenic
disruption (186), but regions such as the corpus callosum and cingulate cortex are apparent targets
(182).

In the hippocampus, nonthyroid effects also are observed following pre- or postnatal PBDE
exposure, including a reduction in nicotinic receptor expression (191), an increase in muscarinic
receptor expression (192), increases in neuronal apoptosis and autophagy (193), and increases in
measures of oxidative stress (194). In fact, gestational PBDE exposure has significant disruptive ef-
fects on the cholinergic signaling system more broadly (195), as alterations are also demonstrated
in the cortex (192), even though changes in gene expression might be minimal (196).

In contrast to other EDCs, limited evidence links gestational PBDE exposure to defects in
neuroendocrine function beyond the indirect effects of thyroid hormone signaling. For example,
alterations of gene expression in sexually dimorphic hypothalamic regions occur following fetal
PBDE exposure (197), although circulating hormone levels from peripheral sources are also de-
creased in male rats (198) along with other effects on secondary sex characteristics such as delayed
pubertal onset and reduced spermatogenesis (198, 199). It is unclear whether these effects are due
to direct PBDE neuroendocrine disruption or via action on peripheral targets, although even if in-
direct, there is the potential for disruptions at the level of the hypothalamus due to feedback regu-
lation by circulating hormones. Additionally, prenatal PBDE exposure increases signaling through
the glutamate-nitric oxide-cGMP pathway in the cerebellum (200) and impairs synaptic plasticity
in the dentate gyrus (201), illustrating how neurodevelopmental changes may impact behaviors.

Early Polybrominated Diphenyl Ether Exposure Leads to Numerous Human
Behavioral Deficits that Are Reflected in Animal Models

Several reports from human cohort studies suggest that fetal PBDE exposure affects behavioral
outcomes in children and adolescents. Extensive findings have come from behavioral testing of
children from theHOMES cohort of 349mother/infant pairs fromCincinnati.Althoughmaternal
PBDE exposure was not correlated with any alterations in infant neurobehavior at five weeks
of age (202), there were significant behavioral defects as the children grew, especially once they
reached school age. For example, children from the HOMES cohort aged 5–8 years old exhibited
correlations between maternal PBDE exposure and reduced behavioral regulation and executive
function (203), poorer reading scores, lower full-scale IQ, and increased externalizing behaviors
(204), as well as poorer performance on attention and impulse control, with boys more affected
than girls (205). Interestingly, PBDE exposure correlated with improved visual spatial learning in
these children (206).

Additional cohort studies support some of these findings. For example, a cohort of 232 Chi-
nese mother/infant pairs shows no impairment in neurobehavior as per the Gesell Developmental
Schedules in one-year-olds, but by two years this gestational PBDE exposure can correlate with
lowered language and social domain developmental quotients (207), indicating that defects tend
to manifest as children age. However, a study of Spanish children indicates that lactational ex-
posure may be specifically damaging for infants, as increased colostrum PBDE content was cor-
related with poorer neurodevelopment in children aged 12–18 months as per the BSID (208).
These effects were found at a younger age than in any other report. Analysis of the CHAMACOS
cohort of Latino-American California families associated gestational PBDE exposure with im-
paired attention, fine motor control, and cognitive measurements in children at 5 and 7 years old
(209) and poorer attention and executive function in children aged 9–12 (210). Results from the
CCCEH cohort, which primarily consists of African-American and Dominican families, show
that prenatal PBDE exposure correlates with a variety of neurodevelopmental deficits as
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measured on the BSID and the Wechsler Preschool and Primary Scale of Intelligence from ages
1–6, including lower psychomotor and mental developmental index scores and reductions in full-
scale, verbal, and performance IQ depending on age (211). Other reports from this cohort asso-
ciate prenatal PBDE exposure with impaired attention in children of both sexes at age 4 (212) and
reduced working memory among girls aged 9–14 (213).

Animal models appear to support the human cohort studies and show that behavioral effects
occur later in life with possible additional defects occurring with increasing lactational exposure.
We could find no reports of gestational-only exposure affecting early reflexes, but studies with
postnatal or a combination of gestational and lactational PBDE exposure did reveal impaired sen-
sorimotor responses and spontaneous locomotor activity in immature mice, indicative of devel-
opmental delay (180, 214), delayed negative geotaxis, and cliff avoidance reflexes in juvenile rats
(194). Hyperactivity was a commonly reported phenotype of PBDE-exposed mice (195, 214) and
in some cases was only found in male mice (180) and rats (199). Alternatively, a separate study
shows more nuanced results, with perinatal PBDE exposure leading to hyperactivity in adolescent
mice and hypoactivity in adults (214).Overall, data show that gestational and/or lactational PBDE
exposure can cause changes in activity; however, the specific effects are variable andmay depend on
dose, congener, and length of exposure, as there are also reports that show few if any neurobehav-
ioral defects (181, 196). Additionally, studies of mice exposed to a direct postnatal dose, proposed
to be analogous to lactation-specific exposure, show a marked lack of spontaneous behavior in
adulthood (191, 195).

There is also an effort to use rodent assays to understand the observed human behavioral
deficits in attention and impulse control in PBDE-exposed children. Tests using the Morris water
maze in gestational PBDE-exposed rats show deficits in learning and memory (193). This effect
also occurs when a direct dose is administered to postnatal pups (185, 191). Additionally, as ob-
served with other EDCs, gestational PBDE exposure can feminize some sex-specific behaviors,
with male-specific saccharine preference increasing to levels approaching what is normally found
in females (198). Taken together, PBDE-correlated human behavioral deficits in attention, cog-
nition, and executive function are at least partially reflected in animal models, but more work is
needed to reach consensus given the variabilities related to dose, congener, and exposure windows.
In light of the prominence of PBDE usage and their tendency to bioaccumulate, it is imperative
that we work to elucidate the mechanisms of neurodevelopmental disruption by individual PBDE
congeners and perhaps more importantly by commercially available mixtures.

CONCLUSIONS

In this reviewwe have discussed reported findings on the neurodevelopmental impairments caused
by gestational and lactational exposure to four major classes of EDCs, namely BPA, PCBs and
dioxin, organophosphates, and PBDEs. By incorporating human cohort analyses, we have pre-
sented the literature consensus on how behavioral outcomes are altered by early life exposure to
these compounds (detailed in Supplemental Table 1), backed by studies from as many relevant
animalmodels as are available.Althoughwe have presented some evidence from class-specificmix-
tures, e.g., PCB mixture A1254 or groups of PBDE congeners such as Firemaster 550, we have
ignored the more complex mixtures that combine two or more EDC classes themselves. This is
not because there is a dearth of these studies. On the contrary, there are researchers attempting to
model complex mixtures to increase the relevancy of their findings. After all, no pregnant mother
is exposed to just BPA, for example, and unexpected synergistic interactions can exist between
these compounds, as they often share common target pathways. However, the complexity of these
mixtures leads to a convulsion of the findings, making their comparison beyond the scope of this
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Figure 2

Summary of region-specific gestational and/or lactational effects of EDCs in the brain, using the mouse brain as a reference. Three
sagittal sections are shown from lateral to medial: (a) lateral 3.325 mm, (b) lateral 1.10 mm, and (c) lateral 0.675 mm (all measured from
midline). Specific regions of interest are shaded in different colors, whereas subdivisions are outlined with black dotted lines. Effects of
each EDC class on these highlighted regions are noted and color coded. Initial Nissl stained images adapted from the Allen Mouse
Brain Atlas (215). Abbreviations: AVPV, anteroventral periventricular; BPA, bisphenol A; cGMP, guanosine 3′, 5′-cyclic
monophosphate; EDC, endocrine disrupting chemical; GFAP, glial fibrillary acidic protein; GnRH, gonadotropin-releasing hormone;
NO, nitric oxide; OP, organophosphate; PBDE, polybrominated diphenyl ether; PCB, polychlorinated biphenyl; PVN, paraventricular
nucleus; TH, tyrosine hydroxylase.

review. However, the study of complex mixtures is key to the future of EDC research and the
isolated findings we have grouped here can help to inform future work.

Additionally, we have tried to highlight and reinforce regions of the brain that we find to
be particularly susceptible to neurodevelopmental disruption (see Figure 2 and further details
in Supplemental Table 2). We repeatedly discussed effects on the hippocampus, the cerebral
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cortex, and the hypothalamus and noted them as targets of specific vulnerability to EDC dis-
ruption. We present these regions and their governed behaviors such as learning and memory,
sensorimotor control, and sexual and social interactions as useful end points for future EDC ex-
periments. Altogether, this review reinforces the consensus from the scientific community that the
developing brain is an especially vulnerable target for EDCs and that these compounds exist in
our environment and in our food, resulting in risks to pregnant mothers and infants. The body
of literature discussed herein suggests that better government regulation is warranted, as is more
research into how these effects in utero can be minimized.
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