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Abstract

Sex steroids are important hormones produced in the body to regulate an individual’s
physiology and behavior in preparation for reproduction. Aromatase (Cyp19al) is the
steroidogenic enzyme that converts aromatizable androgens into bioactive estrogens,
and hence is in a pivotal position to mediate reproductive processes and sexual
behavior. In mice, evidence from whole body aromatase knockout and estrogen
receptor knockout lines has revealed the critical roles of estrogen signalling in ovarian
development, gonadotropin signalling, ovulation, and sexual behavior. While the ovaries
have high aromatase activity levels and are a major source of circulating estrogens in
the female body, they can also be locally produced in tissues via tissue-specific
aromatase expression. Of particular interest, the importance of brain-derived estrogens
for reproductive processes and sexual behavior is still under study. Teleosts are an
amenable model system for understanding the role of brain-derived estrogens in
reproduction as they have two aromatase paralogs, cypl9ala and cypl9alb, that are
highly expressed in the ovary and brain, respectively. In this thesis, | sought to identify
the importance of brain-derived estrogens for sexual behaviors and reproductive health
in zebrafish using cyp19al”- mutant lines and a transgenic cyp19alb-GFP line. In
dyadic sexual behavior assays, female cyp19alb”- mutants took 4.1 times longer to
initiate spawning behavior with wildtype (WT) males compared to WT females. This
suggested a potential impairment in mate identification and assessment in the female
cypl9alb” mutants. The importance of the cyp19al paralogs for early larval
development was revealed by 4 times higher progeny mortality from cyp19alb” mutant

female and cypl9ala’;cypl9alb”’ mutant male pairings compared to WT pairings.



Gene expression analyses identified significantly lower levels of important
neuroendocrine genes including the estrogen receptors and the nonapeptides, arginine
vasopressin (avp) and oxytocin, in the telencephalon and hypothalamus of cyp19alb”
mutant female compared to WT female brains. | performed acute intraperitoneal
injections of Avp and Oxytocin, as well as mixtures of their respective receptor
antagonists, in cyp19alb’ mutant females to determine if the behavioral impairments
could be rescued in adult fish. Arginine vasopressin was found to uniquely recover the
delayed oviposition in female cyp19alb’ mutants. Immunohistochemistry experiments
using the transgenic cypl9alb-GFP zebrafish line with a zebrafish-validated Avp
antibody revealed a close neuroanatomical proximity and contact points between radial
glial cell Cyp19alb-expressing fibres and Avp-immunopositive neurons in preoptic
areas. These findings suggest that brain-derived estrogens, via Cyp19alb activity,
might affect female sexual behavior by diffusing to nearby neurons to regulate Avp
signalling levels in preoptic areas. Together, these findings establish the importance of
cypl9alb for female zebrafish sexual behavior and identify a positive link between
Cyp19alb and Avp. Future study can help to characterize the estrogen-dependent
pathways involved in regulating Avp signalling in the female brain and the extent of
evolutionary conservation of this regulation pathway for female sexual behavior across

vertebrates.



Résumeé

Les stéroides sexuels sont des hormones importantes produites dans le corps pour
réguler la physiologie et le comportement d'un individu en préparation a la reproduction.
L'aromatase (Cypl9al) est I'enzyme stéroidogene qui convertit les androgenes
aromatisables en cestrogénes bioactifs, et elle occupe ainsi une position cruciale dans
la médiation des processus de reproduction et du comportement sexuel. Chez les
souris, des preuves provenant de lignées de souris knockout de I'aromatase et des
récepteurs d'cestrogenes ont révélé les réles critiques de la signalisation des
cestrogenes dans le développement ovarien, la signalisation des gonadotrophines,
l'ovulation et le comportement sexuel. Bien que les ovaires présentent des niveaux
d'activité aromatase élevés et constituent une source majeure d'cestrogénes circulants
dans le corps féminin, ils peuvent également étre produits localement dans les tissus
via l'expression d'aromatase spécifique aux tissus. D'un intérét particulier, I'importance
des cestrogenes dérivés du cerveau dans les processus de reproduction et le
comportement sexuel fait encore I'objet d'études. Les téléostéens constituent un
systéme modele adapté pour comprendre le role des cestrogenes dériveés du cerveau
dans la reproduction, car ils possedent deux paralogues d'aromatase, cypl9ala et
cypl9alb, qui sont fortement exprimés dans l'ovaire et le cerveau, respectivement.
Dans cette thése, j'ai cherché a identifier I'importance des cestrogénes dérivés du
cerveau pour les comportements sexuels et la santé reproductive chez le poisson zebre
en utilisant des lignées de mutants cyp19al” et une lignée transgénique cyp19alb-
GFP. Dans les tests de comportement sexuel dyadique, les mutants femelles cyp19alb-

'~ ont mis 4,1 fois plus de temps pour initier un comportement de ponte avec des males

Vi



de type sauvage (WT) par rapport aux femelles WT. Cela suggérait une altération
potentielle de l'identification et de I'évaluation des partenaires chez les mutants femelles
cypl9alb”. Limportance des paralogues de cyp19al dans le développement larvaire
précoce a été révélée par une mortalité des progénitures 4 fois plus élevée issue des
accouplements de femelles mutantes cyp19alb” et de males mutantes cypl9ala’
;,cyp19alb”’ par rapport aux accouplements de type sauvage. Les analyses
d'expression génigue ont révélé des niveaux significativement plus bas de genes
neuroendocriniens importants, notamment des récepteurs d'cestrogénes et des
nonapeptides, I'arginine vasopressine (avp) et l'ocytocine, dans le telencéphale et
I'hypothalamus des mutants femelles cyp19alb’- par rapport aux cerveaux des femelles
WT. J'ai réalisé des injections intrapéritonéales aigués d'Avp et d'Ocytocine, ainsi que
des mélanges de leurs antagonistes de récepteurs respectifs, chez les femelles
mutantes cyp19alb” pour déterminer si les altérations comportementales pouvaient
étre corrigées chez les poissons adultes. Il a été constaté que I'arginine vasopressine
récupérait de maniére unique la ponte retardée chez les femelles mutantes cyp19alb™.
Des expériences d'immunohistochimie utilisant la lignée de poisson zebre transgénique
cypl9alb-GFP avec un anticorps Avp validé chez le poisson zébre ont révélé une
proximité neuroanatomique étroite et des points de contact entre les fibres Cypl19alb
exprimant des cellules gliales radiales et les neurones immunopositifs a I'Avp dans les
régions preéoptiques. Ces résultats suggeérent que les cestrogénes dérivés du cerveau,
via l'activité de Cypl9alb, pourraient affecter le comportement sexuel des femelles en
diffusant vers les neurones voisins pour réguler les niveaux de signalisation de I'Avp

dans les régions préoptiques. Ensemble, ces résultats établissent I'importance de

Vil



cypl9alb pour le comportement sexuel des femelles zébres et identifient un lien positif
entre Cypl9alb et I'Avp. Des études futures peuvent aider a caractériser les voies
dépendantes des cestrogenes impliquées dans la régulation de la signalisation de I'Avp
dans le cerveau féminin et I'étendue de la conservation évolutive de cette voie de

régulation du comportement sexuel féminin chez les vertébrés.
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Chapter 1. General Introduction

Estrogenic Drive of Reproduction: The Interconnection of the Brain

and the Gonads

This chapter is adapted for inclusion in:

Trudeau, V.L., Shaw, K., Spadacini, V., Hu, W. Reproductive neuroendocrinology in
teleost fishes. Chapter 2. In Hormones and Reproduction of Vertebrates, Vol 2: Fishes.
Second Edition. Eds. Norris, D.O. and Lopez, K.H.. Elsevier Publishing. Submitted

August 2023.



1.1 Thesis Rationale

Estrogens have critical roles in preparing the female body for reproduction (Findlay et
al., 2010). Aromatase (Cypl9al) is the steroidogenic enzyme that functions in the final
and rate limiting step for bioactive estrogen production in the steroidogenesis pathway
(Gruber et al., 2002). While aromatase activity in the ovaries is a major tissue source of
circulating (i.e., systemic) estrogens, they can also be locally produced in tissues via
aromatase expression. There is growing recognition of the importance of tissue-specific
aromatase expression for varying physiological and behavioral functions of estrogen

signalling.

1.2 Thesis Hypotheses and Objectives

The goal of my thesis project is to establish the importance of brain aromatase (i.e.,
cypl9alb) for sexual behavior in zebrafish (Danio rerio). | tested the hypothesis that
mutation of cyp19alb affects sexual behavior through reduced neuropeptide signalling

levels in the brain. To address this hypothesis, | had the following objectives:

1) Assess changes in sexual behavior and reproductive health in cyp19ala™
and cyp19alb’ mutant zebrafish (Chapter 2).

2) Examine changes in the expression levels of esrs and neuropeptides known
to be important for zebrafish sexual behavior in the brains of cyp19alb”
mutant zebrafish (Chapter 3).

3) Determine if the behavioral impairments can be rescued using acute
intraperitoneal injections of hormones in adult fish (Chapter 3).

4) Identify the neuroanatomical distribution of Cyp19alb relative to key

regulators of teleost sexual behavior (Chapter 3).



1.3 Thesis Presentation

This doctoral thesis is composed of four chapters. An introductory chapter providing
necessary background information for understanding the study topic (Chapter 1), two
data chapters (Chapters 2-3), and a concluding chapter that features an overview of the
thesis findings and discussion of future research opportunities to build on the findings
(Chapter 4). Chapter 2 examines objective 1, and chapter 3 addresses objectives 2-4.
Chapters 1-3 are presented as independent manuscripts. As such, there is some
overlap in the content presented in each chapter, though | have attempted to keep this

to a minimum, where possible.

The text follows the guidelines of the Zebrafish Information Network for nomenclature to
designate teleost genes and their protein counterparts

(https://zfin.atlassian.net/wiki/spaces/general/pages/1818394635/ZFIN+Zebrafish+Nom

enclature+Conventions). Of note, the recently determined zebrafish nomenclature for

avp/Avp and oxt/Oxt contrasts the historically used nomenclature of avt/Avt and ist/Ist.
For mouse genes and their protein counterparts, the guidelines of the Mouse Genome
Informatics Database were followed

(https://www.informatics.jax.org/mgihome/nomen/gene.shtml#gnas) with slight

modification to the gene symbols used for brain (bAro KO) and total aromatase

knockout (tAro KO) lines to improve text clarity and reader comprehension.


https://zfin.atlassian.net/wiki/spaces/general/pages/1818394635/ZFIN+Zebrafish+Nomenclature+Conventions
https://zfin.atlassian.net/wiki/spaces/general/pages/1818394635/ZFIN+Zebrafish+Nomenclature+Conventions
https://www.informatics.jax.org/mgihome/nomen/gene.shtml#gnas

1.4 Steroidogenic Pathway for Estrogen Production

Estrogens are 18-carbon steroids derived from cholesterol through a series of reactions.
Firstly, cholesterol is taken into a steroidogenic cell through binding to lipoprotein
receptors on the cell membrane and transported to the inner mitochondrial membrane
via the cytoskeleton and intracellular carrier proteins such as the steroidogenic acute
regulatory protein (stAR; Papadopoulos and Miller, 2012). Within the mitochondrial
membrane, cholesterol is then converted into pregnenolone by the P450 side chain
cleavage protein (Cypllal) and released into the mitochondrial matrix (Slominski et al.,
2015). Pregnenolone is transported to the smooth endoplasmic reticulum where it can
be converted into numerous steroid hormones through the activity of steroidogenic
enzymes. The final rate-limiting step for bioactive estrogen production occurs in the
smooth endoplasmic reticulum via the activity of the aromatase (Cyp19al) enzyme that
converts testosterone (T) and androstenedione into estradiol (E2) and estrone (E1),
respectively (Gruber et al., 2002; Figure 1.1). Estrogens are metabolized through
various pathways including hydroxylation, glucuronidation, sulfation, and O-methylation
into hormonally inactive or less active water-soluble metabolites for elimination from the

body (Zhu and Conney, 1998).

In birds and most mammals, there is only one gene encoding aromatase (cypl9al).
Differential tissue expression of aromatase, and consequently estrogen production, is
established in the body via alternative splicing of the 5’ promoter region that constitutes
the untranslated exon | of cyp19al (Simpson et al., 1994). For example, ovarian
aromatase expression is specified by the proximal promoter region Il whilst brain

expression is specified by the distal promoter region I.f (Simpson et al., 1997). In



contrast, as a consequence of the whole genome duplication event, most teleosts have
two genes encoding aromatase: cypl9ala and cypl9alb, with distinct expression
profiles predominately observed in the gonads and brain, respectively (Lin et al., 2020).
Findings from teleost expression studies indicate that the paralogs represent a
subfunctionalization of the ancestral cypl9al gene (Zhang et al., 2014, but see B6hne
et al., 2013 for novel functions observed in East African cichlids). For example,
cypl9ala is highly expressed in ovarian granulosa cells resulting in high estrogen
production levels that are deposited into systemic circulation. Testes cypl9ala
expression is comparatively much lower in Leydig cells. Estrogen signalling is
nonetheless believed to serve important functions in males through other local tissue-
specific aromatase expression. In both sexes, cyp19alb is highly expressed in the
brain, and specifically in radial glial cells (RGCs). Teleost cypl9alb RGC expression is
due to the presence of a cis-acting regulatory glial x responsive element in the promoter
region that recruits glial-specific transcription factors to upregulate cypl9alb expression
(Le Page et al., 2008). Aromatase expression has been identified in several other extra-
gonadal tissues including the pituitary gland, fat, muscle, and bone, among others,

providing a pathway for local estrogen production (Simpson et al., 2003).
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Figure 1.1- Aromatase pathway. The aromatase (Cypl19al) enzyme functions to
convert the aromatizable androgens, testosterone and androstenedione, into bioactive

estrogens, estradiol and estrone, respectively.

1.5 Estrogen Signalling Pathways

Estrogen signalling is mediated by several pathways leading to tissue- and cell-specific
effects. Intracellular nuclear estrogen receptors (nEsrs) activated by estrogen binding
can dimerize to regulate gene transcription through binding to estrogen response
elements (ERES) in gene promoter regions or through protein-protein interactions with
transcription factors such as the activator protein 1 (Apl) and specificity protein 1 (Spl),
when bound to their respective promoter elements (Figure 1.2; Klinge et al., 2001).

These genomic signalling pathways can induce long term effects on diverse processes



including dendritic and synaptic structure, ion channel expression, neurotransmitter and
neuropeptide signalling, among others (McEwen, 1991). While in birds and mammals
there are two nEsrs named estrogen receptor 1 (Esrl) and estrogen receptor 2 (Esr2),
most teleosts possess three nEsrs called Esrl, estrogen receptor 2a (Esr2a), and
estrogen receptor 2b (Esr2b; Nelson and Habibi, 2013). Another pathway of estrogen
signalling involves binding to extracellular membrane-bound estrogen receptors (mEsrs)
that activate second messenger signalling pathways within the cell (Figure 1.2; Levin,
2009). These signalling pathways can lead to changes in protein activity, ionic currents
and gene transcription, among others (Simoncini and Genazzani, 2003). In birds and
mammals, several mEsrs have been identified including G protein-coupled estrogen
receptor (Gper, formerly Gpr30) as well as recombinant mammalian isoforms, Esr-X
and Gg-mEsr (Wojnarowski et al., 2022). In teleosts, a Gper has been identified, with
more recent evidence revealing two paralogues, gpera and gperb, in some species

(Pinto et al., 2018).
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Figure 1.2- Simplified schematic of estrogen signalling pathways in the cell.

Estradiol (E2) can bind to activate extracellular membrane-bound estrogen receptors
(mEsrs) on the cell surface. This leads to the activation of second messenger signalling
pathways within the cell, such as the protein kinase A (PKA) signalling pathway
involving adenylyl cyclase (AC), cyclic adenosine 3’,5’-monophosphate (CAMP), PKA,
and cAMP response element binding protein (CREB) that binds to CAMP response
elements (CRE) in gene promoter regions to activate gene transcription. Another
pathway of estrogen signalling involves E2 binding to activate nuclear estrogen
receptors (nEsrs) in the cell nucleus, which can then dimerize to bind estrogen

response elements (ERES) in gene promoter regions or interact with transcription



factors such as the activator protein 1 (Apl) and specificity protein 1 (Sp1), when bound

to their respective promoter elements.

1.6 The Hypothalamic-Pituitary-Gonadal Axis

The hypothalamic-pituitary-gonadal (HPG) axis represents a critical pathway for
reproductive regulation in vertebrates. The hypothalamus, in the ventral forebrain, is
composed of four regions named the preoptic, anterior, tuberal, and mammillary, that
play important roles in regulating physiological homeostasis and behavior (Xie and
Dorsky, 2017). The preoptic area (POA) and anterior hypothalamus (AH) are particularly
important and well-studied brain regions in reproduction as they serve as major
integration centers of sensory information from the peripheral nervous system with
internal homeostatic cues to output signals that regulate neuronal activity in other brain
regions (encephalotropic pathway) as well as the production and release of various
endocrine hormones from the pituitary gland to target peripheral tissues
(hypophysiotropic pathway; Alvarez-Bolado, 2019; Herget et al., 2014; Machluf et al.,
2011). For example, the nonapeptides arginine vasopressin (Avp) and oxytocin (Oxt)
produced in the POA and AH have been linked to numerous reproductive functions
including neuromodulation of sensory processing, regulation of circadian rhythms,
parturition/oviposition, lactation, and penile erection, among others (Banerjee et al.,
2017). Another important signalling pathway in this region involves gonadotropin-
releasing hormone (Gnrh) that is produced in the POA and AH and transported to the
pituitary gland to stimulate luteinizing hormone (Lh) and follicle stimulating hormone

(Fsh) release (Gore, 2002). The gonadotropins are transported to the gonads through



the systemic circulatory system where Lh functions to stimulate oocyte maturation and

ovulation and Fsh induces gametogenesis and follicular growth (Zhang et al., 2015).

While mammals have a median eminence for transport of neuropeptides from the
hypothalamus to the pituitary gland, this structure is absent in teleosts and instead
neuropeptides are directly transported through neural fibres (Trudeau and Somoza,
2020). Another interesting difference in the HPG axis of mammals and teleosts is the
necessary role of Gnrh for reproduction. In mammals, increased estrogen and
progesterone levels produced by the ovaries during proestrus play a critical role in
kisspeptin-mediated stimulation of Gnrh neurons in the POA to induce the Lh surge
necessary for ovulation (Clarkson et al., 2008). Gnrh deficiency in female mice induces
hypogonadotropic hypogonadism and infertility (Bliss et al., 2010; Mason et al., 1986).
Interestingly, in some teleosts, Gnrh signalling is not required for reproduction. For
example, there were no effects of gnrh3 mutation, the main hypophysiotropic gnrh, on
zebrafish reproduction or fertility (Feng et al., 2020; Marvel et al., 2018). The observed
differences between mammals and teleosts may be a consequence of the direct
pituitary innervation in teleosts that provides a pathway for independent stimulation of
gonadotroph cells by numerous neuropeptides and neurotransmitters (Trudeau, 2018).
Of particular interest, more recent findings in zebrafish mutant lines have demonstrated
critical roles of the secretoneurins (SNs; the secretogranin 2 (scg2)-derived peptides)
and the nonapeptides for reproduction, which may represent additional regulatory
pathways in teleosts. For example, in dyadic sexual behavior assays, female scg2a™
;scg2b” mutant zebrafish were found to have significant reproductive impairments

characterized by reduced sexual behavior, ovulation, oviposition, and fertility (Mitchell et
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al., 2020). It was also recently discovered that female zebrafish avp”’ mutants have
lower sexual receptivity and fewer eggs spawned during sexual behavior assays
(Ramachandran et al., 2023). Further description of the importance of the nonapeptides
for teleost reproduction was covered more fully in a recent co-authored review paper

(Appendix A; Mennigen et al., 2022).

1.7 The Role of Estrogens in Mouse Reproduction

Our early understanding of the importance of estrogens for reproduction was greatly
advanced by the findings from mouse Esr knockout (Esr KO) and aromatase knockout
(Aro KO) model systems. It is worthwhile to review the knowledge gained by studying
these models to recognize the foundations of our understanding of estrogen signalling
effects on reproduction and to help in recognizing the limitations for understanding

brain-specific effects on sexual behavior compared to teleost model systems.

The developmental abnormalities and behavioral impairments observed in Esr KO and
Aro KO mice identified the important estrogen-dependent physiological and behavioral
changes necessary to prepare the body for reproduction. For example, Esrl KO
females were infertile displaying smaller-sized uteri with impaired mitogenic activity,
ovaries containing hemorrhagic and cystic follicles (i.e., impaired folliculogenesis), failed
ovulation, and higher levels of fsh and |h receptors in the ovaries compared to wildtype
(WT) females (Dupont et al., 2000; Emmen and Korach, 2003; Lubahn et al., 1993;
Schomberg et al., 1999). Further study of the brain and pituitary gland in Esrl KO mice
revealed that the ovarian abnormalities were, at least in part, due to disrupted negative
feedback of Esrl signalling in the hypothalamic-pituitary axis resulting in elevated serum

Lh levels (Couse et al., 1999; Emmen and Korach, 2003; Scully et al., 1997). These
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findings were supported by observations in a Lh transgenic mouse line that
overexpressed the Lhb subunit. Mice with overexpression of Lhb displayed a similar
phenotype of infertility with cyst formations observed in the ovary and disrupted
ovulation revealing the important role of Esrl signalling at the level of the hypothalamic-
pituitary axis for ovarian function (Risma et al., 1995). In male Esrl KO mice, the
reproductive tract developed normally at the prenatal stage; however, following puberty,
males were infertile with significantly higher serum Lh levels and Leydig cell hyperplasia
in the testis (Eddy et al., 1996). There were less dramatic effects of Esr2 KO on mouse
reproduction. Female Esr2 KO mice were subfertile producing fewer pups and litters
compared to WT females and possessed immature uteri and ovaries with fewer corpora
lutea that indicated partial arrest of folliculogenesis and ovulatory dysfunction (Dupont et
al., 2000; Emmen and Korach, 2003; Krege et al., 1998; Weihua et al., 2000). Male
Esr2 KO mice were fertile with no obvious morphological abnormalities (Emmen and
Korach, 2003). In both sexes, Esrl/2 KO mice were infertile displaying phenotypes
largely reflective of the single Esr KO lines (Dupont et al., 2000; Emmen and Korach,
2003). The reproductive phenotypes of Esrl/2 KO mice also resembled those of the
total aromatase knockout (tAro KO) mice, which lack whole body aromatase expression
(Britt et al., 2001; Fisher et al., 1998; Robertson et al., 2001). Together, these findings
demonstrated that the loss of estrogen signalling dramatically impaired mouse
reproduction through effects on reproductive tract development as well as through

disruptions to the HPG axis.

Reproduction was also impaired in the Esr KO and Aro KO lines through effects on

sexual behavior. Female Esrl KO and tAro KO mice produced fewer lordosis displays,
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a measure of sexual receptivity, and increased rejection of male stud mice compared to
WT females in sexual behavior assays (Bakker et al., 2002a, 2003; Ogawa et al., 1998).
Male Esrl KO, Esrl/2 KO, and tAro KO mice displayed impaired sexual behavior
characterized by defects in mounting behavior and/or intromission and ejaculation when
paired with WT females (Bakker et al., 2002b; Honda et al., 1998; Ogawa et al., 1997,
2000; Matsumoto et al., 2003; Wersinger et al., 1997). No effects of Esr2 KO on female
or male sexual behaviors were observed (Krege et al., 1998; Ogawa et al., 1999). While
these impairments in sexual behavior could be the result of the identified disruptions in
Lh signalling in the HPG axis, more recent evidence has indicated an impairment in
social recognition abilities in the Esr KO and Aro KO mice that suggest defects in
peripheral and central sensory processing pathways that are important for mate
identification and assessment. For example, impairments in olfactory discrimination
were identified in Esr KO and Aro KO mice that could underlie impaired mate
recognition during sexual behavior since mice rely heavily on pheromonal cues for
mating (Bakker et al., 2002a, 2002b; Choleris et al., 2003, 2006; Pierman et al., 2008).
A summary figure of the effects of Esr KO and Aro KO on mouse reproductive

physiology and sexual behavior is depicted in Figure 1.3.
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Figure 1.3- Summary of estrogen receptor knockout (Esr KO), total aromatase
knockout (tAro KO), and brain aromatase knockout (bAro KO) effects on mouse
reproductive physiology and sexual behavior post-puberty. Findings in female mice
are boxed in green, while findings in males are boxed in blue. References used: Bakker
et al., 2002a, 2002h, 2003; Britt et al., 2001; Brooks et al., 2020; Choleris et al., 2003,
2006; Couse et al., 1999; Dupont et al., 2000; Eddy et al., 1996; Emmen and Korach,
2003; Fisher et al., 1998; Honda et al., 1998; Krege et al., 1998; Lubahn et al., 1993;
Matsumoto et al., 2003; Ogawa et al., 1997, 1998, 1999, 2000; Pierman et al., 2008;

Robertson et al., 2001; Schomberg et al., 1999; Wersinger et al., 1997.
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While there is strong evidence in mice identifying physiological and behavioral
abnormalities following the loss of estrogen signalling pathways that significantly impair
reproduction, it is difficult to disentangle the independent roles of gonadal- and brain-
derived estrogens to the observed effects. Firstly, because effects on the HPG axis
could be due solely to loss of estrogen signalling in one tissue, either the hypothalamus,
pituitary, or gonads, but tissue-specific differences cannot be identified from whole-body
KO lines. Secondly, because in females, large amounts of systemic estrogens supplied
by the ovaries can cross the blood-brain barrier to affect estrogen signalling levels in the
brain independent of local estrogen production (Diotel et al., 2018). The independent
role of brain-derived estrogens in male sexual behavior was recently revealed through
the creation of a brain aromatase knockout (bAro KO) model. Male bAro KO mice have
significantly lower whole brain E2 levels compared to WT males and similar levels to
tAro KO males, but do not display the significantly lower serum E2 levels observed in
tAro KO males (Brooks et al., 2020). When tested in sexual behavior assays with a
hormonally primed WT female, male bAro KO mice had a significantly longer latency to
the first mount event compared to WT males. This finding confirmed an important role of
brain-derived estrogens in male sexual behavior, whereby their absence significantly
prolonged the initiation of mating behavior. The critical brain region of estrogen

signalling underlying the behavioral impairments was not identified in the study.

While female bAro KO mice have not yet been assessed, growing evidence indicates
that brain-derived estrogens likely serve an important role in coordinating female sexual
behavior to ovarian readiness for reproduction. Neuroanatomical changes that serve

critical roles in activating female sexual behavior have been identified in the mouse
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brain and are linked to increased systemic estrogen levels during the estrous cycle
(Gutierrez-Castellanos et al., 2022; Inoue et al., 2019, 2022; McHenry et al., 2017; Sica
et al., 2009; Yin et al., 2022). Though changes in brain cypl19al levels across the
estrous cycle have not yet been studied, brain estrogen levels are likely a combined
result of systemic estrogens that enter the brain through the blood-brain barrier as well
as locally produced estrogens via upregulation of the positively estrogen-regulated
mouse cypl9al I.f promoter (Yilmaz et al., 2009). Indeed, brain regions with high
aromatase activity levels have been documented to have higher E2 levels than those
observed in the serum (i.e., systemic levels; Li and Gibbs, 2019). Brain aromatase
activity alone was found to maintain transcription levels of estrogen-regulated genes in
the female mouse brain following ovariectomy over short time periods (10 days);
however, transcript levels of estrogen-regulated genes were significantly lower after
long term (70-day) ovariectomy (Baumgartner et al., 2019). Together, these findings
support the notion that ovarian estrogens could prime the brain for sexual behavior
through effects on brain aromatase activity to coordinate the ovary and brain for
reproduction. One of the important considerations when interpreting these findings,
however, is that ovariectomy can affect numerous hormone signalling pathways that are
independent of estrogens, since the ovaries produce many hormones that function in
female reproduction, of particular note is progesterone. Therefore, the interpretation of
support for this hypothesis is complicated by the confounding effects of ovariectomy on
other hormone signalling pathways. To alleviate this concern requires the selective

inhibition of aromatase expression independently in the ovary and brain to effectively

16



identify the independent contribution of ovarian- and brain-derived estrogens to female

reproduction.

In this regard, teleost model systems offer significant advantages for assessing the
independent importance of ovarian- and brain-derived estrogens for female sexual
behavior. This is due to the presence of separate genes, cypl9ala and cypl9alb, that
encode aromatase with distinct expression profiles, being highly expressed in the ovary
and brain, respectively (Diotel et al., 2018). The large diversity of reproductive systems
in teleosts also provide valuable opportunities for comparative analyses to identify
evolutionary pathways of conserved and evolved differences in estrogen signalling

effects on reproduction.

1.8 The Role of Estrogens in Teleost Reproduction

The recent creation of zebrafish cyp19al’ mutant lines identified the critical role of
cypl9ala in sexual differentiation of the ovaries, whilst cyp19alb was not required for
this process (Dranow et al., 2016; Lau et al., 2016; Yin et al., 2017). It was also
observed that cypl9ala was not required for sexual differentiation of the testes in male
cypl9ala’ mutants and no developmental abnormalities were observed in male
mutants. Rather, cyp19ala’ mutant testes were found to have higher spermatozoa
counts and increased levels of spermatogenesis-related genes compared to WT males
suggesting a potential reproductive benefit of cypl9ala mutation in males (Tang et al.,
2017). In addition to the importance of Cypl9ala for ovarian development, ovarian-
derived estrogens are also required for maintenance of the ovarian state in adulthood. If
estrogen production is blocked via chemical inhibition of aromatase activity, female

fertility is significantly impaired, and in some cases, the ovaries regress and
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dedifferentiate to become testes signifying biological sex change (Rahaman et al., 2020;

Takatsu et al., 2013).

Study of teleost esr’”- mutant lines has helped to identify the Esr signalling pathways
underlying the observed effects on female fertility as well as identified compensatory esr
expression in mutant lines during development and evolved differences in the
importance of the esrs among species. In zebrafish, while there were no significant
effects of single esrl, esr2a or esr2b mutation on female reproductive development or
fertility at 120 days post-fertilization (dpf), male-biased sex ratios were observed in all
mutant lines (Lu et al., 2017). Evidence of compensatory Esr signalling among the
single mutant lines was suggested by the reproductive abnormalities observed in double
mutant and triple mutant lines. For example, while double esrl”;esr2a’- mutant females
displayed normal fertility, ovarian growth, and folliculogenesis, their ovaries contained
multilayered follicle cells surrounding the oocyte at the previtellogenic stage compared
to the single layered follicle observed in WT fish as well as hyperproliferation of stromal
cells. The ovaries of double esr2a’;esr2b’ mutant and triple esr1”;esr2a’;esr2b’
mutant lines displayed hyperproliferation of stromal cells and degenerating oocytes at
45 dpf. These mutant lines were also fully masculinized by 120 dpf demonstrating the
importance of Esr2 signalling for ovarian differentiation. While study of esr
compensation in the double mutant lines was not undertaken, female esr2a’- ovaries
were found to have increased esr2b levels suggesting compensation occurred during
development to prevent the ovarian abnormalities observed in the double and triple
mutants. No effects of single, double, or triple esr mutation on testicular development,

spermatogenesis or male fertility were observed. Investigation of effects in the
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hypothalamic-pituitary axis were not undertaken in the study. In another study, female
esrl’” mutant zebrafish were found to have enhanced fertility (i.e., higher egg
production) at 90 dpf despite normal pituitary Lhb and Fshb levels but were infertile with
significantly lower pituitary Lhb and Fshb levels and degenerated ovaries at 180 dpf
(Chen et al., 2018). These findings indicated potential age-dependent effects of esrl
mutation on female fertility. Male mutants were not assessed in the study. Together,
these findings demonstrate a critical role of Esr2 signalling for ovarian development with
evidence of esr2 compensatory upregulation to prevent reproductive impairments in
mutant lines, as well as Esrl signalling effects on gonadotropin levels in the pituitary

gland.

Species differences in Esr signalling importance for reproductive development is
evidenced by differences in findings in female esr’- mutant Japanese medaka (Oryzias
latipes). Female and male medaka esr1’- mutants did not display any significant
impairments in gonadal development at 90 dpf and there was no evidence of
compensatory upregulation identified in the mutant gonads (Tohyama et al., 2017).
However, female esr2a’- mutants aged 120-150 dpf displayed significantly higher
pituitary fshb levels, unchanged pituitary Ihb levels, and oviduct atresia resulting in failed
oviposition and infertility (Kayo et al., 2019). No effects on ovarian or testicular
development were observed in esr2b”- mutant medaka; however, female mutants
displayed increased rejection of WT males and did not spawn eggs during pairwise
mating trials (Niishike et al., 2021). Together, these findings revealed important roles of
Esr2a signalling for pituitary Fsh production and ovarian development, as well as Esr2b

signalling effects on female sexual behavior in medaka. A summary figure of estrogen
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receptor mutant (esr’) and ovarian aromatase mutant (cypl9ala’) effects on zebrafish

and medaka reproductive physiology and sexual behavior is depicted in Figure 1.4.
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Figure 1.4- Summary of estrogen receptor mutant (esr’-) and ovarian aromatase
mutant (cyp19ala’) effects on zebrafish (zf) and Japanese medaka (jm)
reproductive physiology and sexual behavior. Findings in female fish are boxed in
green, while findings in males are boxed in blue. Fish age at testing is indicated in days

post-fertilization (dpf). References used: Chen et al., 2018; Dranow et al., 2016; Kayo et
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al., 2019; Lau et al., 2016; Lu et al., 2017; Niishike et al., 2021; Tang et al., 2017;

Tohyama et al., 2017; Yin et al., 2017.

Following sexual maturity, ovarian estrogens deposited into systemic circulation play
important roles in preparing the body for reproduction. For example, systemic estrogens
increase Esrl signalling levels in the liver for vitellogenin production, which is an
important yolk protein that nourishes the embryo during early development (Hara et al.,
2016). Administration of chemical aromatase inhibitors significantly reduces systemic
E2 and vitellogenin levels leading to decreased female fertility and fecundity (Ankley et
al., 2002; Sun et al., 2007). Systemic estrogens also tune the peripheral nervous
system for mate identification and assessment as evidenced in species that rely on
auditory (Sisneros et al., 2004) and visual (Butler and Maruska, 2021; Friesen et al.,

2017) communication signals.

There is accumulating evidence identifying changes in the central nervous system that
indicate a coordination of ovarian- and brain-derived estrogen production for
reproduction. For example, levels of cypl9alb and Cypl9alb activity in the brain vary
across the annual reproductive cycle with highest levels observed during the
reproductive period corresponding to the timing, or shortly after the timing, of high
systemic estrogens (i.e., high Cypl19ala activity) in goldfish (Carassius auratus; Gelinas
et al., 1998), the European sea bass (Dicentrachus labrax; Gonzalez and Piferrer,
2003), the Asian Stinging catfish (Heteropneustes fossilis; Chaube et al., 2015), the
channel catfish (Ictalurus punctatus; Kazeto et al., 2003), and the Indian climbing perch
(Anabas testudineus; Pal et al., 2018). Support for an ovary-brain coordination of

cypl9ala and cypl9alb levels also exists in species with shorter reproductive cycles
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like the African cichlid (Astatotilapia burtoni; Maruska et al., 2020), and diurnal breeders
with a 24-hour reproductive cycle such as zebrafish (Di Rosa et al., 2016), the
Threespot Wrasse (Halichoeres trimaculatus; Oh et al., 2018), and medaka (Okubo et
al., 2011). The cypl9alb promoter contains an ERE providing a direct pathway for
estrogenic regulation of cypl9alb (Menuet et al., 2005) following entry of systemic
estrogens into the brain that can bind and activate Esrs. Changes in brain estrogen
signalling levels could represent important changes in the central nervous system to
augment peripheral changes important for reproduction, and therefore, function to
coordinate sexual behavior to the timing of ovarian preparation. Regions of conserved
RGC cypl9alb expression in the brain have been identified across teleosts suggesting
potential conserved evolutionary pathways for estrogenic regulation of reproduction in
the brain (Shaw, 2018). Of important note, cyp19alb is exclusively expressed in RGCs
in the teleost brain (Tong et al., 2009), which contrasts the constitutive neuronal
expression in mice, under normal conditions (Beyer et al., 1994). Nonetheless, teleost
RGCs are steroid synthetic cells that possess the full complement of steroidogenic
enzymes for de novo steroidogenesis (Diotel et al., 2018). Therefore, if locally produced
brain estrogens induce effects on sexual behavior, these changes are most likely the
result of RGC-derived estrogens diffusing to bind Esrs in nearby neurons to modify

levels of estrogen-regulated genes important for sexual behavior.

Despite strong indications of a likely role of cypl9alb in teleost reproduction, there has
been limited study of cyp19al”’ and esr’- mutant effects on teleost sexual behavior,
other than the previously mentioned fertility assessments. To the best of my knowledge,

only esr2”- mutant medaka have been studied in sexual behavior assessments to date.
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Female medaka esr2a’ mutants displayed ovarian abnormalities that caused infertility
despite displaying normal sexual behavior in pairwise mating trials (Kayo et al., 2019).
Interestingly, female esr2b’- mutant medaka displayed a different phenotype
characterized by normal ovarian development but reduced sexual receptivity and
therefore did not spawn eggs with WT males (Niishike et al., 2021). The effects of esr2b
mutation were female-specific as male esr2b’- mutant medaka displayed normal
courtship behavior and achieved normal levels of spawning success with WT females.
Further study determined that the female mutant behavioral phenotype was a
consequence of reduced Esr2b signalling in neuropeptide B (npba)-expressing neurons
in the ventral telencephalon and POA. These findings were supported by the previously
described higher npba levels in these regions in female compared to male brains and
reduced female sexual behavior in npba’- mutant medaka (Hiraki-Kajiyama et al., 2019).
Together, these findings demonstrated a sex-specific role of Esr2b signalling in npba-
expressing neurons for the display of female medaka sexual behavior. Female medaka
sexual behavior has also been linked to Oxt signalling. Female oxt”- and oxytocin
receptor 17~ (oxtr1”) mutants displayed reduced mate preference for familiar males

compared to their WT counterparts (Yokoi et al., 2020).

Other important neuropeptides for female teleost sexual behavior that may be linked to
brain estrogen signalling include Avp and the SNs. For example, female avp”’- mutant
zebrafish displayed reproductive impairments characterized by lower female sexual
receptivity and fewer eggs spawned during dyadic sexual behavior assays
(Ramachandran et al., 2023). A functional link between brain estrogen signalling and

Avp production was demonstrated in spawning capable female round gobies
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(Neogobius melanostomus), whereby E2 administration in brain explants increased Avp
release into the surrounding medium (Kalamarz-Kubiak et al., 2017). Female scg2a™
;scg2b”- mutant zebrafish were also found to have reduced sexual behavior, ovulation,
oviposition, and fertility (Mitchell et al., 2020). While intracerebroventricular injections of
secretoneurin A (SNa; the Scg2a-derived peptide) downregulated cyp19alb levels in
goldfish telencephalon and hypothalamus (Da Fonte et al., 2018), the effects of brain

estrogens on SN signalling are unknown.

In sum, teleosts are an ideal model system for studying brain-derived estrogen effects
on reproduction due to the presence of an independent gene for local brain estrogen
production (i.e., cypl9alb). There is growing evidence that suggests an important role
of cypl9alb in female teleost sexual behavior that could represent a coordination of
brain- and ovarian-derived estrogens for reproduction. Since cyp19alb is exclusively
expressed in RGCs in the teleost brain, this pathway would necessitate changes to
important neuronal mediators of female sexual behavior. Together, these observations

formed the foundation of this thesis.

1.9 Characterization of Zebrafish cyp79a1’- Mutant Lines

The zebrafish cyp19al”- mutant lines used in this study were previously published in Yin
et al. (2017). In brief, the mutant lines were created using a parental zebrafish AB strain
and transcription activator-like effector nucleases (TALEN)-mediated technology to
create indel mutations in each of the cyp19al paralogs producing frameshift mutations
in the corresponding proteins. A 31-basepair (bp) deletion was generated in exon 3 of
cypl9ala (Figure 1.5A) and a 13-bp deletion was created in exon 4 of cypl9alb

(Figure 1.5B). The target genomic regions in the cyp19al’ mutant lines were amplified
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by polymerase chain reaction (PCR) and sequenced to verify the indel mutations at
target sites. | further validated the cyp19alb” mutant line using E2 enzyme-linked
immunoassay (ELISA) tests to identify significantly lower brain E2 content in cyp19alb™

mutants compared to WT fish (see Chapter 2).

A
Zebrafish cyp19aia

Exon 4 Exon 7

xon 3

WT: TAAGGAAGTCTTTGTAC ACTTCACGCTTTGGA AGTAAACTGGGTCTGC AGTGCATCGGG
4= TAAGGAAGTCTTTGTAC ACT- - = = m == o mmmm mmmmmmmmeoeam o o GCATCGGG (-31 bp)

Exon 2

Exon 1

Zebrafish cyp19a1b

Exon1 Exon2 Exon3 Exon 4 Exon 5 Exon 6 Exon 7 Exon 8 Exon 9 Exon 10

\\/-
WT: TTGCAGACCTTTGGCAC TGGCAAACCTCCCTGT GTAATTATTGCTCTTCA

-I-- TTGCAGACCTTTGGCAC TG ------------~- GTAATTATTGCTCTTCA (-13 bp)

Figure 1.5- Zebrafish cyp19al’ mutant lines created by transcription activator-like
effector nucleases (TALEN)-mediated gene deletions. The cyp19ala’ mutant line
contains a 31-basepair (bp) deletion in exon 3 of cypl19ala (A). The cypl9alb’ mutant
line contains a 13-bp deletion in exon 4 of cypl9alb (B). Locations of the gene

deletions are indicated by red dashed lines. Figure adapted from Yin et al., 2017.
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1.10 Ethics Statement
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Chapter 2: Mutation of Brain Aromatase Disrupts Spawning Behavior

and Reproductive Health in Female Zebrafish

This chapter was adapted from:
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Abstract

Aromatase (Cypl9al) is the steroidogenic enzyme that converts androgens into
bioactive estrogens, and hence is in a pivotal position to mediate reproduction and
sexual behavior. In teleosts, there are two aromatase paralogs: cypl9ala that is highly
expressed in granulosa and Leydig cells in the gonads with critical function in sexual
differentiation of the ovary, and cyp19alb that is highly expressed in radial glial cells in
the brain with unknown roles in reproduction. Cyp19al”’- mutant zebrafish lines were
used to investigate the importance of the cypl9al paralogs for sexual behavior and
offspring survival and early development. Mutation of cyp19alb was found to increase
the latency to the first oviposition in females. Mutation of cyp19alb in females also
increased the number of eggs spawned; however, significantly more progeny died
during early development resulting in no net increase in female fecundity. This finding
suggests a higher metabolic cost of reproduction in cyp19alb’ mutant females. In
males, the combined mutation of both cyp19al paralogs resulted in significantly lower
progeny survival rates, indicating a critical function of cyp19al during early larval
development. These data establish the specific importance of cyp19alb for female

sexual behavior and the importance of the cyp19al paralogs for early larval survival.

2.1 Introduction

Androgens and estrogens are two major groups of sex steroids that play critical roles in
vertebrates to coordinate the physiology and behavior of an individual with its
environment. Aromatase (Cypl9al) is the terminal steroidogenic enzyme that converts
the aromatizable androgens, T and androstenedione, into E2 and E1, respectively. In

birds and most mammals, there is only one aromatase gene, cypl9al, whose
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differential tissue distribution is attributed to differences in splicing of 5’ untranslated
promoter regions across tissues (Simpson et al., 1994). In contrast, teleosts possess
two distinct cypl9al genes, cypl9ala and cypl9alb, with differential tissue distribution.
This is due to distinct regulatory elements in their promoter regions and differences in
the presence of required transcription factors in specific cell types (Le Page et al.,
2008). In many teleosts, cypl9ala is the most highly expressed aromatase in granulosa
and Leydig cells in the gonads; while cyp19alb is expressed at much higher levels in

the brain, and specifically in RGCs (Diotel et al., 2018).

The ovaries are a major source of estrogens that are released into systemic circulation
to prepare the body for reproduction (Findlay et al., 2010). Loss of aromatase
expression significantly impairs female fertility and fecundity, at least in part, through
loss of ovarian estrogen production. For example, tAro KO female mice, which lack
whole body aromatase expression, are infertile due to disrupted folliculogenesis and
ovulation failure (Britt et al., 2001). In teleosts, short term chemical inhibition of
aromatase reduces female fertility and fecundity through impaired oocyte development
and reduced plasma vitellogenin levels (Ankley et al., 2002; Ayobahan et al., 2019; Sun
et al., 2007). Long term aromatase inhibitor treatment induces more dramatic effects
such as ovarian retraction followed by testes formation resulting in female-to-male sex
change (Rahaman et al., 2020; Takatsu et al., 2013). Since chemical inhibitors are non-
selective for the two Cypl19al isoforms, it only recently became possible to begin
identifying their independent contributions to reproduction via the creation of zebrafish
cypl9al’ mutant lines. It was discovered that cyp19ala expression is critical for sexual

differentiation of the ovaries while cyp19alb expression is not required for this process
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(Dranow et al., 2016; Lau et al., 2016; Yin et al., 2017). Though cypl19ala is not
required for testes differentiation, it is expressed at low levels and differences have
been observed in the importance of its expression for male fertility in mice and teleosts.
For example, the testes of male tAro KO mice were found to have arrested germ cell
development at the spermatid stage as well as impaired sperm motility (Fisher et al.,
1998; O’'Donnell et al., 2001; Robertson et al., 1999, 2001). In contrast, there were no
developmental abnormalities observed in the testes of zebrafish cyp19ala’- mutants
compared to WT males (Tang et al., 2017). Rather, the testes of cyp19ala’ mutants
had more spermatozoa and higher levels of spermatogenesis-related genes, and these
mutant males displayed normal fertility levels. These findings reveal critical roles of
ovarian aromatase expression for female fertility and fecundity in mice and teleosts,
whilst differences have been observed for testicular aromatase importance in male

fertility, with cypl9ala being dispensable for male teleost fertility.

A second major source of estrogens is the brain. In birds and mammals, the cyp19al
gene contains a brain-specific promoter region that specifies constitutive neuronal
expression (Honda et al., 1994, 1999; Ramachandran et al., 1999; Yilmaz et al., 2009).
In contrast, teleosts have a second paralog, cypl9alb, that is expressed exclusively in
RGCs due to the presence of G x RE, the glial x responsive element, in the promoter
region (Le Page et al., 2008). Increasing evidence has identified important roles for
brain-derived estrogens in reproduction. For example, both female and male tAro KO
mice display reduced sexual behavior (Bakker et al., 2002a, 2002b; Honda et al., 1998;
Matsumoto et al., 2003) and impaired olfactory discrimination (Bakker et al., 2002b;

Pierman et al., 2008) that together suggests an involvement of brain estrogens in social
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recognition. The recent creation of a male bAro KO mouse line identified the important
role of brain-derived estrogens in male sexual behavior. Male bAro KO mice were found
to have a significantly longer latency to the first mount event and a trend, though not
significant, towards a greater latency to the first intromission event when paired with a
hormonally primed female compared to WT males in sexual behavior assays (Brooks et
al., 2020). Female bAro KO mice have not yet been studied. In teleosts, studies have
identified impairments in social recognition following chemical aromatase inhibition,
such as reduced dominant male aggression in social behavior assays (Huffman et al.,
2013; Jalabert et al., 2015). There has been comparatively less study, however, of
effects on sexual behavior. This is likely due, at least in part, to the inability to identify
specific Cypl19alb- versus Cypl9ala-induced effects on reproduction with the use of
chemical aromatase inhibitors. There is strong evidence, however, to suggest that
brain-derived estrogens likely play an important role in teleost sexual behaviors. Firstly,
cypl9alb is expressed in numerous brain regions important for sexual behavior (Shaw,
2018). Secondly, cypl19alb is a known estrogen-regulated gene due to the presence of
an ERE in its promoter region (Menuet et al., 2005). This observation suggests that
increased systemic estrogen levels, via high ovarian Cypl19ala activity, likely drive
increased cypl9alb expression to prepare the brain for sexual behavior at the time in

which the ovaries are prepared for reproduction.

In this study, mutant cyp19alb”’- females were found to have a longer latency to
oviposition and released a significantly higher number of eggs during spawning
compared to WT females. However, there was higher larval mortality in progeny from

female cyp19alb”’- mutant pairings, resulting in no net fecundity differences between
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female cyp19alb” mutant and WT pairings. A significantly higher larval mortality rate
was found in progeny from cypl9ala’;cypl9alb”’- mutant male pairings. These data

reveal the importance of cyp19alb for zebrafish reproduction.

2.2 Materials and Methods

2.2.1 Experimental animals

Procedures used in this study were approved by the University of Ottawa Animal Care
Committee and followed the guidelines of the Canadian Council on Animal Care for the
use of animals in research. All fish were reared at the University of Ottawa Aquatics
Facility according to standard housing procedures. The cyp19al’ mutant lines and WT
zebrafish used in the experiments were all derived from a parental zebrafish AB strain
to ensure identical genetic backgrounds amongst the groups for assessing the effects of
cypl9al mutation on sexual behavior. The cyp19al” mutant lines were generated
using the TALEN genome editing system to create indel mutations at target sites in
each of the cyp19al paralogs producing frame-shift mutations (Yin et al., 2017).
Mutation of cypl9ala impairs sexual differentiation of the ovary resulting in all male
populations of cyp19ala’ and cypl9ala’;cypl19alb’ mutant lines, thus only male
mutants can be tested in these lines. These males have significantly lower serum E2
levels compared to WT males due to the contributions of gonadal aromatase expression
to circulating estrogen levels. Mutation of cyp19alb does not affect the sex ratio of the
mutant line allowing testing of cyp19alb mutation effects on both males and females,
and serum E2 levels in these fish are not significantly different from their WT
counterparts. Fish were housed in 10-L tanks with dechloraminated water at 28°C and

maintained on a 14:10 light-dark cycle and fed twice daily. All fish tested in this
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experiment were between the ages of 5-11 months post-fertilization and had no
previous experience in the sexual behavior assay; with males and females separated

into same-sex tanks at sexual maturation to prevent sexual interactions.

2.2.2 Behavioral tests

For all trials, mutant fish were size matched within 2 mm body length (BL; < 10% BL
difference) to an opposite sex WT fish. The evening before each experiment, paired fish
were transferred to a 1-L testing tank containing an insert at the bottom for egg
collection and a divider in the middle of the tank to keep the male and female separate
before testing. The testing pair was allowed to acclimate overnight in a ZebraCube
(Viewpoint Behavior Technology, Inc., Lyon, France) with the camera (either a
Panasonic 16GB HC-V700M Full HD camcorder, Osaka, Japan or a Canon VIXIA HF
R800 camcorder, Tokyo, Japan) present. The next morning, the pair was transferred to
a new 1-L testing tank containing clean system water and the divider was removed and
video recording started at 0900h (lights on). The fish pair was allowed to interact for 150
mins, which was the most appropriate time determined in preliminary trials to capture
the full timing of spawning behavior, particularly in the cyp19alb”- mutant lines. Videos
were coded by date to ensure that the observer was blind to the treatment groups

during viewing and video analysis using VLC media player (https://www.videolan.org/).

Oviposition events were selected as the most appropriate measure to identify changes
in sexual behavior in this study. This decision was made based on the similar
descriptive measures for the ethograms of sexual and aggressive behaviors in zebrafish
(Darrow and Harris, 2004; Oliveira et al., 2011) that prevented unambiguous

identification of motivational state during initial interactions in the video recordings.
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Since there is strong evidence identifying roles of brain derived E2, and therefore brain
aromatase (i.e., Cyp19alb), in both sexual and aggressive behaviors in vertebrates
(Huffman et al., 2013; Jalabert et al., 2015; Shaw, 2018; Trainor et al., 2006), it was
important to select a definitive measure of sexual behavior for analysis in this study.
Oviposition events were characterized and were identified in the video recordings as the
timing of gamete release during physical interaction. The oviposition times were
manually recorded in an Excel spreadsheet for the later determination of the time to first

and last spawning events, as well as the total number of spawning events in a trial.

2.2.3 Eqq collection and eleutheroembryo rearing

Eggs were obtained from natural mating of a cyp19al”- mutant or WT fish paired with
an opposite sex WT fish using the methods described above. Following the careful
removal of the eggs from the bottom of the tank, they were then rinsed with clean
system water and transferred to a Petri dish containing E3 medium at a density of 3
embryos/mL (Martinez et al., 2019). At 4 hours post-fertilization (hpf), unfertilized eggs
were counted and removed from the Petri dish for the assessment of fertilization rates.
All embryos were raised in an incubator at 28°C for the duration of the experiment. The
following day (1 dpf), any dead embryos were counted and recorded, then removed,
following which E3 medium was replaced, and dishes were returned to the incubator.
On 2, 3, and 4 dpf, any dead eggs were again counted and removed. Eleutheroembryos
(i.e., hatched embryos) were counted and placed into separate Petri dishes containing
E3 medium for measurements, and the medium was then replaced for the incubation of

the remaining live eggs.
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2.2.4 Zebrafish eleutheroembryo morphometrics

On day 2 post-fertilization, five eleutheroembryos were randomly selected from each
clutch for measurement. The five measurements were later averaged to obtain a single
value to represent the clutch at the given time. The eleutheroembryos were
anesthetized with Tricaine (100 mg/L; Syndel Canada, Nanaimo, BC, Canada, cat#
02168510) and positioned under a dissecting microscope (Leica Biosystems, Wetzlar,
Germany, model# Wild M10) fitted with a phone mount and iPhone XS.
Eleutheroembryos were gently positioned on their side to produce a lateral view for
measurement of BL, eye area (EA), and yolk sac area (YSA) in photographs. A ruler
was positioned under the microscope and photographed at the same magnification as
used for Petri dishes to serve as a scale bar for image analysis. Following completion of
the measurements, the eleutheroembryos were euthanized by immersion in an ice

water bath.

2.2.5 Enzyme-linked immunosorbent assay

The brain and ovary steroid extraction protocol has been described previously (Lu et al.,
2023). In brief, female cyp19alb”’ mutant and WT fish were euthanized between 9h00 —
10h00 in an ice water bath, and brains and ovaries were immediately dissected, placed
into individual labelled tubes, weighed, and tubes were then placed on ice.
Homogenization buffer (90% methanol) was added to each tube, 150 pL per brain and
1000 pL per ovary sample, and samples were then sonicated for tissue dispersion and
steroid release into solution. Samples were centrifuged (4°C, 13,200 rpm) for 10 mins,
and the supernatant was carefully removed and transferred to a new labelled tube. The

samples were then evaporated to dryness at 45°C (Labconco Centrivap Centrifugal
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Vacuum Concentrator, Kansas City, USA, model# 7810014, 45°C, 1 hr), and stored at
4°C overnight. The following day, 100 pL resuspension buffer (0.2% formic acid, 5%
acetonitrile in water) was added to each sample tube, vortexed, and the tubes were
then placed in a sonic water bath for 15 mins to resuspend the samples. Following
resuspension, the samples were run in C-18 solid-phase extraction columns (Dr. Maisch
HPLC GmbH, Ammerbuch-Entringen, Germany, cat# r10.aq,; > 85% recovery rate in
liquid chromatography tandem mass spectrometry) and the eluted samples were then
evaporated to dryness (45°C, 3 hrs). The evaporated steroid residue was then
resuspended in buffer, 200 pL for brain samples and 1000 pL for ovary samples, for 24
hrs at 4°C with intermittent vortexing prior to testing. Levels of E2 were measured using
ELISA test kits (Cayman Chemical, Ann Arbor, MI, USA, cat# 501890,) according to the
manufacturer’s instructions. This assay has been extensively tested in teleost species
(Chen et al., 2018; Converse and Thomas, 2019; Giroux et al., 2019; Kayo et al., 2020;
Nishiike et al., 2021; Saravanan et al., 2019) with an assay range of 0.61 — 10,000
pg/mL and sensitivity limit of 20 pg/mL. This E2 assay has very low levels of cross
reactivity to other steroids such as cortisol, progesterone and T (< 0.01%). All samples
were run in duplicate on a single assay plate and only samples with intra-assay

coefficient of variations < 10% were used in analyses.

2.2.6 Image analysis

Photos were analyzed using ImageJ (v1.53) software. All images were analyzed by the
same observer to ensure consistent measurements (i.e., to prevent inter-observer
variability), and each measurement was repeated three times, and the average value

was calculated. Each image was measured for BL, EA, and YSA. Body length consisted
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of a straight-line measurement from the posterior tip of the notochord to the most
anterior tip of the head passing through the eye (Figure 2.1). Measurements of EA and
YSA were conducted according to Martinez et al. (2019) and traced with the freehand

tracing tool in ImageJ (Figure 2.1).

1 mm

Figure 2.1- Depiction of morphometric analyses. The measurement of body length
(BL), eye area (EA), and yolk sac area (YSA) in an eleutheroembryo on day 2 post-

fertilization. Scale bar=1 mm.

2.2.7 Statistical analyses

Statistical analyses were conducted using GraphPad Prism v9 (GraphPad Software,
Inc., La Jolla, CA, USA) with normality and homoscedasticity assessed using Shapiro-
Wilk and Levene’s tests, respectively. For the behavior and eleutheroembryo analyses,
normally distributed data were analyzed by either Student’s T test or One-Way ANOVA
followed by Dunnett’'s multiple comparisons tests for pairwise comparisons. Data that
were not normally distributed were analyzed using either Mann-Whitney U or Kruskal-
Wallis tests followed by Dunn’s multiple comparisons tests for pairwise comparisons.
Data are presented as boxplots with the horizontal lines representing mean or median
values, boxes representing interquartile ranges, and whiskers representing min-max

values. For the E2 measurements, data were log-transformed and analyzed using a
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Two-Way ANOVA followed by Tukey’s multiple comparisons tests. For all data,

significance is defined at p < 0.05 and all tests were assessed as two-tailed.

2.3 Results

2.3.1 Time to the first oviposition event

Female cyp19alb” mutant fish took significantly more time to the first oviposition event
compared to WT females (U(17,17)=70.50, p=0.0096; Figure 2.2A). On average,
cypl9alb” mutant females took 4.1 times longer to the first oviposition event compared
to WT females. There were no significant differences in the time to the first oviposition

event among any of the male genotypes (H(3)=7.005, p=0.0717; Figure 2.2B).

2.3.2 Time to the last oviposition event

Female cyp19alb” mutant fish took significantly more time to the last oviposition event
compared to WT females (U(17,17)=81.50, p=0.0293; Figure 2.2C). On average, the
last oviposition event in cyp19alb”’- mutant female pairings occurred 2 times later than
in WT pairings. There were no significant differences in the time to the last oviposition

event among any of the male genotypes (F(3)=1.657, p=0.1850; Figure 2.2D).

2.3.3 Spawning duration

There were no significant differences in the spawning duration between the cyp19alb”
mutant and WT female groups (T(32)=1.130, p=0.2668; Figure 2.2E) or between any of

the mutant and WT male groups (F(3)=0.3184, p=0.8120; Figure 2.2F).

2.3.4 Number of oviposition events

Female cyp19alb” mutant fish had significantly more oviposition events compared to

WT females (U(17,17)=68, p=0.0074; Figure 2.2G). On average, cyp19alb’ mutant
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females exhibited 2.7 times more oviposition events than WT females. There were no
significant differences in the number of oviposition events among any of the male

genotypes (F(3)=0.7744, p=0.5125; Figure 2.2H).
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Figure 2.2- Timing and number of oviposition events during zebrafish pairwise
mating trials. Test females (n=17 pairs) are displayed on the left (A, C, E, G) and test
males (n=17-18 pairs) are displayed on the right (B, D, F, H). Mann-Whitney U (A, C,
G), Student’s T (E), Kruskal-Wallis (B) and One-Way ANOVA (D, F, H) tests were

performed. Horizontal lines represent mean or median values, boxes represent
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interquartile ranges, and whiskers represent min-max values. Key to genotypes:

A=cypl19ala, B=cypl19alb. Asterisks denote p<0.05 (*) and p<0.01 (**).

2.3.5 Fecundity

There were no significant differences in fertilization rates between female cyp19alb”
mutant and WT female pairings (U(14,16)=90, p=0.3557, data not shown), with average
fertilization rates of 99% and 93%, respectively. Female cyp19alb’ mutant fish
spawned significantly more eggs per clutch compared to WT females (U(14,17)=44,
p=0.0022, Figure 2.3A); however, significantly more eleutheroembryos died by Day 4
from the female cyp19alb” mutant clutches compared to the WT clutches
(U(14,16)=45, p=0.0043, Figure 2.3C), resulting in no net difference in fecundity
between the female groups (T(28)=0.1303, p=0.8973, Figure 2.3E). On average, there
were 2.3 times more eggs spawned by cyp19alb’ mutant females and 4.2 times more

progeny died by Day 4 from these mutant females compared to WT females.

Fertilization rates for WT, cyp19alb”, cypl9ala’, and cypl9ala’;cypl9alb’ mutant
group pairings were 99%, 98%, 95%, and 99%, respectively, with no significant
differences observed among the male groups (H(3)=3.039, p=0.3856, data not shown).
There were no significant differences in the number of eggs per clutch between any of
the male group pairings (F(3)=1.649, p=0.1857, Figure 2.3B); however, there was a
significant difference in the number of dead eleutheroembryos per clutch amongst the
male genotypes (H(3)= 23.91, p<0.0001). Pairwise comparisons revealed that
significantly more progeny died by Day 4 from the male cyp19ala’;cyp19alb’ mutant
group pairings compared to the WT male pairings (p<0.0001, Figure 2.3D). There was

also a significant difference in the survival rate of eleutheroembryos from the male
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group pairings (H(3)=14.13, p=0.0027). Pairwise comparisons revealed that there was a
significantly lower survival rate in the double mutant male offspring compared to the WT
male offspring (p=0.0203, Figure 2.3F). The survival rate of larvae from male cypl9ala

l-cyp19alb’- mutant pairings was 24% lower than WT pairings.
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Figure 2.3- Number of eggs spawned per clutch and egg survival rate during
zebrafish pairwise mating trials. Test females (n=14-16 pairs) are displayed on the
left (A, C, E) and test males (n=16-23 pairs) are displayed on the right (B, D, F). Mann-
Whitney U (A, C), Student’s T (E), One-Way ANOVA (B) and Kruskal Wallis (D, F) tests
were performed. Horizontal lines represent mean or median values, boxes represent
interquartile ranges, and whiskers represent min-max values. Key to genotypes:

A=cypl9ala, B=cypl19alb. Asterisks denote p<0.05 (*), p<0.01 (**), p<0.0001 (****).

2.3.6 Eleutheroembryo morphometrics

There were no significant differences on day 2 between the BL (T(21)=0.1487,
p=0.8832; Figure 2.4A), EA (T(21)=1.647, p=0.1144; Figure 2.4C), or YSA (T(21)=
0.09161, p=0.9279, Figure 2.4E) of offspring from female cyp19alb’ mutant and WT

females. There were also no significant differences on day 2 between the BL
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(F(3)=1.657, p=0.1844; Figure 2.4B), EA (H(3)=5.172, p=0.1596, Figure 2.4D), or YSA

(H(3)=2.561, p=0.4644, Figure 2.4F) of offspring from any of the male genotypes.
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Figure 2.4- Body length, eye area, and yolk sac area measurements of
eleutheroembryos from zebrafish pairwise mating trials on day 2 post-
fertilization. Eleutheroembryos from test females (n=9-14) are displayed on the left (A,
C, E) and from test males (n=16-21 pairs) are displayed on the right (B, D, F). Student’s
T (A, C, E), One-Way ANOVA (B) and Kruskal-Wallis (D, F) tests were performed.
Horizontal lines represent mean or median values, boxes represent interquartile ranges,
and whiskers represent min-max values. No statistical differences between genotypes

were evident. Key to genotypes: A=cypl9ala, B=cypl9alb.

2.3.7 Estradiol content in female brain and ovary

There was a significant main effect of tissue type on E2 levels (F(1,21)=11.40,
p=0.0029). Ovarian tissue had 1.6 times higher E2 levels compared to brain. There was
no significant main effect of genotype on E2 levels (F(1,21)=3.295, p=0.0838). There

was a significant tissue type X genotype interaction (F(1,21)=15.36, p=0.0008). The
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brains of cyp19alb” mutant females had 2.3 times lower E2 levels compared to the
brains of WT females (p=0.0066; Figure 2.5). The brains of cyp19alb”- mutant females
also had 3 and 2.2 times lower E2 levels compared to their ovaries (p=0.0002) and to

the ovaries of WT females (p=0.0080), respectively (Figure 2.5).
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Figure 2.5- Estradiol (E2) levels in the brains and ovaries of adult WT (A++B++)
and cyp19alb”’ mutant (A++B--) female zebrafish (n=5-8 per group). Data were log-
transformed and analyzed using a Two-Way ANOVA followed by Tukey’s multiple
comparisons tests. Data are plotted as means + standard error of the mean. Means with
different letters a-b represent statistically significant differences (p<0.05). For clarity, the
significant main effect of tissue type is not displayed. Key to genotypes: A=cypl9ala,

B=cypl9alb.

2.4 Discussion

This study is the first assessment of the independent contribution of cypl9alb and by
implication, brain estrogen production, to female sexual behavior in a teleost species. It

was found that cyp19alb’ mutant female zebrafish exhibited an increased latency to
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initiate spawning and released higher numbers of eggs compared to WT females.
These findings represent an important difference from the observed impairment of
female fertility in chemical inhibitor studies in which both aromatase isoforms are
inhibited in the body. For example, total aromatase inhibition reduced female fathead
minnow (Pimephales promelas; Ankley et al., 2002), zebrafish (Ayobahan et al., 2019),
and medaka (Sun et al., 2007) fertility and fecundity. These differences are likely due to
the contribution of circulating estrogens produced by the ovaries via Cypl9ala that
function to maintain the integrity of the ovarian state and the reproductive capacity (i.e.,
fertility) of female zebrafish (Rahaman et al., 2020). The observed effects on female
sexual behavior in the current study are linked to altered local brain estrogen production
via Cyp19alb, because brain E2 levels are significantly lower in cyp19alb’ mutant
females compared to WT females, whilst ovarian E2 levels are similar between the
groups. The time to the last spawning event, but not the spawning duration, was also
longer in the cyp19alb” mutant females. This suggests that the mutation of cyp19alb
affects the perception of reproductive cues important for timely mate identification and
assessment, since zebrafish rely heavily on visual and pheromonal cues for
reproductive behavior (Li et al., 2018). We note that cypl9alb and esrs (esrl, esr2a,
esr2b) are highly expressed at multiple levels of these sensory pathways including from
the peripheral level of sensory nerve fibres to the levels of primary targets and sensory
integration centres in the brain (Shaw, 2018). Future study of cyp19alb” mutant
females will need to account for these potential multiple levels of sensory impairments

as well as to identify downstream neuronal mediators of RGC-derived estrogens.
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Our results resemble those observed in the tAro KO female mice that display reduced
sexual behavior when paired with WT males (Bakker et al., 2002b), likely due to
impaired brain estrogen signalling (Cornil, 2018). There has been no study to date of
specific bAro KO effects on female sexual behavior in mammalian models. However,
male bAro KO male mice have impaired social recognition and a significantly longer
latency to initiate mounting behavior with hormonally primed female mice compared to
WT males (Brooks et al., 2020). Our data for male zebrafish contrast those in mice as
we observed no significant differences in spawning success between male cyp19alb™
mutants and WT fish. Rather, increasing evidence indicates that brain androgen
signalling is critical for male teleost sexual behavior. It was recently discovered that
cypl7al’ mutant male zebrafish display reduced mating behaviors with WT females
compared to WT males, which is likely a result of lower brain levels of T and 11-
ketotestosterone (11-KT; Shu et al., 2020). The reduced contact time of cyp17al’ male
mutants with WT females could be rescued following 11-KT administration, indicating
that non-aromatizable androgens regulate male sexual behavior (Shu et al., 2020).
Evidence from androgen receptor gene editing studies also demonstrate the important
role for androgen signalling in male teleost sexual behavior (Alward et al., 2020; Yong et

al., 2017).

An important observation in the current study is that female cyp19alb”’ mutants paired
with WT males spawned significantly more eggs compared to WT females; however,
there was a concomitant decrease in larval survival so that the total number of viable
larvae produced was similar in female mutants and WT fish. One possible but unlikely

explanation for the observed higher larval mortality is reduced circulating E2 and
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vitellogenin egg deposition in female cyp19alb’ mutants. Vitellogenin is an estrogen-
regulated hepatic protein that nourishes the embryo during early development and is
critical for embryo survival (Hara et al., 2016). Vitellogenin levels correlate with serum
E2 and are significantly lower in females following administration of chemical aromatase
inhibitors (Ankley et al., 2002; Ayobahan et al., 2019; Sun et al., 2007). The higher
larval mortality in the current study is not due to changes in ovary-derived E2 in
cyp19alb”’ mutant females since the cyp19alb’ mutant and WT females have similar
ovarian tissue (this study) and circulating E2 (Yin et al., 2017) levels. Moreover, there
were no significant differences in yolk sac volume or BL at 2 dpf in progeny from
cyp19alb”’ mutant female and WT pairings. These two morphometrics are positively
correlated in embryos and directly linked to maternal vitellogenin levels that are driven
by systemic estrogens which bind to activate hepatic Esrs (Bugel et al., 2011; Jardine

and Litvak, 2003).

The cypl9alb’ mutant females released more than twice the number of eggs
compared to WT females. This suggests that the mutation of Cyp19alb may increase
the energetic cost of reproduction due to the substantial metabolic investment in large
guantities of larvae that do not survive to adulthood. It is well known that spawning is
one of the most metabolically demanding activities for a fish (McBride et al., 2015). For
example, the rate of gamete biomass production is roughly proportional to whole-
organism metabolic rate, with female fishes allocating approximately half of their energy
reserves towards reproductive function (Hayward and Gilloly, 2011). It will be important
for future studies to determine the contribution of Cyp19alb to metabolic rate and long-

term fitness costs associated with higher reproductive investment by mutant females.
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Higher mortality rates in larvae from cyp19ala’;cyp19alb’ mutant pairings compared
to WT pairings among the male genotypes also revealed a role for aromatase in males.
While larval survival was similar between WT, cypl19ala’ and cyp19alb’ mutant
males, survival of offspring from the double mutant males was 24% lower than WT
offspring. This finding suggests that total aromatase activity of the father contributes to
offspring survival. This idea is supported by previous studies reporting increased
mortality in larval zebrafish during acute chemical aromatase inhibition (Alharthy et al.,
2017; Allgood et al., 2013; Bernardo and Connaughton, 2022; Martinez et al., 2019;
Santos et al., 2014). Moreover, both cyp19al transcripts are expressed during the first
48 hpf in zebrafish embryos, which suggests a role in early development and survival
(Sawyer et al., 2006). While overall survival rate was lower in larvae from cyp19ala’
;,cyp19alb’ mutant males, the size of the remaining survivors appeared relatively
normal. At 2 dpf, BL, EA, and YSA were similar across all genotypes. These
observations are similar to those of Gould et al. (2019), reporting no effect of aromatase
inhibition on larval zebrafish development. However, our study contrasts those
demonstrating chemical inhibition of both aromatases affect one or multiple of these
morphometrics (Alharthy et al., 2017; Bernardo and Connaughton, 2022; Dang et al.,
2018; Hamad et al., 2007; Martinez et al., 2019). It is possible that significant

differences in these morphometrics might emerge during later development after 2 dpf.

2.5 Conclusions

We have demonstrated a role of brain aromatase in female sexual behavior. Female
zebrafish carrying a frameshift mutation in cyp19alb had a longer latency to initiate

spawning behavior and had higher numbers of eggs spawned compared to WT
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females. The importance of cypl9alb for embryo survival was demonstrated by the
increased mortality of progeny from female cyp19alb’ mutants and cypl9ala’
;,cyp19alb’ mutants compared to WT pairings. Further study will be needed to
determine the downstream neuronal pathways through which brain estrogens produced
in RGCs lead to the observed changes in female spawning behavior. It will also be
important to determine the causes of increased mortality in eleutheroembryos from

cypl9alb”’ mutant females and cypl19ala’;cyp19alb”’ mutant males.

51



Chapter 3: Arginine Vasopressin Injection Rescues Delayed
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Abstract

In zebrafish, estrogens produced in the ovaries via Cypl9ala activity are required for
both sexual differentiation of the ovary during early development as well as
maintenance of the ovarian state during adulthood. The importance of Cypl19alb that is
highly expressed in the brain for female reproduction is still under study. We previously
reported that female cyp19alb’ mutant zebrafish have significantly lower brain estradiol
levels and impaired spawning behavior characterized by an increased latency to
oviposition during dyadic sexual behavior encounters. In the current study, we provide
evidence that the delayed oviposition in female cyp19alb’ mutants is linked to impaired
arginine vasopressin (Avp) signalling. Droplet digital PCR experiments revealed that
levels of the estrogen receptors, avp, and oxytocin (oxt) are lower in the hypothalamus
of mutant females compared to wildtype fish. We then used acute intraperitoneal
injections of Avp and Oxt, along with mixtures of their respective receptor antagonists,
to determine that Avp can uniquely rescue the delayed oviposition in female cyp19alb™
mutants. Using immunohistochemistry, we demonstrated that Cyp19alb-expressing
radial glial cell (RGC) fibres surround and are in contact with Avp-immunopositive
neurons in the preoptic areas of the brain. This could provide the neuroanatomical
proximity for RGC-derived estrogens to diffuse and bind in Avp-immunopositive neurons
to affect expression levels. Together these findings identify a positive link between
Cyp19alb and Avp for female zebrafish sexual behavior. They also suggest that the
female cyp19alb’ mutant behavioral phenotype is likely a consequence of impaired

processing of social cues important for mate identification and assessment.
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3.1 Introduction

Estrogens are critical sex steroids for female reproduction (Findlay et al., 2010). The
final and rate limiting step for bioactive estrogen production involves the aromatase
(Cypl9al) enzyme that converts the aromatizable androgens, T and androstenedione,
into the bioactive estrogens, E2 and E1, respectively (Simpson et al., 1994). Teleosts
have two paralogs encoding aromatase, cypl9ala and cypl9alb, that are highly
expressed in the ovaries and brain, respectively, due to distinct regulatory elements in
their promoter regions (Diotel et al. 2010; Le Page et al. 2008). Estrogens can exert
diverse effects in the body by binding to different Esrs that initiate various signalling
pathways with tissue- and cell-specific effects (Heldring et al., 2007). Gene expression
can be regulated directly by nEsrs binding to EREs in gene promoter regions or through
indirect pathways involving protein-protein interactions with transcription factors such as
the Apl and the Sp1l, when bound to their respective promoter elements (Klinge et al.,
2001). Though comparatively less studied, mEsrs have also been shown to affect the
expression levels of estrogen-regulated genes through second messenger signalling
pathways (Maggiolini and Picard, 2010). Teleosts have three nEsrs named Esrl, Esr2a,

and Esr2b (Nelson and Habibi, 2013), and the mEsr, Gper (Thomas, 2012).

A recent report indicated that cyp19alb” mutant female zebrafish that have significantly
lower brain E2 levels compared to WT females have altered female sexual behavior
(Chapter 2; Shaw et al., 2023). Mutant cyp19alb”- females had delayed spawning
behavior with WT males in sexual behavior assays compared to WT females. This
delayed initiation of sexual behavior is reminiscent of the phenotype observed in Aro KO

mice that have reduced sexual behavior (Bakker et al., 2002a, 2002b, 2003; Honda et
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al., 1998; Matsumoto et al., 2003). The behavioral impairments in Aro KO mice are
hypothesized to be linked to disrupted olfactory discrimination that reduces social
recognition through effects on nEsrs and the nonapeptides, Oxt and Avp (Choleris et al.,
2003, 2006, Pierman et al., 2008). The similar behavioral impairments between the Aro
KO mice and cyp19alb’ mutant zebrafish suggest potential similarities in the disruption
of the signalling pathways underlying the behavioral phenotypes despite differences in
brain aromatase cellular localization. In mice, under normal conditions, aromatase is
constitutively expressed in neurons (Honda et al., 1999). However, in teleosts, due to
the presence of a cis-acting regulatory glial x responsive element in the cyp19alb
promoter region, aromatase is exclusively expressed in RGCs (Le Page et al., 2008).
The previous finding that cyp19alb mutation impairs female sexual behavior suggests
that RGC-derived estrogens are likely diffusing to bind Esrs in nearby neurons to affect
signalling pathways involving estrogen-regulated genes important for female sexual
behavior. There are several candidate genes known to affect zebrafish sexual behavior

that could be linked to the female cyp19alb” mutant behavioral phenotype.

An involvement of the nonapeptides in female teleost sexual behavior is strongly
suggested by the findings of changes in brain nonapeptide levels across female
reproductive states (Butler et al., 2021; Gozdowska et al., 2006; Kulczykowska and
Kleszczynska, 2014; Maruska et al., 2007; Ohya and Hayashi, 2006; Singh and Joy,
2008; Sokolowska et al., 2015; Zhang et al., 2009) and observations that exogenous E2
administration upregulates brain nonapeptide levels (Chaube et al., 2012; Kalamarz-
Kubiak et al., 2017; Nagarajan et al., 2015; Singh and Joy, 2009). The nonapeptides

exert effects on reproduction through two main signalling pathways in the brain. Firstly,
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through a hypophysiotropic pathway involving magnocellular neurons in the POA that
project towards the pituitary gland for nonapeptide release into the circulatory system to
regulate processes including osmoregulation, gonadal steroidogenesis, gametogenesis
and parturition, amongst others (Herget et al. 2014, 2017; Mennigen et al., 2022).
Secondly, through an encephalotropic pathway involving parvocellular and
gigantocellular neurons that project to other brain regions including the telencephalon,
prethalamus, hypothalamus, optic tectum, and the hindbrain (Herget et al. 2014, 2017).
The encephalotropic pathway is hypothesized to underly the neuromodulatory roles of
the nonapeptides in affecting the salience of social information processing in the brain
that can affect social recognition and behaviors (Wacker and Ludwig, 2012). Indeed,
recent findings from teleost studies have identified impairments in social recognition and
behavior in avp’- and oxt”- mutant females that indicate important roles of nonapeptide
signalling in female sexual behavior. For example, female avp” mutant zebrafish
displayed reduced sexual behavior characterized by fewer quiver events produced, a
measure of female sexual receptivity, when paired with WT males in sexual interactions
(Ramachandran et al., 2023). In another study, the mate preference of female medaka
for familiar males was absent in oxt’- and oxtrl”- mutants suggesting reduced social
recognition of mates compared to WT females during pairwise mating trials (Yokoi et al.,
2020). Given the well conserved expression pattern of cyp19alb in RGCs lining the
teleost diencephalic ventricle (Shaw, 2018), which is in close neuroanatomical proximity
to the POA where high nonapeptide expression is observed (Banerjee et al., 2017),
further study to characterize the interactions of cyp19alb and nonapeptides in the

female teleost brain in association with sexual behavior are well warranted.
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Other important neuropeptides for female zebrafish sexual behavior are SNa and
Secretoneurin B (SNb) that are derived from proteolytic processing of the precursor
Scg2a and Secretogranin 2b (Scg2b) proteins, respectively. Analysis of scg2a’ and
scg2b”- frameshift mutant zebrafish lines demonstrated the critical importance of SNa
and SNb for female sexual behavior, ovulation, oviposition, and fertility (Mitchell et al.,
2020). Interactions between the secretogranergic system and Cyp19alb have been
previously identified in the teleost brain in regions important for sexual behavior. For
example, scg2a and scg2b transcripts are expressed in numerous brain regions
important for reproduction that lie close to the diencephalic ventricle (Mitchell, 2018)
where cyp19alb is highly expressed (Shaw, 2018). A close neuroanatomical proximity
between the soma of Scg2a-immunoreactive neurons and RGC fibres where Cyp19alb
is expressed was also identified in the POA of female goldfish (DaFonte et al., 2018).
Intracerebroventricular injection of SNa downregulated cyp19alb levels in the female
goldfish telencephalon and hypothalamus, suggesting a regulatory pathway between
SNa and neuroestrogen production (Da Fonte et al., 2018). Together, these findings
suggest potential interactions between the SNs and cyp19alb that might be important

for the regulation of female sexual behavior.

The purpose of this study was to investigate the mechanistic pathways through which
cypl9alb mutation in female zebrafish disrupts sexual behavior. Based on the findings
from the various studies of Aro KO mice as well as the recent discoveries of the
importance of the nonapeptides and SNs for female zebrafish sexual behavior, we
focused the study on identifying the potential interactions between cypl19alb, the nEsrs

and these neuropeptides. We first used ddPCR experiments to identify significantly
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lower levels of avp and oxt in the hypothalamus of female cyp19alb” mutants. We then
conducted acute injections of the nonapeptides and observed that Avp uniquely rescued
the delayed oviposition in female cyp19alb”’ mutants and this effect was blocked with
administration of the Avprla receptor antagonist. Using immunohistochemistry, the
preoptic areas were identified as regions with close neuroanatomical proximity between
Cypl9alb-expressing RGCs and Avp-immunopositive neurons in the female zebrafish
brain. Together, our findings demonstrate that the impaired sexual behavior in female
cyp19alb”’ mutant zebrafish is likely a consequence of disrupted estrogenic regulation
of avp in preoptic areas and that these behavioral effects can be rescued by acute Avp

administration in adult fish.

3.2 Materials and Methods

3.2.1 Experimental animals

Wildtype, cypl19alb’ mutant female (Yin et al., 2017), and cyp19alb-GFP transgenic
(Tg(cypl9alb-GFP); Tong et al., 2009) zebrafish were raised in the University of
Ottawa Aquatics Facility. Fish were housed in 10-L tanks of dechloraminated
recirculating water maintained at 28°C on a 14:10 light:dark cycle, and fed twice daily.
All fish tested in this experiment were between the ages of 5-11 months post-fertilization
and had no previous experience in the sexual behavior assay; with males and females

separated for at least two weeks prior to testing.

3.2.2 Total RNA extraction and cDNA synthesis

For gene expression measurements, the telencephalon and hypothalamus were
selected for study because they contain many key brain areas for regulating sexual

behavior and reproduction (Gongalves and Oliveira, 2011). Female WT and cyp19alb”
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mutant fish (n=6-9 per group) were euthanized in an ice water bath at two time points
corresponding to during (10h00) and outside (14h00) the timing of zebrafish
reproductive behavior. The brains were immediately removed, and the telencephalon
was dissected at its connections to the olfactory bulb and hypothalamus and placed into
a 1.5 mL RNase-free Eppendorf tube on dry ice. The brains were then inverted to
dissect the hypothalamus region including the ventrolateral extending hypothalamic
lobes and diencephalon tissue ventral to the optic tectum and placed into a separate 1.5
mL RNase-free Eppendorf tube on dry ice. This dissection method produces
telencephalon samples containing the dorsal and ventral telencephalon regions as well
as the anterior preoptic area encompassing the parvocellular preoptic neurons, whilst
the hypothalamus samples contain the posterior preoptic area including the
magnocellular and gigantocellular neurons and surrounding hypothalamic regions. Total

ribonucleic acid (RNA) was isolated from samples using Trizol (Thermo Fisher
Scientific, Waltham, MA, USA, cat# 15596018) according to the manufacturer’s

instructions with a few modifications. Briefly, 50 uL Trizol was added to each tube and
tissues were homogenized using a pestle with intermittent vortexing. Samples were
incubated for 5 mins at room temperature and then 10 pL chloroform was added to each
tube, vortexed, and allowed to incubate for 3 mins. Following incubation, samples were
centrifuged for 5 mins at 12,600 rpm at 4°C, the supernatant was carefully transferred to
a new labelled RNase-free 1.5 mL tube and 25 pL isopropanol was added to each tube,
and samples were vortexed. The tubes were incubated for 10 mins at room temperature
and then centrifuged for 30 mins at 12,600 rpm at 4°C. The isopropanol was removed,

and pellets were rinsed with 50 pL of 75% ethanol (EtOH) followed by centrifugation for
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5 mins at 12,600 rpm at 4°C. The EtOH was then removed from tubes and the rinse
step was repeated. The tubes were then left open for 2 mins in a fumehood to dry the
samples. Samples were resuspended in 20 uL RNase-free ddH20 and incubated for 10
mins at 60°C on a heat block. The samples were then vortexed and placed on ice
before quality assessment. Total RNA concentration as well as 260/280 and 260/230
absorbance measurements were assessed using a spectrophotometer (Thermo Fisher
Scientific, NanoDrop 2000). RNA integrity was verified using gel electrophoresis (1%
weight/volume agarose). RNA was stored at -80°C until further usage. Total
complementary DNA (cDNA) was synthesized using the iScript Reverse Transcription
Supermix (Bio-Rad, Hercules, CA, USA, cat# 1708841), according to the
manufacturer’s instructions. Synthesis of cDNA used 600 ng of total RNA from

telencephalon and hypothalamus samples and cDNA was stored at -20°C.

3.2.3 Primer design

Primers for gene expression analysis were designed using either NCBI Primer Blast

Software (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) or obtained from previous

gene expression analysis studies (Griffin et al., 2013; Mitchell, 2018; Mitchell et al.,
2020). All primers were supplied by Integrated DNA Technologies (Coralville, 1A, USA)
and the specificity of primers for the genes of interest were confirmed by sanger
sequencing of PCR products (Génome Québec, Montréal, QC, Canada) and sequences
were matched to the zebrafish genome using the NIH Basic Local Alignment Search

Tool (https://blast.ncbi.nlm.nih.gov/Blast.cqi). Appropriate annealing temperatures and

cDNA dilutions for ddPCR analysis were identified by performing thermal gradients (51-

63°C) with cDNA collected from telencephalon and hypothalamus (1:2 — 1:320 dilution)
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samples. Primer sequences, annealing temperatures, and amplicon sizes are presented

in Table 3.1.

Table 3.1- Primer pairs and experimental conditions for gene expression analyses

of telencephalon and hypothalamus samples.

Gene Name | Gene Primer Annealing Amplicon

Abbreviation Temperature | Size (bp)
(°C)

estrogen esrl F:CACATCAGACACATGAGCAACAA | b5.7 121

receptor 1 R:CTGAAGACTGGAACCGCTGA

estrogen esr2a F:GCCTGCCGACTCCGAAA 55.7 77

receptor 2a R:TTGTTGGTAGCTGCTACGATCTCT

estrogen esr2b F: CGACTCCGCAAGTGCTATGAA 55.7 83

receptor 2b R: ACGATGTCGAGCACCTCGAT

arginine avp F:AGGTCTGCATGGAAGAGGAG 60.7 146

vasopressin R:CTGCCTTCAGGACAGTCTGG

oxytocin oxt F:GATCTGCTGCTGAAGCTCCT 60.7 134

R:TACAAAAGTGGGTGGCGAGT

secretogranin | scg2a F:CAGGACGTACGGGTTATGCT 60.7 138

2a R:GCGTTGGTCTTTGGTTTTGT

secretrogranin | scg2b F:AAACAAAGCTCCGAGCAAAA 55.7 116

2b R:AACTGGTGTCGGGATACTCG

tata-binding tbp F:TACCCACCAGCAGTTTAGCA 60.7 130

protein R:TCTAACCTTGGCACCTGTGA

3.2.4 Droplet digital PCR protocol

The ddPCR procedures including experiment set-up, droplet generation, and transfer of
emulsified samples to PCR plates, were performed according to the manufacturer’'s
protocols (Bio-Rad, QX200 Droplet Digital PCR system). In brief, at the start of the
experiment, telencephalon or hypothalamus cDNA samples were diluted to the
appropriate concentration determined for each primer pair. The reaction mixtures were
prepared, each containing 11.5 puL EvaGreen ddPCR Supermix (Bio-Rad, cat#
1864034), 0.23 uL of 10 uM gene-specific forward and revere primers, 6.04 uL
nuclease-free water, and 5 pL of template cDNA at primer-specific dilution. 20 pL of the
sample reactions were then carefully transferred into the wells of a droplet generation
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cartridge (Bio-Rad, cat# 1864008) along with droplet generation oil (Bio-Rad, cat#
1864006) to the corresponding oil wells. The cartridge was sealed with a gasket (Bio-
Rad, cat# 1863009) and then inserted into a droplet generator (Bio-Rad, model# QX200
Droplet Generator) for droplet generation. The emulsified samples were then carefully
transferred to the wells of a 96-well ddPCR plate (Bio-Rad, cat# 12001925) and sealed
with a heat foil (Bio-Rad, cat# 1814040). The PCR reactions were performed using a
thermal cycler (Bio-Rad, model# C1000 Touch Thermal Cycler) with the cycle
conditions: (95°C for 5 mins), 49 cycles of ((95°C for 30 secs), (annealing temperature
for 1 min), (72°C for 30 secs), with a ramp rate of -2°C/sec), followed by (4°C for 5
mins), (90°C for 5 mins), and finally (12°C for 5 mins). The fluorescence of droplets was
measured using a droplet reader (Bio-Rad, model# QX200 Droplet Reader) and data

were analyzed using QuantaSoft Analysis Pro software (Bio-Rad, v1.0.596).

3.2.5 Brain estradiol enzyme-linked immunosorbent assays

For the E2 assays, methods used were similar to those previously described in Chapter
2, with the exception that brains were collected at two time points corresponding to
10h00 and 14h00 (n=4-5 per group). At each time point, both WT and cyp19alb”
mutant female fish were euthanized in an ice water bath, and brains were immediately
dissected and placed into individual labelled 1.5 mL Eppendorf tubes. Homogenization
buffer (150 pL per brain, 90% methanol) were added to each tube and tissues were
then individually sonicated for steroid release into solution. Tubes were centrifuged
(4°C, 13,200 rpm, 10 mins) and the supernatant was then carefully removed and
transferred to a new labelled tube and evaporated to dryness (Labconco Centrivap

Centrifugal Vacuum Concentrator, model# 7810014, 45°C, 1 hr), then stored at 4°C

62



overnight. The next day, samples were resuspended with 100 pL resuspension buffer
(0.2% formic acid, 5% acetonitrile in water) added to each tube, vortexed, and tubes
were sonicated in a water bath for 15 mins. Following resuspension, samples were run
on C-18 solid-phase extraction columns (Dr. Maisch HPLC GmbH, cat# r10.aq; > 85%
recovery rate in liquid chromatography tandem mass spectrometry) with a final elution
volume of 120 pL. The eluted samples were then evaporated to dryness (45°C, 3 hrs).
The evaporated steroid residue was then resuspended in 200 pL ELISA buffer for 24
hrs at 4°C with intermittent vortexing prior to testing. Levels of E2 were measured using
ELISA test kits (Cayman Chemical, cat# 501890) according to the manufacturer’s
instructions. Samples were run in duplicate and only samples with intra-assay

coefficient of variations < 10% were used in analyses.

3.2.6 Characterizing female cyp19a1b’- mutant sexual behavior following peptide

injection

The methods used in this experiment are similar to those describe in Chapter 2. In brief,
for all trials, a cyp19alb” mutant female was size-matched with a male WT fish (within
2 mm BL, < 10% BL difference). The evening before each experiment, paired fish were
transferred to a 1-L testing tank containing an insert at the bottom for egg collection and
a divider in the middle of the tank to keep the male and female separate before testing.
The testing pair was allowed to acclimate overnight in the Zebracube (Viewpoint
Behavior Technology, Inc.) with the camera present (either a Panasonic 16GB HC-
V700M Full HD camcorder or a Canon VIXIA HF R800 camcorder). The following
morning at 9h00, the pair was transferred to a new 1-L testing tank containing clean

system water. The female was immediately removed and anesthetized with Tricaine
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(Syndel, cat# 02168510) according to University of Ottawa zebrafish husbandry
procedures, then weighed on an analytical balance, and transferred to a moist sponge
with an insert cut for positioning the female for injection. Females (n=15 per group) were
intraperitoneally injected with dosages based on bodyweight (bw) using a 32-gauge
syringe (Hamilton Company, Reno, NV, USA, cat# CAL80308) with either 1) Ringer’'s
solution (pH 7), 2) Oxt (0.5 pg/g bw), 3) Avp (0.5 pg/g bw), 4) mix of 0.5 pug/g bw Avp +
5 pg/g bw Manning Compound (an Avprla antagonist), or 5) mix of 0.5 pug/g bw Avp + 5
Hg/g bw L-368,899 (an Oxtr antagonist). The zebrafish Oxt and Avp peptides were
synthesized in house and sequences were confirmed by mass spectrometry. The
peptide receptor antagonists, Manning Compound (Bio-Techne Canada, Toronto, ON,
Canada, cat# 3377) and L-368,899 (Bio-Techne Canada, cat# 2641) were dissolved in
water according to manufacturer’s instructions. Following injection, the female was
immediately transferred to a new housing tank containing clean system water to recover
for 5 mins before being transferred back to the testing tank. The divider was then
removed, and video recording started. All filming began within 15 mins of lights on
(9h00). The fish pair was allowed to interact for 60 mins to determine whether the
peptide injections could rescue the delayed time to the first oviposition event observed
in the female cyp19alb”- mutants (see Chapter 2). Videos were coded by date and
viewed by an observer blind to the treatment groups using VLC media player

(https://www.videolan.org/) to record the time to the first oviposition event.

3.2.7 Immunohistochemistry

Fish (n= 20) from the Tg(cyp19alb-GFP) line were euthanized using an ice water bath

and carefully positioned under a dissection microscope for the careful removal of scales
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on the skull cap using dissecting tweezers to expose the brain. Fish heads were then
dissected away from the body and placed immediately in a falcon tube containing 4%
paraformaldehyde in phosphate-buffered saline (PBS; pH 7.4) for 24 hrs fixation on an
orbital shaker at room temperature. Fixed samples were then washed with PBS (3 x 20
mins), following which the heads were placed in 0.5 M ethylenediaminetetraacetic acid
for 7 days for decalcification. Following decalcification, the samples were then
successively dehydrated for 30 mins each in 30%, 50%, 70%, 80% and finally 99%
EtOH. Samples were cleared by 2 x 1 hr incubations in 100% xylene, incubated for 1 hr
in melted paraffin at 60°C, and then transferred to new melted paraffin and left overnight
at 60°C. The next day, the samples were embedded in a cassette containing newly
melted paraffin with heads oriented for transverse sectioning and allowed to cool. The
embedded heads were sectioned at 15 pm thickness using a motorized microtome
(Leica Biosystems, model# RM2255). Sample sections were spread on a 40°C water
bath to remove wrinkles and then mounted on Superfrost Plus slides (Thermo Fisher
Scientific, cat# 22-037-246). Slides were allowed to air dry and then stored in a slide

box at 4°C prior to use.

All wash steps were conducted using glass Coplin jars (Ted Pella, Inc., Redding, CA,
USA, cat# 432-1). Slides were first heated for 1 hr at 60°C on a slide warmer to improve
tissue adherence to the slides during wash steps. The slides were then deparaffinized
by xylene washes (2 x 20 mins) and rehydrated using a series of washes including 2 x
100% EtOH, 2 x 95% EtOH, 1 x 70% EtOH, 1 x PBS, each for 10 mins. The slides were
then transferred to Coplin jars containing 0.01 M sodium citrate (pH 6.0) and placed in a

90°C water bath for 30 mins for antigen retrieval. Following this, slides were allowed to
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cool and washed in PBS (2 x 5 mins), then incubated in blocking buffer (1% bovine
serum albumin in 0.3% Triton PBS) for 30 mins. Slides were then placed in a humid
chamber at 4°C to incubate overnight with the primary antibodies: anti-Avp (rabbit,
Immunostar, Hudson, WI, USA, cat# 20069) and anti-GFP (chicken, Abcam,
Cambridge, UK, cat# ab13970), diluted 1:500 in blocking buffer. The anti-Avp antibody
was validated and found to be specific for teleost Avp previously (Pouso et al., 2019) as
well as in this study (see below). The following day, the slides were washed in PBS (2 x
10 mins), and subsequently incubated for 2 hrs in a dark humid chamber at room
temperature with the secondary antibodies: donkey anti-rabbit IgG (H+L) Alexa Fluor
680 (Invitrogen, Waltham, MA, USA, cat# A10043) and goat anti-chicken IgY (H+L)
Alexa Fluor 594 (Invitrogen, cat# A11042), diluted 1:500 in PBS. The next day, slides
were washed in the dark in PBS (2 x 10 mins), then incubated in 200 pL Hoechst
solution (1:10,000, Invitrogen, cat# H3570) in a dark chamber for 8 mins, followed by
PBS washes (3 x 5 mins) in the dark, and mounted with SlowFade Diamond Antifade
Mountant (Invitrogen, cat# S36963) and a cover slip (VWR, Radnor, PA, USA, cat#
48393-221). Slides were stored in the dark until visualization. Slides were imaged using
an Olympus confocal microscope (Olympus, Richmond Hill, ON, Canada, model

#FV1000) and FV10-ASW-4.2 Viewer software.

3.2.8 Antibody characterization

The Avp antibody has been previously validated for use in the teleost
Brachyhypopomus gauderio (Pouso et al., 2019). To validate the antibody for use in
zebrafish, sections were incubated with anti-Avp (1:500) pre-adsorbed for 24 hrs with an

excess of zebrafish Avp (10 uM). No Avp labelling was observed in the sections
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demonstrating primary antiserum specificity. Separate sections were incubated with
anti-Avp (1:500) pre-adsorbed for 24 hrs with an excess of zebrafish Oxt (10 uM). Avp
labelling was unaffected by pre-adsorption with Oxt, demonstrating antibody specificity
for the Avp antigen. Control sections omitting the primary and secondary antibodies did

not display any labelling.

3.2.9 Statistical analyses

Statistical analyses were conducted using Graphpad Prism v9 (GraphPad Software,
Inc.). For both gene expression data and E2 measurements, normality of residuals and
homoscedasticity were assessed using Shapiro-Wilk tests and Spearman’s tests for
heteroscedasticity, respectively. Data were then analyzed in Two-Way ANOVA tests
followed by Tukey’s multiple comparisons tests with the Holm-Sidak method used to
correct for multiple comparisons. Gene expression data that were non-normally
distributed were either log- or square root-transformed, and data that could not be
normalized through transformation were grouped by genotype and assessed using
Mann Whitney tests with the Holm-Sidak method to correct for multiple comparisons.
The absolute transcript levels of target genes in the telencephalon and hypothalamus
were normalized to tata-binding protein (tbp), an internal housekeeping gene that is not
estrogen-regulated (Filby and Tyler, 2007). There were no significant differences
observed in tbp levels across genotype groups or time points in the study confirming the
appropriate usage of tbp as a housekeeping gene. Gene expression levels are
presented as fold change relative to WT female levels at 10h00 with individual points
and means or median values displayed. For the behavioral rescue experiments,

normality and homoscedasticity were assessed using Shapiro-Wilk and Levene’s tests,
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respectively. If a pair did not spawn eggs in the 60-min test period, a maximum latency
of 60 mins was assigned. Data were analyzed using a Kruskal-Wallis test followed by
Dunn’s multiple comparisons tests for pairwise comparisons. Data are presented as
medians, with values for individual pairs displayed. For all data, significance was

defined at p < 0.05 and all significance tests were assessed as two-tailed.

3.3 Results

3.3.1 Decreased expression levels of reproductive neuroendocrine genes in the

telencephalon and hypothalamus of cyp19a1b’- mutant females

Telencephalon

Two-Way ANOVA was used to assess the effects of time (10h00 and 14h00) and

genotype (cypl9alb”’- mutant and WT) on gene expression levels in the telencephalon.

There were small differences in the expression levels of the esrs between the
telencephalon of female WT and cyp19alb”- mutants. While there were no significant
main effects of time (F(1,25)=0.9293, p=0.3443) or genotype (F(1,25)=2.668, p=0.1149)
on esrl levels, there was a statistically significant time X genotype interaction
(F(1,25)=5.554, p=0.0266). Post-hoc tests revealed that the telencephalon of WT
females had 1.9 times higher esr1 levels compared to cyp19alb” mutant females at
10h00 (p=0.0217; Figure 3.1A). There were no other significant interactions. A
significant main effect of genotype (F(1,25)=8.662, p=0.0069), but not of time
(F(1,25)=3.400, p=0.0771) or time X genotype interaction (F(1,25)=2.375, p=0.1358), on
esr2a levels was observed. The telencephalon of WT females had 1.7 times higher

esr2a levels compared to cyp19alb’ mutant females (Figure 3.1B). For esr2b levels,
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there were no significant differences in esr2b levels at either 10h00 (U(6,8)=21.00,

p=0.2991) or 14h00 (U(5,6)=9.00, p=0.1925; Figure 3.1C).

No significant main effects were observed of time (F(1,24)=0.2294, p=0.6363),
genotype (F(1,24)=0.5074, p=0.4831), or time X genotype interaction (F(1,24)=0.3781,
p=0.5444) on oxt levels (Figure 3.1D). There were no significant differences in avp
levels at either 10h00 (U(7,8)=34.00, p=0.8884) or 14h00 (U(5,6)=17.00, p=0.8618;

Figure 3.1E).

There were statistically significant main effects of time for both scg2a (F(1,26)=7.717,
p=0.0100) and scg2b (F(1,25)=14.21, p=0.0009) levels in the telencephalon. Levels of
scg2a and scg2b were 1.4 and 1.3 times higher, respectively, at 10h00 compared to
14h00 (Figure 3.1F, 3.1G). There was also a significant main effect of genotype
(F(1,25)=8.833, p=0.0065) on scg2b levels. The telencephalon of WT females had 1.2
times higher scg2b levels compared to cyp19alb’ mutant females (Figure 3.1G). There
was no significant main effect of genotype on scg2a levels (F(1,26)=2.501, p=0.1258) or
time X genotype interaction on scg2a levels (F(1,26)=0.4523, p=0.5072) or scg2b levels

(F(1,25)=2.835, p=0.1047).
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Figure 3.1- Gene expression in the telencephalon of adult wildtype (A++B++) and
cyp19alb”’ mutant (A++B--) female zebrafish in the morning (10h00) and
afternoon (14h00). The abundance of mMRNAs (copies/uL) for all genes measured was
normalized by tata-binding protein levels within the sample and data are plotted as fold
change relative to the wildtype female levels at 10h00. Parametric data were analyzed
by Two-Way ANOVA tests followed by Tukey’s multiple comparisons tests and

individual values are plotted with bars representing mean values (A,B,D,F,G), whilst
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non-parametric data were analyzed using multiple Mann-Whitney U tests with a Holm-
Sidak correction for multiple comparisons and plotted as individual points with bars
representing median values (C,E). Error bars are not displayed for clarity. Significant
main effects of time (horizontal bars) and genotype (arrows) are indicated by asterisks
(** p<0.01; *** p<0.001). When there is a statistically significant interaction effect,

means with different letters a-b represent statistically significant differences (p<0.05).

Hypothalamus

Two-way ANOVA was performed to assess the effects of time (10h00 and 14h00) and

genotype (cypl9alb’ mutant and WT) on gene expression levels in the hypothalamus.

There were significant differences in esr levels between the hypothalamus of WT and
cypl9alb’” mutants. There were significant main effects of time (F(1,26)=8.967,
p=0.0060) and genotype (F(1,26)=5.475, p=0.0272) on esrl levels. Levels of esrl were
1.6 times higher at 14h00 compared to 10h00 (Figure 3.2A), and WT females had 1.5
times higher esrl levels compared to cyp19alb” mutant females (Figure 3.2A). There
was no significant time X genotype interaction (F(1,26)=3.758, p=0.0635). No significant
main effects of time on esr2a (F(1,25)=2.139, p=0.1560) or esr2b (F(1,27)=0.4068,
p=0.5290) levels, or main effects of genotype on esr2a (F(1,25)=0.6108, p=0.4418) or
esr2b (F(1,27)=3.782, p=0.0623) levels were observed. However, there were significant
time X genotype interactions for esr2a (F(1,25)=10.65, p=0.0032) and esr2b
(F(1,27)=9.103, p=0.0055) levels. Post-hoc tests revealed that the hypothalamus of WT
females had 3.1 times higher esr2a levels compared to cyp19alb”’ mutant females at

14h00 (p=0.0076; Figure 3.2B). Levels of esr2b were 2.4 times higher in the
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hypothalamus of WT females compared cyp19alb’ mutant females at 14h00

(p=0.0120; Figure 3.2C). No other significant interactions were evident.

There were large differences in oxt and avp levels in the hypothalamus of WT and
cypl9alb” mutant females. Significant main effects of genotype on both oxt
(F(1,27)=7.300, p=0.0118) and avp (F(1,27)=6.848, p=0.0144) levels were observed.
The hypothalamus of WT females had 3.2 and 1.8 times higher oxt and avp levels,
respectively, compared to cyp19alb’ mutant females (Figure 3.2D, 3.2E). There were
no significant main effects of time on oxt (F(1,27)=0.0019, p=0.9656) or avp
(F(1,27)=0.0848, p=0.7731) levels, or time X genotype interactions on oxt

(F(1,27)=1.373, p=0.2515) or avp (F(1,27)=0.0083, p=0.9281) levels.

No significant differences in scg2a levels at either 10h00 (U(6,7)=22.00, p=0.3282) or
14h00 (U(6,7)=11.00, p=0.1852; Figure 3.2F) were observed. There was a significant
time X genotype interaction on scg2b levels (F(1,26)=6.704, p=0.0156), with post-hoc
tests revealing that cyp19alb’- mutant females had 1.7 times higher scg2b levels at
10h00 compared to 14h00 (p=0.0153; Figure 3.2G). There were no other significant
interactions and no main effects of time (F(1,26)=4.097, p=0.0537) or genotype

(F(1,26)=0.8427, p=0.3671) on hypothalamic scg2b levels.
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Figure 3.2- Gene expression in the hypothalamus of adult wildtype (A++B++) and
cypl9alb” mutant (A++B--) female zebrafish in the morning (10h00) and
afternoon (14h00). The abundance of MRNAs (copies/uL) for all genes measured were
normalized by tata-binding protein levels within the sample and data are plotted as fold
change relative to the wildtype female levels at 10h00. Parametric data were analyzed
by Two-Way ANOVA tests followed by Tukey’s multiple comparisons tests and
individual values are plotted with bars representing mean values (A,B,C,D,E,G), whilst

non-parametric data were analyzed using multiple Mann-Whitney U tests with a Holm-

75



Sidak correction for multiple comparisons and plotted as individual points with bars
representing median values (F). Error bars are not displayed for clarity. Significant main
effects of time (horizontal bars) and genotype (arrows) are indicated by asterisks (*
p<0.05; ** p<0.01). When there is a statistically significant interaction effect, means with

different letters a-b represent statistically significant differences (p<0.05).

3.3.2 Brain estradiol content fluctuates between the morning and afternoon

There was a significant main effect of time on brain E2 levels (F(1,13)=10.14,
p=0.0072). Brain E2 levels were 1.4 times higher at 14h00 compared to 10h00 (Figure
3.3). There was also a significant main effect of genotype (F(1,13)=23.04, p=0.0003).
WT brains had 1.7 times higher E2 levels compared to cyp19alb” mutant brains

(Figure 3.3). There was no significant time X genotype interaction (F(1,13)=2.291,

p=0.1541).
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Figure 3.3- Estradiol (E2) levels in the brains of adult wildtype (A++B++) and
cypl9alb’ mutant (A++B--) female zebrafish in the morning (10h00) and
afternoon (14h00). Data were analyzed using a Two-Way ANOVA followed by Tukey’s

multiple comparisons tests. Significant main effects of time (**, p=0.0072) and genotype
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(*** with arrow; p=0.0003) are indicated. There was no significant interaction effect.

Data are plotted as means + standard error of the mean (n=4-5 per group).

3.3.3 Arginine vasopressin injection rescues the behavioral phenotype in cyp19a1b™

mutant females

There was a significant difference in the time to the first oviposition event amongst the
cypl9alb” mutant female groups (H(4)=14.87, p=0.005; Figure 3.4), confirming the
previous study findings (see Chapter 2; Shaw et al., 2023). Pairwise comparisons
revealed that both Avp (p=0.0221) and Avp + L-368,899 (p=0.0155) groups took
significantly less time to the first oviposition event compared to the saline-injected
group. Saline-injected cyp19alb” mutant females took 5.5 and 4.3 times longer to the
first oviposition event compared to Avp- and Avp + L-368,899-injected cyp19alb™
mutant females, respectively. There were no significant differences in the time to the
first oviposition event in the Avp + Manning Compound (p=0.7986) or Oxt (p>0.9999)

groups compared to saline-injected fish.
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Figure 3.4- Time to first oviposition event during zebrafish pairwise mating trials
with female cyp19alb” mutant fish intraperitoneally injected with nonapeptides
and mixed nonapeptides with receptor antagonists (n=15 per group). Significant
differences were assessed using a Kruskal Wallis test followed by a Dunn’s multiple
comparisons test. Individual data points are displayed with red bars representing
median values. Different letters a-b represent statistically significant differences.

Statistical significance is defined at p<0.05.

3.3.4 Cyp19a1b-immunopositive radial glial cell fibres contact arginine vasopressin cells

in preoptic areas

Avp immunolabelling in POA neurons (Figure 3.5A) was absent in sections pre-
adsorbed with Avp (Figure 3.5B), but not when pre-adsorbed with Oxt (Figure 3.5C).
Subpopulations of POA neurons were identified based on their neuroanatomical
positions in the rostral-caudal and ventral-dorsal axes as previously described (Pouso et

al., 2017). Avp-immunopositive neurons were found exclusively in the POA in
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periventricular locations. In the anterior POA, Cyp19alb-expressing RGCs in the
peripheral layer of the ventral telencephalon were observed in contact with the soma of
parvocellular Avp-immunopositive cell bodies (Figure 3.6). In the posterior POA,
probable contact points between Cypl9alb-expressing RGC fibres lining the
diencephalic ventricle and cell bodies of magnocellular and gigantocellular Avp-
immunopositive neurons were observable indicating potential functional relationships

(Figure 3.7).

Figure 3.5- Arginine vasopressin (Avp) immunolabelling in pre-adsorption tests
with Avp and Oxytocin (Oxt) in a transverse section of a female wildtype zebrafish
preoptic area. The confocal images show Avp-immunopositive cell bodies surrounding
the diencephalic ventricle (A). No Avp-immunopositive neurons were present in sections
pre-adsorbed with Avp (B). Avp immunolabelling was unaffected in sections pre-

adsorbed with Oxt (C). Scale bar=20 pm.
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Figure 3.6- Double immunofluorescence against Cypl9alb (green) and Arginine

vasopressin (Avp; red) in a female Tg(cypl19alb-GFP) zebrafish anterior preoptic
area. In this transverse brain section, Cyp19alb-positive radial glial cells fibres lining
the peripheral layer of the ventral telencephalon (A) surround an Avp-immunopositive
parvocellular cell body (B). The nuclear stain Hoescht (blue) is also shown (C). Single
slice scanning view of the boxed area in panel D shows Cyp19alb-positive fibres in

contact with the Avp-immunopositive cell body (E). Scale bar=20 pum.
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Figure 3.7- Double immunofluorescence against Cypl9alb (green) and Arginine

vasopressin (Avp; red) in a female Tg(cypl19alb-GFP) zebrafish posterior preoptic
area. In this transverse brain section, Cyp19alb-positive radial glial cell fibres (A,F)
surround Avp-immunoreactive magnocellular (B) and gigantocellular (G) cell bodies.
The nuclear stain Hoescht (blue) is also shown (C,H). Single slice scanning view of the
boxed areas in panels D and | show Cypl19alb-positive fibres in contact with the Avp-

immunopositive cell bodies (E,J). Scale bar=20 pum.

3.4 Discussion

It was previously reported that female cyp19alb”- mutant zebrafish paired with WT
males have a significantly longer latency to initiate spawning compared to WT females
during dyadic sexual behavior assays (see Chapter 2; Shaw et al., 2023). This is
suggestive of a potential impairment in the ability of a female mutant to identify and/or
assess a potential mate. Since cypl19alb is exclusively expressed in RGCs in the

teleost brain (Shaw, 2018), these findings indicate that locally produced E2 in RGCs is
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likely diffusing to activate Esrs in nearby neurons to affect the expression of behaviorally
relevant estrogen-regulated genes. Indeed, teleost RGCs have been previously shown
to have the full complement of steroidogenic enzymes necessary for de novo
steroidogenesis and the importance of RGC-derived steroids in the teleost brain for
diverse functions from regulating neurogenesis to various aspects of social behavior
has been previously proposed (Diotel et al., 2018). To identify the potential
neuroendocrine mechanism underlying the behavioral impairment observed in the
cypl9alb’” mutant females, we used ddPCR experiments to first quantify changes in
the esrs (esrl, esr2a, esr2b), the nonapeptides (avp, oxt), and the scgs (scg2a, scgzb).
Telencephalon and hypothalamus samples were analyzed separately at two time points
corresponding to during (10h00) and outside (14h00) the time of zebrafish reproductive
activity. The findings from the ddPCR experiments revealed significant effects of

cypl9alb mutation on the expression levels of esrs, avp, and oxt in the hypothalamus.

The telencephalon and hypothalamus of cyp19alb”- mutant females had significantly
lower esr levels compared to WT females. Levels of esrl were 1.5 times higher in the
hypothalamus of WT fish compared to cyp19alb” mutants. This finding is supported by
the previously observed lower brain E2 levels in mutant females (see Chapter 2; Shaw
et al., 2023) and the known positive estrogenic regulation of esrl due to the presence of
an ERE in its promoter region. Time-dependent expression profiles of esrl were also
observed. Levels were 1.6 times higher in the hypothalamus at 14h00 compared to
10h00, and 1.9 times higher levels specifically at 10h00 in the telencephalon of WT
females compared to cyp19alb” mutants. Lower levels of esr2a and esr2b were also

identified in female cyp19alb”’- mutants compared to WT females with region- and time-
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specific effects. Levels of esr2a were 1.7 times higher in the telencephalon of WT
females compared to cyp19alb’ mutant females, whilst in the hypothalamus both esr2a
and esr2b levels were 3.1 and 2.4 times higher, respectively, in WT females compared
to mutants specifically at 14h00. Together, these findings identify lower levels of esrl in
the mutants during the morning when fish are sexually active, whilst esr2a and esr2b
levels are lower in the afternoon, which may represent impaired establishment of
estrogen-regulated gene expression profiles to subsequently prepare for sexual activity

the following morning.

There has been surprisingly little study of the importance of brain Esr signalling for
female teleost sexual behavior, outside of fertility assessments. Of the few studies
conducted, no effects of esr2a mutation were observed on female medaka sexual
behavior (Kayo et al., 2019); however, esr2b mutation affected female sexual
receptivity. In pairwise mating trials of medaka, female esr2b’- mutants were
unreceptive to males and therefore did not spawn eggs despite normal ovarian function
(Nishiike et al., 2021). The study revealed that the female-biased sexual dimorphism in
esr2b-expressing neurons in the ventral telencephalic area and the
magnocellular/gigantocellular portion of the posterior POA decreased following water-
borne aromatase inhibitor treatment indicating that aromatase activity positively
regulates brain esr2b levels. Medaka esr2b was shown to be positively estrogen-
regulated using a luciferase reporter cell line in combination with E2 treatment.
Together, these findings demonstrate that aromatase activity positively regulates Esr2b
signalling levels in female medaka in brain regions important for sexual behavior. Our

study findings suggest that brain aromatase activity likely regulates esr2b levels in the
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female zebrafish brain and that these effects may be linked to female sexual behavior.
While in-depth study of esrl”- mutant effects on female teleost sexual behavior have not
been investigated, we observed that esrl levels were lower in the hypothalamus of
cypl9alb”’ mutants compared to WT females at the time of reproductive activity.
Further study of Esrl signalling effects on female sexual behavior seem particularly well
warranted given the similar behavioral phenotypes of female Aro KO and Esrl KO mice
that display increased rejection of male stud mice during sexual behavior assays
(Bakker et al., 2002a, 2003; Ogawa et al., 1998). In zebrafish, all three nEsrs are
expressed in important neuroendocrine regions for female sexual behavior and their
expression profiles parallel regions of cypl9alb expression (Menuet et al., 2002;
Pellegrini et al., 2005). Our current study findings of lower esr levels in the
telencephalon and hypothalamus of female cyp19alb” mutants that have abnormal
spawning behavior draws attention to the need for further study of esr’- mutant effects

on female sexual behavior.

Both avp and oxt were expressed at significantly lower levels in the hypothalamus of
cyp19alb”’ mutant females compared to WT fish. The hypothalamus of WT females
had 1.8 times and 3.2 times higher levels of avp and oxt, respectively, compared to
cyp19alb”’ mutants. These findings are supported by other teleost studies
demonstrating that E2 administration increases brain avp and/or oxt levels (Ayoub,
1998; Chaube et al., 2012; Kalamarz-Kubiak et al., 2017; Nagarjayan et al., 2015; Singh
et al., 2009; Wang et al., 1995). Our study finding of lower nonapeptides levels in the
hypothalamus of female cyp19alb’ mutants is particularly interesting considering the

important role of Avp and Oxt signalling in modifying the salience of social information
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processing in the brain to affect behavior (Wacker and Ludwig, 2012). Recent teleost
studies using nonapeptide mutant lines have identified important roles of Avp and Oxt
signalling for mate assessment. Female avp”’- mutant zebrafish produced significantly
fewer quiver events with WT males compared to WT females during sexual interactions
(Ramachandran et al., 2023). In another study, oxt’- and oxtrl”- mutant Japanese
medaka showed reduced social recognition of familiar males compared to WT females
during sexual behavior assays (Yokoi et al., 2020). An impairment of sensory
information processing that functions in mate identification and assessment, such as
might occur by reduced avp and/or oxt levels, could represent a link to the behavioral
phenotype observed in the cyp19alb”’ mutant females during sexual behavior assays
(see Chapter 2). Together, these findings suggest that the longer latency to initiate
spawning behavior in the cyp19alb’ mutant females could be a consequence of
impaired processing of sensory information due to reduced positive estrogenic

regulation of Avp and/or Oxt signalling in the brain.

There were significant main effects of time on scg2a and scg2b levels in the
telencephalon that confirm their high expression levels in the morning during the time at
which zebrafish are sexually active. However, there were minor differences in
expression levels between the brains of cyp19alb” mutant and WT females. For
example, scg2b levels in the telencephalon of WT females were 1.2 times higher than
those observed in cyp19alb’ mutants. Though these data indicate minor changes in
scg2b levels between cypl19alb”- mutant and WT females, they are unlikely to explain
the significant behavioral phenotype of the cyp19alb’ mutant females. Of note, scg2a™

and scg2b” mutant female zebrafish are characterized by an ovulatory rather than
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behavioral dysfunction that underlies their impaired reproductive capacity (Mitchell et
al., 2020). Therefore, the behavioral dysfunction in the cyp19alb’ mutant females

seems unlikely to be directly associated with impaired brain SN signalling.

Based on the differences observed in the expression levels of genes between the
morning and afternoon sampling times, we then assessed E2 brain content in
cypl9alb” mutants and WT females to determine if there were significant differences at
the sampling time points. Female WT brains had 1.7 times higher E2 content compared
to cyp19alb’ mutant brains confirming our previous study finding (see Chapter 2; Shaw
et al., 2023). The afternoon sampling time had 1.4 times higher brain E2 content
compared to the morning. This time difference in brain E2 content most likely represents
E2 that crosses the blood-brain barrier from systemic circulation due to increased
Cyp19ala activity in the ovary at this time. Since no significant differences in ovarian E2
content (see Chapter 2) or serum E2 levels (Yin et al., 2017) were previously observed
between cypl19alb”’- mutants and WT females, the larger increase in brain E2 content
from 10h00 to 14h00 in WT females compared to cyp19alb”- mutant females could
represent the onset of brain cypl9alb upregulation in WT females that does not occur
in the cyp19alb’ mutants. Support for this hypothesis is provided by a previous gene
expression study that identified a peak in ovarian cypl9ala levels at the mid-point of
the light phase that was followed by later increased brain cyp19alb levels (Di Rosa et
al., 2016). This daily rhythm of gene expression is hypothesized to serve important
functions in regulating reproductive activity in diurnal spawners similar to that observed
in seasonally breeding species. In seasonally breeding teleosts, increased circulating

E2 levels in females, driven by ovarian recrudescence and increased Cypl9ala activity
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in the ovary, peak prior to the breeding season. This increases brain cypl19alb levels
and Cyp19alb activity in the breeding months, due to the positive estrogenic regulation
of cypl9alb (Chaube et al., 2015; Gelinas et al., 1998; Pal et al., 2018; Pasmanik and
Callard, 1988). The expected increase in brain esrl levels and E2 content in the
afternoon was absent in female cyp19alb”- mutants. While speculative, it is possible
that this altered expression profile is part of the mechanism underlying the female

cyp19alb”’ mutant behavioral impairment.

We conducted acute intraperitoneal injections of teleost Avp and Oxt to see if either
nonapeptide could rescue the behavioral phenotype in the cyp19alb” mutant females.
The nonapeptides were selected for study in the rescue experiment based on their
known effects on social recognition and the findings that avp and oxt levels were ~45%
and ~68% lower, respectively, in the hypothalamus of cyp19alb” mutants compared to
WT fish. Acute intraperitoneal Avp injections rescued the time to the first oviposition
event in female cyp19alb” mutants. This behavioral rescue was receptor-dependent
because antagonism of Avprla receptor signalling by coadministration of Manning
Compound blocked the effect of Avp to advance oviposition in female mutants. On the
other hand, coadministration of the Oxtr antagonist L-368,899 had no effect on Avp
action. This demonstrates that the rescue effects observed are specific to Avp signalling

pathways.

These findings are supported by a previous study in female Asian stinging catfish,
whereby low dosage 0.1 pug/g bw E2 intraperitoneal injections given daily for three days

in ovariectomized females increased brain Avp levels (Chaube et al., 2012). A functional
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relationship between E2 and Avp has also been previously observed in female round
gobies during the spawning-capable phase whereby brain explants perfused in vitro
with E2 released higher concentrations of Avp into the surrounding medium (Kalamarz-
Kubiak et al., 2017). Brain explants perfused with E2 also increased Oxt release.
Nonapeptide release induced by E2 could be blocked by administration of actinomycin
D, demonstrating the dependence of E2 action on de novo RNA synthesis. It is
interesting to note that Avp release also occurred rapidly, within 20 mins of E2
administration, suggesting an additional non-genomic pathway of estrogenic regulation.
It would be interesting in a future study to measure the levels of bioactive nonapeptides
in the brains of cyp19alb’ mutants to complement the findings in the current study.
Indeed, previous studies in other teleosts have demonstrated links between oviposition
and bioactive brain nonapeptide levels in the females (Kulczykowska and Kleszczynska,
2014; Kulczykowska et al., 2014). It will also be important in future study to identify the
potential additional contributions of Gper (the teleost mEsr) signalling to the observed
behavioral phenotype in the cyp19alb” mutants. Since significantly lower levels of
nuclear esrs were identified in addition to avp in the hypothalamus of cyp19alb”
mutants compared to WT females, the current findings suggest at least a genomic
regulatory mechanism underlying the behavioral phenotype observed in the mutant fish.
The contributions of non-genomic estrogenic regulation of female zebrafish sexual

behavior should be further explored.

Since the rescue experiment demonstrated that acute Avp injection uniquely rescued
the delayed oviposition in cyp19alb”- mutants, we wanted to establish the

neuroanatomical basis for Cypl19alb-derived estrogenic communication with Avp
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neurons. To investigate the neuroanatomical proximity for brain-derived E2 induction of
avp levels, we used immunohistochemistry methods with a teleost-validated Avp
antibody and the Tg(cyp19alb-GFP) zebrafish line (Tong et al., 2009). Close
neuroanatomical proximities between Cypl19alb-positive RGC fibres and Avp-
immunopositive cell bodies were identified in the anterior and posterior parts of the
POA. This could allow RGC-derived E2 to diffuse into nearby Avp-immunopositive
neurons to regulate avp levels in the female zebrafish brain. A close association
between Cypl9alb-immunopositive RGC fibres and avp/Avp-expressing neurons in the
POA has also been previously demonstrated in the orange-spotted grouper
(Epinephelus coioides; Nagarjayan et al., 2015) and the bluehead wrasse (Thalassoma
bifasciatum; Marsh et al., 2006). In the orange-spotted grouper, avp colocalized with
esrl, esr2b and gper in all three preoptic neuron populations- the parvocellular,
magnocellular, and gigantocellular neurons, indicating the potential for direct estrogenic
regulation of avp levels (Nagarjayan et al., 2015). In the bluehead wrasse, Cyp19alb-
positive RGC fibres were observed in close association to Avp-immunopositive cell
bodies in the POA indicating a potential functional relationship (Marsh et al., 2006).
Though the functional importance of the individual Avp subpopulations in teleost social
behavior is currently unknown, evidence has suggested a potential role of
gigantocellular neurons in female reproduction. A previous study in the half-spotted
goby (Asterropteryx semipunctata) identified significantly high numbers of
gigantocellular neurons in the peak-spawning period compared to the pre- and post-
spawning periods, which was not seen similarly in the parvocellular or magnocellular

neurons (Maruska et al., 2007). These differences were also observed, however, in the
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non-spawning season and thus it is unclear whether the gigantocellular Avp-
immunopositive neurons contribute to female reproduction. It will be important in future
to identify if nEsrs colocalize with Avp in the female zebrafish brain to determine if there
is a direct pathway for estrogenic regulation of avp. Future study should also identify
which Avp-immunopositive subpopulations in the POA are important for the observed

effects on female sexual behavior.

3.5. Conclusions

We have demonstrated that Avp rescues the behavioral phenotype of female
cypl9alb” mutant zebrafish. Our data indicate that lower brain E2 levels in the
cypl9alb” mutant females reduces Avp signalling in the hypothalamus leading to an
increased latency to the first oviposition event during pairwise mating trials. Contact
points between Cypl9alb-expressing RGCs and Avp-immunopositive cell bodies in the
POA identify the neuroanatomical proximity and region of interest for locally produced
E2 to regulate avp levels. Rescue of delayed oviposition with a single injection of Avp
indicates the importance of the RGC-Avp network in the regulation of female behavior.
Further study will be needed to identify nEsr and Avp colocalization and the neuronal
subpopulations in the POA responsible for the observed effects on female spawning

behavior.
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Chapter 4: General Discussion and Conclusions

4.1 Thesis Overview

The goal of my thesis research was to investigate the importance of brain aromatase
(i.e., cyp19alb) for zebrafish sexual behaviors. The findings contribute to our
understanding of the importance of brain-derived estrogens to teleost reproduction. This
builds on the well characterized importance of ovarian-derived estrogens for ovarian
development and functioning as well as in preparing the female body for reproductive
activity. Numerous observations from previous teleost studies suggest a coordination of
ovarian- and brain-derived estrogens to stimulate sexual behavior at the time of ovarian
readiness. Firstly, cypl9alb is expressed in RGCs surrounding brain regions important
for reproduction (Shaw, 2018). Secondly, cyp19alb is positively estrogen-regulated via
the presence of an ERE in its promoter region (Menuet et al., 2005). Finally, cyp19alb
levels are upregulated during the reproductive period following the timing of ovarian
estrogen production in many species (Chaube et al., 2015; Di Rosa et al., 2016; Gelinas
et al., 1998; Gonzalez and Piferrer, 2003; Kazeto et al., 2003; Maruska et al., 2020; Oh
et al., 2018; Okubo et al., 2011; Pal et al., 2018). Together, these findings suggest an
important role of brain-derived estrogens in female reproduction. My findings
demonstrate that brain-derived estrogens have a critical role in spawning behavior in

female zebrafish through positive regulation of Avp signalling in the POA.

91



4.2 Thesis Summary
My thesis project is composed of four objectives that together provide evidence to
demonstrate an important role of brain-derived estrogens for female zebrafish sexual

behavior.

The first objective of my research was to identify changes in sexual behavior and
reproductive health in cyp19ala’ and cyp19alb” mutant zebrafish (Chapter 2). For this
study, sexual behavior assays were conducted involving a mutant fish paired with an
opposite-sex WT fish and spawning behavior was analyzed using video recordings. The
eggs spawned during trials were collected and raised for 4 dpf to identify the effects of
parental cypl9al mutation on early embryo development and survival. The study
findings revealed that female cyp19alb”- mutants displayed 4.1 times longer latency to
initiate spawning compared to WT females. This behavioral impairment is reminiscent of
the reduced sexual behavior observed in Aro KO mice (Bakker et al., 2002a, 2002b;
Brooks et al., 2020; Honda et al., 1998; Matsumoto et al., 2003). Female cyp19alb-
mutants also spawned 2.3 times more eggs than WT females; however, despite normal
fertilization rates, 4.2 times more progeny died during early development. There were
no obvious morphological abnormalities in the embryos or differences in morphometric
measurements of BL, EA, or YSA that might suggest a cause of the increased mortality.
Rather, these findings in combination with the previous identification of high cyp19alb
levels in unfertilized eggs (Sawyer et al., 2006) indicates potentially important roles of
maternal cypl9alb deposition in eggs for early embryo survival. Embryo survival rates

were 24% lower in progeny from male cypl9ala’;cyp19alb”’ mutant pairings
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compared to WT pairings, which further suggests a critical role of the cyp19al paralogs

for early embryo survival.

The second thesis objective was to assess changes in the levels of esrs, avp, oxt,
scg2a and scg2b in the telencephalon and hypothalamus of cyp19alb”- mutant females
that might be linked to the observed impairments in sexual behavior (Chapter 3). The
telencephalon of female cyp19alb”- mutants had 47% lower esrl levels compared to
WT females in the morning when fish are reproductively active. In the hypothalamus,
esrl levels were 33% lower in cyp19alb’ mutants compared to WT fish, and 37% lower
in the morning compared to the afternoon. These findings are supported by the known
positive estrogenic regulation of esrl due to an ERE in its promoter (Menuet et al.,
2004), and data indicating 44% lower E2 levels in cyp19alb’ mutant brains compared
to WT brains (Chapter 3) and 33% lower brain E2 levels in the morning compared to the
afternoon (Chapter 3). The telencephalon of female mutants had 41% lower esr2a
levels compared to WT fish. The female mutant hypothalamus had 68% and 58% lower
esr2a and esr2b levels, respectively, compared to WT fish in the afternoon. This could
indicate that lower Esr2 signalling in the cyp19alb’ mutant hypothalamus impairs
establishment of estrogen-regulated gene expression profiles in the afternoon for
reproductive activity the following morning. There were 45% and 68% lower levels of
avp and oxt, respectively, in the hypothalamus of mutant females compared to WT fish.
Together, these observations suggest disruptions to neuroendocrine signalling
pathways in the brains of cyp19alb” mutant females that might underlie the behavioral

impairments.
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To study the pathway underlying the observed behavioral impairments in mutant
females, the third objective of the project was to determine if the abnormal spawning
behavior in cyp19alb” mutant females could be rescued by hormone treatment in adult
fish (Chapter 3). The nonapeptide pathways were of particular interest in the female
mutants because Avp and Oxt signalling are involved in modifying the salience of
sensory information processing in the brain for social recognition and behavior (Wacker
and Ludwig, 2012) and because the female mutants had delayed spawning that might
reflect impaired mate identification. Moreover, accumulating evidence has demonstrated
positive estrogenic regulation of brain Avp and Oxt signalling pathways in female
teleosts (Chaube et al., 2012; Kalamarz-Kubiak et al., 2017; Nagarajan et al, 2015;
Singh and Joy, 2009). In the current study, acute intraperitoneal injections of Avp and
Oxt, along with coadministration of their respective receptor antagonists, were
conducted in female mutants to determine if the observed impairments in spawning
behavior could be rescued. Administration of Avp was found to uniquely rescue the time
to the first oviposition event in female cyp19alb” mutants and these effects were
blocked with coadministration of an Avprla antagonist. Together these findings indicate
an important association between brain-derived estrogens and Avp signalling for female

sexual behavior.

The final objective in the thesis was to identify the neuroanatomical relationship
between Cypl9alb-expressing RGCs and Avp-immunopositive neurons in the female
zebrafish brain (Chapter 3). This study was a necessary step to determine if brain-
derived estrogens, via Cyp19alb activity, could potentially diffuse to and affect nearby

Avp-immunopositive neurons to regulate avp levels as suggested by the gene
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expression data. Using immunohistochemistry methods, Cyp19alb-positive RGC fibres
were found in close neuroanatomical proximity and in contact with Avp-immunopositive
neurons in both the anterior and posterior POA. These findings indicate that brain-
derived estrogens from RGCs lining the diencephalic ventricle and in the POA could
regulate Avp signalling levels by binding in nearby Avp-immunopositive neurons

involved in the neural circuit for female sexual behavior.

While my findings are novel and have shown the importance of Cyp19alb for female
sexual behavior, many questions remain, some of which are addressed in the following

section.

4.3 Future Directions

4.3.1 Determine the effects of cyp719a1b mutation on gonadotropin levels

The study findings in Chapter 2 identified an increased number of eggs spawned by
cypl9alb” mutant females in sexual behavior assays. This suggests that cyp19alb
mutation may affect the hypophysiotropic pathway that regulates gamete production
and release. These processes are controlled by the gonadotropins that are produced in
the pituitary gland and released into systemic circulation to bind receptors in the ovary
where Lh stimulates oogenesis and ovulation and Fsh promotes gametogenesis and

follicular growth (Zhang et al., 2015).

Future study should assess changes in Ihb and fshb levels in the pituitary gland of
female cyp19alb’ mutants to determine if there are higher gonadotropin production
levels in the mutants that may be linked to the increased number of eggs spawned.
There are no specific and validated immunoassays for zebrafish Lh and Fsh. Thus,

measuring hormone levels in the pituitary gland and in blood samples would first require
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development and validation of these zebrafish immunoassays. This method would help
to determine if there are effects on the levels of gonadotropin release from the pituitary
gland which would be a stronger indication of the hormone levels that bind receptors in
the ovaries. Adopting an assay approach similar to that of another small teleost model,
the medaka, seems most appropriate (Burow et al., 2019). Interestingly, Cyp19alb was
shown to colocalize with Lhb, but not Fshb, in pituitary cells of the ricefield eel
(Monopterus albus) and the Japanese puffer (Takifugu rubripes), which suggests a
potential involvement of Cypl19alb-derived estrogens in Lh regulation (Yamaguchi et
al., 2022; Zhang et al., 2014). High levels of cyp19alb in the pituitary gland have been
identified across numerous teleosts (Shaw, 2018), suggesting an important role of
Cypl9alb-derived estrogens in the pituitary that warrants further study. Study of in vitro
pituitary gland preparations and targeted pituitary cell-specific cyp19alb”’ mutant lines
could help in determining the independent actions of Cypl19alb-derived estrogens in the

pituitary gland from those in the hypothalamus for reproduction.

4.3.2 Determine the metabolic and fithess consequences of cyp79a1b mutation

While female cyp19alb” mutants spawned significantly more eggs per clutch compared
to WT females, there were significantly higher progeny mortality from female cyp19alb-
mutant pairings (Chapter 2). This suggests a potentially higher energetic investment in
reproduction by mutant females because gamete biomass production requires
substantial energetic reserves (Hayward and Gilloly, 2011). It is interesting to note that
in female mice, estrogen signalling in the hypothalamus is involved in maintaining
energy homeostasis by suppressing food intake and increasing energy expenditure

(Saito et al., 2015; Xu and Lopez, 2018). This occurs through Esrl-mediated stimulation
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of pro-opiomelanocortin neurons that inhibit food intake and the inhibition of
neuropeptide Y and agouti-related peptide neurons that stimulate food intake in the
acuate nucleus (Olofsson et al., 2009; Xu et al., 2011). In the ventromedial
hypothalamus, Esrl signalling stimulates physical activity and thermogenesis resulting
in increased energy expenditure (Musatov et al., 2007). The hypothalamus serves as an
important region where the metabolic system can modify neuroendocrine signalling
pathways involved in reproduction to ensure that it occurs when there are sufficient
energetic reserves in the body (Hill et al., 2008; Navarro and Kaiser, 2013; Shahjahan

et al., 2014).

Considering these observations, it would be interesting in future studies to determine
the metabolic rate in cyp19alb”’ mutant females and the long-term fitness
consequences associated with higher reproductive investment. To address these
guestions, one could determine energetic stores and metabolic rates under basal
conditions and during reproduction in mutant females to see if their metabolic rates are
higher during reproduction favouring increased gamete production levels. Future studies
could also compare the lifespan of cyp19alb” mutant and WT fish on a food-restricted
diet to determine if the higher reproductive investment is reduced or if a mutant’s

lifespan is shorter when food is limited.

4.3.3 Assess the mechanism of cyp19a7 mutation effects on increased progeny

mortality

Important roles of the cypl9al paralogs for early embryo development and survival
were evidenced by the higher progeny mortality from female cyp19alb”’- mutant and

male cypl9ala’;cypl9alb’ mutant pairings (Chapter 2). This finding is supported by
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previously identified time-dependent changes in the expression profiles of cypl9ala
and cyp19alb during the first 72 hpf in zebrafish embryos indicating critical roles in
early development (Sawyer et al., 2006). Despite recognition of the importance of
estrogen signalling in vertebrate development and survival (Bondesson et al., 2015),
there has been little follow up to identify the key roles of the cyp19al paralogs in
zebrafish embryos. While the findings in the current study demonstrate critical roles of
the cypl9al paralogs for zebrafish embryo survival, there were no observable
differences in BL, EA, or YSA between progeny groups that would suggest a link to the
increased mortality. Thus, further study is warranted to determine the mechanistic

pathways underlying the increased mortality in cyp19al’- mutant progeny.

Two areas for future study in the cyp19al”’- mutant progeny are to assess the potential
effects of cypl9al mutation on embryo brain and heart development. These study
guestions are of interest based on previous findings in larval zebrafish. Firstly, through
study of a transgenic ERE-GFP zebrafish line, the brain and heart were identified as
estrogen-responsive tissues in 3-5 dpf larval zebrafish (Gorelick and Halpern, 2011).
Secondly, estrogen-regulated genes involved in biological processes including
apoptosis, cell proliferation, multicellular organismal development, metabolism, and
immune response, among others, were identified using a microarray analysis of
zebrafish embryos treated with E2 from 3 hpf to 4 dpf (Hao et al., 2013). Finally, study
of morpholino-mediated knockdown of cypl19alb identified lower heart rates in larval
zebrafish that were correlated with reduced serotonergic neuron immunofluorescence
(Ulhag and Kishida, 2018). This suggests important functions of Cyp19alb in brain

development of the serotonergic system and heart functioning in larval zebrafish. There
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is also strong evidence in adult zebrafish identifying an important role of Cyp19alb in
regulating neurogenesis (Pellegrini et al., 2016), though effects in larvae are currently
unknown. Together, these findings suggest potential roles of the cyp19al paralogs in
brain and heart development in zebrafish embryos. Future study could assess
differences in neurogenesis rates using the exogenous cell tracer 5’-bromo-2’-
deoxyuridine (BrdU) and heart rates in progeny of cyp19al”’- mutants and WT fish to
determine if there are differences that might underlie the increased mutant progeny

mortality.

4.3.4 ldentify the estrogen receptors involved in the requlation of arginine vasopressin

levels in the hypothalamus

Gene expression analyses in the hypothalamus of female cyp19alb” mutants revealed
significantly lower levels of esrs and avp compared to WT fish (Chapter 3).
Immunohistochemistry revealed a close neuroanatomical proximity and contact points
between Cypl9alb-expressing RGC fibres and Avp-immunopositive cell bodies in the
POA (Chapter 3). Together, these findings suggest positive estrogenic regulation of avp

levels in the female brain.

Future study should determine if esrs colocalize with avp in preoptic areas to provide a
direct pathway for estrogenic regulation of avp. Since zebrafish avp does not contain an
ERE, activated Esrs would be predicted to positively regulate the avp promoter through
protein-protein interactions with Ap1l when bound to its response element (Figure 4.1)
as occurs in the estrogenic regulation of rat avp (Shapiro et al., 2000). Future study is
also needed to determine the contribution of reduced Gper signalling to the reproductive

impairments identified in the female cyp19alb”’ mutants.
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4.3.5 ldentify the estrogen-requlated Avp neurons involved in female sexual behavior

The rescue experiment determined that acute Avp administration can rescue the
delayed oviposition in female cyp19alb’ mutants (Chapter 3). While the distribution of
Avp-expressing cells is well conserved in the POA across teleost species (Banerjee et
al., 2017), the function of the individual parvo-, magno-, and gigantocellular populations
in reproduction is not well characterized. It is therefore difficult to comment on the POA
subpopulation of Cypl9alb-positive RGCs and Avp-immunopositive heurons involved
in the regulation of female sexual behavior. Future study could use immediate-early
gene expression to identify neurons activated during sexual behavior (Guzowski et al.,
2005) and single-cell ablation to selectively inhibit neuron functioning (Liu et al., 2019)
within POA subpopulations to help identify the important regions of estrogen-regulated

Avp neurons involved in female sexual behavior.

The finding that Manning Compound coadministration blocked the Avp-induced rescue
of the delayed oviposition in female mutants reveals the critical role of Avprla signalling
(Chapter 3). The neuroanatomical distribution of avprla in adult zebrafish is currently
uncharacterized. In larval zebrafish, avprla is expressed in forebrain neurons with
axons projecting into the postoptic commissure and in hindbrain neurons that send
axons into the medial longitudinal fasciculus (Iwasaki et al., 2013). The hindbrain
avprla-expressing neurons are hypothesized to function in sensorimotor processing to
enhance sensitization of motor responses to sensory stimulation. This is based on the
observations that many neurons projecting axons into the medial longitudinal fasciculus
are involved in motor control and that the avprla-expressing hindbrain neurons receive

axonal contacts from avp-expressing neurons in the POA as well as axons from sensory
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neurons in the lateral longitudinal fasciculus (Iwasaki et al., 2013). The avprla-
expressing hindbrain neurons are therefore well situated to integrate sensory
information from the forebrain with hindbrain motor responses to control behavior. It
would be interesting in future study to determine if the delayed oviposition in female
mutants is linked to disruptions in this sensorimotor processing pathway. This could be
assessed through study of zebrafish with targeted hindbrain avprla mutation in sexual
behavior assays to determine if the mutants display a similar delayed oviposition

phenotype as observed in the cyp19alb”’ mutant females.

4.4 Concluding Remarks

The research presented in this thesis demonstrates the important role of brain-derived
estrogens for female zebrafish reproduction. Brain-derived estrogens, via Cypl19alb
activity, play a critical role in female spawning behavior through estrogenic regulation of
neuroendocrine signalling pathways. Mutation of cypl9alb in females reduces Avp
signalling levels in the brain leading to impairments in female sexual behavior. A
proposed model of Cypl9alb-derived estrogenic regulation of avp levels in the female
zebrafish brain is depicted in Figure 4.1. The knowledge gained from these thesis
findings contributes to our understanding of the role of Cyp19alb in the control of

teleost sexual behavior (Figure 4.2).
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Figure 4.1- Proposed model of Cyp19alb-derived estrogenic regulation of avp
levels in the female zebrafish brain. Radial glial cells (RGCs) expressing Cypl19alb
line the diencephalic ventricle and are present in preoptic areas with processes
extending laterally that surround and contact nearby neurons. Estradiol produced via
Cyp19alb activity could diffuse into neurons to bind and activate nuclear estrogen
receptors (nEsrs) in the cell nucleus. Activated nEsrs could then dimerize and bind
activator protein 1 (Apl) bound to its response element in the arginine vasopressin
(avp) promoter to upregulate avp levels. This pathway is hypothesized to play an

important role in female zebrafish spawning behavior.
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zf cyp19a1b”-: delayed spawning behavior
jm esr2b”: no spawning behavior, increased rejection of males (60-180 dpf)

A

\
(
zf cyp19a1b”-: no effects on sexual behavior

jm esr2b”: no effects on sexual behavior (60-180 dpf)
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zf cyp19a1b effects on /hb and fshb levels?
zf esr17-: lower Fshb and Lhb levels (180 dpf)
jm esr2a: higher fshb, unchanged /hb (120 dpf)

Gonads

/zf cyp19aia™ failed ovarian differentiation (~30 dpf) \
zf single esr’~: no effects (120 dpf)

zf esr17-: higher fertility, more eggs (90 dpf); infertile, degenerated ovaries (180 dpf)

zf esr17; esr2a’: stromal cell hyperproliferation, multilayered follicle cells in ovaries (120 dpf)
zf esr2a’; esr2b™-, triple esr’~: failed ovarian differentiation (120 dpf)

jm esr1”= no effects (90 dpf)

jm esr2a~: infertile, oviduct atresia, failed oviposition (120 dpf)

ij esr2b: no effects (60-180 dpf)

/f

AN

zf cyp19aia’ more spermatozoa (90 dpf)

zf single, double, triple esr’-: no effects (120 dpf)
jm esri1~= no effects (90 dpf)

jm esr2b”-: no effects (60-180 dpf)

Figure 4.2- Summary of estrogen receptor mutant (esr”), ovarian aromatase
mutant (cyp19ala’’), and brain aromatase mutant (cyp19alb”) effects on
zebrafish (zf) and Japanese medaka (jm) reproductive physiology and sexual
behavior. Findings in female fish are boxed in green, while findings in males are boxed
in blue. Fish age at testing is indicated in days post-fertilization (dpf). The contributions
of the thesis findings are indicated in bold. Future study to build on the current thesis

findings is indicated in red. References used: Chen et al., 2018; Dranow et al., 2016;
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Kayo et al., 2019; Lau et al., 2016; Lu et al., 2017; Niishike et al., 2021; Tang et al.,

2017; Tohyama et al., 2017; Yin et al., 2017.
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vasopressin/oxytocin
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in teleost fishes
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The vertebrate nonapeptide families arginine vasopressin (AVP) and oxytocin
(OXT) are considered to have evolved from a single vasopressin-like peptide
present in invertebrates and termed arginine vasotocin in early vertebrate
evolution. Unprecedented genome sequence availability has more recently
allowed new insight into the evolution of nonapeptides and especially their
receptor families in the context of whole genome duplications. In bony fish,
nonapeptide homologues of AVP termed arginine vasotocin (Avp) and an OXT
family peptide (Oxt) originally termed isotocin have been characterized. While
reproductive roles of both nonapeptide families have historically been studied
in several vertebrates, their roles in teleost reproduction remain much less
understood. Taking advantage of novel genome resources and associated
technological advances such as genetic modifications in fish models, we
here critically review the current state of knowledge regarding the roles of
nonapeptide systems in teleost reproduction. We further discuss sources of
plasticity of the conserved nonapeptide systems in the context of diverse
reproductive phenotypes observed in teleost fishes. Given the dual roles of
preoptic area (POA) synthesized Avp and Oxt as neuromodulators and
endocrine/paracrine factors, we focus on known roles of both peptides on
reproductive behaviour and the regulation of the hypothalamic-pituitary-
gonadal axis. Emphasis is placed on the identification of a gonadal
nonapeptide system that plays critical roles in both steroidogenesis and
gamete maturation. We conclude by highlighting key research gaps including
a call for translational studies linking new mechanistic understanding of
nonapeptide regulated physiology in the context of aquaculture,
conservation biology and ecotoxicology.

KEYWORDS

endocrine system, hormone, hypothalamic—pituitary—gonadal axis, isotocin,
neuromodulator, courtship behaviour, paracrine, vasotocin
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1 Introduction

Members of the arginine vasopressin (AVP)/oxytocin (OXT)
molecular family and their receptors are phylogenetically ancient,
originating in a common ancestor evolved from a common
ancestor of the Bilateria (1). As conserved cyclic nonapeptides,
they exert pleiotropic functions in reproduction, sociosexual
behavior, energy balance, osmoregulation, and the cardiovascular
system, among others. In this review we take a focussed approach
and examine their importance in the reproductive physiology of
teleost fishes.

1.1 The teleost nonapeptide system

1.1.1 Nonapeptide structure and evolution

In basal cephalochordates, such as the Florida lancelet,
Branchiostoma floridae, and urochordates such as the sea vase,
Ciona intestinalis, single nonapeptides, [Ile*]-VP and Ciona
(ciVP) have been reported (2-4). The presence of a single
AVP family peptide extends to basal vertebrate agnathans,
including lampreys such as the Japanese lamprey, Lethenteron
japonicum, and hagfishes such as Eptatretus burgeri (5, 6). It is
believed that two rounds of whole genome duplication (2R
WGD), one before and one after the separation of agnathans
and gnathostomes (7), led to a duplication of the ancestral
arginine vasotocin (avp) gene. This duplication gave rise to
two nonapeptide families conserved in vertebrates; the AVP
and OXT family peptides (8). In vertebrates, both genes code for
precursor proteins which include a 5 signal sequence, a highly
conserved nonapeptide and neurophysin, and, in the case of the
AVP family, a C-terminal glycoprotein termed copeptin without
known biological function (9). Processing into the mature
nonapeptides occurs via prohormone convertases, and the
acidic neurophysins I (OXT family) and neurophysin II (AVP
family) associate with mature nonapeptides acting as carrier
molecules within the neurosecretory system (9).

In teleost fishes, vasotocin (Avp) was originally isolated and
characterized in pout, Gadus luscus (10), pollock, Polacchius
virens (11), and European hake, Mercluccius mercluccius (12),
and has since been identified in genomes of all teleost fishes
studied to date (3, 6). Avp occurs in all verebrates except for
mammals, where it appears to have mutated to give rise to
vasopressin (AVP) in which 31le was substituted for *Phe (3, 5,
6). All AVP family members are basic nonapeptides due to a
basic amino acid (AA) at position 8.

In contrast to the AVP family peptides, the duplicated
nonapeptide gene appears to have accumulated more
mutations giving rise to the OXT family (3, 5, 6). The OXT
nonapeptides are characterized by a neutral AA at position 8
(Leu, Ile, Gln or Val). In fishes alone, as many as 12 Oxt family
peptides are known and likely arose due to lineage-specific
duplications followed by substitutions in AA positions 3, 4
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and 5 in the ring structure and position 8 in the tail structure
(Table 1). With reference to mammalian OXT, the substitutions
are Tyr” by Phe?, Ile’ by Phe’, Gln* by Ser* or Asp®, and Leu® by
Ile® or Val®. In teleost fishes, a single OXT family peptide (Oxt;
[Ser*-T1e®]-OXT) was first isolated in pout, pollock, and the
European hake and originally termed isotocin due to the
presence of Ile in position 8 (18).

While position 8 mutations are very common in
cartilaginous fishes (19) specific Oxt family peptides have also
been reported in Sarcopterygii, such as the Australian lungfish,
Neoceratodus forsteri, which expresses [Phe?-1le’] OXT (20).
Based on more recent genomic data, it has become evident that
non-teleost Actinopterygians also express specific Oxt peptides
(6). Indeed, in the spotted gar, Lepisosteus oculatus, which
possess a pre-3R genome, two gene paralogues coding for Oxt
were identified - one coding for a pro-[Ser*-1le®]-OXT with a
long C-terminal (NCBI Accession No. XM_006626499.1) and
the other coding for a novel pro-[Phe?, Ser*]-OXT, which has a
short C-terminal like other vertebrate neutral OXT family
peptide precursors (NCBI Accession no. XM_006626523.1).
An analysis of tissue expression profiles based on a fish RNA-
seq expression database (21) does not reveal clear-cut differential
expression of both oxt paralogues in spotted gar (Figure 1A).

In teleosts, characterized by a 3R genome condition,
occurrence of two copies each of pro-avp (pro-avpl and pro-
avp2) and pro-oxt (pro-oxtl and pro-oxt2) have been reported
in the blind cave fish, Astyanax mexicanus, based on genomic
information and in salmonids and catastomids based on cloning
studies (6, 22-24). In the blind cave fish, a diploid fish, synteny
analysis suggests that the gene duplications may be due to 3R
without subsequent gene loci losses (6). In salmonids and
catostomids, the multiple oxt copies may be due to
tetraploidization (4R WGD) and/or gene conversion (22-24).
Regarding tissue expression profiles of paralogous oxt genes in
salmonids, analysis of RNA-seq data (21) suggests similar
expression profiles, at least in, rainbow trout, Oncorhynchus
mykiss (Figure 1B), and brook trout, Salvelinus
fontinalis (Figure 1C).

More recently however, the paradigm that teleost fishes,
while encoding multiple gene loci for neutral nonapeptides in
some cases, nevertheless exclusively express Oxt ([Ser*-1le®]-
OXT) was challenged by the cloning and discovery of two
different neutral Oxt family peptides in the Asian stinging
catfish, Heteropneustes fossilis, and the walking catfish, Clarias
batrachus (6). In both species, a conventional oxt gene coding for
a [Ser*-T1e®]-OXT and a second oxt gene coding for the novel
[Ser4—Vals]—OXT, coined sevatocin, are expressed in addition to
a single avt gene (6). Like pro-[Ser*-1le®]-OXT, the peptide
precursor encoding for [Ser*-Val®]-OXT has a similar
organization (Table 2), with an extended C-terminal and a
Leu-rich region. The functional implications of the oxt genes
in these catfish species deserve special mention. The
substitutions in the hormone moiety (Lle®/val®) may lead to
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TABLE 1 Oxt nonapeptide family orthologues in different fish groups.
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Species/Groups Historical name AA sequence Reference
Holocephali: Oxytocin CYISNCPQG (3)
Callorhinchus milli
Hydrolagus colliei
Skates: Glumitocin CYISNCPQG (8)
Raja miraletus
Sharks: Aspargtocin CYINNCPLG (13)
Squalus acanthias Valitocin CYIQNCPVG
Scyliorhinus caniculus Asavatocin CYINNCPVG (14)
Phasavatocin CYENNCPVG
Triakis scyllium Asavatocin CYINNCPVG (15)
Phasitocin CYENNCPIG
Rays: Isotocin b CYISNCPIG (16)
Torpedo marmorata
Spotted gar: [Phe?, Ser"]—Oxytocin CFISNCPIG Genomic sources (6)
Lepisosteus oculatus (a variant of I'Tb) CYISNCPIG
Isotocin b
Most teleost fishes Isotocin b CYISNCPIG (8)
Catfishes: Isotocin a (Sevatocin) CYISNCPVG (6)
Heteropneustes fossilis, Clarias batrachus Isotocin b CYISNCPIG
Some lungfish, Coelacanth, Latimeria chalumnae Mesotocin CYIQNCPIG (17)
Australian lungfish, [Phe?]-Mesotocin CFIQNCPG (8)
Neoceratodus forsteri
Human Oxytocin CYIQNCPLG

Homo sapiens

The AA sequences of the mature hormones are given. Coloured and underlined AA are modifications from the mammalian OXT AA sequence.
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Tissue-specific expression profiles of nonapeptide precursor coding genes in spotted gar (A), rainbow trout, Oncorhynchus mykiss (B), and

brook trout, Salvelinus fontinalis (C) derived from the Phylofish RNA-seq database (www.phylofish.signae.org) queried on June 1%, 2022 (20).
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TABLE 2 General features of the cDNAs of an encoded precursor proteins of Oxta, Oxtb and Avp in the catfish Heteropneustes fossilis.

Nonapeptide cDNA Coding
(bp) sequence (bp) (AAs)
Oxta 619 1-462 153
Oxtb 708 56-508 151
Avp 618 60-524 155

Precursor protein Signal peptide

Neurophysin peptide  Cys in NP Leucine-rich

(AAs) (NP)(AAs) (AA) core
19 122 14 LLRKLLHL
29 118 14 LLKLLHL
20 122 14 LLLRILH

The mature nonapeptide hormone moiety (9 AA), cleavage site (GKR), and the domain between signal peptide and neurophysin are not indicated.

altered receptor-ligand interaction with possible sub- or neo-
functionalization. Both oxt-like genes are similarly expressed in
the preoptic area (POA), and functional studies show that both
synthetic [Ser*-11e®]-OXT and [Ser*-Val®]-OXT similarly
regulate fshb, Ihb and gpa expression in the catfish pituitary (6,
24). Tt is possible that both Oxt peptides bind to the same
receptors, but receptor characterization has not yet
been undertaken.

For the purpose of this review, we follow the recent Zebrafish
Information Network (ZFIN, www.zfin.org) nomenclature,
which uses avp/Avp and oxt/Oxt to designate teleost genes and
their protein products. The reasoning for this recent change in
the literature is to highlight the homologous nature of avp and
oxt family genes and their products in vertebrates. Consequently,
this nomenclature no longer uses the historical distinction
between teleost and mammalian nonapeptides (arginine
vasotocin/arginine vasopressin and isotocin/oxytocin) which is
reflective of their AA composition. Thus, while the historically
widely used nomenclature is not used in this review, it is
implicitly understood that the teleost avp/Avp and oxt/Oxt
differ from mammalian and other vertebrate nonapeptide
homologues in their AA residues as described.

1.1.2 Anatomy of the nonapeptide system in
the context of reproduction

The distribution of Avp and Oxt has been examined in many
teleosts and will not be covered in detail here. Controversies arise
largely because of differing sensitivities of the neuroanatomical
methods used, variable control experiments and other technical
challenges (25, 26). Nevertheless, the use of transgenic
approaches is helping to firmly establish the key locations of
neuronal soma, and a new appreciation for their wide projection
fields (27-30). In teleosts, Avp and Oxt neurons are intermingled
and have been classified into three populations in the POA based
on soma size. These are the giganto-, magno- and parvocellular
neurons. Preoptic Avp and Oxt neurons send their fibers into
diverse regions of the brain such as the hypothalamus, ventral
telencephalon, mesencephalon and diencephalon, as well as the
hindbrain and the spinal cord (20-30, amongst many others).
Through the latter two systems, a role for POA-derived
nonapeptides in modulating motor output related to
reproductive behaviour and gamete release has been postulated
in some, but not all teleost species (31-33).
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In fish species in which specific sensory modalities have been
shown to play a key role in reproductive behaviours,
nonapeptide innervation has been described for distinct brain
regions involved in sending and receiving sensory information.
For example, in male zebrafish, Danio rerio, known to respond
to female sex pheromones (34), fibers positive for Oxt have been
identified in the olfactory bulb (35). In the plainfin midshipman,
Porichtys notatus, which relies on vocalization as part of their
courtship behaviour (36), especially Avp but also Oxt
innervation was found in fore- and mid-brain regions involved
in vocalization, and diencephalic regions of the ascending
auditory pathway (37, 38). In the weakly electric gymnotiform
bluntnose knifefish, Brachyhypopomus gauderio, which uses
electric organ discharge (EOD) signals for mate selection (39),
Avp innervation in the medulla was found to be in proximity of
the pacemaker nucleus that controls EOD (40). Together,
neuroanatomical evidence thus suggests a role for
nonapeptides in modulating both emitting and receiving
pathways of diverse sensory signals linked to reproductive
behaviours in various teleost fishes.

In all teleost species studied to date, prominent preoptic and
ventral hypothalamic projections terminating in the posterior
pituitary for release to the pituitary vasculature have been
reported (41, 42). In some species, such as the dwarf gourami,
Colisa lalia, a colocalization of parvocellular Oxt with
gonadotropin releasing hormone (Gnrh) has been reported
(43). In the goldfish, Carassius auratus, Oxt colocalizes with
secretoneurin a (44), an important hypophysiotropic stimulator
of the hypothalamo-pituitary-gonadal (HPG) axis (45, 46). Such
neuroanatomical data suggest that nonapeptides may regulate
the HPG axis by co-release with other neuropeptides.

Detailed neuroanatomical studies of the pituitary in the
sailfin molly, Poecilia lattipinna, the European bass,
Dicentrarchus labrax, and the African sharptooth catfish,
Clarias gariepinus, revealed that nonapeptidergic innervation
principally forms contact with pituitary vasculature in the form
of terminal release buttons which highlights an endocrine role of
the nonapeptides (41, 42, 47, 48). Central and circulating Avp
and Oxt concentrations in the nM range have been reported to
be sex-specific, correlated, and reproductive stage-dependent in
at least some species, such as the round goby, Neogobius
melanostomus (49), and the air-breathing catfish,
Heteropneustes fossilis (50). In addition to pituitary release,
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nonapeptide fibers innervating gonadotrophs in the proximal
pars distalis through gaps in the basement lamina have been
demonstrated in the sailfin molly, Poecilia latipinna (41, 48).
While there are far fewer contact sites of nonapeptide
innervation of gonadotrophs compared to pituitary blood
vessels, this evidence does nevertheless suggest that the
neuronal organization of nonapeptide fibers in the pituitary
also provides a basis for paracrine effects on gonadotrophs.
Whether a single nonapeptide neuron originating from
the teleost POA can be both encephalotropic and
hypophysiotropic, and thus simultaneously regulate brain
function as a neuromodulator and peripheral function as a
paracrine factor or hormone, remains an open question.
Evidence to-date suggests that this may be species-dependent.
While single nonapeptide neurons originating in the POA have
been shown to extend to both extrahypothalamic brain regions
and the pituitary in Atlantic salmon, Salmo salar (51), clearly
distinct Avp and Oxt neurons originating in the POA have been
shown to innervate either extrahypothalamic brain regions or
the pituitary, but not both, in zebrafish, Danio rerio (28, 29).
Transcript and/or protein abundance of nonapeptides in
female and, to a lesser extent, male gonads has also been
reported in several species. In rainbow trout, Onchorhynchus
mykiss, ovarian expression of both avp and oxt has been reported
(52). High oxt expression is also noted for whole zebrafish
ovaries (53). In the air-breathing catfish, high-performance
liquid chromatography (HPLC) analysis indicated the presence
of Avp in ovaries and, albeit to a much lower extent, in testes
(50). Immunohistochemistry approaches localized Avp to the
ovarian follicular cell layer, with positive staining in both theca
and granulosa cells, but failed to locate Avp in testes (50).
Conversely, Avp has been located to interstitial cells in the
testes of the chanchita, Cichlasoma dimerus (54). The
expression of gonadal nonapeptide systems, and especially avp,
appears to be a more widespread feature in teleosts, as suggested
by RNA-seq data mined from the Phylofish database (20) and
presented here (Figures 1A-C). Together, evidence of expression
of a gonadal nonapeptide system in female and male gonads
provides the anatomical basis for an additional reproductive role
of nonapeptides thorough paracrine modulation of processes
such as gametogenesis, steroidogenesis, and gamete release.

1.1.3 The teleost nonapeptide
receptor repertoire

Nonapeptide systems can regulate reproductive physiology via
central neuromodulatory and/or peripheral endocrine and/or
paracrine pathways via G-protein coupled membrane-bound
AVP and OXT peptide family receptors (AVPRs and OXTRs).
Since newly available genome sequences have recently allowed for a
comprehensive description of the vertebrate nonapeptide receptor
repertoires and their evolution resulting in proposed nomenclature
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changes (55-59), we here review the repertoire of teleost receptors
considering these findings in detail. For the purpose of this review,
we once again follow the ZFIN nomenclature, which is largely
reflective of these changes. This focused review provides the basis to
critically review relevant information regarding specific teleost Avpr
and Oxtr function in mediating central and peripheral nonapeptide
effects on teleost reproduction.

The teleost nonapeptide receptor repertoire consists of five
distinct gene family members, although not all are present in
every teleost species. These receptors include avpria, avpr2,
avprl as well as oxtr and their paralogues. A fifth vertebrate
nonapeptide receptor family member, avprib is present in basal
ray-finned fishes as well as tetrapods but is not present in
elasmobranchs and teleost fishes (55-59) (Figures 2A-C). With
regard to intracellular signaling mechanisms, Avprs and Oxtrs
use diacylglycerol (DAG), inositol triphosphate (IP;) and
calcium (Ca®") as second-messengers with the exception of
Avpr2l, which uses cyclic adenosine monophosphate (cAMP)
(60). Avpr2b signaling has not directly been assessed in teleost
fishes but may be similar to Avpr2aa, based on intracellular
domain AA sequence similarities (57). For avprl, all teleost
genomes analyzed to date possess two paralogues, termed
avprlaa and avprlab (Figure 2A). Additionally, all teleost
fishes appear to possess avpr2aa and avpr2ab paralogues
(Figure 2B). The presence and retention of these paralogues is
in line with the teleost-specific genome duplication, as single
avprla and avpr2a genes exist in early non-teleost fishes
(Figures 2A, B). Conversely, the situation appears to be more
complex with regard to avpr2b and avpr2l genes which are
retained in different paralogue numbers and lost in some but not
all teleost fishes in no obvious evolutionary pattern (Figures 2A,
B). The oxtra and oxtrb paralogues are found in all teleosts
assessed to date, again indicative of a retention of paralogues
following genome duplication at the base of teleost evolution
(Figure 2C). Teleost-specific changes in the nonapeptide
receptor repertoires have been reported, especially regarding
possible intracellular AA sequences involved in cell signalling.
For example, the teleost Avpr2aa AA sequence harbours
extensions of the intracellular loop 3 region, which include
relatively well-conserved Tyr, Ser and Thr residues which can
be phosphorylated by a variety of intracellular kinases to alter
intracellular signaling cascades as well as G-protein coupled
receptor attenuation/desensitization, endocytosis, and
intracellular trafficking (59). Lineage-specific changes in the
nonapeptide repertoires have also been reported even within
the infraclass of teleost fishes. For example, otocephalans lack an
avpr2bb paralogue found in early teleosts as well as euteleosts
(59), as shown in Figure 2B. In our current microsynteny
analysis, we found additional otocephalan-specific changes for
the oxtrb nonapeptide receptor locus (Figure 3A). These
microsynteny changes translate into C-terminal AA sequence
changes in an intracellular domain which, based on annotation
from functional mutation studies in the human OXTR (61), is
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FIGURE 2

Presence of avprl (A), avpr2/avpr2l (B) and oxtr (C) genes in published fish genomes accessed on NCBI (www.pubmed.com) on June 1%, 2022

linked to Gg-protein recruitment and cell signaling (Figure 3B).
Otocephala, which diverged from Euteleostei during the Jurassic
~220 million years ago, are characterized by innovations in
communication and sensing, notably through Schreckstoff, the
alarm substance released through skin injury from conspecifics,
and auditory capacity through a link between the swim bladder
and inner ear (otophysic link) (62). It is thus tempting to
speculate that such rearrangements, with possible functional
implications, represent changes which facilitated sub- or neo-
functionalization linked to increased social cues relevant to
reproduction in otocephalans. In the case of otocephalan
Oxtrb, a loss of highly conserved intracellular domain AA
residues was observed (Figure 3B). These are specifically
located in the C-terminal sequence and have been shown to be
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required for Gy/;; and subsequent IPs, DAG and Ca”" signaling
(61). They also include consecutive Cys residues, which through
palmitoylation, have been shown to anchor the C-terminal
region to the membrane (61). Finally, it includes consecutive
Ser residues believed to be involved in receptor retention for
receptors following ligand-dependent internalization (61).
Investigation of oxtra and oxtrb expression using an RNA-seq-
based fish tissue database (21) reveal that in the otocephalans
Allis shad, Alosa alosa, and Mexican cavefish, expression pattern
for both oxtra and oxtrb receptor paralogues are similar in most
tissues, apart from the brain where oxtra expression exceeded
oxtrb expression (Figure 3C). In zebrafish ovary, oxtrb appears to
be more strongly expressed compared to oxtra (53), suggesting
possible differential roles in regulating ovarian function (53).
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Microsynteny analysis (A), predicted AA sequence alignment (B) and RNA-seq based tissue expression profiles (C) of oxtra and oxtrb paralogues
in select teleost fishes. Micro-synteny analysis of oxtr paralogue gene loci was manually conducted on NCBI (www.pubmed.com) derived
genome sequences retrieved on June 1%, 2022, while oxtr gene paralogue sequence-predicted AA sequences were aligned using Clustal
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). RNA-seq based tissue expression profiles of oxtr paralogues was created derived from the

Phylofish RNA-seq database queried on June 1%, 2022 (20).

In addition to oxtr paralogues, the expression of other teleost
nonapeptide receptors and in some instances specific paralogues
have been localized to tissues relevant to teleost reproduction (63—
73) and are summarized in Table 3. Much of our current
information on reproductive roles of nonapeptides has been
derived from studies of otocephalan species including the air-
breathing catfish (4, 5, 24, 84), goldfish (85-87), and zebrafish
(35). Given that the nonapeptide repertoire is characterized by
genomic rearrangements and potentially important AA sequence
changes in this clade, caution is warranted when attempting to
generalize functionality across all teleosts.

In contrast to the detailed evolutionary history, the
functional characterization of nonapeptide receptors remains
limited, and in some instances, such as for avpr2l, virtually
unexplored in teleost fishes. Early studies in a cyprinid, the white
sucker, Catostomus commersonii, investigated binding kinetics
and specificity of both Avpr (88, 89) and Oxtr (90). Based on
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teleost genome sequences available today, these can retroactively
be classified as Avprlab and Oxtra, respectively. These studies
revealed that the Avprlab is highly selective for Avp (ECso 13
nM + 6 nM) over Oxt. Both nonapeptides bound to and
activated cell signaling of a heterologously expressed Oxtra
receptor with 3- to 4-fold higher affinity for Oxt (80 + 30 nM)
compared to Avp (300 + 90 nM). More recent studies in
zebrafish assessed specificity of nonapeptides and a
mammalian OXT receptor antagonist (L-368,899) in
heterologous expression assays (91). It was reported that Oxt
exhibits similar affinities for both Oxtr parlogues with ECs,
values of 2.99 + 0.93 nM for Oxtra and 3.14 + 1.10 nM for Oxtrb,
respectively. In comparison, Avp exhibited slightly lower
affinities to Oxtrs with ECs, values of 11.0 + 3.0 nM for Oxtra
and 27.0 £ 9.5 nM for Oxtrb, respectively. Both Avp and Oxt had
low affinities for Avprlaa (ECsy 727 + 338 nM and 317 + nM,
respectively) and high affinities for Avprlab (2.79 + 1.4 nM and
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TABLE 3 Nonapeptide receptor expression in central and peripheral teleost tissues relevant to reproduction.

Tissue Receptor Species Description Reference
type
Brain avprlaa Air-breathing avprlaa type receptor mRNA is expressed in major neuroendocrine hypothalamic and telencephalic nuclei (74, 75)
avprlab catfish including the POA and sensorimotor centres; avpr2ab type receptor mRNA is largely confined to
avpr2ab Heteropneustes subependymal telencephalon
fossilis
avprlaa Pupfish, avprlaa, avprlab, avpr2ab and oxtr mRNA is expressed in telencehalon, hypothalamus and hindbrain (76)
avprlab Cyprinodon
avpr2aa nevadensis
avpr2ab amargosae
oxtrb
avprlaa; Zebrafish, Danio  mRNAs are expressed in forebrain, midbrain, and hindbrain. avprlaa positive hindbrain neurons are (77)
avprlab rerio contacted by avp neurons originating from POA and lateral longitudinal fasciculus and extending to
sensorimotor areas such as the medial longitudinal fasciculus
avprlab Atlantic Croaker ~mRNA and protein localized to hypothalamic GnRH neurons (78)
avprlab Rock hind, mRNA is widely distributed in brain areas linked to reproductive and sensorimotor control including (63, 79)
Epinephelus hypothalamic GnRH neurons, POA and olfactory bulb
adscensionis
avprlaa; Astatotilapia mRNA and protein expressed in telencephalon and hypothalamus (80)
oxtra burtoni
Pituitary avprlaa; Air-breathing mRNA expressed in male and female rostral pars distalis and pars nervosa (74, 75)
avprlab; catfish
avpr2ab Heteropneustes
fossilis
oxtra Rice-field eel mRNA located to Lh but not Fsh cells (81)
Monopterus albus
Gonad  avprlaa; Air-breathing In testes, avprlab and avpr2ab receptor mRNA are localized to interstitial tissue seminiferous epithelium. In (74, 75)
avprlab; catfish ovaries, avprlaa and avprlab receptors are localized to the follicular layer and an avpr2ab receptor to the
avpr2ab Heteropneustes oocyte membrane
fossilis
oxtra Guppy Ovaries, expressed in follicular layer (82)
avprlaa; Bluehead wrasse  Ovaries, Testes (83)
avprlab

3.52 + 0.94 nM, respectively). The guppy Oxtra was shown to be
activated by both Oxt and Avp (82). While Oxt induced a strong
dose-response (10 nM-1 uM) induction of co-transfected
luciferase CRE-element, Avp induced a weaker, yet significant
response at all concentrations tested (82). Together these data
show that at physiological concentrations, it is likely that some
degree of cross activation between Avp and Oxt ligands and the
nonapeptides receptors occurs. It is therefore important to
consider that reproductive roles of Avp and Oxt may, at least
in part, be dependent on receptor cross-activation.

2 External and internal reproductive
cues regulate teleost central
nonapeptide systems

In several seasonal teleost fishes, nonapeptide expression and/
or protein abundance in the POA is positively correlated with
mature reproductive status (49, 50), which in turn, is dependent
on environmental cues such as photoperiod and temperature (92).

Frontiers in Endocrinology

In female goldfish, hypothalamic oxt mRNA abundance peaks in
the seasonal breeding period when fish have maximal
gonadosomatic index (GSI) and is likely photoregulated (93). In
male goldfish, exposure to the female releaser pheromone PGF,,
an important olfactory reproductive cue for males, increases oxt
and avp mRNA levels in the telencephalon while stimulating
circulating testosterone (T) concentrations and strippable milt
volumes (94). Together, such association of nonapeptide
expression in the neuroendocrine brain and enhanced pituitary
and gonadal activity during seasonal cycles and after pheromone
exposure is supportive of a physiological role in reproduction.
Exposure to androstenedione, another pheromone known to play
an important role in male-male competition in a reproductive
context in goldfish (95), increases parvocellular avp (96). Thus, it
appears that reproductive pheromones represent important
environmental cues to regulate male goldfish nonapeptide
expression. In male and female round goby, Neogobius
melanostomus, maximal seasonal brain Avp concentration was
observed just before spawning in March-April, whereas that of
Oxt peaked during spawning in May-June (97). The lowest brain
Avp level was noted in the non-breeding season from November
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to January, while the level of Oxt decreased immediately at the end
of the spawning. The results show that high Avp levels correlate
with pre-spawning period whereas the highest Oxt levels
correspond to spawning. In female round gobies, these increases
appear, at least in part, to be dependent on estrogens acting via
genomic (nuclear receptors), and genomic and non-genomic
mechanisms in the case of Avp and Oxt, respectively (98). This
suggests that season-dependent gonadally-derived positive sex
steroid feedback mechanisms may reinforce the seasonal
activation of hypothalamic nonapeptide systems. In the half-
spotted goby, Asterropteryx semipunctata, Avp and Gnrh
protein abundances were positively correlated and exhibited
significant peaks in their abundances in sexually mature females
(99). In male sticklebacks, the highest brain concentrations of Avp
were observed in the most aggressive males that cared for eggs and
nuptial-colored subordinates that fought to change their social
status. Oxt was significantly higher in brains of aggressive
dominant males (100). In the stickleback, the highest Avp levels
were found in brains of females that did not deposit eggs,
regardless of whether they were kept with courting or non-
courting males and whether they had a nest or not. The highest
Oxt levels were observed in females that did not deposit eggs but
were kept with a courting male. The presence of courting or non-
courting males that somehow activate Oxt- or/and Avp-
producing neurones may be decisive for both behaviour and/or
final oocyte maturation or egg deposition, because brain levels of
both nonapeptides decreased sharply after egg deposition (101).
In the anadromous chum salmon, Oncorhynchus keta,
dynamic changes in nonapeptide transcript and protein
abundance have been reported during the reproductive
migration period (102, 103). Lower transcript but higher
immunoreactivity of both Oxt and Avp in the POA of fish
collected upstream in a freshwater system compared to those
caught in the marine bay, which serves as an entry point of the
reproductive migration (102, 103). Based on these results it is
tempting to speculate that due to their well-described role in
osmoregulation, nonapeptide changes may act to integrate
relevant environmental signals, such as the change in salinity, to
subsequently change aspects of reproductive physiology in these
anadromous fish. It has, however, been shown that salinity
changes are not consistently the principal factor mediating
changes in the nonapeptide systems of migrating salmonids and
temperature and endogenous sex steroid concentrations also act
as important regulators of these systems (104). Nevertheless, these
data demonstrate a reproductive phase-dependent regulation of
the nonapeptide system in chum salmon. Within the context of
salmonid reproduction and migration, it is important to note that
alternative reproductive tactics exist among individuals. In
addition to males migrating to the ocean to grow and mature,
some precocious parr achieve sexual maturity quickly before
migrating to the ocean and can thus fertilize female eggs as
‘sneaker males’ (105, 106). Two transcriptomic and targeted
gene expression studies investigating differential gene expression
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in the whole brain of maturing males and precocious
parr of Atlantic salmon identified nonapeptides as being
differentially regulated (107). The functional relevance of the
differential expression with regard to reproduction remains,
however, unknown.

In some group-living cichlid species in which HPG axis
activity and reproductive behaviour is linked to social
dominance, avp and Avp abundance has been investigated
(108). The results show differential effects on avp mRNA levels
and Avp neuron size in different POA subpopulations, with
higher levels in gigantocellular neurons and, conversely, lower
levels in parvocellular neurons of dominant fish. While
underlining the responsiveness of the nonapeptide system to
social status, a determinant of reproductive status in at least
some cichlids, these findings also highlight the importance of
considering potentially differential effects on nonapeptide
subpopulations in the POA. However, the finding that avp
expression in the POA of dominant and reproductively active
African cichlid fish, Astatotilapia burtoni, is significantly
reduced compared to subordinates who are reproductively
supressed (109), clearly suggests caution is warranted to avoid
simplified and global paradigms regarding the role of
nonapeptides in species in which social dominance is linked to
increased reproductive capacity.

Teleost fish exhibit significant plasticity in terms of their
reproductive biology and life history traits. Some species are
sequential hermaphrodites, beginning life as one sex, and
changing sometime later to the other. Such species are capable
of protandrous (male-to-female), protogynous (female-to-male),
or serial (bidirectional) sex change (110). Changes in
nonapeptide systems have been observed in response to social
context-induced sexual plasticity. For example, the bluehead
wrasse, Thalassoma bifasciatum, exhibits specific increases in
Avp immunoreactivity in the magnocellular POA when
undergoing behavioural female-to-male sex change that occurs
rapidly following the removal of a large terminal colour male
and is independent of the gonads (111). The increase in
magnocellular avp expression coincides with a rapid increase
in dominant and male courting behaviour, suggesting a
functional link (111, 112). Serial adult sex change in the
marine goby, Trimma okinawae, is associated with significant
and reversible changes in the size of Avp-producing forebrain
cells, which are higher in males and coincide with increased male
mating behaviour (113). In overcrowded single sex groups of
female black mollies, Poecilia sphenops, which do not form social
hierarchies, masculinization of reproductive behaviour occurs
and is linked to a decrease of higher, female-typical Avp
concentrations in this species to male typical concentrations
(114). In a transcriptomic analysis of the bluehead wrasse
forebrain, increased oxt transcript abundance was one of the
few statistically significant changes detected across female-to-
male sex change (115). The opposite trend was observed in the
bluebanded goby, Lythrypnus dalli, where lower Oxt
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immunoreactivity was observed in the POA of males and late-
stage female-to-male sex-changers compared to females (116).

Overall, these studies reveal context-dependent regulation of
central nonapeptide systems across several species with diverse
reproductive strategies. This strongly implicates nonapeptides in
the regulation of teleost reproductive physiology. However,
caution is clearly warranted to avoid oversimplified paradigms
for specific roles of nonapeptides across all teleost species (117),
as at least some species-specific roles are likely to have evolved
among teleosts with such varied reproductive strategies.

3 Reproductive function of
nonapeptides in teleost fishes

3.1 Nonapeptide-dependent regulation
of reproductive behaviour

The plainfin midshipman fish, Porychthys notatus, displays
sex- and morph-specific vocalization during mating. Oxt and
Avp regulate these sex- and morph-specific effects on the vocal
circuitry (37). Type I males mating call are stimulated by Avp,
whereas female and type II males’ grunting sounds are
stimulated by Oxt. Using homozygous Japanese medaka,
Oryzias latipes, knockout mutants, an essential role for Avp in
male mate-guarding behaviours in this non-monogamous
species has been demonstrated (118). For example, under
natural conditions, two medaka males kept in triads with a
female are in competition and the dominant medaka male that is
‘guarding’ the female exhibits increased reproductive success
measured as increased paternity in offspring. Males harbouring
mutations in avp and avprlaa exhibit significantly reduced male
guarding behaviour indicating a key role for avp in dominant
status-dependent reproductive success (118). Similarly, oxt and
oxtra, exert sex-specific effects in Japanese medaka: mutant
female fish exhibit a lack of mate preference for familiar males
and mutant male fish have reduced courtships displays to
unfamiliar females, but exhibit increased mate-guarding
behaviour towards familiar females (64). Since the potential
effects on the HPG axis were not quantified in these studies, it
is not clear whether these effects are entirely mediated by the
nonapeptides, or whether altered HPG axis regulation also
contributes to the behavioural observations.

In male bluehead wrasse, Thalassoma bifasciatum, a species
with alternate male reproductive tactics (territorial and non-
territorial), Avp intraperitoneal injection increased courtship
behaviour in the field irrespective of male reproductive tactic and
promoted a territorial-like phenotype in non-territorial males (65).
An opposite effect was observed following administration of
Manning’s compound, a mammalian AVPRI receptor
antagonist, suggesting that this effect is mediated via this
nonapeptide receptor subtype (65). In male white perch, Morone
americana, intracerebroventricular but not intraperitoneal
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administration of Avp significantly stimulated an important
courtship behavior termed ‘attending’ without affecting whole
body or circulating androgens (119). These data suggest that
central rather than peripheral HPG axis actions are involved in
mediating the effects of Avp on the male white perch courtship
behaviour. In male beaugregory damselfish, Stegastes leucostictus,
Manning’s compound significantly lowered male courtship
behaviour, while exogenous Avp administration did not affect
male courtship behaviour (120). Similarly, administration of
Manning’s compound significantly reduced male reproductive
courtship behaviour and reproductive success in mating assays
with female zebrafish, Danio rerio without affecting whole body
androgen (T and 11-keto-testosterone; 11-KT) levels, suggesting
Avp acutely regulates male zebrafish courtship behaviour including
chasing, nudging, and circling via central Avprla receptors and
independently of HPG axis regulation (35). In the weakly electric
fish, Brachyhypopomus gauderio, male courtship behaviour
observed in male-female dyads resulted in a higher degree of
Avp neuron activation in the nucleus preopticus ventricularis
anterior compared to isolated males (121). In the same species,
Avp increases dominance in part via direct modulation of the EOD
rate (122). Together, these findings raise the possibility that male
reproductive behaviour via electric signaling may be under Avp
control in this species. Despite the reviewed evidence, a universal
Avp-dependent stimulation of male reproductive behaviour in
teleost fishes is unlikely, as the reproductive phenotype of
females and sneaker males, but not dominant males, is sensitive
to Avp in the peacock blenny, Salaria pavo (123). There is a need
for detailed comparative studies of the roles of nonapeptides in
teleosts which exhibit the most diverse reproductive strategies and
behaviours amongst the vertebrates (117).

Several studies have provided evidence for regulatory roles of
nonapeptides in teleost species with parental care. In the
primarily paternal teleost the common clownfish, Amphiprion
ocellaris for example, administration of an OXTR antagonist
abolished paternal behaviours such as nips, fanning the eggs, and
proportion of time in the nest, without affecting aggressive
behaviours in paired non-reproductive fish (124). This
suggests a specific action of Oxt in controlling male common
clownfish parental care behaviours (124); however, whether the
high selectivity of antagonist (desGly-NH2-d(CH2)5[D-Tyr2,
Thr4]OVT) for mammalian OXTR also applies to teleosts has
not been formally investigated. When introducing domino
damselfish, Dascyllus trimaculatus, as non-conspecific
intruders, administration of the OXTR antagonist reduced
paternal care behaviour in clownfish, but increased aggression
towards the non-conspecific intruder, demonstrating the
importance of social context in behavioural responses (125).
Conversely, administration of an AVTRI receptor antagonist
increased male parental behaviours while reducing aggression
towards intruders (125), thus demonstrating antagonistic roles
of the nonapeptide systems in common clownfish (124, 125).
These data suggest a role for nonapeptides in paternal care. In
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the monogamous convict cichlid, Amatitlania nigrofasciata,
single fathers increase paternal care behaviours quickly after
removal of the female partner, and this increase coincides with
increased activation of parvocellular Oxt neurons in the POA
(126). Administration of a mammalian OXTR antagonist in
biparental males inhibited paternal care behaviour, indicating a
functional role for Oxt neurons (126).

3.2 A role for central nonapeptides in
regulating saliency to reproductive cues
in teleost fishes

In addition to the direct modulation of teleost reproductive
behaviours, central roles for nonapeptides may not be restricted to
the role of transducing and integrating reproductive cues, but also
to act as a filter and/or amplifier of exogenous or endogenous cues.
This latter concept has recently gained more traction as the
‘salience hypothesis’, especially in higher vertebrate species,
including humans. The salience hypothesis is based on the
notion that an individual is being constantly inundated with
sensory information in its environment and therefore needs to
be able to filter the information to identify what is relevant and
important (ie., signal) from that which is unimportant (ie.,
background noise). The nonapeptides OXT and AVP have been
proposed to serve as two important neuromodulators in the
central nervous system that can help to increase the salience of
sensory information, such as conspecific olfactory cues, to induce
effects on endocrine and behavioural responses (127). In fish,
however, this concept remains comparatively poorly explored,
especially in the context of the diverse reproductive strategies in
different environmental conditions and cues. Olfactory stimuli in
particular play important roles in at least some groups of teleost
fish such as cyprinids (35, 94, 95). Future studies exploring
sensitizing roles of nonapeptides to reproductive pheromonal
and visual cue detection are thus clearly warranted. A recent
study in zebrafish identified Oxt-like innervation in the male
olfactory bulb (35), providing a neuroanatomical basis for
functional studies. Similarly, the widely studied electrical and
vocal communication systems in some teleost fishes (128)
should provide excellent models to investigate possible
modulatory roles of nonapeptides in the reception and
integration rather than production of reproductive signals.

3.3 Nonapeptide-dependent regulation
of the HPG axis

3.3.1 Nonapeptides are an integral part in the
hypothalamic circuitry controlling the HPG axis
Both stimulatory and inhibitory factors regulating the teleost
HPG axis have been well described (92). Nonapeptides may
affect the HPG axis via modulation of stimulatory and/or
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inhibitory hypophysiotropic systems. To date, little evidence
exists for potential roles of nonapeptides in directly affecting
Gnrh in teleost fish. In rock hind, Epinephelus adscensionis, and
in Atlantic Croaker, Micropogonias undulatus, Avprlab
receptors are co-localized with Gnrhl in preoptic anterior
hypothalamic neurons. The functional relevance of this
crosstalk other than reported concordant regulation of gene
expression between avprlab and gnrhl (78, 79, 99) must be
investigated. Studies in female goldfish show that serotonin
neurons, known to stimulate pituitary Lh release in this
species (129), are found in proximity to Oxt neurons in the
POA and Oxt fibres in the pars nervosa of the pituitary gland,
suggesting a possible interaction between them (87). However,
the functional relevance of possible Oxt dependent modulation
of serotonin-dependent gonadotropin release has not
been investigated.

Nonapeptides may ostensibly also act to promote pituitary
gonadotropin release via reduction of potent dopaminergic
inputs on Lh release (92). This is supported by work in the
walking catfish, Clarias batrachus, which suggests that Oxt may
stimulate Lh release via the inhibition of dopaminergic blockage
(66). In walking catfish Oxt immunoreactivity was greatly
enhanced in the POA in female pre-spawning and spawning
fish, and superfusion of brain slices with Oxt resulted in a ~50%
reduction of tyrosine hydroxylase staining, suggesting rapid
inhibitory effects on dopamine or other catecholaminergic
neurons (66).

In addition to hypothalamic interaction between
nonapeptide systems and the neuronal circuitry involved in
HPG axis regulation in several teleost models (66, 86, 87), a
few lines of evidence also demonstrated co-expression of
nonapeptides with neuropeptides with known stimulatory
function on gonadotropin release. For example, Oxt and
secretoneurin were found to be colocalized in the POA and
fibers innervating the pituitary in goldfish, Carassius auratus
(44), while colocalization of Oxt and GnRH was reported in the
dwarf gourami, Colisa lalia (43). Together, these studies suggest
that potential co-release of nonapeptides with other
neuropeptides known to stimulate gonadotropin release
represent an understudied aspect of HPG axis regulation.

In addition to targeting neuronal circuitry involved in the
regulation of the HPG axis, POA nonapeptide neurons in teleost
fish themselves receive neuronal input from reproductive
neuropeptides. These include Gnrh, which contact Oxt
neurons in rainbow trout, Oncorhynchus mykiss (130), and
kisspeptin, which contact Oxt and Avp neurons in Japanese
medaka (131) and striped bass, Morone saxatillis (132).
Together, this neuroanatomical evidence points to potential
neuromodulatory roles for nonapeptides in HPG stimulation
in the context of multimodal signaling systems regulating
gonadotrophs in teleosts (133). Given the reported roles of
nonapeptides in teleost sociosexual and courtship behaviour,

neuroanatomical evidence may also reflect synchronization of
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HPG axis activation stimulation with nonapeptidergic
behavioural pathways to maximize reproductive success.

Several studies have also demonstrated the sensitivity of both
Oxt and Avp neuronal populations to sex steroids. Administration
of both low (0.1 pg/g body weight) and high (0.5 pg/g body
weight) estradiol (E,) doses (0.5 ug/g body weight) normalizes
ovariectomy-induced decreases in brain and plasma Avp
concentrations in Asian stinging catfish (134). This effect
appears to be, at least in part, indirectly mediated via the
modulation of dopaminergic control, as treatment with o-
methyl-para-tyrosine, a tyrosine hydroxylase inhibitor, partially
abolished the restorative effect of the low E, dose on Avp
abundance in the ovariectomized fish (134). A male-specific
stimulatory effect of androgens on parvocellular Oxt neurons in
the medaka POA has also been reported (135). This regulation also
appears to be indirect, as androgen receptor expression was not
found in Oxt neurons but on kisspeptin neurons known to
stimulate Oxt neurons in this species (131, 135). In female
round gobies, circulating E, levels are higher in the spawning
phase compared to non-spawning phase and coincide with high
circulating Avp and Oxt concentrations (98). Brain explant
exposure to E, in spawning and non-spawning phases
stimulated Avp and Oxt release in this species; however,
pharmacological studies using the estrogen receptor (ER)
antagonist fulvestrant and the transcription inhibitor
actinomycin D showed that the effect of E, on Avp and Oxt
release was mediated by different signaling pathways (98). E,-
dependent Avp release was mediated by ERs via both genomic and
non-genomic pathways, while Oxt release was mediated through
ERs via a genomic pathway only (98). Whether E, acted directly
on nonapeptide neurons in female gobies was not resolved, as the
study did not investigate whether nonapeptide neurons express
ERs. Oxt neurons in the POA of goldfish, Carassius auratus, are, at
least based on immunohistochemical evidence, direct targets for
estrogen actions, as they express the membrane estrogen receptor
Gperl (96) and are surrounded by radial glia, the only cells in the
teleost brain expressing cypl9alb and capable of producing
neuroestrogens (136). While these studies provide evidence for
effects of steroids on nonapeptide systems, future studies are
warranted to delineate direct and indirect mechanisms of action,
and whether effects are mediated by gonadal steroids and feedback
regulation and/or local neurosteroids.

In sum, POA nonapeptide systems have been shown to be
integrated into neuronal circuits involved in the regulation of the
HPG axis in several teleosts. Additionally, recent evidence
suggests that nonapeptide neurons are also responsive to sex
steroids, suggesting the potential for endocrine feedback and/or
modulation via neurosteroids. Additional studies investigating
nonapeptide crosstalk with other hypothalamic regulators of the
HPG axis are clearly warranted, as are careful studies
investigating the direct or indirect regulation of hypothalamic
nonapeptide systems to sex steroids, the critical endogenous
reproductive signals.
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3.3.2 Nonapeptides exert direct
hypophysiotropic effects on gonadotrophs in
several species

In the goldfish, hypothalamic expression of oxt was found to
peak seasonally in reproductively mature females (93).
Pharmacological investigations demonstrate that hypothalamic
induction of goldsfish oxt is dependent on GABAergic and
dopaminergic signaling (137), in line with an integration of
this nonapeptide system with seasonally-regulated HPG
neurocircuitry in this species (92). Intraperitoneal injection of
1 pg/g body weight Oxt in sexually recrudescent female goldfish
significantly increased circulating Lh by 167% 5h post-injection
(86) with subsequent increases in circulating E, 12h post
injection (137). Unfortunately, Oxt-dependent stimulation of
Lh release in sexually mature female goldfish was not
investigated. Subsequent examination of potential direct effects
of Oxt on gonadotrophs were investigated using primary
goldfish dispersed pituitary cell cultures (87). In these
preparations, Oxt significantly stimulated Lh release without
affecting [hb or fshb subunit mRNAs, suggesting direct,
transcription-independent stimulation of Lh release (87).
These findings are in line with reported neuroanatomical
evidence in other teleosts, such as the sailfin molly, Poecilia
latipinna, the European bass, Dicentrarchus labrax, and the
African sharptooth catfish, Clarias gariepinus, in which
nonapeptidergic innervation of gonadotrophs has been
reported (41, 48). Similar to Oxt, a stimulatory effect of Avp
on Lh release has been demonstrated in at least two teleosts: in
the sailfin molly 18 h pituitary incubation with Avp stimulated
Lh synthesis and release, with lower dose- responsiveness and
more consistent effects in male compared to female pituitaries
(41). In the Asian stinging catfish, Avp, and to a much lesser
extent Oxt and servatocin, stimulated gpa, fshb and Ilhb in
pituitary cultures in a sex- and reproductive stage-dependent
manner (24). The less potent effects of Oxt and servatocin where
largely limited to [hb stimulation in pre-spawning females, with
no effect on fshb. In female walking catfish, Clarias batrachus,
pituitaries superfused with 20 nM Oxt for 1h displayed a
significant decrease in Lhb staining reflective of increased Lh
release was reported (138). In the ricefield eel, Monopterus albus,
Oxt-stimulated Lh release from dispersed pituitaries via an
Oxtra-activated IP;/Ca®* pathway (81). In males of the
Chanchita, Cichlasoma dimerus, Avp-stimulated gonadotropin
secretion in single pituitary culture, with biphasic stimulation of
Lh release at the lowest (0.1 uM) and highest (10 puM)
concentration of Avp tested (54) and a stimulation of Fsh
release at the highest Avp concentration tested.

These data establish a stimulatory role of nonapeptides on
gonadotrophs, with sex-, reproductive stage- and species-
dependent differences in potency and gonadotropin specificity.
While it is important to keep in mind that observations are
limited to only a few teleost species, data to date suggest that
hypophysiotropic nonapeptide systems stimulate Lh release in
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teleost fishes similar to the situation reported in rodents and
humans (139, 140).

3.3.3 Endocrine and paracrine roles of
nonapeptides in gonads

Both nonapeptides and their receptors have also been
identified in ovaries and testes, and roles for nonapeptides in
the regulation key gonadal functions via endocrine and
paracrine signaling have been reported.

3.3.3.1 Steroidogenesis

Effects of nonapeptides on male steroidogenesis have been
reported in testicular cultures of the rainbow trout (141).
Testosterone production stimulated by Avp and Oxt has been
observed in immature but not mature testes in vitro. Exposure to
Avp elicited a stronger maximal response in T production
compared baseline production (6-fold) than Oxt (4-fold). The
maximally active concentration of 100 nM Avp was furthermore
found to augment dose-dependent Lh-stimulated T production,
suggesting a synergistic role. In a similar study in chanchita,
Avp-stimulated T production in testes incubated in vitro dose-
dependently, reaching a significant, 2-fold increase at 50 nM
(54). A limitation of these two studies is that the authors
measured T, which is the prohormone for the more potent
teleost sex steroids: 11-KT and E,. Unfortunately, nonapeptide
receptor antagonists were not used in these experiments to probe
specific receptor involvement. Since recent gene expression and
in-situ hybridization data suggests a role for avprlaa and
avpr2aa receptors (Table 3), additional studies with teleost-
validated antagonists are warranted to probe the molecular
mechanistic basis involved in Avp-induced T production
in testes.

Several studies have investigated the role of nonapeptides on
ovarian steroidogenesis. While a stimulatory role for Oxt on
circulating E, has been reported in female goldfish in vivo (87), it
was not investigated whether these effects are linked to prior
increases in Lh (86) or mediated via direct action at the ovary. In
contrast, a comprehensive study determining the role of Avp and
Oxt on in vitro ovarian steroidogenesis at different seasonal
reproductive developmental stages was conducted in the air-
breathing catfish (142). Dose-dependent, biphasic stimulatory
effects of Avp on E, production for pre-vitellogenic ovarian
tissue were reported. In contrast, Avp produced a dose- and
time-dependent inhibition of E, production in early
postvitellogenic ovaries (142). In comparison, Oxt produced a
low, yet significant, stimulation of E, production without any
dose effect in the previtellogenic ovaries, and a dose- and time-
dependent inhibition like Avp in the early postvitellogenic ovary
(142). The inhibitory effect of Avp on the E, synthesis in the
postvitellogenic ovary may be part of a trigger for the
steroidogenic shift to decreased E, in favour of synthesis of the
maturation-inducing steroid (MIS) 17, 20B-dihydroxy-4-
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pregnen-3, 20-dione (17, 20B-DP) in air-breathing catfish
(143). The MIS reinitiates oocyte meiosis up to the second
metaphase (144).

Concurrent with the modulation of E, synthesis, Avp and, to
a lesser extent, Oxt also stimulated progesterone (P4) production
(142). The Avp-stimulated increase in P, was generally dose-
dependent in pre- and early post-vitellogenic ovaries, reaching
approximately a 30% increase in production compared to
baseline at high doses (142). In late postvitellogenic ovaries,
concentrations as low as 1 nM Avp induced a 60% increase over
baseline concentrations (142). This effect was similar to that of
hCG, and combined administration of 20 IU hCG and Oxt was
found to be additive at least after 16 h incubation. Avp
stimulated 17-hydroxyprogesterone (17-OHP,) synthesis in
the previtellogenic phase ovaries following both 8 h and 16 h
incubation (142). Avp stimulated the production of 17,203-
Dihydroxy-4-pregnen-3-one (17,20B-DP), which acts as
maturation induced steroid in this species, about 2-fold more
in the spawning phase than pre-spawning phase, similar to hCG.
The stimulatory effect of Oxt was several-fold lower compared to
Avp and occurred at higher concentrations (142). The
combination of Avp and hCG elicited a cumulative effect on
the 17,20B-DP level especially after 16 h of incubation in the
spawning phase (142). The authors concluded that Avp was
more potent than Oxt to stimulate the progestin pathway, and
that Avp paralleled the actions of hCG. The finding that hCG
and steroid hormones (E,, P, and 17, 203-DP) stimulate ovarian
Avp production suggests a positive feedback loop (145)
underscoring the functional significance of Avp in follicular
growth, maturation, and ovulation. The stimulatory effect of Avp
on ovarian P, secretion is conserved as similar actions for AVP
family peptides have been reported for chicken, mouse, and cow
in vitro (146).

3.3.3.2 Gametogenesis, gamete release and parturition

In the air-breathing catfish ovaries, Avp induces germinal
vesicle breakdown (GVBD) and ovulation in a dose- and time-
dependent manner (145). In this experiment, postvitellogenic
follicles were co-incubated with Avp and an AVPRI1 antagonist
(deamino—Penl, O—Me—Tryz, Arg8 vasopressin), an AVPR2
antagonist (1-adamantane acetyl O-Et-D-Try*Val!, Abu®,
Args’9 vasopressin), or both. GVBD, ovulation and 17,203-DP
concentration were inhibited or reduced by 92-94% after 24h co-
incubation with both antagonists. The AVPRI1 antagonist
inhibited GVBD and ovulation by 82-83%, and the MIS
concentration by 70%. The AVPR2 antagonist inhibited
GVBD, ovulation and MIS concentration by 29%, 26% and
15%, respectively. The results show that the effects of Avp are
mediated mainly by Avprl receptors with a minor role for
Avpr2 receptors.

Prostaglandins (PGs) have a critical role in diverse aspects of
reproduction in vertebrates (147). The cyclooxygenase inhibitor
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indomethacin can block MIS-induced final oocycte maturation
and ovulation in yellow perch, Perca flavescens, and Atlantic
croaker, indicating dependence on PGs (148, 149) The
functional relationship between Avp and PGs was investigated
in air-breathing catfish (150): Avp stimulated PGF,,, and PGE,
levels in a dose- and time-dependent manner in vitro and the
effects were similar to that produced by hCG. Both Avp and
hCG-induced stimulation of PG levels were inhibited by
indomethacin, supporting involvement of cyclooxygenase. The
Avp stimulation of PG levels was strongly inhibited by the
AVPRI receptor antagonist but not by the AVPR2 receptor
antagonist. Indomethacin inhibited the Avp and hCG-induced
GVBD and ovulation. Both PGF,,, and PGE, stimulated GVBD
and ovulation in a dose- and time-dependent manner and
PGF,, was more effective than PGE,. Taken together, these
observations highlight a relationship between Avp and PGs, and
their interaction in the control of oocyte maturation
and ovulation.

Follicular or oocyte hydration is a phenomenon conspicuous
and widespread in marine and catadromous fish eggs associated
with follicular and oocyte maturation (FOM) and ovulation
(151), and this process is retained to some extent in freshwater
and anadromous fishes. Singh and Joy (152) reported a 23% rise
in oocyte water content during the FOM and ovulation in H.
fossilis with Avp eliciting a significant effect on oocyte water
content, diameter, volume, osmolality, Na"K" ATPase activity,
Na‘*, K+, Mg2+, Ca?" concentration, GVBD and ovulation,
similar to hCG. The combination of Avp and hCG produced a
higher effect. In a further study, Acharjee et al. reported that Avp
regulates aqplab, (ovary-specific aquaporin lab) expression
through an Avpr2 receptor (153, 154), which is linked to the
cAMP-PKA pathway, similar to AVP in mammalian
kidney tubules.

The involvement of nonapeptides in sperm release was first
demonstrated in the killifish, Fundulus heteroclitus, in which fish
and mammalian neurohypophyseal preparations as well as
synthetic OXT initiated a spawning reflex response (155). The
relative effectiveness of the nonapeptides to induce spawning
reflex in the killifish was estimated to be the highest and
equipotent for AVP and Avp, followed by Oxt and OXT (155).
However, concentrations used in these original studies were high
compared to physiological concentrations. In male African
sharptooth catfish testes slices 30-min incubation with OXT
(at 10 IU), but not Oxt, AVP, epinephrine, PGF,,, LH and
pituitary extracts increased milt release (156). In male walking
catfish, nonapeptides and their nanotube composites designed
for slower release were tested for their efficacy to promote
stripping of milt by abdominal massage (157). Both naked or
nano-conjugated nonapeptides increased strippable milt
concentrations without altering reproductive success of
fertilized eggs and increased the expression of the
steroidogenesis pathway enzymes star, 3bhsd, 17bhsd,
cypl7ala, ands cypllala (157).
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Regarding parturition in teleosts, nonapeptides have
been reported to stimulate premature parturition in the
guppy, Poecilia reticulata, an ovoviviparous teleost (82,
158). The injection of Avp, Oxt and PGs to guppy, Poecilia
reticulata, a live-bearing teleost, induced premature
parturition (157). Both Avp and Oxt stimulated cox2
mRNA expression in guppy ovaries in vitro, which in the
case of Avp, but not Oxt, translated into increased PG
concentrations (82). Together this data suggests that the
nonapeptide-dependent stimulation of premature
parturition in guppies is mediated by PG. Interestingly,
both Avp and Oxt exposure upregulated a guppy oxtr
paralogue, suggesting interaction between ovarian
nonapeptide systems in the guppy ovary (82). In zebrafish,
a recent study investigating downstream effectors linked to a
reduced ovulation phenotype observed in female
chromosome 23 miR-200 cluster KO mutants showed that
co-injection of hCG, Avp and Oxt, but not injection of
synthetic human GnRH and LH analogues were able to
partially rescue the phenotype (159). Together, this data
suggests a Gnrh-independent role for Avp and Oxt in
zebrafish ovulation. Nevertheless, early comparative
evidence from teleost fishes has demonstrated that roles
for nonapeptides on male and female spawning cannot be
generalized in teleost fish and are possibly indirect following
application of supraphysiological concentrations (160).

While we acknowledge a generally high degree of
evolutionary conservation of nonapeptide genes and the gross
(neuro)anatomical distribution of their expression, differences in
reproductive function of nonapeptides between teleost species
certainly exist. We have integrated the current state of
knowledge of nonapeptides on central and HPG axis
components of teleost reproduction in Figure 4. It is
anticipated, however, that additional detailed comparative
studies will uncover diversity of nonapeptide-dependent
regulation of teleost reproductive physiology.

4 Translational aspects

As evolutionarily conserved systems regulating
reproduction (3), research investigating roles of nonpeptides
in teleost fish reproduction in detail have translational
relevance in the areas of aquaculture and species
conservation; both of which rely on methods informed by
mechanistic understanding of reproductive physiology. As
such, we anticipate that modulation of nonapeptide function
in teleost species has significant potential to stimulate and
possibly coordinate behavioural and endocrine processes
necessary to promote reproduction for species in captivity
(161). A third area of translational relevance is ecotoxicology.
We review emerging evidence suggesting that neuroendocrine
disruption of teleost nonapeptides may be linked to decreased
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and paracrine pathways. Specific receptor involvement in regulatory function of HPG axis components is symbolized as defined in Figure 2.

reproductive success in teleost fishes, an ecologically
meaningful endpoint (162).

4.1 Neuroendocrine disruption

In teleost fish, relatively recent studies have investigated Avp
and Oxt nonapeptide systems as targets of different groups of
aquatic contaminants. Histological studies of POA
magnocellular neurons revealed that a six-month exposure of
channel catfish, Channa punctatus, to inorganic mercury at a
concentration of 10 ug/L resulted in smaller and less active Avp-
secreting neurons (163). Persistent organic pollutants have also
been shown to affect nonapeptide systems in teleost fishes: in
Atlantic Croaker, a four week daily dietary exposure (2 and 8 ug/
g body weight) to the planar polychlorinated biphenyl congener
3,3',4,4'-tetrachlorobiphenyl (PCB-77) significantly reduced
hypothalamic expression of avprla mRNA and Avprla protein
levels, as well as (co-localized) gnrhl mRNA levels in the
brain (78).

Pharmaceuticals and plasticizers are other major
environmental contaminants with reported effects on
nonapeptide systems. Repeated intraperitoneal injections of
pharmacological doses (5 pg/g) of the selective serotonin
reuptake inhibitor and aquatic contaminant fluoxetine (FLX)
significantly reduced oxt mRNA levels in female goldfish
telencephalon and hypothalamus, an effect that was linked to
reduced circulating E, concentrations (85). Subsequent
waterborne FLX exposure studies in both female and male
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goldfish revealed that oxt transcript abundance in the same
tissues was not affected by a two- week exposure to FLX at 540
ng/L and 54 pug/L concentrations, but that the same two-week
exposure to waterborne fluoxetine significantly diminished
releaser pheromone PGF,,-induced increases in oxt mRNA (94,
164). Similarly, targeted gene expression analysis of zebrafish
larvae acutely exposed to 50 and 500 ng/L FLX for 96 h (165)
as well as transcriptomic screens of whole brains collected from a
wild zebrafish population exposed to 100 ug/L FLX at a
concentration for two weeks (166) identified oxt transcripts as
being differentially expressed in FLX-exposed fish compared to
unexposed control fish. Together, these studies reveal that the Oxt
system is responsive to FLX at both early developmental and adult
life-stages, raising the possibility of mediating organisational as
well as activational effects. Repeated injection of pharmacological
concentrations of 6 [lg/g body weight FLX over a period of two
weeks significantly reduced avt transcript abundance in giganto-,
magno- and parvocellular neurons of the POA in male bluehead
wrasses, an effect that correlated with decreased territorial
aggression (167). The responsiveness of teleost nonapeptide
systems to FLX corresponds to several observations in
mammalian models (168, 169) and suggests an evolutionarily
conserved serotonin-dependent regulation of these systems (87,
170, 171).

In Japanese medaka chronically exposed to environmentally
relevant and high concentrations of waterborne metamphetamine
for a period of 90 days, a dose-dependent, significant increase in
whole brain oxtr mRNA and Oxt peptide were observed (172).
Because both FLX and metamphetamine affect neurotransmitter
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systems and neuroactive contaminants may exert reproductive
effects, at least in part, via nonapeptidergic systems, these findings
support the concept of neuroendocrine disruption (173). In line
with this interpretation, a meta-analysis of transcriptomic screens
of the goldfish hypothalamus identified oxt as the single transcript
affected by drugs modulating serotonergic, dopaminergic, and
GABAergic systems, all of which have established roles in goldfish
reproduction (137). Concurrent with previously described
responsiveness of teleost POA nonapeptide systems to sex
steroids, zebrafish chronically exposed to 1,10 and 30 ug/L
Bisphenol A (BPA), a weakly estrogenic compound, as well as 1
ug/L E, exhibited complex dose-dependent and sex-specific
effects on whole brain nonapeptide and nonapeptide receptor
gene expression levels, which corresponded with alterations in
social but not overall locomotor behaviour (174, 175). Similarly,
developmental (2-5dpf) exposure to BPA and its replacement
compound Bisphenol S (BPS) in the low LM range revealed non-
linear alteration of oxt and Oxt protein abundance in association
with quantifiable behavioural disruptions at 21dpf (176, 177).
There is a need to study the involvement of nonapeptide systems
in mediating organizational and/or activational effects of
endocrine disrupting chemicals. This is an area understudied in
teleost fish (178) compared to rodent models (179, 180), and will
inform the possible development of teleost nonapeptides as
functional biomarkers relevant to reproductive function in
teleost fishes.

5 The state of the art and current
limitations

Having critically reviewed the current state of knowledge
regarding reproductive roles of teleost nonapeptides, we
conclude by briefly discussing key insights and current
limitations in the field. We furthermore suggest conceptual
and technical approaches in the hope of stimulating
collaborative research in the field.

1. It is well-appreciated that teleosts are champions of
reproductive plasticity and diversity. There is a high
degree of evolutionary conservation of nonapeptides
and their gross (neuro)anatomical distribution.
However, novel resources such as genomic sequences
and detailed comparative investigation increasingly
reveal areas of plasticity of teleost nonapeptide
systems. A point in case is the nonapeptide receptor
inventory, which exhibits differences between teleost
fishes and other vertebrates, but, importantly, also
within teleost fish lineages such as the otocephala and
euteleosti (59). It will thus be important to address
functional differences in nonapeptide receptor
paralogue expression, regulation, and function to
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assess their potential roles in mediating reproductive
functions in a reproductively diverse fishes.

. While increasing comparative studies to delineate plasticity

of nonapeptides in regulating reproduction in the diverse
group of teleost fishes will be important, it will be equally
crucial to comprehensively study the reproductive roles of
nonapeptides within single teleost fish species. In reviewing
the current knowledge of the role of nonapeptides in teleost
reproduction, it has become clear that, apart from detailed
studies in the Asian stinging catfish (50, 84) and, to a lesser
degree, the canchita cichlid (54), few if any studies have
investigated the role of nonapeptides across the different
levels of the HPG axis within a single teleost species. The
need for detailed studies within single fish species becomes
even more clear when considering that research
investigating behavioural and endocrine roles of
nonpeptides in teleost reproduction has largely co-existed
in isolation focussing on separate fish species. However,
there is a need to consider (nonapeptide-regulated)
courtship behaviour in the context of HPG axis function
(165). Investigation of the salience hypothesis and possible
roles for nonapeptides in the integration of reproductive
cues are also warranted.

. The recent generation of nonapeptide and/or

nonapeptide receptor knock-out models in genetically-
tractable model systems such as zebrafish (67) and
medaka (64, 118) may hold particular promise.
However, neither of these models have, to-date, been
used to explore nonapeptide effects on the HPG axis.
Receptor-specific knock-outs may furthermore prove
fruitful to probe the role of virtually uncharacterized
nonapeptide receptors such as avtr2l and generally
circumvent possible specificity issues linked to the use
of mammalian nonapeptide agonists and antagonists.
Furthermore, GFP-reporter lines have been described in
zebrafish, at least for Oxt (68, 69). While such lines
represent powerful tools to investigate regulation and
activation of central and peripheral nonapeptide
systems in response to environmental and endogenous
cues relevant to reproduction (35), few studies have been
conducted in this area. Transgenic reporter lines may also
allow endocrine disrupting) chemical screening for effects
on nonapeptide systems. Adult-specific transgenic
ablation studies and optogenetic approaches may in the
future permit specific investigation of organisational and
activational reproductive effects of the nonapeptides.

. Previous co-localization experiments (43, 44) and more

recent single-cell techniques (28) have demonstrated co-
localization of nonapeptides with other neuropeptide
regulators of reproduction in neuroendocrine neurons.
Thus, future functional studies should investigate co-
release and interactions between nonapeptides and co-
expressed reproductive regulators to quantify potential
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combinatorial effects on courtship behaviour and HPG
axis function.
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