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Abstract

The developing nervous system is sensitive to environmental and physiological perturbations 

in part due to its protracted period of prenatal and postnatal development. Epidemiological 

and experimental studies link developmental exposures to persistent organic pollutants (POPs) 

including polychlorinated biphenyls, polychlorinated dibenzo-p-dioxins, polybrominated diphenyl 

ethers, and benzo(a)pyrene to increased risk for neurodevelopmental disorders in children. 

Mechanistic studies reveal that many of the complex cellular processes that occur during sensitive 

periods of rapid brain development are cellular targets for developmental neurotoxicants. One 

area of research interest has focused on synapse formation and plasticity, processes that involve 

the growth and retraction of dendrites and dendritic spines. For each chemical discussed in this 

review, we summarize the morphological and electrophysiological data that provide evidence 

that developmental POP exposure produces long-lasting effects on dendritic morphology, spine 

formation, glutamatergic and GABAergic signaling systems, and synaptic transmission. We 

also discuss shared intracellular mechanisms, with a focus on calcium and thyroid hormone 

homeostasis, by which these chemicals act to modify synapses. We conclude our review 

highlighting research gaps that merit consideration when characterizing synaptic pathology 

elicited by chemical exposure. These gaps include low-dose and non-monotonic dose-response 

effects, revealing the temporal relationship between dendritic growth, spine formation, and 

synaptic activity, excitation-inhibition balance, hormonal effects, and the critical need for more 

studies in females to identify sex differences. By identifying converging pathological mechanisms 

elicited by POP exposure at the synapse, we can define future research directions that will advance 

our understanding of these chemicals on synapse structure and function.
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1. Introduction:

Nervous system development occurs over a protracted period, beginning in early gestation 

and continuing through the neonatal period and adolescence, and in some brain regions 

into adulthood (Semple et al., 2013; Stiles and Jernigan, 2010; Tau and Peterson, 2010). 

In utero, the human nervous system begins to form following the closure of the neural 

tube (gestation week 4), when brain structures undergo temporally distinct periods of rapid 

growth (Dobbing and Sands, 1973, 1979) characterized by increased dendritic complexity, 

synapse formation, axon targeting, and synaptic pruning. While the peak formation of 

synaptic contacts occurs between the third trimester and the first two years of life in 

the human neocortex (Bianchi et al., 2013; Huttenlocher and Dabholkar, 1997; Rakic et 

al., 1986), the cerebellum exhibits two waves of rapid brain growth, corresponding to 

the proliferation of Purkinje cells (soon after neural tube closure) and later granule cells 

(third trimester and early postnatal life) (Sathyanesan et al., 2019). In the hippocampus, 

rapid expansion of granule cells begins early during prenatal development and continues 

postnatally and these neurons continue to proliferate and form synaptic contacts well into 

adulthood, albeit at slower rates (Li et al., 2009). These distinct temporal and regional 

periods of rapid brain development confer selective vulnerability of the nervous system to 

injury and, if perturbed during critical developmental periods, can predispose the developing 

fetus or child to neurodevelopmental disorders (Rice and Barone, 2000; Rodier, 1994; 

Selevan et al., 2000).

1.1 Environmental exposures and neurodevelopment

Exposure to man-made environmental chemicals during sensitive developmental periods 

have been postulated to result in lifelong structural and functional changes in the brain 

(Bondy and Campbell, 2005; Grandjean, 2008; Landrigan et al., 2005; Rice and Barone, 

2000; Rodier, 1994). For example, early exposures to the fungicide maneb (Meco et al., 

1994) and the insecticide dieldrin (Weisskopf et al., 2010) have been implicated in the 

development of Parkinson’s disease. Epidemiologic evidence has also associated early 

exposure to heavy metals with psychiatric disorders (Bouchard et al., 2009), schizophrenia 

(Opler et al., 2008), and cognitive decline (Weisskopf et al., 2007) later in life. As a result, 

the prenatal and early postnatal periods are important time-windows for understanding how 

and to what degree exposure to environmental chemicals can lead to permanent and life-long 

impacts on the brain and behavior (Koger et al., 2005; Maffini and Neltner, 2015; Rauh and 

Margolis, 2016; Tyler et al., 2008).

While more than 80,000 chemicals are registered for commercial use with the U.S. 

Environmental Protection Agency (CDC, 2019; EPA, 2020; Muir and Howard, 2006), only a 

small number have been studied in humans during developmentally sensitive time-windows 

(Grandjean and Landrigan, 2006, 2014). Fewer have been rigorously identified to be 

developmentally neurotoxic, and none have been systematically assessed for their effects 
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on brain development before commencing commercial use (Grandjean and Landrigan, 

2006, 2014). This is alarming as developmental exposures to environmental toxicants are 

common as shown in a 2013 National Health and Nutrition Examination Survey which 

detected these chemicals in biological samples provided by a representative subset of the 

US population (Thompson and Boekelheide, 2013). More recently, the Centers for Disease 

Control (CDC, 2019) and the Global Burden of Disease study, supervised by the Institute 

for Health Metrics and Evaluation (Shaffer et al., 2019), also urgently recommended 

additional studies on environmental health risk factors of disease including developmental 

neurotoxicants. These recommendations are supported by studies demonstrating negative 

effects on brain development and increased risk for neurodevelopmental disorders after 

environmental exposure to lead (Lanphear et al., 2005), mercury (Axelrad et al., 2007; 

Oken et al., 2008), air pollution (Chiu et al., 2013; Siddique et al., 2011; Suglia et al., 

2008), organophosphorus pesticides (Bouchard et al., 2011; Engel et al., 2011), brominated 

flame retardants (Lam et al., 2017), polychlorinated biphenyls (PCBs; Pessah et al., 2019), 

polybrominated diphenyl ethers (PBDEs; Gibson et al., 2018), and dioxin (Ames et al., 

2019; Nishijo et al., 2012; Pham et al., 2019; Tai et al., 2013). Additionally, the relative 

contributions of environmental exposures to the prevalence of neurodevelopmental disorders 

have been reported to be more substantial than nonchemical risk factors such as preterm 

birth, type 1 diabetes, and congenital heart disease as well as socioeconomic, nutritional, and 

psychosocial factors (Bellinger, 2012).

The EPA defines neurotoxicity as an adverse change in the structure and/or function of 

the central and/or peripheral nervous system measured at the neurochemical, behavioral, 

neurophysiological, or anatomical levels (Tilson, 2000; Tilson et al., 1995). Given the 

multifaceted process of neurodevelopment (Stiles and Jernigan, 2010; Tau and Peterson, 

2010), it is no surprise that there is a wealth of published literature that reviews the effects 

of various environmental contaminants on biological processes such as cell proliferation, 

differentiation, and apoptosis (Heyer and Meredith, 2017; Klocke and Lein, 2020; Rock and 

Patisaul, 2018; Tamm and Ceccatelli, 2017). However, less is known about how chemical 

exposure effects synaptic pathology (Klocke et al., 2020; Stamou et al., 2013; Vester and 

Caudle, 2016). This is a critical area of research because synaptogenesis is a protracted 

process, beginning in utero and lasting into the early postnatal years and, in neurogenic 

areas, also into adulthood. Synaptogenesis is followed by a period of significant synapse 

elimination and circuit remodeling to configure mature functional neural networks (Bianchi 

et al., 2013; Huttenlocher and Dabholkar, 1997; Rakic et al., 1986). The period of greatest 

synaptic density represents a sensitive time-window of significant structural and functional 

synaptic plasticity when there is a rapid forming and reforming of synaptic structures (Sala 

and Segal, 2014), processes that involve the growth and retraction of dendrites and dendritic 

spines. Deficits in these processes are thought to contribute to neurodevelopmental disorders 

such as autism (Herbert, 2011), Rett syndrome (Belichenko et al., 1994; Zoghbi, 2003), and 

fragile X syndrome (Kaufmann and Moser, 2000; Portera-Cailliau, 2012). Thus, the idea 

that neurotoxic exposures to man-made chemicals modify synapses and circuits, leading to 

synaptic dysfunction and neurotoxicity, merits careful investigation (Stamou et al., 2013; 

Vester and Caudle, 2016).
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1.2 Developmental neurotoxicity of persistent organic pollutants (POPs)

One group of chemicals that the EPA has identified as high risk as part of the Toxic 

Substances Control Act and in need of further risk evaluation are persistent organic 

pollutants (POPs). POPs are carbon-containing industrial compounds that, to a varying 

degree, resist photochemical, biological, and chemical degradation. Because of their 

persistence and high lipid solubility, POPs are not readily destroyed and persist in 

ecosystems, bioaccumulate in food chains, and ultimately accumulate in body tissue. Human 

exposure occurs through several routes including inhalation, ingestion, and dermal contact 

with contaminated air, food, water, house dust, and soil. Both the developing fetus and 

children tend to be exposed to higher levels of these chemicals than adults for several 

reasons. First, many toxicants can cross the placenta and the fetal blood-brain barrier 

(BBB) to reach the developing brain (Grandjean and Landrigan, 2006). Fat-soluble toxicants 

such as POPs can also accumulate in maternal adipose tissue and breast milk and be 

passed on to the developing newborn (Grandjean and Landrigan, 2006). Second, the BBB 

and the function of enzymes that detoxify and metabolize exogenous chemicals are not 

fully developed until well after birth (Choudhary et al., 2003; Risau and Wolburg, 1990; 

Rodier, 1994). Third, because of their rapid development, children have greater energy 

demands than adults. When factoring in their body weight, children exhibit higher rates of 

inhalation and food consumption, leading to potentially higher chemical exposure (Koger et 

al., 2005). Lastly, infants and children engage in behaviors that increase their contact with 

contaminants such as crawling and frequent hand-to-mouth behaviors (Koger et al., 2005). 

Given the developmentally sensitive time-windows and the increased level of exposure in 

the developing brain, it is crucial to understand how and what chemicals can impact the 

developing brain in order to mitigate the risk of long-lasting neurological effects (Bellinger, 

2012; Maffini and Neltner, 2015).

For the purpose of this review, we focus on POPs that have documented experimental 

evidence for modifying synaptic morphology and function during critical periods of 

neurodevelopment. These chemicals include polychlorinated biphenyls (PCBs; Figure 

1A), polychlorinated dibenzodioxins (PCDDs; Figure 1B) including the most toxic 

PCDD congener, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD; Figure 1C), polybrominated 

diphenyl ethers (PBDEs; Figure 1D), and the five-ring polycyclic aromatic hydrocarbon 

benzo(a)pyrene ((B(a)P; Figure 1E). Although human body burdens for some of these 

chemicals including dioxin-like PCBs and TCDD have been steadily declining since the 

1970s due to environmental regulations (Aylward and Hays, 2002; Pessah et al., 2019), 

these chemicals remain detectable in humans (Thompson and Boekelheide, 2013). Before 

discussing the experimental evidence for synaptic pathologies for each of these chemicals, 

we first provide a brief overview of epidemiologic studies that have documented abnormal 

neuropsychological function in children exposed to these chemicals.

1.2.1 Polychlorinated biphenyls (PCBs)—PCBs represent a large class of 209 

structurally related chemicals comprised of a biphenyl with a variable number of chlorine 

substitutions in varying ortho, meta, and para positions on the benzene rings (Fig 1A; 

Klocke et al., 2020). The 209 related chemicals, or congeners, are generally classified as 

dioxin-like or non-dioxin-like based on their chemical structure and affinity for the aryl 
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hydrocarbon receptor (AhR). Dioxin-like congeners typically have chlorine substitutions at 

the meta and/or para positions, with no chlorines at the ortho positions. These congeners 

take on a coplanar structure and bind to the AhR with high affinity. In contrast, non-dioxin­

like congeners typically have multiple chlorine substitutions at the ortho position, adopt a 

non-coplanar structure, and do not bind to the AhR (Avilla et al., 2020; Klocke et al., 2020; 

Pessah et al., 2010). Before their initial ban in the United States in 1977 followed by a 

more global ban in 2001, PCBs were synthesized as commercial mixtures and contained 

heavily chlorinated dioxin-like and non-dioxin-like congeners. Despite regulatory efforts, 

both dioxin-like and non-dioxin-like PCBs persist at high concentrations in the environment 

and in animal and human tissues (Consonni et al., 2012; Hopf et al., 2009; Koh et al., 

2015). Background levels of PCBs in various environmental sources are reported to range 

from 1 to 100 pg/m3 in air and 100 to 1,000 pg/g dry weight in soil (Hornbuckle and 

Robertson, 2010). Of concern for developmental neurotoxicity, levels of lightly chlorinated 

PCB congeners have been detected in the plasma of pregnant women at levels ranging from 

0.005 ng/mL to 1.7 ng/mL (Sethi et al., 2017a) and continue to increase in the environment 

and in human tissues (Hornbuckle and Robertson, 2010).

Both dioxin-like and non-dioxin-like congeners can negatively impact neuropsychological 

function in infancy and childhood (Boucher et al., 2009; Carpenter, 2006; Korrick and 

Sagiv, 2008; Pessah et al., 2019; Schantz et al., 2003; Winneke, 2011). In utero and 

lactational PCB exposures have been correlated with decreased intelligence, decreased 

learning and memory, psychomotor impairments, and attention deficits (Korrick and Sagiv, 

2008; Schantz et al., 2003; Winneke, 2011) and are postulated to increase the risk for 

neurodevelopmental disorders (Grandjean and Landrigan, 2014). More recently, lightly 

chlorinated congeners, which were not synthesized prior to the ban on PCB production, 

have emerged as contemporary concern for developmental neurotoxicity (Koh et al., 2015; 

Sethi et al., 2017a). Of special concern, the lightly chlorinated congener, PCB 11, was 

detected in all 241 pregnant women who were at increased risk for having a child with a 

neurodevelopmental disorder (Granillo et al., 2019; Sethi et al., 2017a). Collectively, despite 

the ban on production of PCBs, the continued presence of PCB congeners in the general 

population underscores the need for a clear understanding of how this chemical class may 

lead to impaired synaptogenesis and adverse neurodevelopmental outcomes.

1.2.2 Polychlorinated dibenzodioxins (PCDDs)—Polychlorinated dibenzodioxins 

(PCDDs; Figure 1B) represent a class of 75 structurally related chemicals that contain 

two phenyl rings joined together with a central dioxin ring containing two oxygen atoms. 

The toxicity of PCDDs depends on the number and positions of the chlorine atoms that 

are attached on either phenyl ring. With four chlorine substitutions at the meta and para 
positions, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD, “dioxin”; Figure 1C) is considered to 

be the most potent of all PCDDs. PCDDs are mainly by-products of industrial processes 

where organic compounds are burned in the presence of chlorine, including metal smelting, 

chlorine bleaching, and the manufacturing of some herbicides and pesticides. PCDDs have 

similar lipophilic properties as PCBs and are also extremely resistant to biodegradation 

with an estimated half-life of 7 to 11 years in humans. While all humans in industrialized 

countries are presumed to carry a body burden of dioxins primarily from the environment 
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and food intake, the mean lipid levels of TCDD has steadily declined over the last 

several decades due to regulatory efforts (Aylward and Hays, 2002). Populations with 

known exposure to TCDD have body burdens ranging from 96 to 7,000 ng/kg body 

weight, while the general population is estimated to have an average background TCDD 

concentration of approximately 58 ng/kg serum lipid, corresponding to a body burden of 

13.5 ng/kg body weight (DeVito et al., 1995; Hojo et al., 2002). While there is evidence 

in humans correlating high-level, acute exposures with deficits in various metrics of 

neurodevelopment (Ames et al., 2019; Nishijo et al., 2012; Pham et al., 2019; Tai et al., 

2013), the effects of lower, environmentally relevant levels of TCDD exposure are less 

well understood. Experimental studies in rodents, however, have linked gestational exposure 

to environmentally relevant levels of TCDD with impaired spatial learning and memory 

(Markowski et al., 2002), altered executive functions (Endo et al., 2012; Haijima et al., 2010; 

Kakeyama et al., 2014), and abnormal development of multiple brain areas including the 

cortex (Mitsuhashi et al., 2010) and the hippocampus (Latchney et al., 2011; Nguyen et 

al., 2013). These indicate that synaptogenesis may also be vulnerable to TCDD exposure in 

humans.

1.2.3 Polybrominated diphenyl ethers (PBDEs)—Structurally akin to PCBs, 

polybrominated diphenyl ethers (PBDEs) represent a class of 209 structurally related 

brominated compounds consisting of two phenyl rings connected by an ether link (Figure 

1D). Commercial PBDEs exist as pentabrominated BDE, octabrominated BDE, and 

decabrominated BDE and are mainly used as flame retardants to decrease the flammability 

of a variety of consumer products including electronics, furniture, plastics, and textiles. 

Being highly lipophilic, these chemicals are also extremely resistant to environmental and 

biological degradation, with a half-life of 2 to 12 years in humans, and their widespread 

use has resulted in global contamination (Klincic et al., 2020). The general population is 

estimated to have an average background PBDE concentration of approximately 5 ng/g 

lipid in Europe and Asia but are 10 to 100 times greater in North America (Klincic et 

al., 2020). Of concern are infants and toddlers having the highest body burden of PBDE 

exposure via breast milk (Toms et al., 2009). Epidemiologic studies have demonstrated 

possible neurotoxic effects of prenatal and childhood exposure to PBDEs (Gibson et al., 

2018), including deficits in fine motor coordination (Eskenazi et al., 2013; Herbstman et al., 

2010; Roze et al., 2009), attention (Eskenazi et al., 2013; Gascon et al., 2011; Roze et al., 

2009), impulsivity (Hoffman et al., 2012), and cognition (Eskenazi et al., 2013).

1.2.4 Benzo(a)pyrene (B(a)P)—While B(a)P does not possess the halogen 

substitutions of PCBs, PCDDs, and PBDEs, it is a five-ring polycyclic aromatic hydrocarbon 

formed by the fusion of a benzene ring with a pyrene (Figure 1F). The five-ringed structure 

imparts a high molecular weight, lipophilic properties, and resistance to biodegradation. 

It is most well-known for its carcinogenic properties as B(a)P metabolites react and 

bind to DNA, resulting in genetic mutations and cancer. Given its chemical properties, 

B(a)P can also easily cross the placenta and the blood brain barrier during pregnancy 

and directly access the developing brain (Balansky et al., 2007; Das et al., 1985). 

Environmental levels of B(a)P have been steadily increasing in industrialized countries 

due to the incomplete combustion of organic compounds (Van Metre and Mahler, 2005), 
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exposing humans via ingestion of contaminated foods, water, and inhalation of polluted 

air (Waldman et al., 1991). B(a)P exposures ranges from 2.2 μg/day average daily intake 

by the general population (Edwards et al., 2010) to 20 to 800 ng/kg in individuals living 

near contaminated hazardous waste sites (Lioy et al., 1988). While B(a)P initially received 

significant scientific attention for its role in chemical carcinogenesis, the current literature 

suggests that B(a)P-induced neurotoxicity may occur at lower doses and at earlier times 

than B(a)P-induced carcinogenicity (Chepelev et al., 2015), making B(a)P relevant to human 

health risk assessment (Landrigan et al., 2004; Perera et al., 2003; Perera et al., 2006; 

Perera et al., 2005). Supporting this, human studies have shown that prenatal exposure 

to B(a)P adversely affects fetal development, resulting in reduced head circumference 

and neurobehavioral deficits in infants and children (Chepelev et al., 2015). Increased 

levels of B(a)P-DNA adducts in umbilical cord or blood of neonates have been correlated 

with maternal exposure to B(a)P in air (Perera et al., 2008; Perera et al., 1999; Perera 

et al., 2007). Neuropsychological manifestations of prenatal exposure include delayed 

mental development (Perera et al., 2007), decreased intelligence (Edwards et al., 2010; 

Perera et al., 2009), and impaired attention (Perera et al., 2012). Experimental evidence in 

rodents also demonstrates that developmental B(a)P exposure increases the risk of adverse 

neuropsychological function, impacting locomotor activity, spatial memory (Chen et al., 

2012) and neuromuscular, autonomic, sensorimotor, and physiological functions (Saunders 

et al., 2001).

1.3 Synaptic effects of POPs may underlie cognitive and neurological impairments

In this review, we summarize evidence supporting a hypothesis that abnormalities in synapse 

structure, function, and plasticity as a result of POP exposure during developmentally 

sensitive time-windows contribute to cognitive and behavioral dysfunction (Stamou et al., 

2013; Vester and Caudle, 2016). Due to similar chemical structure and properties, it is 

plausible that POPs share common mechanisms of neurotoxicity. To this end, we review the 

evidence that the synapse is a common vulnerable target for PCBs, PCDDs, PBDEs, and 

B(a)P, which alter the morphology of dendrites and dendritic spines, as well as synaptic 

functions. We also briefly summarize shared toxicological mechanisms that may underlie 

the structural and functional changes within the synapse, focusing on calcium and thyroid 

hormone dependent mechanisms. By recognizing converging pathological mechanisms 

among similar POPs at the synapse, we can more clearly define future research that will 

advance our understanding of POPs, and possibly other environmental pollutants on synapse 

structure, function, and plasticity.

2. Dendritic morphology and spines:

A neuron’s function and its ability to integrate into neuronal circuits is largely determined 

by its connectivity to neighboring neurons, which in turn is tightly linked to the structure 

of its dendrites (Kennedy, 2000; Miller and Jacobs, 1984). Dendrites serve as the primary 

site for signal reception and processing and their growth, shape, and branching complexity 

can determine synaptic input (Miller and Jacobs, 1984; Segal, 2010). Neighboring or distant 

neurons send axons to form synapses with dendrites, and excitatory synapses are largely 

formed on tiny dendritic protrusions called dendritic spines. Inhibitory synapses can be 
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formed onto the soma, dendritic shaft, but also on the dendritic spine, including on the 

small neck that connects the spine to the dendrite. During development, changes in dendritic 

morphology and spine number facilitate the formation, maintenance, and elimination of 

excitatory synapses, allowing the establishment and remodeling of neuronal connectivity 

(Dailey and Smith, 1996; Dunaevsky et al., 1999; Fiala et al., 1998). At the cellular level, 

dendritic and spine structural plasticity is tightly coordinated with synaptic function and 

plasticity (Sala and Segal, 2014; Segal, 2010). For example, spine enlargement parallels 

long-term potentiation (LTP) (Matsuzaki et al., 2004), whereas long-term depression (LTD) 

is associated with spine shrinkage (Zhou et al., 2004). These subtle changes in dendritic 

spine structure may have striking effects on synaptic function, plasticity, and patterns 

of connectivity in neuronal circuits. Multiple lines of evidence implicate excitatory and 

inhibitory synapses as key cellular substrates of human neurodevelopmental disorders 

including autism and schizophrenia, with alterations in dendritic structure and spine 

formation being a hallmark of these disorders (Copf, 2016; Penzes et al., 2011; Supekar 

et al., 2013).

2.1. Developmental POP exposure has complex effects on dendritic growth

An analysis of the literature revealed 21 studies to date reporting the effects of POPs on the 

morphology of dendrites (Table 1). The majority of these studies used Golgi-Cox staining to 

visualize the dendritic branching pattern after exposure to polychlorinated biphenyls (PCBs) 

and commercial mixtures of PCBs (Figure 1A) known as Aroclor mixtures (also reviewed 

in Klocke and Lein, 2020). Pregnant rat dams were exposed to low (1 mg/kg/d) or high 

(6 mg/kg/d) doses of Aroclor 1254 before and during gestation and during lactation. This 

resulted in total PCB levels of 0.5 to 3.0 ng/g wet weight in exposed pups at weaning (Yang 

et al., 2009), well within the range of total PCB levels measured in human postmortem brain 

(Dewailly et al., 1999; Mitchell et al., 2012). Golgi staining of cerebellar Purkinje cells and 

pyramidal neurons in the neocortex and CA1 subfield of the hippocampus revealed several 

effects of PCBs on dendritic morphology. First, adult offspring developmentally exposed 

to Aroclor 1254 exhibited a significant increase in dendritic complexity (Lein et al., 2007; 

Yang et al., 2009) but decreased experience-dependent dendritic growth (Yang et al., 2009). 

Interestingly, the growth promoting dendritic effects were more pronounced in low dose 

compared to the high dose exposure. The low, but not high, dose was also associated with 

decreased spatial learning and memory in the Morris water maze (Yang et al., 2009). A third 

study reported no changes in the dendritic arbor for primary dendrite length or branching 

area of Purkinje cells in offspring exposed to the 6 mg/kg/d dose of Aroclor 1254 (Roegge 

et al., 2006). While it is unclear why adverse effects were observed preferentially at the 

low dose, this observation has been well-documented for other organic pollutants, including 

endocrine disrupting chemicals such as bisphenol A (Vandenberg et al., 2012). It also 

remains unknown why the high dose increased dendritic length in CA1 pyramidal neurons 

(Lein et al., 2007) and neocortical pyramidal cells (Yang et al., 2009), but not in cerebellar 

Purkinje cells (Roegge et al., 2006; Yang et al., 2009). Some of these discrepancies may be 

due to differences in the age of the animals at which dendritic morphology was examined, 

the dosing regimen, and whether or not PCB exposure began before gestation (Klocke and 

Lein, 2020; Lein et al., 2007). For example, in the Lein et al. (2007) study, dendritic growth 

decreased in pups exposed to Aroclor 1254 when analyzed at weaning age (postnatal day 
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(PND) 22). However, when analyzed at PND 60, dendritic growth increased compared to 

pups born to dam-exposed to vehicle (Lein et al., 2007). In both the Roegge et al. (2006) and 

Yang et al. (2009) studies – where the 6 mg/kg/d dose did not produce any observed changes 

in dendritic growth – dendritic length was measured at PND 21 (Roegge et al., 2006) and 

31 (Yang et al., 2009), similar to the age in which Aroclor 1254 did not have any effects 

in the Lein et al. (2007) study. These discrepancies demonstrate that PCB mixtures have 

age-dependent effects on the growth of dendrites at different stages of synaptogenesis.

In addition to PCB mixtures, individual PCB compounds have been shown to influence 

dendritic arborization during development. In five studies to date, the non-dioxin-like PCB 

congener PCB 95 in particular, produced similar dendritic effects as Aroclor 1254. In these 

studies, Golgi staining revealed a significant increase in the dendritic complexity of CA1 

hippocampal pyramidal neurons in adult offspring developmentally exposed to low doses 

(0.1 or 1 mg/kg/d) of PCB 95, but not the high dose (6 mg/kg/d) (Wayman et al., 2012b), 

reproducing the low-dose effects observed in Aroclor 1254 exposed offspring (Yang et al., 

2009). Because Aroclor 1254 is composed predominantly of non-dioxin-like PCB congeners 

and PCB 95 alone produced similar dendritic promoting effects, it is likely that it is the 

non-dioxin-like PCBs that produce dendrite-promoting effects (Wayman et al., 2012b). 

Substantiating these in vivo studies, in vitro studies using primary rat hippocampal and 

cortical neurons also demonstrated that PCB 95 promoted dendritic growth at picomolar 

to nanomolar concentrations (Keil et al., 2018; Keil et al., 2019; Lesiak et al., 2014; 

Wayman et al., 2012a;Wayman et al., 2012b), but these dendritic promoting effects were 

lost at higher concentrations in the micromolar range (Wayman et al., 2012b; Yang et al., 

2014). Similar dendrite-promoting effects in vitro have also been observed at nanomolar 

concentrations for additional non-dioxin-like PCBs including PCB 11 (Sethi et al., 2017a; 

2018) and PCB 136 (Yang et al., 2014). Moreover, from the studies to date, there seems to 

be no apparent additional dendrite-promoting effects from dioxin-like PCBs in the Aroclor 

mixtures, suggesting a common convergent mechanism that non-dioxin-like PCBs may exert 

on dendritogenesis (Klocke and Lein, 2020).

In addition to the parent compound, the oxidation of PCBs by hepatic cytochrome P 

(CYP)-450 enzymes produces neurotoxic metabolites that also influence dendritic growth, 

but with varying effects. Nanomolar concentrations of the 4-hydroxy metabolites of the 

dioxin-like PCBs 112, 165, and 187 enhanced dendritic arborization in primary mouse 

cerebellar Purkinje cells (Kimura-Kuroda et al., 2007). In contrast, metabolites of the 

non-dioxin-like PCBs 106, 121, and 159 did not increase dendritic arborization but did 

inhibit dendritic growth that is typically stimulated by thyroid hormone (Kimura-Kuroda 

et al., 2005, 2007). These results suggest that different CYP enzyme superfamilies may 

produce PCB metabolites that trigger different effects on dendritic growth. The dioxin-like 

PCB congeners are typically metabolized by CYP1A enzymes, while non-dioxin-like PCBs 

are metabolized by CYP2B enzymes (Lu et al., 2013; Lu and Wong, 2011; McGraw and 

Waller, 2006). Interestingly, however, it was noted that PCB 66, a congener similar to the 

non-dioxin-like PCB 95 but with only one ortho-chlorine substitution, exhibited no effect on 

dendritic arborization in primary rat hippocampal neurons at similar concentrations of PCB 

95 that increases dendritic growth (Wayman et al., 2012a; Wayman et al., 2012b). While 

beyond the scope of this review, these data suggest that there may be multiple detoxification 
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pathways that can make PCB metabolites more or less toxic than the parent compound, 

contributing to differing effects on dendritic growth and morphogenesis (Lu et al., 2013; Lu 

and Wong, 2011; McGraw and Waller, 2006).

In light of these original studies on developmental PCB exposure, recent work has begun to 

tease out the dendritic effects of additional POPs, including PCDDs, with TCDD being the 

most toxic. A collective review of the TCDD neurotoxicity literature suggests that, in vivo, 

1 μg/kg is the cut-off for “low” vs. “high” doses (Hood et al., 2006). Effects on synaptic 

plasticity and behavior have been observed at “low” TCDD doses between 500 and 700 

ng/kg (Hood et al., 2006; Markowski et al., 2002; Wormley et al., 2004a), suggesting that 

synapses and dendrites are vulnerable to low level TCDD exposure. Similar to Aroclor 1254 

and PCB 95, TCDD exposure was found to alter dendritic arborization in a dose-dependent 

manner in studies that used Golgi-Cox staining and GFP labeling of Thy1-positive neurons. 

Pregnant rat dams were exposed to a single low (0.6 μg/kg) or high (3 μg/kg) dose of TCDD 

on gestational day (GD) 12.5 and dendritic length and branching of hippocampal CA1 

pyramidal neurons were quantified in the offspring (Kimura et al., 2015). At PND 14, the 

growth of second-order branches was arrested in offspring exposed to the high dose, but the 

length of the third-order branches was increased in those exposed to the low dose (Kimura et 

al., 2015). While these dendritic effects did not persist into adulthood, the transient increase 

in dendritic growth may have long lasting effects on hippocampal circuits (Klocke and 

Lein, 2020), as a previous study by the same group demonstrated that mice born to dams 

exposed to the low (but not high) TCDD dose showed abnormal behavioral flexibility and 

social interaction compared to the control group (Endo et al., 2012). These findings are 

consistent with the non-monotonic dose-response effects seen in developmentally exposed 

PCB animals, warranting additional dose-response studies investigating the relationship 

between POP exposure and dendritogenesis (Vandenberg et al., 2012).

Studies investigating PBDEs and B(a)P exposure on dendritic morphology are noticeably 

limited. To date, only in vitro studies have investigated dendritic effects of PBDE exposure. 

A series of in vitro studies from the same research group showed that the dendritic 

complexity of cultured cerebellar neurons immunoreactive for calbindin decreased following 

exposure to 10−10 M of PBDE 209 (Ibhazehiebo et al., 2011a; Xiong et al., 2012). Similar 

results were obtained in an in vitro studying using a PBDE mixture (Ibhazehiebo et al., 

2011b) and the effects were time-dependent (Ibhazehiebo and Koibuchi, 2012). More 

recently, however, in vitro exposure of primary hippocampal neurons to concentrations 

ranging from 200 pM to 2 μM of PBDE 47 or 49 did not alter dendritic arborization 

(Chen et al., 2017), suggesting that PBDE effects on dendritic growth may be cell-type and 

congener specific. To date, no studies have investigated the dendritic effects of perinatal 

B(a)P exposure. Rats exposed to 0.1 or 1 μM of B(a)P daily for 14 consecutive days via an 

intraperitoneal injection during early adolescence (PND 30-44), however, developed fewer 

and shorter dendrites, and this correlated with learning and memory impairments in the 

T-maze (Das et al., 2019). Given the similar chemical properties of B(a)P with other POPs, 

it is likely that developmental exposure to B(a)P may also lead to changes in neuronal 

morphology, effects that would also be highly dependent on the age, dose, and duration of 

B(a)P exposure.
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2.2. Developmental POP exposure has variable effects on dendritic spine density

While much more remains to be done to explore dendritic impairments in response to 

developmental POP exposure, the effects of environmentally relevant doses of POPs on 

dendritic spines have only just begun to be elucidated. There are only three studies to 

date that have investigated the effects of these chemicals on dendritic spines, with each 

study reporting varying effects. In vitro exposure to nanomolar concentrations of PCB 95 

in primary dissociated rat hippocampal cultures and organotypic hippocampal slice cultures 

increased spine density to 50% above that observed in vehicle control cultures (Lesiak et 

al., 2014), reflecting an increase in both mushroom-shaped and stubby spines, which are 

thought to represent mature synapses. In contrast, mice born to dams administered a low 

(0.6 μg/kg) or high (3 μg/kg) dose of TCDD on GD 12.5 exhibited significantly reduced 

dendritic spine densities in hippocampal pyramidal CA1 neurons and in the amygdala at 16 

months of age (Kimura et al., 2015), a time point at which dendritic arbor size was similar to 

that in non-exposed animals. Spine densities were also reduced in concert with a reduction 

in dendritic size in hippocampal pyramidal CA1 neurons in mice exposed to 0.1 μM and 

1.0 μM B(a)P, doses that are within the range of B(a)P exposures in the general population 

(Edwards et al., 2010), during early adolescence (Das et al., 2019).

While it is not clear why non-dioxin-like PCB congeners and TCDD produce opposite 

effects on spine formation, it is possible that the different metabolism of these congeners 

may produce distinct metabolites that subsequently exert different synaptic outcomes (Lu 

et al., 2013; Lu and Wong, 2011; McGraw and Waller, 2006). It is also known that TCDD 

and dioxin-like PCBs bind with relatively high affinity to the aryl hydrocarbon (AhR), 

a receptor that regulates the expression of many dioxin-responsive genes (Avilla et al., 

2020) and is implicated in neurodevelopment (Latchney et al., 2011; Williamson et al., 

2005). In contrast, non-dioxin-like PCBs such as PCB 95 have low binding affinity for 

the AhR. Interestingly, while environmentally relevant exposures to TCDD and dioxin-like 

PCBs have been correlated with immune, liver, and skin pathologies (Bock, 2019), specific 

evidence for TCDD-induced developmental neurotoxicity in humans is less established. On 

the other hand, there is accumulating evidence that associates non-dioxin-like PCB exposure 

with developmental neurotoxicity (Pessah et al., 2019), suggesting that AhR-dependent 

mechanisms may, in part, contribute to different effects of these chemicals on spine 

formation.

3. Synaptic transmission:

Neuronal activity modulates the formation and refinement of synaptic connections during 

neurodevelopment, partly through its effects on dendrite morphology, spine morphogenesis, 

and synaptic transmission (Dailey and Smith, 1996; Dunaevsky et al., 1999; Fiala et al., 

1998; Matsuzaki et al., 2004; Zhou et al., 2004). While many different neurotransmitters and 

neuromodulators control neuronal transmission in the developing cortex and hippocampus, 

glutamatergic and gamma-aminobutyric acid (GABAergic) signaling have long been 

recognized as important targets of the developmental actions of neurotoxicants and can 

bidirectionally alter synaptic strength, altering synaptic structure and shaping neural circuit 

function long-term (Segal, 2010).

Latchney and Majewska Page 11

Dev Neurobiol. Author manuscript; available in PMC 2021 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.1. Effects of developmental POP exposure on neuronal activity

There is a broad consensus that developmental exposure to POPs in rodents dampens 

neuronal activity in the hippocampus and cortex through post-synaptic mechanisms (Hong et 

al., 1998; Hood et al., 2006; McCallister et al., 2008; Xing et al., 2010). One common 

exposure paradigm used to study the effects of TCDD on neuronal activity in rats 

administers a single, low dose (< 1 μg/kg) of TCDD orally to pregnant dams on GD 14 

or 15, a time period where excitatory synapses are being formed for the first time. In 

these studies, TCDD exposed offspring had reduced spontaneous and evoked activity in 

the whisker barrel column neurons of the somatosensory cortex (Hood et al., 2006), an 

indicator of decreased synaptic function. This effect of TCDD on synaptic transmission may 

be very rapid as acute exposure to TCDD decreased excitatory transmission in hippocampal 

slices within 5 minutes of application (Hong et al., 1998). In vitro studies suggest that 

acute TCDD exposure (20 nM) increases calcium influx through voltage sensitive calcium 

channels as well as synaptic NMDA receptors, and synergizes with network activity to 

effect long term changes through alterations of gene expression (Lin et al., 2009; Lin et 

al., 2008). An oral subacute exposure regimen to 25 and 150 μg/kg B(a)P between GD 

14 to 17, a similar time period used for the oral TCDD studies, also decreased neuronal 

activity by decreasing the amplitude of inward currents in the hippocampus (Brown et al., 

2007) and the barrel cortex (McCallister et al., 2008). Similarly, acute in vitro exposure of 

primary cultured rat hippocampal neurons to micromolar concentrations (0.05 to 2.0 μM) of 

PBDE 209 irreversibly decreased voltage-gated sodium channel currents in a concentration­

dependent manner and shifted the activation and inactivation of the inward sodium current 

in the hyperpolarizing direction, slowing down the recovery of sodium channels from their 

inactivation (Xing et al., 2010). Thus, it appears that many different POPs can rapidly 

and persistently reduce neuronal activity, dampening the firing of individual neurons and 

reducing synaptic activity. It is interesting to note, that this downregulation of network 

activity is a result of exposure at a time when excitatory synapses are being formed for the 

first time in the developing nervous system.

These changes in the activity of nascent neuronal networks may be the result of changes 

in the ability of synapses to strengthen in an activity-dependent manner. Many of the 

exposures described above also resulted in a lack of LTP induction (Wormley et al., 2004b). 

For instance, rats exposed to an aerosol concentration of 100 μg/m3 B(a)P for four hours 

a day between GD 11 and 21 exhibited decreased LTP in synapses of the hippocampal 

perforant path (Wormley et al., 2004a). This inhalational exposure of B(a)P is consistent 

with the legally enforceable limit of 100 μg/m3 for polycyclic aromatic hydrocarbons, 

including B(a)P, by the United States Occupational Safety and Health Administration, and 

represents 50% less than the “permissible exposure limit” for coal tar products of 200 μg/m3 

as recommended by the US National Institute for Occupational Safety and Health. Mice 

developmentally exposed orally to various PBDE congeners including PBDE 209 (20 μM; 

Xing et al., 2009) and PBDE 47 (6.8 mg/kg; Dingemans et al., 2007) also demonstrated 

reduced hippocampal LTP. This suggests that even very low levels of exposure to different 

POPs can inhibit the ability of nascent synapses to strengthen.
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3.2. Developmental POP exposure differentially affects glutamatergic and GABA-ergic 
synaptic activity

Experimental evidence demonstrates that developmental exposure to POPs leads to 

reductions in synaptic activity through a dual effect of inhibiting glutamate receptor­

mediated currents while potentiating those mediated by GABA (Table 2). In one study, the 

effects of maternal exposure to TCDD during gestation on cortical glutamate transmission 

was investigated in PND 14 and PND 60 rat offspring. A single dose (0.7 μg/kg) of TCDD 

orally administered to dams on GD 18 reduced basal and potassium-evoked extracellular 

glutamate levels in PND 14 offspring, an effect which persisted to adulthood, although 

the reduced viability of glutamatergic neurons after TCDD administration complicated 

the interpretation of this result (Tomasini et al., 2012). Additionally, the authors observed 

reduced glutamate uptake following TCDD exposure, which could also be explained by the 

presence of fewer functioning neurons or could be a compensatory measure counteracting 

the decreased glutamate release. The decreased uptake of glutamate was postulated to be a 

result of lower glutamate availability, although this will need to be directly tested. Likewise, 

and as discussed in section 3.1, reduced glutamatergic signaling was also seen after oral 

exposure to 1 mg/kg per day throughout gestation and lactation (GD 7 to PND 21) to the 

non-dioxin-like PCB congeners 138 and 180 (Boix et al., 2010).

Accompanying reduced glutamate activity, POPs have also been shown to potentiate 

GABAA receptors, increase presynaptic GABA release, and increase postsynaptic GABA 

responses in the cerebellum (Boix et al., 2010), hippocampus (Fernandes et al., 2010a; 

Fernandes et al., 2010b; Hendriks et al., 2010), and preoptic area (Hays et al., 2002). 

Notably, the strongest evidence for GABAA potentiation comes not from neuronal cultures, 

but from in vitro experiments using X. laevis oocytes. Lightly chlorinated PCBs such as 

PCB 28 and PCB 52 interact with the GABAA receptor to potentiate GABA-induced ion 

current in a concentration-dependent manner, ranging from 0.3 to 10 μM (Fernandes et al., 

2010a). This observation was not found in heavily chlorinated PCBs such as PCBs 101, 138, 

153, and 180. Moreover, in the same X. laevis culture system, micromolar concentrations 

(0.3 to 10 μM) of the lightly chlorinated PCBs 19, 47, and 51 directly activated the GABAA 

receptor in the absence of GABA, with modulation of ion current being dependent on the 

chlorination pattern of the congeners (Fernandes et al., 2010b; Hendriks et al., 2010). A 

palpable limitation to these X. laevis studies, however, is the physiological relevance of 

using oocytes to quantify GABAA potentiation and extending experimental evidence from 

oocytes to neurons.

Additional evidence suggests that inhibitory signaling is affected by POP exposure. In 
vivo studies demonstrated that gestational exposure to PCB 52 in rats, but to not the 

more heavily chlorinated PCBs 138 or 180, increased extracellular GABA levels in the 

cerebellum and impaired motor coordination (Boix et al., 2010). The effects of POP 

exposure on GABAergic neurons and synapses may be complex, however, as levels of 

glutamate decarboxylase 67 (GAD 67), one of the enzymes that synthesizes GABA from 

glutamate, were reduced in the preoptic area of rats exposed to TCDD on GD 15 (Hays 

et al., 2002), although this effect was not found in other brain areas. One possibility is 
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that decreased GAD 67 expression could be a compensatory response to elevated levels of 

GABA, a hypothesis that remains to be tested.

While the evidence documented to date largely suggests that POPs decrease excitatory 

signaling and increase inhibitory signaling, there are contradictory reports that suggest 

that the effects of POPs on neurotransmission may be complex. For instance, primary rat 

hippocampal neurons exposed to 200 nM of PCB 95, a non-dioxin-like congener, for five 

days in vitro had significantly increased spine density and frequency of miniature EPSCs 

(Lesiak et al., 2014). This is in contrast to the in vivo exposures where male and female rats 

developmentally exposed to the non-dioxin-like PCBs 138 and 180 demonstrated reduced 

function of the NMDA-dependent glutamate-nitric oxide-cGMP pathway in the cerebellum 

(Boix et al., 2010). Most recently, developmental exposure to a high (6 mg/kg/d) dose of 

an Aroclor mixture increased spontaneous and miniature IPSCs in layer 2/3 of the auditory 

cortex with no changes in spontaneous EPSCs (Lee et al., 2021). While the exact reasons 

for these discrepancies remain unknown, it is conceivable that cell type specificity, and the 

differences between the in vivo and in vitro environment contribute. Additionally, individual 

congeners may target different signaling systems as in vivo exposure to the more heavily 

chlorinated PCB 138 and 180 significantly modulated glutamate signaling whereas the 

lightly chlorinated PCB 52 significantly modulated GABA signaling (Boix et al., 2010). 

Corroborating this are additional studies in Xenopus laevis (X. laevis) oocytes showing that 

micromolar concentrations (0.3 to 10 μM) of the lightly chlorinated PCBs 19, 28, 47, 51 

and 52, but not the heavily chlorinated PCBs 101, 138, 153, and 180, potentiate GABA 

currents (Fernandes et al., 2010a; Fernandes et al., 2010b; Hendriks et al., 2010). Therefore, 

the degree of chlorine substitution may distinctively influence how individual POPs interact 

with neurotransmitter systems to promote or inhibit synaptic transmission.

3.3 Effects of POPs on glutamatergic receptors

The effects of POPs on glutamatergic transmission are likely mediated through their 

actions on receptors expressed at excitatory synapses. POP exposure during critical periods 

of rapid brain development has been shown to influence the subunit composition of 

the glutamate N-methyl-D-aspartate (NMDA) receptor, by decreasing the expression and 

activity of its specific subunits. The majority of NMDA receptors consist of two NR1 and 

two NR2A or two NR2B subunits, and changes in the expression of all three of these 

subunits after developmental exposures have been reported. To quantify receptor expression, 

most studies used quantitative reverse transcription polymerase chain reaction (RT-PCR) 

and immunoblotting to quantify the mRNA and protein level, respectively, of various 

glutamatergic receptors. In studies in which pregnant dams were exposed to a low dose 

(1 mg/kg/d) of non-dioxin-like PCBs during gestation and lactation, the NR1 subunit of 

NMDA receptors was significantly reduced in rat offspring exposed to PCBs 138 or 180, but 

not by PCB 52 (Boix et al., 2010). As a functional consequence, rats exposed to PCBs 138 

or 180, but not PCB 52, had reduced function of the glutamate-nitric oxide-cGMP pathway 

in the cerebellum. Quantitative analysis of mRNA transcript expression also revealed a 

downregulation of the NR1 subunit during the first postnatal month in the hippocampus of 

rat offspring orally exposed to TCDD on GD 15 (Nayyar et al., 2003) and at PND 60 and 65 

in rats exposed to B(a)P via inhalation between GD 11 and 21 (Wormley et al., 2004a).
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The NR2A and NR2B subunits are also vulnerable synaptic targets during the period of 

rapid brain growth. Immunoblotting of proteins in the postsynaptic density revealed that 

neonatal (PND 10) exposure to a single dose (6.8 mg/kg) of PBDE 47 decreased the 

expression of the NR2B subunit in the mouse hippocampus (Dingemans et al., 2007). Dams 

exposed to a single, low dose of TCDD (< 1 μg/kg) on GD 15 also had decreased NR2B 

mRNA and protein levels in the barrel cortex (Hood et al., 2006), hippocampus (Wormley 

et al., 2004b), and cortex (Kakeyama et al., 2001) but increased expression of the NR2A 

subunit (Kakeyama et al., 2001; Lin et al., 2009; Wormley et al., 2004b). Changes in the 

ratio of NR2A to NR2B expression have functional consequences as NMDA receptors 

composed of NR2A subunits gate smaller Ca2+ currents, have a lower affinity for glutamate, 

and desensitize faster than those with NR2B subunits (Kutsuwada et al., 1992). Therefore, 

an increased NR2A/NR2B ratio as a result of expression changes in individual subunits is 

likely to result in a higher threshold for LTP induction, which could partially explain the 

reduction in neuronal activity and synaptic plasticity. This interpretation is supported by 

in vitro studies of cultured cortical neurons from GD 17 rats in which activity-dependent 

synapse toxicity from acute TCDD exposure (20 μM) was attenuated with NMDA receptor 

blockers (Lin et al., 2008). However, it should be noted that not all POPs trigger this specific 

change in subunit composition. In one study, gestational exposure to B(a)P between GD 

14 to 17 downregulated both NR2A and NR2B NMDA receptors as early as PND 2 in 

the hippocampus (Brown et al., 2007; McCallister et al., 2008), but still yielded decreased 

NMDA-dependent neuronal activity and synaptic transmission.

In addition to NMDA receptor subunits, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid (AMPA) receptors are also vulnerable targets. In addition to decreasing NR2B 

expression, acute neonatal PBDE 47 exposure (6.8 mg/kg) on PND10 also decreased the 

expression of the AMPA GluR1subunit (Dingemans et al., 2007). Gestational exposure to 

a single, low dose of TCDD (0.1 μg/kg) on GD 15 also decreased AMPA mRNA and 

protein levels in the rat whisker barrel (Hood el al., 2006). Similar effects were seen 

following oral exposure to B(a)P (25 and 150 μg/kg/d) between GD 14 to 17 in the rat 

hippocampus (Brown et al., 2007). AMPA receptors mediate increases in synaptic strength 

that implement LTP. Thus, decreasing the signaling of both NMDA and AMPA receptors 

could have significant implications for synaptic plasticity, decreasing the ability of neuronal 

networks throughout the brain to strengthen and remodel synapses.

What remains to be clarified is the precise time course in which changes in receptor 

expression occur. In some studies, changes in receptor expression following gestational 

exposure were detected as early as PND 2 and continued throughout the first month of 

postnatal life (Brown et al., 2007; Hood et al., 2006), whereas in others, changes were not 

detectable until later in life (Kakeyama et al., 2001; Wormley et al., 2004a). The reason 

for the discrepancy is unknown and requires additional studies by independent laboratories 

to systematically tease out the developmental expression profiles of individual receptor 

subunits and the time course in which they may be affected by developmental POP exposure.
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4. Changes in intracellular Ca2+ signaling may underlie the effects of 

POPs on dendrites and synapses.

The precise control of intracellular calcium is critical for neuronal development (Berridge, 

2006), and the formation of dendritic arbors and synapses (Konur and Ghosh, 2005; 

Lohmann and Wong, 2005). One converging mechanism by which POPs interfere with 

dendritic and spine plasticity is the modulation of calcium signaling within developing 

neurons (Klocke et al., 2020; Pessah et al., 2010; Stamou et al., 2013). Current studies 

have focused on PCBs and suggest that non-dioxin-like PCBs, but not dioxin-like PCBs, 

potently increase intracellular Ca2+ levels (Klocke et al., 2020; Pessah et al., 2010), by 

altering signaling through receptors in both the plasma membrane (ionotropic glutamate 

receptors (Gafni et al., 2004) and L-type voltage-gated Ca2+ channels (Inglefield and Shafer, 

2000)), and those in the endoplasmic reticulum (ER) membrane (inositol 1,4,5-triphosphate 

receptors (IP3; Inglefield et al., 2001; Mundy et al., 1999) and ryanodine receptors (RyR; 

Pessah et al., 2010)).

The most sensitive receptor to non-dioxin-like PCBs appears to be the RyR. RyRs are ion 

channels that regulate the release of Ca2+ from the ER and modulate the cell’s response 

to ion channels in the plasma membrane, including NMDA receptors (Pessah et al., 2010). 

Picomolar to nanomolar concentrations of PCB 95 potently activate RyRs in primary rat 

hippocampal (Wayman et al., 2008; Wayman et al., 2006; Wong et al., 1997a; Wong and 

Pessah, 1997) and cortical (Yang et al., 2009) neurons and subsequently increase Ca2+ 

release from intracellular stores (Pessah et al., 2010), thereby stimulating dendritic growth 

(Keil et al., 2018; Wayman et al., 2012a; Wayman et al., 2012b; Yang et al., 2014). 

In cultured rat hippocampal neurons, PCB 95 increases the frequency and amplitude of 

Ca2+ oscillations (Wayman et al., 2012b) and alters the plasticity of hippocampal neurons 

(Wong et al., 1997b). Supporting this, blocking RyR activity using either pharmacological 

approaches or siRNA knockdown of RyR prevents the PCB 95-induced increase in Ca2+ 

oscillations (Wayman et al., 2012a) and dendritic growth (Wayman et al., 2012b). In addition 

to the parent compound, hydroxylated PCB metabolites also increase intracellular Ca2+ 

oscillations at high micromolar concentrations, and pharmacological blockade of the RyR 

prevents this effect (Londono et al., 2010). From a neurotoxicity perspective, these Ca2+­

dependent, PCB-induced effects closely resemble neurodevelopmental disorders that are 

characterized by increased dendritic arborization (Copf, 2016; Penzes et al., 2011; Stamou 

et al., 2013; Supekar et al., 2013), further underscoring the vulnerability of synapses to POP 

exposure during critical periods of synaptogenesis.

PCB 95-mediated modulation of RyR results in the activation of the cAMP response 

element-binding protein (CREB) which changes downstream signaling of several Ca2+­

dependent intracellular signaling pathways to influence dendritic arborization and synapse 

formation (Keil et al., 2018; Wayman et al., 2008; Wayman et al., 2006). RyR sensitization 

through PCB 95 exposure can activate CaMKK, MEK/ERK, and CREB to increase the 

expression of Wnt2 to stimulate dendritic growth in rat hippocampal neurons (Wayman 

et al., 2012a). PCB 95 can also increase synaptogenesis by activating CREB and 

upregulating the expression of the microRNA miR132 (Lesiak et al., 2014). In both 
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cases, pharmacological inhibition or siRNA knockdown of CREB prevented the PCB 95­

induced dendritic arborization (Lesiak et al., 2014; Wayman et al., 2012a; Wayman et 

al., 2012b). Similar dendrite promoting effects have been observed in primary rat cortical 

neurons exposed to femtomolar to nanomolar concentrations of PCB 11 (Sethi et al., 

2017a) where pharmacologic blockade or shRNA knockdown of CREB also significantly 

decreased dendritic growth (Sethi et al., 2018). Collectively, these data highlight CREB 

signaling as a molecular convergence point for multiple PCBs (Klocke et al., 2020). This 

has functional implications in the context of developmental neurotoxicity as the untimely 

activation of CREB from PCB exposure could predispose the developing fetus or child to 

neurodevelopmental disorders (Bu et al., 2017).

Dendritic growth is also modulated by Ca2+-dependent translational mechanisms (Tsokas 

et al., 2005; Vickers et al., 2005), which are sensitive to POP exposures. Recently, Keil 

et al. (2018) demonstrated that nanomolar concentrations of PCB 95 promoted dendritic 

growth in primary hippocampal neurons by activating the Ca2+-dependent translational 

mechanisms involving mechanistic target of rapamycin (mTOR). Pharmacological inhibition 

and siRNA knockdown of mTOR or the mTOR complex binding proteins blocked the 

PCB 95-induced dendritic growth. This recent study also adds to the growing list of Ca2+­

dependent mechanisms underlying PCB neurotoxicity.

In line with their similar effects on dendritic growth, TCDD and PCBs both elicit changes 

in Ca2+ signaling, accentuating the converging role of Ca2+-dependent processes in POP­

induced synaptic toxicity. In vitro exposure to nanomolar concentrations of TCDD can 

activate ionotropic glutamate receptors (Hong et al., 1998; Lin et al., 2009; Lin et al., 2008), 

leading to a rapid increase in Ca2+ levels in hippocampal (Hanneman et al., 1996) and 

cerebellar granule cells (Kim and Yang, 2005). These rapid increases in Ca2+ subsequently 

activate multiple Ca2+-dependent players including ERK-1/2 (Kim et al., 2007; Kim and 

Yang, 2005; Lee et al., 2007), protein kinase C (PKC; Kim et al., 2007; Kim and Yang, 

2005; Lee et al., 2007) and its adaptor protein, receptor for activated C kinase-1 (RACK-1; 

Lee et al., 2007), and calcium/calmodulin-dependent kinase II (CaMK; Lin et al., 2008). 

Ultimately, and similar to PCB 95, these pathways converge onto CREB (Lin et al., 2009; 

Lin et al., 2008), which may explain the similarities in dendritic growth following exposures 

to each of these POPs. However, distinct from PCB 95, TCDD-induced increases in Ca2+ 

signaling required the AhR as blocking the AhR with the inhibitor alpha-naphthoflavone or 

with an antisense oligonucleotide prevented the TCDD-induced calcium activity (Kim and 

Yang, 2005; Lee et al., 2007; Lin et al., 2009; Lin et al., 2008).

Taken together, the PCB and TCDD studies suggest that regardless of the receptor being 

activated – whether it is ionotropic glutamate or L-type voltage-gated Ca2+ receptors 

in the plasma membrane or IP3 and RyRs in the ER membrane – intracellular Ca2+ 

homeostasis and Ca2+-dependent transcriptional and translational events are a common 

platform on which POPs act to modify the growth and morphology of dendrites and 

spines, thereby influencing synaptogenesis. Moreover, these Ca2+-dependent mechanisms 

may operate upstream of and/or couple to the activation of glutamatergic and GABA-ergic 

signaling systems that are critical for synaptogenesis (Pessah et al., 2010). In vivo studies 

will be necessary to verify the findings on calcium signaling in a physiological setting, 

Latchney and Majewska Page 17

Dev Neurobiol. Author manuscript; available in PMC 2021 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



as the majority of the studies linking Ca2+ deregulation with POP exposure have been 

carried out in reduced preparations which lack the complex environment of the intact brain. 

Additionally, while a few studies have begun to elucidate the involvement of RyRs (Chen et 

al., 2017; Kim et al., 2011) and Ca2+-dependent pathways with other POPs such as PBDEs 

(Gassmann et al., 2014; Viberg, 2009; Viberg et al., 2008), more detailed mechanistic studies 

are needed to generalize the involvement of these signaling pathways to other POP-mediated 

synaptic toxicity.

6. Perspectives for Future Research

6.1. The temporal relationship between structural and functional changes elicited at 
excitatory synapses by developmental POP exposure.

Collectively, the studies reviewed above provide evidence that developmental exposure 

to PCBs, TCDD, B(a)P, and PBDEs all lead to changes in the subunit composition of 

glutamatergic receptors, reduced excitatory synaptic activity, an imbalance in excitation and 

inhibition, and reduced LTP. This is accompanied by an exuberant growth of the dendritic 

arbor and, in some cases, a reduction in the density of dendritic spines. It is thus plausible 

that there exists a common synaptic phenotype in which effects of POPs on synaptic 

receptors either directly or through dysregulation of intracellular Ca2+ signaling cause a 

change in the development of both excitatory and inhibitory connectivity. The increased 

dendritic growth and branching complexity observed following most developmental POP 

exposures may serve to stabilize synapses in order to compensate for reduced neuronal 

activity (Figure 2), although this hypothesis remains to be directly tested. In this model, 

a neuron may be programmed to expect a certain level of activity, and when this level 

is not met (due to POP-mediated reductions in excitatory signaling), increased dendritic 

growth could be a response that provides more opportunity for the neuron to form 

synapses with nearby axons. More detailed time-course analyses to detect whether the 

reduced glutamatergic transmission and subsequent weakening of synaptic activity occurs 

before the growth of dendrites would help address this relationship, as it is equally 

possible that reduced spine densities are the result of excessive dendritic growth, which 

elicits a “spreading” of existing connections to a larger dendritic surface area. Chronic 

in vivo imaging approaches, such as those recently used to address synaptic changes in 

neurodevelopmental disorders (Nakai et al., 2018), could provide answers to these questions. 

They could also illuminate the time course of dendritic growth between exposure and 

adulthood to determine whether dynamic dendritic remodeling includes phases of growth 

and retraction, processes that have been tied to plasticity in inhibitory neurons (Chen 

et al., 2011). Another under-explored area is the effects of POPs on different types of 

dendritic spines. Spines can take on various shapes and sizes, that are thought to serve 

different functions in synaptic transmission (Nimchinsky et al., 2002). While developmental 

exposures can selectively alter specific spine shapes and sizes (Lesiak et al., 2014), more 

detailed and comprehensive studies are needed to characterize the dynamic effects of 

developmental exposures on the morphology of the spine neck and spine head. In the 

one study where spine types were quantified, it appeared that developmental exposure 

increased the density of mature mushroom spines without altering filopodia (Lesiak et al., 

2014), suggesting that POPs may stabilize some excitatory connections without altering the 
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dynamics of new filopodial growth. Moreover, spines are remarkably dynamic, changing 

their shape and continually being formed and eliminated. These dynamic structural changes 

are thought to be critical to synaptic plasticity (Moyer and Zuo, 2018). In vivo imaging 

could also address the dynamics of spine formation, enlargement, shrinkage, and retraction 

during and following chemical exposure, as has recently been done for developmental 

exposure to Bisphenol A (Kelly et al., 2014) to further illuminate the short and long-term 

effects of POPs on synapses.

6.2. POPs target network processes that impact synaptic plasticity.

While it is not yet clear how the different POPs elicit their effects on synaptic and circuit 

activity, the mechanisms that translate POP exposure to synaptic deficits are likely to center 

on molecular and cellular processes that modulate activity-dependent plasticity (Stamou et 

al., 2013). The level of neuronal excitability is largely determined by the balance between 

excitation and inhibition, and a proper balance between the two signaling systems is 

essential for cortical and hippocampal function (Takesian and Hensch, 2013). An excessive 

shift towards excitation or inhibition could lead to a wide range of neuropsychological 

deficits (Froemke, 2015), and the proper balance between excitatory and inhibitory signaling 

is thought to be critical for opening and closing critical periods for experience-dependent 

plasticity (Takesian and Hensch, 2013). The experimental data reviewed here identify both 

glutamatergic and GABAergic signaling as targets for developmental exposure to POPs and 

underscore the importance of appropriate excitation-inhibition balance in the developing 

brain. An elegant example is provided by a study where perinatal exposure (GD 5 to PND 

21) to a high dose (6 mg/kg/d) of PCB 95 in rats disrupted excitation/inhibition balance, and 

reduced responsiveness to tonal stimuli during the critical period of sound-exposure-driven 

auditory plasticity resulting in a reversed topographic organization of the auditory cortex 

(Kenet et al., 2007). Mechanistically, a more recent study determined that developmental 

exposure to 6 mg/kg/d of an Aroclor mixture induced long-lasting changes in both inhibitory 

and excitatory neurotransmission in the auditory cortex (Lee et al., 2021). As an increase 

in the excitation-inhibition ratio can stabilize synapses and circuits (Antoine et al., 2019), 

it is possible that the decreased excitatory and increased inhibitory signaling seen in most 

developmental POP exposure studies can destabilize synapses by preventing plastic changes 

that stabilize and strengthen connections. The deregulation of the excitatory/inhibitory ratio 

may also synergize with other changes such as those in the NR2A:NR2B ratio and the 

handling of calcium postsynaptically, which is also known to modulate activity-dependent 

plasticity and the timing of critical periods for circuit remodeling (Smith et al., 2009).

6.3. Thyroid hormone-dependent neurotoxicity mechanisms

Many POPs are known endocrine disrupting chemicals (EDCs). EDCs perturb the synthesis, 

secretion, transport, metabolism, binding, and/or elimination of endogenous hormones, such 

as thyroid hormone (TH). TH is required throughout fetal life and early childhood for 

proper brain development and severe deficiencies in TH are associated with irreversible 

damage to the nervous system (Rovet, 2014). In the normal developing brain, increased TH 

levels increase dendritic arborization of cerebellar Purkinje cells (Hatsukano et al., 2017; 

Ibhazehiebo and Koibuchi, 2012; Kimura-Kuroda et al., 2002) while decreased TH levels 

decrease dendritic arborization (Kapfhammer, 2004; Salazar et al., 2019), suggesting that 
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TH dysregulation may be a mechanism in which POP may modify synapses (Zoeller, 2010). 

Although epidemiologic studies provide conflicting and inconsistent data, the prevailing 

view is that many POPs, including PCBs (Hagmar, 2003; Itoh et al., 2018; Li et al., 2018; 

Osius et al., 1999; Sala et al., 2001), PCDDs (Baccarelli et al., 2008; Goodman et al., 2010; 

Warner et al., 2020), and PBDEs (Herbstman et al., 2008; Mazdai et al., 2003) may interfere 

with the TH system by reducing circulating levels of TH, thereby limiting the availability of 

the hormone that is needed for synaptogenesis.

Similarly, in vivo studies in rats attempting to link developmental PCB exposure with 

reduced TH levels and abnormal dendrite development have yielded conflicting results 

(Roegge et al., 2006; Sethi et al., 2018; Yang et al., 2009). In one study, a high dose 

of Aroclor 1254 (6 mg/kg/d) had no significant effects on the morphology of cerebellar 

neurons dendrites, but significantly decreased serum T4 and T3 concentrations in exposed 

PND 21 pups (Roegge et al., 2006). In another study, low-dose (1 mg/kg/d) developmental 

Aroclor 1254 exposure increased the dendritic growth of cerebellar Purkinje cells and 

cortical pyramidal neurons, and both the low and high dose of Aroclor 1254 (1 mg and 6 

mg/kg/d) significantly decreased serum concentrations of TH levels at PND 21. By PND 

31, serum levels had recovered to control levels in the 1 mg/kg/d group, but continued to 

be significantly reduced in the high dose group (Yang et al., 2009). The authors concluded 

that the increased dendrite branching in the Aroclor exposed group was unlikely due to 

decreased TH levels because it has previously been shown that decreased TH levels decrease 

dendritic growth (Ruiz-Marcos et al., 1994; Yang et al., 2009). Furthermore, individual 

PCBs, such as PCB 11, were found to have no agonistic activity for the TH receptor and 

TH receptor antagonism did not block the dendritic growth promoting effects of PCB 11 

(Sethi et al., 2018). Therefore, these studies indicate that PCBs may not target the TH 

system in the developing brain. However, one in vitro study demonstrated that hydroxylated 

PCB metabolites inhibit TH-induced dendritic growth in isolated neocortical cells (Kimura­

Kuroda et al., 2005), suggesting that further studies are warranted to investigate additional 

PCB congeners (Martin and Klaassen, 2010) and the effects of PCB metabolism on the TH 

system.

When considering other chemicals, the TH-targeting hypothesis may be more convincing 

for POPs that have been shown to decrease dendritic growth, resembling a hypothyroidism 

phenotype. For example, PBDE-exposed experimental animals have been repeatedly found 

to have decreased serum thyroid hormone levels (Hallgren and Darnerud, 2002; Hallgren 

et al., 2001; Szabo et al., 2009), providing evidence for thyroid disruption. In a series of 

studies by the same laboratory, in vitro exposures to low doses of the flame retardant PBDE 

209 (10−10 M) inhibited the dendritic growth of cerebellar Purkinje neurons cultured with 

and without TH (Ibhazehiebo et al., 2011a; Ibhazehiebo et al., 2011b) in a time-dependent 

manner (Ibhazehiebo and Koibuchi, 2012), resembling a hypothyroidism phenotype. These 

results were also replicated in an in vitro study with cerebellar Purkinje neurons that used 

a PBDE mixture model (Xiong et al., 2012). However, this growth arresting phenotype 

was not observed in primary hippocampal neurons exposed to PBDE 47 or 49 (Chen et 

al., 2017). Regardless of these inconsistencies, it is intriguing to note that the structure of 

PBDEs – with two halogenated phenyl rings attached by an ether link – is considerably 

more similar to TH than that of PCBs, making it more likely that PBDE congeners may 
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target the TH system. More recently, additional POPs that structurally resemble TCDD have 

been shown to reduce TH levels and dendritic growth, also producing a hypothyroidism 

phenotype. For example, rats developmentally exposed to 3,3′,4,4′-tetrachloroazobenzene 

(TCAB; 0.1 to 10 mg/kg/d) showed a dose-dependent reduction in serum T4 levels (Harry 

et al., 2014). Golgi staining of Purkinje neurons in rats receiving the high TCAB dose (10 

mg/kg/d) showed a diminished dendritic arbor at PND 21 and PND 150 (Harry et al., 2014). 

While the evidence suggesting developmental exposure to POPs may target the TH system 

is inconsistent, it may be that only certain compounds (those that reduce dendritic growth) 

elicit their effects through the TH system. More studies are warranted to test this hypothesis 

and to determine the precise TH-dependent intracellular mechanisms of developmental POP 

toxicity at the synapse.

6.4. Non-monotonic responses to POP developmental exposure

As discussed in the last section, not all POPs and exposure paradigms have the same effects 

on the structure and function of excitatory synapses, suggesting that the relationship between 

exposure and synapse pathology is complex. Some of this may be due to the differential 

effects of low vs. high exposure doses. For decades, high doses typically seen following 

accidental or occupational exposures and intentional poisoning to POPs including PCBs 

(Chu et al., 2019; Lai et al., 2001) and TCDD (Eskenazi et al., 2018; Marnane, 2012; 

Pham et al., 2019) have shown striking effects on neurodevelopment, including altered 

functional connectivity in humans exposed to high levels of PCBs (Chu et al., 2019). 

However, accumulating evidence suggests that low doses of these chemicals may also be 

neurotoxic and, in some cases, may even pose greater toxicity than high doses, challenging 

the long-standing dogma in toxicology that “the dose makes the poison.” Low-dose effects, 

as defined by the National Toxicology Program, are doses that occur in the range of 

human exposures or doses below those used in traditional toxicological studies. This “low­

dose” hypothesis, also known as non-monotonic dose-response effects, postulates that low 

doses of long-lasting chemicals including pesticides, flame retardants, and plasticizers may 

have neurotoxic effects that may not necessarily be predicted from their effects at high 

doses. Related to synaptic pathologies, it is unknown why a non-monotonic dose-response 

relationship exists whereby higher doses (of PCB for example), do not affect dendritic 

morphology (Wayman et al., 2012b; Yang et al., 2014), although several mechanisms have 

been proposed (Vandenberg et al., 2012; Yang et al., 2009). These synaptic effects are not 

thought to be mediated by increased cell death, whereby stunted cells may be expected to die 

leaving only those cells that were relatively unaffected by exposure, and appears to be driven 

instead by a resistance to PCB at higher doses (Keil et al., 2019; Wayman et al., 2012b; 

Yang et al., 2014).

While there are a limited number of studies examining low doses and non-monotonic 

dose-response relationships in the context of dendritic and spine plasticity, there are 

published reports of low-dose effects on neurobehavioral endpoints in rodents, most notably 

with TCDD exposure where more pronounced neurobehavioral impairments are seen with 

low doses. For example, male offspring born to rat dams exposed to 0.1 μg TCDD/kg 

demonstrated decreased working memory, whereas those exposed to a higher dose of TCDD 

(0.2 μg/kg) were unaffected (Seo et al., 2000). In another study, male and female rat 
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offspring prenatally exposed to 0.18 μg TCDD/kg were significantly impaired in operant 

behavior testing paradigms compared with the control and high dose (0.54 μg/kg) groups 

(Markowski et al., 2002). In addition, U-shaped dose-response behaviors in male and female 

offspring born to TCDD-exposed rats have also been reported (Hojo et al., 2008; Hojo et 

al., 2002; Kakeyama et al., 2014). Rats exposed to 200 ng/kg had increased behavioral 

performance compared to the control (0 ng/kg), low dose (50 ng/kg), or the high dose (800 

ng/kg) (Hojo et al., 2008). Gestational exposure to 200 ng/kg, but not 800 ng/kg, TCDD 

also impaired learning in a paired-associate learning task (Kakeyama et al., 2014). These 

low-dose effects are not limited to rats as this phenomenon has also been observed in mice 

born to dams exposed to 0, 0.6, or 3.0 μg TCDD/kg (Endo et al., 2012). Only the low-dose 

group (0.6 μg/kg) demonstrated significant impairments in behavioral flexibility parameters. 

Moreover, low-dose effects have also been documented for developmental exposures to 

heavy metals including methyl mercury (Weston et al., 2014) and lead (Rooney et al., 

2018; Zhao et al., 2018) and other lipophilic organic compounds including Bisphenol A 

(Vandenberg et al., 2012), PCBs (Yang et al., 2009), and pesticides (Cassidy et al., 1994; 

Chapin et al., 1997; Palanza et al., 1999; Timofeeva et al., 2008). Therefore, it is important 

that future studies focus on the effects of doses that exemplify common human exposure 

(Vandenberg et al., 2012) as these low exposures may be particularly detrimental to circuit 

function.

6.5. Sex-specific effects of POP exposures.

There are a scarce number of studies investigating the sex-specific effects of POP 

developmental exposures on dendritic and spine morphology. Only two studies to date have 

methodically investigated sex-dependent effects of PCBs on dendritic arborization (Keil et 

al., 2019; Sethi et al., 2017b). In mouse neuron-glia co-cultures, the non-dioxin-like PCB 11 

increased dendritic complexity in female, but not male, hippocampal neurons and in male, 

but not female, cortical neurons (Sethi et al., 2017b). In rat cultures, PCB 11 increased 

dendritic arborization in both male and female hippocampal and cortical neurons (Sethi et 

al., 2017b), demonstrating that the effects of PCBs on dendritic phenotypes is influenced 

by neuronal cell type, sex, and species. In the second study, in vitro exposure to PCB 95 

increased dendritic arborization of cultured hippocampal and cortical neurons isolated from 

female but not male mice (Keil et al., 2019). Sex-specific effects were also observed in 

inhibitory circuits after TCDD exposure (Hays et al., 2002). Additionally, many lines of 

evidence suggest that sex and sex hormones affect dendritic spine remodeling and synaptic 

plasticity (Hyer et al., 2018). Although the effect of sex hormones is most pronounced 

in females, where spine density can oscillate with the hormone cycle (Shors et al., 2001; 

Woolley et al., 1990), sex hormones can also affect spine density and morphology in males 

(Skucas et al., 2013) and some studies have demonstrated male sensitivity to developmental 

exposure to low doses of POP chemicals (Sobolewski et al., 2014). Additionally, many other 

pathways that impact synaptogenesis and synapse remodeling, such as immune activation 

(which may be particularly sensitive to neurotoxic exposures), also show sex-specific 

developmental trajectories (VanRyzin et al., 2020). Developmental POP exposure has also 

been shown to alter sexual differentiation of the brain in animal models, impacting cortical 

dominance, cognition, and behavior (Bell et al., 2016; Bircsak et al., 2020; Hojo et al., 2002; 

Hojo et al., 2006; Ikeda et al., 2002; Ikeda et al., 2005; Lenters et al., 2019; Tian et al., 
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2011; Weiss, 2002), making it paramount that future studies examine the importance of sex 

in neuronal responses related to dendritic and spine morphology to environmental POPs.

7. Concluding remarks:

The goal of this review was to evaluate studies investigating the developmental neurotoxicity 

of a subset of POPs including PCBs, PCDDs, PBDEs, and B(a)P. While definitive 

conclusions on the effects of developmental exposure to many of these POPs on dendritic 

morphology, spine formation, and the development of synaptic circuits are still lacking, 

lessons learned from current studies can be applied to a new list of recently prioritized 

chemicals that are believed to be developmentally neurotoxic (Pellizzari et al., 2019; Shaffer 

et al., 2019). This new list of prioritized chemicals includes alternative flame retardants, 

alternative plasticizers, aromatic amines, environmental phenols, organophosphorus-based 

flame retardants, perfluoroalkyl substances, and pesticides, all of which share similar 

chemical properties of POPs making it likely that dendritic and synaptic plasticity may 

also be vulnerable to these newly prioritized chemicals (Stamou et al., 2013; Vester and 

Caudle, 2016). Consideration of the temporal relationship between dendritic growth, spine 

formation, and synaptic activity, the balance between excitation and inhibition, converging 

intracellular signaling systems, low-dose and non-monotonic dose-response effects, and 

sex-specific effects should be taken into consideration for future studies investigating the 

neurotoxic effects of developmental toxicants.
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Figure 1. 
Chemical structures of common persistent organic pollutants (POPs). Many POPs including 

(A) polychlorinated biphenyls (PCBs), (B) polychlorinated dibenzodioxins (PCDDs) 

including (C) the most toxic PCDD congener 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), 

and (D) polybrominated diphenyl ethers (PBDEs) are carbon-based compounds with 

high-molecular weight, high lipid solubility, and varying degrees of halogenation. These 

chemical properties confer resistance to chemical and biological degradation, allowing for 

bioaccumulation of these pollutants in lipid-rich body tissues, including the brain, even at 

low doses. (E) Benzo(a)pyrene lacks the typical halogen substitutions but is equally lipid 

soluble and resistant to biodegradation. Figure was created with ChemDraw software.
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Figure 2. 
Proposed model of the effects of developmental POP exposure on synapse remodeling. 

Morphological and electrophysiological data suggest that developmental exposure to 

persistent organic pollutants (POPs) impairs several parameters of synapse formation, 

including AMPA and NMDA receptor expression, Ca2+ signaling, thyroid hormone, 

excitation/inhibition balance, and synaptic activity. While not yet directly tested, these 

alterations may decrease neuronal activity and destabilize synapses. Over time, neurons may 

compensate for this by increasing dendritic growth and spine formation in an attempt to 

restore synaptic stability and function. As a result, altered dendritic and spine structures 

following developmental POP exposure may predispose children to neurodevelopmental 

disorders.
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