ABSTRACT
CAMP, ALLISON ANN. A Neural Sensor of Environmental Stimuli and its Disruption by
Neuroactive Chemicals in the Freshwater Microcrustacean Daphnia pulex. (Under the direction
of Dr. Gerald A. LeBlanc).

Environmental sex determination is a phenomenon in which environmental cues govern
offspring sex. The means by which critical stimuli are sensed, transduced, and translated into
endocrine outcomes to influence offspring sex remains poorly understood. We used the model
genus Daphnia spp. to examine a candidate neural target that may serve to connect sensory
systems to endocrine cascades.

We hypothesized that an upstream neural sensor of environmental stimuli initiates changes
in the terminal hormone pathway leading to male sex determination in daphnids. We additionally
hypothesized that this processor is subject to disruption by neuroactive exogenous chemicals. To
approach these questions, we established the environmental stimuli required by our model
organism to reliably induce male sex determination. Next, we utilized male sex determination
assays to evaluate neuroactive compounds to establish a candidate neural processor. This neural
processor and male sex determining genes were further examined through the measurement of
mRNA levels under varying environmental conditions and neuroactive chemical exposure.

We first hypothesized that photoperiod and temperature co-regulate male sex
determination in Daphnia magna and D. pulex. We assessed a short (10:14 hr Light:Dark) and
long (16:8 hr L:D) day photoperiod and temperatures 16, 18, 20, and 22°C. Short day
photoperiod rendered both species susceptible to male sex determination and temperature further
modulated the magnitude of male production in a species-specific manner. We additionally

hypothesized that permissive conditions would activate elements of the male sex determination

signaling pathway. mRNA levels were examined for JHAMT, FAMT, Met, and SRC. A



permissive photoperiod significantly increased Met mRNA levels. Additionally, mRNA levels of
these gene products fluctuated temporally.

Next, we investigated a candidate neural sensor of environmental cues, the N-methyl-b-
aspartate receptor (NMDAR). NMDAR-targeting chemicals were screened to examine its
involvement in male sex determination for D. pulex. The antidepressant drugs MK-801 and
desipramine significantly increased male production under permissive conditions. Subsequently,
we probed the extent to which non-permissive and permissive conditions impacted mRNA levels
for NMDAR subunits, JHAMT, FAMT, Met, and SRC. NMDAR-b, Met, and SRC mRNA levels
were increased under permissive conditions.

Additionally, we tested other antidepressant pharmaceuticals to further define the
neurological control of male sex determination. We found that drugs targeting serotonin and
norepinephrine (octopamine in invertebrates) signaling stimulated male offspring production.
Further, these compounds elevated elements relating to serotonin and octopamine transmission
indicative of increased signaling by these neurotransmitters. Antidepressant efficacy has been
linked to impacts on NMDAR function, therefore within that context, these results are congruent
with our findings with NMDAR antagonists.

Finally, we investigated whether exposure to MK-801 influenced NMDAR subunits and
male sex determining genes by assessing mRNA levels under permissive and non-permissive
photoperiods. MK-801 lowered mRNA levels for NMDAR-b, Met, and SRC under a permissive
photoperiod, while the opposite was true under non-permissive photoperiod. These results
indicate that expression of NMDAR-b, Met, and SRC may be co-regulated. Results also
corroborate previous observations that MK-801 likely stimulates male sex determination through

a process independent of photoperiodic regulation.



Overall, we demonstrate the importance of photoperiod and temperature in the co-
regulation of male sex determination for D. pulex and D. magna, and advance our understanding
of how environmental cues impact neuroendocrine pathways in daphnids. We also provide
evidence that glutamate signaling through the NMDAR is involved in male sex determining
processes, while demonstrating the need for further research to clarify how chemicals such as
MK-801 exert their effects on sex ratios. Overall, we provide compelling evidence for the role
of the NMDAR in the conversion of environmental cues to the activation of the methyl

farnesoate signaling pathway that results in male sex determination in daphnids.
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CHAPTER 1
INTRODUCTION
Environmental Sex Determination

Over evolutionary time, two broad means of reproduction have formed. Asexual
reproduction, where offspring are clonally produced by one individual, and sexual reproduction
which requires two different sexes in order to produce offspring. While asexual reproduction has
the capacity to yield more offspring than sexual reproduction, opportunities for genetic
diversification are limited (Uyenoyama, 1984). Sexual reproduction on the other hand, benefits
from genetic recombination, which can contribute to purging deleterious mutations from the
population while also increasing prevalence of useful mutations (Butlin, 2002). The benefits of
genetic reproduction are robust enough that most animal groups have both male and female sexes
and utilize sexual reproduction.

In order to have both male and female sexes within a population, there must be a means by
which sex is determined. The two major strategies for sex determination are genetic sex
determination (GSD) and environmental sex determination (ESD). GSD dictates offspring sex
through the transfer of genes that govern offspring sex. For example, in humans the XX and XY
genotypes result in female and male offspring, respectively. In this sex determining method, the Y
male chromosome carries genes that are critical for the development of the male morphology. In
some groups, the females possess the heterogametic pair of sex chromosomes (Bull, 1985).

Alternatively, in environmental sex determination (ESD), the sex of offspring is influenced
by external, abiotic cues. This phenomenon can occur in a wide range of taxa including annelids
(Korpelainen, 1990), arthropods (Korpelainen, 1990), reptiles (Ciofi and Swingland, 1997), and

fish (Devlin and Nagahama, 2002; F. W. H. Beamish, 1993). There are clear benefits of ESD for



certain groups of animals. Charnov and Bull (1977) proposed that the ESD is most beneficial for
organisms in which males and females best thrive at different environmental conditions. Sex of
offspring might be determined by temperature such that females are produced at temperatures
suited to female neonatal survival, while, males are produced at temperatures suited to male
neonatal survival.

Depending on the taxonomic group, different abiotic cues influence programming into
male or female offpsring. In turtles and crocodilian groups, temperature is the most informative
abiotic cue in ESD (temperature sex determination, TSD); however, groups respond differently to
increasing temperature as it relates to ultimate sex ratios (i.e. positive, negative, bell-shaped) (Ciofi
and Swingland, 1997; Lang and Andrews, 1994). Similarly, fish species that are subject to ESD
are also commonly sensitive to temperature (Luckenbach et al., 2009). Additional abiotic cues
such as density, nutritional status, pH, photoperiod, are associated with ESD (Korpelainen, 1990).

The means by which ESD transpires at the molecular level differs between groups. In
flatfish such as flounder, temperature and potentially stress have been shown to influence the
expression of the cytochrome P450 enzyme cyp/9al (aromatase), which metabolizes testosterone
to 17B-estradiol, an estrogen responsible for promoting ovarian development and female
phenotypic traits (Devlin and Nagahama, 2002; Luckenbach et al., 2009). While the molecular
mechanisms linking temperature to cypl/9ala expression are unknown, the cypl/9ala gene
possesses several upstream response elements suggesting that environmental conditions may
increase or decrease transcription factor levels that control the expression of cypl9ala. Further,
there is evidence that epigenetic programming may influence cypl/9ala expression in fish
(Luckenbach et al., 2009). In crocodilians subject to TSD, there is a critical window of gonadal

differentiation during which temperature conditions influence sex hormone levels, thus



influencing sex (Lang and Andrews, 1994). In all of these examples of organizational events early
in development, the precise mechanism by which temperature regulates critical enzyme levels
remains unknown.

Susceptibility of ESD to Chemical Contaminants

ESD involves the programming of offspring sex during a critical window of development
via precise regulation of sex steroid hormone levels. Exposure to exogenous chemicals in the
environment during this critical window can disrupt normal ESD processes. There are many means
by which exogenous chemicals can disrupt critical hormone levels, including mimicking the
endogenous hormone, increasing or decreasing activity of enzymes in the metabolic cascade that
produces sex-determining hormones, or acting as an antagonist at the hormone receptor site.
Disruptions may result in a manipulation of offspring sex and subsequently alter sex ratios within
the population. Endocrine disruption may also result in organizational effects in an organism that
may result in intersex individuals or other abnormal phenotypes at the cellular or gross levels
(Guillette Jr. et al., 1995).

There are many examples of exogenous chemicals impacting animals with ESD. One
notable example is the population decline of American alligators in Lake Apopka, FL. A spill of
wastewater containing dicofol and DDT metabolites, which both exhibit estrogenic activity,
occurred in the lake and resulted in Superfund site designation (Guillette et al., 1994). Male
alligators in the lake after the spill displayed gross phenotypic abnormalities (de-
masculinization) as well as altered hormone levels that lowered reproductive success and
ultimately led to a sharp population decline following exposure (Guillette et al., 1994; Guillette
et al., 1999). Further studies with American alligators found that topical application of estrogenic

chemicals to eggs incubated at male-inducing temperatures resulted in female offspring, thus



demonstrating the ability of estrogenic chemicals to impact ESD in the animals (Guillette Jr. et
al., 1995). A similar example has been noted in the fish Castostomus commersoni (white sucker)
in Colorado downstream of a waste water treatment plant releasing estrogenic effluent. The
white sucker population showed skewed sex ratios, incidence of intersex, reduced sperm counts

in males, and altered ovarian development in exposed individuals (Vajda, Alan et al., 2008).

Another example of chemical contaminants interfering with ESD can be found within
crustaceans. Some members of the insecticide class termed insect growth regulators (IGRs) mimic
juvenile hormone, an insect hormone responsible for maturation and reproductive processes within
insects (Nijhout and Williams, 1974). This hormone mediates the transition from larval to adult
forms in insects, making it an appealing pesticide target for insects with destructive adult forms.
Further, juvenile hormone plays a role in reproduction once insects have reached maturity (Jindra
et al., 2013). IGRs can perturb endocrine function in non-target invertebrate species such as the
crustacean Daphnia spp. In daphnids, IGRs mimic the juvenile hormone analog methyl farnesoate,
the hormone responsible for male sex determination of offspring (Olmstead and LeBlanc, 2003).
IGR insecticides such as pyriproxyfen and methoprene can induce male offspring under
environmental conditions where asexual reproduction is expected (Olmstead and LeBlanc, 2003).
In vitro molecular studies have demonstrated that IGRs directly interact with the hormone receptor
in daphnids, confirming their action as a hormone mimic (Medlock Kakaley et al., 2017).
Hypothesis

A defining feature of ESD is that environmental signals must be sensed and transduced
into a molecular signaling event to affect sex determination. It follows that a neuroendocrine
connection (i.e. a neural processor) exists to link sensory systems to hormonal signaling cascades.

Overall, we hypothesized that an upstream neural processor of environmental signals initiates the



cascade leading to environmental sex determination. Further, this processor is subject to disruption
by neuroactive exogenous chemicals.
Daphnia as a Model to Study ESD

To test this hypothesis, we used the model aquatic invertebrate Daphnia pulex, which is a
small freshwater crustacean used in many research fields including ecology and functional
genomics (Colbourne et al., 2011). In freshwater lentic environments, zooplankton such as
Daphnia spp. are keystone invertebrates. Daphnids control algae and bacteria levels, while also
serving as prey for both other invertebrates (e.g. insects) and vertebrates (e.g. fish) (Lampert,
2006). Daphnids are also widely used in toxicity testing as a model invertebrate due to their
sensitivity to chemical perturbation and amenability to laboratory experiments (rapid generation
time, translucent bodies, low cost husbandry) (U.S. EPA, 2002). Moreover, daphnids are subject
to ESD and environmental cues trigger the production of male offspring. Despite their widespread
use as a test organism, the factors contributing to their ESD, marked by a transition from asexual
to sexual reproduction, have not been well established. Further, their fully sequenced genome and
elucidated hormonal cascades makes Daphnia pulex an ideal model to elucidate the
neuroendocrine mechanisms responsible for ESD, and how exposure to exogenous chemicals may
dysregulate different components of the pathways therein.

Daphnids reproduce via asexual parthenogenetic reproduction under conditions that are
favorable for rapid population growth (e.g. summer) to create a population of clonal females
(Hebert, 1978). As environmental signals change to suggest the onset of adverse conditions,
daphnids introduce males into the environment, thus increasing male:female sex ratios. Once
males are present, sexual reproduction can occur to produce diapausing fertilized eggs that are

resistant to harsh conditions (e.g. desiccation or freezing) (Hebert, 1978). Several environmental



cues have been implicated in daphnid male sex determination including photoperiod (Korpelainen,
1986; Stross, 1969a; Toyota et al., 2015), temperature (Brown and Banta, 1932; Korpelainen,
1986), crowding (Hobek and Larsson, 1990; Kleiven et al., 1992; Olmstead and LeBlanc, 2001;
Stross, 1969b), and food availability (Kleiven et al., 1992; Zhang and Baer, 2000); however, it is
unclear which cues are most influential in initiating male offspring or whether cues function in an
interactive manner. Varying methods, combinations of cues, and different test species have made
unequivocal conclusions difficult to draw from these studies.

The endocrine pathway responsible for male sex determination in crustaceans has been
largely elucidated. The enzymes juvenile hormone acid o-methyltransferase (JHAMT) and
farnesoic acid o-methyltransferase (FAMT) contribute to the conversion of farnesoic acid to
methyl farnesoate (Xie et al., 2016). Methyl farnesoate is a sesquiterpenoid hormone equivalent
to juvenile hormone in insects (Laufer and Biggers, 2001). In crustaceans, methyl farnesoate
controls sexual maturation and morphological changes within immature offspring (Laufer and
Biggers, 2001). Once produced, methyl farnesoate associates with the protein methoprene-tolerant
(Met) which then heterodimerizes with steroid receptor co-activator (SRC) (Kakaley et al., 2017).
Together Met and SRC comprise the methyl farnesoate receptor (MfR) complex. The MfR acts as
a transcription factor and initiates downstream expression of hemoglobin (4b2) and male sex
determining genes such as the doublesex gene (Kato et al., 2011; Rider et al., 2005).

Methyl farnesoate is required for male offspring production by programming developing
oocytes into males (male sex determination) (Lampert et al., 2012; Olmstead and LeBlanc, 2002).
The critical window for methyl farnesoate to program oocytes occurs between 60-72 hours of the
molt cycle within the ovary of D. magna. Further, the developing oocytes are very sensitive to

methyl farnesoate, requiring as little as 30 nM exposure concentration to elicit male production,



and 400 nM to elicit 100% male production (Olmstead and LeBlanc, 2002). Chemicals that mimic
methyl farnesoate, such as the IGR pyriproxyfen have been shown to significantly induce male
sex determination in daphnids (80% male offspring) at 0.3 nM (Olmstead and LeBlanc, 2003).
Thus, exposure to IGRs could result in inappropriate seasonal timing of male offspring and have
the potential to disrupt population dynamics. While the key components of the terminal hormone
cascade have been elucidated, the neuroendocrine connection has not been established. One
promising linkage involves an ionotropic glutamate receptor, the N-methyl-p-aspartate receptor
(NMDAR), which has been found to be differentially expressed in daphnids producing male versus
female offspring (Toyota et al., 2015).
Evidence for the NMDAR as a Neuroendocrine Link

The NMDAR is ionotropic glutamate receptor composed of four peptide subunits each with
a transmembrane domain, ligand binding domain, and an amino terminal domain. The NMDAR
is a coincident detector within the nervous system, requiring the neurotransmitter glutamate, a
depolarized membrane to remove a Mg?* block, and a cofactor (e.g. glycine) for the receptor pore
to open (Rousseaux, 2008). In vertebrates, there are three classes of peptide subunits, NR1, NR2,
and NR3 (Rousseaux, 2008). The NR2 family contains the glutamate binding site within the ligand
binding domain, and NR1 subunits contain the cofactor binding site (Traynelis et al., 2010). The
amino terminal domain contains both positive and negative allosteric modulator binding sites
(Hackos and Hanson, 2016; Monaghan et al., 2012; Zhu et al., 2016). Calcium ions are responsible
for most NMDAR effects on the post-synaptic cell as calcium activates several downstream
cellular processes, such as neuronal nitric oxide synthase (nNOS) activation to produce nitric oxide

(NO), a potent signaling molecule (Cossenza et al., 2014).



The NMDAR is an important link between sensory systems and neuroendocrine pathways
in mammals. For instance, in the neural circuity linking photoperiod cues to circadian centers in
the vertebrate nervous system, phototransduction by the retina activates the retinohypothalamic
tract and relays photoperiod information to the suprachiasmatic nuclei in the brain (Tosini et al.,
2014). Glutamate signaling and NMDARs play a critical role at this junction and influence
alterations in light-related biological rhythms (Ding et al., 1994; Tosini et al., 2014). Additionally,
glutamate signaling through the NMDAR plays a critical role in reproduction, regulating melatonin
levels in the pineal gland to influence gonadal function of seasonally reproducing mammals, such
as hamsters (Colwell et al., 1991). Further, estrogen receptors and NMDARs within the vertebrate
brain localize on the same neurons within regions relating to hormone regulation (e.g.
hypothalamus) (Kia et al., 2002). It has also been established that glutamate-NO signaling via the
NMDAR is involved with a variety of neuroendocrine processes such as the release of
gonadotropin releasing hormone, luteinizing hormone releasing hormone, as well as the timing
and onset of puberty (Bhat et al., 1998; Dhandapani and Brann, 2000).

NMDARSs were first characterized in invertebrates with studies conducted in crayfish
(Pfeiffer-Linn and Glantz, 1991) and their role in environmental stimuli integration has been
demonstrated in a range of invertebrates. For instance, NMDARSs are associated with learning and
memory processes in Drosophila (Xia et al., 2005), Apis mellifera (Si et al., 2004), C. elegans
(Kano et al., 2008; Mellem et al., 2002), and A/pysia (Ezzeddine and Glanzman, 2003). In D.
pulex, there are two identified subtypes of NMDAR subunit, a and b, which are similar in coding
sequence to Drosophila NMDAR subunit sequences, and equivalent to vertebrate subtypes NR1
and NR2, respectively (McCoole et al., 2012). There is evidence that the NMDAR is involved in

the sensing of environmental stimuli in D. pulex. Specifically, environmental conditions that



stimulate male offspring production have been associated with increased expression of genes
relating to ionotropic glutamate receptors (Toyota et al., 2015). Further, NMDAR function is
related to reproductive processes in other invertebrate groups. In both crickets and butterflies,
blocking NMDAR signaling decreased reproductive output (Geister et al., 2008). In the flesh fly,
reducing NMDAR signaling reduced vitellogenin production, a protein associated with oocyte
development and maturation (Begum et al., 2004). In cockroaches, NMDARSs have been associated
with mediating juvenile hormone synthesis in mature females (Chiang et al., 2002). Although
NMDAR function has not been well studied in invertebrates for its potential role in connecting
sensory systems and endocrine function, its role in synaptic plasticity and dynamic processes such
as seasonal reproduction makes it a strong candidate for involvement in ESD.
NMDAR in Relation to Mood Disorders

Beyond sensory transduction, the role of glutamate and NMDARSs has been pursued as a
possible driver of mood disorders, such as major depression. Classic models of depression
implicate the dysregulation of small monoamine signaling molecules (e.g. dopamine, serotonin,
norepinephrine) (Schildkraut, 1965) and as a result traditional depression treatments target
monoamine pathways. However, one disadvantage associated with these therapeutics is the
multiple-week delay in symptom alleviation (Heninger et al., 1996). A landmark study using the
NMDAR antagonist ketamine found that administration of this drug rapidly ameliorated symptoms
of depression, even in patients resistant to treatment with monoamine-targeting therapies,
suggesting that glutamate dysregulation may be a key element of depressive mood disorders
(Berman et al., 2000; Zarate et al., 2006). Additionally, a growing body of literature connects stress
to increased glutamate signaling (Musazzi et al., 2011). Together, this established a link connecting

stress and subsequent dysregulation of glutamate signaling as likely initiating events in the



pathophysiology of depression (Musazzi et al., 2011). This newer model of depression is termed
the neuroplasticity hypothesis.

Evidence in support of the neuroplasticity hypothesis has revealed many associations
between glutamate signaling and depression (Tokita et al., 2012). For instance, administering
NMDAR antagonists has been found to reduce depressive behavior in rodent studies (Koike et al.,
2011; Kordjazy et al., 2016; Neis et al., 2015; Rosa et al., 2003; Yang et al., 2016), and patients
with depression have been found to have elevated levels of plasma glutamate (Mitani et al., 2006).
There are no therapeutic drugs on the market that specifically target glutamatergic systems for the
treatment of depression, and ketamine is not a viable agent due to its dissociative psychoactive
effects in humans (Sanacora et al., 2012). Thus, monoamine-targeting antidepressants continue to
be the treatment of choice and are widely prescribed. There is evidence that these drugs may
dampen glutamatergic signaling by downregulating glutamate receptor subunit expression (Boyer
et al., 1998; Sanacora et al., 2012). The connection between depression, glutamatergic signaling,
and antidepressant chemicals raises questions about whether these pharmaceuticals may impact
neuroendocrine connections in animals that utilize the NMDAR to link neural and endocrine
signaling pathways.

Research Outline

We hypothesized that the environmental cues of temperature and photoperiod function
together, in the invertebrate Daphnia pulex, to dictate the sex of offspring, and that differences in
gene expression within the terminal endocrine cascade would be present in animals exposed to
male sex determining conditions. Next, we hypothesized that an upstream neural processor of
environmental signals initiates the hormonal cascade leading to male sex determination in D.

pulex. Further, we hypothesized that this processor is subject to disruption by neuroactive
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exogenous chemicals (Fig. 1). These overall hypotheses will be addressed in the following
chapters.

Chapter 2 addresses the hypothesis that a combination of both temperature and photoperiod
are required to initiate male sex determination in D. pulex. To test the relative importance of these
abiotic cues, we tested combinations of long day (16:8 L:D) or short day (10:14 L:D) photoperiods
at either 16, 18, 20 or 22°C on the incidence of male sex determination. Assays were also
conducted with the sympatric species D. magna for comparison. We also examined mRNA levels
in animals under environmental conditions that stimulated either the production of males or
females to assess whether male-stimulating conditions altered expression of key elements of the
putative male sex determination endocrine signaling cascade.

In Chapter 3, with the environmental conditions required to reliably initiate male
production in D. pulex established in Chapter 2, we assessed whether the NMDAR was a viable
candidate neural processor of environmental signals. We tested a variety of NMDAR agonists,
antagonists, and modulators to determine their effect on male production in male sex determination
assays. Pharmaceuticals that stimulated male sex determination (antidepressants) were further
evaluated using Bioluminescence Resonance Energy Transfer (BRET) to determine whether they
were stimulating male sex determination by interacting directly with the terminal hormone
receptor (MfR). We also evaluated whether active pharmaceuticals functioned as surrogates of
either environmental stimuli, photoperiod and temperature. Finally, we evaluated mRNA levels of
the NMDAR subunits and genes involved in the hormonal induction of male sex determination
under, environmental conditions that stimulated female or male sex determination, to further

delineate the role of the NMDAR in this pathway.
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We hypothesized in Chapter 4 that pharmaceuticals, with different molecular targets, might
serve useful to further define the neurological pathway that transduces environmental cues to
endocrine control of male sex determination in D. pulex. Based on these findings, we assessed
whether relative gene expression of specific receptors and transporters targeted by the
pharmaceuticals were influenced by environmental cues for male sex determination.

Finally, in Chapter 5 we utilized MK-801, an antidepressant drug, to assess whether
exposure to this chemical altered mRNA levels associated with NMDAR function and the putative
male-sex determining cascade.

Taken together, we elucidate the role of temperature and photoperiod in male sex
determination for two species and contributing important information regarding the expression and
timing of key signaling elements within the terminal hormone cascade for D. pulex. We
additionally reveal that the NMDAR is integral for neuroendocrine processes and have found
evidence for its involvement in daphnid male sex determination. Further, we highlight the potential
of other neuroactive chemicals such as antidepressants to impact neuroendocrine processes.
Overall, our results have established foundational knowledge of the neuroendocrine connections
that link sensory systems to endocrine cascades leading to male sex determination within daphnids

and demonstrate its susceptibility to neuroactive exogenous chemicals.
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ABSTRACT

Zooplankton communities are fundamental to the success of freshwater lentic habitats and
groups such as Daphnia spp. are considered a keystone genus. Daphnids exhibit a unique
reproductive strategy (environmental sex determination) wherein environmental conditions dictate
sex of the offspring and whether they reproduce asexually or sexually. The introduction of males
into a population denotes the first step in the switch from asexual parthenogenetic reproduction to
sexual reproduction. We tested the hypothesis that photoperiod and temperature function together
to regulate male sex determination and that these environmental stimuli would activate elements
of the male sex determination signaling cascade. Results showed that photoperiod was a critical
cue in creating permissive conditions for male production. Further, under photoperiod-induced
permissive conditions, male sex determination was temperature dependent. The two daphnid
species tested, Daphnia. pulex and D. magna, exhibited different temperature dependencies with
D. pulex producing a lower percentage of male offspring with increasing temperatures between
16-22°C. In contrast, D. magna produced a higher percentage of males with increasing
temperatures. We found consistent patterns of gene expression within the molt cycle of D. pulex
for genes within the male sex determination signaling cascade independent of environmental
stimuli. For juvenile hormone acid o-methyltransferase (JHAMT), an enzyme responsible for the
synthesis of the sex-determining hormone methyl farnesoate, mRNA levels were elevated early in
the reproductive cycle. Subsequently, mRNA levels of the methyl farnesoate receptor subunits,
Met and SRC, were elevated. Environmental conditions conducive to male offspring production
increased Met mRNA levels. Results indicate that male sex determination in daphnids is under the

permissive control of photoperiod and the regulatory control of temperature. Further, these
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environmental cues may stimulate male sex determination by increasing levels of the Met subunit

of the methyl farnesoate receptor.

INTRODUCTION

Zooplankton such as Daphnia spp. are keystone invertebrates in freshwater lentic
environments. Daphnids graze on algae and bacteria, while serving as prey for other invertebrates
and vertebrates (Lampert, 2006). Daphnids are also widely used in a variety of scientific fields
including toxicology, ecology, and functional genomics due to their global distribution in both
permanent and transient water bodies, sensitivity to environmental perturbation, responsiveness to
environmental cues, and amenability to laboratory experiments (Colbourne et al., 2011; Gillooly
and Dodson, 2000; U.S. EPA, 2002).

Daphnids are subject to environmental sex determination in that environmental cues
influence the sex of their offspring. Most daphnid species reproduce via cyclic parthenogenesis,
and under environmental conditions favorable for rapid population growth, daphnids reproduce
asexually creating a clonal population of females (Hebert, 1978; Hobek and Larsson, 1990). As
environmental cues signal the onset of unfavorable conditions, male offspring are introduced into
the population, denoting the beginning of the sexual reproduction cycle. Sexual reproduction
ultimately results in the production of fertilized diapausing eggs (resting eggs) that are resistant to
harsh conditions (e.g. desiccation or freezing) (Hebert, 1978). Resting eggs can remain dormant
for decades, and resume development once environmental conditions are favorable (Brendonck
and De Meester, 2003; Schwartz and Hebert, 1987; Stross, 1966).

In daphnids, photoperiod is critical for egg hatching in the spring (Dupuis and Hann, 2009;

Stross, 1966; Vandekerkhove et al., 2005), and has also been shown to influence male production
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(Korpelainen, 1986; Stross, 1969a; Toyota et al., 2015a; Zhang and Baer, 2000). Other cues such
as temperature (Brown and Banta, 1932; Korpelainen, 1986) and crowding (Banta and Brown,
1929; Hobek and Larsson, 1990; Kleiven et al., 1992; Olmstead and LeBlanc, 2001) have also
been shown to influence both male offspring and resting egg production. Many studies have used
resting egg production as an indicator of male production, however the mechanism by which
resting egg development occurs in unknown and separate from that of male production (i.e.
daphnids can produce broods of male offspring without producing diapausing eggs). Despite
numerous studies, the critical environmental cues to initiate male sex determination have remained
equivocal.

Methyl farnesoate is the crustacean hormone responsible for programming oocytes into
male offspring (LeBlanc and Medlock, 2015; Olmstead and LeBlanc, 2002; Toyota et al., 2015b).
Methyl farnesoate is a sesquiterpenoid hormone produced by the enzymes farnesoic acid o-
methyltransferase (FAMT) and juvenile hormone acid o-methyltransferase (JHAMT) (Xie et al.,
2016). Methyl farnesoate activates the methyl farnesoate receptor (MfR) which is a heterodimer
of the proteins methoprene-tolerant (Met) and steroid receptor co-activator (SRC) (Kakaley et al.,
2017; Toyota et al., 2015b). The activated MfR functions as a transcription factor to regulate
expression of male sex determining genes and other genes including hemoglobin genes (Fig. 1A)
(Rider et al., 2005).

We hypothesized that both photoperiod and temperature are required to initiate male sex
determination in D. pulex and D. magna. Further, we hypothesized that exposure to a combination
of environmental cues that elicited male production would increase expression in the key genes of

the male sex determination signaling endocrine cascade in D. pulex.
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MATERIALS AND METHODS

Male sex determination

D. pulex (clone WIN6) and D. magna (clone NCSU1) cultures were maintained in the
laboratory at 20°C, 16:8 Light:Dark (L:D) using methods described previously (Hannas et al.,
2010). Under these conditions, both species reproduce parthenogenetically. Daphnids were
collected from culture as < 24 hour old neonates and transferred to their respective experimental
conditions: short photoperiod (10:14 L:D) or long photoperiod (16:8 L:D) and either 16, 18, 20,
22°C. Neonates were individually reared in 50 mL beakers containing 40 mL culture media, which
consists of reconstituted deionized water (192 mg/L CaSO4-H>O, 192 mg/L NaHCO3, 120 mg/L
MgSOy4, 8.0 mg/L KCl, 1.0 pg/L selenium and 1.0 pg/L vitamin Bi2). Daphnids were fed daily 100
uL Pseudokirchneriella subcapitata suspension (1.4 x 10® cells) and 50 ul Tetrafin® fish food
suspension (Pet International, Blacksburg, VA, USA) prepared as described previously (Hannas
etal., 2010). All treatment combinations were replicated with ten individual daphnids. Media was
changed every other day. Mature daphnids were monitored daily for brood release and offspring
were removed on the day observed, counted, and sex determined by the length of the first antennae

(Fig. 1B) (Olmstead and LeBlanc, 2000). Six broods of offspring were collected per organism.

MJR signaling pathway mRNA levels

D. pulex (< 24 hours old) were reared in either long or short photoperiod, at 18°C using
methods described above. Once daphnids reached sexual maturity (eggs in brood chamber), all
animals were molt-synchronized such that animals could be collected at 0, 24, 36, and 48 hours
post-molt. Four replicates of 3-5 daphnids were collected per time point. Daphnids from individual

replicates were transferred to 100 uLL RNAlater® and held at 4°C for 24 hours, then stored at -
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80°C until used for RNA extraction. Whole animals were homogenized using Next Advance Bullet
Blender® and zirconium oxide beads (1.0mm diameter, Next Advance, Troy, NY). RNA isolation
was conducted using the SV Total RNA Isolation System (Promega, Madison, WI) according to
manufacturer recommendations. Synthesis of cDNA was conducted using ImProm-II™ Reverse
Transcription System with oligo (dT) primers (Promega, Madison, WI).

mRNA levels of JHAMT, FAMT, Met, and SRC were measured by RT-qPCR. Primer
sequences for JHAMT (Miyakawa et al., 2010), FAMT (Toyota et al., 2015b), Met (Miyakawa et
al., 2010), and SRC (Toyota et al., 2015b) were used to amplify mRNA sequences. RT-qPCR was
performed with the 7300 Real Time PCR System (Applied Biosystems, Foster City, CA) using 2x
SYBR™ Green Premix (Fisher Scientific, Hampton, NH). A single melting peak was detected for
each sample with an amplification efficiency of >96%, indicating amplification occurred only for
the target sequence. Genex software (BioRad, Hercules, CA) was used to analyze relative levels

of gene expression by normalizing to two housekeeping genes, actin and GAPDH.

Data Analyses

Male sex determination was calculated as mean percentage male offspring for ten
individuals for six consecutive broods. Differences in male offspring production were assessed
with One-Way ANOVA with Tukey’s adjustment for multiple comparisons for D. pulex under
short photoperiod. Remaining comparisons of male offspring production were assessed with the
Kruskal-Wallis test with Dunn’s post-hoc multiple comparisons test due to significantly different
variances. Differences in fecundity between daphnids reared under long and short photoperiods
were evaluated using Student’s t-tests. For gene expression experiments, differences in relative

expression at each time point were analyzed using Student’s t-tests. Gene expression was
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normalized to long photoperiod control group at time 0. Error bars denote SEM. The alpha level
was set at 0.05 for all analyses. Statistical analyses were performed with Prism (v7.02, GraphPad

Software, Inc).

RESULTS

Male Sex determination

We hypothesized that requisite photoperiodic and temperature cues regulate male sex
determination in D. pulex and D. magna. D. pulex did not produce male offspring under a long day
photoperiod at any temperature evaluated (Fig. 2A). In contrast, under a short day photoperiod, D.
pulex produced male offspring at all temperatures with the percentage of males significantly
increasing with decreasing temperature (Fig. 2B). The increase in the percentage of male offspring
under the short day photoperiod was not an artifact associated with a decrease in total offspring
produced. Rather, total offspring produced was significantly higher under short photoperiod
conditions for most temperatures assessed (Fig. 3).

Similar experiments were performed with the often sympatric species D. magna (Ostman,
2011; U.S. EPA, 2002) to determine whether this complementary effect of photoperiod and
temperature on male sex determination was species-specific. Again, male offspring were not
produced at any temperature evaluated under a long day photoperiod (Fig. 4A), but males were
produced at 18 to 22°C under the short day photoperiod (Fig. 4B). In contrast to D. pulex, the
proportion of male offspring increased with increasing temperature (Fig. 4B). Further, the total
number of neonates produced decreased with increasing temperature under a short day

photoperiod. This trend was not evident under the long day photoperiod. The number of neonates
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produced under the long day photoperiod was comparable to or significantly higher than under the
short photoperiod (Fig. 5).

To summarize, a short day photoperiod rendered both D. pulex and D. magna susceptible
to temperature-dependent male sex determination. However, optimum temperature for male sex
determination varied between species. At temperatures between 16 and 22°C, the proportion of
male offspring produced decreased with increasing temperature for D. pulex, while the opposite

occurred with D. magna.

Environmental activation of the methyl farnesoate signaling pathway

We have previously shown that the hormone methyl farnesoate stimulates male sex
determination in daphnids (Olmstead and LeBlanc, 2001; Rider et al., 2005), though it is unknown
whether environmental cues utilize this signaling pathway in orchestrating male sex determination.
D. pulex were reared at 18°C under a long day, non-permissive photoperiod and a short day,
permissive photoperiod. mRNA levels were measured for JHAMT and FAMT — the enzymes
responsible for producing methyl farnesoate, along with Met and SRC, the subunits of the methyl
farnesoate receptor.

mRNA levels within the methyl farnesoate signaling cascade varied over the course of the
molt/reproductive cycle. JHAMT mRNA levels were elevated at 24 hours post-molt among
daphnids reared under both long and short day photoperiods (Fig. 6A). JHAMT mRNA levels were
significantly higher in the long day photoperiod group at this time (Fig. 6A). FAMT mRNA levels
remained unchanged under both photoperiods throughout the time course (Fig. 6B). Met mRNA
levels also were elevated at 24 hours and progressively declined thereafter. Met mRNA levels were

significantly higher under the short day photoperiod at 0 and 24 hours post-molt (Fig. 6C). SRC
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attained maximum mRNA levels at 24 hours post-molt under both photoperiods with levels
progressively declining thereafter. No significant differences in SRC mRNA levels were observed
between photoperiods throughout the time course. (Fig. 6D).

To summarize, JHAMT, Met and SRC mRNA levels were elevated early in the reproductive
cycle; while, FAMT mRNA levels were relatively constant throughout the cycle. Photoperiod had
no effect on FAMT or SRC mRNA level. The short day photoperiod significantly increased Met

mRNA levels. Photoperiod had mixed effects on JHAMT mRNA levels.

DISCUSSION

We hypothesized that both photoperiod and temperature are required to initiate male sex
determination in D. pulex and D. magna. Our findings revealed that both photoperiod and
temperature requirements must be met for these species to produce male offspring. While, both
species require a short-day photoperiod to produce male offspring, temperature requirement
differed between species. Among the temperatures evaluated, the maximum percentage of male
offspring produced by D. pulex occurred at 16°C, while, maximum percentage produced by D.
magna occurred at 22°C.

Day length is a powerful cue for animals that are seasonally reproductive or are subject to
environmental sex determination (Korpelainen, 1990; Reiter, 1993). Photoperiod influences many
processes related to reproduction in daphnids, such as the production of resting eggs (Carvalho
and Hughes, 1983; Stross, 1966; Stross, 1969a; Stross, 1969b; Stross and Hill, 1968), and their
hatching (Schwartz and Hebert, 1987; Vandekerkhove et al., 2005). Previous studies have
implicated photoperiod in male sex determination (Kleiven et al., 1992; Korpelainen, 1986; Toyota

et al., 2015a; Toyota et al., 2017) and in other closely related processes in crustaceans such as
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molting (Chang and Mykles, 2011). The permissive photoperiod used here, 10:14 hr L:D, occurs
in temperate and artic regions and both D. pulex and D. magna are both distributed in these
climates (Crease et al., 2012; Ferrari and Hebert, 1982; Mitchell and Lampert, 2000).

Unlike photoperiod, temperature modulated male sex determination in a species-specific
manner. Our results suggest that the geographic origins of the organisms used in the study may
have been sufficiently different that the confluence of photoperiod and temperature for temporally
optimum male sex determination significantly varies between the species. These results imply a
species difference in responsiveness to temperature. However, we cannot exclude the possibility
that clones of the same species derived from geographically distinct regions may also exhibit
significant differences in temperature responsiveness.

Our temporal assessment of mRNA levels within the methyl farnesoate signaling pathway
revealed that JHAMT mRNA levels were maximally expressed at 24 hrs post-molt under both
photoperiods. These results suggest that methyl farnesoate levels also increase early in the
reproductive cycle. The early expression of JHAMT is consistent with observations of Toyota et
al. (2015). However, these investigators observed that the increase in JHAMT mRNA occurred
only under the short day photoperiod. We observed that JHAMT mRNA levels were actually lower
under the short-day photoperiod at 24 hrs post molt. This difference in studies may reflect
differences in time points analyzed. Toyota et al. (2015) noted significantly elevated JHAMT
mRNA levels under a short day photoperiod at 30 hrs post-ovulation. We noted elevated but
significantly lower levels under the short day photoperiod, as compared to the long day
photoperiod, at 24 hrs post-molt. At 36 hrs, levels were no longer elevated under either

photoperiod in our study, though levels were now significantly elevated under the short-day
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photoperiod as compared to the long day photoperiod. We may have missed the peak in JHAMT
mRNA levels under short day photoperiod that was noted by Toyota et al (2015).

Met mRNA levels were elevated under the permissive short day photoperiod, as compared
to the nonpermissive long day photoperiod, early in the time course. The Met protein is in the beta-
helix-loop-helix-Per-Arnt-Sim (b HLH-PAS) family of transcriptional regulators and is conserved
among insects and crustaceans (Li et al., 2011; Miyakawa et al., 2014). In daphnids, methyl
farnesoate binds to Met which then recruits the protein SRC forming an active transcription factor
(Kakaley et al. 2017). Met mRNA levels have been shown previously in daphnids to increase early
in the reproductive cycle prior to the sensitive window of oocyte sex programming (Kakaley et al.,
2017). The pattern of expression we see here in D. pulex agrees with these previously findings,
wherein Met maximum mRNA levels are attained early in the reproductive cycle. Further, we
observed a significant increase in Met mRNA levels at both 0 and 24 hours post-molt under a
permissive photoperiod which may reflect an increased sensitivity to methyl farnesoate under these
conditions in anticipation of oocyte programming.

The general timing and trends in gene expression observed within the reproductive cycle
of D. pulex reared under both long and short photoperiod are consistent with the putative male sex
determination signaling pathway (Fig. 1A). Expression of JHAMT, one of the genes responsible
for producing methyl farnesoate, showed highest expression levels early in the molt/reproductive
cycle (0-24 hours), likely reflecting preparation for oocyte programming for the subsequent brood
of offspring. The lack of oscillation in FAMT expression is consistent with findings from other
researchers (Toyota et al., 2015b) and suggests that JHAMT is primarily responsible for the
induction of methyl farnesoate synthesis. The MfR subunits Met and SRC displayed increases in

mRNA levels over a broad time range. These general trends in mRNA levels were observed under
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both permissive and non-permissive photoperiods, suggesting that regardless of environmental
cues, key signaling elements are expressed in an oscillatory manner throughout the reproductive
cycle and are likely involved in aspects of reproductive maturation other than sex determination.
Taken together, our results established the importance of photoperiod in male sex
determination in D. pulex and D. magna. Further, we identified species-specific differences in the
magnitude of male production in relation to temperature, shedding insights on phenological
differences between species or between clones and their response to thermal cues. We also
identified photoperiod-independent trends in gene expression along the male sex determination
signaling cascade. Finally, we discovered that the photoperiodic cue that renders daphnids
responsive to the stimulatory action of temperature on male sex determination causes an elevation
in Met mRNA levels. A subsequent elevation in Met protein levels may be a determining factor

in male sex determination.
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Figure 1: Endocrine cascade controlling male sex determination in daphnids. Panel A: The

putative signaling cascade leading to male sex determination. The enzymes JHAMT and
FAMT contribute to MF synthesis. MF associates with the transcription factor Met and stimulates
its recruitment of SRC. Together these proteins comprise the methyl farnesoate receptor (MfR)
complex. The activated MfR initiates downstream expression of male sex determining genes.
Panel B: Morphological differences in the 1°' antennae of female and male D. pulex. JHAMT:
juvenile hormone acid o-methyltransferase, FAMT: farnesoic acid o-methyltransferase, MF:

methyl farnesoate, Met: methoprene-tolerant, SRC: steroid receptor co-activator.
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Figure 2: Mean percentage male offspring produced by D. pulex under long day (16:8 hrs
L:D) and short day (10:14 hrs L:D) photoperiods across temperatures 16-22°C. Panel A: Male
offspring production under a long day photoperiod. Panel B: Male offspring production under a
short day photoperiod. Data are presented as means and standard error, n=8-10. Different letters

denote significant differences among treatments (p<0.05).
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Figure 3: Fecundity of D. pulex under conditions permissive and non-permissive of male

production across temperatures. White bars denote the non-permissive long day photoperiod

(16:8 hrs L:D) and black bars denote short day photoperiod (10:14 hrs L:D). Fecundity was

calculated as the mean and SEM total neonate production over 6 broods of offspring (n=8-10). An

asterisk denotes a significant difference between treatments (p<0.05).
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Figure 4: Mean percentage male offspring produced by D. magna under long day (16:8 hrs
L:D) and short day (10:14 hrs L:D) photoperiods across temperatures 16-22°C. Panel A:
Male offspring production under a long day photoperiod. Panel B: Male offspring production
under a short day photoperiod. Data are presented as means and standard error, n=7-10. Different

letters denote significant differences among treatments.
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Figure 5: Fecundity of D. magna under conditions permissive and non-permissive of male
production across temperatures. White bars denote the non-permissive long day photoperiod
(16:8 hrs L:D) and black bars denote short day photoperiod (10:14 hrs L:D). Fecundity was
calculated as the mean and SEM total neonate production over 6 broods of offspring (n=7-10). An

asterisk denotes a significant difference between treatments.
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Figure 6: mRNA expression levels of JHAMT, FAMT, Met, and SRC under long and short
day photoperiods at 18°C. White bars denote the long day photoperiod (16:8 hrs L:D) and
black bars denote the short day photoperiod (10:14 L:D). Panel A: JHAMT. Panel B: FAMT.
Panel C: Met. Panel D: SRC. mRNA levels, respectively. Panels C and D show mRNA levels for
Met and SRC, respectively. Data are presented as mean and SEM mRNA levels normalized to
respective levels under the long day photoperiod at time 0 (n=4). An asterisk denotes a

significant difference between treatments.
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ABSTRACT

The N-methyl-p-aspartate receptor (NMDAR) is a complex ionotropic glutamate receptor
involved in a variety of processes including learning, memory, and neuroendocrine function. We
tested the hypothesis that the NMDAR is a viable candidate neural processor of environmental
signals and may function in linking environmental cues to endocrine responses involved in male
sex determination in the freshwater microcrustacean Daphnia pulex. The NMDAR agonists, N-
methyl-p-aspartate and glycine, were evaluated for their ability to alter the production of male
offspring individually and in co-exposure. Additionally, NMDAR activity modulators ethanol
and a-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA), and the antagonists AP-5,
MK-801, and desipramine were tested individually. Results showed that the antagonists MK-801
and desipramine significantly altered (increased) male production in a concentration-dependent
manner. MK-801 and desipramine were further evaluated to determine whether their ability to
stimulate male sex determination was due to downstream activation of the methyl farnesoate
receptor (MfR). Using bioluminescence resonance energy transfer to measure the agonist-
mediated dimerization of the MfR subunits Met and SRC, we demonstrated that the sex-
determining hormone methyl farnesoate stimulated dimerization but the NMDAR antagonists
had no effect. We concluded that MK-801 and desipramine stimulated male sex determination
upstream of the action of the methyl farnesoate and may function by inhibiting the activity of the
NMDAR. Further experiments were conducted with MK-801 to determine whether MK-801
mimicked the action of photoperiod or temperature, two environmental regulators of male sex
determination. MK-801 stimulated male sex determination only at a photoperiod that was
permissive of male sex determination and appeared to function additively with temperature to

stimulate male sex determination. Finally, we assessed mRNA levels of NMDAR subunits and
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the signaling elements in the male sex determination signaling cascade under male stimulating
and non-male stimulating environmental conditions. mRNA levels of NMDAR-b and SRC were
dramatically increased under short day photoperiod as compared to long day. JHAMT, FAMT,
and Met mRNA levels also were increased with short day photoperiod though to a lesser degree.
Overall, we provide evidence that modulation of the NMDAR-b subunit by photoperiod may

mediate the action of the NMDAR in regulating male sex determination.

INTRODUCTION

Environmental sex determination, the phenomenon where environmental cues influence
the sex ratio of offspring, has evolved in several distantly related groups throughout evolutionary
time. Environmental sex determination occurs in invertebrate and vertebrate groups including
annelids, rotifers (Korpelainen, 1990), fish (Devlin and Nagahama, 2002; F. W. H. Beamish,
1993), crustaceans (Hebert, 1978), and reptiles (Ciofi and Swingland, 1997; Lang and Andrews,
1994). A variety of environmental cues regulate environmental sex determination depending on
the taxonomic group including temperature, nutritional status, pH, crowding cues, and photoperiod
(Ciofi and Swingland, 1997; Korpelainen, 1990). Studies to date indicate that environmental sex
determination involves the sensory transduction of environmental stimuli and subsequent
modification of hormonal pathways in order to influence offspring sex (Devlin and Nagahama,
2002; Korpelainen, 1990).

The microcrustacean Daphnia spp. is a keystone genus in freshwater environments and is
subject to environmental sex determination. Many daphnid species are cyclic parthenogens and
reproduce both asexually and sexually. During asexual reproduction, daphnids clonally produce

female offspring (Hebert, 1978). Environmental cues stimulate daphnids to produce male offspring
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(male sex determination) to enable sexual reproduction (Hobek and Larsson, 1990; Kleiven et al.,
1992; Korpelainen, 1986). As with all environmental sex determination, a neuroendocrine
connection must exist such that abiotic cues can be sensed, transduced, and translated into
endocrine messages.

The neuroendocrine linkage that mediates the transition from asexual to sexual
reproduction in daphnids remains unknown, however, evidence from RNAseq experiments with
D. pulex implicates ionotropic glutamate receptors in male sex determining processes (Toyota et
al., 2015a). The N-methyl-p-aspartate receptor (NMDAR) is an ionotropic glutamate receptor that
is a coincident detector within the nervous system, requiring several simultaneous factors for the
receptor to open (glutamate, glycine, and a depolarized membrane to remove a Mg*" block)
(Rousseaux, 2008; Traynelis et al., 2010). The NMDAR requires both the NR1 subunit, which
contains the co-factor binding site, as well as an NR2 subunit, which contains the glutamate
binding site, for a functional receptor (Rousseaux, 2008).

The NMDAR also possesses several allosteric binding sites through which NMDAR
function may be modulated (Dingledine et al., 1999; Monaghan et al., 2012; Reynolds, 1990;
Rousseaux, 2008). Ethanol, a NMDAR modulator, has been widely studied regarding its effects
on glutamatergic signaling. It has been shown to inhibit NMDAR function, thus acting in an
antagonistic manner (Hoffman et al., 1989; Lovinger et al., 1989; Wirkner et al., 1999; Wirkner et
al., 2000; Woodward, 1999). Another glutamate receptor, a-amino-3-hydroxy-5-methylisoxazole-
4-propionate (AMPA) receptors, are often co-localized with NMDARSs and are a faster opening
glutamate receptor that contributes to the depolarization of the post-synaptic membrane to

facilitate NMDAR opening (Riedel et al., 2003; Rousseaux, 2008).
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The NMDAR is a dynamic receptor involved in complex behaviors such as learning and
memory in invertebrates (Glantz and Pfeifferr-linn, 1992; Kano et al., 2008; Si et al., 2004; Xia et
al., 2005). It has also been shown to be involved in invertebrate reproductive function (Begum et
al., 2004; Chiang et al., 2002; Geister et al., 2008; Huang et al., 2015; Toyota et al., 2015a) and
has been implicated in environmental stimuli integration (Kano et al., 2008; Mellem et al., 2002),
making it a strong candidate in daphnids as a potential neuroendocrine link contributing to daphnid
male sex determination pathways.

We and others have previously established that photoperiod is required to reliably initiate
male sex determination processes in D. pulex and that temperature further modulates the
magnitude of the response (Hobek and Larsson, 1990; Toyota et al., 2017). We and others have
also determined the putative elements of the male sex determination hormone signaling cascade.
The enzymes farnesoic acid o-methyltransferase (FAMT) and juvenile hormone o-
methyltransferase (JHAMT) (Xie et al.,, 2016) produce methyl farnesoate, the male sex-
determining hormone in daphnids (Olmstead and LeBlanc, 2002; Toyota et al., 2015a). Methyl
farnesoate activates the methyl farnesoate receptor (MfR) by binding the Met subunit of the MfR
and stimulating its recruitment of steroid receptor co-activator (SRC) (Kakaley et al., 2017; Toyota
et al., 2015b). The activated MfR functions as a transcription factor to regulate expression of male
sex determining genes.

Here we hypothesize that the NMDAR is a viable candidate neural processor of
environmental signals and may function in linking environmental cues to endocrine responses. We
tested the hypothesis using a variety of NMDAR agonists, modulators, and antagonists to
determine their ability to modulate male sex determination in D. pulex. Further, we addressed

whether chemicals with the ability to impact male production behaved more like the photoperiod
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or temperature cue, both of which influence male production. Finally, we evaluated the influence
of photoperiod on mRNA levels of NMDAR subunits and putative constituents of the male sex

determination signaling cascade.

MATERIALS AND METHODS
Male Sex Determination

D. pulex (clone WTNG6) cultures were maintained in the laboratory at 20°C, 16:8 hr
Light:Dark (L:D) using methods described previously (Hannas et al., 2010). Daphnids were
collected from culture as < 24-hour old neonates and transferred to either long (16:8 hr L:D) or
short (10:14 hr L:D) day photoperiods at 18°C prior to chemical exposures, known to be non-male
stimulating and male stimulating conditions, respectively (Chapter 2). Neonates were individually
reared in 50 mL beakers containing 40 mL of daphnid media. Daphnid media consisted of
reconstituted deionized water (192 mg/L CaSO4-H>0, 192 mg/L NaHCO3, 120 mg/L MgSO4, 8.0
mg/L KCI, 1.0 pg/L selenium and 1.0 pg/L vitamin Bj2). Daphnids were fed daily 1.4 x 10% cells
Pseudokirchneriella subcapitata and Tetrafin® fish food suspension (4 mg dry weight) (Pet
International, Blacksburg, VA, USA) as described previously (Hannas et al., 2010).

Daphnids were exposed to the candidate modulators of NMDAR activity upon deposition
of the first brood of embryos into their brood chamber. Each treatment group consisted of ten
individual daphnids. Stock solutions of N-methyl-p-aspartate (NMDA) (Sigma Aldrich, St. Louis,
MI), glycine (Sigma Aldrich), AMPA (Fisher Scientific, Hampton, NH), AP-5 (Sigma Aldrich),
(+)-MK-801 hydrogen maleate (Fisher Scientific), and desipramine hydrochloride (Fisher
Scientific) were prepared in deionized water. Pure ethanol (200 proof) (Sigma Aldrich) was added

directly to the test media. Concentrations were selected based on preliminary toxicity assays (data
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not shown). Media was changed every other day. Offspring produced by the isolated daphnids
were counted, and sex was determined by the length of the first antennae on the day they were
released (Olmstead and LeBlanc, 2000). Six broods of offspring were collected for each animal,
and broods 2-6 were combined and used in analyses since the first brood was not fully exposed to

the test materials.

Bioluminescence resonance energy transfer (BRET) assays

Drosophila Schneider 2 (S2) cells (Life Technologies, Carlsbad, CA) were cultured with
Schneider’s Drosophila Medium (Gibco, Carlsbad, CA) in T25 flasks containing 10% heat-
inactivated fetal bovine serum (Gibco) and supplemented with 50 pg streptomycin sulfate (Fisher
Scientific) and 50 units penicillin G (Fisher Scientific). Cells were maintained at 25.5-26.5°C with
>50% relative humidity. S2 cells were seeded at a cell density of 7.5 x 10° cells/cm? into 60 cm?
culture dishes for the assay. Cells were transiently transfected, with calcium phosphate, with 45
pg of total plasmid DNA containing two fusion proteins of the D. pulex MfR subunit proteins:
pMT:Rluc2-SRC and pMT:mAmetrine-Met. Fusion protein construction is described elsewhere
(Kakaley et al., 2017). The ratio of SRC:Met fusion proteins was 1:6 (Kakaley et al., 2017).
Transcription of the transfected genes was induced with 800 uM CuSO424 hours after transfection,
and harvested at 48 hours post-transfection. Transfected cells were exposed to carrier control
(0.01% DMSO used to deliver methyl farnesoate), positive control (10 uM methyl farnesoate,
Echelon Biosciences, Salt Lake City, UT), MK-801, or desipramine, delivered in 100 pL
phosphate-buffered saline. Solutions were incubated for 5 min incubation at 25.5-26.5°C.
Emissions were measured at 410 nm (Renilla luciferase 2 (Rluc2)) and 535 nm (mAmetrine) with

a FLUOstar® Omega microplate reader (BMG Labtech, Germany) in the presence of 5.0 uM
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Renilla luciferase substrate DeepBlueC™ (Gold Biotechnology, Inc). The BRET ratio was
calculated as emissions at 535/410 nm and corrected for background emissions (Kakaley et al.,
2017). Individual BRET assays were replicated 6 times. The BRET ratio represented the level of
agonist-mediated binding of Met and SRC as indicated by the fluorescence emitted by mAmetrine-

Met following excitation by the light emitted by Rluc2-SRC.

mRNA Analysis

D. pulex (<24 hours old) were reared under conditions that either stimulated (10:14 hr L/D
photoperiod, 18°C) or did not stimulate (16:8 hr L:D photoperiod, 18°C) male sex determination
using methods described above. Once daphnids reached sexual maturity (eggs in brood chamber),
all animals were molt-synchronized (Mu and LeBlanc, 2002) and collected at 0, 24, 36, or 48 hours
post-molt. Four replicates each containing 3-5 daphnids were collected at each time point.
Daphnids from individual replicates were transferred to 100 uL RNAlater® and held at 4°C for 24
hours, then stored at -80°C until used for RNA extraction. Whole animals were homogenized using
a Next Advance Bullet Blender® and zirconium oxide beads (1.0 mm diameter, Next Advance,
Troy, NY). RNA was isolated using the SV Total RNA Isolation System (Promega, Madison, WI)
according to manufacturer recommendations. cDNA was synthesized using ImProm-II™ Reverse
Transcription System with oligo (dT) primers (Promega, Madison, WI).

mRNA levels of NMDAR-a, NMDAT-b, JHAMT, FAMT, Met, and SRC were measured by
Real Time-qPCR. Primer sequences for JHAMT (Miyakawa et al., 2010), FAMT (Toyota et al.,
2015b), Met (Miyakawa et al., 2010), and SRC (Toyota et al., 2015b) were used to amplify mRNA
sequences. Primer sets for NMDAR-a and NMDAR-b were developed using nucleotide sequences

provided by the Department of Energy Joint Genome Institute, accessed via NCBI (Bethesda, MD)

53



and designed using Primer3 (v. 0.4.0). Primers were synthesized by Integrated DNA Technologies
(Coralville, IA). Primer specificity was confirmed based on amplicon length and nucleotide
sequence (Eton Bioscience Inc, San Diego, CA). NMDAR-a primers were Forward:
GTCGTCGGTGATGTGAGATG and Reverse: AACAAGAAGGCGGACAGAAA and
NMDAR-b  primers were Forward: AGCCATGGAGTACCTTGTCG and Reverse:
ACTTTGGGTCGTCCACTCTG. PCR was performed with the 7300 Real Time PCR System
(Applied Biosystems, Foster City, CA) using 2x SYBR™ Green Premix (ThermoFisher
Scientific). A single melting peak was detected for each sample with an amplification efficiency
of >93%, indicating amplification occurred only for the target sequence. Genex software (Bio-Rad
Laboratories, Hercules, CA) was used to analyze relative levels of gene expression by normalizing

to two housekeeping genes, actin and GAPDH.

Data Analyses

Treatment-related differences in the percentage male offspring produced were evaluated
using One-way ANOVA with Tukey’s multiple comparisons test when variances were not
different among treatments. The Kruskal-Wallis test with Dunn’s post hoc comparison was used
when variances were significantly different among treatments. Differences in male production in
the temperature-dependent male sex determination assays with MK-801 were evaluated using
Student’s t-test. BRET assay results were analyzed by One-way ANOV A with Tukey’s multiple
comparisons test. Treatment differences in mRNA levels were evaluated using Student’s t-test
when variances were not different among treatments. The Mann-Whitney test was used when
variances were significantly different among treatments. Time-related differences in mRNA levels

for each gene and photoperiod were evaluated using One-way ANOVA with Tukey’s multiple
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comparisons test when variances were not different among treatments. The Kruskal-Wallis test
with Dunn’s post hoc comparison was used when variances were significantly different among
treatments. Significance was set at an alpha level of 0.05. Error bars represent SEM. Statistical

analyses were performed with Prism (v7.02, GraphPad Software, Inc).

RESULTS

Male sex determination

Two NMDAR agonists NMDA and glycine were first evaluated individually for their
ability to stimulate or suppress male sex determination in D. pulex under environmental conditions
at which the maternal organisms would be expected to produce 20-50% males (10:14 hr L:D
photoperiod, 18°C). Neither NMDA (Fig. 1A) nor glycine (Fig. 1B) significantly impacted the
percentage male offspring produced. Since both NMDA and glycine are required for NMDAR
activation, these compounds were also evaluated together. Co-exposure to both NMDAR agonists
did not significantly alter the percentage of male offspring produced (Fig. 1C). Likewise, neither
NMDAR modulator (ethanol and AMPA) significantly altered male production at the
concentrations tested (Fig. 2A, B).

We next evaluated the ability of the NMDAR antagonists, MK-801, desipramine, and AP-
5, to modulate male sex determination. MK-801 is an uncompetitive antagonist and NMDAR
channel blocker (Huettner and Bean, 1988). Desipramine is an open channel blocker (Sernagor et
al., 1989; Szasz et al., 2007). AP-5 is a competitive antagonist at the glutamate binding site on the
NMDAR (Rousseaux, 2008). AP-5 had no influence on the proportion of male offspring produced
at the concentrations tested (Fig. 3A), while both MK-801 (Fig. 3B) and desipramine (Fig. 3C)

significantly stimulated the production of male offspring in a concentration-dependent manner
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under a 10:14 hr L:D photoperiod that is permissive of male sex determination. These compounds
had no effect on male sex determination under the non-permissive photoperiod (Fig. 3B, C). These
results suggested that MK-801 and desipramine required the appropriate photoperiodic cue to
stimulate male sex determination and could not supplant this cue. Additional experiments were
performed with MK-801 to determine if this compound could stimulate male sex determination
under a temperature gradient that provided a range in the expected magnitude of male sex
determination (Chapter 2). MK-801 increased the proportion of male offspring produced at all
temperature by ~40 to ~150% with significant increases detected at temperatures ranging from 16
to 20°C (Fig. 4). These results suggest that under a permissive photoperiod, MK-801 can augment

the stimulatory action of temperature on male sex determination.

MJR activation

We considered that the action of MK-801 and desipramine could be a consequence of these
compounds activating the methyl farnesoate receptor (MfR), recognizing that male sex
determination is regulated by the activation of this receptor by its hormonal ligand (Olmstead and
LeBlanc, 2002). Additionally, the MfR has been shown to be susceptible to activation by other
exogenous compounds (Olmstead and LeBlanc, 2003). BRET assays were performed to determine
whether MK-801 and desipramine stimulated dimerization of the MfR subunits, an early event in
the activation of the MfR. The positive control, methyl farnesoate, significantly stimulated the
dimerization of Met and SRC, however, concentrations of MK-801 and desipramine as high as
100 uM had no effect on receptor assembly (Fig. 5). These results indicated that MK-801 and

desipramine acted at a location within the male sex determination pathway other than the MfR.
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Impact of photoperiod on selected mRNA levels

The impact of photoperiod on mRNA levels of the NMDAR subunits a and b, enzymes
that contribute to methyl farnesoate synthesis juvenile hormone acid o-methyltransferase
(JHAMT) and farnesoic acid o-methyltransferase (FAMT), and the MfR subunits Met and SRC
were evaluated at several timepoints during the molt cycle. Our goal was to identify components
of the putative male sex determination pathway that are elevated or suppressed in response to
photoperiod.

mRNA levels for both NMDAR subunits increased over time during the initial 48 hrs post-
molt (Figs. 6A, B, 7A, B). JHAMT mRNA levels attained maximum levels at 24 hrs post-molt
(Figs. 6C, 7C). FAMT mRNA levels exhibited a slight rhythmic pattern with levels decreasing
slightly between 0 and 24 hrs, increasing between 24 and 36 hrs, then decreasing between 36 and
48 hrs post-molt (Figs. 6D, 7D). Met and SRC mRNA attained maximum levels at 24 hrs post-
molt, then decreased to various degrees (Figs. 6E, F, 7E, F).

Photoperiod elicited a varied and sometimes profound effect on mRNA levels for the
putative constituents of the male sex determining signaling pathway. NMDAR-a levels were not
influenced by photoperiod (Fig. 8A); however, NMDAR-b mRNA levels were 5.5 to 103 times
higher in the short day, permissive, 10:14 hr photoperiod as compared to the long day, non-
permissive, 16:8 hr photoperiod (Fig. 8B). JHAMT mRNA levels were elevated in the 10:14 hr
photoperiod during the initial 36 hrs post-molt (Fig. 8C); while, FAMT mRNA levels were slightly
increased during the initial 24 hrs post molt (Fig. 8D). Met and SRC mRNA levels also were
elevated in the 10:14 hr photoperiod as compared to the 16:8 hr photoperiod, however, the
magnitude of difference in mRNA levels between photoperiods was much greater for SRC (Fig.

8E, F).
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To summarize, results are consistent with the short day, permissive photoperiod stimulating
the expression of the NMDAR-b subunit which provides for a functional NMDAR that stimulates

elements of the male sex determination pathway.

DISCUSSION

We hypothesized that the NMDAR is a viable candidate as a neural processor of
environmental signals and may function in linking environmental cues to endocrine responses in
daphnids. We demonstrated that the NMDAR agonists NMDA and glycine, while empirically
reducing the incidence of male sex determination, had no statistically significant effect on this
phenomenon. Similarly, the NMDAR modulators ethanol and AMPA did not influence male sex
determination. However, the NMDAR antagonists MK-801 and desipramine, stimulated male sex
determination. Further experiments revealed that the stimulatory activity of MK-801 presented
only under a photoperiod that renders organism responsive to the stimulatory effect of temperature,
and acted in combination with temperature to stimulate male sex determination. We conclude that
these compounds interact with the NMDAR in a manner that stimulates the male sex determining
pathway, possibly utilizing the same components of the pathway as does temperature.

Our findings contradict those of other studies, which found that NMDA and AMPA
stimulated male production under a photoperiod intermediate to those used in the present study
(14:10 hr L:D) (Toyota et al., 2015a). Additionally, Toyota and colleagues found that MK-801
suppressed male production, which also is contrary to our findings (Toyota et al., 2015a). This
may be attributed to differences in experimental designs. We assessed percentage male production
under continuous exposure over five consecutive broods, while Toyota and colleagues (2015a)

assessed male production for only one brood of offspring. We opted to use the cumulative results
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from five consecutive broods because we found brood to brood variability relating to male sex
determination to be unacceptably high.

The methyl farnesoate receptor (MfR) is a well-documented target of hormones and other
small molecules that stimulate male sex determination in daphnids (Olmstead and LeBlanc, 2002;
Olmstead and LeBlanc, 2003). The hormone methyl farnesoate binds to the protein Met
stimulating it to dimerize with SRC and forming the active MfR transcription factor (Kakaley et
al., 2017). We considered the possibility that MK-801 and desipramine stimulate male sex
determine by acting as a Met ligand and stimulating MfR assembly. This possibility was evaluated
using bioluminescence resonance energy transfer (BRET) technology. While the hormone methyl
farnesoate readily stimulated dimerization of Met and SRC in our system, neither MK-801 nor
desipramine were active. We conclude that these compounds are acting elsewhere along the male
sex determination pathway, possibly the NMDAR.

Exposure to MK-801 and desipramine, under a permissive, short day photoperiod
significantly increased male production; while, exposures conducted under the long, non-
permissive photoperiod were unable to initiate male production. Further, under the permissive
photoperiod, MK-801 functioned in concert with temperature to increase male sex determination.
These findings suggest that MK-801 and desipramine stimulate the male sex determining pathway
in a manner similar to temperature and distinct from the manner in which photoperiod stimulates
the pathway.

Results revealed mRNA levels of NMDAR-b are highly malleable and subject to
modulation by photoperiodic cues. NMDAR-b was highly expressed under the permissive short

day photoperiod as compared to the non-permissive long day photoperiod. This suggests that the
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induction of NMDAR-b by photoperiod may result in the assembly of competent NMDAR which
is required to stimulate male offspring production.

The resilience of NMDAR-a to modulation by photoperiod and the susceptibility of
NMDAR-b to photoperiod suggest that these receptor subunits function similarly to the NMDAR-
I (NR1) and NMDAR 2 (NR2) in vertebrates wherein NR1 expression is tightly regulated
(Rousseaux, 2008). In contrast, NR2 expression is more plastic and plays a modulatory role in
regulating receptor NMDAR activity. Changes in NR2 expression and subsequently NMDAR
structure (i.e. receptor heterodimeric composition) have been shown to alter receptor kinetics and
pharmacology (Gielen et al., 2009; Yuan et al., 2009). Thus, the differential expression of
NMDAR-b under different photoperiods likely reflects a fundamental shift in NMDAR function
within D. pulex. We conclude that NMDAR-b expression is responsive to photoperiod causing
changes in glutamate signaling in response to this environmental cue.

JHAMT mRNA levels were appreciably higher early in the molt/reproductive cycle under
the short day photoperiod as compared to the long day photoperiod. These results are consistent
with those reported by Toyota et al. (2015), who also demonstrated that D. pulex JHAMT
efficiently catalyzes the conversion of farnesoic acid to methyl farnesoate. We conclude that short
day photoperiod elevates levels of methyl farnesoate. Subsequent to the induction of JHAMT, Met
and SRC mRNA levels increased and were continually elevated through at least 48 hrs post molt.
This elevation of MfR subunit mRNAs likely reflects increases in the respective subunit protein
levels. MfR subunits are also elevated by short day photoperiod either due to induction by methyl
farnesoate or co-regulation with methyl farnesoate. Regardless, under environmental conditions
permissive of male sex determination the male-determining hormone and its receptor are present

at levels greater than under non-permissive environmental conditions.
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Notably, the NMDAR antagonists that significantly altered male production in D. pulex,
MK-801 and desipramine, have antidepressant activity in vertebrate systems. There is a growing
body of evidence that dysregulated glutamate signaling is involved in mood disorders such as
depression (Sanacora et al., 2012; Tokita et al., 2012), and studies have shown that NMDAR
antagonists can alleviate depressive symptoms within animal models of depression (Ghasemi et
al., 2010; Murrough, 2015; Neis et al., 2015; Padovan and Guimaraes, 2004). While the effects of
some antidepressants have been evaluated in crustaceans, the majority of research has focused on
monoamine targeting drugs, making our finding an important contribution to this field (Fong and
Ford, 2014).

While many NMDAR-targeting chemicals used here did not alter male production in D.
pulex, our results with MK-801 and desipramine support a role for the NMDAR in male sex
determination processes. Additionally, we demonstrated that environmental conditions that yield
male offspring increase expression of the NMDAR-b subunit, further implicating this receptor in
male sex determining processes. We also show that the key enzymes and transcription factors
involved in the production of the male sex determining hormone methyl farnesoate are influenced
by photoperiod cues. Finally, we provide that evidence that MK-801 acts in a complementary
fashion to the stimulatory effect of temperatures, and we propose that temperature may also be
integrated through NMDAR signaling. Overall, we provide foundational evidence for

neuroendocrine links in D. pulex as they relate to male sex determination processes.
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Figure 1: Male offspring production by D. pulex exposed to NMDAR agonists NMDA,
glycine, and co-exposures. Panel A: Male production with exposure to the agonist NMDA.
Panel B: Male production with exposure to the co-factor glycine. Panel C: Male production with
individual and co-exposure to 10 uM NMDA and 100 uM glycine. Data are presented as means

and standard error, n=8-10. Different letters denote significant differences.
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Figure 2. Male offspring production by D. pulex exposed to NMDAR modulators ethanol
and AMPA. Panel A: Male production with exposure to ethanol. Panel B: Male production with
exposure to AMPA. Data are presented as means and standard error, n=9-10. Different letters

denote significant differences (p<0.05).
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Figure 3: Male offspring production by D. pulex exposed to NMDAR antagonists AP-5,
MK-801, and desipramine. Panel A: Male production with exposure to AP-5 under a short day
photoperiod. Panel B: Male production with exposure to MK-801 under long and short day
photoperiods. Panel C: Male production with exposure to desipramine under long and short day
photoperiods. Short photoperiod is 10:14 hr L:D, and long photoperiod is 16:8 hr L:D. Data are

presented as means and standard error, n=9-10. Different letters denote significant differences

(p<0.05).
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Figure 4. Male offspring production by D. pulex exposed to the NMDAR antagonist MK-
801 at various temperatures. Black bars represent short photoperiod control groups, and grey
bars represent short photoperiod MK-801-exposed groups. Data are presented as means and

standard error, n=8-10. Asterisks denote significant differences.
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ABSTRACT
Many species of the freshwater crustacean Daphnia are cyclic parthenogens and produce males
when environmental conditions necessitate the production of fertilized sexual eggs. Previously,
we determined that under environmental conditions permissive to male production, two
chemicals that are known to have antidepressant activity significantly increased sex ratios in
Daphnia pulex. We hypothesized that other pharmaceuticals with antidepressant activity may
also impact the male sex determination in D. pulex. We evaluated a suite of antidepressants
(fluoxetine, citalopram, bupropion, nomifensine, and nisoxetine) for their ability to modulate
male sex determination in D. pulex under environmental conditions permissive and non-
permissive of male production. We hypothesized that neuroactive modulators would provide
insight into neurological pathways that regulate this process. Citalopram and nisoxetine
significantly increased male production at 1.0 uM, and fluoxetine elicited a concentration-
response in male production over the range of concentrations evaluated. The antidepressants that
altered male production target the serotonin and norepinephrine systems within the vertebrate
nervous system, equivalent to serotonin and octopamine in invertebrates. We further assessed
changes in mRNA levels in these neurotransmitter systems under conditions permissive and non-
permissive to male production. Results show that environmental conditions permissive to male
production significantly increased mRNA levels of the octopamine-alpha-a receptor (OctoR-a)
and the serotonin re-uptake transporter (SERT-a). Overall, we show that some antidepressants
have the potential to stimulate male sex determination and provide evidence that serotonergic

and octopaminergic signaling likely plays a role in male sex determining processes.
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INTRODUCTION

Zooplankton such as Daphnia spp are keystone invertebrates in freshwater lentic
environments (Lampert, 2006). Daphnids are subject to environmental sex determination in that
environmental cues influence the sex of their offspring. Most daphnid species reproduce via cyclic
parthenogenesis, and under environmental conditions advantageous for rapid population growth,
daphnids reproduce asexually generating a clonal population of females. When environmental cues
signal the onset of disadvantageous conditions, male offspring are produced such that fertilized
diapausing eggs can be generated (Hebert, 1978; Hobek and Larsson, 1990). Methyl farnesoate is
the crustacean hormone responsible for programming oocytes into male offspring (LeBlanc and
Medlock, 2015; Olmstead and LeBlanc, 2002; Toyota et al., 2015b).

Elements of the signaling cascade resulting in methyl farnesoate production and subsequent
activation of the methyl farnesoate receptor (MfR) have been determined (Kakaley et al., 2017,
Miyakawa et al., 2014; Olmstead and LeBlanc, 2002; Toyota et al., 2015b; Toyota et al., 2015a;
Xie et al., 2016), however, questions remain about the pathway that connects the neuro-sensory
elements of the signaling cascade to the endocrine system. We have previously shown that D.
pulex exposed to the N-methyl-p-aspartate receptor (NMDAR) antagonists MK-801 and
desipramine produce significantly more males when reared under conditions permissive to male
sex determination (Chapter 3). Further, we demonstrated that both chemicals were acting upstream
of methyl farnesoate and its receptor. Both of these compounds have antidepressant activity and
specifically act on neural targets (Brunello et al. 2002; Ghasemi et al. 2010; Murrough 2015;
Padovan & Guimaraes 2004). MK-801 is an NMDAR uncompetitive antagonist and acts as an
open channel blocker at the receptor (Huettner and Bean, 1988). Desipramine, a tricyclic

antidepressant, inhibits norepinephrine re-uptake transporters and increases norepinephrine levels
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in the synapse, and also acts as an NMDAR antagonist (Brunello et al., 2002; Sernagor et al.,
1989).

Given that male sex determination in daphnids necessitates a neuroendocrine pathway to
connect sensory systems to hormonal signaling cascades, we postulated that other antidepressant
pharmaceuticals may have the capacity to disrupt the neuroendocrine processes involved in male
sex determination. Here we hypothesized that that active modulators would provide insight into
neurological pathways that regulate this process. We tested the selective serotonin reuptake
inhibitors (SSRIs) fluoxetine and citalopram, the norepinephrine and dopamine transporter
inhibitors bupropion and nomifensine, as well as the selective norepinephrine reuptake inhibitor
nisoxetine. Further, we hypothesized that male stimulating environmental conditions would alter
levels of mRNA relating to the neurotransmitter systems targeted by active antidepressant
pharmaceuticals in animals reared under permissive as compared to non-permissive environmental

conditions for male sex determination.

MATERIALS AND METHODS

Male Sex Determination

D. pulex (clone WTNG6) cultures were maintained in the laboratory at 20°C, 16:8
Light:Dark (L:D) photoperiod using methods described previously (Hannas et al., 2010).
Daphnids were collected from culture as < 24-hour old neonates and transferred to either long
day (16:8 L:D) or short day (10:14 L:D) photoperiods at 18°C prior to chemical exposures.
Neonates were individually reared in 50 ml beakers containing 40 ml of daphnid media. Daphnid
media consisted of reconstituted deionized water (192 mg/L CaSO4-H>0, 192 mg/L NaHCOs3,

120 mg/L MgSO0s4, 8.0 mg/L KCl, 1.0 pg/L selenium and 1.0 pg/L vitamin Bi2). Daphnids were
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fed daily the unicellular green algae Pseudokirchneriella subcapitata (1.4 x 108 cells) and 50 pL
Tetrafin® fish food suspension (Pet International, Blacksburg, VA, USA) as described
previously (Hannas et al., 2010).

Daphnids were exposed to pharmaceuticals upon deposition of the first brood of embryos
into the brood chamber. Each treatment group consisted of ten individual daphnids. Stock
solutions of fluoxetine hydrochloride (Prozac, Fisher Scientific, Hampton, NH), citalopram
hydrobromide (Celexa, Sigma Aldrich, St. Louis, MO), bupropion (Wellbutrin, Fisher
Scientific), and nisoxetine hydrochloride (Fisher Scientific) were prepared in deionized water.
Nomifensine (Fisher Scientific) was prepared in DMSO. DMSO concentration (0.1% v/v) was
equal across exposure and control groups for nomifensine assays. Media was changed every
other day. Offspring produced by the isolated daphnids were counted, and sex was determined by
the length of the first antennae (Olmstead and LeBlanc, 2000). Six broods of offspring were
assessed for each animal, and broods 2-6 were combined and used in analyses since the first

brood was not fully exposed to the test materials.

mRNA Level Measurements

D. pulex were reared as described above in long day and short day photoperiods. After six
days of development, daphnids were molt synchronized such that animals could be collected at 0,
24, 36, and 48 hours post-molt under each photoperiod. Four replicates of 3-5 daphnids were
collected per time point. Daphnids from individual replicates were transferred to 100 pL
RNAlater® and held at 4°C for 24 hours, then stored at -80°C until RNA extraction. Animals were
homogenized using Next Advance Bullet Blender® and zirconium oxide beads (1.0 mm diameter,

Next Advance, Troy, NY). RNA isolation was performed using the SV Total RNA Isolation
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System (Promega, Madison, WI) according to manufacturer recommendations. Synthesis of
cDNA was conducted using ImProm-II™ Reverse Transcription System with oligo (dT) primers
(Promega, Madison, WI).

mRNA levels of the octopamine receptor OctaR-A and the serotonin transporter SERT-a
were measured by RT-qPCR. Primer sets for SERT-a and OctaR-A were developed using
nucleotide sequences provided by the Department of Energy Joint Genome Institute, accessed via
NCBI (Bethesda, MD), and made using Primer3 (v. 0.4.0). Primer specificity was confirmed based
on amplicon length and nucleotide sequence (Eton Bioscience Inc, San Diego, CA). Primer
sequences for OctaR-A were: Forward: GAGACCAAAGCTGCCAAGAC, Reverse:
CGATCTTCTGGAAGGCGTAG and for SERT-a were Forward:
AGTCTATGCTCGGCTTCCAA, Reverse: ACCGACTTTGATGGACCAAG. Primer specificity
was assessed by confirming amplicon length and amplicon sequence (Eton Bioscience Inc, San
Diego, CA). RT-qPCR was performed with the 7300 Real Time PCR System (Applied
Biosystems, Foster City, CA) using 2x SYBR™ Green Premix (Fisher Scientific). A single melting
peak was detected for each sample with an amplification efficiency of >95.0%, indicating
amplification occurred only for the target sequence. Genex software (Bio-Rad Laboratories,
Hercules, CA) was used to calculate relative levels of mRNAs by normalizing mRNA levels to

two housekeeping genes, actin and GAPDH.

Data Analyses
Treatment-related differences in the proportion of male offspring were assessed by
determining the percentage male offspring produced in broods 2 through 6 for each maternal

organism. Significant differences among treatments were evaluated using One-way ANOVA with
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Tukey’s multiple comparisons test (p < 0.05) when variances were no different among treatments.
The Kruskal-Wallis test with Dunn’s post hoc comparison was used when variances were
significantly different among treatments. Fecundity was assessed by comparing the mean total
neonate production for broods 2 through 6 for each maternal organism. Significant differences for
long day photoperiod exposures were assessed in the same manner as male sex determination
assays. Differences in neonate production for long day photoperiod-reared animals were assessed
using Student’s t-tests. Differences in mRNA levels at a given time point were analyzed using
Student’s t-tests, and all mMRNA values were normalized to the long day photoperiod control group
at 0 hours post molt. Error bars denote SEM. The alpha level was 0.05 for all analyses. Statistical

analyses were performed with Prism (v7.02, GraphPad Software, Inc).

RESULTS

Male sex determination

All antidepressants were evaluated for their ability to stimulate or suppress male sex
determination in D. pulex under environmental conditions at which the maternal organisms
would be expected to produce 20-50% males (18°C, 10:14 L:D photoperiod). Two
antidepressants that target serotonergic systems were evaluated, fluoxetine hydrochloride and
citalopram hydrobromide. Both are selective serotonin reuptake inhibitors, with citalopram
having a higher specificity for the serotonin transporter (Pérzgen et al., 2001). Neither serotonin-
targeting antidepressant initiated male production under long day photoperiod conditions (Fig.
1A, B). Under the short day photoperiod, fluoxetine exposure tended to increase male
production, however, not significantly (p = 0.08) (Fig. 1A). Fluoxetine significantly reduced

fecundity at 1.0 uM for both short day photoperiod and long day photoperiod assays (Fig. 1C).
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Under the short day photoperiod, citalopram significantly increased male production at the
highest concentration assessed while also significantly increasing neonate production at the
lowest concentration (0.01 uM) (Fig. 1B, D). Citalopram significantly decreased fecundity at the
highest concentration in the long day photoperiod assay (Fig. 1D).

Next, we evaluated two pharmaceuticals that are considered atypical antidepressants in
that they target multiple transmitter systems. Bupropion (Wellbutrin) is a nonselective inhibitor
of dopaminergic and norepinephrine reuptake (Dwoskin et al., 2006), while nomifensine also
targets dopamine and norepinephrine reuptake but has higher affinity at both targets (Tatsumi et
al., 1997). Neither antidepressant initiated male production in D. pulex under long day
photoperiod conditions (Fig. 2A, B). Under the short day photoperiod, bupropion did not
significantly alter male production or fecundity (Fig. 2A, C). However, under the long day
photoperiod, buproprion significantly decreased fecundity at 1.0 uM (Fig. 2C).

Finally, we assessed nisoxetine, a selective norepinephrine re-uptake inhibitor (Tejani-
Butt et al., 1990). Under a long day photoperiod, nisoxetine was unable to initiate male
production (Fig. 3A). Under the short day photoperiod, exposure tended to increase male
production, and, significant differences were found between the lowest and highest concentration
groups (Fig. 3A). Fecundity was not impacted by nisoxetine exposure under long day
photoperiod conditions however significantly decreased fecundity at the highest concentration

under the short day photoperiod (Fig. 3B).

mRNA Levels
We evaluated selected mRNA levels in molt synchronized animals reared under both

long day and short day photoperiods. The evaluations of anti-depressant effects on male sex
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determination implicated serotonergic signaling and norepinephrine signaling may be involved in
male sex determination processes. Octopamine is the equivalent of norepinephrine in
invertebrates (Balfanz et al., 2005). Thus, we assessed two genes involved with transmission of
these neurotransmitters, SERT-a, a serotonin re-uptake transporter, and a-adrenergic-like
octopamine receptor (OctaR-A) (McCoole et al., 2012). Short day photoperiod produced
significantly higher mRNA levels for both OctaR-4 and SERT-a at 24, 36, and 48 hours of the
reproductive cycle as compared to long day photoperiod, while no differences were observed

between photoperiods at 0 hours post molt (Fig. 4A, B).

DISCUSSION

Results indicated that two classes of antidepressant pharmaceuticals have the potential to
stimulate male sex determination, SSRIs and chemicals targeting norepinephrine (octopamine in
invertebrates) reuptake.

Other researchers have examined the impacts of antidepressants on crustacean life history
outcomes, with the majority of studies focusing on fluoxetine. Multiple studies have observed
that exposure to fluoxetine increases neonate production in D. magna (Campos et al., 2016;
Flaherty and Dodson, 2005). In the present study, fluoxetine had no effect on D. pulex neonate
production at lower concentrations, and significantly decreased neonate production at the highest
concentration assayed. However, our experiments with citalopram did yield significantly higher
neonate production at the lowest concentration assessed. Fluoxetine has also been shown to
impact D. magna feeding rates and molting at lowest observed effect concentrations of 1.7 and
2.9 uM fluoxetine, respectively, which are higher than the concentrations assessed here (Jordao

et al., 2016). The incongruous results may reflect differences in experimental design, since other
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researchers conducted longer assays with a different species and under a different temperature
(warmer). We have previously shown that fecundity and temperature sensitivity differ between
D. pulex and D. magna (Chapter 2).

Our SSRI results agree with work performed by others that have deemed fluoxetine to
have higher toxicity than citalopram. In both 48 hour LCso assays and immobility ECso assays,
fluoxetine has been found to have higher toxicity (Christensen et al., 2007; Henry et al., 2004).
In our results, the highest concentration of citalopram resulted in no adverse effects in the short
photoperiod group, while fluoxetine exposure reduced fecundity. Additionally, higher rates of
mortality were observed in fluoxetine exposed groups at the highest concentration. SSRIs inhibit
the removal of serotonin from the synapse to promote serotonin binding to the post-synaptic cell.
We show that the serotonin re-uptake transporter (SERT-a) is significantly higher expressed
under environmental conditions that are permissive of male production, suggesting that serotonin
signaling is involved in male sex determination.

Our findings that altered serotonin signaling can impact reproductive processes are
consistent with other studies that have found serotonin to be involved in crustacean reproduction.
In crabs, serotonin impacts levels of hormones involved with molting (Girish et al., 2017; Robert
et al., 2016; Sainath and Reddy, 2011) as well as levels of methyl farnesoate (Girish et al., 2017).
Serotonin has also been implicated in ovarian development in crabs (Richardson et al., 1991).
Girish et al. (2017) observed that serotonin elevated methyl farnesoate levels in crabs. Methyl
farnesoate is the male sex determining hormone in daphnids (Olmstead and LeBlanc, 2002), thus
its elevation by serotonin would be expected to increase the production of male offspring.

Very little is known about the impacts of atypical antidepressants such as bupropion and

nomifensine on crustacean reproduction, thus our findings here represent an important
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contribution to basic toxicity data for these chemicals and are informative when considering
other chemicals with similar modes of action. Likewise, nisoxetine previously had no
information regarding daphnid toxicity or life history.

The octopamine-a receptor A (OctaR-A) mRNA levels were elevated under
environmental conditions that are permissive to male production as compared to non-permissive
conditions, further implicating octopaminergic systems in male sex determination processes.
Octopamine and its role in neuromodulation has been studied in a range of invertebrates
including insects and crustaceans. Octopamine is critical in a variety of sensory based behaviors
such as learning, memory, feeding, courtship, motor control, and visual processes (Christie,
2011; Farooqui, 2007; Roeder, 1999; Verlinden et al., 2010). Octopamine has also been
associated with neuroendocrine processes, and administration of octopamine has been found to
increase levels of juvenile hormone (equivalent to methyl farnesoate in crustaceans) in the
corpora allata of honey bees and locusts (Lafon-Cazal and Baehr, 1988; Rachinsky, 1994;
Roeder, 1999). Octopamine levels have also been found to be influenced by photoperiod, and in
crickets a peak of brain octopamine was observed after the onset of scotophase (darkness)
(Woodring et al., 1988). The effects of nisoxetine seen here, which targets the vertebrate
equivalent of octopamine re-uptake transporters, may result in increased synaptic octopamine
signaling.

Recent advances in mood disorder research implicates dysregulated glutamate signaling
in the pathophysiology of depression (Musazzi et al., 2011; Racagni and Popoli, 2008; Sanacora
et al., 2012), and there is evidence that commonly prescribed antidepressants (e.g SSRIs and
serotonin-norepinephrine reuptake inhibitors, SNRIs) may elicit antidepressant symptom relief

through modulation of glutamatergic systems (Du et al., 2006; Liu et al., 2017; Sanacora et al.,
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2012; Zarate et al., 2010). For instance, chronic administration of citalopram to mice resulted in
altered NMDAR subunit mRNA levels within the brain (Boyer et al., 1998). Additionally SRRIs
and SNRIs administration has been shown to alter NMDAR function as well as expression levels
in rat hippocampal neurons (Pittaluga et al., 2007). Thus, the SSRIs and norepinephrine-
targeting pharmaceuticals assessed here may be exerting their impact on male sex determination
via modulation of NMDAR function and glutamate transmission. This would be consistent with
our prior findings that NMDAR antagonists increase male production in D. pulex (Chapter 3).
Overall, we provide evidence that antidepressants targeting serotonin and octopamine
transmitter systems have the potential to stimulate male sex determination in D. pulex under
permissive environmental conditions. We also provide novel information for the atypical
antidepressants, bupropion and nomifensine, regarding their impacts on daphnid life history
endpoints. These results, in combination with previous studies (Chapter 3), implicate serotonin,
octopamine, and NMDAR signaling in linking environmental cues to endocrine processes that

determine sex of offspring in daphnids.
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Figure 1. D. pulex male sex determination assays with antidepressants targeting
serotonergic systems. Panel A and B show male offspring production for fluoxetine and
citalopram, respectively, under both long day (16:8 L:D) and short day (10:14 L:D)
photoperiods. Panel C and D show neonate production for fluoxetine and citalopram,
respectively, during the male sex determination experiments. Different capital letters denote
significant differences in long day photoperiod assays, different lower-case letters denote

significant differences in short day photoperiod assays.

88



£ 80, 80p
g
H 60 5 . 60
4 a a a 5
c 40 40 2 a
]
w
E 20 20
c
3
= 0 0
1 0 00101 1 DMSC 1 DMSO 001 01 1

0
Photoperiod Long Short Long Short

n

=]

=]
]

20015

e
(5,
o

T
o

Mean total offspring
>
o

0 0
0 1 0 00101 1 DMSO 1 DMSO 001 01 1
Ph i
clopericd Long Short Long Short
Bupropion (uM) Nomifensine (uM)

Figure 2. D. pulex male sex determination assays with antidepressants targeting
dopaminergic and octopaminergic systems. Panel A and B show male offspring production
for bupropion and nomifensine, respectively, under both long day (16:8 L:D) and short day
(10:14 L:D) photoperiods. Panel C and D show neonate production for bupropion and

nomifensine, respectively, during the male sex determination experiments. Different capital

letters denote significant differences in long day photoperiod assays, different lower-case letters

denote significant differences in short day photoperiod assays.
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Figure 3. D. pulex male sex determination assays with nisoxetine, an octopaminergic
system-targeting pharmaceutical. Panel A shows male offspring production for nisoxetine,
under both long day (16:8 L:D) and short day (10:14 L:D) photoperiods. Panel B shows neonate
production for nisoxetine during the male sex determination experiments. Different capital letters
denote significant differences in long day photoperiod assays, different lower-case letters denote

significant differences in short day photoperiod assays.
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Figure 4. OctaR-A receptor and SERT-a transporter mRNA levels in D. pulex reared under
long day and short day photoperiods across the reproductive cycle. White bars represent
long day photoperiod and black bars represent short day photoperiod. Panels A: mRNA levels of
the octopamine receptor OctaR-A. Panel B: mRNA levels of the serotonin transporter SERT-a.
All groups were normalized to the long day photoperiod control group at time 0. Asterisks

denote significant differences between groups.
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ABSTRACT
The N-methyl-p-aspartate receptor (NMDAR) antagonist MK-801 has been shown to stimulate
male sex determination in daphnids under environmental conditions permissive of male sex
determination. We tested the hypothesis that MK-801 exerted this effect on male sex
determination by altering mRNA levels of NMDAR subunits and putative downstream signaling
elements of the male sex determining signaling pathway in the freshwater crustacean Daphnia
pulex. We assessed mRNA levels of NMDAR-a, NMDAR-b, the methyl farnesoate synthesizing
enzymes JHAMT and FAMT, and the methyl farnesoate receptor subunits Met and SRC under
photoperiods permissive (short day photoperiod, 10:14 hr L:D) and non-permissive (long day
photoperiod, 16:8 hr L:D) of male sex determination. Under the short day photoperiod, MK-801
exposure significantly decreased mRNA levels of NMDAR-b, Met, and SRC. Conversely, under
the long day photoperiod, MK-801 exposure significantly increased mRNA levels of NMDAR-b,
Met, and SRC. MK-801 had no effect on mRNA levels of NMDAR-a, JHAMT, and FAMT.
These results indicate that MK-801 modulates the expression of the NMDAR-b subunit, as well
as the subunits of the methyl farnesoate receptor. However, the effect on these mRNAs differ
under photoperiods that are either permissive or non-permissive of male sex determination.
Further, the effects of MK-801 are incongruous with previously demonstrated effects of
photoperiod on these mRNAs, suggesting additional complexity to the regulation of male-sex
determination.
INTRODUCTION
Environmental sex determination, the phenomenon where environmental cues influence
the sex ratio of offspring, occurs in a wide range of taxonomic groups including nematodes, insects

(Korpelainen, 1990), fish (Devlin and Nagahama, 2002; F. W. H. Beamish, 1993), crustaceans
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(Hebert, 1978), and reptiles (Ciofi and Swingland, 1997; Lang and Andrews, 1994). Studies to
date indicate that environmental sex determination involves the sensory transduction of
environmental cues and subsequent alteration of hormonal processes in order to influence
offspring sex (Devlin and Nagahama, 2002; Korpelainen, 1990). A variety of environmental cues
regulate environmental sex determination depending on the taxonomic group including
temperature, nutritional status, pH, crowding cues, and photoperiod (Ciofi and Swingland, 1997,
Korpelainen, 1990).

The crustacean Daphnia sp are keystone freshwater invertebrates that are subject to
environmental sex determination in that many species are cyclic parthenogens and reproduce both
asexually and sexually (Hobek and Larsson, 1990; Innes and Singleton, 2000; Kleiven et al., 1992;
Lampert et al., 2012). Daphnids clonally produce female offspring when environmental conditions
are favorable for population growth (Hebert, 1978). Male offspring are produced when
environmental cues signal adverse conditions to enable sexual reproduction (Hobek and Larsson,
1990; Kleiven et al., 1992; Korpelainen, 1986). We have recently shown that the environmental
cues of photoperiod and temperature co-regulate male sex determination in Daphnia pulex, such
that a short day (10:14 hr Light:Dark) photoperiod creates permissive conditions and temperature
further modulates the response (Chapter 2).

We and others have also determined the putative elements of the male sex determination
hormone signaling cascade. The enzymes juvenile hormone acid o-methyltransferase (JHAMT)
and farnesoic acid o-methyltransferase (FAMT) (Xie et al., 2016) produce methyl farnesoate, the
male sex-determining hormone in daphnids (Olmstead and LeBlanc, 2002; Toyota et al., 2015a).
Methyl farnesoate activates the methyl farnesoate receptor (MfR) by binding the Met subunit of

the MfR and stimulating recruitment of steroid receptor co-activator (SRC) to create a heterodimer
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of Met-SRC (Kakaley et al., 2017; Toyota et al., 2015b). The activated MfR functions as a
transcription factor to regulate expression of male sex determining genes and other genes (Kato et
al., 2011; Rider et al., 2005).

The neuroendocrine linkage that mediates the transition from asexual to sexual
reproduction in daphnids remains unknown, however, we have provided evidence for the
involvement of the N-methyl-p-aspartate receptor (NMDAR) and its sensitivity to photoperiodic
cues (Chapter 3). The NMDAR is an ionotropic glutamate receptor that is a coincident detector
within the nervous system, requiring several factors to be present for the receptor to open
(Rousseaux, 2008; Traynelis et al., 2010). The NMDAR requires a NR1 (also called NMDAR-a)
subunit, which contains the co-factor binding site, as well as an NR2 (also called NMDAR-b)
subunit, which contains the glutamate binding site, for a functional receptor (Rousseaux, 2008).

We have previously shown that the NMDAR antagonist MK-801 increases male sex
determination in D. pulex under conditions permissive of male production (Chapter 3), suggesting
that MK-801 has the potential to alter signaling in the daphnid male sex determining signaling
cascade. Here we hypothesized that MK-801 alters mRNA levels of NMDAR subunits and

signaling elements in the male sex determining signaling cascade.

MATERIALS AND METHODS
Animal Rearing and Exposures
D. pulex (clone WTNG6) cultures were maintained in the laboratory at 20°C, 16:8 hr
Light:Dark (L:D) using methods described previously (Hannas et al., 2010). Daphnids were
collected from culture as < 24-hour old neonates and transferred to either long (16:8 L:D) or short

(10:14 L:D) day photoperiods at 18°C prior to chemical exposures. Neonates were individually
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reared in 50 mL beakers containing 40 mL of daphnid media. Daphnid media consisted of
reconstituted deionized water (192 mg/L CaSO4-H>0, 192 mg/L NaHCO3, 120 mg/L MgSO4, 8.0
mg/L KCI, 1.0 pg/L selenium and 1.0 pg/L vitamin Bi2). Daphnids were fed daily 1.4 x 10% cells
Pseudokirchneriella subcapitata and Tetrafin® fish food suspension (4 mg dry weight) (Pet
International, Blacksburg, VA, USA) as described previously (Hannas et al., 2010). Daphnids were
exposed to 10 uM MK-801 upon deposition of the first brood of embryos into their brood chamber.
The stock solutions of (+)-MK-801 hydrogen maleate (Fisher Scientific, Hampton, NH) were

prepared in deionized water. Exposure solutions were changed every other day.

mRNA Level Measurements

All animals were molt synchronized (Mu and LeBlanc, 2002) at the release of their first
brood of offspring and collected at 0, 24, 36, or 48 hours post-molt. Four replicates each containing
3-5 daphnids were collected at each time point. Daphnids from individual replicates were
transferred to 100 uLL RN Alater® and held at 4°C for 24 hours, then stored at -80°C until used for
RNA extraction. Whole animals were homogenized using a Next Advance Bullet Blender® and
zirconium oxide beads (1.0mm diameter, Next Advance, Troy, NY). RNA was isolated using the
SV Total RNA Isolation System (Promega, Madison, WI) according to manufacturer
recommendations. cDNA was synthesized using ImProm-II™ Reverse Transcription System with
oligo (dT) primers (Promega, Madison, WI).

mRNA levels of NMDAR-a, NMDAR-b, JHAMT, FAMT, Met, and SRC were measured by
RT-gqPCR. Primer sequences for NMDAR-a (Chapter 3), NMDAR-b (Chapter 3), JHAMT
(Miyakawa et al., 2010), FAMT (Toyota et al., 2015b), Met (Miyakawa et al., 2010), and SRC

(Toyota et al., 2015b) were used to amplify mRNA sequences. RT-qPCR was performed with the
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7300 Real Time PCR System (Applied Biosystems, Foster City, CA) using 2x SYBR™ Green
Premix (ThermoFisher Scientific). A single melting peak was detected for each sample with an
amplification efficiency of >93%, indicating amplification occurred only for the target sequence.
Genex software (Bio-Rad Laboratories, Hercules, CA) was used to analyze relative levels of gene

expression by normalizing to two housekeeping genes, actin and GAPDH.

Data Analyses

Treatment differences in mRNA levels were evaluated using Student’s t-test when
variances were not different among treatments. The Mann-Whitney test was used when variances
were significantly different between groups. Significance was set at an alpha level of 0.05.

Statistical analyses were performed with Prism (v7.02, GraphPad Software, Inc).

RESULTS

Impact of MK-801 on selected mRNA levels

Experiments were performed to evaluate whether MK-801 stimulated male offspring
production by manipulating mRNA levels of components of the male sex determining signaling
pathway. Under the photoperiod non-permissive of male sex determination, MK-801 had no
impact on NMDAR-a mRNA levels (Fig. 1A), while NMDAR-b mRNA levels were significantly
higher with MK-801 exposure (Fig. 1B). MK-801 had little effect on JHAMT and FAMT mRNA
levels under the non-permissive photoperiod (Figs. 1C, D). Consistent with impacts on NMDAR-
b mRNA levels, Met and SRC mRNA levels were significantly elevated as compared to levels in
untreated organisms under the non-permissive photoperiod (Figs. 1E, F).

Under the permissive 10:14 L:D photoperiod, MK-801 had no impact on NMDAR-a

mRNA levels (Fig. 2A). NMDAR-b mRNA levels were highly responsive to MK-801 exposure,
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however, under the permissive photoperiod, NMDAR-b levels were significantly lower with MK-
801 treatment as compared to untreated organisms (Fig. 2B). MK-801 had little effect on JHAMT
and FAMT mRNA levels under the permissive photoperiod (Figs. 2C, D). Consistent with the
suppressive action of MK-801 on NMDAR-b under the permissive photoperiod, levels of Met and
SRC mRNA also were significantly lower among MK-801 treated organisms as compared to
untreated daphnids (Figs. 2E, F).

In summary, results demonstrate sensitivity of NMDAR-b, Met, and SRC mRNA levels to
MK-801 treatment. Results provide evidence to suggest that Met and SRC expression may be
co-regulated with NMDAR-b or regulated by a functional NMDAR resulting from synthesis of
the NMDAR-b subunit.

DISCUSSION

We hypothesized that the vertebrate NMDAR antagonist MK-801, which is able to increase
sex ratios in D. pulex, would alter mRNA levels of the NMDAR subunits as well as key genes in
the male sex determination signaling cascade. We demonstrated that MK-801 increased mRNA
levels of NMDAR-b, Met, and SRC in animals reared under a long day, non-permissive
photoperiod, and decreased mRNA levels of the same genes in animals reared under a short day,
permissive photoperiod. MK-801 did not impact NMDAR-a, JHAMT or FAMT mRNA levels.

We found that MK-801 was unable to alter NMDAR-a mRNA levels. This result was
consistent with our previous observation NMDAR-a mRNA levels were consistent despite
varying environmental conditions (Chapter 3). Together these results support the conclusion that
NMDAR-a expression is not readily perturbed by environmental stimuli nor chemical exposure

to NMDAR-targeting compounds.
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Our results show that expression of the enzymes responsible for producing the male sex
determining hormone methyl farnesoate were not increased by MK-801 exposure under
conditions permissive to male production. However, male:female sex ratios are increased in
animals exposed to MK-801 (Chapter 3). This suggests that glutamate signaling through the
NMDAR is not the primary driver of male sex determination. Moreover, our results suggest that
Met and SRC mRNA levels are also not driving this response since MK-801 decreased levels of
those genes as well in conditions permissive to male production. While these results together
support a relationship between NMDAR-b, Met, and SRC expression, it is unclear why short day
photoperiod in addition to MK-801 exposure decreases mRNA levels for these genes.

One other researcher has found instances of chemical exposure altering expression of
Met. Similar to daphnids, insect Met is critical to growth and development, as it binds to juvenile
hormone, the insect equivalent to methyl farnesoate (Jindra et al., 2013; Miura et al., 2005;
Miyakawa et al., 2013). Chironomus riparius exposed to chemicals frequently found in personal
care products exhibited increased expression of Met (Ozaez et al., 2016).

The effects of MK-801 on mRNA levels along the male sex determining pathway exhibit
a lack of concordance with previous observations on the effect of photoperiod on these mRNA
levels. Results suggests that MK-801 would render organisms reared under a non-permissive
photoperiod, susceptible to temperature-induced male sex determination and likewise, would
render organisms reared under a permissive photoperiod, non-susceptible to temperature-induced
male sex determination. Yet, previous studies revealed that permissiveness, as determined by
photoperiod, is not subject to alteration by MK-801 (Chapter 3).

Temperature also is a known regulator of male sex determination (Chapter 2). Further,

we previously provided evidence that MK-801 and temperature could function together to
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stimulate male sex determination. Thus, effects of MK-801 on pathway components that are
subject of modulation by photoperiod may be secondary and insignificant when compared to its
possible effects on pathway components that are subject to modulation by temperature. This
aspect of the male sex determination pathway was not evaluated in the present study.

In conclusion, results from this study, along with previous results (Chapter 3),
demonstrate that components of the putative male sex determining pathway, specifically
NMDAR-b, Met, and SRC, are subject to modulation by external influences that may regulate or
dysregulate population sex ratios. Similarities in induction trends and magnitudes suggest that
NMDAR-b and SRC are co-regulated. Alternatively, induction of NMDAR-b may result in the

assembly of functional NMDAR whose activity increases expression of SRC.
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Figure 1. Relative mRNA levels for D. pulex reared under long day photoperiod with 10
pM MK-801 exposure. White bars represent long day photoperiod and grey bars represent long
day photoperiod MK-801-exposed. Panels A and B: Levels of the NMDAR subunits, a and b,
respectively. Panels C and D: Levels of the enzymes responsible for methyl farnesoate
production, JHAMT and FAMT, respectively. Panels E and F: Levels of the MfR subunits, Met
and SRC, respectively. All groups are normalized to the respective control long day photoperiod
at 0 hours. Data are presented as mean and standard error (n=4). As asterisk denotes a

significant difference (p<0.05).
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Figure 2. Relative mRNA levels for D. pulex reared under short day photoperiod with 10
puM MK-801 exposure. Black bars represent short day photoperiod and grey bars represent short
day photoperiod MK-801-exposed. Panels A and B: Levels of the NMDAR subunits, a and b,
respectively. Panels C and D: Levels of the enzymes responsible for methyl farnesoate
production, JHAMT and FAMT, respectively. Panels E and F: Levels of the MfR subunits, Met
and SRC, respectively. All groups are normalized to the respective control long day photoperiod
at 0 hours. An asterisk denotes significant differences. Data are presented as mean and standard

error (n=4). As asterisk denotes a significant difference (p<0.05).
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CHAPTER 6
SUMMARY AND CONCLUSIONS

Environmental sex determination (ESD) is a strategy utilized by many genera of
organisms, though relatively little is known of the processes that regulate the phenomenon.
Research has focused largely upon: a) environmental factors that influence sex determination
(Ciofi and Swingland, 1997; Kleiven et al., 1992; Korpelainen, 1986; Korpelainen, 1990), b)
endocrine processes that dictate sex of offspring (Crews and Bergeron, 1994; Luckenbach et al.,
2009; Olmstead and LeBlanc, 2002), and ¢) ability of environmental chemicals to disrupt sex
determination (Guillette Jr. et al., 1995; Olmstead and LeBlanc, 2000; Vajda, Alan et al., 2008).
Processes responsible for the reception of environmental cues and their conversion to endocrine
signals remains largely unknown. In this research program, we have provided compelling
evidence for neurological processes that fill this knowledge gap.

Daphnids are an excellent organism with which to study processes relating to ESD given
their sequenced genome, rapid development time, ease of husbandry, and cyclic parthenogenesis
reproductive strategy of many species (Christie and McCoole, 2012; Colbourne et al., 2005;
Colbourne et al., 2011). Daphnids are broadly used in a variety of scientific fields and are relied
on as a representative genus for freshwater invertebrates (U.S. EPA, 2002). Their extensive use
in toxicity testing has established daphnids as a model organism, however, despite their status as
a surrogate aquatic invertebrate in research, their ability to switch from clonal reproduction to
sexual reproduction is an aspect of their biology that remains poorly understood.

Some aspects of daphnid male sex determination have been established, such as the
terminal hormone signaling cascade. We and others have determined that methyl farnesoate is the

hormone required to program developing oocytes into male offspring within daphnids (Olmstead
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and LeBlanc, 2002; Toyota et al., 2015a). Methyl farnesoate, which is produced by two enzymes
JHAMT and FAMT, binds to the transcription factor Met in order to initiate heterodimerization
with another transcription factor SRC (Kakaley et al., 2017; Xie et al., 2016). Together these
comprise the methyl farnesoate receptor and orchestrate downstream gene expression (Kato et al.,
2011; Rider et al., 2005). However, both an equivocal understanding of the critical environmental
cues that initiate the switch to male production, and the neural processing that mediates this
response was lacking and required further inquiry. We hypothesized that an upstream neural
processor of environmental signals initiates the cascade leading to environmental sex
determination. We further proposed that this processor is subject to disruption by neuroactive
exogenous chemicals.

The research in Chapter Two sought to characterize the environmental stimuli that lead to
male sex determination in two species of daphnids (Daphnia magna and D. pulex), and
hypothesized that photoperiod and temperature would co-regulate the response. We found that
photoperiod was critical in creating permissive conditions for male production, and temperature
modulated the response in a species-specific manner. Upon establishing stimulatory cues, we
further hypothesized that environmental stimuli alone would impact mRNA levels of genes
known to be involved in the male sex determining process. We discovered that environmental
stimuli significantly increased mRNA levels of the transcription factor Met in D. pulex, which
binds to methyl farnesoate when it is present to initiate methyl farnesoate receptor assembly.

The increased mRNA levels for Met likely reflects increased sensitivity to methyl farnesoate in
the animals under male-stimulating conditions.

Additionally, we contributed valuable knowledge regarding the oscillation of mRNA

levels of genes within the male sex determining cascade. Peaks in mRNA levels agreed with the
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sequence of the putative signaling cascade, and we discovered that general trends were consistent
across the reproductive cycle regardless of the photoperiod. This suggests that these genes are
important for other processes involved with reproduction and molting such that they are
expressed in a consistent manner regardless of whether male sex determination occurs. The
practice of molt-synchronizing animals prior to collection minimized variability due to the
infradian rhythm, and this technique should be taken into consideration when developing
standard methods for evaluating chemical toxicity to daphnids.

Establishing the environmental stimuli that led to male sex determination in two species
of daphnids provides valuable information for the purposes of future toxicity testing and
ecological studies that seek to capture seasonal transitions or relevant life history endpoints. Both
temperature and photoperiod were important cues, confirming other research that has found one
or both of these cues to be involved in male sex determination (Brown and Banta, 1932; Kleiven
et al., 1992; Korpelainen, 1986; Lampert et al., 2012; Toyota et al., 2017). A six-degree
temperature span was assessed in our assays, however this does not capture the full range of
temperatures these species may experience based on their geographic distributions (U.S. EPA,
2002). Further research for both species at a broader range of temperatures will elucidate the full
extent of temperature modulation on male sex determination processes.

The degree to which environmental stimuli impact hormonal signaling cascades (e.g.
enzyme activity, circulating hormone levels) has been somewhat explored for other animals with
ESD (Crain et al., 1997; Crews and Bergeron, 1994; Desvages and Pieau, 1992), however, few
studies directly measure mRNA levels of key signaling elements. Here we were able to examine
mRNA levels for several key sex determining genes in part due to the fully sequenced genome of

D. pulex (Colbourne et al., 2005). Our results corroborated similar data for the D. pulex terminal
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hormone signaling cascade (Kakaley et al., 2017; Toyota et al., 2015a). Research of this nature is
imperative to fully understanding the process of male sex determination and the factors that
control its occurrence.

In Chapter Three, we hypothesized that there was a neural processor of environmental
signals that coordinated subsequent endocrine changes. We proposed the N-methyl-p-aspartate
receptor (NMDAR), a glutamate receptor, was a viable candidate based on prior RNAseq
experiments conducted by other researchers (Toyota et al., 2015b). We assayed a suite of
chemicals that target NMDAR function to assess their impact on male sex determination. Two
chemicals, MK-801 and desipramine, were found to significantly impact D. pulex sex ratios and
are both antagonists of the NMDAR. From this discovery, we further probed the involvement of
the NMDAR in male sex determination processes by investigating mRNA levels of NMDAR
subunits under permissive and non-permissive photoperiods. We revealed that NMDAR-b levels
were highly malleable in response to photoperiodic cues. Based on the structural requirements
for NMDARs, this finding suggests that NMDAR functionality may be increased in the presence
of environmental cues permissive to male sex determination. Further research is necessary to
determine whether the increase in NMDAR-b subunit occurs broadly across the daphnid nervous
system or is concentrated in specific regions. This information would help discern whether
specific neural structures within daphnids contain concentrated expression of NMDAR-b
subunits and in turn may be responsible for orchestrating neuroendocrine cascades.

In Chapter Four, we evaluated several additional anti-depressant pharmaceuticals having
different modes of action in an effort to further discern neurological signaling pathways that
regulate male sex determination. Antidepressants that targeted serotonin signaling and

norepinephrine signaling (equivalent to octopamine in invertebrates) both increased male:female
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sex ratios. Examination of mRNA levels of a serotonin re-uptake transporter and an octopamine
receptor revealed that environmental conditions permissive to male sex determination
significantly increased these levels.

Dysregulated glutamate signaling has been implicated in the pathophysiology of
depression (Musazzi et al., 2011; Racagni and Popoli, 2008; Sanacora et al., 2012). Evidence in
vertebrate systems suggests that SSRIs and serotonin-norepinephrine reuptake inhibitors (SNRIs)
function as antidepressants by altering glutamate transmission through the NMDAR (Du et al.,
2006; Liu et al., 2017; Sanacora et al., 2012; Zarate et al., 2010). As such, the SSRIs and
norepinephrine-targeting chemicals assessed here may be impacting male sex determination by
modulating NMDAR function and glutamate transmission, consistent with our prior findings that
NMDAR antagonists increase male production in D. pulex (Chapter 3). Further experiments
assessing NMDAR subunit mRNA levels in daphnids exposed to SSRIs or norepinephrine-
targeting pharmaceuticals would further elucidate the means by which these chemicals influence
male sex determination.

Concern regarding the growing number of human pharmaceuticals released from waste
water treatment plants has grown in recent decades (Glassmeyer et al., 2017; Metcalfe et al.,
2010; Schultz et al., 2010; Writer et al., 2013). Fish and other aquatic species exposed to
neuroactive pharmaceuticals can display a range of disrupted behaviors, including disrupted
mating, aggression, escape, and locomotive behaviors (Sehonova et al., 2018). The majority of
neuroactive pharmaceuticals have not been adequately evaluated for their impact on behavior or
reproductive processes on non-target organisms. As such we establish groundwork information
relating to the potential of certain classes of antidepressant drugs to perturb sex determining

processes in daphnids.
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In Chapter Five, we hypothesized that exposure to MK-801, one of the chemicals that
increased sex ratios in D. pulex, exerted this effect by altering mRNA expression in NMDAR
subunits and genes within the male sex determining signaling cascade. We evaluated MK-801°s
effects under both non-male stimulating and male stimulating conditions. Results showed that
NMDAR-b was highly responsive to MK-801 exposure, however, the directionality of the
response depended on environmental conditions. Notably, under conditions non-permissive to
male production, NMDAR-b, Met, and SRC mRNA levels were elevated, while the opposite was
true under permissive conditions.

When considering these findings in the context of our results from Chapter Three, MK-
801’s effect on NMDAR-b, Met, and SRC under non-permissive conditions is similar to the
response we observed in animals exposed to permissive environmental conditions alone.
However, animals exposed to MK-801 under a long photoperiod do not produce male offspring
despite the increased mRNA levels of these genes. Conversely, MK-801 increases male
production in short photoperiod conditions while decreasing expression of NMDAR-b, Met, and
SRC. These findings suggest that MK-801 does not exert its effects on D. pulex sex ratios
exclusively through glutamate signaling. Further, MK-801 was unable to alter expression of
JHAMT or FAMT, suggesting that MK-801 impacts another factor that contributes to male sex
determination that was not evaluated here.

MK-801 likely impacts the male sex determination pathway through temperature-related
factors, since Chapter Three demonstrated that MK-801 acted in an additive fashion with
temperature to increase male offspring production. However, we did not assess temperature’s
impact on mRNA levels within the proposed and putative male sex determination signaling

cascade, nor did we assess the impacts of MK-801 on mRNA levels at multiple temperatures. In
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other taxa subject to ESD, specifically those subject to temperature sex determination, the
mechanistic underpinnings of temperature’s influence on sex determining pathways is also not
well understood and is the subject of ongoing research (Devlin and Nagahama, 2002; Lang and
Andrews, 1994; Santos et al., 2017). Likewise, the mechanism by which temperature modulates
male production in daphnids remains unknown and is an avenue for further investigation.

One major finding of this research is that D. pulex has differential sensitivity to chemicals
based on the environmental conditions alone, which is an essential consideration when
estimating the impact of an exposure. For all the chemicals that elicited changes in daphnid sex
ratios, a short day photoperiod was required to observe altered sex ratios. Experiments
conducted under conditions similar to standard laboratory conditions did not yield differences,
meaning effects would be missed when using standard testing protocols. The use of standard
conditions has been debated in the context of ecological risk assessment, wherein recommended
laboratory conditions capture a narrow range of physiological states (Bednarska et al., 2013).
Conversely, expanding test conditions poses limits the rate at which research can be completed,
since the list of chemicals of concern in the environment is already extensive and difficult to
complete with current time and resource allocation.

Overall our results contribute important information regarding the life history of two
species of daphnids and their sensitivity to environmental stimuli as it relates to male sex
determination. We established mRNA level oscillations in relationship to the infradian
reproductive cycle and the impact of environmental stimuli on those levels. We also provide
evidence in support of the NMDAR as a neural sensor of environmental stimuli, however, further

research is needed to clarify and fully understand its role. Results will inform experimental
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designs for future research projects in regard to the molt/reproductive cycle of a critical

freshwater invertebrate.
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