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Abstract

In vertebrates, sexual differentiation of the reproductive system and brain is tightly orchestrated by
organizational and activational effects of endogenous hormones. In mammals and birds, the
organizational period is typified by a surge of sex hormones during differentiation of specific
neural circuits; whereas activational effects are dependent upon later increases in these same
hormones at sexual maturation. Depending on the reproductive organ or brain region, initial
programming events may be modulated by androgens or require conversion of androgens to
estrogens. The prevailing notion based upon findings in mammalian models is that male brain is
sculpted to undergo masculinization and defeminization. In absence of these responses, the female
brain develops. While timing of organizational and activational events vary across taxa, there are
shared features. Further, exposure of different animal models to environmental chemicals such as
xenoestrogens such as bisphenol A- BPA and ethinylestradiol- EE2, gestagens, and thyroid
hormone disruptors, broadly classified as neuroendocrine disrupting chemicals (NED), during
these critical periods may result in similar alterations in brain structure, function, and
consequently, behaviors. Organizational effects of neuroendocrine systems in mammals and birds
appear to be permanent, whereas teleost fish neuroendocrine systems exhibit plasticity. While
there are fewer NED studies in amphibians and reptiles, data suggest that NED disrupt normal
organizational-activational effects of endogenous hormones, although it remains to be determined
if these disturbances are reversible. The aim of this review is to examine how various
environmental chemicals may interrupt normal organizational and activational events in
poikilothermic vertebrates. By altering such processes, these chemicals may affect reproductive
health of an animal and result in compromised populations and ecosystem-level effects.

"Co-corresponding authors: rosenfeldc@missouri.edu and trudeauv@uottawa.ca.
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Introduction

Sexual differentiation across taxa involves programming the gonad and brain. The factors
that guide gonadal sex differentiation differ from those that regulate brain sexual
differentiation. Thus, there may be discordance between the sex of the gonads versus the
brain. This phenomenon was recognized back in the 19t century when the scientist Karl
Heinrich Ulrichs proposed the term Uranian to describe an individual with the mind of a
female but trapped in a male’s body. This is based on the Greek goddess Aphrodite Urania,
being created from the testicles of the god Uranus as reviewed in Money (1990).

It is now recognized that brain sexual differentiation is dependent upon tight orchestration of
steroid hormones during embryonic development and also later in adulthood. This concept is
now considered the organization-activational programming of later adult behaviors in a sex-
specific manner (Morris et al. 2004; Phoenix et al. 1959; Arnold and Breedlove 1985). The
organizational-activational hypothesis was originally developed based upon observations
with guinea pigs (Cavia porcellus). Prenatal exposure to testosterone propionate on female
brains at a specific time during development, a period during which sex-specific neural
networks form, resulted in permanent effects (Phoenix et al. 1959). These findings were
extended to other mammals including rats and other animals (Morris et al. 2004; Phoenix et
al. 1959; Arnold and Breedlove 1985). This embryonic brain programming is considered the
organizational period and is generally typified by spikes in androgens and/or estrogens to
sculpt the brain to be “male” (Watson and Adkins-Regan 1989a; 1989b; Bowers et al. 2010;
Konkle and McCarthy 2011).

Full manifestation of most sex-dependent behaviors, especially in males, requires a later
resurgence of such steroid hormones (“activational period™) to stimulate sex-specific
neuronal pathways. Steroid-induced epigenetic changes in various brain regions may be the
primary drivers of these two critical periods (Chung and Auger 2013; Tsai et al. 2009;
Jasarevic et al. 2012). While there is ample evidence and reviews of organizational-
activational effects in mammals and birds (Adkins-Regan 1999; Balthazart et al. 1996; 2009;
Morris, et al. 2004; Arnold and Breedlove 1985; Phoenix et al. 1959; Ottinger and Dean
2011), this concept has not been fully considered in poikilothermic species that may exhibit
a wide range of developmental and reproductive strategies. Most of these species also lack
sex chromosomes, yet still have genotypic sex determination (GSD) and some possess
environmental sex determination (ESD) dependent upon temperature (TSD) or behavior to
determine whether the brain and gonads differentiate along male or female pathways
(Blazquez and Somoza 2010; Kohno et al. 2014; Merchant-Larios and Diaz-Hernandez
2013; Devlin and Nagahama 2002; Martinez et al. 2014; Godwin 2010). Some examples of
poikilothermic species with TSD include Atlantic silverside fish (Menidia menidia), painted
turtles, (Chrysemys picta), and all crocodilians (Blazquez and Somoza 2010; Kohno et al.
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2014; Merchant-Larios and Diaz-Hernandez 2013). It is not clear the extent to which TSD
influences organizational-activational programming of the brain or whether such effects are
predominantly mediated through its actions on gonads. For these reasons, GSD versus TSD
will only be considered briefly in the context of how it might influence brain sexual
differentiation in poikilothermic species. While brain sexual differentiation in rodents and
birds is considered permanent (Arnold and Breedlove 1985), this might not be the case in
fish, frogs, and reptiles. For instance, false clown anemonefish (Amphiprion ocellaris) are
considered to exhibit protandrous sex changes with a monogamous mating system where a
single fish can start out life as a male and then, possibly due to transcriptomic changes in the
brain, undergoes sexual differentiation into a female (Iwata et al. 2012). An exploration of
organizational-activational programming of the brain in poikilothermic species that exhibit
this extreme variation might enable a better understanding of these processes across taxa.
With this goal in mind, it is important to consider what is currently known regarding
organizational-activational effects of steroid and non-steroid hormones in fish, amphibians,
and reptiles on neuroendocrine function. In addition, how neuroendocrine disrupting
chemicals (NED) and other environmental changes, in particular climate change, might
disrupt normal brain programming affecting neuroendocrine function in these species will be
considered.

Neuroendocrine effects include changes in production and release of neurotransmitters,
neuropeptides and neurohormones, and alterations in their respective receptors in the brain,
often impacting specific behaviors. Several reviews provide insight into the growing body of
evidence reporting exposure effects attributed to NED (Gore and Patisaul 2010; Waye and
Trudeau 2011; LePage et al. 2011; Ottinger and Dean 2011; Ledn-Olea et al. 2014). Some
NED were characterized first and more generally as endocrine disrupting chemicals (EDC)
(Frye et al. 2012; Soffker and Tyler 2012), and others emerged from investigations
examining effects of neuroactive pharmaceuticals and other personal care products measured
in wastewater treatment plant effluent and surface water (Overturf et al. 2015; Waye and
Trudeau 2011; Mennigen et al. 2011). Many studies in adults determined effects on
reproductive behavior, but other key behaviors may be affected and they need to be studied
in greater detail.

It is understood that early life stages are the most sensitive periods in vertebrates to exposure
effects from NED and EDC (Bern et al. 1992; Guillette et al. 1995). The reasoning given for
this is that when organs are developing and when the ability to metabolize and excrete toxins
is not as efficient, organisms are more susceptible. It is during this period that organizational
effects from endogenous steroid hormones occur, helping to shape brain neural circuitry in a
sex-specific manner to control reproduction, growth, and behavior. It is also the time when
NED and EDC might potentially exert organizational effects (Bern et al. 1992; Guillette et
al. 1995), sometimes with consequences that permanently alter the ability of the organism to
efficiently reproduce. If organizational effects occur as tissues, organs, and behaviors are
differentiating during initial development from embryo to larva, juvenile, and sub-adult life
stages, it seems reasonable that seasonally recrudescing tissues, organs, and behaviors in
adults might also be sensitive to exposure to a NED, yet no apparent studies were found that
directly addressed this question in fish (Figure 1).
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Extrinsic factors, including NED, encountered during key developmental periods might
result in permanent health effects in various vertebrates (Chow and Lee 1964; Roeder and
Chow 1972; Buklijas 2014). The late Sir David Barker recognized that many non-
communicable diseases (NCDs) may trace their origins to the embryonic/perinatal period,
and thus, this concept was initially coined the “Barker Hypothesis” (Barker 1999; 2007).
The term then changed to fetal origin of adult disease (FOAD), and the currently acceptable
classification is developmental origins of health and disease (DOHaD). The broader
terminology recognizes that environmental factors may promote or be detrimental to later
health. In this review, we will thus consider how exposure to NED during critical
developmental periods might disrupt the delicate balance of steroid hormone programming
of the brain that may result in long-term consequences.

Organizational effects of NEDs in teleost fishes

Several studies are beginning to analyze the influence of NED on neuroendocrine function in
early fish life stages. Organizational effects are difficult to examine in fish because their
brains demonstrate high levels of plasticity and neurogenesis through adulthood, and thus
organizational effects may be more challenging to quantify than in mammals and birds
(Zupanc 2006). However, there are two cases where early exposure to NEDs during
windows of susceptibility appears to result in permanent changes in some teleost fish. The
first example is olfactory imprinting in salmon. The second example is in sex steroid
modulation of neurogenesis for neurons involved in reproduction. In the case of olfactory
imprinting in salmon, the window of susceptibility is during smolting (the period during
which fish accustomed to fresh water change their physiology to be able to live in seawater)
where imprinting has been linked to surges in thyroid hormones (Nevitt and Dittman 1998).
Olfactory imprinting appears to be a permanent change. In the second example, sex
hormones and their mimics may alter brain neuronal circuits in fish, masculinizing or
feminizing subsequent events (Piferrer 2001). Feminization and masculinization might be
reversed in some circumstances and thus a permanent alteration may require constant
exposure to a given NED. Both of these examples are discussed in more detail below.

Olfactory imprinting in salmon—Salmon are able to find their natal spawning grounds
years after they have left the region. In studies with Coho salmon, it was determined that this
ability was due to olfaction. It is widely regarded that this olfactory imprinting occurs with
the parr (juvenile salmon acclimated to fresh water) to smolt (juvenile fish that live in
seawater) transition. The main effectors for the transition are likely to involve thyroid
hormones (TH), which surge during this time and are required for the parr-smolt
transformation to occur (Lema and Nevitt 2004). The process of smolting results in many
physiological changes in fish that allow them to traverse from the freshwater environment to
reside in the sea. The importance of olfactory imprinting was shown by Scholz et al. (1976)
in an experiment where parr were exposed to artificial odorants (e.g., morpholine) while
undergoing this process and the investigators were able to demonstrate that these chemicals
directed salmon migration to a different location.

The olfactory epithelium in Coho salmon proliferates markedly in the presence of
triiodothyronine (T3), the most active TH (Lema and Nevitt 2004). This region of the brain
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is rich with progenitor cells for olfactory receptor neurons. The importance of TH in
development of olfactory capabilities was also noted in experiments that exposed parr for 30
days to brominated flame retardants (BFR), some of which are TH antagonists (Lower and
Moore 2007). Exposure decreased olfactory responses to urine in fish treated with BFR
compared to controls after placing them in saltwater, but did not impair osmoregulatory
capacity in smolts. Plasma levels of TH were reduced when fish were transferred to
saltwater but hormone levels were not markedly different during the exposures, bringing into
question the direct regulating link between TH and olfaction (Lower and Moore 2007).
Other contaminant exposures, such as cadmium (Cd), may damage olfactory sensory
neurons through oxidative stress (Wang et al. 2012) and these also affect critical behaviors
for salmon. Salmon phospholipid hydroperoxide glutathione metabolizing peroxidase (gox4)
plays an important antioxidant role in olfactory and liver tissues with exposures to Cd. At
low Cd concentrations (3.7 ppb), gox4 expression is not altered, suggesting that it is
expressed and able to counter oxidative stress. At increased Cd exposure (347 ppb) gpx4a
mRNA is significantly decreased by 50% in olfactory tissues at 24 and 48 hr post exposure,
suggesting that its ability to counter oxidative stress has been exceeded (Wang et al. 2012).
This mechanism of olfactory dysfunction is distinct from changes in neuronal circuits
observed in parr.

Sex hormone modulation of neuronal circuits in teleost fishes—Sexual plasticity,
the ability of fish to change their phenotypic sex, is pronounced in the teleost lineage. There
are many studies demonstrating that early exposure to exogenous estrogens or androgens
during the period of sexual differentiation alters the sex of certain fish (Devlin and
Nagahama 2002). This practice is routinely used in fish farming to obtain monosex
populations. In addition to changes in gonadal phenotype, exposures to sex hormones also
alter behavioral traits in fish, such as aggression or nest-holding, suggesting a direct effect
on the brain. While most of the investigations examining sexual plasticity examine only the
gonads, there are some studies that suggest involvement of several neuropeptides including
gonadotropin-releasing hormone (GnRH), gonadotropin inhibitory hormone (GnlIH),
arginine vasotocin (AVT) and isotocin, among others (Panzica et al. 2011; Le Page et al,
2011). For a comprehensive review of this subject and an intriguing model of how these
neuropeptides may be involved, please see Liu et al (2017). Cortisol was also found to be
involved in stress- or temperature-induced change in sex determination (YYamaguchi et al.
2010), apparently by elevating production of 11-ketotestosterone (11-KT) through increased
activation of 11p—hydroxysteroid dehydrogenase (HSD11B) (Fernandino et al. 2012).
Interestingly, in the hermaphroditic fish, Lythrypnus dalli, where males exhibit parenting
behavior, increased activation of 11B-HSD elevates 11-KT, as expected, but also appears to
decrease plasma cortisol levels (Pradhan et al. 2014). There are still many gaps in
understanding the precise involvement of neuropeptides and cortisol in sexual plasticity in
fish, but it appears that there is relevant crosstalk between the hypothalamic—pituitary—
gonadal (HPG) and hypothalamic-pituitary-interrenal (HPI) axes and neuropeptides may
play a larger role than previously anticipated.

In an effort to identify differences between male and female brains in medaka (Oryzias
latipes), Hiraki et al. (2012) mapped the distribution of estrogen and androgen receptors.
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These investigators found the distributions to be different in the ventral telencephalon and
preoptic areas, where only in females these areas were rich in both estrogen (esrZ and esr2b)
and androgen receptors (araand arb), as evidenced from /n situ hybridization. Males
expressed both estrogen and androgen receptors, but in different brain regions. Further,
results showed that expression of esr, esr2b, ara, and arb in ovariectomized females was
elevated by E2 but no marked effects were observed on expression levels of esrZa, indicating
differential regulation. It is of interest that administration of 11-KT to ovariectomized
females significantly diminished expression of esr1, esr2band arb in the ventral striatum and
ventral pallidum promoting male-like expression patterns. These experiments exemplify the
sexual plasticity of fish brains and suggest that plasticity depends upon expression of sex
hormone receptors in specific nuclei in the brain, which subsequently rely on the presence of
E2 and 11-KT (Hiraki et al. 2012). Both systemic and site-specific synthesis of sex
hormones may underlie changes in expression of sex hormone receptors and explain
activational effects noted for behavior in adult fish.

Aromatase is the enzyme responsible for the conversion of androgens to estrogens. Fish
possess two distinct genes for aromatase, one that is particularly expressed in the gonad
(cyp19ala), which is similar to the aromatase gene in mammals and a second that is more
highly expressed in the brain (cyp19a1b) (Diotel et al. 2010). Considerable attention has
been devoted to understanding how the gonadal aromatase gene is controlled at the level of
transcription, as this gene would be immediately involved in gonadal sex differentiation
(Guiguen et al. 2010). Yet, it is now becoming evident that brain aromatase may play an
important role in sexual plasticity of the brain and because it may be involved in
neurogenesis, it may contribute to both activational and organizational events. Brain
aromatase activity is high in the pituitary, hypothalamus and preoptic area of fish brains
(Pasmanik and Callard 1985). In adult fish, such as goldfish, there are seasonal variations in
aromatase expression and activity, corresponding to the peak reproductive period (Pasmanik
and Callard 1988, Zhang et al. 2009a). In medaka, site-specific brain aromatase activity is
sexually dimorphic, and the female expression patterns are induced by estradiol (E2)
treatment of males (Melo and Ramsdell 2001). In European sea bass (Dicentrarchus labrax),
males generally display higher brain aromatase activity than females (Gonzalez and Piferrer
2003). In teleost, radial glial cells (RGC), are the exclusive site of cyp9a1bexpression
(Pellegrini et al. 2016), which raises the intriguing question of how RGC signal to adjacent
neurons via estrogens. Both estrogens and androgens (aromatizable and non-aromatizable)
increase GnNRH (Breton and Sambroni 1996, Dubois et al. 1998), but it is unclear if this is
direct or indirect, since the expression of ER in GnRH neurons remains controversial.
Numerous other neurons express nuclear and membrane ER, so both local estrogen from
RGC, and peripheral estrogens could differentially affect central neuronendocrine systems
(Pellegrini et al. 2016; Xing et al. 2014). Chronic deprivation of estrogens via aromatase
inhibition with fadrozole in adult female goldfish revealed that numerous hypothalamic
genes were affected: these included calmodulin, activin-BA, and ornithine decarboxylase 1
(Zhang et al. 2009b). By using immunohistochemistry in developing zebrafish, it was shown
that EE2 exposure induces an increase in the number of GnRH-immunoreactive neurons.
The weak estrogenic chemical nonylphenol was able to produce similar effects in a
concentration-and receptor dependent manner (Mosges et al. 2012).
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In mammals and birds, sex steroids are important for organizational and activational effects
on the brain (Diotel et al. 2011b; Pellegrini et al. 2016; do Rego and Vaudry 2016). In fish,
there are many examples of activational effects by sex steroids, but organizational events due
to these hormones are more difficult to ascertain due to their high brain plasticity. Studies
showed that femaleness in a variety of adult fish, including medaka, tilapia and zebrafish,
depends upon the presence of E2, as inhibiting its biosynthesis with the use of aromatase
inhibitors results in full masculinization (Paul-Prasanth et al. 2013; Takatsu et al. 2013).
Pasmanik and Callard (1985) demonstrated steroidogenic activity in the brain of goldfish
(Carassius auratus) with the discovery of aromatase and 5a.-reductase activities. Since this
original report, complete steroidogenesis pathways were identified in the brain of various
fish species. Several reviews illustrate the currently identified steroidogenic pathways and
speculate on their importance for establishing and maintaining neural networks (Diotel et al.
2011a; Pasmanik and Callard 1985). Expression of steroid hormone receptors and
steroidogenesis in the brain begins in early fish development (Dong and Willett 2008;
Gorelick et al. 2008; Mouriec et al. 2009; Shi et al. 2013). Using the mummichog (Fundulus
heteroclitus) model, Dong and Willett (2008) visualized cyp19a1b mRNA as early as 3 days
post-fertilization (pfd) in the midbrain using /n situ hybridization. As mummichog embryos
grow, the expression is detected progressively in the hypothalamus and telencephalon by 4
pfd. Estrogen receptors including both the nuclear and membrane receptors are expressed in
embryos between 24 and 48 hr post-fertilization (Pikulkaew et al. 2010).

Notably, most of the steroidogenic enzymes have been localized by /n situ hybridization and
co-localize with each other in the preoptic area, telencephalon, and hypothalamus, among
other areas of the brain (Diotel et al. 2010), suggesting that these enzymes function in
concert. Neurosteroid biosynthesis occurs in RGC (Xing et al. 2014; Pellegrini et al. 2016);
the exclusive site for brain aromatase activity in teleosts. The mRNA for steroidogenic acute
regulatory protein (star), responsible for shuttling cholesterol into the mitochondria), as well
as mMRNA for steroidogenic enzymes cypl7al and hsd3b, involved in key biosynthetic steps
of neurosteroids, were sequenced from cultured RGCs (Xing et al. 2014). Radial glial cells
are stem-like neuronal precursors (Kriegstein and Alvarez-Buylla 2009; Pellegrini et al.
2016), which are highly abundant in teleost brains, persisting at high levels in adults
compared to other vertebrates. This is probably the fundamental reason underlying the
remarkable plasticity and regenerative activities in adult teleost brain (Xing et al. 2014;
Hiraki et al. 2012; Kuhl et al. 2005).

Radial glial cells may respond to estrogens, androgens, and gestagens (progesterone receptor
ligands), suggesting a close and direct relationship among these signaling pathways that
might be important for neurogenesis. These pathways may be involved in organizational
effects in fish if new neurons are generated in response to the steroids or possibly also in
activational effects in fish (Xing et al. 2014; 2015; 016). Recently, Xing et al. (2015)
demonstrated that E2 concentrations in the 100 nM range plus activation of the dopamine
D1 receptor (D1R) with a specific dopamine agonist up-regulated brain aromatase in RGCs.
At higher concentrations (1 pM EZ2), this effect was inhibited. Exposure of RGC to ESR1
and ESR2 antagonist 1,3- Bis(4-hydroxyphenyl)-4-methyl-5-[4-(2-
piperidinylethoxy)phenol]-1A-pyrazole dihydrochloride (MPP) blocked D1R-mediated
effects, illustrating a dependence on ER for aromatase up-regulation. In the model proposed
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to explain these results, it is clear that D1R functions through cAMP signaling to
phosphorylate cAMP Responsive Element Binding Protein (CREB), which then acts in
concert with the ER to upregulate brain aromatase. This dopaminergic regulation of RGC is
thus modulated by E2 (Xing et al. 2015).

Activational effects of NEDs in adult teleost fish

Most teleost fish are iteroparous, which indicates they alternate between reproductive and
non-reproductive periods and reproduce multiple times during their life span. During the
non-reproductive season, the reproductive neuroendocrine axis is in a quiescent state, where
the concentration of brain, pituitary, and gonadal hormones are relatively low, and in the
quiescent gonad, reproductive ducts decrease in size and gametogenesis is suspended
(Whittier and Crews 1987; Sumpter 1990; Flett et al. 1993). Reproductive seasonality is
regulated by multiple environmental factors and in many temperate species, photoperiod and
water temperature are critical cues. Seasonal changes in circulating sex steroids and other
hormones and multiple neurohormonal receptors occur in the brain (Zhang et al. 2009g;
Migaud et al. 2012; Moussavi et al. 2012; Forlano et al. 2014), pituitary (Moussavi et al.
2013; Nakane et al. 2013), and gonad (Orlando et al. 2007; Geraudie et al. 2010; Elisio et al.
2014), as a fish transitions from a reproductively quiescent to a reproductively active state
through a process called recrudescence. Further, there are differences in neuroestrogen
synthesis as glial cell aromatase is not only 1-2 orders of magnitude greater in fish brains
compared to that in mammals, but also varies significantly with reproductive season
(Aggarwal et al. 2014; Pasmanik and Callard 1988). Regulation of aromatase activity may in
part explain the sexual plasticity of the adult fish brain (Le Page et al. 2010; Pellegrini et al.
2016). Thus, in a similar manner to development, another potential vulnerable window of
susceptibility to NED may occur during seasonal recrudescence (Figure 1). It is known that
pituitary sensitivity to steroid (T, E2) positive feedback on GnRH-stimulated luteinizing
hormone release varies seasonally in goldfish (Trudeau et al. 1991). Therefore, it is tempting
to speculate that disruption of steroid action by a NED might also vary with seasonal
reproductive cyclicity.

The effects of NED on neuroendocrine function of fish, amphibians, birds, and mammals
were reviewed (Leon-Olea et al. 2014). Additional data show that traditional
neurotransmitter systems are also disrupted by numerous environmental contaminants (Basu
2015). These reviews provide detailed examples of how contaminants interfere with brain
function resulting in altered behavior and physiology in fish. Contaminants that behave as
NED may display activational effects on the neuroendocrine system, possibly interfering
with normal sex hormone pathways that control sexual behavior and possibly even
reproduction. Investigators found that exogenous estrogens, estrogen mimics and
antiandrogens are able to change significantly the function of cyp19a1bin the brain,
suggesting that these NED may alter important homeostatic functions of this enzyme.
Generally, estrogens increase expression of brain aromatase while antiandrogens, such as
flutamide (Schiller et al. 2014) or the aromatase inhibitor fadrozole (Zhang et al. 2009b)
diminish expression. As previously indicated, cypZ9a1b expression in the RGC is important
for neurogenesis, and also possibly for other brain functions. Gene profiling experiments in
goldfish and zebrafish treated with either fadrozole or ethinylestradiol (EE2), respectively,
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uncovered several groups of genes that were either up- or down-regulated (Zhang et al.
2009b; Martyniuk et al. 2007). In addition, sex steroids are important in controlling sex-
specific behaviors in fish. While most studies focused on estrogens and androgens, a recent
study with progestins suggests that this type of NED might also alter RGC function (Cano-
Nicolau et al. 2016).

Synthetic progestins derived from 19-nortestosterone, such as levonorgestrel found in birth
control pills, induce expression of brain aromatase in RGCs (Cano-Nicolau et al. 2016) in
the low nM range, probably after metabolic activation. Sources of the progestins are likely
human wastewater effluents, but these substances are also found in runoff from concentrated
animal feeding operations at ng to ug/L concentrations (Creusot et al. 2014; Orlando and
Ellestad 2014). Aqueous exposure to levonorgestrel and other progestins, including
gestodene and desogestrel, produce rapid and marked reduction in fathead minnow egg
deposition on breeding tunnels (Runnalls et al. 2013). In another study, gestodene also
markedly lowered egg deposition and adversely affected reproductive behavior in adult
fathead minnows exposed to 10 or 100 ng/L for 8 days. Frankel et al. (2016) observed that
female fathead minnows’ reproductive behaviors were masculinized and gestodene exposed
males were more aggressive and spent less time tending the nest or courting females
compared to control male fathead minnows.

Ledn-Olea et al. (2014) reviewed in detail the neuroendocrine effects attributed to different
pesticide classes, and thus these will not be covered here except to emphasize that many
pesticides may act as agonists or antagonists of endogenous sex hormones and thus
influence the neuroendocrine system directly. An example is vinclozolin (VZ), a widely used
fungicide, which functions as an antiandrogen and may target the neuroendocrine system
differentially depending on dose and exposure period. At 100 pg/L VZ, two to three year old
mature male goldfish treated for 7, 15, and 30 d increased their circulating levels of 11-KT
after 30 days, perhaps to compensate for the antiandrogenic activity of this fungicide.
Golshan et al. (2014) suggested that at relatively higher levels, exposure to VZ at 800 pug/L
for 7 and 30 but not 15 days, 11-KT levels were lowered suggesting feedback inhibition to
the brain and or pituitary gland. Golshan et al. (2014) found circulating LH concentrations
were also significantly elevated compared to controls at 100 pg/L VZ for 30 days, but LH
returned to control levels at 800 pg/L VZ. Further, gnrh3 mRNA expression paralleled the
expression pattern of circulating LH after 30 day exposure. Golshan et al (2014) also
measured circulating E2 and reported E2/11KT ratio and reported no marked effects of VZ
on circulating E2 and interpreted the observed rise in E2/11KT at 800 pg/L VZ, as being due
to changes in 11KT. Overall, these findings demonstrate effects of VZ on both
neuroendocrine and gonadal endocrine systems and may impair male goldfish fertility. The
combination of EDCs and stress, as shown in zebrafish exposed to methyl-parathion and
stressed by being chased with a net, which dramatically decreased neuronal starwhile at the
same time enhanced expression of mMRNA for glucocorticoid receptor (da Rosa et al., 2015),
further illustrates the convolution of neural effects from complex environmental stressors.

Human neuroactive pharmaceuticals released into the environment might also act as NED in
exposed fish. Many of these have been formulated to be active in humans at low doses and to
have long half-lives. One such pharmaceutical is Prozac, which was found in some rivers at
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approximately 1 pg/L concentration (Brooks et al. 2003). Prozac is the trade name for
fluoxetine (FLX), a potent selective serotonin (5-HT) reuptake inhibitor that acts to block
the presynaptic membrane 5-HT transporter (s/c6a4). It is now known that 5-HT plays key
roles in the regulation of several neuroendocrine pathways including reproduction, stress,
appetite and behavioral functions (Mennigen et al. 2011), which are disrupted by FLX. One
unintended consequence in fish is the disturbance of steroidogenesis in female and male fish
(Mennigen et al. 2011). Serotonin stimulates LH release in fish (Somoza et al. 1988) and
alters plasma levels of E2. Perhaps the most important finding is that exposure to FLX
modulates estrogen receptor expression in the brain and may alter steroid sensitivity
(Mennigen et al. 2011). In a separate study, exposure of goldfish to a mixture of 0.54 g
FLX and 5 ng EE2/L was more estrogenic than either chemical alone. The mixture produced
a significant rise in hepatic mMRNA expression for esrZ and vitellogenin (v#g) as well as fall
in hepatic MRNA expression for esrZ (Silva de Assis et al. 2013). An interesting finding is
that FLX altered the expression of two miRNAs in liver of zebrafish, dre-let-7dand dre-
miR-140-5p (Craig et al. 2014) that are predicted to regulate transcript abundance of
adenosine monophosphate-activated protein kinase (AMPK). This is an important metabolic
hepatic pathway and its disruption leads to loss of weight, as reported by Mennigen et al
(2011) for goldfish. AMPK also plays a key role in the brain, and remains to be tested
whether FLX similarly influences metabolism in this tissue.

Developmental sensitivity to EDC/NED in amphibia

In contrast to mammals, birds, and some fishes, there is little information regarding
organizational or activational effects in the brain either naturally or from NED in
amphibians. There have been few attempts at the systematic testing of amphibian brain
sensitivity to exogenous TH, sex steroids, or environmental contaminants binding to nuclear
or membrane-bound receptors. This is a major gap in our knowledge compared to
mammalian model systems.

Nevertheless, amphibians possess certain features that make them especially sensitive to
pollutants and therefore useful for the study of EDC and NED. In amphibians
embryogenesis is ex vivo, their skin is permeable and they go through metamorphosis. For
these reasons, amphibians are considered highly sensitive test organisms for hormone-
dependent development (Tata 2006) and employed in ecotoxicological assessments (Santos
et al. 2015; Correia et al. 2014; Maselli et al. 2010; da Rosa, 2016; Gardner et al., 2017),
including standard methods such as the Amphibian Metamorphosis Assay (OECD), and the
Frog Embryo Teratogenesis Assay-Xenopus (FETAX) (ASTM). Anuran metamorphosis,
and in particular the neuroendocrine control of the process, may represent a reliable model
system to examine NED; since it is a process dependent upon TH consisting of thyroxine
(T4) and triiodothyronine (T3) (Ishizuya-Oka 2011; Sachs et al. 2000), and considered
equivalent to postembryonic organogenesis in mammals (Tata 2006). Amphibian
metamorphosis is controlled primarily by the hypothalamic-pituitary-thyroid (HPT) axis,
whereas corticosterone from the interrenal gland plays a modulatory role (Ishizuya-Oka
2011; Galton 1990; Bonett et al. 2010; Denver 2013) (Figure 2a). This hormone-dependent
transformation from larval body to a juvenile with adult features is depicted in Figure 2-b.
TH controls the regression and transformation of larval tissues to the adult forms.
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Environmental cues trigger synthesis and release of hypothalamic corticotropin-releasing
hormone (CRH) (Galas et al. 2009; Okada et al. 2009; Denver 2013) into the hypophyseal
portal system to enhance pituitary synthesis and release of thyroid stimulating hormone
(TSH) (Denver 2013) and adrenocorticotropic hormone (ACTH) (Denver 2013). In contrast
to mammalian systems where thyrotropin-releasing hormone (TRH) is the principle
stimulator of TSH, CRH controls TSH release in amphibians. Once released from the
pituitary TSH binds to its receptor in the thyroid gland to signal the synthesis of TH. The
thyroid gland releases mainly T3 or T4 that is locally converted by deiodinases (Bianco and
Larsen 2005) to its more active form T3. Thyroid hormones are transported inside the cell
through the activation of organic anion transporter polypeptides (OATP) (Pizzagalli et al.
2002). Once T4 has been transported across the membrane, T4 is deiodinated to T3 by type
Il deiodinase (D2) in the cytoplasm. T3 binds to nuclear thyroid hormone receptors TRa and
TRB, inducing the heterodimerization with 9-cis retinoic acid receptor to modulate
expression of key genes involved in metamorphosis (Buchholz et al. 2006, Sachs et al.
2000). Corticosterone from the interrenals acts as a synergist of TH, to accelerate
metamorphosis (Bonett et al. 2010). TRH plays a role in tadpole growth through its actions
to stimulate both growth hormone (GH) and prolactin (PRL) (Denver 2013). The expression
of the TR is developmentally regulated in the tadpole brain with expression of TRa notably
increasing as a frog progresses through metamorphosis (Hogan et al. 2007; Duarte-
Guterman and Trudeau 2010). This implies that the sensitivity of neural tissues to T3 may
also be changing accordingly. Exogenous T3 treatment increased proliferation of specific
neural stem cell populations in post-metamorphic juvenile Xenopus laevis, exerting no
apparent effect on proliferation in pre-metamorphic tadpoles (Preau et al. 2015). In addition,
negative feedback effects of T3 on TSH synthesis and secretion develops in the
prometamorphic tadpole, and pituitary sensitivity to this feedback decreases at the
metamorphic climax (Denver 2013; Sternberg et al. 2011). Data indicate sensitivity to a
neuroactive pollutant capable of binding to TR in brain and/or pituitary is present, or that TH
dynamics also change during metamorphosis. This has not been systematically studied, but
might be important to assess fully the neuroendocrine disruption hypothesis, and has major
implications for understanding the detrimental effects of EDC on development in Amphibia.

During early stages of development, anuran gonads are undifferentiated. Previously it was
postulated that TH played little if any role in sexual development (Buchholz et al. 2006;
Hayes 1998). However, several observations following exposure to known TH disruptors
suggested otherwise (Carr and Patino 2011). Exposure to environmentally relevant doses of
ammonium perchlorate resulted in a female-biased sex ratio in X. /aevis (Goleman et al.
2002). Data demonstrated that indeed tadpole gonads are sensitive to TH as indicated by the
observations that T3 induced genes associated with androgens, or suppressed those
associated with estrogens, depending upon anuran species (Duarte-Guterman et al. 2014;
Flood et al. 2013). This has important implications for our understanding of sexual
development and its disruption by environmental pollutants. The concept of thyroid-gonad
cross talk is covered in detail elsewhere (Castaneda Cortes et al. 2014; Flood et al. 2013,
Flood and Langlois 2014; Hogan et al. 2007, Duarte-Guterman et al. 2014).

The period of sexual differentiation is highly variable between anuran species (Hayes 1998)
but in many occurs in the pre- and pro-metamorphic stages before TH peak (Figure 2b). The
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first GnRH-immunoreactive neurons appear at some point in this period (D’Aniello et al.
1995), as found for LH- and FSH-immunoreactive gonadotrophs in the anterior pituitary
(Pinelli et al. 1996). Data obtained from field-collected recently metamorphosed green frogs
(Lithobates clamitans) and bullfrogs (L. catesbeinaus) provide some evidence for a link
between developmental upsets, limb malformations and suppression of GnRH and androgen
levels (Sower et al. 2000). Intriguingly, hypophysectomy experiments indicate that the
pituitary is not required for early gonadal differentiation, but may be involved in gonadal
growth after differentiation occurs (Hayes 1998). However, Suda et al. (2011) in Rana
rugosa provided data in disagreement with this proposal, which suggest a role for FSH in sex
determination and early ovarian steroidogenesis. Regardless, it is clear that gonadal steroids
play a major role in gonadal differentiation (Hayes 1998). Most of our knowledge regarding
sexual differentiation arises from the influence of exogenous steroids, aromatase and 5a.-
reductase inhibitors (Hayes 1998, Duarte-Guterman et al. 2009). These data indicate that
estrogens are ovary-promoting and androgens are testes-promoting steroids. Emerging from
this, and relevant here, is that there are steroid-sensitive and steroid-insensitive periods for
sex-reversal. Early exposure to EE2 induced sex-reversal and a female bias at
metamorphosis. On the other hand, exposure in the later metamorphic period exerted no
marked effects on sex ratio. Neither of these treatments affected time to metamorphic
climax, yet, EE2 exposure in a mid-metamorphic period delayed metamorphosis but exerted
no significant effects on sex ratios (Hogan et al. 2008). Data thus indicate major shifts in
estrogen sensitivity of gonads with development. In marked contrast, little is known
regarding the developmental sensitivity of brain and pituitary to sex steroids in Anura.
Expression of androgen and estrogen receptors in tadpole brains increases significantly at
the metamorphic climax concomitant with aromatase activity (Duarte-Guterman and
Trudeau 2010). Brain expression of 5a.-reductases (SRD5A), enzymes responsible for the
synthesis of 5a.-dihydrotestosterone (5aDHT or DHT) from testosterone (T) falls at
metamorphosis. Data suggest major changes in steroid sensitivity of the neuroendocrine
brain of tadpoles as they develop (Duarte-Guterman and Trudeau 2010). Documented
organizational and activational effects of exogenous sex steroids on courtship vocalization in
Xenopus laevis support this phenomenon (Zornik and Kelley 2011; Hoffmann and Kloas
2012b). Moreover, acute and reversible effects of EDC, such as EE2 (Hoffmann and Kloas
2012a), diclofenac (Hoffmann and Kloas 2012a), dichlordiphenyldichloroethylene (p,p’-
DDE) (Hoffmann and Kloas 2016), and VZ (Hoffmann and Kloas 2010) on vocalizations
and mating behavior in Xenopus laevis indicate neuroendocrine disruption of these
processes in frogs.

Organization and Activational Effects in Reptiles and Susceptibility to NEDs

Temperature Sex Determination vs. Genetic Sex Determination in Reptiles—
Among amniotes, reptiles exhibit a wide range of reproductive and sex-determining
mechanisms. First, there are those with separate sexes (gonochorism) but others are
unisexual (parthenogenesis). Reptile reproduction can also be categorized as oviparity (egg
laying without embryonic development within the female), viviparity (live birth),
ovoviviparity (embryos within eggs develop within the female’s body until they are ready to
hatch but only receive nutrients from the yolk sac). Finally, reptiles may be classified as
possessing GSD with male (XX/XY) and female (ZZ/ZW) heterogamety or TSD (Ezaz et al.
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2009; Wapstra and Warner 2010). Of the 1000 karyotyped lizard species, less than 200
possess sex chromosomes. In some species, such as the leopard gecko (Eublepharis
macularius), incubation temperature during a critical period of embryonic development
determines gonadal sex, along with sex-differences in body growth, adult morphology,
aggressiveness, reproductive physiology, and neurobehavioral organization and
programming (Crews et al. 1998). By altering steroid hormone synthesis, especially for T
and E2, and increasing expression of either male or female temperature-sensitive transcripts,
incubation temperature alone may sculpt early brain programming and later behavioral
responses.

Effects of Temperature Sensitive Period (TSP) on Gonad and Organizational/
Activational Actions in Brain—There has been interest in identifying transcripts in the
gonad and brain that are altered due to GSD or TSD in contrasting reptilian species.
Recently, several genes were identified in the gonad to be elevated in response to the male-
producing temperature (MPT) (33.5°C) in American alligators (Alligator mississippiensis),
including Wnt signaling factor wnt11, histone demethylase kamé6b, and transcription factor
cebpa (Yatsu et al. 2016). Another gene associated with the MPT and male sexual
differentiation is the alligator ortholog of the transient receptor potential cation channel
subfamily V member 4 (frpv4) (Yatsu et al. 2015). In painted turtles (Chrysemys picta),
steroidogenic factor 1 (s7Z) and Wilm’s tumor 1 (W) are activated in the gonad during the
thermosensitive period and dosage-sensitive sex reversal, adrenal hypoplasia critical region,
on chromosome X, gene 1 (daxZ) may contribute to male development (Valenzuela et al.
2013). Collectively, the findings suggest that these genes result in organizational changes
within the brain of these reptile species.

TSP-Induced Aromatase Expression in Developing Brain of Various Reptilian
Species—At the beginning of the thermo-sensitive period (TSP), aromatase activity
increases in the brain of developing red-eared slider turtles ( 7rachemys scripta elegans),
incubated at the higher temperature, presumably destined to be females, relative to those
incubated at the lower temperature, predestined to be males (Willingham et al. 2000). After
this period, aromatase activity declines in brain of males and females. In Olive Ridley sea
turtles (Lepidochelys olivacea), the female-producing (higher) temperature results in greater
efficiency of aromatase conversion of T to E2 within the diencephalon region (Salame-
Mendez et al. 1998). Analysis of aromatase activity in the gonad and brain of alligators
around the TSP indicates this enzyme is expressed in low amounts in the gonad during the
early stages of TSP for both sexes but increases in the gonad of potential females later in the
TSP (Milnes et al. 2002), whereas brain aromatase activity rises early in the TSP for both
sexes, suggesting that neural aromatase activity does not modulate gonadal differentiation.
E2 treatment of eggs incubated at the MPT results in sex-reversed females that possess
intermediate gonad function with gonad aromatase activity less in sex-reversed females
compared to control females at the same stage but by stage 22, E2-derived females had
greater gonad aromatase activity than control males. E2-derived females did not show any
change in brain aromatase activity from stage 22 to 24, whereas, by stage 24, brain
aromatase activity was lower in sex-reversed females compared to control females but not
different than in control males.
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Organizational and Activational Effects of Neurosteroids in Select Reptilian
Species Green anoles (Anolis carolinensis)—Green anoles possess an XX/XY
system of sex chromosomes and are seasonal breeders with male sexual behavior induced by
an annual elevation in T levels. Several studies examined sex-dependent gene expression in
anole brains. The enzyme 5a-reductase (SRD5A) converts T into 5a-DHT, and the SRD5A1
isoform may stimulate development of the forebrain and other brain regions that modulate
later male reproductive behaviors in green anoles (Cohen and Wade 2012). In these males, T
stimulates steroid receptor coactivator-1 (srcZ) expression in the preoptic area and amygdala
(Kerver and Wade 2015). Conversely, females show greater expression of estrogen receptor
alpha (esr) and CREB binding protein (cbp) in the ventromedial hypothalamus and cfpin
the preoptic area than males (Beck and Wade 2009; Kerver and Wade 2016). Testosterone
treatment in males of this species also produces enhanced SRD5A activity regardless of the
season but only up-regulates aromatase activity during the breeding season. Interestingly,
comparable responses are absent in testosterone-treated females (Cohen and Wade 2010).
This latter response might be considered an activational effect of testosterone as it occurs
during the adult period. However, it is not clear if such adult-treatment effects are reversible.

Whiptail Lizards (Cnemidophorus uniparens and C. inornatus)—Whiptail lizards
(C. uniparens) are a triploid unisexual species consisting of females alternating between
male- and female-like pseudosexual behaviors at varying points throughout the estrous
cycle. In contrast, the diploid ancestral whiptail lizard species (C. inornatus) exhibits sexual
reproduction. C. uniparens may have originated from the inter-species hybridization between
two living gonochoristic species: C. inornatusand C. gularis. TSD appears to be absent in C.
uniparens and C. inornatus (Crews 1989). Parallel studies with parthenogenetic ancestral and
sexually reproducing descendent species are useful in determining the evolutionary origins
of organizational and activational effects of sex steroid hormones on neurobehavioral
responses (Woolley et al 2004). Female C. uniparens demonstrate male-like pseudosexual
behaviors resembling those of male C. /nornatus (Crews et al. 1986). When a conspecific
male is present, a greater number of female C. /nornatus ovulate and latency to ovulation is
shortened. Analogous findings are found when a male-like C. uniparens individual is placed
with female conspecifics.

Neuroendocrine Effects of Androgens in Whiptail Lizards—Androgen-implanted,
ovariectomized (OVX) C. uniparens exhibit male-like mounting behaviors, whereas,
estrogen-implanted, OV X animals express receptive-like behaviors (Dias and Crews 2008).
In C. uniparensand C. inornatus, an intraperitoneal (i.p.) T implant into gonadectomized
individuals resulted in greater induction of male-like courtship behaviors relative to controls
and those implanted with progesterone (Sakata et al. 2003). /nn ovo treatment of C. unijparens
with aromatase inhibitors produced sex-reversed male parthenogens (virago C. uniparens)
that acted morphologically and behaviorally similar to males of C. inornatus (Wennstrom
and Crews 1995). Administration of T to gonadectomized control and virago C. uniparens,
along with gonadectomized male and female C. inornatus enhanced mounting behaviors by
both sexes and species that was accompanied by increased arginine vasotocin (AVT)
immunoreactivity in the brain except in lab-generated parthenoforms (Hillsman et al. 2007).
5a-DHT implanted into the anterior hypothalamus-preoptic area (AH-POA), but not in the
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ventromedial hypothalamus, induced courtship and copulatory behaviors in castrated male
C. inornatus (Rozendaal and Crews 1989). These latter effects are assumingly due to
activational effects of these exogenous androgens in C. uniparensand C. inornatus.

Neuroendocrine Effects of Estrogens in Whiptail Lizards—E2 concentrations are
elevated during vitellogenesis and decline after ovulation in C. uniparensand C. inornatus.
However, reproductively active female C. uniparens exhibit greater circulating E2
concentrations, as typified by follicles with yolk formation, female C. /nornatus (~900 pg/ml
compared to ~98 pg/ml, respectively) (Young et al. 1995b; Moore et al. 1985; Moore and
Crews 1986). Injection of estradiol benzoate (EB) into 1 and 30 day old individuals of both
species increased expression of progesterone receptor (pgr) in the ventro-medial
hypothalamus (VMH) but expression was greater in female C. /inornatus than in conspecific
males (Wennstrom et al. 2003). No marked expression differences in pgrwere observed in
female C. uniparens vs. male due to aromatase inhibitor treatment. The expression of esr
(presumably esr) was up-regulated in the VMH of EB-treated one day old male and female
C. inornatus and 30 day old male-induced C. uniparens but not in EB-treated female C.
uniparens at either age. EB treatment of OV X C. uniparens elevated receptive behavior,
upregulated esrZ expression within the ventromedial nucleus of the hypothalamus (VMN)
and forus semicircularis but down regulated this transcript in the lateral septum (Young et al.
1995a). The EB-treated females also exhibited increased pgrexpression in VMN and
periventricular nucleus of the preoptic area. Exogenous estrogen increased pgrin the
periventricular preoptic area in C. inornatusand C. uniparens (Godwin and Crews 1999).
The above effects might be ascribed to activational effects of EB, but it is not clear if these
can be reversed.

Neuroendocrine Effects of Progesterone in Whiptail Lizards—Progesterone
administration to OVX C. inornatus and C. uniparens results in suppression of receptivity
behavior in both EB-primed species and down regulation of expression of esr(presumably
esrl) and pgrin the VMN (Godwin et al. 1996). Progesterone-treated female C. uniparens
displayed a masculinized behavioral response and mounted receptive estrogen-treated
female C. uniparens (Grassman and Crews 1986). Progesterone treatment of castrated C.
fnornatus stimulated androgen-dependent sex behaviors but did not replicate seasonal-
dependent effects of androgens on accessory sex structures (Lindzey and Crews 1993).
Implantation of progesterone into the anterior hypothalamus of castrated C. inornatus
resulted in some C. uniparens being sensitive to this hormone with complete restoration of
sexual behaviors, whereas, others appeared insensitive with the hormonal implant failing to
elicit sexual activities (Crews et al. 1996). The progesterone-sensitive males displayed
elevated expression of arin the preoptic area, amygdala, and lateral septum relative to the
insensitive group. Conversely, pgrexpression was reduced in the preoptic area in the
sensitive compared to insensitive males. Taken together, the results suggest that progesterone
administration to select adult reptiles may induce mixed organizational/activational effects,
and there might be some plasticity in brain programming in certain reptile species.

Neuroendocrine Effects of Serotonin and Dopamine in Whiptail Lizards—
Injection of 5-HT into the POA of OV X and T treated C. uniparens suppressed mounting
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(Dias and Crews 2008). In contrast, administration of 5-HT into the VMH of OVX + E2
treated C. uniparens inhibited receptivity. /n ovo treatment of C uniparens with aromatase
inhibitors resulted in sex-reversed male parthenogens (virago C. uniparens) that act
morphologically and behaviorally like males of C. inornatus (Wennstrom and Crews 1995).
Both castrated male C. /nornatusand OV X C. uniparens treated with a dopamine D1 agonist
exhibited greater mounting behaviors and shorter latency to mount with C. uniparens being
vulnerable to lower doses than C. inornatus (Woolley et al. 2001). This enhanced sensitivity
in the triploid parthenogenetic lizard might be due to existing elevations in D1R in the
limbic brain areas modulating courtship behavior. In male castrated C. /nornatus, androgen
implantation increased neuronal nitric oxide synthase (/AVos) gene expression in the nucleus
accumbens (NAc), POA, and VMH (O’Connell et al. 2012). However, this treatment
decreased the NMDA receptor- g/unZ2 (previously termed rr1) gene expression in the medial
amygdala region and NAc as well as dZrand d2rin the NAc.

Neurosteroids in other Reptilian Species—The broad-snouted caiman (Caiman
latirostris) presents TSD. Similar to green anoles, esr expression is greater in the medial
cortex of TSD-females and females derived from E2 administration (hormone-dependent sex
determination) during the critical developmental period (Varayoud et al. 2012). Male leopard
geckos (Eublepharis macularius) also exhibit TSD with embryonic temperature governing
sex determination and polymorphisms in each sex (Huang and Crews 2012). Males
generated at varying incubation temperatures show differing patterns of behavior even when
gonadectomized, suggestive that incubation temperature might influence brain
programming. However, treatment of this species with 5a-DHT stimulates territorial scent-
marking behavior. Thus, both egg incubation temperature and exogenous hormones alter
neurobehavioral programming, including sociosexual behaviors. In the species studied
above, steroid hormones might override potential temperature effects on brain programming.
However, it is not clear if such effects might be generalized across reptilian species. It is also
not clear in reptiles, whether the steroid hormone production may occur via both the gonad
and brain as reported in fish (Diotel et al. 2011b).

Effects of Exposure to Environmental Chemicals on Organizational and
Activational Programming of the Brains in Reptiles—Although there are extensive
reports on neuroendocrine disruptors in fish, less information is available on direct effects of
such chemicals on reptilian brain development. However, there are data on how EDC affect
gonadal sexual differentiation and steroidogenesis. Disturbances in these physiological
responses may be another means by which EDC alter neurobehavioral programming in
reptiles. Thus, the effects of EDC and other environmental chemicals on gonadal sexual
differentiation, hormone production, and current available reports on neurobehavioral
programming are considered within the context of neuroendocrine disruption.

Gonadal Effects—Developmental exposure of broad-snouted caiman, a species with
TSD, to bisphenol A (BPA) or E2 results in sex-reversal with individuals at the MPT of
33°C developing ovaries (Stoker et al. 2003). A follow-up study incubated caiman eggs
either at the male- (33°C) or female- (30°C) producing temperature, and they were then
exposed to E2, BPA, endosulfan, or atrazine (Stoker et al. 2008). Neonatal females generated
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through hormonal sex determination (HSD) or “sex reversion”- i.e. exposure to one of these
EDC, as opposed to TSD, lack type 11 follicles. In contrast, eggs incubated at the FPT and
prenatally treated with the lowest doses of E2 (0.014 ppm), BPA (1.4 ppm), or atrazine (0.2
ppm) gave rise to females that possess elevated number of type I11 follicles. Prenatal
exposure to BPA or E2 stimulated greater number of poly-ovular follicles in juvenile
animals. Increased circulating estrogen levels were noted in neonatal females exposed to
BPA or E2, and E2, BPA, atrazine, and endosulfan decreased T concentrations, but the
mechanisms for these steroid hormone changes were not examined. Although atrazine and
endosulfan exposure of caiman eggs incubated at the MPT failed to induce sex reversal,
these chemicals produced several histopathological changes in testes involving the germ and
somatic (peritubular cells) and reduced T concentrations (Rey et al. 2009). Treatment of
caiman eggs incubated at the MPT with endosulfan (20 ppm) or BPA (1.4 ppm) at stage 20
of embryonic development produced all male hatchlings with altered germ cell proliferation
(decreased in endosulfan-individuals, increased in BPA-individuals) (Durando et al. 2016).
Caiman males derived from temperature exposures showed greater expression of anti-
Mullerian hormone (Am#) and Sox9than TSD-induced females (Durando et al. 2013).
However, females derived from hormonal treatment (BPA or E2- hormonal-dependent
sexual determination [HSD]) displayed elevated expression of Sox9compared to TSD-
derived females. Thus, females derived due to exposure to exogenous hormones (HSD)
might exhibit different signature gene expression patterns in the gonad and brain than those
derived due to incubation temperature (TSD, Figure 3). Endosulfan exposure induced
elevated expression of sex-determining genes in males. Gene expression changes were also
found in the ovary of red-eared slider turtles incubated at the MPT but treated with two
potent polychlorinated biphenyls (PCB, 4-hydroxy-2d PCBi or 3’,4”,5"-tetrachlorobipheny!l
[PCB-G]) (Matsumoto et al. 2014). This treatment altered hatchling sex ratio to females with
activation of ovarian expression markers, including fox/2, rspol but suppression of testicular
markers: dmrt and sox9. Such gene expression differences might be due to hyper- or
hypomethylation of the promoter regions. However, DNA methylation pattern in the
aromatase promoter continued to resemble that of control males rather than TSD-females,
indicative that even in absence of this epigenetic change, these chemicals still induce
feminization of the gene expression profile within the resulting ovary. Incubation of painted
turtles at the MPT (25°C) but treated with BPA or EE2 during the critical window of sexual
differentiation produced partial to full gonadal sex reversal to females (Jandegian et al.
2015). Male Italian wall lizards (Podarcis siculd) are seasonal breeders, but exposure to a
diet contaminated with nonylphenol (NP) during this time suppressed spermatogenesis,
inhibited expression of ar, esr1, and esr2in spermatogonia and primary spermatocytes, and
reduced secretory activity of the corpus epididymis, presumably by enhancing expression of
esr1 in this region (Verderame and Limatola 2015).

Environmental Chemical Disruption of Neurosteroids and Other Hormones—
Gold mining has triggered an increase in mercury (Hg) exposures of Western pond turtles
(Emys marmorata), a long-lived species that are already in jeopardy in California and
through the Pacific Northwest. Greater concentrations of Hg in this species are associated
with elevated levels of T4 but declining concentrations of biologically active T3 (Meyer et
al. 2014). Suppression of T3 concentrations may lead to a wide-range of pathological
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effects, especially on the reproductive and central nervous system (CNS). Increased
exposure to chlorinated and brominated hydrocarbon contaminants and metabolites in the
Laurentian Great Lakes regions are associated with altered T4 and vitamin A concentrations
in snapping turtles (Chelydra serpentina) (Letcher et al. 2015).

Embryonic exposure of male red-eared slider turtles to the polychlorinated biphenyl (PCB)
mixture, Aroclor1242, or chlordane inhibited T production at hatching, and females exposed
to these same chemicals displayed decreased progesterone, T, and 5a.-DHT concentrations
(Willingham et al. 2000). BPA-exposure of this same turtle species during the first 9 days of
embryonic development inhibited estrogen metabolism, especially estrone sulfate formation,
which was lower, compared to control-treated eggs, which resulted in a rise of estrone, and
E2 (Clairardin et al. 2013). A follow-up study with this same species tested this idea by
applying estrone at the time of oviposition that is rapidly metabolized to estrone sulfate
(Paitz and Bowden 2015). However, this metabolism was reduced with co-exposure to BPA,
facilitating an excess in estrone concentrations within the egg.

Endocrine disruptors might also modulate brain programming by stimulating the HPG axis,
resulting in an increase in T production. Although exposure of alligator (A/ligator
mississippiensis) eggs to toxaphene (10 or 0.01 pg/kg) did not markedly affect gonadal
development, circulating T concentrations were higher in animals treated with either dose,
which may reflect enhanced hypothalamic-pituitary stimulation or reduced hepatic steroid
metabolism (Milnes et al. 2004). Greater internal concentrations of PCB were positively
correlated with elevated T concentrations in Mexican crocodiles (Crocodylus moreletii)
sampled in Campeche, Mexico (Gonzalez-Jauregui et al. 2012). Thus, one mechanism by
which environmental chemicals may alter brain sexual differentiation is by increasing T
synthesis and release.

EDC-induced Changes in Gene Expression in Reptile Brain—Exposure of
hatchling and year-old male snapping turtles to octylphenol (OP) increases hypothalamic
expression of ap/p2and app transcripts (both are associated with amyloid protein), whereas
E2 exposure only upregulated gp/p2in yearling males (Trudeau et al. 2002). Italian wall
lizards treated with NP demonstrated disruptions in HPA axis, as evidenced by elevated
hypothalamic corticotrophin-releasing factor (cr#), alterations in plasma catecholamine
levels, adrenal cortical hyperplasia, but reduced number of catecholamine-producing
chromaffin cells in the adrenal medulla (De Falco et al. 2014). Brain aromatase
concentrations, as determined by the tritiated water assay to assess the pattern of E2
biosynthesis, are different during TSP in females compared to male red-eared slider turtles
with females showing greater aromatase activity than potential males at the beginning of the
TSP (Willingham et al. 2000). However, after this period, both males and females show
reduced brain aromatase activity, and this enzyme is undetectable in females just prior to
hatching. Gomez-Picos et al. (2014) demonstrated in Olive Ridley sea turtles (Lepidochelys
olivacea) that BPA exposure during TSP only affected brain aromatase activity in the female,
but not male-producing temperature. Recently, /n ovo exposure of painted turtles to BPA and
to a lesser extent EE2, was found to affect the brain transcriptome, especially for genes
associated with oxidative phosphorylation, mitochondrial activity, and ribosomal function
(Manshack et al. 2017). Any differences between BPA and E2/EE2 might be due to the
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ability of BPA to bind and activate other steroid receptors besides ESR such as AR and
PPARs (Vandenberg et al. 2009).

EDC-induced Behavioral Disruptions—Red-eared slider turtles subjected to one of
three pre-hatching manipulations: estrone sulfate or corticosterone exposure or thermal
fluctuations exhibited no significant alterations in hatchling behaviors, including righting
response and exploration (Carter et al. 2016). However, developmental exposure following
BPA or EE2 improved spatial navigational learning and memory in painted turtles relative to
control males (Manshack et al. 2016). This behavioral difference suggests that early contact
with BPA or EE2 might induce feminization of the brain in individuals who would otherwise
possess testes and demonstrate male-programmed behaviors. These studies suggest that
developmental exposure to NED might alter neurobehavioral development. However, it
remains to be determined whether females derived from exposure to xenoestrogens (HSD)
exhibit similar neural programming and behavioral responses as control females derived
from TSD. In alligators, there are differences in gonadal and brain aromatase activity in E2-
derived females compared to control females. Thus, there are likely other gene expression
and possibly epigenetic differences between these two groups of females.

Conclusions and Future Perspectives

Examination of organizational and activational effects in poikilothermic species is essential
to understand the normal biological mechanisms that control these processes and whether
there are commonalities across the taxa. Studies are needed to understand how NED might
dysregulate these processes, which might lead to both individual and even population
effects. In this review fish, amphibians, and reptiles were considered.

Activational and organizational effects in poikilothermic species—In teleost fish,
it is clear that NED exert activational effects on the functions of the neuroendocrine system
and on behaviors. The evidence for organizational effects of endogenous hormones or NED
in fish is emerging. Brain sexuality and reproductive behavior, and perhaps other
neuroendocrine endpoints are relatively plastic compared to mammals and birds. It is
postulated that E2 regulates neurogenesis through its action on RGC in fish brains. One
might argue that steroid-dependent regulation of neurogenesis in fish is an organizational
event, but this remains to be fully investigated.

While early exposures to exogenous androgens and estrogens are known to change the
sexual phenotype of fish, the continued presence of E2 is required to maintain the female
phenotype. It is debatable whether this is an organizational effect since fish retain their
sexual plasticity even into the adult stage as demonstrated by complete sex reversal of adult
female tilapia (1 year old) and medaka (5 months old) induced by treating with an aromatase
inhibitor, fadrozole for tilapia and exemestane for medaka (Paul-Prasanth et al. 2013).
Similar sex reversal was observed in adult female zebrafish treated with fadrozole (Takatsu
et al. 2013). In both of these experiments, sexual behavior followed the phenotypic sex,
suggesting that the responses occurred not only in gonads but also in brain. These
experiments emphasize the importance of phenotypic maintenance by continued presence of
the sex steroid.
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Migratory behavior facilitated by olfactory imprinting appears to be an organizational effect
that is established in Coho salmon. Whether this organizational effect also occurs in other
diadromous fish needs to be investigated to gain a more comprehensive understanding of the
process. It may be that TH is important. One testable hypothesis is that TH disrupters such
as flame-retardants, PCB, and perchlorate, alter olfactory system development and
sensitivities and disrupt migration. Another question to address in future studies is potential
plasticity in amphibians and reptiles. As discussed above, this is clearly the case in fish,
especially in sex-changing species (Iwata et al. 2012). This potential sexual plasticity has not
been clearly established for amphibians and reptiles, especially those with TSD.

In mammals, sex chromosomes and SRY have been implicated in brain sexual
differentiation (Arnold et al. 2004; Burgoyne and Arnold 2016; Davies and Wilkinson 2006;
Maekawa et al. 2014; Majdic and Tobet 2011; Xu and Disteche 2006). However, several
poikilothermic species lack sex chromosomes and possibly also SRY. Such species might
thus help elucidate whether other genes encoded for on autosomal chromosomes may
compensate for the absence of SRY and possibly other sex-chromosome-associated genes
and underpin organizational-activational effects in the brain (Crews 1993). Such putative
genes might be influenced by incubation temperature and/or steroid hormones.

Future studies need to consider whether there are commonalities in terms of epigenetic
changes, including DNA methylation, histone protein modifications, and miRNA that may
guide organizational/activational effects across taxa. In mice, the organizational effects of T
results in striking and delayed brain methylome and transcriptomic effects (Ghahramani et
al. 2014), suggesting that critical windows of exposure to NED might be even more
prolonged that originally envisioned. Recently, Mosley et al (2017) reported in mice that
neonatal treatment with a DNA methyltransferase (DNMT) inhibitor, zebularine, increased
the number of calbindin-D28K (CALB) cell number in the medial preoptic area (mPOA) in
both sexes and resulted in greater ESR1 cell density in the ventrolateral portion of the
ventromedial nucleus of the hypothalamus (VMHvI) and mPOA. This latter zebularine affect
thus abolished sex differences in ESR1 expression observed otherwise in control individuals.

Potential interactions between NEDs and climate change effects in
poikilothermic species—A related and under-investigated research area is the potential
interaction between rising water temperature as a result of climate change and NED on
neuroendocrine functions and behavior of fish. There are conceptual papers that discuss
hypotheses, use modeling to suggest outcomes and effects of these potential interactions,
and provide guidance on how to design future studies (Hooper et al. 2013; Moe et al. 2013).
It is clear that behavior and reproduction depend upon exogenous environmental factors such
as temperature and photoperiod. How global climate change confounds biological rhythms
for fish, especially how it might alter neuroendocrine signaling in the brain is not well
understood and more research is required. While fish exhibit wide tolerances for variation in
temperature for development of embryos (Devlin 2002), it is clear that for many fish species
temperature may affect sex determination, even if sex is primarily controlled by GSD
(Devlin and Nagahama 2002; Conover and Heins 1987; D’Cotta et al. 2001). A recent study
by White et al (2017) modeled the effects of sex ratio changes on populations for Menidia
beryllina, the inland silverside. In their model, “mating function,” the relationship between
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sex ratio and reproductive success, was estimated for M. beryllia. Evidence indicated that
skewing the sex ratio might be detrimental to populations with the most marked effects seen
with masculinization of the population as might occur with higher temperature and exposure
to contaminants that modulate brain aromatase. Higher order effects on populations need to
be understood and studies such as White et al. (2017) add to our understanding of the
potential consequences of increased global temperatures.

In one of the first climate change experimental studies with fish, yellow perch (Perca
flavescens) exhibited decreased reproductive success of a wild population and in lab
experiments in response to shorter and warmer than average winter seasons (Farmer et al.
2015). Short winter, female perch produced smaller eggs that had lower hatching rates,
which yielded smaller larvae compared to females exposed to longer winter seasons. In this
study, only the effects of climate change were investigated.

To our knowledge, the first study to investigate the potential interaction between climate
change and a NED or EDC is a study where investigators exposed two zebrafish strains (one
outbred and one inbred- which may reflect an already genetically-bottlenecked species) to
both increased temperature (normal mean lab temperature of 28°C and projected
temperature for the year 2100 of 33°C) and clotrimazole (2 and 10 pg/L) (Brown et al.
2015). Clotrimazole is an antifungal pharmaceutical detected in the environment and a
known disruptor of both steroidogenesis and spermatogenesis in fish. Inbred zebrafish lab
populations developed skewed sex ratio toward males at both higher temperature and with
clotrimazole exposure and projected population growth rates were markedly reduced
especially in inbred zebrafish. Brown et al (2015) concluded that interactive effects of
climate change and this pollutant might reasonably affect smaller isolated freshwater fish
populations, particularly those at the brink of being extinct. This is a provocative study that
stimulates others to rigorously test their hypothesis. Although, there are no /in vivo studies
investigating the potential for clotrimazole as a NED, given the steroidogenic (neuroestrogen
synthesis) capacity of the fish brain and /n vitro data showing that clotrimazole modulates
cytochrome P450 steroidogenic enzymes, it is reasonable to expect that such exposure may
result in altered neuroestrogen production. It is not clear whether interactive effects might be
greater on embryos, juveniles, and recrudescing adults versus reproductively active adults.

Studies of NED in amphibia are in their infancy. While much is known regarding control and
disruption of gonadal development and metamorphosis in tadpoles, little is actually known
about influence of EDC on the brain. Developmental changes in sex-steroid-synthesis
enzymes and steroid or TH receptors suggest important alterations in steroid sensitivity in
the developing amphibian brain. Further, analysis of steroid action and effects of various
pollutants on adult male courtship vocalization lay the foundation for specific testing of the
neuroendocrine disruption hypothesis in frogs.

Long-term changes in global temperatures may be an important stimulus in those piscine
and reptilian species that transitioned from GSD to TSD and corresponding chromosome
number increased rapidly in phylogenic branches that shifted to TSD (Valenzuela and
Adams 2011). Although this response may have evolved as an adaptation to marked
fluctuations in temperature, it resulted in such species being vulnerable to climate change
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(Mitchell and Janzen 2010; Hulin et al. 2009; Neuwald and Valenzuela 2011; Refsnider and
Janzen 2016; Santidrian Tomillo et al. 2015; Schwanz and Janzen 2008) and environmental
chemicals designed to mimic naturally occurring sex steroid hormones, such as endocrine
disruptors, as discussed below (Crews 1996; Crews et al. 1995). It has been projected that
for some sea turtle populations currently under study that global warming might result in
their extirpation in the next 50 years (Santidrian Tomillo et al. 2015). On the other hand,
those species demonstrating a greater transitional range of temperature that yields both sexes
are predicted to be somewhat buffered against the effects of climate change (Hulin et al.
2009).

It is uncertain in poikilothermic species demonstrating HSD whether those females
generated by HSD fully mirror programming of the gonad and brain compared to females
derived due to TSD. As illustrated in Figure 3, it is possible that such females may retain
male-persistent traits. If such is the case, data suggest that organizational/activational
pathways might be influenced both by temperature-regulated genes within the gonad and
possibly by the brain and steroidogenic hormones.

Future Directions—While the collective studies that examine an individual vertebrate
species provide evidence that NED might alter organizational-activational effects in
poikilothermic vertebrates, many questions remain. The critical issue is whether there are
certain neural transcripts and epigenetic markers more vulnerable to such chemicals across
taxa. For direct comparisons to be made, a single study needs to examine transcriptomic and
epigenetic (DNA methylation, histone protein modifications, and miRNA) patterns in several
vertebrate classes exposed to the same NED and approximate dose. For instance,
vitellogenin is a yolk-precursor protein considered as a biomarker of EDC exposure in fish,
amphibians, and reptiles (Porte et al. 2006). Direct biomarkers for neuroendocrine disruption
are awaiting discovery. There are some caveats in designing such cross-vertebrate
experiments, as it may be necessary to adjust the timing of exposure to cover the critical
period of brain development for a given species and dose, since each species may have
varying ability to metabolize different classes of NED. While it is clear that brain plasticity
exists in fish, especially those that undergo sex reversal, it is uncertain whether there is
similar malleability in amphibians and reptiles. Some of the above studies in reptiles that
showed behavioral and gene expression changes in adults treated with exogenous steroid
hormones indicate that this might be the case. If so, evidence suggests that adult exposure to
NED might alter neuronal circuitry and induce potential brain masculinization or
feminization in these species.

In summary, organizational and activational paradigm described originally in mammals is
also important in poikilothermic species. However, there are clear species differences,
especially as it relates to malleability of the neural circuitry to the male or female pathway.
While in mammals it appears to be permanent, there might be fluctuations throughout the
lifespan in fish and also possibly in amphibians and reptiles. Further investigations in this
area are needed. The organizational-activational concept also provides a framework to
understand how exposure to NED at various time points might influence brain sexual
differentiation. In those species where females are generated due to either TSD or HSD
(including exposure to NED), it is important to determine whether females generated
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through each of these pathways exhibits identical molecular profiles in the gonad and brain.
With even greater global production of such chemicals, there is a clear urgency to
understand the ramifications of such exposures at the individual and population levels.
Climate change and NED might also interact to affect organizational-activational
programming in these species. Finally, by understanding organizational-activational effects
in a variety of vertebrate classes and whether certain neural transcripts and epigenetic marks
are susceptible across taxa, it might reveal important shared features that render diverse
animals vulnerable to NED.
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Figure 1.

Neuroendocrine disrupters may exert activational and organizational effects on health,

Page 36

physiology, and behavior of multiple life history stages of fish. This figure illustrates an
example fish developing from embryo to subadult to adult stages. Iteroparous fish, species

that reproduce in multiple years, undergo seasonal development as the neuroendocrine

system alternates between reproductive and non-reproductive periods of a year. Examples of
organizational effects appear to occur during initial development of embryo and sub-adult
stages Activational effects are found in fish exposed as adults as in other vertebrates, yet
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fishes demonstrate remarkable sexual plasticity in behavior, morphology, and physiology as
adults. It is hypothesized that iteroparous fish may also exhibit organizational effects in their
neuroendocrine systems during seasonal development as they transition from non-
reproductive to reproductive adult stages.
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Figure 2.

a) General schematic representation of the hypothalamic-pituitary-thyroid (HPT),
hypothalamic—pituitary—adrenal (HPA) and hypothalamic—pituitary—gonadal (HPG) axes.
Abbreviations CRH, corticotropin-releasing hormone; TRH, thyrotropin-releasing hormone;
GnRH, gonadotropin-releasing hormone; TSH, thyroid-stimulating hormone; ACTH,
adrenocorticotropic hormone; PRL, prolactin; GH, growth hormone; LH, luteinizing
hormone; TH, thyroid hormone; CORT, corticosterone; T, testosterone; 5a-DHT, 5a.-
dihydrotestosterone; E2, estradiol. b) Representation of the expression of thyroid hormone
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and its receptors (TRa and TRp) through late stages of tadpole development. Abbreviations,
T3, triiodothyronine; TRa, thyroid receptor alpha; TRp, thyroid receptor beta.
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Figure 3.
Neural programming in reptiles due to temperature sex determination (TSD) and/or

hormonal sexual determination (HSD). A) Panel A illustrates sexual differentiation and
neural programming to the male pathway due to TSD. B) Panel B illustrates sexual
differentiation and neural programming to the female pathway due to TSD. C) Panel C
illustrates a combination of female and male sexual differentiation and neural programming
due to TSD and exogenous estrogenic treatment during a critical window of embryonic
development, otherwise considered HSD. In each panel, the color represents known sex
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differences in anatomy, gene expression, and receptor density in the turtle brain and is not
meant to indicate that the brains are completely different. Gonad and brain colors in the
MPTplus xenoestrogen treatment convey a mixture of male and female neuroanatomy, gene
expression, and receptor density. In essence, although these individuals may be considered
“female”, evidence indicates that these HSD-females are not molecularly or structurally
equivalent to those derived due to TSD, and they retain masculine aspects.
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