Transcriptomic and proteomic characterizations of
goldfish (Carassius auratus) radial glia reveal
complex regulation by the neuropeptide
secretoneurin

Dillon Da Fonte

Thesis submitted to the
Faculty of Graduate and Postdoctoral Studies
University of Ottawa
in partial fulfillment of the requirements for the
Master of Science degree in biology

Department of Biology
Faculty of Science
University of Ottawa

© Dillon Da Fonte, Ottawa, Canada, 2016



Acknowledgements

Finishing this thesis has been both a challenging and rewarding experience. This
accomplishment would not have been possible without the never-ending support of
colleagues, friends, family. First, | would like to express my most sincere gratitude to my
supervisor and mentor, Dr. Vance Trudeau. Thank you for the opportunities you have
given me, this experience has truly solidified my passion for research. I appreciate our
many conversations that were enjoyed over a beer — it was truly a memorable experience.
I would also like to thank my M.Sc. advisory committee, Dr. Michael Jonz and Dr. Marc
Ekker for your time and insightful comments. A special thank you to Dr. Chris Martynuik
who taught me the bioinformatics needed to analyze both transcriptomic and proteomic
data and for all your help during my time at the University of Florida. I would like to also
acknowledge my funding support from University of Ottawa, NSERC, and the Michael
Smith Foreign Study Award for supporting my research stay at the University of Florida.

To all current and past members of TeamENDO, thank you for the sense of
community you all instilled in the lab. Both inside and outside the lab, I have made
memories with all of you that I will cherish forever. | am indebted to Lei Xing for his
unwavering guidance, professional advice, and his willingness to help and answer
questions. To my ‘lab wife’ Maria, thank you for tolerating my constant urge to
annoy/distract you and for always reminding me to be confident in my research. Thank
you to Kim and Crystal for your assistance with zebrafish dissections. I would also like to
acknowledge and thank Myy Mikwar for kindly providing me with samples from her

ICV injection experiment. Also, to Maddie thank you for taking the time to translate my

II



abstract. Thank you to Bill Fletcher and Christine Archer from the aquatic facility for
your animal care and maintenance.

Finally, to my parents, although you may not understand what is written in these
pages, you were the driving force that allowed me to push myself to finish this endeavor.
The sacrifices you have made for my life have not and will never go unnoticed. Thank
you to my grandparents, both alive and deceased, for instilling in me perseverance and
dedication. To my sisters, thank you for your unconditional love and for being the
guiding forces in my life. To my community of friends, I am truly grateful to have you all
who both love and believe in me and for the many nights of laughter that got me through

this experience.

III



Abstract

In the teleost brain, radial glial cells (RGCs) are the main macroglia and are stem-
like progenitors that express key steroidogenic enzymes, including the estrogen-
synthesizing enzyme, aromatase B (cypl9alb). As a result, RGCs are integral to
neurogenesis and neurosteroidogenesis in the brain, however little is known about the
permissive factors and signaling mechanisms that control these functions. The aim of this
thesis is to investigate if the secretogranin-derived neuropeptide secretoneurin (SN) can
exert regulatory control over goldfish (Carassius auratus) RGCs. Immunohistochemistry
revealed a close neuroanatomical relationship between RGCs and soma of SNa-
immunoreactive magnocellular and parvocellular neurons in the preoptic nucleus in both
goldfish and zebrafish (Danio rerio) models. Both intracerebroventricular injections of
SNa into the third brain ventricle and SNa exposures of cultured goldfish RGCs in vitro
show that SNa can reduce cypl9alb expression, thus implicating SNa in the control of
neuroestrogen production. RNA-sequencing was used to characterize the in vitro
transcriptomic responses elicited by 1000 nM SNa in RGCs. These data revealed that
gene networks related to central nervous system function (neurogenesis, glial cell
development, synaptic plasticity) and immune function (immune system activation,
leukocyte function, macrophage response) were increased by SNa. A dose-response study
using quantitative proteomics indicates a low 10 nM dose of SNa increased expression of
proteins involved in cell growth, proliferation, and migration whereas higher doses down-
regulated proteins involved in these processes, indicating SNa has dose-dependent
regulatory effects. Together, through these altered gene and protein networks, this thesis

proposes SNa exerts trophic and immunogenic effects in RGCs. These datasets identified
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a total of 12,180 and 1,363 unique transcripts and proteins, respectively, and
demonstrated that RGCs express a diverse receptor and signaling molecule profile.
Therefore, RGCs can respond to and synthesize an array of hormones, peptides,
cytokines, and growth factors, revealing a multiplicity of new functions critical to

neuronal-glial interactions.



Résumé

Les cellules gliales radiaires sont les principaux microglies retrouvées dans le
cerveau des poissons téléostéens. Ces cellules sont des nombreuses progénitrices qui
ressemblent aux cellules souches et expriment des enzymes clés de la stéroidogenéese tel
que I’enzyme aromatase B (cyp19alb) responsable de la synthése des oestrogenes. Par
consequent, les cellules gliales radiaires font une partie intégrale de la neurogenese et de
la neurostéroidogenese dans le cerveau. Par contre, les facteurs permissifs et les
mécanismes de signalisation qui contrdle ces fonctions sont toutefois trés peu connus. Le
but de cette these est d’étudier la possibilité que la sécrétoneurine (SN), un neuropeptide
dérivé de la sécrétogranine, peut exercer un controle réglementaire sur les cellules gliales
radiaires chez le poisson rouge (Carassius auratus). Une relation neuroanatomique
proche a été révélée par I’'immunohistochimie entre les cellules gliales radiaires et le
soma des neurones magnocellulaires et parvocellulaires, qui sont immunoréactives a la
SNa. Ces neurones sont retrouvés dans le noyau préoptique chez les modeles du poisson
rouge et du poisson zebre (Danio rerio). La SNa est impliquée dans le controle de la
production des neuro-oestrogenes puisqu’elle peut diminuer 1I’expression du gene
cypl19alb suite a des injections intra-cérébro-ventriculaire du SNa dans le troisieme
ventricule cérébrale, ainsi qu’apres 1’exposition des cellules gliales radiaires cultivées in
vitro en présence du SNa. Les réponses transcriptomiques in vitro des cellules gliales
radiaires exposées a 1000 nM SNa ont été caractérisées par le séquencage d’ARN. Les
ensembles de données révelent que la SNa augmente les réseaux de genes liés aux
fonctions du systéme nerveux centrale (neurogenese, développement des cellules gliales,

plasticité synaptique) et les fonctions immunitaires (activation du systéme immunitaire,
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fonction leucocytaire, réponse macrophagique). Une étude protéomique quantitative de la
relation dose-réponse indique qu’une faible dose de 10 nM SNa augmente 1’expression de
protéines impliqués dans la croissance cellulaire, la prolifération et la migration tandis
que des doses plus élevées diminuent 1’expression de ces protéines. Ceci indique que la
SNa a des effets régulateurs qui sont dose-dépendants. Cette theése propose que la SNa
exerce des effets trophiques et immunogéniques sur les cellules gliales radiaires selon les
réseaux de protéines et de genes modifiés. Les ensembles de données ont identifi¢ un
total de 12 180 et 1 363 transcrits et de protéines uniques, respectivement, et ont
démontré que les cellules gliales radiaires expriment un profil moléculaire diversifié¢ de
récepteurs et de signalisation. Par consequent, les cellules gliales radiaires peuvent
répondre et synthétiser une gamme d’hormones, de peptides, de cytokines et de facteurs
de croissance. Ceci révele une multiplicités de nouvelles fonctions essentielles pour les

interactions neurones-glie.
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Thesis outline and rationale

The role of the secretogranin II-derived neuropeptide secretoneurin A (SNa) to
control radial glial cells (RGCs) is the major focus of this research. SN has many
attributed biological functions, particularly in the central nervous system (CNS), however
nothing is known about its influences on glia. In fish, RGCs are the major macroglia but
their functions are not well described. Emerging data suggest they have typical astrocyte-
like functions such as transmitter uptake/release and regulation of ionic and water
homeostasis in the brain. Teleost RGCs structurally organize the CNS, produce
neuroestrogens, and are progenitor cells aiding in neurogenesis (Forlano et al., 2001;
Pellegrini et al., 2007; Lyons et al., 2014; Xing et al., 2014). Since RGCs have a
multitude of functions they should be under tight regulation to maintain proper brain
homeostasis. Only recently have studies started to address how neuronal-RGC
interactions through neurotransmitters exert control over RGC function, although
regulatory effects of neuropeptides are largely unknown (Pérez et al., 2013; Xing et al.,
2015b). Therefore, this gap in knowledge led to the generation of the following
hypotheses: SNa is a key regulator of RGC function in (a) neurosteroidogenesis,
specifically neuroestrogen production and (b) in neurogenesis.

The neuroanatomical relationship between SNa-positive neurons and RGCs is
described in Chapter 2. In goldfish, numerous SNa-positive magnocellular neuron cell
bodies were located adjacent to networks of RGC fibers immunoreactive for glial
fibrillary acidic protein (GFAP). These observations were extended to zebrafish. In the
transgenic line Tg(cyp9alb-GFP) green fluorescent protein expression is under the

control of the promoter for the estrogen-synthesizing enzyme, aromatase B (cyp19alb),
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which is exclusively found in RGCs. SNa-positive neuronal-RGC interactions were also
clearly evident in this model system (Chapter 2). To study the effects of SNa on cy/9alb
mRNA expression both in vivo and in vitro, intracerebroventricular injections of SNa into
the goldfish third brain ventricle, targeting the preoptic nucleus, was performed in
conjunction with in vitro SNa exposures of cultured goldfish RGCs. Results from these
studies suggest SNa specifically reduces cypl9alb mRNA levels, implicating SNa in the
regulation of neuroestrogen production in these cells (Chapter 2).

Both transcriptomics and proteomics were used to characterize RGCs while
profiling the molecular responses to SNa treatment. Both Chapters 3 and 4 reveal RGCs
express an array of neurotransmitter, hormone, and neuropeptide receptors and signaling
pathways, suggesting a multiplicity of new functions critical to neuronal-RGC
communication. In addition, the identification of immune system pathways,
proinflammatory signals and receptors indicate RGCs may also be involved in regulating
neuroinflammation processes in the fish brain (Chapters 3 and 4). The transcriptomic
responses to 1000 nM SNa elicited changes in gene networks associated with processes
of the CNS (e.g. neurogenesis, synaptic plasticity, axon guidance) and immune system
(e.g. immune system activation, phagocyte activity, leukocyte function, macrophage
response) (Chapter 3). Quantitative proteomics were used to understand SNa regulation
of RGCs at the molecular level across low, medium and high doses in the nanomolar
range (Chapter 4). Lower doses of SNa were stimulatory while higher doses of SNa were
inhibitory, generating dose-dependent effects. Proteins regulated by SNa were involved
in many cell processes including blood vessel development, actin organization,

cytoskeleton organization and biogenesis, neurite outgrowth, nerve fiber regeneration,
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cell growth, migration, and proliferation. Lastly, Chapter 5 outlines the key findings of
this thesis while discussing the physiological significance of SNa in CNS and future
directions for research. This research has expanded on the functions of SNa in CNS while
providing a molecular representation of a cell type often used in the fields of

neurogenesis and neuroendocrinology.
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Chapter 1: General introduction

1.1. The granin family

The granins are a diverse group of proteins distributed in secretory granules of
neurons and endocrine cells distinguished by their acidic and heat-stable properties
(Huttner et al., 1991). Some of these proteins are involved in the biogenesis of dense-core
secretory granules and regulate the release of their co-localizing hormones and
neuropeptides through the secretory pathway (Blazquez and Shennan, 2000;
Bartolomucci et al., 2011). The mechanisms in which granins exert their granulogenic
properties occur at the trans-Golgi network (TGN). Granins are synthesized in the rough
endoplasmic reticulum then through vesicular transport are targeted to the TGN.
Conditions such as low pH and presence of calcium in the TGN cause granins to
aggregate while interacting with sorting receptors to form secretory granules along with
other granule proteins such as prohormones and processing enzymes. Within these
secretory granules granins are processed into bioactive peptides and released upon
stimulation and fusion of the secretory granule with the cell membrane (Bartolomucci et
al., 2011).

The granin family can be classified into two groups, the chromogranins (Cg) and
the secretogranins (Sg) based on the presence of a disulfide-bonded loop at the N-
terminus of Cg but not in Sg proteins (Helle, 2004; Zhao et al., 2009b). The Cg proteins
are divided into the chromogranins A (CgA) and chromogranins B (CgB); and the Sg
proteins consists of seven members: secretogranin II (Sgll), secretogranin IIT (Sglll),

secretogranin IV (SgIV), secretogranin V (SgV), secretogranin VI (SgVI), secretogranin



VII (Sg VII), and proSAAS (Zhao et al., 2009b). Many shared biochemical properties
make the granin proteins a related family. Granins are hydrophilic heat stable proteins

that have a high proportion of acidic amino acids, the capacity to bind calcium, and the
ability to form aggregates at low pH levels (Ozawa and Takata, 1995). Granins are
precursor proteins for biologically active peptides through the proteolytic processing by
prohormone convertases (PCs) PC1/PC3 and PC2 at multiple dibasic cleavage sites
(Huttner et al., 1991; Helle, 2004). Several granin-derived peptides have been identified
across various species and exert diverse biological activities in endocrine, neuroendocrine,
cardiovascular, inflammatory, and neuronal systems (Bartolomucci et al., 2011). The
most well characterized peptides produced from granins are vasostatin I, vasostatin II,
pacreastatin, bovine CgBj.41, and secretoneurin (Taupenot et al., 2003; Zhao et al.,
2009b). Despite their shared biochemical properties, sequence and phylogenetic analyses
have revealed no clear evolutionary relationship except for the Cgs (CgA and CgB)

(Zhao et al., 2009b). Both CgA and CgB proteins exhibit considerable homology between
different vertebrate species having a high degree of DNA and amino acids similarity

(Sato et al., 2000; Zhao et al., 2009b). In contrast, SglI is poorly conserved compared to
CgA and CgB, however a peptide known as secretoneurin (SN) in the middle domain of
Sgll shows high sequence similarity among vertebrates (Zhao et al., 2009b; Trudeau et al.,

2012).

1.1.1. Secretogranin II
Secretogranin II is one of the most well studied Sg proteins and was first

identified in the bovine anterior pituitary (Rosa and Zanini, 1983) and rat PC12 cell lines



(Lee & Huttner, 1983). Secretogranin II is an approximately 600 amino acid long, acidic,
tyrosin-sulfated preproprotein processed into small peptides by PCs at several dibasic
cleavage sites in secretory granules of vertebrate endocrine and neuronal cells (Fischer-
Colbrie et al., 1995). Like other granins, SglI is involved in the biogenesis of secretory
granules as upon its depletion both the number and size of dense-core secretory granules
decreased in PC12 cells (Courel et al., 2010). Because of its granulogenic properties, Sgll
is thought to participate in the sorting and packaging of hormones and neuropeptides in
secretory granules (Miyazaki et al., 2011).

The SgllI gene (scg?) located on human chromosome 2 comprises two exons and
encodes a 2476 bp transcript (Bartolomucci et al., 2011). Mammalian SgII is well
conserved through evolution being 79-87% identical between species. In contrast, the
Sgll sequences of some non-mammalian vertebrates have a low degree of conservation
compared to mammalian Sgll sequences (Montero-Hadjadje et al., 2008). Comparing
goldfish SgII with human SgII shows an overall 28% identity and 48% similarity in
amino acids sequences (Blazquez et al., 1998). However, only a discrete domain in the
middle of the Sgll precursor, called secretoneurin (SN) is relatively well conserved
across the vertebrate taxa (Trudeau et al., 2012). The goldfish SN (Sgll>14248) amino acid
sequence shares 59% identity to human SN and more than 75% similarity with other
vertebrate SN sequences (Blazquez et al., 1998). This conservation of the SN peptide
indicates important physiological functions that may be similar in the different vertebrate
classes. Besides SN, only two other peptides have been identified in mammalian SglI,
which are EM66 and manserin (Fisher-Colbrie et al. 1995; Yajima et al. 2004). Flanking

SN at the C-terminus, is the 66 amino acid peptide EM66 which is well conserved in



human and tetrapods, but is not at all conserved in fish (Anouar et al., 1998; Zhao et al.,
2009b). This peptide has been implicated in the control of food intake and the fasting-
induced stress response in the jerboa (Boutahricht et al., 2005). Manserin, the most
recently discovered peptide processed from Sgll, was first investigated in the rat anterior
lobe of the pituitary and hypothalamus, suggesting that manserin might have a role in the
neuroendocrine system (Yajima et al., 2004), but no specific biological activity has yet
been reported.

Secretogranin II, also known as CgC, was the first Cg to be cloned and sequenced
in fish. Two different Sgll transcripts of approximately 2975 bp and 2650 bp were
detected in the goldfish pituitary (Blazquez et al. 1998). Later phylogenetic analysis
revealed two Sgll paralogs in other teleost species generated by a gene duplication event
and have been named Sglla and SglIb (Zhao et al., 2009b). The existence of two Sgll
genes is likely due to the whole genome duplication event that occurred in the teleost
emergence (Zhao et al., 2010). The expression of both Sglla and SglIb have been found
in some species such as zebrafish whereas others only one gen has been identified to date.
For example, the only known goldfish Sgll is Sglla while the known pufferfish and grass
carp Sglls are of the Sgllb type. However, a partial cDNA sequence for goldfish Sgllb
has been isolated but not yet reported (Unpublished data, Trudeau lab). Further
investigations are required to determine if another Sgll gene exists or if a differential
deletion occurred in these species (Zhao et al., 2009b). In addition, the “a” and “b”
nomenclature applies to the peptides derived from their corresponding Sgll subtype

precursors.



1.1.2. Distribution of secretogranin II and factors that control its synthesis and
release

Secretogranin II has a widespread distribution in both the endocrine and nervous
systems (Fischer-Colbrie et al. 1995). In the adult rat brain, SgII protein was found to be
expressed in the olfactory bulb, hypothalamus, dentate gyrus and inferior colliculus,
hippocampus, and cerebellum (Miyazaki et al., 2011). Bergmann glia and other
astrocytes in vivo express Sgll in rodent brain (Cozzi et al., 1989; Miyazaki et al., 2011).
Furthermore, in vitro studies support that cultured rat astrocytes synthesize and release
Sgll through storing Sgll in dense-core secretory granules in a regulated secretory
pathway. Although Sgll produced in culture does not undergo any proteolysis it does not
exclude that it could be processed extracellularly in the brain to other bioactive peptides
(Fischer-Colbrie et al., 1993; Calegari et al., 1999).

Several studies reveal that Sgll is stored together with hormones in pituitary cells.
In the human pituitary, SgIl immunoreactivity is found in gonadotrophs, thryotrophs, and
corticotrophs (Vallet et al., 1997). In the bovine anterior pituitary, Sgll co-localizes with
thyroid-stimulating hormone and luteinizing hormone (Bassetti et al., 1990). Some
heterogeneity in the pattern of distribution of prolactin and SgII in rat mammotrophs has
been observed with the majority of cells co-localize prolactin with SglI in secretory
granules (Ozawa et al., 1994). Using several different tissues, scg2a transcripts were
detected in the goldfish interrenal, ovary, cerebellum, and telencephalon with noticeably
higher transcript levels in the brain and pituitary than in peripheral tissues (Zhao et al.,
2006a). Peripherally, SgIl immunoreactivity has been documented in the following

human tissues: adrenal medulla, thyroid, gonads, pancreas, stomach and intestine (Fisher-



Colbrie et al. 1995). This wide distribution of SgllI indicates several potential biological
activities however possible roles remain to be elucidated for most tissues (Zhao et al.,
2009b).

A variety of factors has been identified to regulate the synthesis and release of
Sgll. Microarray analysis of female goldfish telencephalon following fadrozole-induced
estrogen decline showed an up-regulation of scg2a mRNA levels (Zhang et al., 2014).
Furthermore, a combination of in vivo and in vitro studies in female rat pituitary reveal
that estradiol has a direct effect to decrease scg2 mRNA (Anouar et al., 1991; Anouar and
Duval, 1992). Together this provides support for the estrogen-responsive properties of the
scg2a gene. In rat pituitary cells, gonadotropin-releasing hormone stimulates SgIl
secretion from gonadotrophs (Conn et al., 1992). Similarly, in vivo injection of a GnRH
agonist increases scg2a transcript levels in female goldfish anterior pituitary (Samia et al.,
2004). During the seasonal reproductive cycle of the female goldfish, scg2a mRNA
levels vary, with levels being highest in winter and lowest in spring (Samia et al., 2004).
Increasing endogenous brain and pituitary y-aminobutyric acid (GABA) levels by the
GABA transaminase inhibitor increases scg2a gene expression in goldfish pituitary
(Blazquez et al. 1998). Indeed, this is how Blazquez et al. (1998) were able to isolate the
scg2a cDNA for the first time using a differential display strategy. The neuropeptide
pituitary adenylate cyclase-activating polypeptide has a rapid and long lasting effect to
increase scg2a mRNA abundance in bovine chromaffin cells (Turquier et al., 2001). In
bovine chromaffin cells, histamine exerts a stimulatory effect on scg2a mRNA levels
(Bauer et al., 1993). Chronic exposure to vasopressin causes the increase of biosynthesis

of Sgll in male rat brain (Mahata et al., 1992). Under osmotic stimulation, SglI



expression is observed in a subpopulation of vasopressinergic magnocellular neurons in
rat supraoptic and paraventricular nuclei (Ang et al., 1997). These hypothalamic nuclei
also exhibit an increase in scg?2 transcript levels during lactation in rats (Mahata et al.,
1993). Overall, SglI production and secretion is under the control of a diverse number of

regulators including hormones, neuropeptides, and neurotransmitters.

1.1.3. Secretoneurin

Endoproteolytic processing of the middle domain of SglI produces the bioactive
peptide secretoneurin (SN). Secretoneurin is moderately conserved in evolution and
found across vertebrate taxa from sea lamprey to humans, ranging in size from 31 to 43
amino acids. In all tetrapods SN is 33 amino acids in length while in goldfish and
zebrafish SNa is 34 amino acids long (Trudeau et al., 2012). Mammalian SN is highly
conserved in evolution in species such as human, pig, hamster, and rat (Kdhler and
Fischer-Colbrie, 2002). In marked contrast, goldfish SN shares low degree of identity to
mammalian SN, nevertheless domains in the N- terminus (TNE) and in the middle
(QYTP and LATLEQSVFQEL) of teleost SNa are identical with those of mammals
(Trudeau et al., 2012). Unlike SNa, only two segments in the middle of teleost SNb
(EQYTPQSLA and FE(Q)ELG) are moderately conserved in comparison to mammalian
SN (Trudeau et al., 2012). Therefore, these conserved domains might confer SN its
biological activity. Comparing zebrafish SNa and SNb reveals only 40% of amino acids
in the middle core are conserved. Although the biological functions of SNb have not been
elucidated they are predicted to be different from SNa (Zhao et al., 2010). Comparisons

of SN amino acid sequences between select vertebrates are shown in Figure 1.1.



(3laa)Zebrafish-SNb ATEDLDEQYTPQSLANMRSIFEELGKLSAA-———————=————

(34aa)Zebrafish-SNa TNENAEEQYTPQKLATLOSVFEELSGIASSKTNT-—=————~

(34aa)Goldfish-SNa TNENAEEQYTPOQKLATLOSVFEELSGIAASNANS == =====—

(33aa)Frog TNEIVEGQYTPQSLATLOSVFQELGKLKGQANN—========

(42aa)Shark TNEIVEEQYTPQSLATLESAFRELGKYAGPYKEQGRLEEEHF

(33aa)Human TNEIVEEQYTPQSLATLESVFQELGKLTGPNNQ—-——=—=———-

(33aa)Chicken TNEIVEEQYTPOSLATLESVFQELGKMAGPSNH-=======-—
s .k 3 kkkkk _kk_32 Kk Kk kk

Figure 1.1. Amino acid sequence alignment for chicken (Gallus gallus) SN, human
(Homo sapiens) SN, shark (Squalus acanthius) SNa, frog (Rana rdibunda) SN, goldfish
(Carrasius auratus) SNa and zebrafish (Danio rerio) SNa and SNb using MUSCLE
program. The number in brackets indicates the length of the peptide and YTPQ-X-LA-
X7-EL signature is underlined. This figure was adapted from Trudeau et al., 2012.

The Sgll precursor is processed to yield free SN peptide by a group of
endoproteolytic enzymes called prohormone convertases (PCs) at dibasic cleavage sites.
Some of these dibasic cleavage sites are conserved between mammals and fish allowing
for species variation in Sgll processing (Blazquez and Shennan, 2000). While at least 7
PCs having been identified, only PC1 and PC2 have been shown to cleave Sgll to
generate both SN containing intermediate fragments and free SN peptide. Both PC1 and
PC2 are colocalized with SN in neurosecretory granules in the bovine posterior pituitary
(Egger et al., 1994). However, only PC1 is capable of generating SN in neurons
suggesting that processing of Sgll is tissue specific in neurons expressing different
subsets of PCs (Hoflehner et al., 1995). In another study, PC12 cells transfected with
either PC1 or PC2 reveal both enzymes process Sgll into SN although the ability to
generate free SN peptide was more pronounced with PC2 than with PC1 (Laslop et al.,
1998). Moreover, in the absence of PC2, SN levels in mice brain remain unchanged,
implying the importance of PC1 in yielding SN peptide (Laslop and Becker, 2002).
Although evidence supports the role of both PC1 and PC2 in generating SN from SglI the

relative involvement of either PC seems to depend on tissue and experimental system.



The degree of precursor processing to SN various greatly depending on tissue, reaching
89-97% in the brain, 49% in the adrenal medulla, and only 26% in the anterior pituitary
of the rat (Kirchmair et al., 1993).

Due to its wide distribution of expression, SN exerts a diverse array of biological
functions, including regulating nervous, endocrine, immune, and vascular systems
(Fisher-Colbrie et al., 1995; Zhao et al., 2009b). Secretoneurin has been shown to
regulate several neurotransmitter systems, for instance SN increases dopamine release
from rat striatum both in vitro (Saria et al., 1993) and in vivo (Agneter et al., 1995).
Expanding on this study to the substantia nigra and neostriatum, SN infusion can increase
levels of glutamate, dynorphin B, dopamine, and GABA extracellularly (You et al., 1996).
In the endocrine system, SN has neuroendocrine control on the vertebrate pituitary by
stimulating the synthesis and release of luteinizing hormone (Zhao et al., 2006b, 2009a,
2011). Through activating vascular endothelium chemotaxis, proliferation, angiogenesis,
and vascularization, SN is thought to have a significant role in tissue repair (Helle, 2010).
The neurogenic properties of SN and its role in regulating inflammatory and immune
responses will be discussed below. Other than its roles in physiological processes, SN is
also implicated in many pathophysiological conditions of the central nervous system. In
several reports, SN has been correlated with many neurological diseases such as
Alzheimer disease, Parkinson disease and epilepsy (Wiedermann, 2000; Shyu et al.,

2008).



1.1.4. Distribution of secretoneurin

Secretoneurin is abundant in a wide variety of nervous and endocrine tissues. A
high density of immunoreactive fibers and terminals were found in several areas of the rat
brain such as the lateral septum, the medial parts of the amygdala, some medial thalamic
nuclei, the hypothalamus, dentate gyrus, habenula, nucleus interpeduncularis, locus
coeruleus, nucleus tractus solitarii, the substantiae gelatinosae of the caudal trigeminal
nucleus and of the spinal cord (Marksteiner et al., 1993; Schwarzer et al., 1997). In the
brain, dense SN immunoreactivity is found in the median eminence of the rat and
infundibular area of the goldfish suggesting a conserved hypophysiotropic role (Trudeau
et al., 2012). In goldfish, SN-immunoreactive cell bodies were found in both the
telencephalon and hypothalamus while fibers were specifically localized in the dorsal and
ventral telencephalon, the periventricular preoptic nucleus, pituitary gland, and
ventrocaudal aspects of the nucleus of the lateral recess and nucleus of the posterior
recess (Canosa et al., 2011). The most obvious SN immunoreactivity was found in the
magnocellular and parvocellular cells of the goldfish preoptic nucleus that project their
fibers to the neurohypophysis of the pituitary (Canosa et al., 2011). Strikingly in the
preoptic nucleus, SN-immunoreactivity is colocalized with isotocin, the fish homolog of
mammalian oxytocin. This expression pattern and colocalization with isotocin or
oxytocin is evolutionarily conserved between the rat and goldfish preoptic area
(Marksteiner et al., 1993; Canosa et al., 2011).

The pattern of SN immunoreactivity in the anterior pituitary varies across species
(Trudeau et al., 2012). Depending on the mammalian species, SN-immunoreactivity can

be found to colocalize with luteinizing hormone, follicle stimulating hormone, growth
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hormone, prolactin, thyroid-stimulating hormone and adrenocorticotropic hormone
(Fisher-Colbrie et al., 1995; Crawford and McNeilly, 2002; Trudeau et al., 2012).
However in the goldfish pituitary, SN-immunoreactivity is restricted to lactotrophs and
not gonadotrophs of the rostral pars distalis (Zhao et al., 2009a). As most cells in the
pituitary express Sgll, the differential expression of SN can be attributed to cell type
specific Sgll precursor processing.

The cerebrospinal fluid (CSF) is another major source of free SN peptide, where
levels of 260 fmol/ml in ventricular CSF and 1500 fmol/ml in lumber CSF can be found
in human. These concentrations are relatively high compared to levels of other
neuropeptides or CgA and CgB, which range from 20-200 fmol/ml in the same fluids
(Kirchmair et al., 1994a). Secretoneurin is also distributed in various peripheral nerves
and tissues. In human endocrine tissues, SN immunoreactivity is found in the adrenal
medulla, thyroid, pancreas, GI tract, and the prostate (Schmid et al., 1995). Additional
peripheral tissue localizations of SN include human dental bulb, carotid body, and retina
(Wiedermann, 2000). In the peripheral nervous system, SN expression has been
demonstrated in ganglion cells, primary afferent (C-fiber) neurons and autonomic nerves
(Kirchmair et al., 1994b; Schmid et al., 1995). This pervasive expression of SN indicates

a wide array of biological functions for this peptide.

1.1.5. Neurogenic properties of secretogranin II and secretoneurin
Secretogranin II is a positive regulator of neuronal differentiation and maturation.
Neuronal differentiation induced by nerve growth factor in PC12 cells (Laslop and

Tschernitz, 1992; Scammell et al., 1995) or human neuroblastoma cells treated with
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phorbol esters (Weiler et al., 1990) is often accompanied by an increased biosynthesis of
Sgll. Furthermore, other neurotrophic factors such as basic fibroblast growth factor and
epidermal growth factor can increase Sgll expression in human neuroblastoma cells
(Weiss et al., 2001). These data shows that the up-regulation of SglI is a characteristic of
phenotypic differentiation after neurotrophic growth factor treatment. The ability of a
neural stem cell to differentiate and acquire a neuronal phenotype is regulated
intrinsically by transcription factors such as RE-1 silencing transcription factor (REST).
As a master negative regulator of neuronal differentiation, REST controls neurogenesis
by repressing neuronal gene expression. Secretogranin II is a major REST-regulated
secreted factor that promotes the differentiation and maturation of hippocampal
progenitors in vitro (Kim et al., 2015). Loss-of-function of scg?2 repressed differentiation
while exogenous Sgll partially rescued this phenotype; therefore REST mediates non-
cell-autonomous neuronal differentiation and maturation via SglI acting in a paracrine
manner (Kim et al., 2015).

After endoproteolytic processing of Sgll, the resultant SN neuropeptide has
trophic properties. In cultured immature mouse cerebellar granule cells in vitro SN
promotes neurite outgrowth, a measure of differentiation, in a concentration-dependent
manner. Exposure to pertussis toxin inhibited SN-induced outgrowth, suggesting SN
causes neurite outgrowth by acting through a G-protein-coupled mechanism. This
suggests that SN acts as a trophic substance involved in the differentiation of cerebellar
granule cells (Gasser et al., 2003).

The functions of SN share parallels to those of glial cell-derived neurotrophic

factor (GDNF), in respect to growth (Jogi et al., 2004; Kirchmair et al., 2004a; Srinivasan
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et al., 2005) and repair (Gasser et al., 2003; Lu et al., 2003; Kirchmair et al., 2004b) of
injured neural tissue. In murine models of stroke SN promotes neuroprotection and
neuronal plasticity (Shyu et al., 2008). During cerebral ischemia, SN expression increases
in both rodents and humans. SN mediates its neuroprotective effects in vitro in primary
cortical cell (PCC) culture by reducing lactate dehydrogenase activity and increasing
neuronal survival under oxygen/glucose deprivation. Both in vivo and in vitro, SN
treatment significantly attenuates apoptotic enzyme caspase-3 activity and upregulates
expression of antiapoptotic proteins Bcl-2 and Bel-xL through the Jak2/Stat3 pathway.
This suggests SN promotes neuroprotection through an antiapopotic effect. Intravenous
administration of SN in rats following cerebral ischemia resulted in less cerebral
infraction, improved motor performance, and increased brain metabolic activity.
Furthermore, SN not only promotes neuroprotection, but can also enhance neurogenesis.
Secretoneurin increased the mobilization of endogenous stem cells to ischemic areas of
the brain and promoted these engrafted stem cells to differentiate into neural cells (Shyu

et al., 2008).

1.1.6. Secretoneurin regulates inflammatory and immune responses

Neurogenic inflammation is the process resulting from the release of pro-
inflammatory neuropeptides from sensory neurons in the periphery (Wiedermann, 2000).
Upon injury leukocytes and mesenchymal cells migrate and accumulate in the injured
tissue, secrete cytokines and chemokines, proliferate, and aid in tissue remodeling.
Neuropeptides released from sensory nerves in part elicit these cellular responses to

neurogenic inflammation (Wiedermann, 2000). In sensory C-fibers, SN is colocalized
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and released with other neuropeptides suggesting SN is involved in neurogenic
inflammation (Marksteiner et al., 1993). In response to injury, both in vivo and in vitro,
SN can stimulate the migration of human monocytes also acting synergistically with
other sensory neuropeptides such as substance P or somatostatin (Reinisch et al., 1993).
Similar to other chemoattractants, SN triggers migration of monocytes through a G-
protein coupled protein kinase C activation and intracellular Ca®" release signaling
pathway (Schratzberger et al., 1996b). Furthermore, SN facilitates the transmigration of
monocytes across the endothelial layer, this transendothelial migration is often the initial
step in inflammatory processes (Kahler et al., 1999). Secretoneurin is also an effective
chemoattractant for human eosinophils comparable in its potency to interleukin-8 and
requiring the activation of phosphodiesterases (Dunzendorfer et al., 1998b). Other than
monocytes and eosinophils, SN can induce chemotaxis of neutrophils but not at
physiologically relevant concentrations between 1 nM and 1000 nM (Reinisch et al.,
1993). However, pretreatment of neutrophils with SN reveals possible priming actions
such as increase in random locomotion and inhibition of chemoattractant-stimulated
migration (Schratzberger et al., 1996a). Secretoneurin exerts a combination of
chemotactic and antiproliferative effects on endothelial cells, suggesting that SN acts as a
regulatory peptide of vascular cell functions (Kéhler et al., 1997). Further establishing the
functions of SN as a sensory neuropeptide, SN can trigger the selective migration of

human fibroblasts but does not stimulate their proliferation (Kdhler et al. 1996).
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1.1.7. Secretoneurin receptor and signal transduction pathways

Binding sites were identified on a human monocyte cell line (Mono Mac 6) with a
Kd value of 7.3 nM. Interestingly, during competition studies the 15 C-terminal amino
acids of SN were able to displace SN while other shorter SN peptide fragments were
unsuccessful (Schneitler et al., 1998). An additional study demonstrated SN interacts
with a specific cell surface binding site on human monocytes with a similar Kd value of
14.5 nM and other chemoattractants could not compete for SN binding sites (Kong et al.,
1998). Although these studies suggest functional monocyte cell surface receptors for SN,
the SN receptor has yet to be identified but is believed to be a G-protein coupled receptor.
Several studies indicate SN effects are sensitive to pertussis toxin lending support to the
hypothesis that SN receptor is a pertussis toxin-sensitive G-protein (Schratzberger et al.,
1996b; Kong et al., 1998; Gasser et al., 2003). In mouse LBT2 gonadotropin cells, SN
increases cyclic AMP (cAMP) and activates both protein kinase A (PKA) and protein
kinase C (PKC) causing the subsequent activation of extracellular signal-regulated kinase
(ERK) signaling pathways (Zhao et al., 2011). Secretoneurin also mediates its effects on
mouse endothelial progenitor cells in the inflammatory system through ERK-dependent
pathways (Kirchmair et al., 2004a). In both human monocytes (Schratzberger et al.,
1996b) and goldfish gonadotrophs (Zhao et al., 2011) SN activates PKC and induces a
rise in intracellular Ca*" levels.

There is also evidence to support SN acting through a non-G-protein coupled
receptor growth factor-like signaling cascade (Zhao et al., 2010). For instance, SN exerts
neuroprotective effects in models of stroke through the activation of antiapoptotic

proteins via the Jak/Stat3 signal transduction pathway (Shyu et al., 2008). SN can also
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induce vasculogenesis through activation of the Akt signaling pathway (Kirchmair et al.,
2004a). Due to the activation of several different transduction pathways, there may be
several SN receptor types, or a single receptor converging on several signaling pathways
(Zhao et al., 2010). Although investigations have identified SN binding sites and
potential signal transduction pathways, remaining work is needed to isolate, clone and

express the putative SN receptor.

1.2. Radial glial cells

Radial glial cells (RGCs) are a glial cell type differentiated from neuroepithelial
cells in the developing CNS of all vertebrates. During development RGCs symmetrically
divide generating more RGCs that expand along the developing lateral ventricles
(Schmechel and Rakic, 1979). As development progresses, RGCs predominately undergo
asymmetric cell division where one daughter cell remains an RGC while the other
becomes an intermediate progenitor or a neuron. Ultimately at the end development, the
RGC population diminishes by undergoing neurogenesis and/or gliogenesis to produce
neurons, astrocytes, and oligodendrocytes (Radakovits et al., 2009). Morphologically,
RGCs are characterized by their bipolar shape with a periventricular cell body and an
elongated radial fiber terminating with endfeet on the walls of blood vessels or at the pial
surface (Barry et al., 2014). Because of this radial morphology, they function to
structurally organize the CNS serving as a scaffold for neuronal migration and
axonogensis (Rakic, 1971; Silver et al., 1982).

In mammals, RGCs are mainly a transient cell type during development with only

two populations remaining in adulthood — the anterior part of the subventricular zone of
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the lateral ventricle and subgranular zone of the dentate gyrus. These two areas are the
only constitutive neurogenic regions of the adult mammalian brain, which helps to

explain the limited capacity for neurogenesis in mammals (Brunne et al., 2010; Ming and
Song, 2011). In contrast, the teleostean brain has remarkable proliferative and
regenerative capacities due to numerous brain neurogenic zones (Alunni and Bally-Cuif,
2016). The zebrafish brain for example has 16 different loci of proliferation and
neurogenesis that give rise to new neurons explaining why teleost fish exhibit the most
pronounced and widespread adult neurogenesis of any vertebrate studied thus far (Zupanc,
2006; Kaslin et al., 2008). Interestingly, teleost fish and other non-mammalian

vertebrates have the persistent abundance of RGCs throughout adulthood, which may
largely contribute to their extensive neurogenic capabilities (Strobl-Mazzulla et al., 2010).
In support of the RGC subpopulation contributing to neurogenesis, studies have reported
that newborn neuroblast cells arising from adult RGCs can differentiate into neurons in
zebrafish (Kroehne et al., 2011; Diotel et al., 2013).

In the brain of teleost fish, RGCs are the predominant type of macroglial cells
(Kalman, 1998). Since fish lack typical stellate astrocytes like those found in the
mammalian CNS, RGCs may serve multiple functions in fish to compensate for not
having differentiated astrocytes typical of the mammalian brain (Lyons et al., 2014). One
of the main functions of mammalian astrocytes is to regulate ionic and water homeostasis
in the CNS. The main water channel of the vertebrate brain is aquaporin-4 expressed by
astrocytes in a highly polarized manner. Aquaporin-4 is found in astrocyte perivascular
endfeet (blood-brain barrier) and subpial and subependymal processes (CNS-CSF

interfaces) (Papadopoulos and Verkman, 2013). This distribution of aquaporin-4 in
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astrocytes suggests that aquaporin-4 controls water flow into and out of the brain (Tait et
al., 2008). Zebrafish RGCs may retain this ability to regulate water homeostasis as they
express aquaporin-4 protein not in a polarized fashion but distributed along the entire
radial extent of the cell (Grupp et al., 2010). Astrocytes also function to buffer potassium
(K") ions released extracellularly as a result of neuronal activity (Simard and Nedergaard,
2004). Astrocytes facilitate K clearance through inwardly rectifying K™ channel Kir4.1
and other astrocyte K" transporters (Papadopoulos and Verkman, 2013). Although no
extensive studies have investigated the role of fish RGCs in buffering extracellular K but
given RGCs are the predominate fish macroglia, RGCs may have K" buffering capacity
in order to effectively optimize the extracellular space for synaptic transmission. Both
mammalian astrocytes and zebrafish RGCs share the ability of glutamate clearance via
glutamate transporter GLT1 (McKeown et al., 2012). Acting as the major excitatory
neurotransmitter in the brain, extracellular glutamate levels must be prevented from
reaching excitotoxic levels (Theodosis et al., 2004). Since fish RGCs exhibit extensive
interactions with neurons and share functions with mammalian astrocytes in regulating
the interstitial space through ion, water and neurotransmitter homeostasis, fish RGCs are

thought to be active participants in the tri-partite synapse.

1.2.1 Steroidogenic capacity of radial glial cells

The vertebrate brain is a steroidogenic organ capable of producing neurosteroids
de novo or from peripheral precursors and is a target of steroid hormone action given the
distribution of various steroid hormone receptors in the brain (Diotel et al., 2011a). In the

steroidogenic pathway, aromatase is the only enzyme capable of converting androgens
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into estrogens. The adult fish brain exhibits high aromatase activity compared to other
vertebrates due to the expression of one of two aromatase genes, being about 100-1000
more active than in mammals (Callard et al., 1981; Pasmanik and Callard, 1988). In the
teleost lineage, a genome duplication created two forms of the ancestral cyp/9al gene —
cypl9ala (aromatase A) expressed mainly in the gonads and cyp/9alb (aromatase B)
expressed in the brain (Tchoudakova and Callard, 1998). Remarkably, cyp19alb is
expressed solely by RGCs in developing and adult fish, giving RGCs an estrogen-
synthesizing role in the fish brain (Forlano et al., 2001). The localization of aromatase B
in fish RGCs is distinct, given that aromatase in the brain of adult mammals, birds, and
amphibians is mainly localized in neurons and reactive astrocytes (Sanghera et al., 1991;
Balthazart and Ball, 1998; Peterson et al., 2005). Mechanical injury, excitotoxicity, and
inflammation can induce aromatase expression in mammalian and avian astrocytes and
RGCs (Garcia-Segura et al., 1999; Saldanha et al., 2013). Furthermore, one study
documented aromatase expression in rat RGCs during CNS development (Martinez-
Galan et al., 2004) Given the transient presence of RGCs in mammalian CNS
development, fish models are optimal to study potential neurosteroidogenic roles of
RGCs (Xing et al., 2014).

Steroid hormones are synthesized from cholesterol by a series of enzymes,
including cytochrome P450 side chain cleavage (StAR; CYP11al), 3-beta-
hydroxysteroid dehydrogenase (33-HSD; HSD3B1), cytochrome P450 17-alpha-
hydroxylase (CYP17al), 17-beta-hydroxysteroid dehydrogenase (173-HSD; HSD17B1),
Sa reductase, and cytochrome P450 aromatase (CYP19al) (Mellon et al., 2001). In all

vertebrate classes, most of these enzymes are expressed in the brain allowing for de novo
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steroidogenesis of neurosteroids (Do Rego et al., 2009; Diotel et al., 2011b). Strikingly,
in the zebrafish brain, CYP11al, CYP17al, and 3B-HSD share similar expression
patterns with aromatase B predominantly found in the telencephalon, the preoptic area,
the hypothalamus, and the cerebellum (Diotel et al., 2011b). Moreover, StAR, 33-HSD,
and CYP17al were successfully cloned from cultured goldfish RGCs indicating RGCs
have the potential of de novo estrogen synthesis from cholesterol and the production of
steroid intermediates such as 17a-hydroxypregnenolone and 17a-hydroxyprogesterone
(Xing et al., 2014).

The reasons for the cell-specific expression of aromatase B in RGCs of teleost
fish are poorly understood. Studies in the Japanese eel, a basal teleost, reveal they have a
single cypl9al gene expressed only in RGCs. This provides evolutionary insight that
indicates the expression pattern of cyp/9alb in teleost fish did not evolve after the
genome duplication but rather reflect properties of the ancestral cyp/9al gene (Jeng et al.,
2012). In the adult teleost fish, RGCs expressing aromatase B are neuronal progenitors
that allow for considerable brain growth suggesting there is a role of aromatase and
estradiol in neurogenesis (Pellegrini et al., 2007). Interestingly in mammals, aromatase
can be expressed in reactive astrocytes after lesions or in RGCs adjacent to the lesion in
birds, giving support to neuroprotective effects of estrogens (Garcia-Segura et al., 1999;
Saldanha et al., 2013). Neuroestrogens have been well investigated in mammalian models
for their neuroprotective and antiapopotic properties in neurogenesis and brain repair
(Garcia-Segura, 2008; Saldanha et al., 2009; Scott et al., 2012). However in teleost fish
brain, the effects of estrogen on cell proliferation and neurogenesis remain inconclusive.

In male zebrafish brain, blockade of nuclear estrogen receptors or inhibition of aromatase
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caused an increase in proliferative cell nuclear antigen (PCNA)-positive cells in specific
proliferative zones while 17-f estradiol treatment decreased the proliferative activity of
several brain regions (Diotel et al., 2013). Likewise, another study administering 17-
estradiol in adult female zebrafish observed brain region-specific decreases in the number
of proliferative cells (Makantasi and Dermon, 2014). Although these two studies contrast
findings using mammalian models, Xing et al. found that in female goldfish, neurotoxin-
induced transcripts related to dopamine neuron regeneration, RGC activation, and
neurotrophic factor production and these responses were all aromatase dependent,
implicating estrogens in neuroprotective mechanisms after neurotoxin insult (Xing et al.,
2016b). Future work is needed to elucidate the action of estradiol in the highly plastic
teleost brain focusing on various factors such as dose, duration of treatment, species,

brain region, age and sex.

1.2.2. Radial glial cells and neurogenesis

One of the fundamental features in the CNS of teleost fish that sets them apart
from mammals is their enormous capacity for post-embryonic neurogenesis. Within the
adult teleostean brain several proliferative zones contain a heterogeneous population of
progenitors where RGCs represent a subpopulation capable of proliferation and
differentiation into other cell types (Rothenaigner et al., 2011). These proliferation zones
generate new neurons that migrate over long distances using radial glial fibers (Zupanc
and Clint, 2003; Pellegrini et al., 2007). Within the zebrafish brain about 50% of all
adult-born cells express the neuron-specific protein Hu, indicating the new cells produced

by the proliferative capacity of the zebrafish brain do differentiate into neurons (Zupanc
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et al., 2005; Hinsch and Zupanc, 2007). Interestingly, new neurons are most abundant in
the dorsal telencephalon, a brain region proposed to be homologous to the mammalian
hippocampus, representing one of the only two neurogenic regions in the mammalian
brain (Salas et al., 2003)

The distinctive ability for elevated levels of adult neurogenesis also presents the
teleostean brain with the ability of compensatory neurogenesis or regeneration following
brain injuries (Kaslin et al., 2008). The first major response to post-injury is the increases
in apoptotic cells to ensure rapid removal of damaged cells (Zupanc et al., 1998). This is
followed by an acute inflammatory response where the density of microglia and
leukocytes increases (Kroehne et al., 2011). Following injury, RGCs react to
inflammatory signals by increasing their fiber density and proliferation (Clint and Zupanc,
2001; Kroehne et al., 2011; Kyritsis et al., 2012). Finally, reactive proliferation by RGCs
increases levels of neurogenesis and produces mature neurons. Therefore, in this way,
RGCs provide a major cell population that actively responds to brain insult, increase
proliferation, and give rise to neuroblasts that migrate to the site of injury and

differentiation into neurons (Kroehne et al., 2011).

1.2.3. Neuronal control of radial glial cell functions

As outlined above, two main roles of RGCs in the fish brain are in
neurosteroidogenesis and neurogenesis. Consequently this cell type must be under tight
control to regulate production of neurosteroids and the proliferation and differentiation of
this progenitor cell population. Given the intimate relationship between neurons and glia

in the brain, neurons may exert synaptic control over RGCs through the release of
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neurotransmitters, neuropeptides, or hormones. Very little is known about the function of
neuronal-RGC interactions, however recent studies suggest RGCs are under the control
of two key neurotransmitters. Dopamine (DA), specifically through in vivo D1 receptor
activation, regulates glial fibrillary acidic protein (GFAP) expression in female goldfish
hypothalamus (Popesku et al., 2010). Other studies using cultures of goldfish RGCs
demonstrated that D1 receptor activation increases cy/9alb mRNA levels while
regulating protein networks associated with progenitor cell functions, providing further
support for DA regulation of RGCs (Xing et al., 2015b, 2016a). Furthermore, RGCs are
under the control of serotonin (5-HT), as 5-HT neurons share a close distribution with
RGCs in the zebrafish paraventricular organ and in vivo inhibition of 5-HT synthesis
decreases RGC proliferation (Pérez et al., 2013). Although the role of neurotransmitters
on the control of the RGC physiology are beginning to be understood, less information

exists on the effects of neuropeptides on the regulation of this cell type.
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Chapter 2: Interactions between secretoneurin-A and radial glial cells in the

preoptic area — implications for control of neurosteroidogenesis

2.1. Introduction

The radial glial cell (RGC) is a bipolar-shaped cell type in the central nervous
system (CNS) of all vertebrates (Schmechel and Rakic, 1979). Attributed to their radial
morphology, RGCs structurally organize the CNS serving as a scaffold for neuronal
migration and axonogensis (Rakic, 1971; Silver et al., 1982). As stem-like cells RGCs are
capable of further development to give rise to neurons or other glial cells (Radakovits et
al., 2009). At the end of mammalian CNS development, RGC populations diminish,
differentiating into other cell types. However, in teleost fish RGCs remain abundant
throughout adulthood contributing to high levels of neurogenesis and high regenerative
abilities (Pellegrini et al., 2007; Strobl-Mazzulla et al., 2010). Another exceptional
feature of fish RGCs is their ability of neuroestrogen production because they are the
exclusive cell type in the teleost brain to produce the estrogen synthesizing enzyme,
aromatase B (cypl9alb) (Forlano et al., 2001; Tong et al., 2009). Aromatase B
expressing RGCs are found throughout the teleost brain, however the periventricular
layer of the preoptic area that lines the third ventricle has the highest aromatase B-
immunoreactivity (Goto-Kazeto et al., 2004; Menuet et al., 2005; Diotel et al., 2010a).
Recently, other steroidogenic enzymes have been cloned from cultured goldfish RGCs,
suggesting this cell type is also capable of producing other steroid intermediates (Xing et

al., 2014). As RGCs play a key role in both neurosteroidogenesis and neurogenesis in the
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brain, it is important to discover the permissive factors and signaling mechanisms that
control these functions.

Previous investigations have shown that RGCs are under the control of several
neurotransmitters, such as dopamine (Popesku et al., 2010; Xing et al., 2015b, 2016a) and
serotonin (Pérez et al., 2013), demonstrating the importance of neuronal-RGC
interactions in the regulation of this cell type. Nonetheless, little research exists on the
effects of neuropeptides on the control of RGC physiology. Interestingly, the preoptic
nucleus contains dense populations of neurons expressing a neuropeptide called
secretoneurin (SN) (Canosa et al., 2011) and through neuronal-glia communication may
regulate the large RGC population in the preoptic nucleus. SN is produced by
endoproteolytic processing of its precursor protein secretogranin II (Sgll) and is found in
dense-core secretory granules in a wide variety of cell types of the endocrine and nervous
systems (Kirchmair et al., 1993; Fisher-Colbrie et al., 1995). SgllI belongs to the
chromogranin family that is characterized by its location in secretory granules, acidity,
and heat-stability (Huttner et al., 1991). In teleost fish there are two SgllI genes, Sglla and
Sgllb, which produce their respective SNa and SNb peptides caused by the whole
genome duplication process that occurred around the teleost emergence (Zhao et al.,
2010). The precursor protein Sgll is poorly conserved in fish with exception of the
central SN domain which is conserved from fish to mammals (Zhao et al. 2009). Several
biological functions have been reported for SN including regulating nervous, endocrine,
immune, vascular systems (Fisher-Colbrie et al., 1995; Zhao et al., 2009b). Some of
these include, stimulating dopamine release (Saria et al., 1993; Agneter et al., 1995) and

luteinizing hormone release (Zhao et al., 2006b, 2009a, 2011), chemotaxis of various
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cells of the immune system (Reinisch et al., 1993; Dunzendorfer et al., 1998b, 2001),
promoting neuroprotection and neuroplasticity (Shyu et al., 2008), and stimulating
neurite outgrowth in cerebellar granule cells (Gasser et al., 2003).

In goldfish SNa-immunoreactivity was found in many parts of the forebrain,
however the most obvious SNa-immunoreactivity was found in the magnocellular and
parvocellular neurons of the preoptic area co-localizing with isotocin, the fish homolog of
mammalian oxytocin (Canosa et al., 2011). The preoptic area contains the most
aromatase B expressing RGCs in the fish brain (Diotel et al., 2010a), however the
relationship between RGCs and SNa-positive neurons in this area have yet to be
elucidated. Therefore, the objectives of this study are to investigate the neuroanatomical
relationship between SNa-positive neurons and RGCs in both goldfish and zebrafish
species and to determine if this neuronal-RGC interaction through SNa can regulate the

neurosteroidogenic capacity of RGCs.
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2.2. Materials and methods
2.2.1. Experimental animals

All procedures used were approved by the University of Ottawa Protocol Review
Committee and followed standard Canadian Council on Animal Care guidelines on the
use of animals in research. Common adult female goldfish (Carassius auratus) were
purchased from a commercial supplier (Mt. Parnell Fisheries Inc., Mercersburg, PA,
USA) and allowed to acclimate for at least 3 weeks prior to experimentation. Goldfish
were maintained at 18 °C under a stimulated natural photoperiod and fed standard flaked
goldfish food. This study aimed to confirm that cyp9alb-postive RGCs were in close
proximity to SNa-positive neurons in the preoptic area were in close proximity. No
antibody against goldfish aromatase B exists therefore the transgenic cyp!9alb-GFP
zebrafish (Danio rerio) line was used, generously donated by O. Kah and B.C. Chung
(Tong et al., 2009). These animals were held in the closed re-circulated facility at the
University of Ottawa and maintained at 28.5 °C and on a 14-10 h light-dark cycle.
Sexually mature female goldfish (18-35 g) and 6-8 month old sexually mature female
zebrafish were anesthetized using 3-aminobenzoic acid ethylester (MS222) for all
handling and dissection procedures.
2.2.2. Immunohistochemistry

Brains where carefully dissected on ice and fixed overnight in 4 %
paraformaldehyde (PFA) in phosphate buffered-saline (PBS; pH 7.4) at 4 °C. Fixed
brains were then washed twice in PBS and placed in 30 % sucrose overnight. Brains were
embedded in optimum cutting temperature (O.C.T.) compound (Tissue-Tek), frozen

using liquid nitrogen and stored at -80 °C. Embedded tissue was sectioned using a
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cryostat (Leica CM3050S) with a 14 um thickness. Cryosections were transferred onto
Superfrost Plus slides (Fisher) and stored at -20 °C until further use.

Frozen sections were allowed to thaw for 1 h at RT followed by a 45 min
incubation in blocking buffer (0.3 % Triton PBS containing 1 % milk powder) at RT. For
zebrafish brain sections antigen retrieval in sodium citrate buffer (0.1 M; pH 7.1) for 1.5
h at 63 "C was performed before blocking for non-specific binding. Sections were
incubated overnight at 4 °C in PBS containing 1 % milk powder with either of the
following antibodies: anti-porcine GFAP (mouse, 1:700, Millipore, MAB360) (Forlano et
al., 2001), anti-GFP (mouse, 1:500, Rockland Antibodies, 600-301-215), and previously
validated anti-goldfish SN (rabbit, 1:500) (Zhao et al., 2009a). The anti-goldfish SN
antibody was generated against the most conserved domain of vertebrate SN and has
been tested extensively for specificity (Zhao et al., 2009a; Canosa et al., 2011; Pouso et
al., 2015). On the following day, sections were washed twice in PBS and incubated with
donkey anti-rabbit Alexa fluor 594 (1:100, Invitrogen, A-21207) and donkey anti-mouse
Alex fluor 488 (1:500, Invitrogen, R37114) diluted in blocking buffer for 1 h at RT.
Finally, slides were washed twice in PBS and mounted with anti-fading Vectashield
medium with 4,6-diamino-2-phenylindole (DAPI) (Vector Laboratories). Images were
taken with either Zeiss Axiophot microscope or FV1000 Laser Scanning Olympus
confocal microscope.

2.2.3. Intracerebroventricular injection of secretoneurin-A

Samples of hypothalamus and telencephalon were taken from a previous

experiment by Mikwar et al., 2016. Briefly, goldfish were injected into the third brain

ventricle with 0.2 and 1.0 ng/g goldfish SNa synthesized as previously reported (Zhao et

28



al., 2006b). A flap was cut into the skull and 2 pl of test solution (either saline or SNa)
was injected into the third brain ventricle using a 5 ul Hamilton micro syringe (Model
75N, 5 ul, SYR s6S/2/3) and stereotaxic apparatus under a dissecting microscope
following the +1.0, M, D 1.2 coordinates from the goldfish forebrain stereotaxic atlas
(Peter and Gill, 1975). The skull flap was then held in place using tissue adhesive
(VetBond, 3M) and fish were returned to their tanks, and sacrificed following anesthesia
and spinal transection, and the telencephalon and hypothalamus carefully dissected 2 or 5
h later.
2.2.4. Cell culture and exposure

The possible direct effects of SNa on RGC was tested using previously
established and validated cell culture methods (Xing et al., 2015b). In short, the
hypothalamus and telencephalon were dissected from female goldfish and rinsed twice
with Hanks Balanced Salt Solution (HBSS; 400 mg KCI, 600 mg KH,PO4, 350 mg
NaHCO;3, 8 g NaCl, 48 mg Na,HPO,, and 1 g D-Glucose in 1 L ddH,O) with Antibiotic-
Antimycotic solution (Gibco) and minced into small explants. Radial glial cells were
dissociated with trypsin (0.25 %; Gibco) and cultured in Leibovitz’s L-15 medium
(Gibco) with 15 % Fetal Bovine Serum (FBS; Gibco) and Antibiotic-Antimycotic. Cell
culture medium was changed 4—7 days after isolation and then once a week thereafter.
Radial glial cells were subcultured by trypsinization (0.125 %) for 3 passages then used
for experimentation. Stock solutions of synthetic goldfish SNa peptide were made in
water and stored at -20 °C until use. Aliquots were thawed on ice then diluted to desired
concentrations in serum-free media. Cells were exposed for 24 h to various

concentrations of goldfish SNa.
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2.2.5. RNA extraction, cDNA synthesis, and qRT-PCR

Total RNA was extracted using RNeasy Micro Kit (Qiagen) including an on-
column DNase treatment to remove genomic DNA. After extraction, the concentration
and purification ratio of absorbance of 260/280 nm and 260/230 nm was assessed using a
NanoDrop ND-1000 spectrophotometer (Thermo Scientific). Total cDNA was prepared
using Maxima cDNA synthesis kit (Thermo Scientific) from 1 pg for hypothalamic
samples, 2 pg for telencephalic samples, and 1 pg for RGC samples. Primers were
designed using Primer3 (Untergasser et al., 2012) and synthesized by Integrated DNA
Technologies (Table 2.1). Primer sets were tested for specificity by running the qRT-PCR
product on a 1 % agarose containing SYBR Safe DNA gel stain (Invitrogen) to ensure a
single product was produced from each reaction. Each product was gel extracted using
NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) and sequenced to confirm
primer specificity by StemCore Laboratories at the Ottawa Hospital Research Institute.
gRT-PCR analyses were conducted using the Maxima SYBR green qPCR Master Mix
(Thermo Scientific) and CFX96 Real-Time PCR Detection System (Bio-Rad) to amplify
the genes of interest. The thermal cycling parameters were: a single cycle Taq activation
step at 95 °C for 3 min, followed by 40 cycles of 95 “C denaturation step for 10 s and
primer annealing at 56-63 °C for 30 s. After 40 cycles, a melt curve was performed from
a range of 65-95 °C with increments of 0.5 °C to ensure a single amplified product.
Relative mRNA abundance was calculated using the relative standard curve method
based on Cq values and normalized using NORMA-GENE algorithm (Heckmann et al.,

2011) for in vitro data while in vivo data was normalized against the expression of the
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18S reference gene. Normalized data were used to calculate fold-change against the

average of control.

Table 2.1. Primers (5’=23”) used for gRT-PCR

Gene Primer Sequence (Forward) Primer Sequence (Reverse)

cypl9alb TGCTGACATAAGGGCAATGA GGAAGTAAAATGGGTTGTGGA

star AGAGTGCCAATGGTGATAAGGT GGTTCCACTCCCCCATTTGTT

hsd17b4  TCAGTTCTCGCTCTTCA TCGT GTTCCAGTCTCCGCTCAA TC

cypl7 AGAGTGCCAATGGTGATAAGGT GGTTCCACTCCCCCATTTGTT

18s AAACGGCTACCACATCCAAG CACCAGATTTGCCCTCCA

2.2.6. Statistics

All statistical analyses were conducted using IBM SPSS Statistics Version 22.
Before analysis, data was tested for normality (Shapiro-Wilk’s test) and homogeneity of
variance (Levene’s test). Data that were not normally distributed were transformed to
meet parametric assumptions. For normally distributed data, comparison between groups
were performed using one-way analysis of variance (ANOVA) followed by a Tukey post-
hoc or Dunnett’s post-hoc test if the data did not pass Levene’s test of homogeneity of
variance. For data that were non-normally distributed a Kruskal-Wallis non-parametric

test was used to determine if data varied across treatments. If differences were detected, a

31



non-parametric Mann-Whitney U-test was performed to determine which treatments were
different from each other. Normally distributed data are expressed as mean + SEM while
non-normally distributed data are presented as median values with interquartile range
(25-75 %) and minimum-maximum range. A P value less than 0.05 was considered to be

statistically significant.
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2.3. Results
2.3.1. Close anatomical relationship between secretoneurin-A-immunoreactive
neurons and radial glia

Immunohistochemical analysis show for the first time the close anatomical
proximity between SNa-positive cell bodies and GFAP-positive RGC fibers in the
goldfish preoptic nucleus (Fig. 2.1D,H). Heavily labeled SNa-immunoreactive cell bodies
(Fig. 2.1A,E) of the magnocellular and parvocellular neurons were observed in the
periventricular preoptic nucleus. Note the strong staining in the cytoplasm but not the
nucleus of these cell. These SNa-immunoreactive somas are embedded and often make
direct contact with GFAP-positive RGCs in the periventricular layers of the preoptic
nucleus with RGC fibers projecting ventrolaterally through the parenchyma (Fig. 2.1B,F).
In order to investigate this similar anatomical relationship but with aromatase B-positive
RGCs, cypl19alb-GFP transgenic zebrafish were used as both validated SNa and
aromatase B antibodies were produced in the same host. Intensely SNa-labeled cell
bodies, again with strongly labeled cytoplasm and voided nucleus (Fig. 2.2A) were lining
the ventricular surface of the zebrafish preoptic nucleus and share a close proximity with
cypl9alb-positive RGC fibers (Fig. 2.2D). RGCs are found between the ventricular
surface and the SNa-immunoreactive cell bodies with their fibers coursing ventrolaterally

(Fig. 2.2B).
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Figure 2.1. Immunofluorescence against SN (red) and GFAP (green) in the goldfish periventricular
preoptic nucleus. In this transverse brain section both magnocellular and parvocellular cell bodies
are SN-ir (Fig. 2.1A,E) and are surrounded by widely distributed GFAP-ir RGC fibers (Fig. 2.1B,F).
The nuclear stain DAPI (blue) is also shown (Fig. 2.1C,G). Scale bar in panel D =20 pm and in
panel H= 10 um.
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Figure 2.2. Immunofluorescence against SN (red) and GFP (green) in the zebrafish
Tg(cyp19alb-GFP) transgenic line. In this transverse brain section of the preoptic nucleus
magnocellular cell bodies are SN-ir (Fig. 2.3A) and are surrounded by widely distributed
GFP-ir RGC fibers (Fig. 2.3B). The nuclear stain DAPI (blue) is also shown (Fig. 2.3C).
Scale bar =45 um.
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2.3.2. Intracerebroventricular injection of secretoneurin-A affects the expression of
cyp19alb

Female goldfish were injected with SNa into the third brain ventricle, targeting
the preoptic nucleus, to determine the in vivo effects of SNa on neuroestrogen production
via cypl9alb. Tissue-specific effects were observed two hours post-injection. At two
hours post-injection both doses did not affect cyp/9alb mRNA levels (P > 0.05) in the
hypothalamus (Fig. 2.3A). In contrast, the low dose of SNa (0.2 ng/g) elicited a 147 %
increase (P <0.05) in cypl9alb mRNA abundance in the telencephalon (Fig. 2.3B). At
five hours post-injection, both 0.2 and 1.0 ng/g SNa decreased cypl9alb mRNA levels
by 86 % (P < 0.05) and 61 % (P > 0.05), respectively in the hypothalamus (Fig. 2.3C),

and by 88 % (P < 0.05) in the telencephalon (Fig. 2.3D).
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Figure 2.3. Quantitative real-time PCR analysis showing the effect of ICV injection
on SNa at 0.2 ng/g and 1 ng/g on relative cypl9alb mRNA levels in female goldfish
brain. Hypothalamic and telencephalic cypl9alb mRNA levels two hours (A and B
respectively) and five hours (C and D respectively) following SNa injection. Data
were normalized and defined as fold change relative to control. Bars represent the
mean + SEM (n = 8-12). Groups marked by different letters are significantly different
(P <0.05).
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2.3.3. Secretoneurin-A affects the expression of steroidogenic enzymes in radial glia
cultures

To study the possible direct of effects of SNa on steroidogenesis, primary cultures
of female goldfish RGCs were exposed to various doses of SNa. There were no
significant differences (P > 0.05) in the abundance of star mRNA (Fig. 2.4A) and cypl7
mRNA (Fig. 2.4B) across all doses of SNa. Although not significant, 500 nM SNa
notably decreased the level of cypl7 mRNA by 31 % (P > 0.05) (Fig. 2.4B). For all doses
of SNa, the relative cypl9alb mRNA level were lower relative to the controls (Fig 2.4C).
At 10, 50, and 100 nM, cypl9alb mRNA were 26 %, 23 %, and 26 % lower than those of
the control, respectively, but this did not reach statistical significance (P > 0.05). In
contrast, 500 nM SNa significantly decreased by 51 % (P < 0.05) (Fig. 2.4C). At the 1000
nM dose cypl9alb mRNA were 12 % lower than those of the control but this did not
reach statistical significance. The most prominent effect of SNa was on the level of
hsd17b4 mRNA. Relative to control, 4sdl7b4 was decreased by 36 % (P < 0.05), 37 %
(P <0.05), 51 % (P <0.05), and 40 % (P < 0.05) by 50 nM, 100 nM, 500 nM, and 1000

nM SNa, respectively (Fig. 2.4D).
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Figure 2.4. Quantitative real-time PCR analysis showing the effects of various concentrations
of SNa on the mRNA levels of steroidogenic enzymes in primary RGC culture. The mRNA
levels of star (A), cyp17 (B), cyp19alb (C), and hsdl7b4 (D) were analyzed after 24 h
exposure to different doses of SNa. Data were normalized and defined as fold change relative
to control. Mean values + SEM (n = 4) are presented in panels A, B, and C. Box-whisker plots
of median values (n = 4) with interquartile range (25-75%) for the hsd17b4 are presented in
panel D where whiskers represent minimum-maximum range. Groups marked by different
letters are significantly different (P < 0.05).
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2.4. Discussion

We found that SNa-positive neuron cell bodies are in close proximity with both
GFAP- and aromatase-B-positive RGCs in the preoptic nucleus of goldfish and zebrafish,
respectively. Together, through ICV injections into the goldfish third brain ventricle,
targeting the preoptic nucleus, and by in vitro SNa exposures of cultured goldfish RGCs,
we show that SNa can regulate cypl9alb expression, implicating SNa in the regulation of
neuroestrogen production in these cells. These neuroanatomical observations of distinct
SNa expression in the magnocellular and parvocellular cells are in support of previous
studies in the rat (Marksteiner et al., 1993) and goldfish preoptic area, which have shown
SN co-localized with isotocin, the fish homolog of mammalian oxytocin (Canosa et al.,
2011). This is the first study to document this expression pattern in zebrafish, further
substantiating SNa expression in the preoptic area to be conserved. This area in the
teleost brain regulates a variety of physiological processes including behaviour,
reproduction, and osmotic regulation (Peter, 1977).

Magnocellular and parvocellular neurons reside in the preoptic nucleus where in
fish and amphibians exhibit a high level of plasticity reflecting a “physiological
regeneration” of the nucleus (Garlov, 2005). These neurosecretory neurons after periods
of increased activity, such as during spawning in fish or seasonal changes in frogs, under
neuronal degeneration and are replaced by newly born neurons (Polenov et al., 1979;
Polenov and Chetverukhin, 1993; Garlov, 2005). This is indicative of the increased
ability of adult neurogenesis in non-mammalian vertebrates (Kaslin et al., 2008).
Observations in frog brain show proliferating cells some with bipolar morphology in the

preoptic ventricular zone which presumably are precursor cells for new neuroscretory
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cells (Chetverukhin and Polenov, 1993). Given the identification of aromatase B-positive
RGCs that are progenitor cells for newborn neurons in the preoptic nucleus of zebrafish,
future research should address the involvement of RGCs in the neuronal regeneration of
magnocellular and parvocellular neurons.

Mammalian magnocellular neurons are well known for their ability of dendritic
synthesis and secretion of both neurosecretory peptides vasopressin and oxytocin in the
supraoptic and paraventricular nuclei (Ludwig, 1998). Magnocellular neurons contain
neurosecretory granules that undergo exocytosis from both the dendrites and cell bodies
causing high extracellular concentrations of vasopressin and oxytocin in hypothalamic
nuclei (Pow and Morris, 1989). Using immunoelectron microscopy it was demonstrated
that SN and oxytocin are co-stored in large dense core vesicles in the rat paraventricular
nucleus (Mahata et al., 1993). Along with oxytocin and vasopressin, Sgll (scg2) mRNA
are co-stimulated after lactation, adrenalectomy, and osmotic challenge (Mahata et al.,
1992, 1993; Ang et al., 1997). Similarly, both lactation (de Kock et al., 2003; Rossoni et
al., 2008) and osmotic stimulation (Landgraf and Ludwig, 1991) up-regulates dendritic
secretion in rat magnocellular neurons. Therefore, while dendritic secretion has not been
investigated in the fish preoptic nucleus, SN may also be released through similar
mechanisms in the cell body and/or dendrites. The lack of observed dendritic processes in
the present study could be attributed to the rapid release of SN, as with other peptides
axonal transport blocker, colchicine, may have to be used to have complete visualization
(Back and Gorenstein, 1989). Nonetheless, other reports in goldfish have documented
magnocellular neurons with dendritic processes (Hayward, 1974), with isotocinergic

neurons containing a medial projecting dendritic fiber extending towards the third
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ventricle (Reaves Jr. and Hayward, 1980). After dendritic release neuropeptides can have
autocrine effects to regulate signaling in neurons from which they are released or
paracrine effects on adjacent neurons and glia (Ludwig et al., 2015). Besides direct
contact, SNa can emit non-synaptic signals to RGCs as the CSF is a major source of free
SN peptide (260 fmol/ml) (Kirchmair et al., 1994a) since RGCs both line and make direct
contact with the ventricle in fish (Grupp et al., 2010). Because of this interaction between
SNa and RGCs we aimed to understand the regulatory role of SNa on RGCs function in
neurosteroidogenesis.

Injection of SNa into the third brain ventricle stimulated cyp/9alb mRNA levels
in the telencephalon at 2 h post injection, however after 5 h post injection SNa had
suppressive effects on cypl9alb expression in both hypothalamic and telencephalic
tissues. Using a previous established and validated culture of female goldfish RGCs
(Xing et al., 2015b), in vitro SNa exposure had inhibitory effects on cypl9alb mRNA
levels and no effects on other steroidogenic enzymes such as steroidogenic acute
regulatory protein (star) and 17a-hydroxylase (cyp!7), demonstrating a degree of
specificity of action. In the steroidogenic pathway, StAR is involved in determining the
availability of the cholesterol substrate (Anuka et al., 2013) while cyp17 converts
progesterone into 17-hydroxyprogesterone, a key intermediate in androgen and estrogen
production (Leenders et al., 1996). The inhibitory effects of SNa on cyp9alb expression
in vitro were lesser than the clear suppression observed in vivo and there are several
possible explanations for this differential degree of cyp19alb inhibition. It is clear that
there are dose-dependent effects of SNa, and as a result it is difficult to directly compare

effective SNa concentrations in vivo and in vitro. Moreover, SNa acted rapidly in vivo,
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and the incubation time in vitro was much longer, so there may be time-dependent effects
requiring further transcriptomic analysis to fully elucidate the potential dynamic
regulation of neurosteroidogenesis by SNa. /n vivo there is also the distinct possibility
that SNa is acting both directly on RGCs and indirectly on other neurons. This latter
possibility is eliminated in the in vitro system. For instance, SN in vivo affects the release
of dopamine (Agneter et al., 1995), glutamate and GABA (You et al., 1996) from the rat
brain. Therefore, if SNa is affecting any of these neurotransmitter systems in the goldfish
brain there is the possibility for complex responses in vivo. Our previous work
characterized the stimulatory effects of dopamine DIR activation on cyp/9alb (Xing et
al., 2015b). Moreover, our RNA-Seq data indicates that RGCs express multiple dopamine,
glutamate, and GABA receptor subtypes (see chapter 3). The ability of SNa to control
neuroestrogen production by regulating cypl9alb expression may have implications on
feedback signaling mechanisms controlling SN synthesis and release. As shown in the rat
hypothalamus, 173-estradiol simulates neuropeptide release from both dendrites and cell
bodies of the magnocellular neurons. Furthermore, Sgll, the precursor to SN, is under the
control of estrogens in both the female goldfish telencephalon (Zhang et al., 2014) and rat
pituitary (Anouar et al., 1991; Anouar and Duval, 1992). Neuroestrogens in mammals,
have neuroprotective and antiapopotic properties in neurogenesis (Garcia-Segura, 2008;
Saldanha et al., 2009; Scott et al., 2012), however in teleost fish brain the effects of
estrogen on neurogenesis remain inconclusive.

As shown in vitro, SN can also decrease the expression of the hsd17b4 gene
encoding the D-bifunctional protein 17B-hydroxysteroid dehydrogenase type IV

(Leenders et al., 1996). This enzyme is involved in inactivating hormones as it oxidizes
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estradiol through oxidation (Adamski et al., 1992). This enzyme is also involved in -
oxidation of fatty acids generating acetyl-CoA and short-chain acetyl CoA for
intracellular energy and metabolic homeostasis (Mdller et al., 2001). Knockdown of the
hsd17b4 gene in zebrafish embryos causes multiple defects, and most notable here is
abnormal neuronal development (Kim et al., 2014). Although the role of HSD17B4 in
RGCs requires further investigation, effects of SNa to decrease hsdl7b4 suggests SNa
can alter pathways in steroid oxidation and fatty acid -oxidation.

Together our data demonstrates an intimate anatomical relationship between SNa-
positive neuron cell bodies and RGCs in the preoptic nucleus of both goldfish and
zebrafish implying RGCs can be under control of the neuropeptide, SNa. Although other
interactions in the forebrain were not observed in this study, additional areas of possible
interaction include the dorsal and ventral telencephalon, ventrocaudal aspect of the
nucleus of the lateral recess, and nucleus of the posterior recess where SNa-
immunoreactivity (Canosa et al., 2011) and RGCs (Diotel et al., 2010a) have been
documented separately. Though not studied in fish, neuronal-glial interactions have been
well studied in the hypothalamus of mammals where surrounding glia modulate neuronal
activity and synaptic remodeling of magnocellular neurons (Langle et al., 2002).
Therefore, this research begins to elucidate how RGC function, specifically in
neuroestrogen production, can be under control of neighbouring neurons by

neuropeptides.
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Chapter 3: De novo assembly of the transcriptome of goldfish radial glial cells and
analysis of differentially expressed genes for the identification of gene networks

responsive to secretoneurin-A

3.1. Introduction

Radial glial cells (RGCs) are a progenitor subtype in the developing central
nervous system (CNS) of all vertebrates (G6tz and Huttner, 2005) and have a bipolar
morphology with a thin radial fiber serving as a scaffold for neuronal migration (Rakic,
1972). RGCs are self-renewing through proliferative symmetrical divisions and
multipotent undergoing differentiative cell divisions producing neurons or other glial
cells (Florio and Huttner, 2014). In mammals, RGCs are mostly a transient cell type
differentiating into neurons and glia at the end of development and only persist in two
areas of the adult brain, the anterior part of the subventricular zone of the lateral ventricle
and subgranular zone of the dentate gyrus, where they serve as progenitor cells. These
two areas are the only main constitutive neurogenic regions of the adult mammalian brain,
which explains the limited capacity for adult neurogenesis in mammals (Brunne et al.,
2010; Ming and Song, 2011). In contrast, RGCs are abundant throughout teleost
development into adulthood in numerous brain neurogenic zones (Grandel and Brand,
2013), which may be why teleost fish exhibit the most pronounced and widespread adult
neurogenesis of any vertebrate studied thus far (Zupanc, 2006; Kaslin et al., 2008).

Along with being a progenitor subpopulation, RGCs are also the only macroglia

in fish, as they lack typical stellate astrocytes (Grupp et al., 2010). Other than studies that
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have established their function in producing neurosteroids including neuroestrogens
through the expression of steroidogenic enzymes (Forlano et al., 2001; Pellegrini et al.,
2005; Tong et al., 2009), little is known on other RGC functions and regulatory factors
that control this cell type to maintain proper brain homeostasis (Than-Trong and Bally-
Cuif, 2015). Given their direct contact with cerebrospinal fluid and with adjacent neurons,
RGCs may be under the regulatory action of numerous signaling molecules, such as
hormones, neurotransmitters, neuropeptides, and cytokines. Previous reports in fish have
identified dopaminergic (Xing et al., 2015a; b, 2016a) and serotonergic regulation (Pérez
et al., 2013) of RGC physiology. Expanding on these neuronal-RGC interactions, Chapter
2 highlighted the interactions between SNa-positive neuron cell bodies and RGCs,
specifically in the preoptic nucleus, indicating SN may be a modulator of RGC function.
SN is an evolutionary conserved neuropeptide generated by endoproteolytic processing of
its precursor protein Sgll and is found in dense-core secretory granules in a wide variety
of cell types of the endocrine, nervous, and immune systems (Kirchmair et al., 1993;
Fisher-Colbrie et al., 1995; Zhao et al., 2010). Although SN exerts many biological
effects two major functions that may relate to regulating RGC function include aiding in
the growth and repair of neuronal tissue by promoting neuroprotection and plasticity
(Shyu et al., 2008), acting as a trophic factor stimulating neurite outgrowth (Gasser et al.,
2003), and participates in the immune response by chemotaxis of several types of
immune cells (Reinisch et al., 1993; Dunzendorfer et al., 1998b, 2001).

While transcriptomics have been used previously to reveal the diversity of human
radial glia (Johnson et al., 2015; Thomsen et al., 2015), fish RGCs remain

uncharacterized at the transcriptomic level limiting our knowledge of their molecular
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functions. Therefore, the objective of this study was to generate, to our knowledge, the
first reference RGC transcriptome of any fish species while revealing new functions

critical to neuronal-RGC communication through SNa.
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3.2. Material and methods
3.2.1. Experimental animals

All procedures used were approved by the University of Ottawa Protocol Review
Committee and followed standard Canadian Council on Animal Care guidelines on the
use of animals in research. Common adult female goldfish (Carassius auratus) were
purchased from a commercial supplier (Mt. Parnell Fisheres Inc., Mercersburg, PA,
USA) and allowed to acclimate for at least 3 weeks prior to experimentation. Animals
were maintained at 18°C under a natural stimulated photoperiod and fed standard flaked
goldfish food. Sexually mature female goldfish (18-35 g) were anesthetized using 3-
aminobenzoic acid ethylester (MS222) for all handling and dissection procedures.
3.2.2. Cell culture and exposure

Cell culture methods used in the present study have been previously established
and validated (Xing et al., 2015b) In short, the hypothalamus and telencephalon were
dissection from female goldfish and rinsed twice with Hanks Balanced Salt Solution
(HBSS; 400 mg KCI, 600 mg KH,PO4, 350 mg NaHCO,, 8 g NaCl, 48 mg Na,HPO,,
and 1 g D-Glucose in 1 L ddH20) with Antibiotic-Antimycotic solution (Gibco) and
minced into small explants. Radial glial cells were dissociated with trypsin (0.25 %;
Gibco) and cultured in Leibovitz’s L-15 medium (Gibco) with 15% Fetal Bovine Serum
(FBS; Gibco) and Antibiotic-Antimycotic. Cell culture medium was changed 4-7 days
after isolation and then once a week thereafter. Radial glial cells were subcultured by
trypsinization (0.125 %) for 3 passages then used for experimentation. Goldfish SNa
(TNENAEEQYTPQKLATLQSVFEELSGIAASNANS) was synthesized previously by

Dr. A. Basak (Zhao et al., 2006b). Stock solutions of purified goldfish SNa peptide were
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made in water and stored at -20° until use. Aliquots were thawed on ice then diluted to
desired concentrations in serum-free media. Cells were exposed to 1000 nM SNa for 24 h.
3.3.3. RNA extraction and Illumina sequencing

Total RNA was extracted using RNeasy Micro Kit (Qiagen) including an on-
column DNase treatment to remove genomic DNA. The concentration of total RNA was
determined using the Qubit RNA Assay Kit (Life Technologies). In order to evaluate the
quality of the total RNA, RNA integrity value (RIN) was assessed using Agilent RNA
600 Nano Reagents and RNA Nano Chips in Agilent 2100 Bioanalyzer (Agilent
Technologies).

Sequencing on 10 independent RGC cultures was performed by MR DNA next
generation sequencing service provider (www.mrdnalab.com) using Illumina HiSeq
(ITlumina) following manufacturer’s guidelines for paired end sequencing (151 bp).
Using oligo(dT) magnetic beads, RNA with poly(A) tails were purified and fragmented
into shorter sequences that were used as templates for cDNA synthesis. A total of 10
cDNA libraries were constructed using random-hexamer primers from 1 pg of total RNA
from each sample using TruSeq RNA LT Sample Preparation Kits (Illumina). Following
the library preparation, the final concentration of library was measured using the Qubit
dsDNA HS Assay Kit (Life Technologies) and the average library size was determined
using the Aligent 2100 Bioanalyzer (Aligent Technologies). A total of 5 pM library was
clustered using cBot (Illumina) and sequenced paired end for 300 cycles using the HiSeq

2500 system (Illumina).
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3.3.4. De novo transcriptome assembly and annotation

Both de novo assembly and annotation was performed under contract by
Genotypic Technologies (http;//www.genotypic.co.in). The Illumina paired end raw reads
were quality checked using FastQC (http://www .bioinformatics.babraham.ac.uk
/projects/fastqc/). [llumina raw reads were processed by GT proprietary tool for adapters
and low quality bases trimming towards 3°-end. The high quality reads were further
considered for further downstream analysis. Biological replicates were pooled together to
generate a reference transcriptome using Trinity (Grabherr et al., 2013) using all default
parameters with a k-mer of 25. Trinity combines three independent software modules:
Inchworm, Chrysalis, and Butterfly applied sequentially to process large volumes of
RNA-seq reads. Trinity partitions the sequence data into many individual de Bruijn
graphs, each representing the transcriptional complexity at a given gene or locus, and
then processes each graph independently to extract full-length splicing isoforms and to
tease apart transcripts derived from paralogous genes. Once assembled, the sequences
were clustered based on similarity between sequences with CD-Hit v4.5.4 (Niu et al.,
2010) using the following parameters: 95 % coverage and 90 % identity, -r 1, and others
were kept default. Clustering reduces overall size of the database without removing any
sequence information by only removing redundant or highly similar sequence and the
longest sequences for each cluster was used as the representative sequence. The clustered
transcripts with > 300 bp in length were considered for the analysis. Transcripts were
annotated using the Basic Local Alignment Search Tool (BLAST+2.2.29) (E-value
<1.0e-4) using Chordata protein sequences from the Uniprot database (Altschul et al.,

1990). The remaining unannotated transcripts were further annotated using Pfam
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database. After annotation, gene ontology terms were assigned using protein annotation
through evolutionary relationships (PANTHER) in order to classify all unigenes
identified in RGC cultures (Mi et al., 2015). Gene ontology categories for biological
processes, molecular functions, cellular components, protein classes, and pathways were
used to identify the distribution of unigenes within each gene ontology category in RGC

cultures.

3.3.5 Differential gene expression analysis

The differential gene expression (DGE) levels between control (n = 3) and
1000nM SNa exposure (n = 3) in RGCs were calculated using the DESeq method
(Anders et al., 2010). Briefly, after the variance is calculated for each unigene, DGE is
calculated assuming a negative binomial distribution for the expression level and uses a
Fisher’s exact test to calculate P-value to test for significance between groups for each
unigene. Once the DGE is calculated, results are separated as up-regulated and down-
regulated based on a [log2| > 0.5 cut off. A false discovery rate (FDR) at 5 % was used
for multiple hypothesis testing.
3.3.6 qRT-PCR validation of differentially expressed genes

gRT-PCR was conducted using the SYBR green detection system to determine
relative gene expression and to validate the DGE analysis. Primers were designed using
Primer3 (Untergasser et al., 2012) and synthesized by Integrated DNA Technologies
(Table 3.1). Primer sets were tested for specificity by running the qRT-PCR product on a
1 % agarose containing SYBR Safe DNA gel stain (Invitrogen) to ensure a single product
was produced from each reaction. Each product was extracted from the gel using

NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) and sequenced to confirm
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primer specificity by StemCore Laboratories at the Ottawa Hospital Research Institute.
Before qRT-PCR total cDNA was prepared from 1 pg of total RNA using Maxima First
Strand cDNA Synthesis Kit for gRT-PCR (Thermo Scientific). qRT-PCR analyses were
conducted using the Maxima SYBR green qPCR Master Mix (Thermo Scientific) and
CFX96 Real-Time PCR Detection System (Bio-Rad) to amplify the genes of interest. The
thermal cycling parameters were: a single cycle Taq activation step at 95 °C for 3 min,
followed by 40 cycles of 95 °C denaturation step for 10 s and primer annealing at 56-63
°C for 30 s. After 40 cycles, a melt curve was performed from a range of 65-95 °C with
increments of 0.5 °C to ensure a single amplified product. Data were analyzed using CFX
Manager Software package (Bio-Rad). The efficiency of each assay was 100 = 10 % and
the R? of each standard curve was > 0.98. Relative mRNA abundance was calculated
using the relative standard curve method based on Cq values and normalized using
NORMA-GENE algorithm (Heckmann et al., 2011). Fold-change was calculated against
the average of the control using normalized data. Fold-change for each group were
presented as mean + SEM from 4 biological replicates (n = 4) assayed in duplicate. Data
were checked for normality with Shapiro-Wilk's I test. Student's z-test was used to test

the differences in gene expression level.
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Table 3.1. Primers (5’23’) used for qRT-PCR

Gene Primer Sequence (Forward) Primer Sequence (Reverse)

smad6b  CGGCGAATAAAATCCACAGA CTGAACGGAACCAGGAACA

grapa GGCTCACCCTTTCCTCTCTT CCCTTCCTGTTCACCAACTC

Jfgf4 GGGCTACGCATTCCATTCT TAGGTGTTTTGGGGGTCTTG

nabla CGAACACAGCCTATCTCCATC TAGTCGCTCTACGCACTCCA

baiap2b TCCGTCCATTTCTCTCCAAC GACCTTCTCCAACACCCTACCT

3.3.7. Gene set enrichment analysis and sub-network enrichment analysis

Gene set enrichment sub-network enrichment analyses were conducted using
Pathway Studio 9.0 (Ariadne). Goldfish genes were annotated with their human
homologs (NCBI) using Entrez Gene IDs that were obtained from the ID mapping
service in Pathway Studio to the M.D. Anderson GeneLink (University of Texas, Huston,
TX). If a human homolog could not be identified, the gene was not included in the
pathway analysis. A total of 28,597 unigenes were mapped in Pathway Studio and for
duplicated unigenes, the unigene that showed the lowest P-value was used for analyses.
For gene set enrichment analysis (GSEA), genes were permutated 1000 times using the
Kolmogorov-Smirnov classic approach as an enrichment algorithm. The gene set
categories examined for enrichment included curated Ariadne cell processes, cell
signaling and receptor signaling pathways. Sub-network enrichment analysis (SNEA) for

proteins and chemicals regulating cell processes was performed to identify gene networks
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regulated in RGCs following SNa exposure. SNEA utilizes known relationships (i.e.,
based on expression, binding, and common pathways) between genes to build networks
focused around gene hubs. For both GSEA and SNEA the enrichment P-value was set at
P < 0.05 and a minimum of 5 entities were required for inclusion as a significantly
regulated process or pathway. These analyses have been utilized previously to build gene
and protein networks in teleost fish (Martyniuk and Denslow, 2012; Martyniuk et al.,
2012), including a preliminary proteomic profile of female goldfish RGCs (Xing et al.,

2016a) .
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3.3. Results
3.3.1. De novo transcriptome assembly and quality analysis

Before de novo transcriptome assembly the Illumina MiSeq paired end raw reads
were processed to remove adapter fragments and low quality bases generating
161,704,300 clean reads from 163,641,713 raw reads. High-quality reads were
subsequently assembled de novo using the Trinity program because goldfish do not have
a reference genome. This program uses three sequential software modules: Inchworm,
Chrysalis, and Butterfly for efficient and robust de novo reconstruction of transcriptome.
Trinity assembler, with a k-mer size of 25 generated 170,967 unigenes with a total
unigene sequence length of 150,361,946 bp. Lengths of the unigenes ranged from 301 to
20,585 bp with a mean size of 879.5 and an N50 of 1318 bp. The N50 is the contig length
such that of equal to or longer that constitutes half of the entire assembly. Among the
unigenes 85,984 (47.7 %) were 300—499 bp in length, 45,405 (27.4 %) were 500-999 bp,
39,523 (24.8 %) were 1,000-9,999 bp, and 55 (0.03 %) unigenes were >10,000 bp in

length.

3.3.2. Annotation and gene ontology classification

Annotation of the RGC transcriptome was performed by aligning transcripts >
300 bp in length using BLASTX (Altschul et al., 1990) to all Chordata protein sequences
from UniProt database (using a cut off at E-value < 1.0e-4). The unannotated transcripts
were further annotated using Pfam database. A total of 67,486 unigenes were annotated
(38.05 % from UniProt and 1.42 % from Pfam) while the remaining 96,145 unigenes

(56.24 % of all unigenes) could not be annotated having no significant homology with
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any database entries. This can be attributed to the lack of genomic characterization of
goldfish, thus potentially compromising the identification of novel transcripts with
important functions. Overall, 59 % of the transcripts were mapped with >80 % identity
and 74 % of the matched sequence exhibited strong homology with an E-value <le-50
with respect to the E-value distribution pattern (Fig. 3.1A,B). The BLASTX top-hit
species matched against the UniProt database showed that most hits were against other
fish with the top three species being Danio rerio (91.6 %), Oncorhynchus mykiss

(1.72 %), and Astyanax mexicanus (1.31 %) (Fig. 3.1C).
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Figure 3.1. Annotation summary of assembled Carassius auratus RGC unigenes against
UniProt database. (A) E-value distribution of BLASTX hits for each unigene with an E-
value cut off of le-4. (B) Similarity distribution of BLATX hits for each unigene. (C)

Distribution of the top BLASTX species hits in the UniProt database.
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The 12,180 non-redundant unigenes were assigned gene ontology (GO) terms for
functional characterization of the annotated unigenes. The GO annotated unigenes were
classified in three main ontologies: cellular component, biological function, and
molecular function (Fig. 3.2). The most unigenes were ascribed to the biological function
category (20,261 unigenes), followed by molecular function (11,412), and cell
compartment (5,513) categories. Within the cellular compartment category, the RGC
transcriptome was enriched in the cell part (2,240 unigenes; 40.4 %), organelle (1,393;
25.1 %), and membrane (705; 12.7 %). In addition, a few unigenes were assigned to GO
categories such as cell junction (43 unigenes; 0.8 %) and synapse (27; 0.2 %). In the
biological function category, metabolic process (5,587 unigenes; 27.6 %), cellular
process (4,255; 21.0 %), and biological regulation (2,308; 11.4 %) were predominant,
suggesting these genes are involved in metabolism and cell growth. Other notable
biological function allocations include immune system process (708 unigenes; 3.5%) and
biological adhesion (422; 2.10 %). Regarding molecular function, a high proportion of
unigenes were assigned to catalytic activity (3,711, 32.5 %), binding (3,681; 32.3 %), and

nucleic acid binding transcription factor activity (929; 8.1 %).
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Figure 3.2. GO classification of assembled Carassius auratus RGC unigenes into molecular function, biological
function, and cellular component categories. The number of unigenes ascribed to each classification is provided
along with GO accession number
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The transcriptome was categorized by protein class ontologies to elucidate the
potential proteins expressed by RGCs (Fig. 3.3). Most assembled unigenes represented
were classified as nucleic acid binding proteins (1,666 unigenes; 13.9 %), hydrolases
(992; 8.3 %), and transcription factors (990; 8.3 %). Within protein classes, the receptor
and signaling molecule ontologies were further categorized (Fig. 3.4). The RGC
transcriptome expresses an array of receptor classes such as GPCRs (172 unigenes;

38.9 %), cytokine receptors (129; 29.2 %), ligand-gated ion channels (61; 13.8 %);
nuclear hormone receptors (54; 12.2 %); and protein kinase receptors (26; 5.9 %). Within
the signaling molecule category, unigenes were cataloged into membrane-bound
signaling molecules (120 unigenes; 35.7 %), growth factors (80; 23.8 %), cytokines (72;
21.4 %), and peptide hormones (64 unigenes; 19.0 %). These GO analyses reveal a
diverse receptor and signaling molecule profile, suggesting that RGCs can respond to and

synthesize an array of hormones, peptides, cytokines, and growth factors.
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Figure 3.3. GO classification of assembled Carassius auratus RGC unigenes by protein
class. The number of unigenes ascribed to each classification is provided along with

protein class accession number.
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Figure 3.4. GO classification of assembled Carassius auratus RGC unigenes by receptor
and signaling molecule classes. The number of unigenes ascribed to each classification is
provided along with protein class accession number.
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Overall, a total of 4,435 annotated unigenes were assigned to 160 unique pathway
ontologies. Unigenes were the most enriched in the Wnt signaling pathway (191
unigenes; 4.3 %), gonadotropin-releasing hormone receptor pathway (180; 4.1 %),
chemokine and cytokine signaling pathways (150; 3.4 %), and integrin signaling pathway
(137; 3.1 %) (Table 3.2). Among all pathway ontologies many were neurotransmitter
receptor related such as serotonin (P04374, P04373, P04376, P04375), dopamine
(P05912), acetylcholine (P00043, P00042), GABA (P05731), glutamate (P00037,
P00040, P00041), adrenaline (P04378, P04377, P00002, P04379), and histamine (P04385,
P04386). Numerous unigenes were assigned hormone related pathways, including
gonadotropin-releasing hormone receptor signaling (P06664), oxytocin receptor signaling
(P04391), thyrotropin-releasing hormone receptor signaling (P04394), corticotropin-
releasing factor receptor signaling (P04380), opioid proopiomelanocortin pathway
(P05917), vasopressin synthesis (P04395), cholesterol biosynthesis (P00014), and
androgen/estrogen/progesterone biosynthesis (P027237). In addition, several immune
system pathways were identified, for example chemokine and cytokine signaling
(P00031), epidermal growth factor signaling (P00018), fibroblast growth factor signaling
(P00021), transforming growth factor  (P00052), interleukin signaling (P00036), both T
and B cell activation (P00053, P00010), toll receptor signaling (P00054), and interferon y

signaling (P00035).
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Table 3.2. Top 25 assigned pathway ontologies for assembled Carassius auratus RGC
unigenes based on the number of genes identified in each pathway.

Pathway Name Pathway # of genes
Accession identified
Wnt signaling pathway P00057 191
Gonadotropin releasing hormone receptor pathway P06664 180
Inflammation mediated by chemokine and cytokine signaling P00031 150
pathway
Integrin signaling pathway P00034 137
CCKR signaling map P06959 136
Angiogenesis P00005 135
Huntington disease P00029 115
EGF receptor signaling pathway P00018 115
PDGF signaling pathway P00047 113
FGF signaling pathway P00021 112
Alzheimer disease-presenilin pathway P00004 95
Parkinson disease P00049 91
Heterotrimeric G-protein signaling pathway-Gi alpha and Gs P00026 87
alpha mediated pathway
Cadherin signaling pathway P00012 87
TGF-beta signaling pathway P00052 86
Cytoskeletal regulation by Rho GTPase P00016 80
Apoptosis signaling pathway P00006 80
Ras Pathway P04393 73
Endothelin signaling pathway P00019 68
Heterotrimeric G-protein signaling pathway-Gq alpha and Go P00027 64
alpha mediated pathway
Nicotinic acetylcholine receptor signaling pathway P00044 62
Interleukin signaling pathway P00036 61
p53 pathway P00059 60
T cell activation P00053 57
Ubiquitin proteasome pathway P00060 55
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3.3.3. Differential gene expression analysis

To assess transcriptomic changes in RGCs after a 24 h 1000nM SNa exposure,
DGE analysis was performed by using DESeq and the unigene expression data. With a
fold change cut off [log2| > 0.5 the DGE analysis revealed 1,776 differentially expressed
genes (DEGs) after SNa treatment at P < 0.05 and 123 DEGs at P <0.001. A total of 42
DEGs, 31 up-regulated and 11 down-regulated, passed a false discovery rate (FDR) <
0.05 correction for multiple hypothesis testing. All of the 31 up-regulated DEGs were not
annotated, thus likely representing novel transcripts with no detected similarities to other
species. Of the 11 down-regulated DEGs, 8 were annotated to homologous Danio rerio
genes (Table 3.3). Unigenes that were differentially down-regulated (FDR < 0.05)
included: mothers against decapentaplegic homolog 6 (smad6b), fibroblastic growth
factor 4 (fgf4), NGFI-A binding protein la (nabla), BAll-associated protein 2b
(baiap2b), GRB2-related adaptor protein a (grapa), Phosphodiesterase 8A (pde8a), tRNA

nucleotidyl transferase (¢rntl), and heat shock protein beta 11 (hspbl1).
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Table 3.3. List of differentially expressed genes compared to control in primary Carassius
auratus RGC culture after 24 h 1000 nM SNa treatment (FDR < 0.05).

Gene Gene Name Uniport Accession Fold P-Value FDR Adjusted
symbol Change P-Value
smad6b  Mothers against decapentaplegic  tr|QIL8Y3|Q1L8Y3 DANRE 0.40 7.34E-11  2.80E-07
homolog 6

faf4 Fibroblast growth factor 4 tr|Q9IDFCY9|QIDFC9_DANRE 0.29 5.03E-10  1.78E-06
nabla NGFI-A binding protein la trlQ1ILWI4|Q1LWI4 DANRE 0.28 9.87E-07  2.33E-03
baiap2b BAll-associated protein 2b trlU3JAA2|U3JAA2 DANRE 0.46 1.65E-06  3.63E-03
grapa GRB2-related adaptor proteina  tr|Q503S8|Q503S8 DANRE 0.35 3.21E-06  6.43E-03
pde8a Phosphodiesterase 8A trlH9GZ87/H9GZ87 DANRE 0.31 1.25E-05  2.08E-02
trntl tRNA nucleotidyl transferase tr]A7TMCH7|A7MCH7 _DANRE 0.08 1.30E-05  2.14E-02
hspbll  Heat shock protein beta 11 sp|ASJV83HSPBB DANRE 0.33 2.60E-05  3.88E-02
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3.3.4. qRT-PCR validation of DGE analysis

In order to validate the expression of DEGs identified by RNA-seq, 5 down-
regulated genes and primer pairs were designed based on the corresponding assembled
unigene sequence. The fold-changes in RNA-seq and qPCR, respectively for DEGs were:
0.46 and 0.42 (P < 0.05) for baiap2b, 0.29 and 0.58 (P < 0.05) for fgf4, 0.35 and 0.52 (P
<0.05) for grapa, 0.28 and 0.48 (P <0.05) for nabla, and 0.40 and 0.41(P < 0.05) for
smad6b (Fig. 3.5). Overall, the expression profiles obtained by RNA-seq analysis and

gqPCR were comparable in the direction of change.
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Figure 3.5. Quantitative real-time PCR analysis for (A) baiap2b, (B) fgf4, (C) grapa, (D)
nabla and (E) smad6b mRNA in primary Carassius auratus RGC culture exposed to
1000 nM SNa. Data were normalized and defined as fold change relative to control. Bars

represent the mean + SEM (n = 4). Treatment groups marked by asterisks have

significantly different mRNA levels compared to control (P < 0.05).

68



3.3.5. Gene set enrichment analysis

GSEA was conducted using Pathway Studio to identify pathways that were
significantly enriched in RGCs following SNa exposure. A total of 17 pathways were
statistically significant (P < 0.05) and had a median fold change > 5 % (Table 3.4).
Pathways were grouped by three categories: cell processes (4 pathways), cell signaling (2
pathways), and receptor signaling (11 pathways). Cell processes involved in adherens and
tight junction assembly such as nectins, claudins, cadherins (Fig. 3.6), and junctional
adhesion molecules (JAMs) were all significantly increased (10-17 %) indicating that
SNa up-regulates gene networks involved in cell-cell junctions. GSEA for cell signaling
pathway enrichment revealed actin cytoskeleton regulation and T cell activation
pathways (Fig. 3.7) were significantly increased in SNa treated RGCs. SNa treatment
significantly increased genes involved in four different T-cell receptor signaling
pathways. Besides the T-cell receptor, other receptors such as glucagon receptor,
dopamine D1 receptor (Fig. 3.8), tumor necrosis factor receptor (TNFR), tumor necrosis
factor receptor superfamily member 1A (TNFSF1A), and neural cell adhesion molecule |
(NCAMI) shared similar CREB/ELK-SRF signaling. In addition, interleukin 6 receptor
(ILR) and ephrin receptor (ephrinR) signaling pathways were also responsive to SNa

treatment.
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Table 3.4. GSEA of responses in primary Carassius auratus RGC culture mediated by 1000 nM SN (P
< 0.05). Only pathways with a median fold change greater than 5 % are presented. The number of
measured entities in the pathway is reported along with the number of measured entities and median fold
change for the pathway.

Gene Set Category Total #of #of measured Median P-
entities entities change value
Ariadne Cell Process ~ Adherens Junction Assembly (Nectin) 104 57 1.10  0.045
Pathways Tight Junction Assembly (Claudins) 137 62 1.13  0.022
Adherens Junction Assembly (Cadherins) 133 53 1.14 0.016
Tight Junction Assembly (JAMs) 119 55 1.17 0.024
Ariadne Cell Actin Cytoskeleton Regulation 551 357 1.10  0.009
Signaling Pathways T Cell Activation 957 490 .11 0.003
Ariadne Receptor IL6R -> STAT signaling 8 8 1.08  0.047
Signaling Pathways  EphrinR -> actin signaling 216 143 .12 0.020
T-cell receptor -> NF-kB signaling 176 33 1.15 0.000
T-cell receptor -> AP-1 signaling 180 33 1.17  0.025
T-cell receptor -> CREBBP signaling 176 25 1.19  0.027
GlucagonR -> CREB/ELK-SRF/SP1 42 27 1.20  0.040
signaling
DopamineR1 -> CREB/ELK-SRF signaling 40 25 1.20 0.016
T-cell receptor -~ ATF/CREB signaling 195 45 1.21  0.021
TNFR -> CREB/ELK-SRF signaling 45 30 1.23  0.050
TNFRSF1A -> CREB/ELK-SRF signaling 41 32 1.23  0.014
NCAMI -> CREB/ELK-SRF/MYC signaling 27 21 1.26  0.046
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Figure 3.6. Cadherin adherens junction assembly was significantly enriched by GSEA in primary Carassius auratus RGC
culture after 1000 nM SNa treatment (P < 0.05). Red indicates that the gene or process is increased while green indicates that
the gene or process is decreased.
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decreased.
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3.3.6. Sub-network enrichment analysis

Pathway Studio was queried to further identify gene sub-networks that were
significantly regulated by SNa treatment. SNEA revealed a total of 192 cellular processes
that were significantly responsive to SNa exposure. Sub-networks that included processes
related to CNS and immune system were major biological themes regulated by SNa
(Table 3.5). All 19 sub-networks involved in processes related to the CNS were
consistently increased (7-70%). Some of these sub-networks included neurogenesis, glial
cell development, neuronal activity, synaptic plasticity, axon guidance and extension. A
total of 19 sub-networks were associated with the cellular processes of the immune
system. There were 18 sub-networks that were increased (5-53%) and 1 sub-network that
was decreased (-13%), indicating that SNa has a largely stimulatory effect on diverse
processes in RGCs. These included for example immune system activation,
immunoreactivity, lymphocyte activation, macrophage response leukocyte function and
differentiation. As examples of sub-networks significantly regulated by SNa in each
major biological theme, both neurogenesis (Fig. 3.9) and immune system activation

(Fig.3.10) are presented.

Table 3.5. Cell processes identified by SNEA that were regulated by 1000 nM SNa in
primary Carassius auratus RGC culture. Only sub-networks with a median fold change
greater than 5 % in the cell process are presented (P < 0.05). Reported here are only some
major cell processes affected by SN in RGCs.
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Gene Set Seed g:tfivj;n I#\fl(e)ifgl;/{)e:rssured Ic\;[l:?l?: P-value
Processes Axon guidance 210 160 1.17 0
related o CNS 1. smission of nerve impulse 598 321 1.1 0
Cognition 212 126 1.11 0.004
Innervation 172 113 1.08 0.005
Brain function 150 89 1.14 0.006
Cerebellum development 14 8 1.44 0.007
Neuronal activity 263 133 1.06 0.008
Neuroproliferation 6 5 1.7 0.01
Hindbrain development 15 11 1.44 0.013
Synaptic transmission 509 288 1.13 0.013
Synaptic plasticity 454 284 1.1 0.013
Schwann cell formation 15 12 1.26 0.016
Memory 721 385 1.08 0.016
Neuron development 103 69 1.1 0.029
Dentate gyrus development 6 6 1.34 0.03
Neurogenesis 561 383 1.11 0.031
Central nervous system function 25 15 1.26 0.041
Axon extension 74 59 1.16 0.042
Glial cell development 17 11 1.25 0.044
Processes B-cell activation 233 105 1.1 0.001
related to .
immunity Leukocyte function 158 74 1.09 0.003
Granulocyte adhesion 52 27 1.11 0.009
Peritoneal macrophage function 10 5 1.34 0.014
Immunoreactivity 463 260 1.13 0.014
Eosinophil degranulation 43 15 1.31 0.015
T-cell homeostases 100 50 1.05 0.016
Respiratory burst 185 92 1.1 0.017
NK cell mediated cytotoxicity 367 133 1.09 0.018
Leukocyte accumulation 84 43 1.1 0.019
Leukocyte differentiation 9 5 1.53 0.022
B lymphocyte proliferation 277 148 1.07 0.022
Lymphocyte activation 277 131 1.11 0.023
Lymphocyte aggregation 10 6 1.32 0.027
Macrophage response 48 19 1.1 0.028
Immune system activation 163 76 1.07 0.033
Leukocyte tethering / rolling 106 58 1.11 0.041
Phagocyte activity 167 80 1.1 0.046
Granulosa cell differentiation 46 34 -1.13 0.047

75



M

[ | Cell Process :
“PGF- NG~

< Protein oy
- Regulation e

Figure 3.9. Genes involved in neurogenesis were significantly enriched by SNEA in primary Carassius
auratus RGC culture after 1000 nM SNa treatment (P < 0.05). Red indicates that the gene is increased and

green indicates that the gene is decreased.

76



( )Protein

- - Regulation

- s

@ S100A9

Figure 3.10. Genes involved in immune system activation were significantly enriched by SNEA in primary
Carassius auratus RGC culture after 1000 nM SNa treatment (P < 0.05). Red indicates that the gene is
increased and green indicates that the gene is decreased.
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3.4. Discussion

RNA sequencing and de novo transcriptome assembly and analysis were used to
elucidate the regulatory actions of SNa on gene networks in goldfish radial glia. We
were able to characterize this cell type at the molecular level for which limited
information exists in fish species. A total of 12,180 non-redundant unigenes were
identified and GO ontology analysis revealed a diverse receptor and signaling molecule
profile suggesting that RGCs can respond and synthesize an array of hormones, peptides,
cytokines, and growth factors. RGCs express receptors for various neurotransmitters
including 5-HT (1A, 2B, 2C, 6), DA (D2, D4), GABA (GABA4, GABAB), acetylcholine
(M4, M5), adrenaline (a2a, a2c, B1, f2), adenosine (A1, A2B), and histamine (H1, H3).
Previous studies in fish demonstrate that DA can regulate RGCs to increase aromatase B,
while also regulating protein networks associated with progenitor cell functions (Xing et
al., 2015b, 2016a). RGCs are also likely under the direct control of 5-HT, as 5-HT
neurons share a close distribution with RGCs in the zebrafish paraventricular organ and
in vivo inhibition of 5-HT synthesis decreases RGC proliferation (Pérez et al., 2013). In
support of our data, goldfish RGCs have previously been documented to express
adenosine A1 receptors (Beraudi et al., 2003) and activation of this receptor in rabbit
RGCs causes ATP-evoked increases in calcium that regulate proliferation (Uckermann et
al., 2002). In mice, RGC fate is under the control of GABA excitation where high levels
of activation result in quiescence, while low levels of excitation cause either symmetrical
or differentiating asymmetrical cell divisions (Song et al., 2012). Although nothing is
known in RGCs, histamine H1, H2, and H3 receptors are expressed by mammalian

astrocytes and regulate astrocytic functions such as calcium influx, energy metabolism,
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neurotransmitter clearance, neurotrophic activity, and immune response (Juric et al.,
2016). Together, this panel of neurotransmitter receptors expressed by these cells
suggests goldfish RGCs are in communication with numerous neuronal subtypes.

In culture, goldfish RGCs also express receptors for hormones, such as growth
hormone (ghra), growth hormone-releasing hormone (ghrh), thyroid hormone (thrab,
thrb), thyrotropin releasing-hormone (trhr2), prolactin-releasing peptide (prihr2a),
prolactin (prirb), oxytocin (oxtr), and vasopressin (avpr2/). Isotocin and vasotocin in fish,
or the mammalian homologs oxytocin and vasopressin, are released from magnocellular
and parvocellular neurons. Given the close interactions in the preoptic nucleus between
RGCs and SNa-immunoreactive magnocellular and parvocellular neuron cell bodies
shown in Chapter 2, identifying receptors for oxytocin and vasopressin in RGCs support
the proposal that these neuronal populations are communicating with surrounding RGCs.
Previously RGCs have been shown to be under the control of hormones especially during
development. For instance, maternal thyroid hormone deficiency in rat causes decreased
number and length of RGCs resulting in impaired neuronal migration (Pathak et al.,
2011).

The GO analysis identified many immune system pathways, cytokines, and
cytokine receptors suggesting fish RGCs have important functions in brain immune
reactivity. RGCs are the main macroglia in fish brain since they lack typical stellate
astrocytes (Grupp et al., 2010) so RGCs likely share some functions with mammalian
astrocytes in order to maintain normal brain homeostasis. Thought to only involve
microglia, neuroinflammation is also regulated by mammalian astrocytes (Farina et al.,

2007; Liu et al., 2011; Norden et al., 2016). The transcriptome of goldfish RGCs reveal
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key proinflammatory molecules and receptors including interleukin/interleukin receptors,
toll-like receptors, tumour necrosis factor/tumour necrosis factor receptors, and
transforming-growth factor  (TGFp). Although their role in neuroinflammation is less
established than that in astrocytes, RGCs in fish brain respond to inflammatory cues to
initiate the regenerative response. Unlike mammals, where after brain injury
neuroinflammation causes a glial scar that obstructs neurogenesis (Ekdahl et al., 2003;
Fitch and Silver, 2011), neuroinflammation in fish directly activates RGC proliferation
and subsequent neurogenesis through leukotriene C4 signaling (Kyritsis et al., 2012). In
addition, the expression of chemokine/chemokine receptors implicates RGCs in the
control of processes such as neural migration, axonal guidance, and neural regeneration
that involve chemotaxis (Stumm et al., 2002; Stumm and Hollt, 2007; Diotel et al.,
2010b). RGCs in the zebrafish brain express the chemokine Cxcl2 and its receptor Cxcr4
(Diotel et al., 2010b) and also the chemokine receptor Cxcr5, which regulates RGC
proliferation and differentiation (Kizil et al., 2012).

Further validating this primary culture as RGCs, several fish RGC markers were
identified in the transcriptomic data, including: aromatase B (cyp191b), brain fatty acid
binding protein (b/bp), calcium binding protein B (s/00b), connexin 43 (cx43), glial
fibrillary acidic protein (gfap), glial high affinity glutamate transporter (slc/a3a),
glutamine synthase (glula), nestin (nes), sex determining region Y box 2 (sox2), and
vimentin (vim). These are markers that have been identified and used in zebrafish and
provide the cell with the ability of transmitter uptake (slc/a3a, glula), neuroestrogen
production (cyp19alb), and generation of calcium waves (c¢x32) (Than-Trong and Bally-

Cuif, 2015). Furthermore, identification of several steroidogenic enzyme transcripts such
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as steroidogenic acute regulatory protein (star), 170-hydroxylase (cypl7al), 17B-
hydroxysteroid dehydrogenase (hsd17b10), aromatase B (cypl9alb), and Sa-reductase
(srdsal), suggest these cells are capable of de novo estrogen production from cholesterol
and are able to produce progesterone and pregnenolone intermediates, confirming
previous observations that these are steroidogenic cells (Xing et al., 2014). Here we also
show that cultured goldfish RGCs express progesterone receptor (pgr), androgen receptor
(ar), G-protein coupled estrogen receptor (gperl), estrogen receptor o (esrl), estrogen
receptor B1 (esr2b), and estrogen receptor B2 (esr2a). This data supports other reports in
zebrafish that in vivo RGCs express Pgr protein (Diotel et al., 2011¢) and the observed
similar distribution of ar, esr, esr2a, and esr2b mRNAs with aromatase B expression in
RGCs (Diotel et al., 2011a). The expression of nuclear estrogen receptor mRNA has been
documented before in goldfish RGC cultures (Xing et al., 2015a), however this is the first
time gperl has been shown to be expressed by RGCs. Previously, we failed to clone
gperl from RGCs, suggesting it is lowly expressed in some cultures. The deep coverage
obtained by RNA-Seq of 10 different cultures is the likely explanation for this difference.
The combination of numerous steroidogenic enzymes and steroid receptors expressed by
RGCs support the previous hypothesis that RGCs are both a source and target of
neurosteroids (Diotel et al., 2011a).

Another aim of this study was to further understand the neuronal-RGC
interactions between SNa-positive neurons and RGCs in the preoptic area (Chapter 2) by
characterizing the transcriptomic responses to SNa exposure. Through differential gene
analysis SNa decreased various genes such as smad6b, nabla, and fgf4. In teleost fish,

Smad6 is duplicated however very few studies have investigated either Smad6a or
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Smad6b. Nonetheless, its mammalian homologue Smad6 is a negative regulator of bone
morphogenic proteins (BMP) (Wrana, 2000; Sieber et al., 2009) and has been linked to
the regulation of various stem/progenitor cell behaviours (Ding et al., 2014). For example,
inhibiting BMP signaling in neuronal precursor cells by transfection with Smad6 prevents
astrocyte differentiation and promotes neurogenesis (Setoguchi et al., 2004). Although
further investigations are required to determine the role of Smad6b in RGCs, effects of
SNa to decrease smad6b may implicate SNa in the regulation of BMP signaling.

Our study shows SNa can decrease nabl/a mRNA levels, the orthologue to
mammalian nabl. Nerve growth factor-induced gene A binding protein 1 (NABI) is a
active corepressor that negatively regulates the transcriptional activity of nerve growth
factor-induced gene A (NGFI-A) (Swirnoff et al., 1998). NGFI-A is an immediate-early
gene and is responsive to various extracellular stimuli such as growth factors, hormones,
and neurotransmitters in order to regulate the growth, proliferation, and differentiation of
a variety of cell types (O’Donovan et al., 1999). Furthermore, the NGFI-A gene is highly
conserved between fish and mammals, in particular the repressor domain, where the
NABI transcriptional cofactor binds and inhibits expression of NGFI-A target genes, is
both 94% similar and identical between mouse and zebrafish (Burmeister and Fernald,
2005). NGFI-A is involved in the intracellular mechanisms that convert mitogenic signals
to regulate both astrocyte growth and proliferation. Cultured astrocytes exposed to glial
mitogens stimulate NGFI-A expression while site-directed mutagenesis of the DNA
binding domain of NGFI-A causes inhibition of proliferation in stimulated astrocytes (Hu
and Levin, 1994; Mayer et al., 2009). NAB1 completely blocks transcription facilitated

by NGFI-A thereby making the concentration of NAB1 in a cell critical for NGF1-A
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function (Thiel et al., 2000). Therefore, our data suggests SNa may decrease NABIA
concentrations within RGCs to effectively decrease the strength of extracellular stimuli
needed to control NGFI-A synthesis and subsequent activation of downstream targets.
Here we also show, SNa may be involved in regulation fgf signaling in RGCs,
through the inhibition of fgf4 expression. Fgfs are a group polypeptide growth factor that
regulate cell proliferation, differentiation, and migration in the developing and mature
CNS (Dono, 2003; Reuss and Von Bohlen Und Halbach, 2003). Fgfs elicit diverse
physiological effects due to the ability of different fgf ligands to bind to multiple fgf
receptors with varying binding affinities. Human fgf4 is able to activate all four fgf
receptors but has a higher affinity for fgfrl, 2, and 4 (Ornitz et al., 1996; Reuss and Von
Bohlen Und Halbach, 2003). Fgf signaling is important in the regulation of RGC self-
renewal and differentiation (Kang et al., 2009; Sahara and O’Leary, 2009). Mutant mice
with three fgf receptor genes (fgfi/-3) simultaneously deleted resulted in decreases in
RGC populations caused by increased rate of transition to more differentiated states. This
suggests fgf signaling is required to maintain the self-renewal of RGCs as a progenitor
cell while inhibiting their differentiation to a more committed fate (Kang et al., 2009).
GSEA identified many transcripts regulated by SNa in RGCs that were involved
in immune receptor signaling, dopamine receptor signaling, cell-cell junctions and cell-
cell communication. Transcripts involved in both tight (claudins, JAMs) and adherens
(nectin, cadherins) junction assembly were significantly affected by SNa. In zebrafish,
RGCs express the tight junction protein claudin-3 along their fibers and tight junction
protein 1 (ZO-1) on processes lining the ventricle and their endfeet facing the meninges,

suggesting RGCs form junctional complexes between subpial and ventricular borders
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(Grupp et al., 2010). In the continuously growing optic nerve of fish, similar tight
junction expression is found which potentially generates glia-neuronal interactions that
form microenvironments favoring growth (Mack and Wolburg, 2006; Parrilla et al.,
2009). Cell-cell adhesion molecules are important in neuronal cell migration, axon
guidance, synapse formation, and forming glial networks (Togashi et al., 2009). For
example, RGCs mediates neuronal migration and directs axon formation through N-
cadherin adhesions (Xu et al., 2015). Also involved in cell-cell adhesion and
communication, ephrin receptor and NCAM receptor signaling pathways were identified
having transcripts regulated by SNa exposure. Ephrin signaling is involved in
neurogenesis where in the developing mammalian neocortex ephrin signaling is required
to maintain the self-renewal of RGCs (Laussu et al., 2014). Furthermore, both ephrins
(Benson et al., 2005; Moss et al., 2005) and NCAM (Doherty and Walsh, 1991) regulate
neurite outgrowth, a process which has been previously shown to be stimulated by SN in
rat cerebellar granule cells (Gasser et al., 2003). Therefore, as SNa is shown here to
regulate genes involved in the assembly of adherens and tight junctions, it may implicate
this neuropeptide in regulating processes that involve glial-glial and/or glial-neuron
interactions. In addition, GSEA showed SNa caused an increase in genes involved in
DRD1 signaling which supports previous data in goldfish RGC cultures that have shown
functional DIR signaling through the cAMP/PKA/p-CREB pathway (Xing et al., 2015b).
Likewise, the putative SN receptor activates similar G-protein cAMP/PKA mechanisms
(Trudeau et al., 2012). The expression of the SNa receptor remains to be confirmed in
RGCs because it has not yet been identified, however future studies should identify

signaling pathways that mediate the effects in RGCs elicited by SNa.
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Both GSEA and SNEA indicate that the immune response is a major theme
enriched in RGCs following SNa exposure. The results from GSEA show changes in the
expression levels of genes involved in IL-6R signaling, TNFR signaling, T-cell activation,
and several T-cell receptor signaling pathways. It has been established that neuropeptides
such as vasoactive intestinal peptide (Maimone et al., 1993), substance P (Gitter et al.,
1994), and somatostatin (Grimaldi et al., 1997) can regulate IL-6 expression in astrocytes.
SNEA indicated that SNa exposed RGCs caused the stimulation of genes responsible for
many immune system processes. Some of these included, immune system activation,
phagocyte activity, leukocyte function, macrophage response, lymphocyte aggregation,
and activation. Such regulation of immune system responses has been previously reported
for SN. After experimental autoimmune encephalomyelitis is induced in the rat brain,
there is a close correlation between SN-immunoreactivity and macrophage infiltration
indicating SN may play a role in leukocyte recruitment of the CNS (Storch et al., 1996).
SN has been documented to affect various cells involved in the inflammatory response.
Both in vivo and in vitro, SN can stimulate the migration of human monocytes also acting
synergistically with other sensory neuropeptides like substance P or somatostatin
(Reinisch et al., 1993). SN is also an effective chemoattractant for human eosinophils
comparable in its potency to interleukin-8 (Dunzendorfer et al., 1998b). Moreover, SN
can stimulate natural killer cell migration and cytokine release (Feistritzer et al., 2005).
Our enrichment analyses provide some molecular mechanisms that explain the
documented effects of SN in the immune system and propose SN as a proinflammatory
regulator of RGCs due to the upregulation of immune-related genes, although future

studies are needed to address this hypothesis.
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Gene networks related to processes of the CNS were significantly regulated by
SNa in cultured RGCs. Some of the CNS processes that were SNa-responsive included
neurogenesis, synaptic plasticity, neuron development, glial cell development, axon
extension and guidance. All pathways in this biological theme showed significantly
higher gene expression levels than control, suggesting SNa has a stimulatory effect over
these processes. Regulation of transcripts involved in these CNS processes by SNa may
have implications in controlling key RGC functions in the fish brain. RGCs are involved
in neurogenesis generating new neurons in the adult fish CNS and are involved in the
guidance of migrating young neurons (Zupanc and Clint, 2003). Previously, SN has been
shown to act as a trophic substance stimulating neurite outgrowth (Gasser et al., 2003)
and also activating the Jak2/Stat3 pathway to promote neuroprotection and enhance
neurogenesis in murine models of stroke (Shyu et al., 2008). Therefore, the changes in
gene networks observed here are consistent with documented neurogenic and
neuroprotective effects of SN. Given the neuroplastic effects of SN and its ability to
significantly increase the expression of transcripts related to processes such as
neurogenesis and synaptic plasticity, future works should address if SNa can stimulate
neurogenesis in the stem-like RGC.

In summary, this study used next generation sequencing and de novo assembly to
generate the first reference transcriptome for RGCs in fish. These data revealed that these
neuroendocrine cells express an array of hormone, neurotransmitter, and neuropeptide
receptors suggesting a multiplicity of new functions critical to neuronal-glia
communication. The identification of immune system pathways, proinflammatory signals

and receptors indicate RGCs may also be involved in regulating neuroinflammation
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processes in the fish brain. Exploring neuronal-RGC interactions, we show here RGCs
elicit transcriptomic responses to SNa, suggesting RGCs can be under control of
neuropeptides. Gene networks related to immune responses and CNS physiology were
affected by SNa, suggesting this neuropeptide may play a role in regulating these

processes in RGCs.
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Chapter 4: Secretoneurin-A regulated proteomic profiles and networks in goldfish

radial glial cells in vitro

4.1. Introduction

Radial glial cells (RGCs) are a macroglial subtype present during the CNS
development of all vertebrates and are characterized by their bipolar morphology
(Schmechel and Rakic, 1979) and stem-like progenitor properties (Florio and Huttner,
2014). RGCs line the ventricle with their cell body and have an elongated radial fiber
terminating with endfeet on the walls of blood vessels or at the pial surface (Barry et al.,
2014). Due to this unique morphology, their radial processes are used as scaffolds for
migration of newborn neurons (Rakic, 1971; Silver et al., 1982). As stem cells, RGCs are
capable of undergoing neurogenesis and/or gliogenesis to produce neurons or other glial
cells (Radakovits et al., 2009). RGC populations are transient in mammals as they
differentiate into astrocytes at the end of cortical development. In contrast, RGCs are
abundant throughout the adult brain in teleost fish, supporting unsurpassed high levels of
neurogenesis and regenerative abilities (Pellegrini et al., 2007; Strobl-Mazzulla et al.,
2010). In addition, teleost RGCs express various steroidogenic enzymes (Diotel et al.,
2011b; Xing et al., 2014) and exclusively express the estrogen-synthesizing enzyme,
aromatase B (cypl9alb) (Forlano et al., 2001; Pellegrini et al., 2005; Tong et al., 2009),
making them neuroendocrine cells producing neuroestrogens and other steroids in the
CNS. Although RGCs in fish have established roles in neurogenesis and
neurosteroidogenesis, very little is known about other potential functions and the

regulatory factors that control them. Because RGCs are the main macroglia in fish CNS
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(Grupp et al., 2010) they share close interactions with a variety of neurons and since
RGCs express various neurotransmitter, neuropeptide, and hormone receptors (Chapter 3)
they may be under functional control of neuronal-glial interactions.

The investigations described in Chapter 2 revealed the close neuroanatomical
relationship between the soma of secretoneurin A (SNa)-immunoreactive preoptic
neurons and RGCs along the third ventricle in goldfish and zebrafish. The neuropeptide
SN is generated from endoproteolytic processing of its precursor protein Sgll and has
well-established functions in endocrine, nervous, and immune systems (Fisher-Colbrie et
al. 1995; Zhao, Zhang, et al. 2009. Due to the genome duplication in teleost fish there are
two Sgll paralogs, Sglla and Sgllb, which produce their respective SNa and SNb
peptides (Zhao et al., 2010). Both in vivo and in vitro, SNa inhibits cypl9alb mRNA
expression in goldfish RGCs, implicating SNa in the control of neuroestrogen production
(Chapter 2). Furthermore, data from transcriptome sequencing of cultured goldfish RGCs
showed gene networks related to immune responses and CNS physiology were
responsive to 1000 nM SNa (Chapter 3). Altogether, this anatomical and transcriptomic
data proposes SNa is a regulator of RGC function and supports previous findings that
suggest neuronal-RGC interactions are integral in regulating this cell type to maintain
proper brain homeostasis. Therefore, building on our previous transcriptomic data, the
objectives of this study were to (1) characterize the RGC proteome, for which limited
information exists in fish species, (2) determine the differentially regulated proteins over
a range of SNa concentrations and (3) identify protein networks responsive to SNa

regulation.
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4.2. Material and methods
4.2.1. Experimental animals

All procedures used were approved by the University of Ottawa Protocol Review
Committee and followed standard Canadian Council on Animal Care guidelines on the
use of animals in research. Common adult female goldfish (Carassius auratus) were

purchased from a commercial supplier (Mt. Parnell Fisheres Inc., Mercersburg, PA,

USA) and handled as described in Chapter 2.

4.2.2. Cell culture and exposure
Cell culture methods used in the present study have been previously established
and validated (Xing et al., 2015b) and all culture procedures and exposures were

described previously in Chapter 2.

4.2.3. Protein extraction, isobaric tagging for relative and absolute quantitation
(iTRAQ), and LC-MS/MS

Proteins were quantified as previously described (Koh et al., 2012), and dissolved
in denaturant buffer (0.1 % SDS (w/v)) and dissolution buffer (0.5 M triethylammonium
bicarbonate, pH 8.5) in the iTRAQ Reagents 8-plex kit (AB Sciex Inc., Foster City, CA,
USA). For each sample, 100 pg of protein were reduced, alkylated, trypsin-digested, and
labeled according to the manufacturer’s instructions (AB Sciex Inc.). Two 8-plex iTRAQ
labelling reactions were conducted, each with 2 biological replicates. Peptides from the
control group were labeled with either iITRAQ tags 113 or 114. The three treatments of

different doses were labelled as follows: 10 nM SNa (115, 116), 100 nM SNa (117, 118)
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and 1000 nM SNa (119, 121). This labelling scheme was repeated in a second experiment,
thus the data are derived from a sample size of 4 biological replicates per group.

Labeled peptides were combined for each iTRAQ experiment and desalted with
C18-solid phase extraction and dissolved in strong cation exchange (SCX) solvent A
(25 % (v/v) acetonitrile, 10 mM ammonium formate, and 0.1 % (v/v) formic acid, pH
2.8). The peptides were fractionated using an Agilent HPLC 1260 with a polysulfoethyl
A column (2.1 x 100 mm, 5 pm, 300 A; PolyLC, Columbia, MD, USA). Peptides were
eluted with a linear gradient of 0-20 % solvent B (2 5% (v/v) acetonitrile and 500 mM
ammonium formate, pH 6.8) over 50 min., followed by ramping up to 100 % solvent B in
5 min. The absorbance at 280 nm was monitored and a total of 14 fractions were
collected. The fractions were lyophilized and resuspended in LC solvent A (0.1 % formic
acid in 97 % water (v/v), 3 % acetonitrile (v/v)). A hybrid quadrupole Orbitrap (Q
Exactive) MS system (Thermo Fisher Scientific) was used with high energy collision
dissociation (HCD) in each MS and MS/MS cycle. The MS system was interfaced with
an automated Easy-nL.C 1000 system (Thermo Fisher Scientific). Each sample fraction
was loaded onto an Acclaim Pepmap 100 pre-column (20 mm x 75 pm; 3 pm-C18) and
separated on a PepMap RSLC analytical column (250 mm X 75 pm; 2 um-C18) at a flow
rate at 350 nl/min during a linear gradient from solvent A (0.1% formic acid (v/v)) to
25 % solvent B (0.1% formic acid (v/v) and 99.9 % acetonitrile (v/v)) for 80 min, and to
100 % solvent B for additional 15 min.

The raw MS/MS data files were processed by a thorough database searching
approach considering biological modification and amino acid substitution against the

National Center for Biotechnology Information (NCBI) Cyprinidae database
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(downloaded on March 23 2016) using the ProteinPilot v4.5 with the Fraglet and Taglet
searches under ParagonTM algorithm (Shilov et al., 2007). The following parameters
were considered for all the searching: fixed modification of methylmethane thiosulfonate-
labeled cysteine, fixed iTRAQ modification of amine groups in the N-terminus, lysine,
and variable iTRAQ modifications of tyrosine. For protein quantification, only MS/MS
spectra that were unique to a particular protein and where the sum of the signal-to-noise
ratios for all the peak pairs > 9 were used for quantification. To be identified as being
significantly differentially expressed, a protein was quantified with at least three unique
spectra in at least two of the biological replicates, along with a Fisher’s combined

probability of <0.05 and a fold change < 0.5 or > 1.5.

4.2.4. Gene ontology and pathway analysis

Gene ontology terms were assigned using protein annotation through evolutionary
relationships (PANTHER) in order to classify all proteins identified in RGC cultures (Mi
et al., 2015). Gene ontology categories for biological processes, molecular functions,
cellular components, protein classes, and pathways were used to identify the distribution
of proteins within each gene ontology category in RGC cultures. Pathway Studio 9.0
(Elsevier) and ResNet 10.0 were used to build a protein interaction network for SNa
effects in RGCs. Official gene symbols were manually retrieved using gene card
(http://www.genecards.org) in order to map proteins into Pathway Studio. The number of
proteins that successfully mapped to Pathway Studios using Name + Alias were as
follows for each of the 3 treatments: 10 nM SNa =99, 100 nM SNa = 231, and 1000 nM

SNa = 499. Interaction networks were based upon expression, binding, and regulatory
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interactions in the database and were constructed using direct connections with one
neighbour. Sub-network enrichment analysis (SNEA) for cell processes was performed in
Pathway Studio to determine if differentially expressed proteins were related to specific
biological functions. The P value for gene seeds was set at P < 0.05 and the criterion of >
5 members per cell process or group was required for inclusion as a significantly

regulated gene network.
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4.3. Results
4.3.1. Identification and gene ontology classification of radial glial cell proteins

A total of 1,363 unique RGC proteins were identified and assigned GO terms for
functional classification. The GO annotated proteins were classified in three main
categories: biological function, molecular function, and cellular component (Fig. 4.1). A
variety of biological functions were identified with 1,546 unique biological processes
classified into 12 functional groups. The most represented biological functions included
cellular process (438 proteins), metabolic process (414), and cellular component
organization or biogenesis (199). Other important biological function allocations included
developmental process (86 proteins), response to stimulus (65), immune system process
(30), and biological adhesion (11). A broad array of 893 molecular functions were
categorized into 9 function groups. The molecular functions most represented in the RGC
proteome were binding (334 proteins) and catalytic (299), structural molecule (177), and
transporter (38) activities. When organized by cellular component, RGC proteins were
enriched in the cell part (379 proteins), organelle (238), and macromolecular complex
(165). Most proteins identified were further classified into protein class, with nucleic acid
binding (187 proteins), cytoskeletal proteins (147), and enzyme molecular (90) being the
most represented classes detected in RGCs (Fig. 4.2). Lastly, a total of 535 proteins were
represented by 102 pathways. The top 25 represented pathway ontologies are presented in
Table 4.1. Proteins were most enriched in Parkinson disease (31 proteins), integrin
signaling pathway (28), ubiquitin proteasome pathway (26), cytoskeletal regulation by
Rho GTPase (26), Huntington disease (25), and inflammation mediate by chemokine and

cytokine signaling (24) (Table 4.1).
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Figure 4.1. GO classification of identified Carassius auratus RGC proteins into molecular function, biological
function, and cellular component categories. The number of proteins ascribed to each classification is provided
along with accession number.
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Figure 4.2. GO classification of identified Carassius auratus RGC proteins by protein class. The
number of proteins ascribed to each classification is provided along with accession number.
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Table 4.1. Top 25 assigned pathway ontologies of identified Carassius auratus RGC

proteins based on number of protein identified in each pathway.

Pathway Name Pathway # of
Accession proteins
identified
Parkinson disease P00049 31
Integrin signalling pathway P00034 28
Ubiquitin proteasome pathway P00060 26
Cytoskeletal regulation by Rho GTPase P00016 26
Huntington disease P00029 25
Inflammation mediated by chemokine and cytokine signaling P00031 24
pathway
FGF signaling pathway P00021 15
EGF receptor signaling pathway P00018 15
CCKR signaling map P06959 14
Wnt signaling pathway P00057 14
Angiogenesis P00005 13
Gonadotropin-releasing hormone receptor pathway P06664 12
Cadherin signaling pathway P00012 12
Alzheimer disease-presenilin pathway P00004 10
T cell activation P00053 10
Nicotinic acetylcholine receptor signaling pathway P00044 10
Ras Pathway P04393 10
Glycolysis P00024 10
Cell cycle P00013 10
Apoptosis signaling pathway P00006 8
TGF-beta signaling pathway P00052 7
De novo purine biosynthesis P02738 7
PDGF signaling pathway P00047 7
Dopamine receptor mediated signaling pathway P05912 7
Axon guidance mediated by Slit/Robo P00008 6
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4.3.2. Quantitative proteomic responses in primary cultures of radial glia to
secretoneurin-A in vitro

For a protein to be significantly differentially expressed, a minimum of three
unique spectra in at least two of the biological replicates, a fold change < 0.5 or > 1.5,
along with a Fisher’s combined probability of < 0.05 were required. Using this level of
stringency a total of 609 proteins showed differential expression (Fig. 4.3) with 17
different expression patterns being recognized (Table 4.2). At 10 nM, 100 nM, and 1000
nM SNa, there were 5, 195, and 489 down-regulated proteins, respectively, whereas the
number of up-regulated proteins were 72, 44, and 51, respectively. Generally, there was a
shift to more down-regulated proteins as the concentration of SNa increased. The overlap
of the differentially regulated proteins between doses is shown in Figure 4.4. A total of
10 common proteins were regulated between the three doses, some examples of these
include H1 histone, glutamyl-prolyl-tRNA synthetase, Rho GDP dissociation inhibitor vy,
vimentin A2, and small nuclear ribonucleoprotein-associated protein. As an example of
the differentially regulated proteins, Table 4.3 highlights the top 20 proteins most

significantly regulated by each dose of SNa.
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Figure 4.3. Volcano plots for protein expression in Carassius auratus RGCs treated with
various concentrations of SNa. Protein expression using a cut off of > 1.5 or < 0.5 and P

< 0.05. Red and green dots represent significantly up- or down- regulated proteins,
respectively.
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Table 4.2. Expression patterns of the differentially regulated proteins in Carassius
auratus RGCs treated with various concentrations of SNa. CTL = control.

Expression Number of protein
10nM/CTL 100nM/CTL 1000nM/CTL
pattern IDs
I 1 1 1
11 1 1 - 9
11 1 - 1 3
v 1 - - 31
\Y 1 - ! 20
VI 1 l l 4
VII - 1 1 11
VIII - 1 - 18
IX - 1 l 1
X - - 1 25
XI - - - 757
XII - - ! 288
X111 - ! 1 6
X1V - l - 7
XV - ! ! 176
XVI ! - - 3
XVII ! ! 1 1
XVIII ! - 1
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10nM/CTL 100nM/CTL

194
(31.9%)

1000nM/CTL

Figure 4.4. Venn diagram showing the number of commonly expressed and dose-
dependent (10-100 nM) differentially regulated proteins following SNa exposure of
Carassius auratus RGCs. CTRL = control.
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Table 4.3. The 20 most significantly differentially expressed proteins identified by iTRAQ in Carassius auratus RGCs treated with
various concentrations of SNa. All fold changes are relative to control.

Dose Accession Protein % Fold P -
coverage Change value
protein ID
10nM ATMCL7 DANRE Cystatin 14a, tandem duplicate 2 47 3.34 2.02E-07
Q6DN21_CARAU Calmodulin long form 99.33 594  6.11E-06
AOAOC5Q0E9 MEGAM  Fibroblast growth factor receptor 1b 11.62 1.54 7.76E-06
E7F1X7 DANRE Serine and arginine repetitive matrix 1 33.69 1.65 8.06E-06
VIM2 CARAU Vimentin A2 44.03 3.72  8.07E-06
F1IQNJ3 DANRE Testin LIM domain protein 25.51 4.29 8.58E-06
F1Q5X0 DANRE Synaptosome associated protein 29 kDa 44.74 4.29 9.73E-06
BOUXN7 DANRE C-Abl oncogene 2, non-Receptor tyrosine kinase 20.18 3.00 1.19E-05
COLYZ3 9TELE High-mobility group box 1 55.44 2.02 1.23E-05
AOAOR4IMX7 DANRE SH3 and PX domains 2B 25.68 1.87 1.23E-05
X1WGZ7 _DANRE Glutamyl-prolyl-tRNA synthetase 25.03 4.57 1.25E-05
E7F354 DANRE Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase 57.89 3.03 1.25E-05
Q802W6_DANRE Arhgdia protein 3941 2.70 2.01E-05
Q6Y3R4 CARAU HI histone 34.03 4.66  2.43E-05
B3DGP9 DANRE Protein tyrosine kinase 2aa 11.29 1.58 3.44E-05
Q6NYA1 DANRE Heterogeneous nuclear ribonucleoprotein A/Bb 36.25 7.30 3.53E-05
Q802Y1 DANRE Serine/arginine-rich splicing factor 4 39.34 1.57 4.18E-05
Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase
143BA_DANRE activation protein beta 77.46 0.15 6.06E-05
RBMSA DANRE RNA-binding protein 8A 22.99 1.90 6.22E-05
F1QG80 DANRE Ribosomal protein .22 34.75 1.60  7.03E-05
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100 nM Q5U7N6_DANRE Talin 1 18.95 0.45 9.82E-07
Q4U0S2 DANRE Myosin, heavy chain 11a, smooth muscle 24.77 0.49 3.08E-06
E7FEK9 DANRE Golgin A4 40.17 0.04  4.72E-06
F1QIN6 DANRE CAP-GLY domain containing linker protein 2 43.21 0.05 4.76E-06
QILXT2 DANRE Eukaryotic translation elongation factor 2a, tandem duplicate 1 ~ 26.11 1.60 5.96E-06

Acidic leucine-rich nuclear phosphoprotein 32 family member
F1IQTN7 _DANRE A 27.38 0.13 7.51E-06
E7EYW2 DANRE Epsin 2 16.27 0.02 8.56E-06
Q7ZW39 DANRE Phosphoribosyl pyrophosphate synthetase 1A 22.33 0.08 9.34E-06
F1R1J9 DANRE AHNAK nucleoprotein 53.03 2.60 1.08E-05
Q502F6_ DANRE Zgc:112271 protein 75.58 0.29 1.20E-05
EIF3L DANRE Eukaryotic translation initiation factor 3 subunit L 22.57 0.28 1.30E-05
COLYZ3 9TELE High-mobility group box 1 55.44 1.57 1.35E-05
Q7ZU46_DANRE Heat shock protein 4a 28.45 0.14 1.36E-05
QOPWB8_DANRE PDZ and LIM domain 3b 32.7 0.11 1.51E-05
Q9DF20 DANRE Fragile X mental retardation 1 40.77 0.10 1.51E-05
A4FUNS DANRE ISY1 splicing factor homolog 57.54 0.32 1.75E-05
QILYC9 DANRE Calpain, small subunit 1 a 47.69 0.35 2.04E-05
Q6DRC1_DANRE Small nuclear ribonucleoprotein F 48.84 0.17 2.90E-05
F1QYM4 DANRE Eukaryotic translation initiation factor 4h 55.08 0.50 3.11E-05
F1Q7S0 DANRE Vesicle transport through interaction with t-SNAREs 1A 41.94 0.03 3.32E-05
1000nM  Q5U7N6_DANRE Talin 1 18.95 0.11 3.56E-09
A0JMJ1_DANRE Scinderin like a 33.06 0.03 4.60E-07
QO0GC55_CARAU Heat shock protein 47 kDa 24.81 0.34 7.06E-07
Q6PBR5 DANRE ATPase, H+ transporting, V1 subunit G isoform 1 80.51 3.05 7.17E-07
FIRDG4 DANRE si:dkey-22212.1 55.02 0.28 7.79E-07
Q7ZTZ6 DANRE STIP1 homology and U-Box containing protein 1 34.51 0.02 8.19E-07
F1R1J9 DANRE AHNAK nucleoprotein 53.03 2.86 8.48E-07
Q804W1 _DANRE Parvalbumin isoform 4b 45.87 0.01 1.22E-06
F1IQFN1 DANRE ELKS/RAB6-interacting/CAST family member 1b 31.20 0.19 1.41E-06
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EIF3L_DANRE
Q7SXA1 DANRE
E7F049 DANRE
Q7ZW39 DANRE
Q803A9 DANRE
AOAOR4I9C6 DANRE
B8JJS6_DANRE

FIQTN7 DANRE
A4FUN5 DANRE
Q502F6 DANRE

Q9W792 DANRE

Eukaryotic translation initiation factor 3 subunit L
Ribosomal protein L26

Kinectin 1

Phosphoribosyl pyrophosphate synthetase 1A
Dnal (Hsp40) homolog, subfamily B, member 11
Ubiquitin-fold modifier 1

Programmed cell death protein 10-B

Acidic leucine-rich nuclear phosphoprotein 32 family member
A

ISY1 splicing factor homolog

zge:112271

T-complex polypeptide 1

22.57
55.17
26.47
22.33
11.94
73.33
32.86

27.38
57.54
75.58
26.98

0.10
0.03
0.20
0.03
0.38
0.35
9.51

0.04
0.11
0.12
0.05

1.42E-06
1.63E-06
1.90E-06
1.96E-06
2.32E-06
2.55E-06
2.58E-06

2.58E-06
2.59E-06
2.74E-06
2.78E-06
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4.3.3. Identifying cellular processes affected by secretoneurin-A using sub-network
enrichment analysis

The major objective of this study was to identify cellular processes that were
responsive to SNa in RGCs through the analysis of significantly regulated proteins.
Processes that were regulated by all concentrations of SNa included actin organization,
cytoskeleton organization and biogenesis, apoptosis, mRNA processing, RNA splicing,
translation, cell growth and proliferation. At the low 10 nM SNa dose, proteins that were
increased are related to processes such as blood vessel development, actin organization,
cytoskeleton organization and biogenesis, cell proliferation, growth, and migration (Fig.
4.5). The proteins affected by 100 nM SNa control similar processes such as cell
proliferation and growth, however, proteins involved in these processes were down-
regulated compared to 10 nM SNa (Fig. 4.6.). Similarly, 1000 nM SNa caused down-
regulation of proteins related to cell processes including actin organization, cytoskeleton
organization and biogenesis, cell proliferation, growth, and migration. In addition, other
protein responses at 1000nM SNa resulted in enrichment of processes related to neurite
outgrowth and nerve fiber regeneration (Fig. 4.7A) and tight and gap junction assembly
(Fig. 4.7B). Both 100 nM and 1000 nM SNa cause changes in proteins in similar cellular
processes including cell cycle, mitochondrial function (mitochondrial membrane
permeability, depolarization, damage), and RNA processes (RNA metabolism, processing,
splicing). In addition, SNEA was used to map differentially expressed proteins that are
implicated in human diseases. Major themes in disease networks that were altered by
1000 nM SNa included diseases of the CNS (brain injuries, Alzheimer disease, Parkinson

disease, cerebral infraction, brain ischemia), diseases of the cardiovascular system (heart
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failure, cardiomyopathies, heart injury, cardiac hypertrophy), and neoplasms (lung,
ovarian, corectal, pancreatic, prostatic, breast, endometrial) As an example of altered

disease networks, those associated with the CNS are shown in Figure 4.8.
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Figure 4.5. Proteins involved in cellular processes (blood vessel development, actin
organization, cytoskeleton organization and biogenesis, cell proliferation, growth, and
migration) that were significantly enriched by SNEA in primary Carassius auratus RGC
culture after 10 nM SNa treatment (P < 0.05). Red indicates that the protein is increased
and green indicates that the protein is decreased.

107



O Protein
T

Cell Process

Regulation

cell
proliferation

Figure 4.6. Proteins involved in cellular processes (actin organization, cell proliferation,
and growth) that were significantly enriched by SNEA in primary Carassius auratus
RGC culture after 100 nM SNa treatment (P < 0.05). Red indicates that the protein is
increased and green indicates that the protein is decreased.
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Figure 4.7. Proteins involved in cellular processes of (A) neurite outgrowth and nerve fiber regeneration and (B) tight and gap
junction assembly that were significantly enriched by SNEA in primary Carassius auratus RGC culture after 1000 nM SNa treatment
(P <0.05). Red indicates that the protein is increased and green indicates that the protein is decreased.
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Figure 4.8. Proteins involved in Alzheimer, Parkinson, and neurodegenerative diseases
that were significantly enriched by SNEA in primary Carassius auratus RGC culture
after 1000nM SNa treatment (P < 0.05). Red indicates that the protein is increased and
green indicates that the protein is decreased.
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4.4. Discussion

This study used quantitative proteomics to determine the protein responses and
cellular processes that may underlie SNa regulation of RGC function. This is our second
study to characterize the goldfish RGC proteome, and we were able to identify 1,363
unique proteins, which is double than the previous study (Xing et al., 2016a). A total of
609 proteins showed differential expression across three doses of SNa, with higher doses
eliciting more down-regulated protein responses. Across all doses, SNa regulated proteins
involved in cell processes including actin organization, cell growth, cell proliferation and
cell migration. All previous research on the effects of SN in the CNS focused on neurons,
so this is the first study to characterize the effects of SN in any glial cell type.

Assigning pathway ontologies to the identified proteins showed many immune
system pathways including, chemokine and cytokine signaling, T cell activation, TGFf3
signaling, toll receptor signaling pathway, B cell activation, and interleukin signaling
pathway. In addition, many neurotransmitter (5-HT, DA, ACh, glutamate, GABA,
histamine) and hormone (thyrotrophin-release hormone, oxytocin, corticotropin releasing
factor) receptor-mediated pathways were identified further providing support that
neuronal-glial interactions are important in the control of this cell type. Our proteomic
data shows the presence of several well-characterized RGC markers including BLBP,
GFAP, tight junction protein ZO-1, Sox2, and vimentin (Mack and Tiedemann, 2013;
Than-Trong and Bally-Cuif, 2015) confirming that these cultured cells are indeed RGCs.
Furthermore, analysis of the differentially regulated proteins shows that SNa can regulate
key RGC markers. At all doses, SNa increased the expression of the intermediate

filament, vimentin. However, the 1000 nM SNa treatment decreased RGC markers BLBP

111



and ZO-1. These markers are lost when RGCs differentiate into neurons therefore this
data suggests SNa down-regulates at least some of the progenitor-like characteristics of
this cell type.

A low dose of 10 nM SNa up-regulated proteins known to be involved in processes of
blood vessel development, actin organization, cytoskeleton organization and biogenesis,
cell growth, migration, and proliferation. It has been previously established that SN can
induce angiogenesis and vasculogenesis in the mouse (Kirchmair et al., 2004a; b)
supporting our data that 10 nM SNa induces the expression of proteins involved in blood
vessel development. RGCs in mouse have been shown to regulate brain angiogenesis
through their interactions with blood vessels (Ma et al., 2013). Since SNa can regulate
proteins involved in blood vessel formation this may influence the ability of RGCs to
regulate this process. As a chemoattractant, SN has the ability to stimulate the migration
of various cell types. SN can stimulate the migration of human monocytes both in vivo
and in vitro at nanomolar concentrations (Reinisch et al., 1993). Similarly, SN induces
eosinophil (Dunzendorfer et al., 1998a), dendritic cell (Dunzendorfer et al., 2001), and
fibroblast (Kahler et al., 1996) chemotaxis. These studies indicate the chemotactic
activity of SN is dose-dependent with maximal affects between 0.1 — 100 nM and higher
doses elicit an inhibitory affect. Interestingly, here we report proteins involved in cell
migration are decreased by a high dose of 1000 nM SNa, indicating SNa may dose-
dependently regulate proteins involved in cell migration. In addition, both 100 nM and
1000 nM doses also regulated actin organization, cell growth and cell proliferation
protein networks, however, these higher doses decreased expression of proteins involved

in these cell processes.
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Following treatments with 1000 nM SNa, protein changes in sub-networks related to
tight and gap junction assembly were observed. These cell processes where also
identified by GSEA of transcriptomic responses under identical conditions and were
found to be increased by SNa (Chapter 3). Unlike the transcriptomic response, proteins
involved in tight and gap junction assembly were down-regulated indicating there may be
complex regulation at the level of the transcriptome and proteome of molecular pathways
that control these processes. Among the adherens junctions that were regulated by SNa,
N-cadherin (cadherin 2) is a calcium-dependent adhesion molecule (Takeichi, 1995) and
is expressed to uphold RGC apical-basal polarity while anchoring adjacent RGCs to each
other to create stem-cell niches (Hatta et al., 1987; Kadowaki et al., 2007; Shikanai et al.,
2011; Rago et al., 2014). N-cadherin controls mouse RGC function in neuronal migration
and directing axon formation (Shikanai et al., 2011; Xu et al., 2015). Furthermore, N-
cadherin through its interactions with its effector B-catenin regulates RGC proliferation
and differentiation (Machon et al., 2003; Woodhead et al., 2006; Zhang et al., 2010).
Reduction in mouse N-cadherin levels cause RGCs to migrate from the stem-cell niche
and stimulate neuronal differentiation (Zhang et al., 2010). In our study, N-cadherin
levels were increased at 10 nM and decreased at 1000 nM SNa. Therefore, these data on
N-cadherin expression indicate a role for SNa in the regulation of RGC-mediated
neuronal migration, RGC proliferation, and differentiation.

Proteins involved in cellular processes such as neurite outgrowth and nerve fiber
regeneration were also affected in RGCs following treatment with 1000 nM SNa. A high
dose of SNa significantly decreased proteins known to be involved in neurite outgrowth.

Although SNEA did not show that this cellular process was enriched at lower doses, the
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data indicates that SNa has inhibitory effects on proteins that regulate neurite outgrowth.
In contrast, SN stimulated neurite outgrowth in mouse cerebellar granule cells with a
maximal effect concentration of 100 nM (Gasser et al., 2003). Proteins related to nerve
fiber regeneration were also decreased in goldfish RGCs exposed to 1000 nM SNa.
Previous findings show SN treatment induces neural regeneration and neurogenesis in
murine models of stroke (Shyu et al., 2008). The data obtained from goldfish reveal
protein networks that may underlie the role of SN in tissue repair, and specifically in stem
cell-like RGCs. SNa increased the expression of reticulon 4 (RTN4) which was found in
both nerve fiber regeneration and neurite outgrowth protein networks. RTN4 is a negative
regulator of neurite plasticity in mammals by inhibiting neurite outgrowth and axonal
regeneration (Chen et al., 2000; GrandPr¢ et al., 2000; Oertle et al., 2003). However, the
major neurite growth inhibitor protein region of the RTN4 is absent in zebrafish RTN4
(Diekmann et al., 2005) and is required for successful zebrafish axon regeneration (Welte
et al., 2015). Therefore, given the opposite effects of RTN4 observed in zebrafish, future
work should be directed towards elucidating the effects of SNa on neurite outgrowth and
axon regeneration in fish through mechanisms involving RTN4.

Many protein sub-networks were identified that correspond to diseases of the CNS
and cardiovascular system, along with several neoplasms. Protein networks in RGCs
related to Alzheimer disease, Parkinson disease, brain ischemia and brain injury were all
affected by 1000 nM SNa. Changes in these networks are consistent with previous studies
that have associated SN with neuropathological conditions. SN is differentially regulated
in brain ischemia (Marti et al., 2001; Shyu et al., 2008; Hasslacher et al., 2014),

Alzheimer disease (Kaufmann et al., 1998; Marksteiner et al., 2002; Lechner et al., 2004),
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and epilepsy (Pirker et al., 2001; Marti et al., 2002). Besides functioning as a marker for
impaired neurotransmission and excitation, SN has been demonstrated to be increased in
the circulation after heart failure and has protective effects to reduce myocardial ischemia
injury, cardiomyocyte apoptosis and induce angiogenesis (Albrecht-Schgoer et al., 2012;
Rasjo et al., 2012). Here we show SNa can regulate sub-networks related to
cardiovascular diseases such as cardiomyopathies, heart injury, cardiomegaly and heart
failure. In addition, many neoplasm sub-networks were enriched after SNa treatment
including lung, ovarian, colorectal, pancreatic, prostatic, breast, and endometrial.
Importantly, SN has been shown to be expressed in several types of neuroendocrine
tumors including protaste, lung, rectal, pancreatic, thyroid, duodenum, appendix (Weiler
et al., 1988; Ischia et al., 1998; Portela-Gomes et al., 2010). Altogether, it is suggested
that these networks underlie the molecular responses and mechanisms that may explain
the involvement of SN in these diseased states.

The teleost brain has become a popular model for neurogenesis and
neuroendocrinology because of the persistent abundance of progenitor RGCs in the adult
brain and the high aromatase activity present in RGCs (Zupanc, 2006; Diotel et al.,
2010a; Than-Trong and Bally-Cuif, 2015). Our research has implications in these fields
as characterizing the RGC proteome can elucidate the molecular mechanisms that
underlie these unique functions of fish RGCs. Given RGCs play critical roles in brain
homeostasis we aimed to investigate the interactions of a novel neuropeptide, SNa with
RGC:s to better understand if neuropeptides can exert regulatory affects over this cell type.
For the first time, we show the RGC proteome is responsive to nanomolar concentrations

of SNa. Proteins regulated by SNa may be involved in many cell processes including
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blood vessel development, actin organization, cytoskeleton organization and biogenesis,
neurite outgrowth, nerve fiber regeneration, cell growth, migration, and proliferation. At
lower doses SNa increased proteins involved in cell growth, migration, and proliferation
whereas high doses down-regulated proteins involved in these processes indicating SNa
has dose-dependent regulatory effects. These data further expands our knowledge of the
biological actions of SNa in the CNS specifically its effects on glia. The results presented
provide a strong foundation for future research that can determine the morphological and
physiological outcomes in RGCs exposed to SNa. Lastly, we acknowledge that some
differentially regulated proteins should be further validated by western blot experiments,

however because of time restrictions this will have to proceed in the near future.
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Chapter 5: General discussion and future directions

5.1. Implications of secretoneurin-A regulation of aromatase B in the preoptic
nucleus

The results presented in this thesis has shown the co-regionalization of SNa-
immunoreactive cell bodies of magnocellular and parvocellular neurons with RGCs in
both the goldfish and zebrafish preoptic nucleus (Chapter 2). These SNa-positive neurons
have previously been documented to co-localize with isotocin, the fish homolog to
mammalian oxytocin, and it may be possible for these two neuropeptides to be co-
released (Canosa et al., 2011). The magnocellular and parvocellular cells in the preoptic
nucleus of teleost fish are equivalent to the oxytocin- and vasopressin-producing cells of
the mammalian paraventricular and supraoptic nuclei (Batten, 1986). Besides
neuroanatomical evidence, transcriptome sequencing indicates RGCs express oxytocin
and vasopressin receptors (Chapter 3) further supporting our proposal that these neuronal
populations are communicating with surrounding RGCs. We demonstrated that SNa both
in vivo and in vitro can reduce cypl9alb mRNA expression, therefore suggesting SNa
can regulate neuroestrogen production in RGCs (Chapter 2). By regulating local estrogen
levels, SNa may control paracrine estrogen signaling to surrounding magnocellular and
parvocellular neurons. The magnocellular and parvocellular neurons of the goldfish
preoptic nucleus have the highest mRNA and protein abundances of the membrane bound
estrogen receptor, GPR30, and also co-localizes with isotocin (Mangiamele et al., 2016).
The fish preoptic nucleus contains the main nuclear estrogen receptors ER-a, ER-B1, and

ER-B2 (Kah et al., 1997; Menuet et al., 2002; Diotel et al., 2011a). While it is not known
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in goldfish or zebrafish, Atlantic croaker magnocellular neurons contain ER-B1 but not
ER-B2 (Hawkins et al., 2005). This expression of estrogen receptors in magnocellular and
parvocellular neurons suggests estrogens can regulate isotocin and vasotocin systems.
The mammalian oxytocin and vasopressin systems are well established for being under
the control of estrogens (Amico and Seif, 1981; Ivell and Walther, 1999; Caligioni and
Franci, 2002; Auger et al., 2011; Mecawi and Elias, 2011; Mecawi et al., 2011; Santollo
and Daniels, 2015). Although less investigated in fish, estrogens regulate vasotocin
secretion in the catfish (Chaube et al., 2012). Therefore by regulating local estrogen
paracrine signaling through cyp19alb expression SNa may be implicated in regulating
hormone systems imperative in reproductive behaviours and osmoregulation.

The expression of cypl9alb in RGCs is regulated by estradiol itself through the
binding of ERs to functional estrogen response elements in the cyp/9alb promoter
(Callard et al., 2001; Menuet et al., 2005; Diotel et al., 2010a). Importantly, Xing et al.
(2016) demonstrated direct ER-a -dependent affects of E2 on cyp/9alb in our RGC
culture system. By altering estrogen levels, SNa may impact this auto-regulatory
feedback loop affecting the neuroendocrine function of these cells. There are many
potential downstream physiological effects of altered estrogen levels as the brain
expresses a wide distribution of estrogen receptors and therefore is a target of estrogen
signaling to control processes such as sexual behaviour, synaptic plasticity, and
neurogenesis (Garcia-Segura, 2008; Okada et al., 2008; Ubuka et al., 2014; Elisabeth et

al., 2015).
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5.2. Transcriptomic and proteomic responses suggest SNa exert trophic and
immunogenic effects

Previous reports have identified that SN in the rodent CNS exerts trophic-like
functions to stimulate neurite outgrowth in cerebellar granule cells (Gasser et al., 2003)
and promote neuroprotection and neuronal plasticity (Shyu et al., 2008). In conjunction,
SN has chemoattractive functions to regulate inflammatory responses (Fischer-Colbrie et
al., 2005). We aimed to investigate related effects and other potential functions of SN in a
critical cell type of the regenerative capable teleost brain. Besides their neuroendocrine
functions, RGCs are neuronal precursors and respond to inflammatory signals to increase
proliferation and subsequent neurogenesis following brain injury (Kyritsis et al., 2012).
Although we did not test directly the involvement of SNa in regulating RGCs in
neurogenesis, transcriptomic responses show SNa has a largely stimulatory effect on
transcripts involved in CNS functions. Most notable are neurogenesis, glial cell
development, axon guidance, neuronal activity, and synaptic plasticity (Chapter 3). Again
at the molecular level, this trophic-like effect was also observed in the RGC proteome
where a low dose of SNa increased expression of proteins involved in cell growth,
proliferation and migration (Chapter 4). However, at higher doses, proteins involved in
these cellular processes were decreased, indicating that these potential trophic effects are
dose-dependent in goldfish RGCs. Together, these altered gene and protein networks
involved in CNS processes, cell growth, proliferation, and migration suggest SNa may
function to regulate these stem-like RGCs in neurogenesis, however future work is
needed to fully address this hypothesis. Furthermore, there was a major enrichment of

gene networks related to immune processes caused by SNa suggesting this neuropeptide
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may elicit immunogenic effects in RGCs (Chapter 3). As we have shown, RGCs through
their expression of immune system pathways, proinflammatory signals and receptors are
suspected to be active participants in regulating neuroinflammatory processes (Chapter 3
and 4). SNa may therefore be a proinflammatory factor released from neurons that trigger
appropriate responses in surrounding glia. Similar mechanisms have been observed for
other granins, such as chromogranin A. In the rat brain, chromogranin A triggers a
phenotypic transformation of microglia activating them to produce nitric oxide and TNFa
(Taupenot et al., 1996; Ciesielski-treska et al., 1998; Ulrich et al., 2002). In addition, SN
is differentially regulated in many neurodegenerative conditions such as Alzheimer
disease (Kaufmann et al., 1998; Marksteiner et al., 2002; Lechner et al., 2004) which
involve reactive microglia and astrocytes (Liu et al., 2011). Our data shows that SNa can
regulate proteins known to be involved in neurodegenerative diseases (Chapter 4) and
provide potential immune-related mechanisms (Chapter 3) that may explain the
involvement of SNa in activating glia in these conditions. These transcriptomic and
proteomic responses provide a framework for future studies to target these physiological,
behaviour, and morphological effects of SNa in RGCs (see below).
5.3. Concluding remarks

The results presented in this thesis (Fig 5.1.) provide the first evidence that RGCs
are under neuronal control through the release of the granin-derived neuropeptide — SNa.
Given the lack of information on the influences of SNa on glia, we provide the beginning
investigations of how RGCs are controlled by neuropeptides. In the goldfish preoptic area,
SNa from neurons affect surrounding RGCs by reducing cyp9alb expression. Through

transcriptomic and proteomic responses we propose SNa exert neurogenic and
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immunogenic effects in RGCs. These molecular responses provide insight for future
research that addresses the effects of SNa in glia or other cell types. We have also
generated the first reference RGC transcriptome for any fish species, revealing diverse
receptor and molecular signaling profiles, indicating that RGCs can respond to and
synthesize an array of hormones, peptides, cytokines, and growth factors. In combination
with our proteomic characterization, these datasets provide understanding of the
molecular functions of these cells and will have impacts in the fields of neurogenesis and
neuroendocrinology for which this cell type has become a favourable model.
5.4. Future Directions

The extensive new data presented provide numerous possible directions for future
research on new functions and regulation of RGCs. Here, we identify four main lines of
investigation that should be considered.
1. Comparison of the differentially expressed transcriptome to the differentially
expressed proteome in response to SNa is an important next step. This will help to
analyze if there are some directional correlation between mRNAs and proteins while
determining which mRNAs and proteins that share a common directional change or
discordant directional change, as these are most likely SNa-regulated.
Transcriptome/proteome relationships following dopamine receptor activation have been
reported for the whole hypothalamus of goldfish (Popesku et al., 2010). Utilizing an
amenable in vitro cell system, such as our RGC culture, should allow refined time-course
analysis to better establish the transcript-protein relationship.
2. It will be essential to identify the signal transduction pathways that mediate effects of

SNa in RGCs. The putative SN receptor has yet to be identified, however, data suggest

121



SN acts through both G-protein coupled receptors and non-G-protein coupled receptor
growth factor-like signaling cascade (Zhao et al., 2010; Trudeau et al., 2012). Possible
mechanisms include activating PKC, PKA, MAPK signaling cascades, increases in Ca”"
signaling, or through Jak/Stat3 signaling pathway. Notably, GSEA in Chapter 3 identified
increases in several receptor-signaling pathways involving cAMP response element-
binding protein (CREB) / ETS domain-contain protein (ELK)-serum response factor
(SRF) signaling. Therefore taking advantage of our RGC culture, future in vitro
pharmacological assays should be conducted to determine SNa-induced signaling
pathways in RGCs.

3. The cellular processes that are associated with the altered gene and protein networks
should be identified. Although our study provided the molecular mechanisms in which
SNa may regulate these cellular processes further research is needed to determine the
physiological outcomes of SNa exposure. These could include a combination of in vitro
and/or in vivo models utilizing our new scg2a/b knockout zebrafish lines (Hu et al.,
unpublished data) to study the responses and behaviour of RGCs in the absence of SN
signaling.

4. The evolutionary relationships between teleost and mammalian RGCs should be
established. Comparison of the goldfish RGC transcriptome and proteome with
corresponding mammalian glial datasets would help to determine the cellular nature
teleost RGCs. Current data suggest they are astrocyte-like, but it is clear from our
transcriptomic and proteomic data that teleost RGCs are complex and multifunctional. By

identifying the molecular similarities and differences this may elucidate the permissive
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molecular systems that allow for successful regeneration in the teleost brain compared to

mammals, while discovering further functions unique to fish RGCs.
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Figure 5.1. Summary of the in vitro effects of SNa on goldfish radial glial cells as
determined by transcriptomics and proteomics.
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Appendix 1: Zebrafish telencephalic stab lesion assay implicates aromatase B and

secretogranin II systems in injury and repair

Al.1. Introduction

Teleost models offer an excellent opportunity to investigate the mechanisms
involved in successful regeneration in the brain because of their unique ability of adult
regeneration (Grandel and Brand, 2013). These proliferative and regenerative capacities
in fish brain are partly due to the persistent abundance of RGCs (Pellegrini et al., 2007;
Strobl-Mazzulla et al., 2010). RGCs are a bipolar shaped progenitor cell type present in
the developing central nervous system (CNS) of all vertebrates (Rakic, 1972; Gtz and
Huttner, 2005). As a stem-like cell, RGCs can differentiate into neurons or other glia cell
types (Radakovits et al., 2009). However, in mammals RGCs are manly a transient cell
type differentiating into astrocytes at the end of cortical development and only two
populations remaining in adulthood — the anterior part of the subventricular zone of the
lateral ventricle and subgranular zone of the dentate gyrus. These two areas are the only
constitutive neurogenic regions of the adult mammalian brain, which explains the limited
capacity for neurogenesis in mammals (Brunne et al., 2010; Ming and Song, 2011).
Another unique feature of fish RGC:s is their capacity for neuroestrogen producing
through the expression of the estrogen-synthesizing enzyme, aromatase B (cypl9alb)
(Forlano et al., 2001). Neuroestrogens have an established role in the mammalian brain as
being neuroprotective and having antiapopotic effects in neurogenesis and brain repair
(Garcia-Segura, 2008; Saldanha et al., 2009; Scott et al., 2012). However, in the teleost

brain, which exhibits both high aromatase activity and extensive neurogenesis, the
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neurogenic effects of neuroestrogens remain inconclusive. Two studies in zebrafish found
anti-proliferative effects of 17-f estradiol in several regions of the male brain (Diotel et
al., 2013; Makantasi and Dermon, 2014). However, one study in goldfish found that
genes related to RGC function and dopamine neuron recovery were aromatase-dependent
after a neurotoxin treatment that affects catecholaminergic neurons including those
producing dopamine (Xing et al., 2016b).

Although the fish brain has remarkable regenerative abilities after brain injury,
little is known on both the regulatory factors that control this response and the
involvement of aromatase B. Due to the emerging data in rodents suggesting the
neuroprotective and neurogenic properties of SN (Shyu et al., 2008) we wanted to
investigate if this neuropeptide was involved in the regenerative response in fish. SN is
found in dense-core secretory vesicles in cells of the nervous and endocrine tissues and is
generated from the endoproteolytic processing of its precursor protein secretogranin
(Sgll) (Kirchmair et al., 1993; Fisher-Colbrie et al., 1995). In teleost fish there are two
Sgll isoforms, Sglla (scg2a) and Sgllb (scg2b), which produce their respective SNa and
SNb peptides caused by the whole genome duplication process that occurred around the
teleost emergence (Zhao et al., 2010). The precursor protein SgII is poorly conserved in
fish with exception of the SN domain which is conserved from fish to mammals (Zhao et
al. 2009). Besides its immune and neuroendocrine functions, SN has an established role
in brain tissue repair aiding in functional neural regeneration and neurogenesis (Shyu et
al., 2008). In addition, SN is differentially regulated in brain ischemia (Marti et al., 2001;
Shyu et al., 2008; Hasslacher et al., 2014), Alzheimer disease (Kaufmann et al., 1998;

Marksteiner et al., 2002; Lechner et al., 2004), and epilepsy (Pirker et al., 2001; Marti et
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al., 2002). Therefore, the objective of this study was to study the transcriptomic responses
of cypl19alb, scg?a, and scg2b after telencephalic injury in order to implicate theses

systems in neuronal repair mechanisms.

Al.2. Methods
A1.2.1. Animal care

All procedures used were approved by the University of Ottawa Protocol Review
Committee and followed standard Canadian Council on Animal Care guidelines on the
use of animals in research. Zebrafish (Danio rerio) were held in a closed re-circulated
facility at 28.5 °C and on a 14-10 h light-dark cycle. For sacrifice, fish were anesthetized
on ice before severing the spinal cord.
A1.2.2. Telencephalic injury

Methods used for this assay were followed as previously described (Diotel et al.,
2013). Briefly, adult female zebrafish were anesthetized with 3-aminobenzoic acid
ethylester (MS222) and a sterile 30 G %2 needle was inserted in one of the telencephalic
hemispheres guided by landmarks on the head. Then using pressure the needle was
inserted to penetrate a depth of 1.5 mm. In addition, an external control group of fish
were handled and anesthetized in the same way however with no telencephalic injury.
Fish were then allowed to recover and then sacrificed two and four days post injury (dpi).
A1.2.3. RNA extraction, cDNA synthesis, and qRT-PCR

A total of 9 injured or non-injured (contralateral control) telencephali were pooled
and 5 external control telencephalons were pooled before RNA extraction. For

information on RNA extraction, cDNA synthesis, and qRT-PCR refer to Chapter 2.
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Table Al.1. Primers (5°23’) used for qRT-PCR

Gene Primer Sequence (Forward) Primer Sequence (Reverse)

cypl9alb GCAAAGGGGACAAACCTAATC TGACGAGGACAAACTGTAAACC

scgla CGCTTCATCTAAAACCAACACC AGGCGTCCAATCATCAGTTC

scg2b TGATGACGATGCGGTAGATG GGTGTCTCTTTTGGCGAGTG

eefla GAGCTTCTCCACCTACCCTC TGCAGACTTTGTGACCTTGC

A1.2.4. Statistics

Before analysis, data was tested for normality (Shapiro-Wilk’s test) and
homogeneity of variance (Levene’s test). Data that were not normally distributed were
transformed to meet parametric assumptions. Comparison of more than two groups was
performed using two-way analysis of variance (ANOVA) followed by a Tukey post-hoc

in Graphpad Prism (version 6.0). P< 0.05 were considered to be statistically significant.
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Al.3. Results
A1.3.1. Stab lesions in the zebrafish telencephalon affects the mRNA levels of scg2a,
scg2b, and cyp19alb

To understand the involvement of Sglla, Sgllb, and aromatase B in the
regenerative response a zebrafish telencephalic stab lesion assay was performed. A two-
way ANOVA analysis was used to investigate the effects of injury and time post injury
on the expression of scg2a, scg2b, and cypl9alb. At two dpi there were no significant
changes (P <0.05) in scg2a (Fig. A.1.1A), scg?2b (Fig. A1.1B), and cyp19alb (Fig.
A1.1C) mRNA levels in the injured hemisphere compared to both external and
contralateral controls. After four dpi, scg2a mRNA levels significantly decreased in the
injured hemisphere (P < 0.05) compared to the external control (Fig. A1.1A), while scg2b
mRNA levels significantly decreased (P < 0.05) compared to both external and
contralateral controls (Fig. A1.1B). Similarly, injury caused a significant decrease in

cypl9alb mRNA levels compared to external control (P < 0.05) (Fig. A1.1C).
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Figure Al.1. Quantitative real-time PCR analysis showing the effects of telencephalic
injury on the relative amounts of scg2a (A), scg2b (B), and cyp19alb (C) mRNA in

female zebrafish 2 and 4 days post injury (dpi). Data were normalized and defined as fold
change relative to control. Bars represent the mean + SEM (n = 6). Two-way ANOVA
followed by Tukey’s test was performed to test the effects of injury and time post injury.

Groups marked by an asterisk or different letters are significantly different (P < 0.05).
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Al.4. Discussion

Using a zebrafish telencephalic stab lesion assay we showed the responses of
aromatase B and both Sglla and SglIb in order to study their involvement in the
regeneration paradigm. It should be noted that in comparison to other studies here we
included an external control to control for potential responses that were not related
specifically to injury. After injury cypl9alb mRNA levels slightly decreased 4 dpi
compared to external control but not to contralateral controls with no response observed
at 2 dpi. A similar study, but in males, found that compared to a contralateral control,
cypl9alb mRNA levels drop rapidly after 30 min, then re-stabilizes around 24 h, before
dropping again from 48 h onwards (Diotel et al., 2013). Although only two time points
were used in the present study, we show cypl9alb mRNA levels are not altered at 2 dpi
and only slightly decreased at 4 dpi during a time where there is significant increases in
proliferation at the ventricular surface (Diotel et al., 2013). Therefore this supports
previous findings that aromatase B expression and ventricular/periventricular cell
proliferation have an inverse relationship suggesting aromatase B may not be involved in
compensatory neurogenesis.

This is the first study to investigate the Sgll systems following brain injury in fish.
To our surprise, both scg2a and scg2b mRNA expression decreased at 4 dpi in the injured
telencephali, with a more robust response in scg2b. We predicted increases in these
transcripts given SN, the Sgll-derived peptide, has previously been shown to increase
following brain injury and in pathophysiological conditions of the CNS (Marti et al.,
2001; Marti et al., 2002; Shyu et al., 2008). The time points chosen for this study were

based on responses of another member of the granin family, SglIll, in reactive mouse
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astrocytes (Paco et al., 2010). Since SN functions to regulate immune system responses
through promoting chemotaxis of several types of immune system cells (Fischer-Colbrie
et al., 2005) and levels of key cytokines involved in active inflammatory responses have
been shown to peak by 24 h post injury in the zebrafish brain (Kyritsis et al., 2012), the
time points used in our study may have been too long post injury to see potential
increases in the the expression of SN precursors Sglla and Sgllb. Furthermore, after
experimental autoimmune encephalomyelitis is induced in the rat brain, there is a close
correlation between SN-immunoreactivity and macrophage infiltration indicating SN may
play a role in leukocyte recruitment in the CNS (Storch et al., 1996). Consequently,
future studies should investigate the rapid responses of Sglla and SglIb after injury to
better correlate with the timing of the immune response and also use
immunohistochemistry to localize the expression of SNa and SNb relative to the site of
injury. Nonetheless, we show that telencephalic injury can affect scg2a and scg2b mRNA
levels, which implicates SgII and potentially the bioactive peptides it generates in injury

and repair in the adult fish brain.
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Appendix 2: Other research contributions

Xing, L., McDonald, H., Da Fonte, D. F., Gutierrez-Villagomez, J. M., Trudeau, V. L.
2015. Dopamine D1 receptor activation regulates the expression of the estrogen synthesis
gene aromatase B in radial glial cells. Frontiers in Neuroscience 9: 310.

Xing, L., Martyniuk, C. J., Esau, C., Da Fonte, D. F., Trudeau, V. L. 2016. Proteomic
profiling reveals dopaminergic regulation of progenitor cell functions of goldfish radial
glial cells in vitro. Journal of proteomics 144: 123-132.

Xing, L., Gutierrez-Villagomez, J. M., Da Fonte, D. F., Venables, M. J., Trudeau, V. L.

2016. Dehydroabietic acid cytotoxicity in goldfish radial glial cells in vitro. Aquatic
Toxicology 180: 78-83.
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