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Abstract

Integration of the hypothalamic-pituitary-adrenal (HPA) axis and the limbic system through 

glucocorticoid signaling is imperative in initiating and regulating a suitable stress response 

following real or perceived threats. Dysfunction of these circuits that results in a persistent or 

inhibited glucocorticoid secretion can severely affect processing of stressful experiences and lead 

to risk for developing further psychiatric pathology. Exposure to toxic chemicals found in our 

environment, including pesticides, metals, and industrial compounds, have been shown to have 

significant impact on neurological health and disease. Indeed, studies have begun to identify the 

HPA axis and limbic system as potential targets of many of these environmental chemicals, 

suggesting a possible environmental risk for damage to the stress circuit and response to stressful 

stimuli. This review will focus on our current understanding of the impact exposure to 

environmental toxicants, including bisphenol A and lead, has on the synaptic physiology of the 

HPA axis and limbic system and how this contributes to an alteration in behavior output. Further, 

this discussion will provide a starting point to continue to couple novel toxicological and 

neurological approaches to elaborate our understanding of the influence of environmental 

chemicals on the stress response and pathology.
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1. Introduction

In situations of physical or perceived adversity, a biological and physiological response is 

initiated that functions to ensure a context-relevant response that counteracts the challenge 

and allows an organism to adapt to future stressful encounters. In order for this to occur the 

body relies on several different, yet highly integrated neural circuits that work in concert to 

elicit an appropriate action (1). Under normal conditions, an intact stress circuit will initiate 

a response that is both physiologically and behaviorally aligned with magnitude and valence 

of the stressful experience. However, various malfunctions within the stress response circuit 

could lead to an aberrant response that is not suitable to the situation (2). While a 

maladaptive stress response certainly has implications for how someone navigates society 

and interpersonal interactions, a chronic disruption of this circuit can lead to pathological 

manifestations, including risk for depression and other psychiatric concerns (3).

It is well established that there are various environmental risk factors for alterations to both 

the centrally mediated hypothalamic-pituitary-adrenal (HPA) and the peripherally mediated 

sympatho-adrenomedullary (SAM) axis stress circuitry, including maternal care, 

psychological and physical traumas, socioeconomic status (SES), that can severely impact 

normal development and maintenance of the stress response (4–9). In addition to these 

concerns, we must also consider the neurological impact of exposure to environmental 

chemicals on the specific aspects of the stress circuit. These chemical specters encroach, 

unseen, at various entry points in our day to day lives, either through air pollution, 

contaminated food and water, or the inclusion of harmful chemicals into many of our 

consumer products, we are exposed to an extensive and diverse chemical cocktail. Thus, on 

any given day we are potentially exposed to hundreds of different chemicals, many of which 

are known to travel to the brain and affect neurological health. With these points in mind, 

this review will appreciate the most salient aspects of the HPA axis and stress circuitry and 

will continue this discussion in the context of environmental chemicals by highlighting 

specific targets of this circuit that have been shown to be altered by environmental 

exposures. It is hoped that this discussion will serve as a starting point, from which to 

initiate a greater appreciation for the environmental contribution to neurological disease and 

facilitate further in-depth investigations to uncover the impact of environmental chemicals in 

modulating the stress circuit and maladies related to its dysfunction.

2. Overview of the Central and Peripheral Stress Circuitry

Mounting a response to a specific challenge requires equal input from both central as well as 

peripheral mediators of the stress circuitry. The peripheral stress response circuit is 

comprised of the SAM axis and is primarily tasked with integrating and transmitting 

viscero- and somatosensory stress stimuli. Stressful stimuli, such as visceral or somatic pain, 

loss of blood volume, or respiratory distress, activates sympathetic neurons in the spinal 

cord, which initiates the release of norepinephrine (NE) onto target organs (10). An 

elevation in NE stimulates an adaptive response to the stressor by increasing heart rate and 

respiration and mobilizing energy stores for use. Stressors that arise from the periphery are 

concurrently integrated with the central nervous system through ascending signals that 

synapse onto NE neuron populations in the locus coeruleus as well as other NE-releasing 
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brainstem and medullary cell populations (11). These cells then transmit stress signals via 

projections to critical nuclei of the HPA axis and limbic system to further mediate 

homeostatic imbalance in the body. Thus, physical stressors as well as psychogenic 

stressors, such as a perceived threat or anticipated adversity are integrated and converge 

upon the hypothalamus, which initiates the secretion of corticotrophin-releasing hormone 

(CRH) from the periventricular nucleus (PVN) to the pituitary gland. In turn, 

adrenocorticotrophic hormone (ACTH) is sent to the adrenal gland in the periphery, 

stimulating the release of the glucocorticoids, cortisol (in humans) or corticosterone (in 

rodents) (12–14). These glucocorticoids signal through the glucocorticoid receptors (GR) 

and mineralcorticoid receptors (MR), which are located ubiquitously in the central and 

peripheral nervous systems (15) and serve as major mediators of the stress response. 

However, the location of these receptors in the limbic system, including the prefrontal cortex 

(PFC), hippocampus, and amygdala, make them especially important for responding to 

stressful stimuli. In addition to glucocorticoids, each of these regions is highly innervated 

and dependent upon glutamatergic, GABAergic, dopaminergic, and noradrenergic signaling 

in order to mediate the proper function of the stress pathway (Figure 1). Moreover, these 

circuits comprise an important feedback mechanism that communicates with the 

hypothalamus and serves to modulate glucocorticoid release and ultimately terminate the 

stress response (1, 16, 17).

It is important to note that although this represents the conventional stress pathway, stress-

induced signaling of CRH and to a lesser degree ACTH have additional functions and targets 

in the central and peripheral stress circuit as non-endocrine neuromodulators that are 

independent of CORT activation. In terms of CRH, extensive work has identified the 

localization and regulation of both CRH and the CRH receptor in the rodent brain (18–20). 

Given the role of CRH in the stress response, it is not surprising that dense populations of 

CRH neurons reside in many of the brain regions associated with the stress circuitry, 

including the cortex, hippocampus, and amygdala, as well as the PVN in the hypothalamus. 

Similarly, the CRH receptor is highly expressed in these same brain regions and can be 

activated by local CRH release or CRH projections from the PVN (21). Both scenarios 

contribute to the CRH-mediated regulation of behavioral responses to stress. While usually 

associated with perceived or impending threats, stress induces the release of CRH in areas 

like the hippocampus and amygdala, which then activates CRH receptors in these same 

regions to elicit an increase in anxiety behaviors as well as impair LTP in the hippocampus. 

Moreover, descending projections that release CRH to the LC in the brainstem, mediate 

stress-induced alterations in heart rate, blood pressure, and other autonomic outputs.

Although extensively and in many ways seamlessly integrated, regions of the limbic system 

involved in facilitating the stress response serve discrete functions that are imperative to a 

normal stress response. For example, the PFC serves an important function in decision 

making processes and working memory, as it relates to stressful events and plays a critical 

role in translating stressful events or information into action (22, 23). This is most important 

when the stressful situation is perceived or anticipated and the PFC must make a “value 

judgment” related to the magnitude of the threat. By comparing the current threat with prior 

stressful events an adequate physiological response is initiated. In order to accomplish this, 

the PFC relies on connectivity with the hippocampus and amygdala, as well as the ventral 
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tegmental area (VTA), which sends projections to the PFC. While the hippocampus plays a 

critical role in learning and memory processes, the amygdala serves to integrate and 

consolidate emotionally salient memories for the expression of anxiety, both of which are 

regulated by glucocorticoids (24–26). Indeed, emotionally arousing experiences are better 

remembered, which allows us to recall emotional situations and apply them to future 

situations that are similar. Neuronal inputs, primarily from the LC to the hippocampus, may 

further contribute to enhance memory formation and consolidation for emotional events 

(27). Thus, the proper integration and functioning of these circuits is imperative to many 

important aspects of the stress response.

The underlying function of this circuit is extensively mediated by glutamatergic, 

GABAergic, dopaminergic, and noradrenergic responses and signaling following exposure 

to glucocorticoids and stress stimuli (1, 11, 16, 28, 29). Indeed, acute release of 

glucocorticoids facilitates an increase in glutamatergic output from the PFC, as seen by 

elevated glutamate release, in addition to upregulation and trafficking of NMDA and AMPA 

receptors to the plasma membrane of the postsynaptic neuron (30, 31). Similar 

rearrangements to glutamatergic signaling are also observed in the hippocampus and 

amygdala in response to glucocorticoids (32, 33). These alterations facilitate behavioral 

effects that serve to elaborate and strengthen the stress circuit and its adaptive responses by 

enhancing the formation and consolidation of emotionally salient memories (34–37). 

Catecholaminergic input from NE and DA circuits to the limbic system may underlie many 

of the alterations in glutamatergic signaling as well as the PFC response to stressful stimuli. 

In terms of the hippocampus, stress stimulates the release of NE from LC neurons onto the 

hippocampus. Elevated NE initiates phosphorylation of AMPA receptors and promotes the 

insertion of AMPA receptors into the postsynaptic membrane, which serves to increase 

glutamate signaling and long-term potentiation (LTP), which is critical to memory formation 

(27). Stressful stimuli and the increase in glucocorticoids have also been shown to increase 

the release of DA in the PFC. Interestingly, this stimulated release appears to be due to the 

interaction of glucocorticoids at the dopaminergic presynaptic terminal, rather than at the 

dopaminergic cell bodies in the VTA (29). Dopaminergic signaling in the PFC is involved in 

supplying the motivation and attention necessary to evaluate a stressful event and undertake 

the necessary behavioral response to relevant stimuli.

Integration of these limbic regions also provides an additional pathway for modulation of the 

stress response via direct and indirect interactions with the HPA axis, which provides a 

feedback mechanism to further monitor the release of glucocorticoids (1). The 

hypothalamus, especially the PVN is highly decorated with glucocorticoid receptors in order 

to provide a direct feedback pathway to monitor the levels of glucocorticoids in the system. 

Activation of these receptors in the PVN by glucocorticoids serves to inhibit or reduce 

glucocorticoid signaling. In contrast, feedback modulation of the HPA axis from the limbic 

system occurs via indirect mechanisms and pathways, as the projections from the PFC, 

hippocampus, and amygdala do not terminate directly on the PVN neurons (16, 38). In 

general, these pathways exert their modulation through intermediary connections that 

stimulate GABAergic synapses on the PVN and inhibit the HPA axis. Modulation of 

glucocorticoid signaling through feedback is important in maintaining safe or suitable levels 

of glucocorticoids in the brain (10). If this signal is disrupted due to pathology of this circuit, 
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then a proper feedback will not occur and could contribute to a deleterious glucocorticoid 

signaling and stress response. Indeed, instances that limit or impair the ability of the 

feedback circuit to regulate glucocorticoid signaling can lead to elevated and persistent 

exposure to glucocorticoids, which has been shown to significantly affect the function of the 

stress response circuit as well as contribute to other neurological maladies, including 

depression and schizophrenia (3).

At each level of the limbic circuit, chronic stress can significantly alter neurotransmitter 

signaling and impair function of the circuit. Most notably, exposure to chronic stress leads to 

dendritic atrophy and spine loss in the PFC, affecting expression and function of glutamate 

receptors and signaling (39, 40). Specifically, persistent exposure to glucocorticoids reduces 

expression of various NMDA and AMPA receptor subunits, which causes impairments in 

performance during working memory tasks (41, 42). Stress-induced impairments in working 

memory may also be mediated by altered dopaminergic signaling through the mesocortical 

circuit (29). This projection serves an important feature in the stress response as it compares 

the magnitude of the current stressful event with similar past events in order to regulate an 

appropriate behavioral response to the situation. To execute these tasks the PFC requires 

precision in its DA signaling that has been best described as a U-shaped response, where in 

too much or too little DA can cause impairments in cognitive functions in the PFC (43). 

Thus, too much DA released onto the PFC as a result of chronic stress conditions could have 

further detrimental effects on working memory. In addition to alterations in neuronal 

complexity and function in the PFC, chronic stress also causes reductions in dendritic 

arborization in the hippocampus, leading to defects in spatial memory and other aspects of 

the cognitive process (44). In contrast to these reductions, chronic stress causes an increase 

in dendritic arborization in the amygdala. However, like the hippocampus, this alteration in 

the glutamatergic signaling results in the impairment of LTP and functions of memory 

consolidation in the amygdala (45, 46).

3. Environmental Chemicals and the Stress Response

Clearly, glucocorticoids play an imperative role in mediating many different aspects of a 

healthy stress response and are critical to ensuring that our stress response adapts and 

evolves to meet our needs. When these functions are disrupted, our ability to effectively 

navigate stressful situations is compromised. Early life experiences have been shown to 

significantly contribute to alterations in stress circuitry and a maladaptive stress response (4–

7). For example, deficits in maternal care or traumatic events have been shown to affect the 

expression and function of key neural elements within the limbic system, which can modify 

the behavioral responses to stress. In addition to more psychologically based instigators, 

exposure to other exogenous elements, such as environmental chemicals are also risk factors 

for damage to the limbic system and contribute to alteration in various aspects of the stress 

circuit (Table 1).

Exposure to environmental chemicals has been shown to have severe effects on the 

development and function of the human brain. These compounds include pesticides used in 

both agricultural and residential settings to reduce the health effects of insects and increase 

food production. Additionally, industrial chemicals, such as solvents, metals, and flame-
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retardants, are introduced into many consumer products to enhance their production, 

function and utility. Exposure to these chemicals is common, occurring on a daily basis, 

either through ingestion of contaminated food and water, or inhalation of toxic chemicals 

both inside and outside of our homes and businesses. Alarmingly, many of these chemicals 

are able to travel to the brain and disrupt a multitude of neurological processes. Work over 

the last several decades has begun to associate many of these compounds with neurological 

deficits, including attention deficit hyperactivity disorder, Parkinson and Alzheimer disease, 

autism spectrum disorder, amyotrophic lateral sclerosis, as well as general decrements in 

learning and IQ and other psychomotor and neurobehavioral endpoints in children and adults 

(47–57). Further efforts have begun to uncover associations between many of these 

compounds and other psychiatric disorders, including schizophrenia, bipolar depression, 

which have been associated with pathological implications of chronic stress and 

glucocorticoid release (3, 58, 59).

Laboratory research has begun to elaborate upon these findings and identify the specific 

brain regions and neural circuitry that is being damaged and contributing to these 

neurological disorders. In short, these compounds have been found to alter various aspects of 

neurotransmitter function by either affecting the generation of an action potential by 

targeting the specific ion channels, creating deficits in neurotransmitter release by disrupting 

the presynaptic terminal or altering the response to each neurotransmitter by affecting 

postsynaptic receptor expression and function, and in many instances recapitulating the 

pathological and neurobehavioral features of the above mentioned diseases and disorders. 

The subsections that follow provide an initial appreciation of the influence exposure to 

specific environmental toxicants has on the function of the HPA axis as well as alterations in 

neurotransmitter signaling that are critically involved in mediating the stress response.

3.1 Environmental Toxicants and Glucocorticoids

Many of the pathways and brain regions that are altered by exposure to environmental 

chemicals, including the PFC, hippocampus, amygdala, and hypothalamus, have been 

implicated in facilitating the HPA axis stress response (Figure 1). More specifically, many of 

these compounds have been shown to affect the function of the HPA axis by increasing or 

decreasing the plasma levels of corticosterone (CORT) following exposure or damaging the 

expression and function of key neurotransmitter components that are critical to signaling in 

the limbic circuit. While changes in CORT levels certainly indicate a more direct alteration 

in HPA axis signaling, from the available studies, it is difficult to differentiate central versus 

peripheral effects of environmental toxicants, leading to HPA dysfunction. In addition to the 

HPA, disruption of neurotransmission within the limbic circuitry can also suggest points of 

interest that could be implicated in dysfunction of the stress response pathway.

Both herbicides and insecticides have been found to alter the levels of CORT in animal 

models of exposure, suggesting that exposure to these compounds could impact the normal 

function of the HPA axis. Atrazine is one of the most widely used herbicides in the United 

States to attenuate the growth and spread of nuisance plants by targeting and disrupting 

energy production. While atrazine has been specifically formulated to target components of 

plant physiology, its effects on various aspects of mammalian function are gaining wider 
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appreciation and raising concern for its potential to affect human health. Adding to this 

concern is a series of studies that have found exposure of rats to a single dose of 5, 25, 50, 

100, or 200 mg/kg of atrazine significantly elevates levels of both CORT and ACTH in the 

plasma of exposed animals (60–62). Similar elevations in CORT have also been recorded 

following exposure of rats to as single dose of 25 μmol/kg to the herbicide, paraquat (63). In 

contrast, exposure to various organochlorine insecticides, such as hexachlorobenzene, 

toxaphene, lindane, and chlordane have been found to reduce the basal plasma levels of 

CORT in exposed animal models (64–67). While a single exposure of 1 mg/kg chlordane to 

rats was enough to elicit these alterations in CORT, 1.2 mg/kg of toxaphene to rats for 5 

weeks and a similar amount of lindane to mice were needed to cause reductions in CORT. 

Organochlorines exert their insecticidal effects through targeted disruption of several ion 

channels (sodium, potassium, calcium) involved in neurotransmission, in addition to 

blockade of the GABA(A) receptor, resulting in neuronal hyperexcitation and damage. As 

these channels are highly conserved across species, the same neuronal targets are affected in 

mammals, making exposure to organochlorine insecticides extremely dangerous to human 

health. While the manufacture and use of many of these compounds has been discontinued, 

measurable levels are still easily detectable in the environment and human tissue owing to 

organochlorines’ preferential deposition in fat and resistance to metabolism.

In addition to pesticides, we are also potentially exposed to elevated levels of metals through 

various exposure scenarios. Metals such as cadmium, manganese, arsenic, lead, and 

mercury, to name a few are routinely found in our food and water, as well as in the air we 

breathe. Moreover, our exposure to these elements can significantly increase above the 

normal population through occupational exposure or other activities. While the contribution 

of lead to dysregulation of the stress response circuit will be more fully appraised in 

subsequent sections, it is important to note that other metals have also been shown to alter 

aspects of the stress response, specifically levels of glucocorticoids. Of the common metals 

that we are routinely exposed to the most abundant body of work related to alterations in 

glucocorticoid signaling has been performed with cadmium. Exposure of the human 

population to cadmium generally occurs through food, where levels of cadmium in shellfish 

have been estimated at 1–2 mg/kg, while rice and wheat range from 10–150 μg/kg. 

Cadmium is also a major constituent of cigarette smoke, which can significantly increase 

body burden of this metal. Furthermore, occupational exposure to cadmium can also elevate 

body level, as it is a component or byproduct of metal manufacturing as well as paint 

production (68, 69). While numerous studies exist that evaluate the effect of cadmium 

exposure on glucocorticoid levels, the alterations elicited are variable and appear to be 

defined by the exposure paradigm used in each study, taking into account the concentration 

of cadmium given as well as the duration of exposure. For instance, while a single exposure 

to 0.3, 1.5, 3.0, or 6.0 mg/kg of cadmium did not appear to affect levels of CORT in the 

plasma of exposed animals, treatment with a similar concentration of 1 mg/kg of cadmium 

for 7 or 8 days did elicit a significant reduction in CORT levels (70, 71). As the 

concentration of cadmium administered increases it appears that at similar concentrations, 

duration of exposure may significantly contribute to alterations in CORT. For example, 

treatment with 30, 100, or 300 mg/kg cadmium for 35 days resulted in an increase in CORT 

levels (72). Yet, using similar concentrations of cadmium (30, 150, 300 mg/kg) for 8 weeks 
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caused a reduction in plasma CORT concentrations (73). Finally, a study of particular 

interest exposed animals to 50 or 250 μg/kg cadmium for 70 days and found an increase in 

plasma CORT (74). This study is highlighted, as the concentrations of cadmium given are 

congruent with levels that the human population would feasibly be exposed to, especially if 

exposures are elevated through smoking or occupational settings.

Manufacturing and production of various consumer products is a major source of 

environmental toxicants. Of these compounds a significant amount of recent attention has 

been given to the impact of perfluorinated chemicals on the environment as well as human 

health. Of these compounds, perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic 

acid (PFOS) has become the most recognizable and well studied, given their extensive use in 

nonstick or stain repellant consumer products, such as Teflon-coated cookware and stain 

resistant clothing and materials. Concern regarding these products is focused on their 

durability and persistence in the environment. Indeed, many of the same properties that 

make them so appealing to manufacturers and consumers, such as chemical stability also 

contribute to their accumulation and health concerns once they enter the environment and 

human body. These concerns are heightened given the fact that the biological half-life 

elimination of these chemicals is estimated to be 5 years, suggesting a chronic or persistent 

exposure scenario for the human population. The majority of studies that have appreciated 

the impact of perfluorinated chemicals on the stress pathway have done so from the 

standpoint of adult exposure to PFOS and subsequent assessment of plasma CORT levels 

and in some cases, determination of ACTH and CRH. While one study found elevations in 

CORT following exposure to 5, 20, or 40 mg/kg PFOS for 7 days, other studies that utilized 

lower doses of PFOS (0.5–6.0 mg/kg) for 28 days observed a significant reduction in CORT 

levels that were accompanied by similar reductions in ACTH and CRH (75–78). Related to 

these findings, appreciation of the effects of PFOS following a developmental exposure may 

also inform the potential impact of this compound on the stress circuitry. Using an 

abbreviated developmental exposure paradigm, treatment of pregnant mice with 6 mg/kg 

PFOS from gestational day 12–16 also caused a reduction in plasma CORT levels in the 

offspring (79).

3.2 Environmental Toxicants and Neurotransmitter Signaling

While changes in CORT provide a strong argument for the disruption of the HPA axis by 

environmental toxicants, additional endpoints should be appreciated when considering the 

potential contribution of specific toxicants to modifying the stress response (Figure 1). 

Previous sections of this review have already delineated the role of the glutamatergic, 

GABAergic, noradrenergic, and dopaminergic signaling pathways in the limbic circuit in 

mediating the stress response. With this in mind, it can be appreciated that alteration to the 

normal functioning of these pathways, which can either manifest as a change in neuronal 

activation, transmitter release or postsynaptic response to neuronal signaling, can have 

severe consequences on activation of the stress pathway. While not explicitly assessed in the 

context of evaluating the HPA axis and stress response, a variety of studies have contributed 

to our understanding of how exposure to specific environmental toxicants ultimately impacts 

the integrity and function of specific neuronal populations throughout the brain, including 

regions involved in mediating the stress response. In this regard, organochlorine and 
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pyrethroid insecticides as well as chemicals with flame retardant properties provide an initial 

discussion point of how environmental compounds can affect specific neurotransmitter 

pathways and circuits, which could severely impact the interpretation and response to a 

stressful event. Similar to the discussion of alteration of glucocorticoid signaling following 

toxicant exposure, the majority of available data has focused on the impact of specific 

environmental toxicants on impairment of neurotransmission in the central nervous system, 

highlighting a gap in our general understanding of the impact of toxicants on the peripheral 

nervous system.

As discussed above, organochlorine insecticides exert their toxicity through targeting of 

specific neuronal components, leading to neuronal overactivation. Although all neurons rely 

on the movement of sodium and calcium ions for normal neurotransmission, assessment of 

the neurological effects of exposure to organochlorine insecticides has focused on alterations 

to monoamines, specifically dopamine and norepinephrine. Recording in vivo or from 

primary cultured neurons and brain slices exposed to the well-recognized organochlorine 

insecticides, DDT and lindane has found significant alterations to the release and 

metabolism of norepinephrine in these preparations (80–85). Most notably, 50 μM of lindane 

bath applied to hippocampal and cortical slices elicited a significant increase in NE release, 

while a single in vivo exposure to 150 mg/kg of lindane resulted in a reduction of NE in the 

cortex of exposed rats.

Organochlorine insecticides have also been extensively shown to alter the function of the 

dopamine system. These studies have primarily focus on damage to the nigrostriatal 

dopamine circuit in relation to Parkinson disease, whose pathology is uniquely driven by 

damage to the dopamine neurons and projections in this pathway (49, 86–88). Beyond the 

striatum, evidence is emerging that shows exposure to organochlorines can have significant 

effects on the mesocortical dopamine pathway. Using a developmental exposure to 500 

μg/kg endosulfan throughout gestation and lactation, our group found a significant reduction 

in the expression of the dopamine transporter (DAT) and tyrosine hydroxylase (TH) in the 

frontal cortex of 4 month old male offspring (89).

Like organochlorine insecticides, pyrethroid insecticides are formulated to specifically target 

explicit aspects of the neuron, leading to its disruption and ultimate demise of the insect. In 

contrast to organochlorines, pyrethroids generally target the sodium channel, where they 

alter its conformation and function, resulting in an exaggerated influx of sodium ions during 

an action potential and a hyperexcitation of the neuron (90). The impact of these compounds 

on the glutamatergic and GABAergic transmitters systems has been extensively studied 

using both in vitro and in vivo models of neurotransmission (91, 92). Recording of 

glutamate and GABA release in the hippocampus of rats who have been administered 

increasing concentrations of various pyrethroid insecticides uncovered a dose and chemical 

dependent effect on these circuits. While a single dose of 10 and 20 mg/kg of allethrin 

elicited an increase in glutamate release and concomitant reduction in GABA release, a 

single dose of 60 mg/kg resulted in a reversal of these findings, with glutamate release being 

inhibited while GABA neurotransmission was increased. However, treatment with 10, 20, or 

60 mg/kg cyhalothrin resulted in an increase in glutamate release and a reduction in GABA 

release at each dose (93). This differential effect on glutamate release was also observed 
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when primary cultured hippocampal neurons were exposed to 10 μM deltamethrin or 

permethrin, two other pyrethroid insecticides (91, 92). While the precise mechanisms 

responsible for these dose and compound dependent alterations in glutamate and GABA 

signaling is unclear, it is important to note that pyrethroid insecticides can be stratified into 

Type I and Type II subclasses of compounds based on the presence of an α-cyano group to 

their chemical structure. Although both Type I and Type II compounds potently affect the 

function of the neuronal sodium channel, Type II compounds have also been shown to be 

more effective at stimulating calcium influx and inhibiting voltage-gated chloride channels, 

which could participate in a greater effect on glutamatergic and GABAergic signaling (94).

Similar to the organochlorine chemicals, assessment of the effects of pyrethroid insecticides 

on monoamine circuits of the brain have primarily been focused on dysregulation of 

dopamine signaling in the striatum, with minimal attention given to alterations in other 

monoaminergic circuits, although a single study did identify elevations in NE in both the 

PFC as well as the hippocampus following exposure to 34 mg/kg permethrin from postnatal 

day 6–21 (95).

Various aspects of neurotransmission and function are also targets of other environmental 

toxicants, including polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers 

(PBDEs). These compounds are synthetic chemicals manufactured and used in electrical 

equipment and furniture in order to provide thermal stability and reduce the flammability of 

these products. It is important to note, while various herbicides and insecticides are 

specifically formulated to target and disrupt select physiological functions, most industrial 

compounds were never intended to affect these functions and were not produced to have a 

discrete mechanism of action or defined target, either in the nervous system or any other 

organ system. However, extensive amounts of data collected over the last several decades 

have provided support to the idea that these compounds are readily found in our environment 

and our bodies and can have severe effects on the function of the nervous system (96–98). 

Work from our group has found exposure of mice to 30 mg/kg of PBDEs for 30 days 

significantly affects the expression of specific GABAergic and glutamatergic transporter and 

receptors in the frontal cortex, which could affect overall neurotransmitter signaling and 

response in this region (99). These findings are supported by work by Fonnum and 

Mariussen that demonstrated PBDEs to significantly inhibit the function of both GABA and 

glutamate transporters in isolated synaptosomes and synaptic vesicles treated with up to 20 

μM PBDEs (100). Additionally, exposure to these compounds also affects learning and 

memory and has been shown to reduce the expression of several NMDA receptor subunits in 

the hippocampus of mice exposed to 0.1, 0.5, or 1 mg/kg of the PBDE isomer, BDE-47 for 

30 days (101, 102). Similar results have been demonstrated with PCBs, where PCBs have 

been shown to inhibit the function of both the GABA and glutamate transporters in brain and 

shown to disrupt GABAergic and glutamatergic receptors and neuronal signaling in the 

frontal cortex, hippocampus and hypothalamus (103–108). Indeed, treatment of pregnant 

rats with 1 mg/kg PCBs on gestational day 16 and 18 caused significant alterations the 

GABA(B) receptor as well as the NMDA receptor subunits, NR2B and NR2C. In contrast, 

exposure of male rats to 10 mg/kg of the PCB mixture, Aroclor 1254 for 14 or 30 days 

severely disrupted glutamate signaling in the hippocampus and frontal cortex, respectively. 

In contrast to the GABA and glutamatergic circuit, a paucity of data exists that appraises the 
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impact exposure to flame retardant compounds could have on catecholaminergic projections 

to specific regions of the limbic system. Interestingly, while we have conducted work with 

PBDEs and PCBs that investigated the impairment of the dopamine circuit in the striatum 

we did not detect alterations of the dopamine projections in the frontal cortex, when 

specifically evaluated.

4.0 Integrated Assessment of Toxicant-Induced Impairment of the Stress 

Response

The above studies provide initial information from which to hypothesize the potential 

contribution of environmental toxicants in influencing the stress response. However, as these 

data have not been integrated into a singular experimental approach in which alterations to 

explicit HPA axis endpoints, such as CORT have been paired with relevant neurobehavioral 

and neuropathological assessment a knowledge gap regarding the potential contribution of 

exposure to these compounds may play in modulating the stress response remains for many 

chemicals we are routinely exposed to. Although very few environmental chemicals have 

been evaluated in the context of the stress pathway and the stress response, two compounds, 

BPA and lead, have received a significant amount of attention and their effects on the 

neurotransmitter circuitry and glucocorticoid signaling in the HPA axis and augmentation of 

stress response have been assessed in multiple studies, providing a more comprehensive 

understanding of the influences of these compounds on the stress pathway.

4.1 Bisphenol A and Alterations to Stress Response

Bisphenol A (BPA) is a high volume synthetic chemical used extensively in the manufacture 

and production of polycarbonate plastic containers, as well as a major constituent of resin 

used to line food and beverage cans. Rather than being chemically integrated into the 

manufacturing process, BPA is considered an additive, allowing its presence in consumer 

goods to be extremely labile and prone to leach from the plastic product under situations of 

high heat. As a result, BPA is readily recorded in the environment, as well as human tissue, 

being found in amniotic fluid, breast milk, and plasma, making exposure to BPA a critical 

concern for the developing child (109–111). Although the current established threshold 

exposure to BPA has been set at 50 μg/kg-bw/day, several investigations have found BPA at 

concentrations much lower can effect endocrine signaling, suggesting a difficulty in truly 

establishing and regulating safe levels of BPA in the environment and in human tissue.

The dangers of BPA lie in its characterization as an estrogen receptor agonist, capable of 

mimicking estrogen-mediated cellular signaling (112, 113). These effects appear to be 

mediated by both a classical genomic signaling pathway, as well as a non-genomic signaling 

pathway, coincident with the localization of estrogen receptors in the nucleus, cytosol, and 

imbedded in the plasma membrane of cells. While the classical mechanism relies on 

dimerization of the estrogen receptor following activation, translocation to the nucleus and 

binding to estrogenic response elements on gene promoters, the non-genomic pathway 

stimulates gene expression through cellular signaling cascades induced by activation of 

plasma membrane estrogen receptors. Thus, exposure to BPA can create a milieu defined by 
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persistent or hyperactivation of estrogen receptors, which can impact normal estrogenic 

signaling and cellular response.

The impact of exposure to BPA has raised concerns given the importance of estrogen and 

estrogen receptors in many aspects of neurodevelopment, including stimulation of 

proliferation and cellular differentiation, neurite outgrowth and branching, synaptogenesis, 

and neuronal survival (114, 115). Several studies have evaluated the effects of developmental 

BPA exposure and the impact this compound has on function of the HPA axis and the 

exposed offspring’s response to stressful situations. It is important to note that the majority 

of these studies were performed using concentrations of BPA that have been suggested to be 

in line or below the federal regulation for daily exposure to these compounds (50 μg/kg-bw/

day). These are important considerations to keep in mind when evaluating behavioral and 

physiological endpoints in response to specific compounds, which may exceed 

environmentally relevant exposure levels.

The majority of these studies evaluated offspring that had been exposed to environmentally 

relevant levels of BPA during gestation and lactation, thus mimicking as closely as possible 

the route and duration of exposure that a normally developing human fetus would encounter. 

These studies then assessed the performance of both male and female offspring in well-

established behavioral paradigms used to demonstrate an anxiety-like phenotype, such as 

elevated plus maze, locomotor activity, and light-dark test. Overwhelmingly, when tested, 

developmental exposure to BPA resulted in significant alterations in the stress pathway as 

shown by demonstrating an increase in anxiety-like behaviors in BPA exposed animals, 

compared with control. This phenotype manifested as less time spent in the center area 

during open field test, a reduced time spent in the open arm of the elevated plus maze, as 

well as less time spent in the light portion of the light-dark test (116–121). These findings 

are supported by recent epidemiological data that suggest exposure to BPA during key time 

points of neurodevelopment is associated with the development or increased expression of 

anxiety behaviors as well as behaviors that are considered depressive, which is an additional 

pathology associated with dysregulation of the HPA axis and stress pathway (122, 123).

Behavioral data from animal studies suggesting BPA-induced alterations in the stress 

response are corroborated by concurrent increases in plasma levels of CORT, and in some 

instances increases in ACTH and CRH in the offspring who have been developmentally 

exposed to BPA compared with control animals (116, 119, 121, 124). In some instances 

these elevations in CORT were also accompanied by changes in the expression of the GR 

and MR in various regions involved in the stress response. These findings appeared to be 

stratified by gender, with males and females demonstrating a differential alteration in these 

receptors. For example, a study by Panagiotidou et al., (124) found a reduction in GR and 

MR mRNA in both the hippocampus and the hypothalamus of female offspring. However, in 

contrast, male offspring only had a reduction in GR in the hippocampus.

Developmental exposure to BPA also affected select circuits that are imperative to normal 

function within the stress pathway. Several studies identified alterations in specific 

glutamatergic receptors, including the AMPA receptor subunit, mGluR1 and the NMDA 

receptor subunit NR1 expression being significantly reduced in the hippocampus and the 
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amygdala following developmental exposure to BPA (125). Additionally, adolescent 

exposure to BPA caused a significant loss of spine density of pyramidal neurons in both the 

PFC and hippocampus (126, 127). In addition to alterations in glutamatergic signaling, 

multiple studies found developmental exposure to BPA also disrupted the expression and 

function of GABAergic signaling in the limbic system. Two studies found a reduction in the 

expression of GAD65 and GAD67, which are critical enzymes involved in the synthesis of 

GABA. Interestingly, these alterations were found to occur in the basolateral amygdala 

(BLA) of BPA exposed offspring. Furthermore, the reduction in GAD67 appeared to be 

resultant of an epigenetic modification caused by an increase of DNA methyltransferase1 

and hypermethylation of the GAD67 promoter region, resulting in a reduction in the 

expression of the gene and protein (128). These findings are important as the GABAergic 

circuit within the BLA provides a critical inhibitory signal to glutamatergic neurons. A 

reduction in GABAergic signaling could feasibly cause a reduction in the inhibitory control 

of glutamatergic signaling and result in an increase in excitatory input sent from the BLA to 

the HPA axis. Additional dysfunction has been reported in the dopaminergic and 

noradrenergic systems following BPA exposure. Recent work from Ogi et al., (129) found 

gender-dependent alterations in levels of NE in the frontal cortex and hippocampus, where 

in, female offspring exposed to 500 μg/kg BPA during gestation and lactation showed an 

elevation in NE in these regions while male mice were spared. A similar gender difference 

was also found when quantification of NE cell bodies in the LC was conducted following the 

same exposure to BPA, with female mice had a reduction in NE neurons in the LC, while 

male mice showed an increase in NE neurons in this region. Interestingly, whether an 

elevation of reduction was observed, no change was seen in the density of NE fiber 

projections to the frontal cortex (130).

4.2 Developmental Lead Exposure and Stress Pathways

For decades we have recognized the deleterious effects of lead exposure, especially in young 

children who have been exposed during critical periods of brain development. Most 

significantly, these exposures have been associated with severe declines in intellectual 

capacity as well as other behavioral impairments, including reduced attention, increased 

impulsivity and risk for ADHD and schizophrenia (131–134). While substantial measures 

have been taken in order to reduce lead exposure in the human population and lowering the 

acceptable threshold of blood lead level to 10 μg/dl, more recent work has found that deficits 

in IQ may be even greater at significantly lower concentrations of lead (135). These data 

suggest that there may not be a neurologically safe level of lead that can be retained in the 

body, especially in children.

The pathological targets that underlie intellectual and behavioral abnormalities have 

primarily focused on lead-induced impairment of the glutamatergic neurotransmitter circuit, 

in addition to alterations to signaling within GABAergic neurons, especially in the 

hippocampus and frontal cortex. Through these studies investigators have pinpointed 

multiple cellular targets and pathways that are implicated in lead-induced deficits in 

learning. Overall, exposure to lead has been found to significantly affect various aspects of 

neurotransmission, through its interaction with both pre and postsynaptic elements of the 

glutamate and GABA system. In particular, lead has been shown to disrupt release of GABA 
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and glutamate at the synapse by blocking calcium influx through voltage gated calcium 

channels. In addition, several vesicle-associated proteins that are implicit to synaptic vesicle 

release are also targeted by lead, including reductions in synaptophysin, synaptobrevin, and 

disruption of the calcium sensing vesicular protein, synaptotagmin (136). Postsynaptically, 

lead has been demonstrated to target the NMDA glutamate receptors, causing a reduction in 

NMDA receptor subunit N2A and further impeding glutamatergic signaling as an inhibitor 

of the NMDA receptors (136).

As these regions are intimately linked within the limbic circuit to the stress response, many 

studies have been performed to assess how exposure to lead during critical periods of 

neurodevelopment could affect these regions along with the function of the HPA axis in 

mediating relevant behavioral outputs. A large body of work related to these questions has 

been assembled and significantly contributes to our depth of understanding regarding how 

lead exposure can impact the stress response circuitry. In sum, these studies highlight the 

complexities of the neurological impact of lead, which appear to be mediated by duration 

and timing of exposure during development, gender, and neurochemical and behavioral 

endpoints evaluated. However, an interesting story emerges that clearly supports the negative 

effects of lead exposure on stress-related outcomes. Most notable, exposure to lead during 

development results in blood lead levels that are congruent with the governmental levels set 

as acceptable concentrations of lead in blood of children (approximate 10 μg/dl), suggesting 

good model validity for relevant human exposure to lead (137). Using this well-defined 

model of lead exposure, investigators routinely found alteration in basal plasma CORT levels 

that were dependent upon gender of the offspring as well as the level of lead exposure that 

was administered (137–140). Related to these alterations in CORT levels, offspring were 

also shown to have variations in expression of the GR in the hippocampus and when 

challenged with exposure to dexamethasone, offspring that were developmentally exposed to 

lead demonstrated an attenuated response as seen by fluctuations in CORT levels over 24 

hours that were significantly different from control animals (139). In addition to these 

alterations, treatment with lead alone elicited a significant reduction in levels of dopamine in 

the frontal cortex (138). When adult offspring were further challenged with a stressful event, 

such as restraint, levels of CORT did not change relative to levels found in lead exposed 

offspring that did not receive restrain stress. In contrast, animals that did not receive lead 

showed a drastic influx of CORT following the restraint protocol. When combined, 

developmental exposure to lead and restraint stress as adults manifest as alterations in 

learning behavior as assessed by a fixed-interval reinforcement training paradigm (138, 

140). These findings provide a clearer picture of the potential impact of developmental lead 

exposure on the function of the HPA axis and suggest these exposures may contribute to a 

stunted or attenuate stress response to stimuli and contribute to impairments in learning. As 

discussed previously, such alterations implicate additional concerns for future pathology 

related to a maladaptive HPA axis.

Exposure to environmental toxicants does not exist in isolation. Rather they occur in the 

context of exposure to other environmental chemicals and coincident with other 

environmental factors. One setting of particular concern is communities of low SES, as this 

population tends to have a higher concentration of families living in older housing that 

contains lead-based paint and other products and as a result children in these communities 
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demonstrate the highest levels of lead in their bodies (141). Compounding this public health 

concern, this population is also subject to increased stress and incidence of disease that are 

associated with chronic or persistent stress (8, 9). Thus, multiple studies have been focused 

on addressing the concern of the impact of combined exposure to lead and stress on the 

function of the HPA axis and neurobehavior. Most notably, using a developmental exposure 

paradigm that combined pre and postnatal exposure to lead with maternal restraint stress 

administered at gestational day 16 and 17, investigators similarly found blood lead levels 

that aligned with threshold levels set by federal agencies (138–140, 142). As above, this 

exposure paradigm elicited a differential change in CORT levels that was dependent upon 

gender. While female offspring demonstrated a significant increase in plasma CORT 

following lead exposure, their CORT concentrations were attenuated when lead exposure 

was paired with maternal stress. These findings appear to mirror results from offspring that 

were developmentally exposed to lead followed by a postnatal stressor, again, indicting that 

when lead is paired with stress an attenuated or stunted response in the HPA axis is elicited. 

In conjunction with alterations in CORT levels, female offspring also demonstrated learning 

impairments that were similarly evident in animals that only received lead and animals that 

received a combined exposure to lead and maternal stress. Reiterating the complexities and 

heterogeneity of evaluating developmental lead exposure and stress, CORT levels in male 

rats did not show a change in either the lead only or combined lead and maternal stress 

exposure groups. Yet, while not as robust as their female counterparts, males also exhibited 

impairments in learning. The differential gender effects on CORT raises intriguing questions 

regarding the impact of the role of CORT in learning impairments, at least as assessed with 

these behavioral paradigms and implicates other factors that may be an additional mediator 

that needs to be considered.

5. Conclusions and Future Directions

Response to a physical or perceived stressor demands the highly orchestrated integration of 

multiple brain regions and neurotransmitter circuits in order to mediate the proper 

interpretation, response, and memory consolidation of these experiences that will serve as a 

template for future scenarios. Disruption of any of these working parts can have deleterious 

consequences, both neurologically as well as behaviorally for the sufferer. The importance 

and sensitivity of the HPA axis and limbic system has identified it as a potential target for 

alteration and disruption through various means. In addition to the impact of physical and 

psychological situations on the development and ultimate function of stress response circuit, 

we have also slowly begun to appreciate the effects of environmental toxicants to the 

function of the brain and the HPA axis and limbic system.

Unfortunately, in many ways we have fallen short in establishing the true impact of these 

chemical exposures to our neurological health. Several arguments can be made as to the 

underlying reason for this shortcoming, with the most simplistic answers concerning the 

sheer volume of chemicals that are being used, coupled with the lack of manpower to 

adequately evaluate their safety, that goes hand and hand with porous regulatory 

management. However, these do not absolve us from rigorously undertaking the task of 

determining the impact of environmental factors in neurological disease. Thus, given the 

importance of the stress response to our normal functioning in daily lives, it becomes 
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paramount that we begin to create a richer understanding of the influence of environmental 

toxicants and their effect on the stress response circuit. As discussed in this review, a wealth 

of data illuminates the idea that exposure to these compounds could affect the normal 

functioning of the HPA axis and limbic system, resulting in alterations of the stress pathway 

from several different angles. Just as with psychological perturbations of this system, 

environmental exposures could manifest in dysfunction at various set points within the stress 

circuit, resulting in an inability to store and retrieve past stressful memories in the 

hippocampus and inability to properly interpret and perceive a stressful or threatening 

situation. Further, they could alter the feedback of glucocorticoids and potentiate a chronic 

over or underactivation of the stress circuit, which could contribute towards various 

pathological endpoints.

As seen from work performed with BPA and lead, we have developed a working template 

that integrates the most salient physiological and behavioral endpoints needed to provide a 

concise assessment of how other chemicals can affect the stress response. With this in mind 

we have set the stage to establish a way forward and advance our understanding of 

environmental toxicants and the stress response. However, a framework should be 

considered that would help to guide critical next steps in this process. Below I have outlined 

and briefly discussed three points that need to be appreciated as the field moves forward and 

progresses. By no means exhaustive, these points should serve to initiate discussion and be 

further extended in order to advance the field. First, we need to continue to elaborate our 

understanding of toxicant-induced disruption of the stress response by coupling strong 

toxicological approaches with well-established and progressive neuroscience techniques that 

will capitalize on the strengths of these two disciplines. In this regard, it is critical to be 

cognizant of environmentally relevant levels of exposure that generate relevant tissue 

concentrations of these compounds. Pairing these approaches with cutting edge biochemical 

and neurophysiological methodology, such as electrophysiology and optogenetics will 

provide a deeper understanding of the cellular and molecular pathways within the stress 

response circuit that are disrupted following exposure to environmental toxicants. Through 

these approaches we will be better positioned to address some of the major gaps in our 

understanding of the impact environmental toxicants have on the stress pathways. For 

example, devoting more attention to the impact exposure to environmental toxicants has on 

the function of the SAM axis in mediating the stress response. Additionally, delineating 

toxicant-induced alterations in CRH signaling that are independent and dependent on CORT 

release from the adrenal gland. Second, it is critical that we identify and direct research 

efforts towards the most environmentally salient chemicals. Given the volume of potential 

chemical exposures and our lack of understanding regarding their general toxicological 

functions, it is easy to get overwhelmed and lose sight of the most important chemical 

subjects. Determining which chemicals warrant the greatest effort can leverage current data 

from epidemiological and exposure science findings that will help identify chemicals and 

populations most severely affected by specific chemical compounds. This knowledge can 

help redirect the effort towards the most relevant chemicals and the most critical need. Third, 

as our understanding of the contribution chemical toxicants make to the risk of a 

dysfunctional stress response it will be important to integrate specific stress response 

endpoints into the chemical safety assessment and regulatory framework in order to ensure 
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an initial evaluation of current and future newer for potential effects on the stress circuit. As 

the contribution of exposure to environmental contaminants continues to be recognized as 

exerting a larger and larger influence on our neurological health, elaboration of these 

perspectives will serve to stimulate our further understanding and growth in the field of 

neurotoxicology and stress circuitry.
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Highlights

1. HPA axis and limbic system function in parallel to mediate the stress 

response

2. Environmental toxicants have been shown to damage the HPA axis and 

limbic region

3. Chemicals cause alterations in glucocorticoids and neurotransmitter 

signaling

4. More work is needed to fill gaps in our understanding of chemicals in 

stress response
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Figure 1. 
Localization of neurotransmitter circuits involved in the stress response and environmental 

toxicants that effect their function. The prefrontal cortex, amygdala, and hippocampus are 

the major nuclei of the limbic system that mediate the stress response through interactions 

with glucocorticoid and neuropeptides released centrally and peripherally. These interactions 

are further facilitated through dopaminergic projections (blue arrows) from the ventral 

tegmental area in the midbrain to the prefrontal cortex to assist with aspects of interpretation 

and memory of a stressful event. In addition, noradrenergic projections (green arrows) from 

the locus coeruleus in the brainstem to the hippocampus also participate in glutamate 

signaling and memory formation. An additional noradrenergic projection to the autonomic 

nervous system provides an important link between the peripheral and central mediators of 

the stress response. Signaling in the locus coeruleus is also regulated by corticotropin-

releasing hormone (red arrow) sent from the paraventricular nucleus of the hypothalamus. 

Although simplified in this drawing, a complex reciprocal interaction (black arrows) 

between each of these anatomical regions provides additional regulation of the central stress 

response. Environmental toxicants have been shown to significantly impact the expression 

and function of specific neurotransmitter pathways in the stress circuit, with current research 

focused on the effects seen in the prefrontal cortex, hippocampus, and hypothalamus. 

Perturbations to neurotransmitter signaling can have severe consequences on multiple 

aspects of the stress circuit leading to maladaptive stress responses that may evolve into 

more serious neuropsychiatric disorders.
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Table 1

Effects of Environmental Toxicant Exposure on the HPA Axis and Limbic Circuit

Environmental Toxicant Exposure Effect on Stress Circuit Reference

Insecticides

Hexachlorobenzene Adult: 100 mg/kg for 5 days Decreased plasma CORT 64

Lindane Adult:

1. >40 mg cumulative dose Decreased plasma CORT 65

2. Single dose of 150 mg/kg Decreased NE release in cortex 85

Toxaphene Adult: 1.2 mg/kg for 5 weeks Decreased plasma CORT 66

Chlordane Developmental: Single dose of 1 
mg/pup (PND 4)

Decreased plasma CORT 67

Endosulfan Developmental: 500 μg/kg through 
gestation and lactation

Decreased expression of cortical DAT 
and TH

89

Deltamethrin Adult: Single dose of 10, 20, or 60 
mg/kg

Increased plasma CORT and altered 
hippocampal glutamate and GABA 
release

93

Permethrin Adult: Single dose of 10 mg/kg Altered hippocampal glutamate and 
GABA release

91, 92

Developmental: 34 mg/kg PND 6–21 Increase in NE release in frontal cortex 
and hippocampus

95

Allethrin Adult: Single dose of 10, 20, or 60 
mg/kg

Altered hippocampal glutamate and 
GABA release

93

Cyhalothrin Adult: Single dose of 10, 20, or 60 
mg/kg

Altered hippocampal glutamate and 
GABA release

93

Herbicides

Atrazine Adult: Single dose of 5, 25, 50, 75, 
100, and 200 mg/kg

Increased plasma CORT and ACTH 60–62

Paraquat Adult: Single dose of 25 μmol/kg Increased plasma CORT 63

Industrial Chemicals

Polychlorinated Biphenyls (PCBs) Adult:

1. 10 mg/kg for 14 days Altered glutamate signaling in the 
hippocampus

107

2. 10 mg/kg for 30 days Altered glutamate signaling in the 
hippocampus

108

Developmental: 1 mg/kg on GD 16 
and 18

Altered hippocampal GABA(B) 
receptor and NMDA receptors

105

Polybrominated Diphenyl Ethers 
(PBDEs)

Adult:

1. 0.1, 0.5, 1 mg/kg for 30 days Decreased expression of NMDA 
receptors

101
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Environmental Toxicant Exposure Effect on Stress Circuit Reference

2. 25 mg/kg for 30 days Alterations in cortical glutamate and 
GABA receptors and transporter

99

3. 6.8 mg/kg once Decreased expression of NMDA 
receptors and LTP

102

Bisphenol A (BPA) Developmental:

1. 40 μg/kg/day Increased plasma CORT. Decreased 
hippocampal GR and MR. Decreased 
AMPA and NMDA receptors in 
hippocampus and amygdala. Decreased 
expression of GAD 65/67 in amygdala

125–127

2. 500 μg/kg/day through gestation 
and lactation

Altered NE levels in frontal cortex and 
hippocampus

129

3. 500 μg/kg/day through gestation 
and lactation

Altered number of NE cells bodies in 
LC

130

Perfluorooctanesulfonic Acid (PFOS) Adult:

1. 0.5–6.0 mg/kg for 28 days Decreased plasma CORT, ACTH, and 
CRH

77, 78

2. 5, 20, or 40 mg/kg for 7 days Increased plasma CORT 75, 76

Developmental: 6 mg/kg on GD 12–
16

Decreased plasma CORT 79

Metals

Lead (Pb2+) Developmental: 50 or 150 mg/kg pre- 
or postnatal exposure

Altered plasma CORT. Altered 
hippocampal and cortical glutamate 
and GABA. Altered hippocampal GR. 
Decreased DA in cortex

137–140

Cadmium (Cd2+) Adult:

1. 1 mg/kg for 8 days Decreased plasma CORT 70, 71

2. 30, 100, or 300 mg/kg for 35 days Increased plasma CORT 72

3. 30, 150, or 300 mg/kg for 8 week Decreased plasma CORT 73

4. 50 or 250 μg/kg for 70 days Increased plasma CORT 74
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