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Figure 2.1

Schmidtea mediterranea Planarian Flatworms with Dorsal and Ventral Views

Note. Eye spots denoted with *, pharynx denoted with #, pharyngeal opening and mouth
denoted with @. Scalebar is 3 mm.

It is because of these unique characteristics that planaria hold such utility in modern
neurotoxicology. As interest has increased in planaria as a model for neurodevelopment,
the understanding of the biological processes that enable these feats has evolved. Through
the use of immunohistochemistry, the processes of planarian neurodevelopment have been
described with the development of brain and visual systems characterized into three distinct

stages; quantification of the immunostaining images presented in chapters 4, 5, and 6 are



based on these studies (Cebria et al., 2002; Inoue et al., 2004). The first stage of planarian
brain development occurs between 1- and 3-days post amputation and is defined by the
appearance of the new brain primordium within the regenerating blastema, which
originates from the proliferation of neoblasts in the stump region and the coordinated
migration of surrounding neoblasts within the blastema. The second stage occurs between
4- and 5-days post amputation and is defined by the brain primordium differentiating into
a small brain with bilateral symmetry, connected in the most anterior part, with few lateral
branches projecting to the new head periphery. Connections between the new brain
regenerate and the ventral nerve cords are re-established at this stage. In the final stage,
occurring between 6- and 9-days post amputation, the original CNS patterning is restored
on a structural level, with new spongy brain and ventral nerve cord connections with robust
transverse commissural fibers (Cebria et al., 2002). Regeneration of visual systems in
planaria follow closely with the development of new CNS structure post amputation. By
two days of regeneration, two laterally restricted visual cell-clusters in the dorsal side of
the anterior blastema form. The appearance of contralateral axonal projections oriented
towards the bilateral midline appear by three days of regeneration. After four days of
regeneration, posteriorly directed axonal projections from the photoreceptor neurons
connect with brain structure. At this time, it is expected to observe distinguishable
photophobic responses to light stimuli (Inoue et al., 2004). Our work presented in chapters
4,5, 6, and 7 reflect these stages of planarian neurodevelopment, which provided guidance

in the methodology of our experiments.

Planaria locomotive behavior has been classified in response to exposure to a

variety of chemicals dissolved in their aqueous environment using the planaria locomotive
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velocity (pLMV) metric described in Raffa et al., 2001. The effects of exposure to alcohol,
caffeine, nicotine, cocaine, and amphetamine exposure and withdrawal, industrial
endocrine-disrupting chemicals, pharmaceutically active chemicals, flame retardants, and
a library of known and suspected neurotoxic substances on planarian locomotion have been
documented (Lowe et al., 2015; Rawls et al., 2001, 2006, 2008, 2011; Pagen et al., 2006;
Li et al., 2013a, 2013b, 2014; Hagstrom et al., 2016; Zhang et al., 2018, 2019). Beyond
exposure-induced toxic phenotype investigations, mechanistic studies that aid in the
understanding of the impact of neurotoxins on the molecular level are easily accessible due
to their stable, diploid genome being fully sequenced, available, and searchable online
(smedgd.neruo.utah.edu) (Robb et al., 2007, 2015; Alvarado et al., 2002; Mineta et al.,
2003). The value of these analytical tools in neurodevelopmental toxicity studies is further
amplified due to the ability to evaluate and directly compare developing head-regenerating

and intact non-regenerating worms in parallel.

One of the most predominant behaviors of planaria is negative phototaxis. Planaria
sense light through two eye spots, called ocelli, located on the anterior-dorsal side of their
bodies. These ocelli consist of two types of cells, pigment cells and photoreceptor neurons.
Pigment cells function to absorb incoming light while photoreceptor neurons then
reinterpret the presence of light stimuli into defined cellular functions that result in
cognitive processes and distinct behaviors (Taliaferro 1920; Carpenter et al., 1974; Inoue
et al., 2004). Planarian photoreceptors are bipolar neurons with dendrites located inside
two optic cups, located on the right and left anterior side of the animal, and axons projecting
posteriorly onto the cephalic ganglia forming the optic chiasma, where photosensory input

is translated to visual information (Carpenter, Morita, and Best, 1974; Agata et al., 1998;
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Sakai et al., 2000; Okamoto et al., 2005). The dendrites in the optic cup form a rhabdomeric
structure where opsin accumulates; opsins are a highly conserved class of G-protein
coupled receptors that covalently bond to a chromophore forming the light-sensitive
receptor protein, rhodopsin (Orii et al., 1998; Asano et al., 1998; Wald et al., 1968).
Transcriptome analyses have reported the conservation of rhodopsin signaling pathways in
planaria and suggest that the phototransduction cascade is conserved as well (Lapan and
Reddien, 2012). It is believed that varying levels of rhodopsin activity between
photoreceptor neurons located in the left and right optic cups facilitate the spatial
recognition of light intensity gradients; however, the underlying processes of planarian
photophobic behavior remain elusive. Light avoidance in planaria is an inherent behavior
that requires cognitive function to complete; the flatworms must detect light through the
connection of visual systems to the cephalic ganglia, coordinate movement to the direction
of reduced light, and continually reevaluate their position relative to the light source.
Assessments of related cognitive processes have been documented using the planarian light
avoidance assay, in which planaria are positioned in an environment containing defined
light and dark areas and their placement preference and locomotive activity are scored
(Inuoe et al., 2004; Lowe et al., 2015). Chapter 4 compares results from a planarian light
avoidance behavioral metric, which are quick and inexpensive to perform, with
immunostaining images of planarian CNS following exposure to exogenous chemicals.
Planarian light avoidance is a useful readout that gauges the cognitive ability of developing
and adult planaria and has the potential to be optimized for rapid and expansive evaluations.
Chapters 4, 5, 6, and 7 are all based on principles of planarian light avoidance and attest to

the behavior’s usefulness in chemical screening for developmental neurotoxicity.

11



Further investigations are required to better understand the functionalities and
caveats to planarian photosensing and the planarian light avoidance assay for
developmental neurotoxicity, some of which are addressed in the construction of a high-
throughput platform for the planarian light avoidance assay described in chapter 5. The
planarian model for neurodevelopment is centered around this powerful behavioral metric
and provides a promising tool to assess relative cognitive ability during neurodevelopment
in response to chemical exposure. Therefore, it is imperative that the robustness and
accuracy of planarian light avoidance behavior be investigated further. Chapters 4, 5, 6,
and 7 aim to evaluate light avoidance as a suitable metric for high-throughput applications

and standardize practices for these assays.

2.2 Developmental Neurotoxicity of Bisphenol A and other Bisphenols

Bisphenol A (BPA, 2,2-bis(4-hydroxyphenol)propane), was first synthesized in
1891 by Aleksandr Dianin, and initial accounts of its estrogenic activity were recorded in
1936 (Dobbs, 1936). In the 1950s, it was discovered that BPA could be polymerized to
make polycarbonate plastics that are lightweight, transparent, and colorable, with a
favorable resistance to impact and heat (Eladak et al., 2015). These advantageous material
properties have popularized the commonly used monomer to one of the highest volume
chemicals produced worldwide, with an estimated 6 billion pounds produced each year
(Vandenberg et al., 2013, Xaio et al., 2020). BPA is used in the manufacturing of consumer
goods including polycarbonate plastics, epoxy resins used in the linings of food and
beverage cans, building materials, medical equipment, and thermal receipt paper, and it has
been shown to leach out of these products under some conditions (Kang et al., 2002;

Cooper et al., 2011). Therefore, it is hypothesized that most Americans are in constant
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exposure to BPA at low levels. The leading routes of exposure are dermal absorption and
the consumption of food and beverage products contaminated by their packaging (Kang et
al., 2006). BPA has been measured in men, women, children, infants, and fetuses in serum,
urine, umbilical cord and fetal serums, breast milk, and placental tissue (Vandenberg et al.,

2007).

BPA is a known endocrine disruptor and has been shown to lead to
neurodevelopmental deficits, even in low doses of exposure, by acting through estrogen
receptor competition (Della Seta et al., 2005; Kubo et al., 2004; Pang et al., 2019; Rochester
et al., 2013; Vandenberg et al., 2007). In its unconjugated form, BPA can act as a weak
xenoestrogen and disrupt endocrine activity due to some structural homology (Figure 2.2).
Bioactive BPA binds both ESR1 and ESR2 nuclear receptors with 0.1 and 0.01% the
affinity of its endogenous agonist, estradiol (17f3-estradiol), and induces ESR1 and ESR2-
mediated gene expression (Wetherill et al., 2007). BPA can also activate gene expression
and production of ESRI itself and activate rapid signaling via non-nuclear receptors with
equivalent potency as estradiol; this effect seems to be conserved across different species
(Vom Saal et al., 2007; Bhandari et al., 2015). The effects of BPA exposure are not limited
to estrogenic pathways, and there is evidence that non-estrogenic activity of BPA can lead
to neurodevelopmental abnormalities in some species (Pastva et al., 2001; Oka et al., 2003;
Bhandari et al., 2015; Wu et al., 2021). These non-estrogenic effects are revisited in

Chapter 4.
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Figure 2.2

Chemical Structure of Bisphenol A (BPA), a Xenoestrogen (Left), and Endogenous
Estrogen (Right)

OH

In adults, approximately 80% of BPA is metabolized by-way-of the uridine 5’-
diphospho-glucuronosyltransferase (UGT) system to BPA-glucuronide, and a small
portion of BPA is converted to BPA-sulfate by cytosolic sulfotransferase; neither
conjugated form binds to estrogen receptors (Taylor et al., 2011; Volkel et al., 2002). As a
result, bioactive BPA has a short residence time in the adult human body; however,
expression and activity of UGT enzymes is reduced in human fetuses, and BPA and BPA-
sulfate have been shown to be present in much higher concentrations than BPA-
glucuronide in mid-gestation umbilical cord serum (Gerona et al., 2013; Hengstler et al.,
2011). This raises a concern that accumulated bioactive BPA levels in developing fetuses
could be considerably higher than those measured in adults, thus precipitating the need for
studies to define and characterize the consequences of prenatal BPA exposure. Several
groups have investigated the impact of prenatal BPA exposure on neurodevelopmental
outcomes in children (Braun et al., 2011, 2009; Perrera et al., 2012; Yolton et al., 2011;

Miodovnik et al., 2011; Evans et al., 2014). Although there appears to be a wide
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distribution of both the nature of effects across sexes and the degree of impairment, the
consensus of these studies strongly suggests that prenatal exposure to BPA is associated
with neurobehavioral disorders in children (Rochester, 2013). Due to the ethical
considerations involved in studying prenatal exposure in humans, these types of studies
can only reveal correlations, not causation. Consequently, investigators have turned to in
vitro assays and animal models to characterize the effects of prenatal exposure to BPA,
including studies in rodents (Angle et al., 2013; Mathisen et al., 2013), birds (Mathisen et
al., 2013), and aquatic life (Bhandaria et al., 2015; de Kermoysan et al., 2013; Hulak et al.,
2013; Saili et al., 2012; Wang et al., 2013). These studies bring forth clear evidence that
prenatal BPA exposure has the capacity to alter developmental processes; Chapters 4 and
6 explore the exposure-induced effects of BPA in a developing model organism, Smed.
Importantly, there is a large spectrum of effects that have been shown to depend on the
timing, duration, and dosage of exposure, and there is the potential for synergistic
combinatorial effects with other environmental toxins. An example being genistein, a
flavonoid found in a number of plants, whose co-exposure along with BPA exacerbates
neurotoxic phenotypes of concentrations that otherwise produce no adverse effect (Kong
et al., 2013). In order to unravel the compound effects and complexity of prenatal exposure
to BPA, there is a need for high-throughput testing of various exposure paradigms. Chapter
5 describes the development and validation of such a high-throughput platform to aid in

the characterization of the developmental effects of BPA exposure.

One response to the potential detrimental effects of BPA is to eliminate the use of
BPA in consumer products, implemented by the implementation of BPA substitutes that

maintain or improve material properties and reduce toxicity. The use of BPA-containing
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