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Abstract

In the last few years, it has become clear that a wide variety of environmental contaminants have

specific effects on neuroendocrine systems in fish, amphibians, birds and mammals. While it is

beyond the scope of this review to provide a comprehensive examination of all of these

neuroendocrine disruptors, we will focus on select representative examples. Organochlorine

pesticides bioaccumulate in neuroendocrine areas of the brain that directly regulate GnRH

neurons, thereby altering the expression of genes downstream of GnRH signaling. Organochlorine

pesticides can also agonize or antagonize hormone receptors, adversely affecting crosstalk

between neurotransmitter systems. The impacts of polychlorinated biphenyls are varied and in

many cases subtle. This is particularly true for neuroedocrine and behavioral effects of exposure.

These effects impact sexual differentiation of the hypothalamic-pituitary-gonadal axis, and other

neuroendocrine systems regulating the thyroid, metabolic, and stress axes and their physiological

responses. Weakly estrogenic and anti-androgenic pollutants such as bisphenol A, phthalates,
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phytochemicals, and the fungicide vinclozolin can lead to severe and widespread neuroendocrine

disruptions in discrete brain regions, including the hippocampus, amygdala, and hypothalamus,

resulting in behavioral changes in a wide range of species. Behavioral features that have been

shown to be affected by one or more these chemicals include cognitive deficits, heightened

anxiety or anxiety-like, sociosexual, locomotor, and appetitive behaviors. Neuroactive

pharmaceuticals are now widely detected in aquatic environments and water supplies through the

release of wastewater treatment plant effluents. The antidepressant fluoxetine is one such

pharmaceutical neuroendocrine disruptor. Fluoxetine is a selective serotonin reuptake inhibitor

that can affect multiple neuroendocrine pathways and behavioral circuits, including disruptive

effects on reproduction and feeding in fish. There is growing evidence for the association between

environmental contaminant exposures and diseases with strong neuroendocrine components, for

example decreased fecundity, neurodegeneration, and cardiac disease. It is critical to consider the

timing of exposures of neuroendocrine disruptors because embryonic stages of central nervous

system development are exquisitely sensitive to adverse effects. There is also evidence for

epigenetic and transgenerational neuroendocrine disrupting effects of some pollutants. We must

now consider the impacts of neuroendocrine disruptors on reproduction, development, growth and

behaviors, and the population consequences for evolutionary change in an increasingly

contaminated world. This review examines the evidence to date that various so-called

neuroendocrine disruptors can induce such effects often at environmentally-relevant

concentrations.

Introduction

The concept of endocrine disruption became recognized worldwide following the 1991

Wingspread conference organized by Dr. Theo Colborn and colleagues. While much of the

early evidence related to sexual and developmental effects (Colborn et al., 1993), it is now

well established that pollutants negatively impact many physiological processes. In the last

few years, it has also become clear that a subset of pollutants and mass-produced chemicals

have significant effects on neuroendocrine systems. Following earlier key initiatives on

synthesizing the principles of neuroendocrine disruption (Gore, 2008; Gore and Patisaul,

2010; Zoeller, 2008), a formal definition emerged following the first Symposium on

Neuroendocrine Effects of Endocrine Disruptors in July 2010 (Trudeau et al., 2011). At that

time, experimental evidence obtained from both invertebrate and vertebrate model systems

was reviewed (Waye and Trudeau, 2011). Neuroendocrine responses can be rapidly initiated

events that have profound biological consequences or they may represent slower changes in

the neuronal morphology of systems controlling numerous physiological processes and

behaviors. The following definition was put forth for consideration by the broader research

community:

“Neuroendocrine disruptors are defined as pollutants in the environment that are

capable of acting as agonists/antagonists or altering the synthesis and/or

metabolism of neuropeptides, neurotransmitters, or neurohormones, which

subsequently alter diverse physiological, behavioral, or hormonal processes to

affect an animal's capacity to reproduce, develop and grow, or deal with stress and

other challenges” (Waye and Trudeau, 2011).
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The number of publications and reports searchable on the Web of Science for the term

“neuroendocrine disruption” has increased dramatically in the last few years, yet it is also

clear that the discipline is still in its infancy. One of the earliest publications we identified

was from 1992, and examined the diuretic effects of synthetic peptides in the cotton

budworm. The study was in the context of targeted disruption of the neuroendocrine control

of water balance as a new approach for insect pest control (Keeley et al., 1992). Total

citations specifically referring to neuroendocrine disruption reached over 90 in 2012, and

there remained a steady citation rate up to 2013 (Figure 1).

The most recent Neuroendocrine Disruption symposium was held on May 24, 2013 during

the Second meeting of the North American Society of Comparative Endocrinology,

Quéretaro, Mexico. There, it was proposed to write a comprehensive and current review to

delineate clear, existing examples of neuroendocrine effects of endocrine disruptors.

Moreover, we wanted to streamline the definition of a ‘neuroendocrine disruptor’. The

overarching goal here is to provide a framework for open debate regarding the concept of

neuroendocrine disruption. This should also contribute to sound, scientifically-based policies

and decisions (e.g., as advocated by (Gore et al., 2013)) regarding the emerging

environmental and human health problems resulting from specific disruption of

neuroendocrine control systems. This is imperative as evidence grows for associations

between environmental contaminant exposures and diseases having strong neuroendocrine

components, for example, reduced fertility, obesity, neurodegeneration and cardiac disease,

among other conditions (Bellavance and Rivest, 2012; Carro et al., 2013; Go et al., 2013;

Straub et al., 2013). Here we outline specific examples of neuroendocrine disruption by

various chemicals and highlight some key concepts. Moreover, unless otherwise stated, the

doses of the tested chemical are environmentally-relevant.

2. Legacy pesticides as neuroendocrine disruptors

Pesticides that include insecticides, herbicides, and fungicides have historically been

assessed primarily for toxicity. As such, adverse effects due to toxicity, as well as the

endocrine disrupting actions of pesticides, are well documented (Bretveld et al., 2006;

Mrema et al., 2013). However, the effects of pesticides on neuroendocrine axes have been

less of a focus. There is good evidence that pesticides are neuroactive in vertebrates, and

these chemicals have been shown to affect the expression of neuropeptides (Gore, 2002),

alter the reuptake of neurotransmitters such as dopamine (DA) (Miller et al., 1999), and bind

to receptors that regulate neuroendocrine signaling (Gore, 2008). We present some of the

evidence for neuroendocrine disrupting effects of organopesticides that includes both

organochlorines (OCPs) and organophosphates (OPs).

Organochlorine pesticides are considered legacy pesticides, having been restricted or banned

in use in the past three to four decades (e.g., methoxychlor, dieldrin); however there remain

significant environmental exposure risks because OCPs are highly persistent in the

environment and bioaccumulate in tissues (Gallagher et al., 2001; Martyniuk et al., 2013).

One criterion to be considered for a chemical being classified as a direct-acting

neuroendocrine disruptor is that the parent compound must cross the blood-brain barrier in

order to exert central neuroendocrine effects. Both OCPs and OPs have been shown to
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significantly bioaccumulate in the brain, for example in the rat cortex/midbrain and teleost

whole brain (Hatcher et al., 2007; Koch et al., 2006; Tilak et al., 2004). Moreover, the

bioaccumulation in the CNS can be significant, in some cases, greater than that in other

tissues (Tilak et al., 2004). Thus, studies quantifying OCPs and OPs in peripheral animal

tissues (e.g., muscle) may be underestimating their concentrations in the CNS. In Florida,

adult brown bullheads (Ameriurus nebulosus; 2–5 years of age) collected from the North

marsh of Lake Apopka showed elevated levels of OCPs (mean p,p'-DDE, dieldrin, and

toxaphene was 23 μg/kg, 3.6 μg/kg, and 44.3 μg/kg respectively) compared to largemouth

bass (Micropterus salmoides) collected from a Lake Woodruff reference site (Gallagher et

al., 2001). Hinck et al. (2008) reported that largemouth bass sampled in the Alabama Basin

and the Mobile River Basin had mean levels of organochlorine residues ranging from

15.4-73.0 μg/kg wet weight for p,p'-DDE, 1.46-9.13, μg/kg for dieldrin, and 15.0-45.0 μg/kg

for toxaphene.

2.1. Adverse effects of OCP and OP in the vertebrate central nervous system

What may classify OCPs and OPs as neuroendocrine disruptors in addition to being

endocrine disruptors or neurotoxic compounds are data that demonstrate that a pesticide

directly exerts specific effect on well-defined neuroendocrine cells. Perhaps the most

notable example is the gonadotropin hormone-releasing hormone (GnRH) neuron. Several

OCPs have been shown to affect GnRH1 biosynthesis in the GT1-7 immortalized

hypothalamic cell line (Gore, 2002). After 24h exposure, both methoxychlor and

chlorpyrifos (CPF; 1-100 μM) significantly affected GnRH primary transcript levels.

Methoxychlor suppressed GnRH mRNA levels at 10 and 100 μM while CPF reduced GnRH

mRNA at 100 μM. Amounts of the GnRH peptide were also decreased by both pesticides,

but only after co-treatment with ICI 182,780, an anti-estrogen. This suggests that there can

be interactions between estrogen receptor signaling and organopesticides in neuroendocrine

cells. In the same study, qualitative analysis of cell morphology revealed that methoxychlor

at >10 μM caused retraction of neuronal processes while 10 and 100 μM CPF appeared to

cause an increase in cell density and increased prevalence of neuronal projections. High

doses of pesticides resulted in increased cell death, which raises an important point for the

study of neuroendocrine disruption – the challenge of discerning direct neurotoxic effects

from sub-lethal neuroendocrine effects. Other effects of OCPs on GnRH neurons have been

reported using in vivo experimentation. Cichlid fish (Cichlasoma dimerus) larvae exposed to

a sub-lethal concentration of 0.1 µg/L endosulfan for 30d showed decreased nucleus/

cytoplasm area ratio for GnRH1 neurons whereas pituitary follicle stimulating hormone cells

showed a significant increase in nuclear size and mean nuclear diameter (Piazza et al.,

2011). The authors hypothesized that these changes may be sufficient to affect sexual

differentiation and adult reproduction. Interestingly, there were no notable changes in

morphology of GnRH2 or GnRH3 neurons, suggesting that pesticides may differentially

affect neuroendocrine cell types. The mechanisms underlying differential sensitivity of

neuroendocrine cells to pesticides are largely unexplored and may be one important area for

further exploration.

There are also excellent examples for OPs and their neuroendocrine disrupting effects.

Chlorpyrifos (CPF) is arguably one of the best studied in this context and there is growing
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evidence for effects on the neuroendocrine axes regulating reproductive and thyroidal

activities (Frye et al., 2012). In mammalian models, it appears that early developmental

exposures to CPF results in sexually dimorphic and potentially long lasting effects on the

hypothalamic expression of neuropeptides that include oxytocin (OXT) and vasopressin

(VP) (Tait et al., 2009). These neurohormones regulate social behavior and reproduction;

thus there can be clear links between neuroendocrine disruption and behavioral alterations.

Moreover, data demonstrate that CPF can adversely affect neurotransmitter systems that

modulate these neurohormones, specifically the dopaminergic and serotonergic (5HT)

systems (Slotkin and Seidler, 2007). Classically defined neurotransmitter systems are

integral for the neuroendocrine regulation of reproduction, metabolism, stress, and growth.

Given the importance of neurotransmitters in this regulation across vertebrate taxa, the sub-

lethal effects of pesticides on neurotransmitter systems should also be explored.

2.2 Mechanisms of OCP and OP action in the central nervous system

The mechanisms underlying neuroendocrine disruption by OCPs are likely diverse in the

CNS. The OCPs can agonize/antagonize receptors, disrupting crosstalk between

neurotransmitter (e.g., via type A gamma-aminobutyric acid (GABA) receptors and DA

signaling) and neuroendocrine systems. In an in vitro screen using retinoic acid receptors

(RAR), RARγ transfected yeast cells, 16 of 30 tested OCPs that included endosulfan,

toxaphene, chlordane, and dieldrin bound to retinoic acid receptors (Kamata et al., 2008).

The RARs are found in many cells of all vertebrates, and regulate cell growth,

differentiation, among other functions. Some OCPs are also known to act as weak estrogen

and androgen receptor agonists in vertebrates (Gore, 2008), and OCPs can elicit biological

responses common to estrogenic and anti-androgenic compounds. Therefore, one

mechanism for direct effects of OCPs on the neuroendocrine system may be via nuclear or

membrane bound estrogen receptor (ER) activation, because some populations of GnRH

(Radovick, 2012) and neuropeptide Y (NPY) neurons express ERs (Acosta-Martinez et al.,

2007). If acting to bind nuclear and membrane bound ERs the hypothalamus, OCPs have the

potential to affect signaling pathways related to reproduction and feeding behavior.

Another example of a mechanism of how OCPs can act on neuroendocrine systems has been

demonstrated in largemouth bass, a top apex predator. Male and female bass were fed 3 mg

dieldrin/kg food over 2 months (Martyniuk et al., 2013). This concentration was selected to

mirror environmental exposures that occur in contaminated sites, specifically the Superfund

site of Lake Apopka in Central Florida. Preliminary uptake studies demonstrated that OCP

are accumulated rapidly in these bass over a 4-month period after being placed into artificial

ponds in the Apopka region (Martyniuk and Denslow, unpublished). For example, p,p'-DDE

showed the highest level of bioaccumulation in largemouth bass and was 785-times higher

than background levels after the exposure period. Other OCPs that showed high levels of

accumulation included dieldrin (15-fold) and endosulfan II (374-fold). Thus feeding regimes

were relevant to environmental scenarios. Transcriptomic analysis revealed that

neuroendocrine and neurotransmitter signaling were differentially affected in a sex-specific

manner in the hypothalamus. Gene network analysis revealed that transcripts associated with

activin signaling pathways were significantly reduced 20–30% by dieldrin in males

(Martyniuk et al., 2013). Moreover, based upon the bioinformatics approach used, activin
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signaling was also associated with GnRH, growth hormone 1, and insulin-like growth factor

1 receptor signaling (Martyniuk et al., 2013), suggesting that dieldrin affects multiple

neurohormonal systems at the transcript level. A significant challenge is determining the

features of the transcriptomic response that are directly regulated by neuroendocrine

disruptors versus those responses that are secondary to neurotoxicity (e.g., oxidative stress).

Currently, omics-based studies in heterogeneous brain tissues (e.g., whole hypothalamus)

are not able to separate these unique and distinct responses. What may be useful in studies of

neuroendocrine disruption are direct gene expression profiling in microdissected individual

neuroendocrine cells to better elucidate how molecular changes relate to altered

neurohormone synthesis, packaging, and release.

3. Polychlorinated Biphenyls

Polychlorinated biphenyls (PCBs) encompass 209 compounds that are environmentally

persistent, widespread, chemically and thermally stable, insoluble in water, non-flammable,

electrically resistant, and toxic to vertebrate and invertebrate organisms (Rattner, 2009;

Salice et al., 2013; Wiseman et al., 2011; Zhang et al., 2013). Although PCBs have been

banned, the long half-life of this family of persistent organic pollutants continue to exceed

tolerable limits recommended by the World Health Organization and present a significant

risk to wildlife and humans. Recently, high levels of PCB 11 (3,3 '-dichlorobiphenyl) have

been detected in the environment. This PCB is inadvertently produced during the

manufacturing of paint pigments (Hu and Hornbuckle, 2010). Lipophilic properties also

promote PCB accumulation in vertebrates and biomagnification through the food chain,

resulting in high levels in tissues of fish, birds, mammals, top predators, and humans

(Bytingsvik et al., 2012; Muir and de Wit, 2010). The PCBs also transfer by maternal

deposition into milk during lactation in mammals and via deposition into eggs in oviparous

vertebrates (Cromwell et al., 2007; Vigh et al., 2013). Further, exposure continues especially

for aquatic organisms from contamination in streams and waterways and for terrestrial

vertebrates living in the environment and feeding upon insects and other organisms that have

ingested PCBs. Many PCBs have adverse impacts beyond overt toxicity, including

neurotoxicity and endocrine impacts primarily on reproductive and thyroid systems.

Vulnerable life stages vary across species and classes of organisms, but generally the

developing organism is most vulnerable and exposure to PCBs can result in offspring

learning disabilities, impaired metabolic and reproductive function, and neurochemical

changes (Colciago et al., 2009; Donahue et al., 2004; Rashid et al., 2013; Schantz et al.,

1997). The effects of PCBs depends on several factors: dose, sex, susceptibility of each

organism, type of congener used (209 congeners, ortho- or non ortho-substituted and

hydroxylation), the exposure time and life stage in which the organism is more vulnerable to

exposure (Langer, 2008; McKinney and Waller, 1994). Moreover, ancillary effects of PCBs

such as promoting oxidative damage also impact physiological processes and neural systems

(Westerink, 2013).

3.1. Adverse Effects on Neuroendocrine Systems from PCBs

3.1.1 Effects on the Thyroid System—The PCBs interact with several endocrine

systems, especially the thyroid axis, due to structural similarities between thyroid hormones
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(TH) and some PCB congeners (Brouwer et al., 1998). In general, PCBs decrease circulating

TH levels. Some of these effects include increased volume of follicular thyroid cells,

hyperplasia of thyrocytes, and reduced levels of circulating THs in most vertebrates studied

(Brouwer et al., 1998). Reducing levels of circulating TH may result in an increase in

thyroid-stimulating hormone, perhaps related to a reduced negative feedback (Fisher et al.,

2006). Thyroid hormones are critical to brain development; deleterious effects of PCBs have

been documented for cognitive function, behavioral responses, and neuroendocrine

modulation of endocrine responses. Rat pups prenatally treated with PCB 118 (2,3',4,4',5-

entachlorobiphenyl), 4 or 16 mg/kg/day. At weaning, serum thyroxine (T4) showed

depressed behavioral responses. In a histological evaluation of thyroids, pups revealed

changes suggestive of sustained TSH stimulation, including increased follicular cell

vacuolization and height, increased nuclear vesiculation, and decreased colloid area. At high

doses, decreased body and brain weights were observed and increased liver weights (Ness et

al., 1993). Further, PCB exposure has been linked to developmental abnormalities with loss

of locomotor activity and hearing (Crofton, 2004). Roelens and his group (2005),

investigated the effects of the dioxin-like PCB 77 (1 μg; injected into eggs at day 4 of

incubation) as well as those from non-coplanar ortho-substituted PCB 153 (20 μg) on both

circulating and intracellular TH levels during the last week of chicken embryonic

development and at the moment of hatching. While PCB 77 is one of the most toxic dioxin-

like congeners, PCB 153 is one of the most prevalent PCBs in the environment and

represents the ortho -substituted PCBs. They concluded that PCB 77 but not PCB 153

severely reduces TH availability in developing chicken embryos around the period of

hatching, both in the periphery (plasma and liver) and in the central nervous system (brain).

As there was no growth retardation, the delay in the process of hatching and the increased

mortality during hatching are most likely the result of this perinatal hypothyroidism. Some

key mechanisms resulting from PCB exposure appear to be active across a number of

species, including enhanced metabolism and excretion of T4 (Hamers et al., 2006; Meerts et

al., 2000). Another mechanism of PCB action is via the activation of the aryl hydrocarbon

receptor (AhR), a ligand-dependent cytosolic transcription factor. PCBs act like ligands and,

given their lipophilic properties, enter cells by passive diffusion. Two co-chaperone proteins

are bound to AhR to form an oligomer that dissociates when binding to a PCB. After ligand

binding, a heterodimer is formed which translocates into the nucleus and links to specific

DNA regions; this in turn regulates the transcription of specific genes and produces genetic

alterations that modify processes and functions in the cell (Gu et al., 2012a; Head and

Kennedy, 2007).

3.1.2 Effects on the Vasopressinergic System—Exposure to the PCB mixture

Aroclor 1254 has been associated with detrimental effects on VP and OXT systems in the

hypothalamus (Kodavanti and Curras-Collazo, 2010; León-Olea et al., 2012). These

neuropeptides are neurohypophysial hormones that regulate important functions such as

water and electrolytic balance, cardiovascular functions, glycogen metabolism, oviductal

and uterine contractions, and milk secretion. Another pathway consists of neurons and fibers

that form an extensive central VP system with cell bodies located in different nuclei e.g., the

bed nucleus of the stria terminalis, amygdala, and the parvocellular subnuclei of the

hypothalamic paraventricular nucleus (PVN). In this pathway VP acts as a neurotransmitter
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or neuromodulator and participates in central cardiovascular regulation, learning and

memory, locomotion, social and sexual behavior, stress responses associated with

hypothalamic-pituitary-adrenal axis, circadian rhythmicity and thermoregulation (Kodavanti

and Curras-Collazo, 2010). There are numerous studies that support the effects of PCBs on

the neuroendocrine functions discussed above, but it remains to be shown if these effects are

mediated through changes in VP (Kodavanti and Curras-Collazo, 2010; Schantz et al.,

2001). Adult rats exposed to Aroclor 1254 (30 mg/kg/day for 15 days) exhibit marked

inhibition of somatodendritic VP release during hyperosmotic activation, which then would

interfere with autoregulation of plasma VP release, thereby resulting in an increase in

plasma VP. When control rats are subjected to dehydration they displayed an average rise in

plasma osmolality of 7–13% and in circulating VP levels of 1.5–4 times. Aroclor 1254

treated, hyperosmotic rats, displayed an increase in plasma VP more than 8-fold increase

than the control hyperosmotic rats, suggesting a deregulation in VP release. Altered

osmoregulation produces hypertensive responses to hyperosmotic stimuli (Coburn et al.,

2005; Kodavanti and Curras-Collazo, 2010; Shah et al., 2011). Furthermore, perinatal

exposure (gestational days 10-20) to Aroclor 1254 (30 mg/kg/day) dramatically decreases

VP, nitric oxide (NO) and pituitary adenylate cyclase-activating polypeptide (PACAP)

immunoreactivity in supraoptic (SON) and PVN of hypothalamus during hyperosmotic

stimulation in adult rats. While this dose (30 mg/kg/day) is much higher than the expected

daily PCB intake in nature, this dose raises brain PCBs to levels similar to those reported in

high risk populations that exhibit neurological symptoms (Dewailly et al., 1999). Aged rats

continue to show compromised responses to hyperosmotic stress, suggesting that

developmental exposure leads to permanent neuroendocrine disruptions. Nitric oxide and

PACAP are also affected and they are involved of VP release regulation and are colocalized

in magnocelular neuroendocrine neurons (Gillard et al., 2007; León-Olea et al., 2012).

Taken together, these data provide evidence that PCBs impact osmoregulatory

neuroendocrine systems.

3.2. PCB Effects on Endocrine and Behavioral Components of Reproduction

Some PCB congeners inhibit hypothalamic tryptophan hydroxylase, the rate-limiting

enzyme in 5HT synthesis, and this is associated with decreased gonadal size in the Atlantic

croaker (Khan and Thomas, 2006). Some PCBs also have been shown to reduce testosterone

production, sperm motility and fertilizing capability, as well as alter male accessory

structures and inhibit testicular descent in mammals (Andric et al., 2000; Bush et al., 1986;

Inglefield and Shafer, 2000). In humans, effects including early menarche, abnormal

menstrual cycles, increased incidence of endometriosis, spontaneous abortion, fetal death,

premature delivery, and low-weight in offspring have been associated with exposure to

PCBs (Cooper et al., 2005; Simmons et al., 2005). Many of these PCB effects have been

related to their antagonist or agonist actions at androgen, progesterone, and estrogen

receptors (Hamers et al., 2006; Meerts et al., 2000). Furthermore, sexually dimorphic

behaviors were altered in rats exposed to PCBs (Lilienthal et al., 2013). Adverse effects of

PCB exposure on reproductive and thyroid systems as well as singing behavior have been

observed in birds (Deleon et al., 2013; Ottinger et al., 2013). Other effects, including

impaired cardiac development, which may reflect early impacts on growth factors, have the

potential to greatly diminish the fitness of the individual (Carro et al., 2013). Field studies of
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populations in PCB-contaminated regions will provide the data needed to ascertain the long-

term impacts to avian populations (Bridge and Kelly, 2013).

3.3. Effects on Neurotransmitter and Behaviorally-Relevant Circuits

There is evidence that PCBs disrupt vesicular transport and release of neurotransmitters that

regulate neuroendocrine and cognitive functions. Some PCBs can affect DA release and

neurodegenerative processes that may also lead to cellular death (Fielding et al., 2013;

Mariussen and Fonnum, 2001; Selvakumar et al., 2013). A PCB-induced reduction in brain

5HT levels has also been observed (Boix and Cauli, 2012; Honma et al., 2009). Exposure to

PCBs elicited different and opposing changes in serotonin metabolism depending on the

brain region. Honma et al. (2009) investigated the effect of gestational exposure to PCB153

in eight different brain regions of rat dams 3 weeks after delivery. Exposure to PCB 153 at a

dose of 64 mg/kg/day increased 5HT concentration in the hypothalamus. The PCB mixtures

Aroclor 1242 and 1254 inhibit the uptake of DA, glutamate, GABA and 5HT rat brain

synaptosomes (Mariussen and Fonnum, 2001). The mechanism revealed was via selective

inhibition of the vesicular monoamine transporter VMAT-2, the common vesicle transporter

for all amine neurotransmitters (Bemis and Seegal, 2004). The function of VMAT-2 is to

maintain a low level of DA, NE and 5HT in the nerve terminal (Mariussen et al., 1999).

Functional aspects such as motor coordination, learning, and memory following chemical-

induced developmental effects are associated with changes in intracellular signaling

pathways (Fielding et al., 2013; Mariussen and Fonnum, 2001; Selvakumar et al., 2013).

Effects on calcium homeostasis and protein kinase C in neurons were suggested to be

involved. Disturbances in calcium homeostasis can lead to alterations in neurotransmitter

and hormone release, synaptic plasticity and gene expression (Kodavanti and Tilson, 1997).

4. Bisphenol A and Phthalates

4.1 Overview of Bisphenol A and Mechanisms of Action

Bisphenol A (BPA) is a synthetic compound present in a wide variety of products used on a

daily basis, including plastic bottles, canned food and thermal paper used for sales receipts.

It has been detected in body fluids/tissues and has been associated with a wide range of

effects in humans, rodents, and wildlife (Crain et al., 2007; Hunt et al., 2009; vom Saal et

al., 2007). Bisphenol A has complex actions in the brain but primarily acts as a weak

estrogen receptor agonist and has also been shown to act as an anti-androgen and cause

epigenetic changes in gene expression in various brain regions (Wolstenholme et al., 2011).

As a result of these actions, environmentally-relevant low doses (<50 μg/kg/day), as well as

at higher doses of BPA compromise sexual differentiation in the brain in rodents (Nakamura

et al., 2006; Patisaul et al., 2006), decreases synaptogenesis in the hippocampus and

prefrontal cortex of monkeys and rats (Leranth et al., 2008a; Leranth et al., 2008b;

MacLusky et al., 2005) and disrupts normal cortical development in mice (Nakamura et al.,

2007; Nakamura et al., 2006). Low dose perinatal (25 or 250 ng/kg) and postnatal (250

μg/kg) BPA alters sexually dimorphic brain regions within the hypothalamus to make them

more similar between the sexes (Patisaul et al., 2007; Rubin et al., 2006) and reduces

corticotropin-releasing hormone (CRH) and DA cell number in the midbrain (Funabashi et

al., 2004; Tando et al., 2007; Tanida et al., 2009). These data argue against BPA acting
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solely as a weak-estrogen and instead suggest that it can also act as an estrogen receptor

antagonist. Bisphenol A may also impact neural programming indirectly by inhibiting

steroidogenic enzymes and production of testosterone and estrogen by the gonads of

exposed mice, rats and humans (Akingbemi et al., 2004; Lee et al., 2013; N'Tumba-Byn et

al., 2012; Peretz et al., 2011; Zhou et al., 2013).

Bisphenol A at environmentally-relevant doses also has epigenetic actions that can lead to

heritable changes in gene expression. Multiple genes in tissues derived from the three

embryonic germ layers are differentially methylated in BPA-exposed animals (Dolinoy et

al., 2007; Kundakovic et al., 2013; Tang et al., 2012; Weinhouse et al., 2011; Yaoi et al.,

2008). These data suggest that BPA might alter DNA methylation quite early in embryonic

development and may impact the chromatin state of germ cells (Manikkam et al., 2013).

Moreover, studies in rats and mice show that BPA effects on social interactions and spatial

memory deficits may be mediated through changes in expression and DNA methylation of

nuclear estrogen receptors Esr1, Esr2 and/or signaling via the N-methyl-D- aspartic acid

type of glutamate receptor (Kundakovic et al., 2013; Xu et al., 2010). Little is known about

how BPA may directly impact other epigenetic mechanisms within the brain. Sparse

evidence suggests it may also alter histone modifications, histone subunits and microRNAs

(miRNAs) (Avissar-Whiting et al., 2010; Doherty et al., 2010; Zhu et al., 2009),

highlighting the need for further work in this area. It is not known at the current time if any

of these miRNAs target specific transcripts in neuroendocrine systems.

4.2. Effects of BPA on Behavioral Patterns in Various Species

4.2.1. Fish—Effects of exposure of fishes to environmental estrogens, particularly 17α-

ethinylestradiol (EE2), have been reviewed by others and include both endocrine and

neuroendocrine disruption (Frye et al., 2012; Le Page et al., 2011; Söffker and Tyler, 2012).

Recently, it was shown that exposure to BPA (15 μg/L) and other endocrine disrupting

chemicals (EDCs) induced alternations in the neuroendocrine regulation of fish

reproduction. In the rare minnow, Gobiocypris rarus, adult females exposed to BPA had

increased expression of GnRH3 and GnRH receptor 1A genes in whole brain homogenates

(Qin et al., 2013). Zebrafish embryos exposed to BPA (~ 1,141 – 2,283 μg/L; 5–10 μM)

responded with a strong induction of brain aromatase (Chung et al., 2011). In another study,

neurodevelopmental exposure of zebrafish to BPA (~23 μg/L; 0.1 μM) induced

hyperactivity in larvae and learning deficits in adult zebrafish (Saili et al., 2012). A recent

paper suggests that zebrafish exposed during embryonic development to BPA (~228 to

3,424 μg/L;1-15 μM) show decreased touch responses and swimming speed in response to

light stimulation; however, part of these behavioral disruptions may be due to BPA-induced

axial muscle damage (Wang et al., 2013). Neuroendocrine impacts of BPA exposure can

potentially disrupt mate choice between members of the same genus but of different species

leading to the breakdown of reproductive isolation mechanisms. Blacktail shiner (Cyprinella

venusta) a species native to the USA and the introduced red shiner (Cyprinella lutrensis)

were exposed to BPA. Through alterations in behavior and pigmentation, prezygotic barriers

to hybridization were weakened, indicating that exposure to BPA (1,280 μg/L) may affect

population integrity and enable non-native species to flourish (Ward and Blum, 2012).

Given the small number of published studies, it is premature to develop strong conclusions
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about BPA effects on fish neuroendocrine systems. Nevertheless, it appears that the action

of BPA as an estrogen receptor agonist could be contributing to the effects on gnrh3 and

gnrhr1a in the rare minnow, aromatase induction in zebrafish, and alteration of secondary

sex characteristics in the shiners. Effects of BPA on touch response, swimming speed,

hyperactivity, and learning deficits are more difficult to explain at this point.

4.2.2. Birds—Scant information exists on the neuroendocrine effects of BPA in birds

(Halldin et al., 2005; Panzica et al., 2005). The Japanese quail (Coturnix japonica) has been

the sole avian species used for these few studies. Treatment of quail eggs with 50, 100, or

200 mg BPA arrested embryonic development, precluding additional assessments (Panzica

et al., 2005). However, in the same study in ovo treatment with estradiol benzoate (10 or 25

mg) or diethylstilbestrol (DES) (700 ng), and the highest tested dose of genistein (1000 mg)

abolished copulatory behavior in treated males and reduced expression of vasotocin (VT) in

the nucleus of the stria terminalis and medial preoptic nucleus, and lateral septum. Another

study exposed eggs to BPA (200 mg/g), tetrabromophenol A (15 mg/g egg), EE2 (2 and 6

ng/g egg), DES (6, 19, and 57 ng/g) or 1-(2-chlorophenyl)-1-(4-chlorophenyl)-2,2,2-

trichloroethane (o’p’-DDT, 150 mg/g) (Halldin et al., 2005). While all groups hatched

successfully, adult male sexual behavior, as evidenced by mount attempts, was

compromised in the high dose EE2 and two highest doses of DES, but not in the BPA or

tetrabromophenol A. No assessments of neuroendocrine function were reported in this latter

study, although hypothalamic disturbances are a likely cause for the compromised

copulatory behaviors. Environmental levels of natural and synthetic estrogens found in

sewage effluents (e.g., E2, BPA, phthalates) can impact sexual traits in birds: exposed

European starlings (Sturnus vulgaris) developed longer and more complex songs compared

to control males (Markman et al., 2008). This resulted from estrogenic effects on the key

brain area controlling male song complexity (the song nucleus higher vocal center, HVC)

that was significantly enlarged in the contaminated birds.

4.2.3. Rodents, Primates, and Humans—Early life exposure to BPA consistently

affects three general categories: learning and memory or cognitive, anxiety, and social-

sexual behaviors across mammalian species. While it is beyond the scope of this short

review to summarize all of the work to date, this section will focus on a few key examples.

4.2.3.1. Learning and Memory: Estrogens are essential in regulating learning and memory

at the level of the hippocampus and cerebral cortex (Shughrue and Merchenthaler, 2000). At

doses higher than those frequently found in the environment, but below the EPA exposure

guidelines or lowest observe adverse effect level (LOAEL) of 50 μg/kg/day, BPA can

selectively inhibit estrogen and testosterone-mediated synptogenesis in the hippocampus of

rats and monkeys (Leranth et al., 2008a; Leranth et al., 2008b; MacLusky et al., 2005), and

thus, BPA may impair the formation of new memories by interfering with neural plasticity

in the brain. For instance, in adult male rats, visual and spatial memory was impaired by 40

μg/kg BPA and was accompanied by reduced spine density in the hippocampus and

prefrontal cortex (Eilam-Stock et al., 2012). Likewise, in non-human primates, synaptic

spine density was also reduced in the same brain regions with either adult (Leranth et al.,

2008a) or prenatal BPA exposure at a human-relevant dose (Elsworth et al., 2013). Other
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means by which BPA may disrupt learning and memory include induction of long-term

depression in the hippocampus by activation of ERRG, MAPK, phosphorylation of NMDA

receptors, or the number of DA neurons in the mid-brain region (Elsworth et al., 2013;

Hasegawa et al., 2013). The Morris water maze and dry-land Barnes maze have been most

commonly used to test learning and memory ability in rodents (Nunez, 2008). Polygamous

male deer mice (Peromyscus maniculatus bairdii) rely on enhanced spatial navigational

learning and memory ability to locate prospective female partners in the wild (Galea et al.,

1996). However, developmental exposure to environmentally-relevant levels of BPA

through the maternal diet (5 or 50 mg/ kg feed weight) results in compromised spatial

navigation, as assessed when males are tested at adulthood in the Barnes maze (Jasarevic et

al., 2011; Jasarevic et al., 2013). In contrast, enhanced spatial navigational ability has not

evolved in the closely related species, the monogamous California mouse (Peromyscus

californicus) (Jasarevic et al., 2012). Accordingly, developmental exposure to BPA did not

affect this trait in male or female California mice (Williams et al., 2013). The human

epidemiological studies attempting to correlate BPA exposure with learning and memory

ability in children are conflicting. One study reported significant BPA-associated

impairments in children 8 to 11 years of age (Hong et al., 2013); whereas another study with

children 10-15 years of age did not find any linkage (Maserejian et al., 2012).

4.2.3.2. Anxiety Behaviors: In rats, mice, Peromyscus species, and in human correlative

epidemiological studies, the overall findings suggest that developmental exposure to BPA

can be anxiogenic (Braun et al., 2011; Braun et al., 2009; Cox et al., 2010; Gioiosa et al.,

2013; Goncalves et al., 2010; Harley et al., 2013; Hong et al., 2013; Jasarevic et al., 2013;

Jasarevic et al., 2011; Maserejian et al., 2012; Matsuda et al., 2012; Patisaul et al., 2012;

Perera et al., 2012; Xu et al., 2013; Xu et al., 2011; Yu et al., 2011). In rodents, anxiogenic

behaviors are routinely measured with the Elevated Plus Maze (EPM) where reduced time

spent in the open arms or increased time spent in the closed arms suggests that the animals

are more anxious and less exploratory (Kulkarni and Sharma, 1991). In rats, human-relevant

levels of BPA (1 mg/L in the drinking water) induced anxiety in both the light-dark box and

the EPM, and correlated with decreased Esr2 and melanocortin receptor 4 mRNA levels in

the amygdala (Patisaul et al., 2012). These genes are associated with anxiety behaviors and

regulate expression of OXT, a neuropeptide important in sociosexual behaviors and anxiety.

In male mice perinatally exposed to BPA, elevated anxiety behaviors in the open field were

associated with increased DA levels and reduced DA turnover (Matsuda et al., 2012). Along

with alterations in synaptic plasticity described above, BPA likely affects anxiety and

cognitive tasks by also disrupting mesolimbic DA signaling, pathways known to influence

mood, anxiety and reward. Developmental timing and dose may alter the potential

anxiogenic properties of BPA (Goncalves et al., 2010). These BPA-induced effects on

anxiety behaviors can be attributed to decreased acetylcholinesterase activity or increased

expression of glucocorticoid receptor expression in the hippocampus, or estrogen-dependent

gene decreases in the amygdala (Luo et al., 2013; Patisaul et al., 2012; Poimenova et al.,

2010).

4.2.3.3. Sociosexual Behaviors: Developmental exposure to low dose BPA may also lead to

epigenetic and gene expression changes, including Esr1 and Esr2 in the hypothalamus,
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where there is abolishment of the normal sex differences, with males exhibiting elevated

expression comparable to females (Kundakovic et al., 2013). These effects may then lead to

disruption of various sociosexual behaviors (Dessi-Fulgheri et al., 2002; Jasarevic et al.,

2011; Williams et al., 2013; Wolstenholme et al., 2012). Male deer mice developmentally

exposed through maternal diet to 50 mg/kg BPA in food are selectively rejected in a mate

choice experiment (Jasarevic et al., 2011). In California mice, males developmentally

exposed to the same dose of BPA, the normal surge in territorial marking necessary to

maintain a home range is suppressed when a control male is visible in the testing arena

(Williams et al., 2013). Female Sprague-Dawley rats developmentally exposed from

conception to weaning to 40 mg/kg/day BPA showed masculinized play behaviors (Dessi-

Fulgheri et al., 2002). In C57BL/6 mice, prenatal exposure to 5 mg/kg feed weight BPA

reduced juvenile social interactions and social preference (Wolstenholme et al., 2012).

Oxytocin and VP gene expression was reduced in the brains of developing rats and mice by

BPA (Patisaul et al., 2012; Wolstenholme et al., 2012). These neuropeptides are well-

established mediators of social interactions and affiliation in several mammalian species.

Bisphenol A may also transgenerationally affect varying aspects of social behaviors in mice

(Wolstenholme et al., 2012), as detailed further below.

4.2.4 Potential Transgenerational Effects of BPA—There is increased recognition

that estrogenic and anti-androgenic chemicals may lead to transgenerational neuroendocrine

disrupting effects (Crews et al., 2012; Crews et al., 2007; Skinner et al., 2008;

Wolstenholme et al., 2012). The transgenerational effects of a classic anti-androgen

chemical, viclozolin (VIN) are described in section 6. In this section the focus is on BPA.

Treatment of progenitor female mice with a phytoestrogen-free diet supplemented with 5

mg/ kg BPA produced a blood level in mice similar to that found in humans and led to

diminished social behaviors in F1 BPA-exposed offspring (Wolstenholme et al., 2012). In

contrast, generation F2 and F4 male and female BPA-exposed descendants were for

uncertain reasons more socially curious. Along with the phenotypic changes, each

generation demonstrated unique brain transcriptome changes. For example, transcript levels

for Esr1, vasopressin (Avp), and vasopressin receptor (Avpr1a) expression were reduced,

while estrogen related receptor gamma (Esrrg) and G protein-coupled estrogen receptor 1

(Gper) were increased in F1 BPA exposed mice. Even though they were more social, mRNA

for Avp and oxytocin (Oxt) were suppressed in F4 BPA-derived males and females. Both

OXT and AVP are neuropetides that play important roles in social behavior, anxiety,

depression, pair bonding, and parental behaviors (Benarroch, 2013; Feldman, 2012; McCall

and Singer, 2012; Neumann and Landgraf, 2012). A more recent follow-up

transgenerational study with similar doses of BPA revealed that generation F3 BPA male

and female descendants have problems with social memory. Descendants from BPA-

exposed mice failed to habituate to repeated presentations of a female and continued to

investigate this unrelated female long after controls lost interest. Males also did not increase

their investigation of a new, novel female, suggesting that transgenerational exposure to

BPA may induce defects in social recognition, as well as social memory (Wolstenholme et

al., 2013).
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4.3. Phthlate Effects in Vertebrates

Phthalates are synthetic chemicals used in the manufacturing of plastics, medical devices,

food packaging, cosmetics, toys, and electronics. Phthalates can easily leach from these

products over time, thereby increasing risk for oral, dermal and inhalation exposures in

humans and wildlife (Heudorf et al., 2007; Wooten and Smith, 2013). Their major mode of

action is to alter steroid hormone synthesis and metabolism, resulting in reproductive

problems and altered sexual dimorphism in the brain. At doses frequently found in humans,

phthalates possess anti-androgenic activity (Swan, 2008). However, evidence from fish, frog

and rodent models indicates that low dose phthalate exposure disrupts the reproductive

system and sexual dimorphism in the brain, primarily by acting as an androgen antagonist

with weak estrogen agonistic properties (Borch et al., 2004; Borch et al., 2006; Oehlmann et

al., 2009; Swan et al., 2008). As with other neuroendocrine disruptors, such non-linear

actions, as detailed further below, in target cells, including those in the brain, can lead to low

levels of this chemical producing pronounced behavioral disturbances (Swan et al., 2008;

Vandenberg et al., 2012). Understanding the neuroendocrine and behavioral consequences

of phthalate exposure is complicated by the diverse number of bioactive phthtalates,

metabolites produced in the body, and the interactions between such admixtures.

Given the consistent and the large number of studies reporting hormonal disruptions of

phthalates on the reproductive tract, there is surprisingly sparse research examining potential

neuroendocrine effects. Most studies in wildlife have focused on toxicity (Magdouli et al.,

2013; Oehlmann et al., 2009). In fish, butyl benzyl phthalate (BBP, 0.1 mg/L) in water

altered shoaling (a social behavior) and feeding behavior in three-spined sticklebacks (Wibe

et al., 2002; Wibe et al., 2004). In rats, DEHP during perinatal development caused

cognitive deficits in spatial memory (Li et al., 2013), which may be linked to a reduced

hippocampal cell density in males (Smith et al., 2011). Single intracisternal injecions of

dicyclohexyl phthalate ranging from 0.029 to 2.9 mg/ml (0.087-8.7 mM) five days after

birth dose-dependently increased locomotor activity in adult male rats and decreased

midbrain DA synthesis, transport and receptor signaling (Ishido et al., 2004). These effects

on DA signaling in the brain may be causally linked to reported problems in attention and

hyperactivity in human association studies (Engel et al., 2010; Larsson et al., 2009; Tanida

et al., 2009). Perinatal low dose DEHP decreased aromatase activity in the hypothalamus of

male rats but not female rats (Andrade et al., 2006). In humans, a few convincing association

studies link phthalate exposure to cognitive deficits (Cho et al., 2010), slower

neurodevelopment, higher incidence of aggression and depression, poor attention, conduct

and emotional control (Engel et al., 2010), reduced masculine play behaviors (Swan et al.,

2010) and increased behaviors typical of autism spectrum disorders and attention deficit

hyperactivity disorder (Kim et al., 2009; Larsson et al., 2009). Many of these behavioral

disruptions have only been detected in males, perhaps due to anti-androgenic and thus

overall demasculinizing effects of the phthalate (Andrade et al., 2006).

The neuroendocrine effects of phthalates need to be investigated further, especially the

underpinning mechanisms of actions leading to the neurobehavioral changes. Animal model

studies should focus on examining the effects underlying neuroendocrine mechanisms

León-Olea et al. Page 14

Gen Comp Endocrinol. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



mediating effects of phthlates on social, anxiety, locomotor and cognitive behaviors, as these

are traits apparently vulnerable in children exposed to this chemical.

5. Phytoestrogens and Other Phytochemicals

Plants produce a significant array of secondary metabolites, some of which are classified at

phytosteroids. Many plants make compounds that directly, or following microbial

degradation, bind and activate estrogen, androgen or progesterone receptors (Adlercreutz et

al., 1993; Durhan et al., 2002; Jenkins et al., 2003; MacLatchy and Van Der Kraak, 1995;

Patisaul and Jefferson, 2010). Given the documentation of effects in mammals, and the

known binding affinities of teleost ERs for phytoestrogens, it is reasonable to predict that

there will be effects of phytochemicals on neurochemistry and behaviors (Latonnelle et al.,

2002). In one study, male Siamese fighting fish exposed to genistein (1-1,000 μg/L) and

other phytoestrogens exhibited decreased intensity of aggressive behavior (Clotfelter et al.,

2006).

The evidence that phytoestrogens and other phytochemicals may act as neuroendocrine

disruptors stems mostly from studies on the effects of the paper mill/bleached kraft mill

effluent on fish. One of the earliest studies examined neuroendocrine regulation of

reproductive function in wild white sucker (Catostomus commersoni) exposed in situ to

bleached kraft mill effluent and found that pituitary luteinizing hormone (LH) content and

GnRH-stimulated LH was significantly depressed relative to control fish (Van der Kraak et

al., 1992). Wild female mosquitofish (Gambusia holbrooki) collected from Florida rivers,

where they were exposed to paper mill effluent, display masculinized secondary sex

characteristics including reproductive behavior, where effluent exposed females court and

appear to attempt spawning with control female fish (Bortone and Davis, 1994). In another

study, social but not reproductive behavior was decreased in the effluent-exposed

mosquitofish (Toft et al., 2004). Interestingly, phytosterols incubated with certain bacteria

have been hypothesized to be converted to progesterone in the field (Jenkins et al., 2003)

and can be converted to the androgen androstenedione in a lab study (Denton et al., 1985).

Female mosquitofish exposed to microbially degraded phytosterols, stigmastanol and β-

sitosterol, courted and pursued control females in a laboratory study (Krotzer, 1990).

Some pulp and paper mill effluents (dose range 3-50%) reduce gonad size, rapidly inhibit

egg production in fish, and life-cycle exposures alter sex ratios (McMaster et al., 2006;

Parrott et al., 2006). Pioneering research shows anti-reproductive effects of the

phytoestrogen β-sitosterol (20 or 100 μg/g i.p.) and that effluents contain ligands for sex

steroid receptors (Hewitt et al., 2006; MacLatchy and Van Der Kraak, 1995). Although

steroid-dependent pathways clearly are affected (Orrego et al., 2010), disruption of other

pathways could impair fish reproduction (Basu et al., 2009; Popesku et al., 2010; Van der

Kraak et al., 1992), because many effluents are strongly anti-reproductive but are neither

estrogenic nor androgenic in standard assays. In vitro studies have revealed that extracts

from effluents and trees contain chemicals that can interfere with the GABA synthesis

enzyme glutamic acid decarboxylase and the DA metabolism enzyme monoamine oxidase

(Basu et al., 2009; Milestone et al., 2012; Waye et al., 2013). Given the importance of

GABA to stimulate and DA to inhibit LH release, such data led to the neuroendocrine
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disruption hypothesis for the reversible effects of pulp mill effluents to inhibit spawning in

teleost fish (Waye and Trudeau, 2011). Comparative transcriptomic studies between female

goldfish (Carassius auratus) and fathead minnow (Pimephales promelas) further indicate

that effluents contain chemicals that induce hypothalamic gene expression profiles similar to

those caused by injection of specific DA agonists (Popesku et al., 2012). This lends strong

support for a dopaminergic mechanism of anti-reproductive effects; however, field-based

studies are required to fully validate this hypothesis. Pupl and paper mill effluents are

complex mixtures released to the aquatic environment and act at a number or points in the

hypothalamic-pituitary-gonadal axis and affects reproductive behavior (Basu et al., 2009;

Bortone and Davis, 1994; Van der Kraak et al., 1992). As such, exposure to pulp and paper

mill effluent is a key example of neuroendocrine disruption that impacts wild fish

populations and aquatic ecosystem health.

6. Anti-androgens as Neuroendocrine Disruptors

6.1 Vinclozolin Effects in Vertebrates

Various taxa, including fish, amphibians, birds, and rodents have been used to test the

neuroendocrine disrupting effects of the fungicide VIN (Andre and Markowski, 2006;

Bayley et al., 2002; Bayley et al., 2003; Colbert et al., 2005; Crews et al., 2012; Crews et al.,

2007; Flynn et al., 2001; Hoffmann and Kloas, 2010; Hotchkiss et al., 2003; Hotchkiss et al.,

2002; McGary et al., 2001; Satre et al., 2009; Skinner et al., 2008). The doses tested include

those that are environmentally-relevant and those that may exceed human and animal levels

of exposure, as indicated below. Nonetheless, these latter studies demonstrate important

proof of principles that merit follow-up experiments testing whether lower concentrations

cause similar disruptions. The traits most affected by VIN include sociosexual, anxiety,

cognition, appetitive, and locomotor behaviors. We will consider example studies in each of

these categories.

6.1.1. Sociosexual Behaviors—Adult guppies (Poecilia reticulata) fed VIN in

concentrations ranging from 1.8 to 180 mg/kg had disrupted courtship display behaviors

(Bayley et al., 2003). Mate calling behavior of male South African clawed frogs (Xenopus

laevis) is also disrupted when they are exposed as adults to ~286 μg/L (10−6M) VIN

(Hoffmann and Kloas, 2010). Social disruptions following VIN exposure have also been

demonstrated in birds; GnRH-1 is reduced in male Japanese quail exposed in ovo to VIN

(25, 50, or 100 mg/kg) (McGary et al., 2001). Female dark-eyed juncos selectively prefer

wild caught adult dark-eyed juncos (Junco hyemalis) chronically orally gavaged for 10

weeks with ~572 mg/kg VIN compared to control males (Satre et al., 2009). This female

preference for anti-androgenized males may lead to compromised offspring fitness with

potential population ramifications. In contrast, female rodents selectively reject males,

whose ancestors were exposed to VIN, albeit at concentrations that exceed normal

environmental exposures, three generations previously (Crews et al., 2007). Copulatory

behavior is diminished in Long-Evans male rats gestationally dosed orally with VIN (1.5, 3,

6, or 12 mg/kg) (Colbert et al., 2005). However, in this same study the 12 mg/kg dose of

VIN increased male play behavior. Other studies with Sprague-Dawley rats reported the

opposite findings of reduced play behavior in neonate males injected on post-natal days 2
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and 3 with 200 mg/kg/day VIN (Hotchkiss et al., 2003; Hotchkiss et al., 2002). These

deficits may be partially due to VIN-induced neuroendocrine disruption in the

hypothalamus, such as altered expression of GnRH1 in males (McGary et al., 2001).

6.1.2. Anxiety Behaviors—The neuroendocrine effects of estrogenic and anti-androgenic

chemical exposure may extend beyond the immediate exposed generations (F0, F1, and

germ cells representing the F2 generation). Vinclozolin has been the predominant chemical

studied and reported to induce transgenerational effects when F0 gestating dams are

intraperitoneally injected with of 100 mg/kg/day from embryonic day 8–14 (E8–E14), a

concentration considered beyond typical human and animals exposure but still within the

range of exposure considered acceptable by the US Environmental Protection Agency.

Besides the sociosexual effects on descendants described above, F3 male and female rats of

the original exposed founders show altered anxiety-like behaviors relative to controls with

F3 males less and females more anxious (Skinner et al., 2008). Correspondingly, these male

and female descendants each possessed unique transcriptomic signatures in the hippocampus

and amygdala relative to their respective controls. A follow-up study with a similar

approach also showed that ancestral exposure to VIN (three generations removed) alters the

physiology, behavior, metabolic activity, and transcriptome in discrete brain nuclei in

descendant males, leading to differential responses to chronic restraint stress (Crews et al.,

2012).

6.1.3. Cognitive, Appetitive, and Locomotor Behaviors—Long-Evans male rats

exposed through the dams from mid-gestation through the early post-natal period to 6 or 12

mg/kg VIN fail to learn when food is no longer available at a previous location (Andre and

Markowski, 2006). Daughters of pregnant rats administered 60 mg/kg/day VIN moved less

on a running wheel relative to controls, suggestive of hypoactivity (Flynn et al., 2001). Sons

and daughters of these same rats drank more, particularly water supplemented with

saccharin solution. These behavioral alterations may be partially attributable to VIN-induced

alterations in gene expression (such as Esr1, Esr2, and Ar) in several hypothalamic nuclei,

hippocampus, and striatum (Loutchanwoot et al., 2008).

6.2. Dichlorodiphenyldichloroethylene in Fishes and Birds

Dichlorodiphenyldichloroethylene, p,p’DDE, is a metabolite of DDT, an insecticide for

which the production and use has been banned by many industrialized nations (Rogan and

Chen, 2005). Dichlorodiphenyldichloroethylene is lipophilic, bioaccumulates in organisms,

and has been identified as an androgen receptor antagonist (Kelce et al., 1998). Few studies

have examined the potential for DDE to alter neuroendocrine function. Juvenile guppies

(Poecilia reticulata) were exposed to antiandrogenic pesticides, including DDE, (0.01, 0.1

μg/mg) singly in their feed from birth to adulthood. All tested anti-androgens caused a

reduction in male-specific pigmentation, phallus development, sperm count, and courtship

behaviors (Bayley et al., 2002). Generally, embryonic and juvenile life stages are more

sensitive. However, another study has revealed that adult guppies exposed to anti-

androgenic pesticides, including DDE, (0.1, 1, 10 μg/mg) singly in their feed for only 30

days exhibit decreased sperm count, testis mass, male-specific pigmentation, and disruption

of male courtship behaviors (Baatrup and Junge, 2001). In contrast, DDE (0.01, 0.1 μg/mg
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in the feed) did not affect the same reproductive endpoints or courtship behaviors measured

in the two above studies when tested another strain of male guppies treated as juveniles for

approximately 30 weeks (Kristensen et al., 2006). These studies are difficult to compare, for

in the latter study behavior was directly observed, instead of taped and analyzed by

quantitative computer imaging software used in the earlier studies and in the former studies

Columbian guppy strain was used versus a Nigerian strain of guppy in the latter study

(Baatrup and Junge, 2001; Bayley et al., 2002) and (Kristensen et al., 2006), respectively.

Birds exposed either in ovo through DDE fed to parents or through topical application to the

eggshell, display disruption in behavior, neural circuitry, and neurotransmitter-specific

neurons (Heinz, 1976; Quinn et al., 2008). Mallard ducklings (Anas platyrhynchos) born to

parents fed a diet containing 3 mg/kg DDE displayed altered behavior (Heinz, 1976).

Treated ducklings were hyper-responsive to maternal vocalizations and their avoidance

behavior was decreased as they traveled shorter distances from a frightening stimulus

relative to control ducklings. Japanese quail (Coturnix japonica) exposed to DDE in ovo a

single time (20 or 40 μg/egg) was assessed at puberty for a number of reproductive

endpoints, including reproductive behaviors. Females treated with DDE exhibited

accelerated puberty while in males copulatory behaviors were decreased (Quinn et al.,

2008). A subsequent study following the same in ovo exposure protocol, investigated the

effects of DDE on the parvocellular VT system, a part of the limbic circuitry that plays a

role in male copulatory behavior. The DDE-treated quail had decreased density of

parvocellular VT expressing neurons in the medial preoptic nucleus, bed nucleus of the stria

terminalis, and lateral septum, whereas no effect was found the magnocellular neurons of the

supraoptic nucleus (Mura et al., 2009).

7. Neuroactive Pharmaceuticals: the case of selective serotonin reuptake

inhibitors

Globally, it is now evident that many hundreds of pharmaceuticals, including neuroactive

drugs, are detected in aquatic environments and water supplies through the release of

sewage effluents (Boxall et al., 2012; Elorriaga et al., 2013; Kolpin et al., 2002; Kostich et

al., 2013; Subedi et al., 2013). In particular the antidepressant fluoxetine (FLX) serves as an

important example of a neuroendocrine disruptor. As a selective serotonin reuptake inhibitor

(SSRI) FLX is neuroactive, it has a specific mechanism of action, and because of effects on

central serotoninergic systems can affect multiple neuroendocrine pathways and behavioral

circuits at environmentally-relevant concentrations (Mennigen et al., 2011).

In addition to intended therapeutic effects as antidepressants, there are beneficial neurogenic

effects of SSRIs in mammalian brains (Olivier et al., 2011). Why should fluoxetine or other

SSRIs be considered as disruptors of neuroendocrine systems? There are reported effects on

numerous hormone systems (Raap and Van de Kar, 1999; Weintrob et al., 2002) that could

be considered as side effects rather than main therapeutic targets in mammals.

Antidepressants are well-known to significantly decrease libido in both men and women

(Montejo et al., 2001). Moreover, there is placental transfer of SSRIs to the mammalian

fetus, and SSRIs are detectable in breast milk and breast-fed infants. Therefore, unborn and

newborn children of depressed mothers taking SSRIs may be unintentionally exposed during
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critical phases of neurodevelopment (Olivier et al., 2011). Data from rodent models indicate

paradoxical anxiety- and depression- like symptoms during adulthood in animals exposed to

SSRIs in utero or in the neonatal period, although the impacts in humans are debatable

(Olivier et al., 2011). While these situations of early exposure indicate disruption of

neuronal development, the consequences for specific neuroendocrine systems remain to be

addressed. The presence of very low levels of SSRIs in drinking water also raises important

issues about: (1) the efficacy of current sewage treatment, and (2) the effects of very low,

chronic unintended exposure to pharmaceuticals to human populations.

The case for the neuroendocrine disrupting effects of SSRIs in fish is perhaps more

compelling (Mennigen et al., 2011). Several SSRIs and metabolites have been detected in

wild fish, indicating the potential to bioconcentrate (Brooks et al., 2005; Metcalfe et al.,

2010). There are now a range of clear effects of environmentally-relevant FLX levels

(range: 12-540 ng/L) on behaviour, physiology, neuroendocrine function, reproduction,

feeding and growth in several teleost models (Mennigen et al., 2011). Risk assessments for

FLX already conducted indicate environmental concern (Oakes et al., 2010). The total load

of all measured SSRIs may reach 3.2 μg/L near sewage outfalls, with levels decreasing

downstream (Mennigen et al., 2011).

In a recent study of fathead minnow (Thomas et al., 2012), exposure to high levels of FLX

(10 μg/L) resulted in transcriptome-level changes in genes in whole brain homogenates brain

coding for products capable of transmitting (or inhibiting the transmission of) a nerve

impulse from a neuron to another cell (e.g., the ontology group defined as “neurotransmitter

binding”). Chronic waterborne exposure of zebrafish to pharmacological levels (100 μg/L)

of FLX (racemic) indicated effects on stress- and anxiety- related neuropeptides that are

perhaps indicative of neuroendocrine disruption. RNAseq analysis of whole brain revealed

subtle but statistically significant increases in NPY and isotocin (IST), and a decrease in

urocortin 3 mRNA levels (Wong et al., 2013). Unfortunately, these studies used whole brain

as the tissue for analysis, thus no conclusions can be drawn regarding effects on specific

neuroendocrine tissues or systems. However, given the extent of effects, one can speculate

that neurotransmitter- and neuropeptide-dependent processes in neuroendocrine regions such

as the hypothalamus would be disrupted.

Indeed, this is the case in an earlier microarray analysis of the effects of therapeutic levels of

injected FLX (5 μg/g; 5 injections over ~2 week period). A broad range of effects on

signaling and metabolic pathways in the hypothalamus of female goldfish was observed

(Mennigen et al., 2008). However, severe reductions in the expression of the reproductive

and behavioural neuropeptide IST in both hypothalamus and telencephalon were indicative

of neuroendocrine disruption. Isotocin is the teleost homolog of mammalian OXT, and

depressed IST was linked to reduced E2 levels in female goldfish. Moreover, FLX injections

also depressed Esr1 and Esr2 mRNA levels in both telencephalon and hypothalamus.

Waterborne exposures of breeding groups of female and male zebrafish to high levels of

FLX (32 µg/L) were also anti-reproductive (Lister et al., 2009). The number of eggs laid was

reduced 4.5-fold. Following the FLX treatment, ovarian E2 levels were depressed, as were

the expression levels of gonadal aromatase, follicle stimulating hormone receptor and

luteinizing hormone receptor in these zebrafish (Lister et al., 2009). The authors concluded
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that disruptions to the synthesis of ovarian steroids and the actions of gonadotropins may

underlie the negative influence of FLX on ovarian E2 and spawning levels (Lister et al.,

2009). Experiments with male goldfish further support the hypothesis that FLX is an anti-

reproductive neuroendocrine disruptor (Mennigen et al., 2010a). Sexually mature male

goldfish were exposed up to 2 weeks to environmentally-relevant levels of FLX in the water

(540 ng/L). Following this, males were treated with a pulse of female primer pheromone

17,20α-dihydroxy-4-pregnene-3-one or the releaser pheromone, prostaglandin F2α, and

sperm release and neuroendocrine responses assessed. Remarkably, both basal and

pheromone-stimulated milt production were suppressed by pre-exposure to FLX. Together,

these data in teleost fish indicate that FLX can suppress both female and male reproductive

function, in part by modulating IST and ER signaling (Mennigen et al., 2010a). The

hypothesis that environmental FLX exposure and neuroendocrine disruption leads to

deleterious effects on natural fish populations requires rigorous testing.

There are other emerging concerns with SSRIs in the environment. Not only is there

suppressed reproduction, but waterborne FLX (540 ng/l and 54 μg/L) also decreases food

intake, induces body weight loss and a fasting-like response in goldfish (Mennigen et al.,

2010b). Hypothalamic gene expression studies support potential anorexigenic effects, with

increased expression of CRH and decreased expression of NPY (Mennigen et al., 2010b). In

striped bass, high levels of waterborne FLX (35-150 μg/L) reduced prey capture ability

(Gaworecki and Klaine, 2008). In addition to FLX, numerous other antidepressants (e.g.,

venlafaxine, bupropion, fluoxetine, sertraline, citalopram, paroxetine and their metabolites)

have been detected in wastewater and may bioconcentrate in exposed fish (Metcalfe et al.,

2010). Sertraline at levels above those expected in the environment (0.12, 89, and 300 μg/L)

dose-dependently reduces foraging in juvenile perch (Hedgepeth et al., 2013). Some SSRIs

have additional mechanisms of action, for example, venlafaxine is a pharmaceutical whose

prescription rates are increasing, and has effects to inhibit reuptake of both 5HT and

norepinephrine. Few studies had address potential neuroendocrine disrupting effects of these

other antidepressants. In studies comparing the effects of FLX and venlafaxine on whole

brain transcriptome in fathead minnow using microarrays, it was clear that there were more

extensive effect of venlafaxine, and distinct gene sets are affected by the two antidepressants

(Thomas et al., 2012).

Studies of mixtures containing SSRI and other neuroactive pharmaceuticals are beginning to

appear (Galus et al., 2013; Silva de Assis et al., 2013), yet their impacts on neuroendocrine

systems have not been fully characterized or assessed. Regardless, these studies support the

idea that SSRIs significantly disrupt reproduction and metabolism in fish through

neuroendocrine mechanisms.

8. Conclusion and future perspectives

Due to the pervasive use and increased mass production of many of these chemicals, there is

sufficient evidence for neuroendocrine disruption by organopesticides, PCBs, pulp and

paper mill effluents, and chemicals that have estrogenic or anti-androgenic modes of action.

Laboratory and field sampling studies illustrate the transfer of some EDCs from the

environment to the circulation and into the brain. Many of these compounds can persist and
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may bioconcentrate or bioaccumulate, ensuring widespread and continued exposure of

animals including humans to these chemicals. Further, neuroactive pharmaceuticals (e.g.,

fluoxetine, among others), found in the environment are now also emerging as

neuroendocrine disruptors because effects have been observed in experiments using

environmentally-relevant exposure scenarios. While there are a few existing examples, a key

issue that should be addressed in future research is the relationship between exposure route

and concentration, and subsequent neuroendocrine alterations and effects on apical

endpoints.

To guide future experiments and policymaking decisions, it is essential to develop a

consensus statement that encompasses the current discussion and debate amongst the

broader scientific and regulatory communities. Our goal is that this will aide in classifying

other environmental pollutants as neuroendocrine disruptors and will increase the scope of

risk assessments across taxa. Based on this review, and in the spirit of being cogent and

succinct for a wider audience, we propose the following modification to the definition of

Waye and Trudeau (2011):

Neuroendocrine disruptors are exogenous substances found in the environment that

alter normal neuroendocrine function and result in an adverse effect on the

organism or population.

Exposure to many neuroendocrine dirsuptors, especially during development, likely

interferes with sexual differentiation and maturation, behavior, adult endocrine function. As

such, neuroendocrine disruptors are potential risk factors across vertebrate species and may

pose an environmental health hazard for humans and wildlife. Future investigations related

to mechanisms of action of these neuroendocrine disruptors are needed for a better

understanding of how they alter the neurophysiology of the organisms. Critically missing is

research specifically addressing direct effects of environmental chemicals on anterior

pituitary function. New experimental approaches used to build a case for neuroendocrine

disruption by environmentally-relevant levels of contaminants must strive to link direct

actions in neuroendocrine cells to altered physiology, as well as to behaviors related to

reproduction, cognition and memory, etc. These studies may serve as a framework for

investigating other emerging neuroendocrine disruptors. It will be important to link these

outcomes with effects at the population-level. Additionally, this information should aid in

establishing guidelines and public policy decisions for targeted reductions in production

levels for these various chemicals, financial support for remediation strategies for existing

contaminated environments, and ultimately minimizing animal and human exposure to

suspected neuroendocrine disruptors. Given the persistence, ubiquitous and lipophilic (easily

transferable) nature of many of these compounds, exposure to neuroendocrine disruptors

may start in embryonic life, be it a fish larva, free-living amphibian tadpole, hatchling bird,

or the human conceptus.

Future studies in neuroendocrine disruption need to be designed to carefully test a wide

range of concentrations. It is essential to assess low environmentally-relevant levels in

addition to higher concentrations currently considered acceptable by the various National

regulatory agencies and policy-makers. It is essential to determine if low concentrations of

the various chemicals lead to neuroendocrine disruptions. Alternatively, it may be that some

León-Olea et al. Page 21

Gen Comp Endocrinol. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



of these chemicals demonstrate a U-shape or non-monotonic response curve where only the

lowest and highest doses tested result in significant neuroendocrine disruption (Vandenberg

et al., 2012). These types of studies may aid in establishing new guidelines for acceptable

exposure with minimal risk to wildlife and humans. Additionally, further studies are needed

to determine whether there are sexually dimorphic differences in vulnerability to

neuroendocrine disruption by the various chemicals. It may be that each sex has contrasting

neural pathways and associated behaviors that are differentially susceptible to environmental

pollutants (Jasarevic et al., 2011).

Epigenetic or inheritable changes that do not alter the DNA sequence itself but affect the

expression of certain genes are not analyzed in most risk-assessment studies. Select

pesticides, estrogenic and anti-androgenic chemicals have been linked to epigenetic changes,

including DNA methylation, histone protein alterations and non-coding RNA changes.

However, it is not clear how DNA methylation, especially through the male germline, might

withstand the normal embryonic reprogramming mechanisms and be passed on to

subsequent generations to account for the ascribed transgenerational inheritance. Nor is it

clear in many cases whether the mode of transgenerational inheritance is through the female

or male germline and what groups of genes are affected. Additional studies should examine

impacts of neuroendocrine disruptors on microRNAs and other non-coding RNAs such as

Piwi-interacting RNA (piRNA), because they are likely to be vulnerable to changing

environmental conditions in vertebrates (Zhang et al., 2010), as has been shown in

Caenorhabditis elegans (Ashe et al., 2012; Gu et al., 2012b; Vandegehuchte and Janssen,

2013).

Neuroendocrine disruption is more than just disturbances in hormones and feedback

mechanisms. Some neuroendocrine disruptors can induce morphological changes in

neuroendocrine neurons (Panzica et al., 2011), whereas others may reduce or eliminate

sexually dimorphic behaviors (Jasarevic et al 2011; Patisaul et al., 2007; Rubin et al., 2006)

at the center of mate choice, and thus successful reproductive events. By altering

reproductive and sexually-selected behaviors, for example, those that involve intrasex

competition or intersex traits and provide honest indicators of fitness, neuroendocrine

disruptors may already be shaping evolutionary change in an increasingly contaminated

world (Crews and Gore, 2012).
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Environmental contaminants have specific effects on vertebrate neuroendocrine systems

Neuroendocrine disruption is linked to infertility, obesity and cardiac disease

Epigenetic and transgenerational effects of neuroendocrine disruptors are a concern
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Figure 1.
Neuroendocrine disruption has gained more attention from the scientific community in the

past decade (Web of Science, November 2013). Published manuscripts and reports that use

the specific phrase “neuroendocrine disruption.” In addition, citations of these articles have

steadily increased over the past 20 years.
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Figure 2.
Building a case for neuroendocrine disruption. Environmental pollutants (e.g. , pesticides,

PCBs, phthalates, pharmaceuticals, etc.) can act directly on cells within neuroendocrine

tissues of the central nervous system (CNS) as well as on neurotransmitter systems that

regulate neurohormone release, for example dopamine (DA), gamma-aminobutyric acid

(GABA), norepinephrine (NE) and serotonin (5HT), among others. Altered neuropeptide

synthesis and release will have downstream consequences on pituitary hormone release

(arrow A), affecting homeostasis, growth and reproduction. Neuroendocrine disruptors are

also proposed to regulate behaviors by modulating neuropeptide synthesis and release, the

mechanisms of which are not fully characterized but likely involve membrane bound

receptor (e.g., estrogen, progesterone) signaling and/or nuclear receptor (e.g., androgen,

glucocorticoid, estrogen) pathways and post-translational protein modifications (i.e.,

phosphorylations) within neuroendocrine cells. Changes in behaviors (e.g., feeding,

sociosexual) will adversely impact homeostasis, growth and reproductive output (arrow B).

The CNS will be responsive to these physiological changes, and may be altered by longer
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acting effects of neuroendocrine disruptors, such epigenetic modifications (e.g., DNA

methylation state) resulting in transgenerational effects (arrow C). Focused studies that

address some of the questions proposed will assist to better define the scope of

neuroendocrine disruption. Abbreviations: 5-HT, 5-hydroxytryptamine; GnRH,

gonadotropin-releasing hormone; KP, kisspeptin; OXT, oxytocin (known as isotocin in fish),

PCBs, polychlorinated biphenyls; PIT, pituitary; POA, preoptic area; TRH, thyrotropin-

releasing hormone; VP, vasopressin.
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