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Abstract

Nestin is a type VI intermediate filament protein that marks proliferative cells in
the central and peripheral nervous system of vertebrates during development and
adulthood. Nestin is not only expressed in progenitor cells of neuronal tissues but is also
present in muscle, heart, lung, pancreas and skin follicle tissues. The goal of this thesis is
to investigate and characterize the nestin protein in goldfish and relate nestin expression
to neuroregeneration and brain plasticity events in the adult goldfish forebrain. Currently
little is known about nestin function and regulation in vertebrates, especially in fish. In
this study we used Rapid amplification of cDNA ends PCR (RACE-PCR) to isolate
goldfish nestin mRNA. We uncovered several different mRNA transcripts. PCR analysis
and sequencing further identified three different nestin transcripts of 4003, 2446, and
2126 nucleotides with a predicted protein length of 860, 274, and 344 amino acids
respectively. We next applied a multiple-antigenic peptide (MAP) strategy to generate a
polyclonal goldfish-specific nestin antibody against a 23 amino acid sequence located at
the N-terminal end of goldfish nestin. Western blotting revealed the existence of three
different nestin protein isoforms (nestin A, B and C); the first report of nestin isoforms in
teleost species. Nestin expression and distribution in the goldfish brain is complex and
revealed both individual and tissue-dependent variations. The most remarkable finding
following principal component analysis of the western blot data was the uniqueness of
the pituitary, hypothalamus and telencephalon. These tissues are proliferative in nature
containing progenitor and proliferative cellular pools that are involved in important
biological axes such as the motor and reproductive axis. Interestingly, all three tissues
were able to change their proliferative cellular profile of nestin protein expression to

alleviate the detrimental effects of the neurotoxin 1-methyl-4-phenyl-1,2,3,6-
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tetrahydropyridine (MPTP) upon administration. The toxin MPTP destroys dopamine
neurons in the fish brain leading to motor deficits and reproductive difficulties. The
incorporation of 5-bromo-2’-deoxyuriding (BrdU) into newly synthesized DNA revealed
an upregulation of BrdU immunolabeling following MPTP administration in the area
telencephali pars dorsalis (Vd) and along the ventricular surface area of the telencephalon
suggesting the generation of new neurons in the adult central nervous system. This thesis
reports novel nestin isoforms and illustrates regenerative events occurring in the goldfish
telencephalon following a neurotoxic insult. This work provides a framework for future
investigations of the differential roles and regulation of the nestins to better understand

seasonal neuronal plasticity, neuronal regeneration and neuronal circuitry in teleost.
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Résumé

La nestine est une protéine de filaments intermédiaires de type VI qui marque les
cellules prolifératives dans les systémes nerveux périphérique et central des vertébrés
durant le stade de développement et a 1’age adulte. La nestine se trouve non seulement
dans les cellules progénitrices des tissus neuronaux, mais aussi dans les tissus
musculaires, cardiaques, pulmonaires et pancréatiques, et dans les follicules de la peau.
La présente thése a pour objectif d’analyser et de caractériser la protéine nestine chez le
poisson rouge et d’établir un rapport entre la présence de la nestine et la
neuroregénération et neuroplasticité du cerveau antérieur de celui-ci. A I’heure actuelle,
on en connait peu sur les fonctions de la nestine et son role en mati¢re de régularisation
chez les vertébrés, particulierement chez les poissons. Pour les fins de cette étude, nous
avons utilisé une technique d’amplification rapide d’extrémités d’ADNc PCR (RACE-
PCR) pour isoler ’ARNm de la nestine. Nous avons découvert plusieurs produits de la
transcription ARNm. L’analyse et le séquengage PCR ont, de plus, permis d’identifier
trois différents produits de la transcription nestine de 4003, 2446 et 2126 nucléotides,
avec une longueur de protéine prévue de 860, 274 et 344 acides aminés respectivement.
Nous avons ensuite fait appel a une stratégie d’antigeénes peptidiques multiples pour créer
un anticorps polyclonal nestine propre au poisson rouge contre une séquence de 23 acides
aminés situés dans la région N-terminale de la nestine. Le transfert de type Western a
révélé I’existence de trois protéines isoformes distinctes de la nestine (nestine A, B et C);
le premier signalement d’isoformes de nestine chez les téléostéens. L expression et la
répartition de la nestine dans le cerveau du poisson rouge sont complexes et ont réveélé
des variations a la fois individuelles et dépendantes des tissus. L’une des constatations les

plus remarquables suivant I’analyse des données principales du transfert de type Western



concernait le caractére unique de I’hypophyse, de I’hypothalamus et du télencéphale. Ces
tissus sont prolifératifs de nature et contiennent des bassins cellulaires progéniteurs et
prolifératifs qui jouent un réle importants dans les axes biologiques, notamment les axes
moteur et reproductif. Fait intéressant, ces trois tissus ont réussi a modifier leur profil
cellulaire prolifératif li¢ a I’expression de la protéine nestine afin d’atténuer les effets
nuisibles de la neurotoxine 1-méthyle-4-phényle-1,2,3,6-tétrahydropyridine (MPTP) au
moment de son injection. La toxine MPTP détruit les neurones de dopamine dans le
cerveau du poisson, entrainant des problémes de motricité et de reproduction.
L’incorporation de 5-bromo-2’-deoxyuridine (BrdU) dans I’ADN nouvellement
synthétisée a révélé une régulation a la hausse de ’immunomarquage BrdU suivant
I’administration de la MPTP dans la zone telencephali pars dorsalis (Vd) et le long de la
surface ventriculaire du télencéphale, suggérant la création de nouvelle neurones dans le
systéme nerveux central de I’adulte. La présente these fait état de nouveaux isoformes de
nestine et de la survenance d’événements régénérateurs dans le télencéphale du poisson
rouge a la suite d’une atteinte neurotoxique. Elle fournit également un cadre de travail
pour d’autres recherches sur les roles différentiels et la fonction de régularisation des
nestines dans le but de mieux comprendre la plasticité neuronale saisonnicre, la

régénération neuronale et la circuiterie neuronale chez les téléostéens.
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Chapter 1
General Introduction

1.1. Thesis Overview

The findings of this research project provide a platform for future investigations
of dopaminergic (DAergic) neuronal regeneration in the goldfish and increases our
knowledge about brain plasticity. The characterization of the nestin proteins in goldfish is
presented. Nestin is an intermediate filament (IF) protein and neuronal stem cell (NSC)
marker involved in regenerative processes in vertebrates. The studies conducted also
investigated cellular death, tissue damage and regeneration mechanisms in goldfish

following a neurotoxic insult.

1.1.1. Hypotheses

1) Nestin protein is differentially expressed in the goldfish brain based on sex and

in response to MPTP treatment.

2) Dopaminergic neurons regenerate in the area telencephali pars dorsalis (Vd) of

the goldfish brain as a recovery mechanism following MPTP insult.

This research project focuses on investigating the neuroanatomical effects of 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) on DAergic neurons in the goldfish
brain, identifying regenerating DAergic neurons following MPTP injection and
characterizing the nestin protein during neuronal regeneration. In Appendix A, I first
confirmed previous reports (Poli et al. 1990; Pollard et al. 1992; Goping et al. 1995;
Lucchi et al. 1998) and observed MPTP-induced depletion of dopamine (DA) neurons in

the telencephalon and optic tectum as determined using tyrosine hydroxylase (TH)



immunohistochemistry (IHC). Other evidence such as the recovery of catecholamine
content, specifically DA and norepinephrine (NE), in the goldfish brain following a
neurotoxic insult (Poli et al. 1992; Pollard et al. 1992) and axonal and tissue regeneration
following brain injury (Contestabile et al. 1979; Levine 1983; Scherer and Easter 1984;
Stuermer 1986) indicates that these DA neurons regenerate following injury or a
chemical lesion showing the existence of NSCs in the adult teleost brain. Testing this
hypothesis required the generation and validation of the first anti-nestin goldfish antibody
presented in Chapter 2. Western blotting experiments suggests that the predicted 98 kDa
nestin protein is processed to three smaller fragments in vivo. This study reports for the

first time the presence of three novel nestin isoforms in a teleost species.

Nestin protein distribution is sex- and tissue-dependent and reveals a complex
expression pattern as described in Chapter 2 and 3. Nestin protein expression also
changes following a neurotoxic insult in comparison to control animals (Chapter 3). The
changes observed in nestin expression patterns, especially in neurogenic brain regions
involved in both reproductive and motor control such as the hypothalamus and
telencephalon, could suggest the occurrence of neuronal regeneration. In Chapter 4, we
explore the possibility of neuronal regeneration in the ventral telencephalon following the
administration of the neurotoxic insult MPTP. Chapter 5 elaborates on the
accomplishments of this study and reviews the key findings of this thesis. This thesis
advances our knowledge in neuronal brain plasticity and expand on neuronal regeneration

following injury in teleost .



1.2. Introduction

Dopamine is a key neurotransmitter that plays an important role in movement,
reward mechanism, and reproduction in vertebrates. Abnormalities in the functioning and
signaling pathways of DAergic neurons can lead to reproductive difficulties in
vertebrates and even neurodegenerative diseases such as Parkinson's disease (PD). A
parkinsonian syndrome can be induced in fish (Poli et al. 1990; Poli et al. 1992; Goping
et al. 1995; Popesku 2009; Sallinen et al. 2009), rodents (Horby et a/. 1987; Date et al.
1990a, 1990b; Lucchi et al. 1998; Hamill et al. 2007), primates (Burns et al. 1983;
Pollard et al. 1992; Lucchi et al. 1998) and humans (Pollard et al. 1992; Lucchi et al.
1998; Oki et al. 2008) by injecting the neurotoxin MPTP. The toxin MPTP causes a
degradation of DAergic neurons and a loss of DA innervation in the brain leading to
disease. Goldfish are amenable models to study signaling pathways and disease
mechanisms because they have the ability to regenerate damaged neurons. For example,
Poli et al. (1992) showed full recovery of DA levels in the goldfish brain after 6 weeks of
injecting the neurotoxin MPTP. Another study documented increases in global
transcriptional profiles of genes associated with DA neurogenesis such as nestin, nuclear
receptor related 1 (nurrl), paired-like homeodomain transcription factor 3 (pitx3) and
homolog of Drosophilia orthodenticle 2 (otx2) in goldfish following MPTP injection
suggesting the occurrence of spontaneous regeneration of hypothalamic DAergic neurons
(Popesku 2009). Given the central and unequivocal importance of DA in the inhibition of
reproduction by suppression of luteinizing hormone (LH) and its role in motor control, it
is important to study and understand the DA signaling pathway in vertebrates (Peter et al.

1978; Dufour et al. 2005, 2009, 2010; Popesku et al. 2008).



The aim of this thesis is to explore the ability of teleost to overcome neuronal
death and decreased DA content induced by MPTP toxicity. This study investigates the
strong propensity for neuronal remodelling and recovery mechanisms in teleost
specifically along the DAergic signaling pathway in the goldfish telencephalon by
exploring the nestin proteins. This study explores DAergic regeneration along the motor
axis specifically at the area telencephali pars dorsalis (Vd). This work will provide a
better understanding of normal plasticity events in teleost as well as cellular turnover and

proliferative cell maintenance in the brain.

1.3. Nestin: A multi-cell lineage marker

Nestin is a class VI intermediate filament protein expressed in neural progenitor cells
and is present in the cytoskeleton of cells undergoing cellular division (Lendahl ef al.
1990; Yamaguchi et al. 2000; Wiese et al. 2004; Michalczyk and Ziman 2005; Mahler
and Driever 2007). Nestin is a NSC and progenitor cell marker of multi-lineage origin
that is abundant in both the central nervous system (CNS) and peripheral nervous system
(PNS) and is also found in other cell types and tissues including cardiomyocytes, dental
epithelium and pancreatic progenitor cells (Lendahl et al. 1990; Kachinsky ef al. 1995;
Terling et al. 1995; Yamaguchi et al. 2000; Esni et al. 2004; Wiese et al. 2004; Mahler
and Driever 2007). Nestin has also been identified in endothelial cells of developing
blood vessels and skeletal muscle in rats and in Miiller cells of the retina and radial glial
cells (RGC) in humans (Lendahl ef al. 1990; Tohyama et al. 1992; Sejersen and Lendahl
1993; Zimmermann et al. 1994; Mokry and Nemecek 1998; Walcott and Provis 2003).
Additional immunohistochemical studies performed in mouse, rat and human showed

nestin-expressing cell types in neuronal precursor cells, RGCs and Schwann cells (Wiese



et al. 2004; Michalczyk and Ziman 2005; Mahler and Driever 2007; Mérz et al. 2010;
Carmona et al. 2011). Nestin was successfully used as a neurogenic marker by
Yamaguchi et al. (2000) who generated transgenic mice expressing green fluorescent
protein under the regulation of the nestin regulatory genes and was able to track and
observe neurogenesis. Mahler and Driever (2007) also demonstrated that nestin could be
used as a NSC marker in zebrafish. As goldfish and zebrafish are closely related species
from the family Cyprinidae, nestin can also be used as a NSC marker in goldfish and

other teleost species.

To elaborate, nestin is abundantly present during early neurogenesis and the
observation of nestin expression is directly implicated in tissue regeneration (Frederiksen
and McKay 1988; Wiese et al. 2004; Michalczyk and Ziman 2005). The upregulation of
nestin following injury is indicative of extensive remodeling in both the CNS and PNS as
well as in other tissues such as pancreas, skeletal muscle and gastrointestinal tract (Lin et
al. 1995; Duggal et al. 1997; Namiki and Tator 1999; Tsujimura et al. 2001; Vaittinen et
al. 2001; Lardon et al. 2002; Wiese et al. 2004). The timing of the appearance of nestin
in cells is also linked with the formation of lineage-specific progenitor or precursor cells
suggesting that nestin upregulation could directly increase DAergic progenitor cell pools
following MPTP injection (Wiese et al. 2004). More specifically, Wiese et al. (2004)
observed a transient co-expression of nestin with cell lineage markers such as glial
fibrillary acidic protein (GFAP) by performing immunohistochemistry (IHC) on
embryonic stem cells in vitro at specific time-points that define the induction of
progenitor cells into a specific cell lineage. Other in vitro experiments also illustrate that

embryonic stem cells can first differentiate into nestin-expressing cells and later into



neuronal and glial cells (Fraichard et al., 1995; Striibing et al. 1995). Unfortunately the
mechanism of re-activation of nestin following injury is not well understood. However,
there are studies demonstrating a link between nestin and neuroprotective functions and
regenerative events. We can observe NSC deficiencies and increased cellular apoptotic
events in a knockout mouse model of nestin where the self-renewal ability of nestin is
decreased (Park et al. 2010). A similar effect is observed in zebrafish with a morpholino
knockdown of nestin where brain and eye developmental defects are evident via the

induction of neural proliferative cell apoptosis (Chen et al. 2010).

The function of nestin is not well known but the protein is thought to participate in
cellular structure and cytoskeletal dynamics in actively dividing cells (Michalczyk and
Ziman 2005). Nestin may regulate cytoskeletal dynamics through heteropolymerization
and homopolymerization of IF proteins such as vimentin and alpha-internexin (Sjoberg et
al. 1994; Michalczyk and Ziman 2005). Nestin may also play a role in stabilizing
cytoskeletal elements by linking IF proteins to microtubules and microfilaments
(Herrmann and Aebi 2000; Michalczyk and Ziman 2005). Although nestin has been well
characterized in various mammalian models including mouse, rat and human we are only
starting to unravel the role of nestin in fish (Lendahl et al. 1990; Dahlstrand et al. 1992;

Yang et al. 2001; Chen et al. 2010).

1.4. Neuronal regeneration in goldfish (Carassius auratus)

1.4.1. Cellular markers of neurogenesis

Tyrosine hydroxylase is an accepted catecholaminergic marker, especially for DA

neurons, that has been well characterized as a DA cell marker and previously used by



many studies for this purpose (Hornby et al. 1987; Poli et al. 1990; Goping et al. 1995;
Pollard et al. 1996; Rink and Wullimann 2001). Catecholamine describes a group of
neurotransmitters that act as hormones in the blood and regulates various endocrine
systems such as reproduction and the stress axis (Kastenhuber et al. 2010). These
catecholamines are known as DA, epinephrine (E) and norepinephine (NE) and they are
all synthesized from a common precursor, tyrosine, which undergoes a series of
enzymatic reactions dependent on cellular demands. Tyrosine hydroxylase is the rate-

limiting enzyme in the biosynthesis of catecholamines (Nagatsu et al. 1964).

Firstly, tyrosine undergoes hydroxylation by TH and then decarboxylation by
DOPA decarboxylase to form DA (Kuhar et al. 1999). Subsequently, DA can be further
hydroxylized by DA B-hydroxylase to give rise to NE (Kuhar ef al. 1999). Then,
phenylethanolamine N-methyltransferase can methylate NE to produce E, the third
catecholamine (Kuhar et al. 1999). Hornby et al. (1987) have shown that TH-
immunoreactivity (TH-ir) is present in the cell bodies of DA neurons in the goldfish
brain. Popesku (2009) reported that the decrease of DA levels observed after MPTP
injection in the goldfish brain coincides with an increase in hypothalamic gene expression
of TH and nestin. The observed increase in gene expression of DA and nestin suggests

the occurrence of spontaneous regeneration of hypothalamic DAergic neurons in the

goldfish brain (Popesku 2009).

There are numerous other markers for neurogenesis including glial fibrillary acidic
protein (GFAP), protease activated receptor 1 (PAR1), nuclear receptor related 1 (nurrl),
paired-like homeodomain transcription factor 3 (pitx3), dopamine transporter (DAT), and

aldehyde dehydrogenase 1 (ALDHI). For example, GFAP and nestin are present in NSCs



cultured from brain cortex astrocytes of injured rat brains and these NSCs were capable
of differentiating into neurons and glia (Itoh et al. 2006). The ability of marking and
measuring neurogenic markers will provide insight into regenerative states of various

tissues in vertebrates.

1.4.2. Regenerative ability

Goldfish can regenerate damaged cells, tissues, and axons in the CNS as a recovery
mechanism following disease or injury but little is known about the regenerative pathway
(Levine 1983; Scherer and Easter 1984). Axonal regeneration is defined as “the re-
growth of a severed axon from the same axotomised neuron” and neuronal regeneration
is defined as “the replacement of lost cells or tissues from NSCs” (Becker and Becker
2008). The rapid increase in genes involved in both neurogenesis and DAergic
neuroregeneration including nestin, nurrl, pitx3, otx2, TH, DAT, dopamine D2 short
isoform (D2S), glial-derived neurotrophic factor (GDNF), GFAP, oligodendrocyte
lineage transcription factor 2 (ol/ig2), pten-induced putative kinase 1 (PINK1), cyclin-
dependent kinase 5 (cdk5), oncogene DJ1 (DJ-1), ubiquitin carboxyl-terminal esterase L1
(uch-L1) and B-actin following 4-7 days post-injection (dpi) of MPTP is coincident with
a short recovery period in the goldfish brain providing further evidence towards neuronal
regeneration as a recovery mechanism (Popesku 2009; Popesku et al. 2012). For
example, olig2 is involved in DA neuron development by committing DA precursor cells

in zebrafish (Borodovsky et al. 2009).

Scherer and Easter (1984) have reported on axonal regeneration in the trochlear nerve

of goldfish. In addition, Stuermer (1986) reported the ability of goldfish to regenerate the



retinotectal pathway even though regenerating axons often divert from their normal
growing path to reach their target sites. Axonal regeneration in the optic nerve has also
been coupled to increased protein synthesis and axonal transportation of proteins such as
tubulin, actin, glycoproteins and other proteins along the optic tract 8 days following
optic nerve injury (Murray and Grafstein 1969; Springer and Agranoff 1977; Benowitz et
al. 1981). Contestabile et al. (1979) have also reported a regenerative potential in the
goldfish brain in regenerating catecholamine innervation following chemical lesion with
6-hydroxydopamine (Contestabile et al. 1979). All of the above studies indicate that the
goldfish has high regenerative ability in reforming axonal tracts and tissues in the CNS
and could therefore have the ability to regenerate DA neurons in the telencephalon as a

recovery mechanism following a neurotoxic insult.

1.4.3. Neurogenesis of dopamine neurons

Neurons are generated from progenitor cells that arise from neuronal stem cells
during development and in the mature vertebrate brain (Yamaguchi et a/. 2000). Stem
cells are defined as unspecialized and undifferentiated cells capable of self-renewing
themselves via cell division as well as developing into numerous tissue-specific and
organ-specific cell types during early life and growth (Vankelecom 2007). Stem cells
have an asymmetric division giving rise to one equivalent stem cell, thereby sustaining
the stem cell pool in a given tissue or organ, and gives rise to one daughter/progenitor

cell (Vankelecom and Gremeaux 2009).

Neuroepithelial cells are progenitor cells arising from embryonic stem cells in early

development (Fig. 1.1). As the organism develops, these progenitor neuroepithelial cells



multiply and proliferate and form the ventricular zone in the CNS (Barry et al. 2014).
Later in development, the neuroepithelial cells serve as NSCs and exhibit self-renewal
and multipotency capabilities (Barry et al. 2014). They then mature into transit-
amplifying cells called RGCs that express nestin and can be identified using the marker
brain lipid-binding protein (BLBP) (Wiese et al. 2004; Barry et al. 2014). Radial glial
cells have multi-lineage capability and can differentiate to give rise to astrocytes,
oligodendrocytes, and neurons. More specifically, DA neurons can arise from the
differentiation of RGCs in the brain by the regulation of various transcriptional factors
and signals (Fig. 1.1). RGCs major role is to provide guidance during neuronal migration

of newborn neurons (Gotx and Barde 2005; Barry et al. 2014).

Differentiation of DAergic neurons in the teleost midbrain is very similar to
mammalian mesencephalic DAergic neuronal development; however, the origin of the
DA precursor cells differs in early induction of DA neurons (Riddle and Pollock 2003).
To elaborate, the midbrain DA neuron precursors in zebrafish migrate from the ventral
diencephalons in comparison to the isthmic organizer (IsO) in the mammalian midbrain,
which is located at the mesencephalic/metencephalic boundary (Rink and Wullimann
2001, 2002; Wullimann and Rink 2001, 2002; Holzschuh et al. 2003; Ma 2003). The
predominant DA neuronal signals and transcriptional factors leading to DA neuron
generation include Notch signalling, nurrl, sonic hedgehog (Shh) glycoprotein, Wnt
proteins, pitx3 and otx-2 factors (Fig. 1.1) (Kapsimali et al. 2001; Riddle and Pollock
2003; Castelo-Branco et al. 2005; Dirian et al. 2014). For example, nurrl receptor is
involved in neuronal differentiation of DAergic neurons in the substantia nigra (SN) and

ventral tegmental area (VTA) of mice (Castillo ef al. 1998). Nurr 1 is also important for
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regulating the expression of the biosynthetic enzyme TH and dopamine transporter DAT
(Prakash and Wurst 2006). Pitx3, nurrl, Wnt, otx2 and Shh have been shown to be
important players in mammalian DAergic neuron development (Prakash and Wurst 2006;
Smidt and Burbach 2007). Similarly, nurrl and pitx3 are important for DAergic neuron
development in teleost (Filippi et al. 2007; Blin et al. 2008; Luo et al. 2008). The
upregulation of genes relating to neurogenesis and to the development and maturation of
DA neurons could give us insight into the permissive factors involved in goldfish
regenerative mechanism following MPTP injection.

Furthermore, the transitions from one IF type to the next marks important
differentiation steps undergone by proliferative cells to differentiate into a neuron
(Mahler and Driever 2007). Characterizing the nestin IF could be a key concept in
understanding the transition time-points from NSC to a neuronal cell in the goldfish
brain. There is a sequential order of transition steps between the various IF types to give
rise to the mammalian CNS during development. In the developing mammalian CNS,
class I and class II IFs are observed and these represent the cytokeratins (Dahlstrand et al.
1992). Following neurulation, class VI IFs (eg. nestin) and class III IFs (eg. desmin)
appear in the cytoskeleton. During terminal neural differentiation, a downregulation of
nestin is followed by the induction of class IV IFs (eg. neurofilaments) (Dahlstrand ef al.
1992). There is also transient expression of other IFs types such as alpha-internexin (class
IV) during CNS development and GFAP (class III) expressed in astrocytes (Dahlstrand et
al. 1992). In this thesis, nestin expression was extensively studied to investigate the
regenerative possibilities in the goldfish telencephalon and observe brain plasticity and

regular proliferative cell maintenance in the proliferative cell pools.
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The mammalian CNS expresses some level of plasticity and flexibility where new
neurons can be generated, however, the mechanism remains unknown (Yamaguchi et al.,
2000). In early mammalian development, RGCs are abundant in the brain but, as
development progresses, only a few RGCs persist in the mammalian adult brain. In
adulthood, the neurogenic areas become segregated into two main neurogenic areas
known as the subventricular zone (SVZ) lining the ventricle and the subgranular zone
(SGZ) of the dentate gyrus (Mérz et al. 2010). Throughout the adult mammalian brain,
RGCs can only be found in the olfactory bulb (OB), the telencephalon, the SVZ and SGZ
(Liu et al. 2006; Brunne et al. 2010). On the other hand, RGCs in the adult teleost fish are
present early during development and are more abundant throughout adult life in the
various neurogenic areas including the telencephalon contributing to teleost increased
neurogenic capabilities (Zupanc and Clint 2003; Mahler and Driever 2007; Pelligrini et

al. 2007; Mérz et al. 2010; Zupanc and Sirbulescu 2011; Barry et al. 2014).
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Figure 1.1. Simplified dopamine neuronal differentiation pathway during development
and in adulthood of teleost. The figure outlines and highlights key signaling factors and
players in teleost neurogenesis and DAergic neuron regeneration. The figure is not to
scale, see text for details.

1.5. Neurotoxicity of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
1.5.1. Mechanism of action

MPTP is a neurotoxin that is a useful tool for the study of neurogenesis after
neuronal damage. After injection in vivo, MPTP is converted to 1-methyl-4-
phenylpyridinium (MPP") in the brain by the enzyme monoamine oxidase B of glial cells
specifically astrocytes and serotonergic neurons in the primate brain and selectively taken

up by DA neurons via a dopamine transporter (Chiba at al. 1984; Javitch and Snyder
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1984; Westlund et al. 1985; Snyder et al. 1986; Singer et al. 1987; Pollard et al. 1992,
1996; Gainetdinov et al. 1997). In turn, MPP" accumulates in the brain and inhibits
complex I of the respiratory chain on the inner membrane of the mitochondria inducing
anoxia, anaerobic respiration and cell death (Vyas et al. 1986; Singer et al. 1987; Tipton
and Singer 1993; Sriram et a/. 1997; Sallinen et al. 2009). Goping et al. (1995) have
demonstrated, using light and electron microscopy, that injection of MPTP in the goldfish
leads to progressive irregularities of neuronal nuclei and granularization of nucleoplasm.
These histochemical abnormalities were observed in the adult goldfish telencephalon
especially near the ventricle followed by cellular abnormalities in the preoptic area
(POA) and hypothalamus (Goping et al. 1995; Sallinen et al. 2009). These areas are
involved in DAergic brain signaling for both the reproductive and motor axis (Sallinen et
al. 2009). Pollard et al. (1996) were among the first to suggest the goldfish as a model for

Parkinson’s disease (PD) to study neuronal control of motricity.
1.5.2. Neurotoxicity effects of MPTP on catecholamines

The highest level of catecholamines can be found in the forebrain of the goldfish,
which comprises the midbrain’s optic tectum and the telencephalon (Goping et al. 1995).
MPTP injection selectively depletes DA and NE in the telencephalon, hypothalamus,
optic tectum and cerebellum of the adult goldfish brain (Poli ez al. 1990; Pollard et al.
1992; Goping et al. 1995; Lucchi et al. 1998). MPTP injection also reduced TH-ir and
DA levels in DAergic neurons of the goldfish retina (Guarnieri et al. 1989; Poli et al.
1990). Tyrosine hydroxylase-ir was reduced at the mid-telencephalic level near the area
ventralis (Vv) and the cytoplasmic processes of TH-ir neurons were reduced (Poli ef al.

1990). In addition, morphological changes were observed in the affected TH-ir neurons
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where the cytoplasmic matrix of TH-ir neurons in the POA was condensed and the
endoplasmic reticulum and mitochondria were swollen following MPTP treatment (Poli
et al. 1990). Interestingly, the selective depletion of DA and NE in the forebrain of the
goldfish coincides with the loss of mobility after MPTP injection (Poli et al. 1992;
Pollard et al. 1992; Lu et al. 2014). The neurotoxic effects of MPTP appear to be specific
to catecholaminergic neurons as no significant changes were observed in the
glutamatergic, cholinergic, and GABAergic markers in the goldfish brain (Poli et al.
1992). A parallel decrease of DA and NE has also been reported in PD patients in the

basal ganglia, the neocortical, and the limbic structures of the brain (Scatton et al. 1983).

In goldfish, DA content in the brain (forebrain, midbrain, cerebellum and vagal lobe)
reaches its lowest level 3-5 days following injection of MPTP (Poli ef al. 1990; Pollard et
al. 1992; Youdim et al. 1992). Interestingly, Poli et al. (1992) reported full recovery of
DA levels in the telencephalon, diencephalon and medulla oblongata in the goldfish brain
after 6 weeks of MPTP injection and partial recovery of other catecholamine 4 weeks
after injection. Norepinephrine recovery to baseline levels following MPTP injection has
been reported to take longer than DA recovery (Poli et al. 1992). Pollard ef al. (1992)
reported reversible changes in DA and NE levels in the goldfish brain following MPTP
administration where NE and DA levels were lowest at 5 dpi and DA levels returned to
baseline levels by 8 days followed by recovery of NE towards normal levels. The
catecholamine recovery described in various studies in the goldfish further supports the
concept of neuronal regeneration and brain plasticity events following a neurotoxic insult.
The findings of these studies led us to formulate the hypothesis that DA neurons are

regenerating in the telencephalon following a complex mechanism of neuronal
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remodelling. These data indicate that goldfish are susceptible to MPTP toxicity and the
areas affected undergo neurochemical changes that are relevant to changes observed in
primates. The telencephalon was the focus of this research thesis as this brain tissue has a
high neurogenic capacity, is abundant in proliferative cells where RGCs reside and is
involved in important biological and behavioural functions such as motricity and

reproduction.

1.5.3. Effects of MPTP on neuronal markers

In goldfish, Popesku (2009) reported an upregulation of TH, DAT, nestin, nurrl,
pitx3, otx2, GDNF, GFAP, and D2S coincident with the recovery of DA levels following
MPTP injection. Similarly, an increase in TH and DAT expression was observed in
mouse and monkey following the injection of MPTP (Ohye et al. 1995; Goulet et al.
1999; Kuhn et al. 2003; Miller et al. 2004). The upregulation of nestin has also been
observed in the mammalian substantia nigra (SN) following MPTP treatment where the

DAergic neurons involved in mammalian motricity reside (Zhao et al. 2003).

Furthermore, an increase of olig2, PINK1, cdk5, DJ-1, uch-L1, and B-actin was
observed following 4-7 days of MPTP injection (Popesku 2009). Some of these markers
are signals and transcription factors that specifically trigger DA neuronal differentiation
(Saucedo-Cardenas et al. 1998; Riddle and Pollock 2003; Smidt et al. 2003; Vernay et al.
2005; Martinat et al. 2006; Smits and Smidt 2006; Filippi et al. 2007; Omodei et al.
2008; Borodovsky et al. 2009; Jacobs et al. 2009). For example, otx2, pitx3 and nurrl are
important factors involved in the development and maturation of DAergic neurons in the
mammalian mesencephalon and zebrafish ventral diencephalon (Saucedo-Cardenas et al.

1998; Riddle and Pollock 2003; Smidt et al. 2003; Vernay et al. 2005; Martinat et al.
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2006; Smits and Smidt 2006; Filippi et al. 2007; Omodei et al. 2008; Jacobs et al. 2009).
In rat, nurrl is required for the expression of TH and may serve a protective role for the
degeneration of DAergic neurons observed in PD (Sakurada et al. 1999; Saijo ef al.
2009). The changes in gene expression following the injection of MPTP further

corroborate the idea of neuronal regeneration to repair damaged tissues in the brain.

1.6. Goldfish as a model organism

1.6.1. Role of dopamine in Parkinson’s Disease

Dopamine participates in four different pathways in the vertebrate CNS, which
are the mesolimbic, the mesocortical, the tuberoinfundibular, and the nigrostriatal
pathways (Riddle and Pollock 2003; Kastenhuber et a/. 2010). The mesolimbic pathway
is involved in motivation and transmits DA from the ventral tegmental area (VTA) of the
midbrain to the limbic system via the nucleus accumbens (Mogensen ef al. 1980;
Bjorklund and Dunnett 2007; Iversen and Iversen 2007; Van den Heuvel and Pasterkamp
2008). The mesocortical pathway is involved in cognitive control, motivation and
emotional response and transmits DA from the VTA to the frontal cortex (Bjorklund and
Dunnett 2007; Van den Heuvel and Pasterkamp 2008; Kabanova et al. 2015). The
tuberoinfundibular pathway is involved in the secretion of certain hormones such as
prolactin and transmits DA from the hypothalamus via the arcuate nucleus to the pituitary
gland (Porter et al. 1990; Benskey et al. 2014). Finally, the nigrostriatal pathway is
involved in voluntary movement in mammals and originates in the substantia nigra pars
compacta (SNc) and innervates the telencephalic dorsal striatum (Marshall et al. 1974;

Hornby et al. 1987; Goping et al. 1995; Olanow and Tatton 1999). The destruction of
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cells in the nigrostriatal pathway produces observable motor deficits in vertebrates
(Goping et al. 1995; Horby et al. 1987; Poli et al. 1992; Sallinen et al. 2009). For
example, severe motor deficiencies were observed in a cat following MPTP-injection

(Schneider and Markham 1986).

Parkinson’s disease is a CNS disease characterized by loss of axonal tracts as well
as loss of specific cells and tissues relating to motor function (Becker and Becker 2008).
The Parkinson-like symptoms such as bradykinesia and tremors can be generated in
goldfish (Poli et al. 1990; Poli et al. 1992; Goping et al. 1995; Popesku 2009), zebrafish
(Sallinen et al. 2009), rodents (Horby et al. 1987; Date et al. 1990a, 1990b; Lucchi et al.
1998; Hamill et al. 2007), primates (Burns et al. 1983; Pollard et al. 1992; Lucchi et al.
1998) and humans (Pollard et al. 1992; Lucchi et al. 1998; Oki et al. 2008) following
MPTP injection. Unlike mammalian models, the behavioural bradykinesia observed in
goldfish treated with MPTP is reversible where the greatest bradykinetic effects are
observed at 3-4 dpi and goldfish recover to non-observable motor deficits following 6 dpi
of MPTP (Poli et al 1992; Pollard et al. 1992). The bradykinetic behaviours observed in
goldfish are described as decreased swimming activity and increased resting time
(Pollard et al. 1992). Goldfish (Carassius auratus) are among many model organisms
used for neuroendocrine studies and they are an excellent model organism because they
are cost effective and provide neuroanatomical homologues to that of higher vertebrates
for studying the DA signaling pathway (Pollard et al. 1992; Popesku et al. 2008). The
goldfish blood-brain barrier is also greatly abbreviated thus some toxins and other
compounds can easily enter the brain, making the goldfish an attractive animal model

(Weinreb and Youdim 2007).
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Parkinson’s disease is characterized by the degradation of DA synthesizing
neurons in the SNc¢ and loss of DA innervation to the striatum (Sirinathsinghju et al.
1988; Goping et al. 1995; Oki et al. 2008; Sallinen et al. 2009). The toxin MPTP causes a
depletion of DAergic neurons in the striatum and the SNc¢ of primates as well as a
depletion of TH-ir cell bodies and fibers in the SNc¢ (Schneider and Markham 1986;
Adams et al. 1989; Burns et al. 1983; Chiueh et al. 1984; Hallman et al. 1985; Heikkila
et al. 1984a; Irwin et al. 199; Langston et al. 1984; Schneider et al. 1986; Waters et al.
1987). A similar degradation of DA neurons has been observed in the goldfish brain
following MPTP injection and parallels a parkinsonian syndrome observed in humans

affected by PD (Poli et al. 1990; Pollard et al. 1992; Goping et al. 1995).

Although a substantia nigra has not yet been definitively identified in the goldfish,
immunocytochemical and evolutionary studies suggest the nucleus telencephali pars
medialis (NPM) as a homologous structure to the SNc (Goping et al. 1995). The NPM is
susceptible to damage following MPTP injection and innervates a striatal area in the
telencephalon of the goldfish brain providing further evidence to its homology to the SN¢
(Goping et al. 1995). The damage observed to neurons in the NPM is similar to that
observed in SNc¢ neurons in mammals (Pollard et al. 1992; Goping et al. 1995; Lucchi et
al. 1998). The SNc is most likely not in the goldfish midbrain as observed in mammalian
models as there is no TH-ir bodies observed in this region based on IHC (Hornby et al.
1987; Hornby and Piekut 1990). The NPM structure identified in the goldfish
corresponds to the previously identified area dorsalis, pars centralis (Dc) of the goldfish

telencephalon (Peter et al. 1975; Hornby and Piekut 1990; Goping et al. 1995).
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Furthermore, the Vd in the goldfish brain has been proposed as the homologous
structure to the striatum of mammals based on immunocytochemical evidence and
depletion of DA following MPTP injection (Franzoni et al. 1986; Sas et al. 1990; Pollard
et al. 1992; Goping et al. 1995; Wullimann and Mueller 2004). The neuronal
irregularities and malformations observed in DAergic cell populations after MPTP
treatment are located in the forebrain of the goldfish telencephalon, including the Vd,
NPM and POA (Goping et al. 1995). Sas et al. 1990 reported that the ventral region of
the teleost telencephalon, thought to be the equivalent brain structure to the mammalian
striatum, receives DAergic innervation from other telencephalic neurons. For these
reasons, the telencephalon is most likely the location where DAergic regeneration occurs
to reestablish DA signaling and innervation following MPTP injection. All of these
studies provide evidence that the basic neural circuits and endocrine signaling pathways
of goldfish are comparable to those of primates making the goldfish an excellent model to
study PD and neuronal remodelling. The ability of goldfish to reverse the behavioural
impairments and neurochemical effects of MPTP as well as recover quickly from MPTP
toxicity could be a result of shorter distances traveled by proliferative cells to the affected
areas to undergo regeneration and thus contributes to the observed high neurogenetic

brain capacity in the goldfish brain.

1.6.2. Role of dopamine in reproduction

Much of our knowledge of DA signaling in teleosts comes from analysis of the
inhibitory role of DA in reproduction (Peter ef al. 1978). Several neuropeptides and
receptors are involved in the neuroendocrine regulation of teleost reproduction (Guilgur

et al. 2006; Klausen et al. 2002; Lethimonier et al. 2004; Trudeau et al. 2000; Trudeau
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1997). This thesis provides a platform for future studies focusing on the effects of DA in
the neuroendocrine regulation of teleost reproduction. There is a dual neuroendocrine
control of reproduction in teleost involving both DA and gonadotropin-releasing hormone
(GnRH) (Dufour et al. 2010). Both DA and GnRH regulate the release of LH, a hormone
produced from the gonadotrophs in the pituitary, which triggers gonadal growth, sex
steroids and sex pheromone synthesis as well as sperm production and ovulation in
teleost (Trudeau 1997). Dopamine is the single most potent inhibitor of reproduction in
teleosts (Dufour ef al. 2010). Dopamine acts as an inhibitor of LH release whereas
GnRH stimulates the release of LH from the pituitary gonadotrophs and thereby both
neuropeptides regulate teleost reproduction (Stacey et al. 1979; Dufour et al. 2005, 2009,
2010). Dopamine acts directly on the gonadotrophs in the pituitary to inhibit LH release
and inhibits GnRH-stimulated LH release in the brain thereby inhibiting reproduction in

fish (Omeljaniuk ef al. 1987; De Leeuw et al. 1989).

The DA neurons involved in the inhibition of LH release are localized in the
nucleus preopticus (NPO) and extend to the pituitary (Peter and Paulencu 1980; Kah et
al. 1987). More specifically, DA inhibits the release of LH in the teleost brain via the D1
receptor on the GnRH neurons in the teleost brain and via the D2 receptor on the
gonadotrophs of the pituitary (Kebabian and Calne 1979; Monsma et al. 1989; Yu and
Peter 1990). In teleosts, a disinhibition of DA is necessary to obtain a surge of LH release
and ovulation (Stacey et al. 1979; Chang and Peter 1983). As a result, the goldfish
expresses a distinct pattern of DA expression throughout the seasonal reproductive cycle
allowing the organism to reproduce only at sexual maturity (Trudeau et al. 1993; Dufour

et al. 2005; Le Page et al. 2010). Although DA also has a role in reproduction in other
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species such as amphibians, birds and mammals, it only plays a key inhibitory role in

fish.

Physical or chemical lesions in the CNS can alter DA brain content and levels
providing a venue to study DA signaling pathways involved in reproduction. Injection of
MPTP reduces the abundance of DA synthesis and release in the brain thereby decreasing
DA’s inhibitory effect on LH release and ovulation and potentiates release of LH by
GnRH (Peter ef al. 1986). MPTP leads to a depletion of DA in the telencephalic POA and
hypothalamic region of the goldfish brain, two areas involved in teleost reproduction and
control (Peter and Paulencu 1980; Ball 1981; Kah et al. 1987; Poli et al. 1990; Anglade et
al. 1993; Goping et al. 1995). Remarkably, goldfish exhibit brain plasticity and
remodeling capability and thus have the ability to counteract the negative effect of
MPTP-induced DA depletion in the telencephalic and POA (Poli et al. 1990; Goping et
al. 1995). It appears that the goldfish reproductive cycle returns to basic hormonal control
a few days following MPTP injection as DA levels rise and return to basal levels (Poli et
al. 1992; Pollard et al. 1992). MPTP-treatment studies could provide further insight into
the molecules involved in brain plasticity and seasonal neuronal remodelling in teleost.
Also, increasing our body of knowledge of DA regulation could have a major implication

for inducing spawning of teleosts in aquaculture.

Furthermore, several lesional and behavioural studies in goldfish have
demonstrated that fibrous telencephalic projections to the hypothalamus and from
hypothalamus to the pituitary regulate courtship behaviour and spawning during the
reproductive season (Oka and Ueda 1981; Kyle and Peter 1982; Koyama et al. 1984;

Fryer et al. 1985). There are also telencephalic fibers connecting the telencephalic POA
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to the hypothalamic nuclei such as the nucleus preoticus (NPO) and nucleus preopticus
periventricularis (NPP) (Airhart ef al. 1988). For example, lesions in the Vv or the PN
leads to spawning impairments in male goldfish (Kyle and Peter 1982; Koyama ef al.

1984).

Seasonal neuronal remodeling and cellular maintenance are two important events
to ensure regular motor activity and successful reproduction of fish at the optimal time
during life meaning at sexual maturity, during the breeding season, and at the proper
annual gonadal growth cycle. For example, Zhang et al. (2009) studied seasonal changes
on gene expression profile and identified genes in the hypothalamus that were
differentially expressed during different stages of the goldfish reproductive cycle such as
aromatase b and calmodulin. All of these events are interlinked and can be affected by
injury, disease and exposure to environmental or chemical toxins. Understanding the
normal cellular maintenance events of proliferative pools in teleost in normal conditions
as well as following a neurotoxic insult will provide the basis to understanding brain
plasticity events in adult fish. These studies will provide a foundation to understanding
neuronal remodelling and link the participation of nestin into regenerative mechanisms

employed by fish to alleviate the toxicity effects of MPTP.
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Chapter 2
Characterization of multiple nestin isoforms in the goldfish brain

2.1. Introduction

Nestin is an intermediate filament (IF) protein that is mostly found in cells
undergoing mitosis, for example cells undergoing cellular division in both the central
nervous system (CNS) and peripheral nervous system (PNS) (Wiese et al. 2004;
Michalczyk and Ziman 2005; Mahler and Driever 2007). Nestin is often used as a
progenitor cell marker in many species and labels cells such as radial glia that exhibit
self-renewal and multipotency capabilities (Michalczyk and Ziman 2005; Mahler and
Driever 2007; Mérz et al. 2010; Carmona et al. 2011). Teleost fish have abundant
progenitor cells and, compared to humans, have a higher capacity to regenerate neurons
following injury. Nestin function and the subsequent upregulation of nestin observed
following injury could be the key to understanding cellular regeneration. In this study, we
characterized the nestin proteins in the goldfish, a species with exceptional capacities for
adult neurogenesis and CNS repair (Levine 1983; Scherer and Eater 1984; Zupanc and

Sirbulescu 2011).

Nestin-positive cells have the ability to give rise to neurons and glial cells upon
cellular differentiation (Wiese et al. 2004; Mahler and Driever 2007). The subependymal
zone of the lateral ventricle and the subgranular zone of the dentate gyrus in the
hippocampus are the only two distinct proliferative areas in the adult mammalian brain
that give rise to new neurons (Alvarez-Buylla and Garcia-Verdugo 2002; Taupin and
Gage 2002; Goldman 2003; Garcia et al. 2004; Merkle et al. 2004; Doetsh and Hen 2005;

Lledo and Saghatelyan 2005). On the other hand, teleost fish have numerous neurogenic
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areas especially in the forebrain and these areas are dense with progenitor and stem cells.
More specifically, the telencephalon has a remarkable neurogenetic capacity especially
near the ventral and dorsal telencephalic areas (Mahler and Driever 2007; Mérz et al.
2010). The proliferative areas are identified as the ventricular zones of the telencephalon,
the diencephalon, the midbrain-hindbrain boundary, and the ciliary marginal zone of the

retina in teleosts (Michalczyk and Ziman 2005).

Several studies have explored the various roles of the nestin protein. One study
reported that nestin can affect the efficiency of a cell to move particles (e.g., vesicles)
intracellularly, thereby providing structural and functional support during cellular
proliferation (Michalczyk and Ziman 2005; Chen et al. 2010; Carmona et al. 2011).
Nestin can also control the localization and partitioning of IFs within the cytoskeleton,
thereby affecting the distribution of cellular components during mitosis (Michalczyk and
Ziman 2005; Chen et al. 2010). This suggests that nestin plays a role in reorganizing
cytoskeletal filaments, thus controlling cellular dynamics by regulating the
polymerization of various IFs (Mahler and Driever 2007). Although many functional
properties of nestin protein have been proposed, its mechanism of action at the molecular

level still remains unclear.

Data to date suggest that the nestin protein contains a short amino terminal and a
long carboxyl end and is fairly well conserved among species such as chicken, mouse,
rat, zebrafish, frog and human (Mahler and Driever 2007; Chen et al. 2010). Severe
developmental malformations such as morphological abnormalities are visible in
zebrafish morphants that are injected with a nestin morpholino (Chen et al. 2010). These

abnormalities included decreased body and head growth, small eyes, underdeveloped
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retinal lens, brain defects, and developmental defects of motor neurons, axons, and glial
cells in the brain (Chen et al. 2010). These morphants also exhibited decreased
proliferative cell niches in the developing nervous system resulting in fewer progenitor
cells possibly caused by cellular apoptosis and death (Chen ef al. 2010). All of these
observations suggest that nestin is involved in the mechanism controlling neurokinetic

capacity and regenerative cellular processes.

Characterization of the nestin protein in teleosts could provide a better
understanding of the mechanisms underlying brain plasticity. Herein we investigate the
nestin protein in the goldfish brain and describe the generation of the first fish-specific
nestin antibody, a new tool to study teleost neurogenesis. The characterization of 3 novel
nestin isoforms in the goldfish could also provide insight into neurogenic capabilities in

other vertebrates.

2.2. Materials and methods

2.2.1. Animal maintenance

Adult female goldfish (Carassius auratus) were purchased from a commercial
supplier (Mt. Parnell Fisheries Inc., Mercersburg, PA, USA) and maintained at 18°C
under a natural-simulated photoperiod on standard flaked goldfish food. Fish were kept in
70L tanks (15-18 fish/tank). All procedures were performed according to the guidelines
of the Canadian Council on Animal Care and were approved by the University of Ottawa
animal care committee. Goldfish were anesthetized using 3-aminobenzoic acid ethylester

(MS-222; 0.05% in water, Sigma Chemicals) for all handling and sampling procedures.
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2.2.2. Rapid amplification of cDNA ends-polymerase chain reaction (RACE-PCR)

Five female goldfish brain was dissected and frozen on dry ice immediately and
stored at -80°C. Total RNA was isolated using RNeasy mini kit (Qiagen, Toronto,
Canada, 74134). The GeneRacer™ Kit (Invitrogen, Burlington, Canada, L150201) was
used to obtain the 5°- and 3’-ends of goldfish nestin (nes) cDNA following the
manufacturer’s instructions. To obtain the 5’-mRNA end of goldfish nes, the mRNA was
initially dephosphorylated and then the mRNA cap structure was removed and replaced
with GeneRacer™ RNA Oligo using RNA ligase. Reverse transcription was performed
on the mRNA using Thermo Scientific Maxima First Strand cDNA Synthesis Kit
(Invitrogen, Burlington, Canada, K1642). The cDNA was used to amplify both 3’ and 5’
RACE-PCR using the GeneRacer™™ Primer specific to the GeneRacer ™ RNA Oligo
sequence and gene-specific primers (Table 2.1). The gene-specific primers were designed

using Primer3 Software (http://bioinfo.ut.ee/primer3-0.4.0/) based on the partial goldfish

nes cDNA sequence (GenBank FJ855222.1). Goldfish nes cDNA was cloned using a
nested and external PCR approach with a Platinum Taq DNA Polymerase High Fidelity
enzyme (Invitrogen, Burlington, Canada). The PCR cycling parameter consisted of 2 min
at 94°C; 5 cycles of 30 sec at 94°C and 1 min at 72°C; 5 cycles of 30 sec at 94°C and 1
min at 70°C; 25 cycles of 30 sec at 94°C, 30 sec at 65°C and 1min at 68°C and a final
extension of 10 min at 68°C. PCR products were cloned into either pCR4-TOPO vector
(Invitrogen, Burlington, Canada) or pPGEM-T Easy Vector (Promega, WI, USA) and at
least 3 different clones were sequenced using Applied Biosystems 3730 DNA Analyzer at
the Ottawa Health Research Institute. Based on the obtained sequence for goldfish nestin

A (nesa) transcript (GenBank KT373807), a second round of RACE-PCR was performed
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to obtain the complete 3’-end of goldfish nesa transcript using new gene-specific primers

(Table 2.2). Procedures were performed as explained above.

2.2.3. Production of rabbit anti-goldfish nestin antiserum

A polyclonal antibody against goldfish nestin was generated using a multiple
antigenic peptide (MAP) strategy (Basak et al. 1995). The peptide used was composed of
23 amino acids VVSIQRQKAKNAQAEAQRKLMES, located at the N-terminal of
goldfish nestin (GenBank FJ855222.1). This peptide sequence was selected based on
secondary structure, antigenicity and hydrophilicity analyses using the proteomics tools

in the Expasy website (www.expasy.ch). The peptide was synthesized on a 4-branched

lysine MAP core to form the immunogenic peptide nestin23-MAP (MW 10,456 g/mol).
A total of 6 rabbits were used to generate the anti-nestin antibody. Nestin23-MAP (1 mg)
was suspended by vortexing in 0.2 ml of pure glacial acetic acid (ACROS) and then 0.8
ml of sterile distilled water was added to the solution. The solution was further mixed
with ~2.2 ml Freund’s complete adjuvant for the first injection into rabbits. For all
subsequent injections ~2.2 ml of Freund’s incomplete adjuvant was used. The injections
were administered at the interval of every 4 weeks with 2 intramuscular injections of 0.25
ml and 5 subcutaneous injections of 0.2 ml for a total injection volume of 1.5 ml per
rabbit. Blood sample (~1.5 ml) was collected every 14 days following injections until the
final bleed at 4 months post the initial injection. Preliminary serum analysis by dot and
western blotting indicated that rabbit 9 had the highest titer and this anti-serum was used

in all subsequent experiments.
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2.2.4. Protein extraction and SDS-PAGE

Brain tissues and pituitaries of sexually regressed female goldfish (26 g = 7g body
weight; 1.8+0.5, gonadosomatic index) were obtained in June — August for protein
extraction and western blotting. The tissues were dissected and immediately frozen in dry
ice and stored at -80°C until analysis. A photograph showing the various goldfish brain
regions is presented in Supplementary Figure 2.1. Tissues were homogenized in various
volumes of homogenizing buffer (HEPES, pH 7.5; NaCl, 150 mM; EDTA, ImM; NaF, 1
mM; NaVOs, 0.1 mM; B-glycerophosphate, 10mM). The soluble proteins in the
homogenate were separated from the pellet by centrifugation (12,000 rpm; 12 min; 4°C).
Protein samples each containing 20ug were prepared for SDS-PAGE analysis by adding
3x reducing sample buffer (0.15M Tris-HCI, pH 6.8; 24% v/v glycerol; 4.8% SDS; and
0.06% bromophenol blue) and 2-mercaptoethanol. The protein samples were boiled for
15 min at 65°C and subsequently chilled on ice for 2 min before loading them into each
lane of a 10% SDS-polyacrylamide gel. Following electrophoresis protein band
separation, the gel was transferred to an Immobilon-P transfer membrane (Millipore,
Toronto, Canada) using the semi-dry transfer cell (Bio-Rad, Mississauga, Canada) at 20V

for ~70 min.

2.2.5. Western blot analysis

Western blot analysis was used to determine the specificity of the rabbit anti-
nestin goldfish antibody. The nestin antibody (1:500) was pre-absorbed overnight at 4°C
with 1uM nestin23-MAP or nestin23 linear peptide. The antibody was diluted in a

blocking buffer (1x TBS; 0.3% Tris-Base, 0.8% NaCl; 0.02% KCI, pH 8; 1% fat-free
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milk powder, and 0.05% v/v Tween 20). The membranes with the protein samples were
incubated in blocking buffer for 1hr at room temperature, and then exposed to anti-nestin
antibody at 1:500 or purified mouse anti-B-actin monoclonal antibody (Cedarlane,
Burlington, Canada, CLT9001; 4ug/ml) or rabbit anti-actin antibody (Sigma, Oakville,
Canada, A2066, 1:1200) diluted in blocking buffer overnight at 4°C. The next day, the
membrane was washed in a series of washes of 1XTBS-T (1xTBS with 0.05% v/v Tween
20) and 1xTBS. The protein standard ladder (Precision plus protein western C standards
161-0385, Bio-Rad, Mississauga, Canada) on the membrane was separated from the
remaining protein samples. The ladder was incubated with precision protein StrepTactin-
HRP conjugate (Bio-Rad, Mississauga, Canada, 161-0376) diluted in blocking buffer at
room temperature for 1.5 hrs. The membrane with the protein samples was incubated in
the secondary antibody ECL peroxidase labelled anti-rabbit antibody (GE Healthcare,
Mississauga, Canada, NA934, 1:50000) diluted in blocking buffer for 1.5 hrs. The protein
bands and the ladder on the membrane were detected using an ECL Prime Western
Blotting Detection Reagent kit (GE Healthcare, Mississauga, Canada, RPN2232) as
recommended by the manufacturer. The chemiluminescent signals on the membranes
were detected with the Fusion FXS5 detector system (MBI Lab equipment, Montreal,
Canada) or with the ChemiDoc™ XRS+ molecular imager system (Bio-Rad,
Mississauga, Canada) and quantified using the ImageJ1.431 software (Rasband 1997-

2014). Exposure times ranged from 1s to 5 min depending on signal intensity.
2.2.6. Mass Spectrometry

Female goldfish brain protein extract (40 pg) was loaded on a 10% SDS-

polyacrylamide gel and separated by electrophoresis. The different protein bands were
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revealed in the gel after Coomassie blue staining. The protein bands at molecular weights
~30, 40 and 70 kDa (Fig. 2.1) were excised from the gel. Aqueous NHsHCO; (100 pl; 25
mM) was added to each gel band in order to allow it to swell and then digested with the
enzyme trypsin (10 pl, 0.1pg/ml) overnight at 37°C. The following day, 100 pl of 50%
ACN/NH4HCO3/5%HOAC was added, then the sample was vortexed (~3-5 min) and
centrifuged (Eppendorft, 10 000 r.p.m., 15 min), and the supernatant collected. The
residual gel was extracted 3 additional times in a similar manner and all supernatants
containing the soluble proteins were combined and completely evaporated overnight in a
lyophilizer. The residue thus obtained was re-dissolved in 10 pl of 25 mM
NH4HCO3/50%ACN and then spotted (2x2 ml) on re-usuable gold plates and mass
spectra determined using a Surface-Enhanced Laser Desorption Ionization Time of Flight
(SELDI-TOF) instrument (Protein Chips, Ciphergen Biosystems Inc., Fremont, Ca,
USA). The material was allowed to dry at room temperature and another 2 pl of energy
absorbing matrix solution (CHCA) was added. The CHCA (a-cyano-4-hydroxycinnamic
acid, Fluka, 28480) solution was prepared by dissolving 10 mg of the material in a
mixture of 500 pl of 0.1% TFA/water and 500 pl of acetonitrile (ACN). The mass

spectral results were analyzed using the Ciphergen Protein Chip software v3.2.0.

2.2.7. Statistical analysis of western blot immunoreactivity signals

Canonical discriminant analysis and principal component analysis (PCA) were
used as dimension-reduction techniques because western blot analysis determined that
nestin expression is complex. The 3 major immunoreactive bands (~30, 40 and 70 kDa;
Fig. 2.1) varied in presence and intensity in a tissue-dependent manner and were

considered for further analysis. Canonical discriminant analysis for the different nestin
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proteins obtained from female goldfish (n=10) was performed using the PROC DISCRIM
and PROC CANDISC modules in SAS (Statistical Analysis System, v9.4, Cary, NC,
USA) software. A scree plot outlining a principal component factor analysis of protein
expression obtained from the western blots was performed to reveal the components
providing the most variance observed in the data set. The SAS software was also used for
PCA, which provided a series 2D score plots where the two principal components that
encompass the most variance within the data set are shown as the x- and y-axes. The 2D
plot provides a visual overview of all of the samples and their potential groupings.
Following the visualization of grouped samples in the PCA, a 3D plot was created using
NTSYS-pc (Rohlf 2009). Thus, three principal components for the nestin protein
expression provided a better visual representation of all the samples and their potential
groupings. The 3D plot also identifies the discriminating factors between the female
goldfish group in terms of nestin protein expression. The PCA was used to compare each
isoform across tissues and to identify the patterns of isoform expression in the various

brain regions and whole pituitary.

2.2.8. Phylogenetic analysis

Phylogenetic analysis of nestin was conducted using MEGAS (Tamura et al.
2011). Human vimentin was used as the outgroup in the phylogenetic tree and
evolutionary history was inferred using the Neighbor-Joining Method with a bootstrap
consensus of 1000 replicates to represent the evolutionary history of the taxa analyzed
(Felsenstein 1985; Saitou and Nei 1987). The branches that correspond to partitions
reproduced in less than 80% bootstrap replicates were collapsed. The evolutionary

distances were computed using the Poisson correction method (Zuckerkandl and Payling
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1965) and are in the units of the number of amino acid substitutions. A total of 73 amino
acid sequences were used in the analysis and all were obtained from Ensembl with the
exception of Carassius auratus transcript A, B, and C. All ambiguous positions were
removed for each sequence pair and a total of 2886 positions were present in the final

dataset.

2.3. Results

2.3.1. Isolation and characterization of goldfish nes mRNAs

We utilized RACE-PCR to isolate goldfish nes mRNAs in goldfish brain. The
results showed the presence of two different 5’-UTR ends where both contained the same
initiation codon but one had a deletion of 320 nucleotides (Supplementary Figure 2.2).
Two different 3°-UTR ends were also evident. Three different bands were detected
suggesting the presence of three different goldfish nes transcripts. The bands were fully
sequenced resulting in 4003, 2446 and 2126 nucleotides. The goldfish nes mRNA
sequences a, b, and ¢ were submitted to GenBank and have the following accession
numbers KT373807, KT373808 and KT373809, respectively. These three mRNAs are

predicted to encode for 860, 274 and 344 amino acids, respectively (Fig. 2.2).

2.3.2. Anti-nestin antiserum specificity

Identification of three different mRNA sequences and subsequent protein
predictions suggested the presence of multiple nestin isoforms (Fig. 2.2B). As a result,
we used a multi-antigenic peptide (MAP) strategy to generate a goldfish-specific nestin
antibody. Western blot analysis was performed to assess the specificity of the antibody by

pre-incubating the nestin antiserum with nestin23-MAP peptide (Fig. 2.1). Western blot
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analysis of proteins extracted from sexually mature female goldfish telencephalon tissue
revealed the presence of three major protein bands of ~30, 40 and 70 kDa (Fig. 2.1). On
the other hand, there were no bands detected when the antiserum was pre-absorbed with

nestin23-MAP peptide (Fig. 2.1) or with nestin-23 linear peptide (not shown).

2.3.3. Characterization of nestin-positive immunoreactive protein bands by mass

spectrum analysis

Nestin-immunopositive bands in western blot were analysed using mass
spectrometry of their enzyme (trypsin) digests. The representative mass spectrum of one
typical trypsin (unit of activity 0.164 nmol/hr/ul) digest is shown in Fig. 2.3. To
determine the identity of each protein band, we compared the observed molecular
weights of all fragments with those of calculated values based on the predicted amino
acid sequence of the nestins we cloned (GenBank accession no. KT373807, KT373808
and KT373809). The calculated theoretical molecular weights of nestin fragments
following trypsin digestion were obtained from the peptide cutter tool in Expasy website

(http://web.expasy.org/peptide_cutter/). This western blot and mass spectral data suggest

the existence of 3 isoforms of nestin protein in goldfish brain. The amino acid sequences
obtained for all 3 bands from the mass spectral data correspond to the predicted amino
acid sequences of goldfish nestin isoform A, B and C (Fig. 2.1). Importantly, all protein
sequences obtained from the mass spectrum analysis contain the 23-amino acid peptide
epitope used to generate the goldfish anti-nestin antibody, further supporting high

antibody specificity.
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Based on comparison of observed mass spectra of trypsin digests of the 30 kDa
protein band with the theoretical values, there is a 67% identity match of this protein as
nestin. In a similar manner the 40 kDa band exhibited an identity match of 63% with
nestin protein. The 70 kDa protein band showed a much higher identity match of 72% as
a nestin protein. Therefore, all bands on the western blot correspond to either one of the
three goldfish nestin isoforms (Fig. 2.1). Based on the mass spectral analysis, the
observed 30 kDa band corresponds to goldfish nestin isoform B with a calculated
molecular weight (MW) of 27.08 kDa and an amino acid length of 229. The 40 kDa band
likely corresponds to goldfish nestin isoform C with a calculated MW of 36.21 kDa with
a length of 306 amino acids. The 70 kDa band likely corresponds to goldfish nestin

isoform A with a calculated MW of 74.29 kDa with a length of 656 amino acids.

2.3.4. Distribution of nestin proteins in female goldfish brain and pituitary

The expression of nestin in pituitary, hypothalamus, telencephalon, optic tectum,
midbrain, cerebellum, vagal lobe, and brainstem was qualitatively analyzed by western
blotting (Fig. 2.4). Based on 10 different western blots of brain tissues and pituitaries, the
major nestin protein bands appear at different frequencies (Table 2.3). The ~40 kDa band
is clearly evident in all goldfish brain tissues and pituitary, and has the highest signal
intensity in comparison to the other bands. The ~70 kDa band is present in all tissues
except for the hypothalamus. However, the 70 kDa band appears at a lower frequency in
the telencephalon and the midbrain compared to the other tissues based on 10 female
goldfish western blots. There is also another nestin immunoreactive protein band of ~75
kDa evident in the female goldfish brain and pituitary western blot. Although this protein

band is absent from the pre-absorption western blot, it is likely that the ~70 kDa and ~75

35



kDa bands represent the same sequence with one having a post-translational
modification. The 75 kDa band was only evident after longer exposures and at a lower
frequency. The ~75 kDa band is present in all the tissues except for the hypothalamus and
the telencephalon. The ~30 kDa band is present in all the brain tissues and pituitary; this
band is very faint and only appears at higher exposure times compared to the other bands.
Although it is present in all the brain tissues and pituitary, it appears at a lower frequency
in the pituitary, hypothalamus, telencephalon and brain stem in comparison to the other

tissues.

The scree plot (Fig. 2.5A) reveals that the first three components provide the
greatest variability in the nestin protein expression data set as the line straightens after the
third principle component. The 2D plot (Fig. 2.5B) obtained from PCA illustrates that the
telencephalon is projected on the positive side of both the x- and y-axes. The
eigenvectors of the telencephalon also point in a different principal direction in
comparison to the other groupings. The telencephalon corresponds to the greatest positive
direction on axis 2 having the most positive variation in comparison to the other data
points. The plot illustrates that the data set is best classified based on the expression
pattern of nestin in the different tissues in the goldfish brain. The hypothalamus and
brainstem also contribute in the positive area, but very close to axis 1, whereas pituitary,
cerebellum, optic tectum, midbrain and vagal lobe contribute in the negative area of axis

2, but remain very close in proximity to axis 1.

The 3D plot (Fig. 2.6) considers the first three principal components for the nestin
expression pattern in female goldfish. As seen in Fig. 2.5B, the telencephalon has the

greatest variance in comparison to the other data points and provides further validity of
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the results obtained from the 2D plot. In comparison to the 2D plot, the pituitary is
observed on axis 3 followed by optic tectum and hypothalamus contributing to the
positive areas; followed by the midbrain, cerebellum, vagal lobe and brainstem on the
negative side of axes 2 and 3. In other words, pituitary and telencephalon are pulling in
opposite directions mainly on axes 2 and 1 (both Fig. 2.5B and 2.6); and the two against
the rest of the eight variables. The midbrain, cerebellum and vagal lobe are also high on

axis 3 and 1 whereas the brainstem is highest on axis 1 and lowest on axis 3.

2.3.5. Nestin protein is conserved in vertebrates

Sequence comparison of three goldfish nestin isoforms shows that they share
overall highly similar sequences, while they display a small difference at the C-terminal
short region. For example, compared to isoform A, isoform B has 3 unique residues at C-
terminus and isoform C has 31 unique residues (Supplementary Figure 2.3). The high
identity is also observed in the nestin mRNA a, b and ¢ sequences. The observation that
the beginning of the sequence for both mRNA and protein are identical suggests that
these three isoforms are products of the same nes gene, but they are generated by a

common mechanism of alternative splicing.

Goldfish nestin A is very similar to nestin proteins in zebrafish and other fish.
Multiple amino-acid alignments of goldfish nestin isoform A, B and C against 73 other
vertebrate nestin protein sequences illustrates evolutionary conservation (Supplementary
Figure 2.4). Goldfish nestin A has 70% sequence identity with zebrafish (Danio rerio);
46% with medaka (Oryzias latipes); and 45% with princess cichlid (Neolamprologus

brichardi). Goldfish nestin A has a 35% = 5% average identity with all other vertebrate
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species (BLASTP 2.2.29+, NCBI). Goldfish nestin B has 84% sequence identity with
zebrafish; 57% with Mexican tetra (4styanax mexicanus); and 53% with Atlantic herring
(Clupea harengus). Goldfish nestin B has a 41% = 9% average identity with all other
vertebrate species (BLASTP 2.2.29+, NCBI). Goldfish nestin C has 85% sequence
identify (Danio rerio); 58% (Astyanax mexicanus ); and 54% (Clupea harengus) and has
an average of 43% identity + 9% with all other vertebrate species (BLASTP 2.2.29+,

NCBI).

In mammals, nestin protein is predicted to be approximately 174-210 kilodalton
(kDa) in molecular weight and can be detected using mammalian nestin antibodies

(BLASTP 2.2.29+, NCBI; http://web.expasy.org/translate/). In teleosts, the predicted

molecular weights of the nestin protein varies among species from 140 kDa in the
Southern platyfish (Xiphophorus maculatus),; 143 kDa in the zebrafish (Danio rerio) to
185 kDa in the Spotted gar (Lepisosteus oculatus) measured using the proteomics tools

for protein translation in the Expasy website (http://web.expasy.org/translate/)

(Cunningham et al. 2015). Although other teleost nestin isoforms have not yet been
identified, we identified mammalian nestin isoforms in the prairie vole, squirrel, mouse,
rat, pig, buffalo, chimpanzee and human (BLASTP 2.2.29+, NCBI). All of the nestin
protein sequences and molecular weights in both mammals and teleosts are predictions
only, and were obtained based on extensive database searches of nestin mRNA sequences
via NCBI and Ensembl websites. More specifically, the predicted nestin protein
sequences were obtained using a protein translation tool and protein molecular weights
were measured using proteomics tools in the Expasy website

(http://web.expasy.org/translate/).
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An analysis of conserved domain using the pfam domain database (Finn ef al.
2014) revealed that the first 322 amino acids of the goldfish nestin isoform A, the first
271 amino acids of the goldfish nestin B and the first 315 amino acids of the goldfish
nestin C contain the conserved intermediate filament module (pfam00038) (Marchler-

Bauer and Bryant 2015).
2.3.6. Predicted structure of the goldfish nes gene

We further examined the genomic structures of nes homologs in other species
where the information was available and we found all nes genes share a four exon
genomic structure (Fig. 2.2A). Using zebrafish and human nes genomic structures as the
reference, we propose a likely genomic structure for the goldfish nes gene. This analysis
reveals that the long length of nes isoform A (compared to typical intermediate filaments)
is likely due to the extended transcription of the 4™ exon (F ig. 2.2B). By contrast, the
isoform B is probably derived from exon 1whereas the isoform C is derived from the

fusion of exon 1 and exon 2.

Specifically, the goldfish nesa mRNA is 4003 base pairs (bp) in length and
includes 149 bp of 5’ untranslated region (UTR), the transcription start site, and a 2580
bp open reading frame giving rise to a predicted protein sequence of 860 amino acids in
length. A poly-A signal, AATAAA, was found in the 3’end of the nucleotide sequence.
Based on the zebrafish nestin mRNA sequence, we predict that goldfish nesa mRNA is
likely composed of 4 different exons of 813 bp, 125 bp, 74 bp, and 1568 bp in length.
The predicted transcription start site is 82 bp downstream of the predicted TATA box

motif. The goldfish nesb mRNA is 2446 bp in length and includes 149 bp of 5° UTR, the
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transcription start site, and 822 bp open reading frame giving rise to a predicted protein
sequence of 274 amino acids in length. The poly-A signal AATAAA, was identified in
the 3’end of the nucleotide sequence. Similarly, based on the zebrafish nes mRNA
sequence, we predict that goldfish nesb mRNA is composed of exon 1 containing 822 bp
in length. The transcription start site is 82 bp downstream of the TATA box predicted
motif. The goldfish nesc mRNA is 2126 bp in length and includes 149 bp of 5° UTR, the
transcription start site, and a 1032 bp open reading frame giving rise to a protein
sequence of 344 amino acids in length. The poly-A signal AATAAA, was identified in
the 3’end of the nucleotide sequence. Based on the zebrafish nes mRNA sequence, we
predict that goldfish nesc mRNA is composed of two exons of 813 and 219 bp in length.

The transcription start site is 82 bp downstream of the predicted TATA box motif.

40



Nestin Isoform A =
Mw (average mass kDa): 74.29 / Amino Acids: 656

[YQMLE ... MEDIE VVSIQRQKAKNAQAEAQRKL MESRKELE ... PDSK]
18 22 93 125 670 673

Nestin Isoform C =
Mw (average mass kDa): 36.21 / Amino Acids: 306

[LPFTQ ... MEDIEVVSIQRQKAK NAQAEAQRKLMESRKELE ... VATYR]
8 12 93 125 309 313
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Nestin Isoform B =
Mw (average mass kDa): 27.08 / Amino Acids: 229

[YaMmL ... MEDIE VVSIQRQKAKNAQAEAQRKL MESRKELE ... LESTK]
18 22 93 125 242 246

Figure 2.1. Western blot analysis of female goldfish brain extracts using anti-nestin
rabbit antibody. Lane 1 represents the standard ladder and lane 3 is a positive control
and illustrates the actin protein size at 42 kDa. Lane 5 is a negative control where the
anti-nestin antibody was pre-absorbed overnight with the goldfish nestin23-MAP
prior to using the solution as the primary antibody in the western blot. The antigen
preabsorption experiment confirms the specificity of the rabbit anti-goldfish nestin
antibody. Lane 7 represents the nestin precursor protein processed into 3 smaller
fragments of ~30, 40 and 70 kDa. Using mass spectrometry and RACE-PCR analysis,
the bands have been identified as either nestin isoform A, B, or C. The underlined
protein sequence represents the epitope of the anti-nestin antibody generated using the
MAP strategy. The numbers under the protein sequence denotes the position of the
amino acids within the predicted nestin isoform protein sequence A, B and C.
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Human nestin sequence (ENST00000368223)
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Zebrafish nestin sequence (ENSDART00000122681)
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o Ext || 2126 bp
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Figure 2.2. A) Schematic diagram representing the human, zebrafish and goldfish nes
gene organization. Base pair numbers are indicated in italics and exons by grey boxes.
B) Schematic diagram representing the 3 different nes transcripts identified in the
goldfish brain using RACE-PCR.
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Figure 2.3. The SELDI-tof mass spectrum of one representative sample of trypsin digest
of a Coomassie stained protein band at ~70 kDa in 10% SDS-PAGE. The observed m/z

values of various peaks as labelled in the figure are in good agreement with the
corresponding calculated values derived from the sequence obtained in this study of

nestin isoform A (GenBank KT373807) upon trypsin digestion. The multiple groups of

peaks in close proximity at m/z 649.8 and 651.1; 656.7 and 659.4; 873.3 and 875.1

(Figure 2.3A) as well as 1576.4 and 1577.9 (Figure 2.3B) represent isotopic forms of the
same fragment peak. Please note that Figures 2.3A and 2.3B are the expanded sections of

interest from the complete mass spectrum of the crude digest.
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Figure 2.4. Western blot analysis of nestin protein distribution patterns in the goldfish
female brain and pituitary. Lane 1 is the standard ladder, lane 2 is the positive control of
3-actin at 42 kDa, lane 3 is goldfish pituitary, lane 4 is hypothalamus, lane 5 is
telencephalon, lane 6 is optic tectum, lane 7 is midbrain, lane 8 cerebellum, lane 9 is
vagal lobes, and lane 10 is brainstem. The insert B illustrates the 30 kDa band at a longer
exposure time (5 min) in comparison to western blot A (1 min).
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Figure 2.5. A) A principal component analysis of nestin protein expression obtained
from western blots of female goldfish (n=10) displayed as a scree plot. The scree plot
shows that the first three principal components best describe the variation within the data
as the line straightens after component 3. The remaining components explain a very small
proportion of the variance of nestin protein expression. B) Canonical analysis of nestin
protein expression data obtained from western blots separating the variables pituitary,
hypothalamus, telencephalon, optic tectum, midbrain, cerebellum, vagal lobe and brain
stem of female goldfish (n=10) on a 2D plot. Variation explained as percent in brackets.
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Figure 2.6. Three-dimensional score plot of the first three principal components for the
nestin protein expression in the female goldfish group (n=10) separating the factors
pituitary, hypothalamus, telencephalon, optic tectum, midbrain, cerebellum, vagal lobe
and brain stem. Variance of component 1 explained is 76.77%; component 2 is 12.4%
and component 3 is 4.43%.
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Table 2.1. Primers used for RACE-PCR (Fw, forward; Rv, reverse; gf, goldfish).

Primer Name Primer Sequence (5°->3")

GeneRacer™ 5° Primer Fw GGACTGGAGCACGAGGACACTGA

5’ gfnestin RACE1 Fw AAGGACAGCCTGGGGCAGCAGATAGA
GeneRacer' ™ 5’ Primer nested Fw ~ GGACACTGACATGGACTGAAGGAGTA
5’ gfnestin RACE] nested Fw CAAGATGTCCCTGGGCCTGGAAGTG
GeneRacer ™ 3’ Primer Rv GCTGTCAACGATACGCTACGTAACG

3’ gfnestin RACE] Rv CTTCCTCCAGGCCTCCTCCAGCATC
GeneRacer' ™ 3’ Primer nested Rv. CGCTACGTAACGGCATGACAGTG

3’ gfnestin RACEI1 nested Rv CCTGCTGGTTCCCTGCTGCTCTTG

3’ gfnestin RACE2 Fw GGGAAGGATGAGGACACTGA

3’ gfnestin RACE2 nested Fw AAATGGCTCGGATTTCACAC

Table 2.2. Gene-specific primers used for second round of RACE-PCR to obtain goldfish
nes transcript A (Fw, forward; gf, goldfish).

Primer Name Primer Sequence (5°->3")

3’ gfnestin GSP_RACE2 Fw GGGAAGGATGAGGACACTGA

3’ gfnestin GSP_RACE2 nested Fw  AAATGGCTCGGATTTCACAC

Table 2.3. Nestin protein band frequency in the different brain tissues and pituitaries
based on 10 female goldfish western blots (n=10)

Nestin protein band | Pit. | Hyp. | Tel. | Optic tectum | Mid. | Cereb. | Vagal lobe | Brainst.
75 kDa 3 0 0 2 3 3 4 4

70 kDa 6 0 1 4 1 3 5 3

40 kDa 10 110 10 10 10 10 10 10

30 kDa 1 3 2 6 6 8 6 2

Pit: pituitary; Hyp: hypothalamus; Tel: telencephalon; Mid: midbrain; Cereb; cerebellum;
Brainst: brainstem
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2.4. Discussion

This study reports for the first time the presence of multiple nestin isoforms in a
teleost fish. The 3 nes mRNAs identified in the goldfish were named nesa, nesb and nesc
transcripts. The sequencing of each transcript resulted in 4003, 2446 and 2126
nucleotides encoding for 860, 274 and 344 amino acid predicted sequence, respectively.
The identification of three different novel isoforms for nestin in goldfish could be the key
to understanding brain plasticity and maintenance of proliferative cellular pools in
teleosts as there could be interplay between the nestin isoforms to give rise to innate

neurogenic abilities.

The zebrafish genomic structure was used as a reference to construct a putative
genomic structure of goldfish nes as they are closely related species from the family
Cyprinidae. Both species have undergone a teleost-specific whole-genome duplication
event at the base of the teleost lineage (Glasauer and Neuhauss 2014). Although different
nes transcripts or proteins have not previously been identified in teleosts, the generation
of the first fish-specific nestin antibody reported here could reveal the existence of
various isoforms in other species. Further evidence for the existence of different nestin
isoforms stems from the evolutionary and genomic similarities between teleost species.
For example, we determined that the four coding exons of nesa are similar to the exons of
zebrafish nes. To elaborate, the nesa is composed of all 4 coding exons, transcript B is
composed of coding exon 1, and transcript C is composed of coding exons 1 and 2 based
on the comparison with the zebrafish nes mRNA sequence. The genomic structure of nes
is also known in several mammalian species including mouse, rat and humans, and we

have also identified putative nestin isoforms in other mammalian species such as in the
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prairie vole, squirrel, mouse, rat, pig, buffalo, chimpanzee and human following

extensive database searches (BLASTP, NCBI; http://web.expasy.org/translate/). Most

mammalian nestins contain four exons, as proposed for the goldfish nesa transcript.
However, the number of exons varies greatly among fish species; four in the zebrafish
(Danio rerio), five in spotted gar (Lepisosteus oculatus) and six in Southern platyfish

(Xiphophorus maculatus) based on Ensembl database searches (Cunningham et al. 2015).

Sequence analysis and genomic structure predictions suggest that the multiple
goldfish nestins are products of alternative splicing. To be noted, the three transcripts are
predicted to yield three proteins sharing an identical N-terminal intermediate filament
(IF) core domain, whereas they have differing C-terminal regions. The N-terminal IF core
domain is located at amino acid 15-322 in nestin isoform A; 15-271 in nestin isoform B;
and 15-315 in nestin isoform C of the goldfish. A common feature in IF evolution is the
great expansion of IF members to generate cell-specific heteropolymers (Fuchs and
Weber 1994). This structural feature suggests that goldfish nestin is indeed involved in
controlling, at least partly, cellular dynamics by regulating the polymerization of
cytoskeletal elements. This functional role for nestin has been proposed and discussed by
several other authors including Michalzyck and Ziman (2005), Mahler and Driever
(2007) and Chen et al. (2010). Functional studies of different classes of IF proteins have
shown that polymerizations occur mostly between the conserved IF regions (Steinert and
Roop 1988; Fuchs and Weber 1994; Herrmann and Aebi 2000). The C-terminal region of
IFs is likely to interact with other proteins in a cell-specific manner. Hence, the multiple
nestin isoforms with a variable C-terminal region may generate another level of

complexity for nestin interactions. The application of similar diversity modes by
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employing different C-terminal regions is known for human neurofilament (NF) proteins
(NF-L, NF-M, NF-H) (Lees et al., 1988). However, different from NFs where gene
duplication events are at the foundation of C-terminal diversity, alternative splicing likely
leads to nestin diversity in goldfish. We suggest that the extraordinary brain plasticity
exhibited by goldfish and other teleosts could be related to the diversity of nestin proteins
we report. This would be an additional mechanism complimentary to the abundance of
stem-like radial glial cell and regenerative capacity of the adult teleost CNS (Zupanc and
Sirbulescu 2011; Elisabeth ez al. 2015).

Western blotting revealed that nestin immunoreactivity is present in all adult
goldfish brain areas, similar to the situation observed for developing mammalian CNS
(Lin et al. 1995). In contrast, the distribution of nestin becomes restricted to only the few
proliferative areas of the adult mammalian CNS (Wiese ef al. 2004; Michalczyk and
Ziman 2005; Mahler and Driever 2007; Chen et al. 2010). Three major, and several
minor nestin isoforms, were evident in the goldfish brain and pituitary tissue. The ~40
kDa band (corresponding to Transcript C) is the most common one and is found in all
tissues. We speculate that transcript C is a major form of the protein and possibly has a
function in maintaining and sustaining proliferative cells throughout adult life. The ~30
kDa protein band (Transcript B) is also present in low amounts in all the brain regions
and pituitary which are tissues that undergoes cellular proliferation and cellular turnover.
The ~70 kDa band is the second most common form of nestin protein found in the
goldfish brain and is most similar to the nestin forms previously identified in other teleost

species.
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Both individual and tissue-dependent variations in the presence and relative
abundance of these different goldfish nestins indicate a dynamic pattern of production
and necessitated both discriminant and principal component analyses. It is clear that the
telencephalon was distinct amongst the tissues examined. This is significant because the
telencephalon undergoes high cellular proliferation during both embryogenesis and
adulthood (Mabhler and Driever 2007; Mirz et al. 2010). The teleost telencephalon
contains a large amount of RGCs especially near the ventricular layer and contains
numerous proliferative cell pools and thus unparalleled neurogenetic capacity (Zupanc
and Clint 2003; Mabhler and Driever 2007; Pelligrini et al. 2007; Mérz et al. 2010;
Zupanc and Sirbulescu 2011). Numerous studies have reported the ability of the goldfish
to regenerate damaged tissues and cells following chemical or physical lesions in the
CNS (Contestable et al. 1979; Levine 1983; Scherer and Easter 1984; Zupanc and
Sirbulescu 2011). The main determinants indentifying the telencephalon as the most
variable tissue of nestin expression amongst the other 7 tissues is the frequency and
intensity of the nestin isoform bands. More specifically, based on the frequency of
detection of the nestin immunoreactive bands, nestin isoform A (~70 kDa) and B (~30
kDa) appear less frequently in the telencephalon of the goldfish compared to the vagal

lobe tissue.

In conclusion, we have generated the first antibody against a fish nestin, and have
identified and confirmed by gene sequencing and proteomic methods 3 different nestin
isoforms in the female goldfish brain. The presence and patterns of distribution of the
isoforms were complex, revealing tissue-dependent expression. The ~40 kDA isoform

was consistent in presence and expression in all tissues examined, and thus may be
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constitutively expressed, as would be expected for a key cytoskeletal element. The most
striking finding following both PCA and discriminant analysis of the western blot data
was the uniqueness of the telencephalon. Close examination of expression patterns in 10
individual females revealed that the 70 kDa band was absent on 9/10 of these animals at
the time they were sacrificed for tissue sampling. Clearly, the functions of these different
isoforms must be determined, perhaps using knockdown and overexpression methods in
cell culture (e.g., in goldfish radial glial cells; Xing et al. 2015). Nevertheless, these data
permit speculation of the roles of nestin isoforms. Morpholino knockdown experiments
by Chen et al. (2010) suggest that nestin suppression enhances cellular apoptosis of
neural progenitor cells in the developing zebrafish brain, a function that appears to be
independent of its role in the cytoskeleton. The isoform they knocked down in zebrafish
likely corresponds to the 70 kDa protein we identified in goldfish. Therefore, the low
expression or absence of the 70 kDa isoform in the telencephalon is associated with the
unparalleled capacity for neurogenesis in the teleost telencephalon (Pellegrini ef al. 2007;
2015; Diotel et al. 2010). Perhaps there is a biochemical or functional relationship
between the 70 kDA band and the other major nestin bands contributing to the
neurogenic capacity of varying brain tissues. Consequently, it will be important to
determine the expression of the multiple nestin proteins following neurotoxin-induced

neuronal degeneration and subsequent regeneration in the telencephalon.
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Chapter 3

Sex and tissue-dependent effects of MPTP on nestin protein distribution in the
goldfish brain and pituitary

3.1. Introduction

Teleosts have unparalleled neurogenic capacity and contain several proliferating
areas in the brain that are active not only during early development but during adulthood
(Yoon 1975; Raymond and Easter 1983; Stuermer 1988). Adult fish have a much higher
capacity and rate of neurogenesis in the central nervous system (CNS) compared to birds,
mammals and other terrestrial vertebrates (Alvarez-Buylla 1990; Ekstrom ef al. 2001;
Zupanc 2001; Chapouton et al. 2007; Kaslin et al. 2008; Zupanc 2008). Nestin is an
intermediate filament (IF) protein that marks neural stem cells (NSC) in the brain of
zebrafish, mouse, rat and humans and can be used to observe proliferative cells and thus
neurogenesis in the CNS and peripheral nervous system (PNS) (Lendahl ef al. 1990;
Yamaguchi et al. 2000; Wiese et al. 2004; Michalczyk and Zyman 2005; Mahler and
Driever 2007). Nestin expression is linked to neurogenetic activity and its expression
pattern can reveal an organism’s neurogenetic state (Wiese et al. 2004). Interestingly,
adult cellular proliferation and neurogenesis are differentially expressed in both female
and male zebrafish (Zikipoulos et al. 2000, 2001; Ampatzis and Dermon 2007). For
example, the male zebrafish cerebellum expresses a higher rate of proliferation than
female fish (Ampatzis and Dermon 2007). This present study investigated sex differences
in various goldfish brain structures by investigating the distribution of nestin isoforms in
male and female adult goldfish. Currently, three novel nestin isoforms have been
identified in the goldfish brain (nestin A,B and C) and these are differentially expressed

in normal brain tissues (Chapter 2).
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To elaborate, sex differences in neurogenesis are not only observed in fish but
also exist in various brain areas of birds and mammals (Ampatzis and Dermon 2007). For
example, sex differences are evident in the adult rat olfactory bulb where males have
more newborn cells than females (Peretto ez al. 2001). Adult neurogenesis and cellular
proliferation also occur at different rates in the male adult songbird compared to females
where males have a higher neurogenic rate (Goldman and Nottebohm 1983; Nordeen and
Nordeen 1989; Rasika et al. 1994; Hidalgo et al. 1995). The sex differences observed in
neurogenetic activity and expression are thought to link neurogenesis to specific animal
behaviours. For example, increased neurogenesis in male songbirds likely contributes to
courtship behaviour and song production during adolescence and adulthood (Goldman
and Nottebohm 1983; Nordeen et al. 1987; Nordeen and Nordeen 1989; Rasika et al.
1994; Hidalgo et al. 1994). In teleosts, sex differences in neurogenesis have been
identified in the dorsal hypothalamus, an area involved in reproductive behaviour, where
females had a higher density of newborn neurons than males (Zikipoulos et al. 2000,
2001). Sex-specific differences in teleost neurogenesis could explain the greater capacity

of certain brain areas to undergo plasticity events in the adult goldfish brain.

During early vertebrate development following the onset of neurulation, nestin is
abundantly expressed, then as the organism develops, nestin expression decreases and
becomes restricted to proliferative areas of the CNS (Wiese ef al. 2004; Michalczyk and
Ziman 2005; Mahler and Driever 2007; Rutherford et al. 2010). When terminal
differentiation is established, nestin is specifically replaced by other tissue-specific IF
proteins in the cytoskeleton such as glial fibrillary acidic protein (GFAP) and

neurofilaments (Lendahl et al. 1990; Lin et al. 1995; Michalczyk and Ziman 2005). In
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adult vertebrates, nestin expression is reestablished and upregulated following cellular
and tissue injury in the muscle and nerve tissues especially in the proliferative areas of
both the CNS and PNS (Lin et al. 1995; Michalczyk and Ziman 2005; Carmona ef al.
2011). Nestin upregulation following injury could be a potential function of the IF protein
to increase cellular proliferation in the injured brain. Nestin could influence cell
proliferation in neurogenetic tissues such as the telencephalon and hypothalamus but also
in the pituitary, optic tectum, midbrain, cerebellum, vagal lobe and brainstem. Teleosts
contain numerous proliferative areas, the forebrain exhibiting the greatest amount of
proliferative pools especially along the ventricular surface area (Zupanc and Horschke
1995; Ekstrom et al. 2001; Zupanc et al. 2005; Adolf et al. 2006; Grandel et al. 2006;
Zupanc and Zupanc 2006; Kaslin et al. 2009; Mirz et al. 2010; Schmidt et al. 2013;

Pelligrini et al. 2015).

The upregulation of nestin following injury suggests neuronal regeneration as a
means to heal and repair damaged cells and tissues. In this study, the neurotoxin 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) was used to injure the teleost brain.
This neurotoxin induces a Parkinsonian-like syndrome in fish, rodents, primates and
humans leading to a depletion of dopamine (DA) neurons in the brain (Burns ef al. 1983;
Hornby et al. 1987; Date et al. 1990a, 1990b; Poli et al. 1990; Poli et al. 1992; Pollard et
al. 1992; Lucchi et al. 1998; Hamill et al. 2007; OKki et al. 2008). Studies in fish and
mammals have shown that not only nestin is upregulated following injury but there is
also a significant activation of glial cells coincident with the depletion of DA neurons
(Lin et al. 1995; Michalczyk and Ziman 2005; Carmona et al. 2011; Blesa et al. 2012;

Yokoyama et al. 2010). The role of glial activation following MPTP administration in
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teleost is not well understood, however, glial cells in teleost are known to produce glial
cell line-derived neurotrophic factors (GDNF) and brain-derived neurotrophic factor
(BDNF) which are involved in DA neuronal survival, decreasing DA neuronal apoptosis
and promoting axonal growth and regeneration (Lin ef al. 1993; Lykissas et al. 2007,
Pellegrini et al. 2007; Yasuhara ef al. 2007). Nestin-positive cells and glial cells could act
as a cellular reserve that is activated to proliferate, migrate and differentiate to heal
damaged tissues in teleost species (Lin ef al. 1995; Namiki and Tator 1999; Wiese et al.

2004).

The investigation of the distribution and sex-specific expression patterns of nestin in
injured teleost brain could reveal a role of nestin as a player in regulating the progenitor
cell niches in the adult brain and provide insight into neurogenic capabilities in
vertebrates. Teleost cellular remodeling capabilities were also investigated by observing
actin, another IF protein that is highly conserved among vertebrates, found in the
cytoskeleton of all cells and involved in numerous functions including motility,
exocytosis and phagocytosis (True 1990).

3.2. Materials and methods

3.2.1. Animal maintenance

Adult female and male goldfish (Carassius auratus) were purchased from a
commercial supplier (Mt. Parnell Fisheries Inc., Mercersburg, PA, USA) and maintained
at 18°C under a natural-simulated photoperiod on standard flaked goldfish food. Fish
were kept in 70L tanks (15-18 fish/tank). All procedures were performed according to the
guidelines of the Canadian Council on Animal Care and were approved by the University

of Ottawa animal care committee. Goldfish were anesthetized using 3-aminobenzoic acid
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ethylester (MS-222; 0.05% in water, Sigma Chemicals) for all handling and sampling

procedures.

3.2.2. Experimental and sampling procedures

The dopaminergic neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), was purchased from Sigma-Aldrich (M0896, Oakville, Canada) and dissolved
in 0.6% saline to give a dose of 50 pg/g body mass of fish at 2 pL/g. Sexually regressed
female goldfish (June-August; ~22 g = 1.5 body weight; 2.2 + 0.3 gonadosomatic index;
n=32) and male goldfish (June-August; ~19 g + 1.4 body weight; 1.3 + 0.2
gonadosomatic index; n=31) either received a single injection of MPTP at time t or a
control saline 0.6% injection (2 puL/g) similar to the treatment schedule used in Pollard et
al. (1992) and Goping et al. (1995). Female and male goldfish were sacrificed at 4 and 7
days post-injection (dpi). The whole pituitary, pituitary, hypothalamus, telencephalon,
optic tectum, midbrain, cerebellum, vagal lobe and brainstem were dissected. All
dissections were performed in the morning. The samples were stored at -80 °C until RNA
and protein extraction. The gonadosomatic index was calculated by dividing the gonad

weight by body weight of the goldfish x 100.

3.2.3. RNA extraction, quality control and cDNA synthesis

Only female hypothalamus and telencephalon tissues were used for RNA
extraction. The female hypothalamus and telencephalon tissues were homogenized using
stainless steel beads in an MM301 Mixer Mill (Retsch, Newton, PA, USA) at 20 Hz for 4
min. The isolation of total RNA from adult female goldfish hypothalamus and

telencephalon brain tissue was performed using RNeasy Micro Kit (Qiagen, Toronto,
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ON, Canada) as described in the manufacturer’s protocol. Upon purification,
concentration and quality of all samples was assessed using NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and 2100
Bioanalyzer (Agilent Technoloeis, Mississauga, ON, Canada). RNA integrity values of
samples ranged from 8.1 to 9.8, which is above the recommended minimum value of 5
for quantitative real-time RT PCR (qPCR) applications (Fleige and Pfaffl, 2006). Total
cDNA was prepared from 1-5 pg total RNA using Maxima cDNA synthesis kit (Thermo
Scientific, Waltham, MA, USA) as described by the manufacturer. Each 20 pl reaction
was diluted 100-fold in nuclease-free water and used as the template for the real-time
qPCR assays. All female goldfish hypothalamus and telecephalon cDNA samples from

different time points and treatments were synthesized in parallel.

3.2.4. Quantitative real-time RT-PCR (qPCR)

Real-time RT-PCR assays based on SYBR green were used to validate relative
gene expression. Primers used in the present study were designed using Primer3

(http://primer3.sourceforge.net/) and synthesized by Invitrogen (Table 3.1). The Maxima

SYBR green qPCR Master Mix (Thermo Scientific, Waltham, MA, USA) and CFX96
Real-Time PCR Detection System (Bio-Rad, Mississauga, Canada) were used to amplify
and detect the transcripts of interest. Data were analyzed using the Bio-Rad software
package. The relative standard curve method was used to calculate relative mRNA
abundance between samples, which were normalized using NORMA-GENE algorithm
(Heckmann et al. 2011). The data are presented as means + SEM of gene expression from

8 biological replicates (assayed in duplicate) for each group.
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3.2.5. Statistical analysis of quantitative real-time RT-PCR (qPCR)

All data were first tested for normality and those data with non-normal distribution
were subjected to log;o transformations prior to statistical analyses. All data were
presented as a mean + SEM. Comparison of two groups was performed using Student’s t-
test (two-tailed) in SPSS Statistics (version 21). P-values less than or equal to 0.05 were

considered statistically significant.

3.2.6. Protein extraction and SDS-PAGE

Protein extraction of the pituitary and seven different brain tissues were obtained
from 20 female (10 control and 10 MPTP-treated goldfish) and 19 (9 control and 10
MPTP-treated goldfish) male goldfish for western blotting. Refer to Chapter 2 Materials

and methods section 2.2.6 for methods details.

3.2.7. Western blot analysis

Western blot analysis was used to determine the expression pattern of nestin and
-actin protein on the seven brain tissues and pituitary. Refer to Chapter 2 Materials and

methods section 2.2.7 for methods details.

3.2.8. Statistical analysis of western blot immunoreactivity signals

Canonical and classificatory discriminant analyses, and principal component
analysis (PCA) were used as dimension-reduction techniques because western blot
analysis determined that nestin protein expression patterns are complex. The major and
minor nestin immunoreactive bands varied in presence and intensity in a tissue-dependent

manner and were considered for further analysis. The expression pattern of 3-actin was
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also analysed. Canonical discriminant analysis for the different nestin protein isoforms
and B-actin obtained from female goldfish (n=10); male goldfish (n=9); MPTP-treated
female goldfish (n=10) and MPTP-treated male goldfish (n=10) was performed using the
PROC DISCRIM and PROC CANDISC modules in SAS (Statistical Analysis System,
v9.4, Cary, NC, USA) software. Scree plots outlining a principal component factor
analysis of nestin and B-actin protein expression obtained from the western blots were
performed to reveal the components providing the most variance observed in the data set.
An example can be found in Supplementary Fig 3.1. The SAS software was also used for
PCA, which provided a series of 2D score plots where the two principal components that
encompass the most variance within the data set are shown as the x- and y-axes. The 2D
plot provides a visual overview of all of the samples and their potential groupings.
Following the visualization of grouped samples in the PCA, 3D plots were created using
NTSYS-pc (Rohlf 2009) for nestin protein expression only. Thus, three principal
components for the nestin protein expression provided a better visual representation of all
the samples and their potential groupings. The 3D plots also identify the discriminating
factors between the goldfish groups in terms of nestin protein expression. The PCA was
used to compare the nestin isoforms and B-actin across tissues and to identify sex and
treatment pattern differences of protein expression in the various brain regions and whole

pituitary.

The canonical plots are presented as bar charts on a frequency axis with different
ranges dependent on the number of groups (n) analyzed. The frequency axis ranged from

0 to 10 or 0 to 100% dependent on the number of groups in order to maintain consistency
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between data sets. The frequencies were established so that there is only one axis for 2
groups and all other axes were also represented on one axis for comparative purposes.

3.3. Results

3.3.1. Effects of MPTP on fi-actin mRNA levels in the female hypothalamus and

telencephalon

At 4 dpi of MPTP, f3-actin expression was significantly increased by 2 fold in the
hypothalamus and significantly increased by 2.6 fold in the telencephalon relative to
control (P=0.001 and P=0.004 respectively) (Fig. 3.1A). However, at 7 dpi of MPTP, /-
actin expression was only significantly increased by 1.9 fold in the hypothalamus
(P=0.029) and there were no effects of MPTP observed on the expression of f-actin in

the telencephalon (P=0.532) (Fig. 3.1B).

3.3.2. Effects of MPTP on nes mRNA levels in the female hypothalamus and

telencephalon

Student’s t-test analysis was performed to determine the effects of MPTP on the
expression of three nestin transcripts; nestin A transcript (nesa) (GenBank KT373807),
nestin B transcript (nesb) (GenBank KT373808) and nestin C transcript (nesc) (GenBank
KT373809) or the overall expression of all three nestin transcripts (nestin All; nesall) in

the female goldfish hypothalamus and telencephalon.

At 4 dpi of MPTP, the nesall and nesc expression level in the hypothalamus were
significantly decreased by 27% and 60% respectively following MPTP (P=0.001), but
there were no effects of MPTP on nesa (P=0.705) or nesb (P=0.199) in the hypothalamus

relative to control (Fig. 3.2). In the telencephalon, the expression of nesa was
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significantly decreased by MPTP by 33% (P=0.037), but there were no effects of MPTP
on nesall (P=0.0596), nesb (P=0.616) or nesc (P=0.339) (Fig. 3.2). At 7 dpi of MPTP,
there were no effects of MPTP on nesall (P=0.137), nesa (P=0.143), nesb (P=0.605) or
nesc (P=0.205) in the hypothalamus and no effects of MPTP on nesall (P=0.571), nesa
(P=0.794), nesb (P=0.499) or nesc (P=0.942) in the telencephalon relative to control (Fig.

3.3).

3.3.3. Distribution of fi-actin protein in female and male goldfish brain and pituitary

The protein levels of B-actin (Mw 42 kDa) in the pituitary, hypothalamus,
telencephalon, optic tectum, midbrain, cerebellum, vagal lobe, and brainstem were
qualitatively analyzed by western blotting in female (Fig. 3.4A) and male (Fig. 3.4B)
goldfish. Based on the western blots, the 42 kDa (-actin immunoreactive band was
consistently detected in all samples but the intensity of the band varied based on tissue
and fish. Canonical and classificatory analyses as well as PCA were used to investigate
the differences in intensity levels of B-actin in the western blots (See section 3.3.8.1

below).

3.3.4. Effects of MPTP on f-actin protein distribution in female and male goldfish

brain and pituitary

The protein expression of B-actin in the pituitary, hypothalamus, telencephalon,
optic tectum, midbrain, cerebellum, vagal lobe, and brainstem was qualitatively analyzed
by western blotting in MPTP-treated female (Supplementary Figure 3.2) and MPTP-

treated male goldfish (Supplementary Figure 3.3). Canonical and classificatory analyses
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as well as PCA were used to investigate the differences in intensity levels of B-actin in

the western blots following MPTP treatment (See sections 3.3.8.2 and 3.3.8.3 below).

3.3.5. Distribution of nestin proteins in female and male goldfish brain and pituitary

The expression of nestin in pituitary, hypothalamus, telencephalon, optic tectum,
midbrain, cerebellum, vagal lobe, and brainstem was qualitatively analyzed by western
blotting in female (See Chapter 2; Fig. 2.4) and male (Fig. 3.5). Based on the western
blots, the major nestin protein bands appear at different frequencies (Table 3.2 and 3.3
respectively). For both female and male goldfish, the ~40 kDa band is evident in all
goldfish brain tissues and pituitary, and has the highest signal intensity in comparison to
the other bands. The ~70 kDa band is present in all tissues except for the hypothalamus in
the female, whereas the ~70 kDa band is present in all tissues in the male goldfish,
although it appears at a low frequency (1-2 out of 9). There is also another nestin
immunoreactive (-ir) protein band of 75 kDa evident in the female and male goldfish
brain and pituitary western blot. Although the ~75 kDa protein band is absent from the
pre-absorption western blot (Chapter 2; Fig. 2.1), we believe both the ~70 kDa and ~75
kDa bands represent the same peptide sequence with one having a post-translational
modification on the protein. The 75 kDa band is evident due to the longer exposure of the
membrane to detect immunoreactive bands (See Chapter 2; Section 2.3.4). The ~75 kDa
band is present in all the tissues except for the hypothalamus and the telencephalon in the
female fish and the pituitary and cerebellum in the male fish. The ~30 kDa band is
present in all the brain tissues and pituitary in the female fish similarly to the male fish
except for the pituitary; this band is very faint and only appears at higher exposure times

compared to the other bands. In the male goldfish western blot (Fig. 3.5), a ~45 kDa
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nestin-ir band is also present in the midbrain and vagal lobe, we believe both the ~40 kDa
and ~45 kDa bands represent the same peptide sequence with one having a post-

translational modification on the protein.

The scree plot (Supplementary Figure 3.1A) of the nestin-ir protein bands of male
goldfish reveals that the first two components provide the greatest variability in the nestin
protein expression data set as the line straightens after the second principle component.
The male goldfish 2D plot (Fig. 3.6A) obtained from PCA illustrates that the pituitary is
projected on the positive side of both x- and y-axes in comparison to the telencephalon in
the female goldfish 2D plot (Chapter 2; Fig. 2.5B). The eigenvectors of the pituitary also
point in a different principal direction in comparison to the other groupings. The pituitary
corresponds to the greatest positive direction on axis 2 having the most positive variation
in comparison to the other data points. The plot illustrates that the data set is best
classified based on the expression pattern of nestin in the different tissues in the male
goldfish brain. In the male goldfish brain, the hypothalamus and optic tectum also
contribute in the positive area, but very close to axis 1, whereas the telencephalon,
midbrain, cerebellum, brainstem and vagal lobe contribute in the negative area of axis 2,

but remain very close in proximity to axis 1.

The 3D plot (Fig. 3.6B) considers the first three principal components for the
nestin expression pattern in male goldfish. As seen in Fig. 3.6A, the pituitary has the
greatest variance in comparison to the other data points and provides further validity of
the results obtained from the 2D plot. In comparison to the 2D plot, the vagal lobe is
observed on axis 3 followed by the brainstem and optic tectum contributing to the

positive areas; followed by the cerebellum, telencephalon, midbrain and hypothalamus on
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the negative side of axes 3. In other words, the pituitary and vagal lobe are clustering in

opposite directions mainly on axes 2 and 1 (both Fig. 3.6A and 3.6B); and the two against
the rest of the eight variables. The brainstem, optic tectum, cerebellum, telencephalon and
midbrain are also high on axis 3 and 1 whereas the hypothalamus is highest on axis 1 and

lowest on axis 3.

3.3.6. Effects of MPTP on nestin protein expression in female goldfish brain and

Ppituitary

The expression of nestin in pituitary, hypothalamus, telencephalon, optic tectum,
midbrain, cerebellum, vagal lobe, and brainstem was qualitatively analyzed by western
blotting in MPTP-treated female goldfish (Fig. 3.7 and 3.8). Based on 10 different
western blots of brain tissues and pituitaries for MPTP-treated female goldfish, the major
nestin protein bands appear at different frequencies (Table 3.4). The ~40 kDa band is
evident in all goldfish brain tissues and pituitary, and has the highest signal intensity in
comparison to the other bands. The ~70 kDa band is present in all tissues and appears
most frequently in the midbrain (60%). The ~75 kDa band is present in all the tissues
except for the hypothalamus although it appears at a low frequency in the pituitary,
telencephalon and cerebellum. The ~75 kDa band is present most frequently in the
midbrain (70%). The ~30 kDa band is present in all the brain tissues and pituitary but at a
lower frequency in the pituitary and the brainstem (20%); this band is very faint and only

appears at higher exposure times compared to the other bands.
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3.3.7. Effects of MPTP on nestin protein expression in male goldfish brain and

pituitary

The expression of nestin in pituitary, hypothalamus, telencephalon, optic tectum,
midbrain, cerebellum, vagal lobe, and brainstem was qualitatively analyzed by western
blotting in MPTP-treated male goldfish (Fig. 3.9 and 3.10). Based on 10 different western
blots of brain tissues and pituitaries for MPTP-treated male goldfish, the major nestin
protein bands appear at different frequencies (Table 3.5). The ~40 kDa band is evident in
all goldfish brain tissues and pituitary, and has the highest signal intensity in comparison
to the other bands. The ~70 kDa band is present in all tissues but at a very low frequency
of 10-30%. The ~75 kDa band is present in all the tissues except for the hypothalamus
and the telencephalon and it appears at a low frequency in all the other tissues (20-30%).
The ~30 kDa band is present in all the brain tissues except for the pituitary. However, the
30 kDa band appears at a low frequency in the telencephalon (20%) and this band is very

faint and only appears at higher exposure times compared to the other bands.

3.3.8. Sex-specific differences of ff-actin protein expression in goldfish based on

canonical and classificatory discriminant analyses

3.3.8.1. Control female and male goldfish at 4 and 7 dpi

The female and male control goldfish groups at 4 dpi (Fig. 3.11A) and at 7 dpi
(Fig. 3.11B) are classified separately in the canonical and classificatory discriminant
analyses. In the 4 dpi goldfish group, the female and male fish cluster at opposite ends of
the x-axis; where the female are at the negative end and the male at the positive end. This

indicates a clear sex difference in the expression pattern of B-actin. Similarly, at 7 dpi the
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female and male fish cluster at opposite ends of the x-axis but they are separated by a
smaller distance along the x-axis; the females along the negative end and the males along
the positive end. This indicates a clear differential expression of 3-actin protein based

solely on sex at both 4 and 7 dpi.

3.3.8.2. Control versus MPTP-treated female and male goldfish at 4 dpi

The control and MPTP-treated female goldfish groups at 4 dpi (Fig. 3.11C) are
classified separately in the canonical and classificatory discriminant analysis. The control
and MPTP-treated female fish cluster at opposite ends of the x-axis; where the control
female are at the negative end and the MPTP-treated female at the positive end. This
indicates a clear difference in the expression pattern of B-actin between the female
treatment groups. Similarly, the control and MPTP-treated male goldfish groups at 4 dpi
(Fig. 3.11D) are classified separately in the canonical and classificatory discriminant
analyses. The control and MPTP-treated male fish cluster at opposite ends of the x-axis;
where the control males are at the negative end and the MPTP-treated males at the
positive end. This indicates a distinction in the expression pattern of B-actin between the
male goldfish treatment groups at 4 dpi. When combining both sexes of control and
MPTP-treated goldfish at 4 dpi and analyzing the entire group for sex differences
(Supplementary Figure 3.4A), the goldfish are not clearly separated on opposite ends of
the x-axis based on sex. However, there is a clear distinction and separation between the
male MPTP-treated goldfish, which are on the negative end of the x-axis at -1.5, and the
control and MPTP-treated female goldfish, which are located at the midpoint and the
positive end of the x-axis. At the midpoint, there is an overlap of B-actin expression

pattern for control male and female as well as MPTP-treated female goldfish. On the
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other hand, the male control goldfish are clustering at the negative end of the x-axis
whereas the control and MPTP-treated female are clustering at the positive end of the x-
axis. Overall, when observing the differences based soley on sex, the 3-actin
immunoreactive protein bands of the male goldfish have a tendency to plot on the
negative end of the x-axis whereas the female goldfish are on the positive end. There is
no clear difference based on sex due to the overlap of male and female goldfish at the
midpoint. With regards to treatment, there is no clear separation of B-actin-ir between the
control and MPTP-treated goldfish. However, there is a separation between the
expression pattern of male and female MPTP-treated goldfish at 4 dpi where the males
are clustering at the negative end of the x-axis at -1.5 and the females are clustering at the
positive end of the x-axis spanning from the midpoint to 3.0. The MPTP-treated female
goldfish and the control male goldfish have a bell-shaped B-actin expression pattern
spanning the positive end of the x-axis from 0 to 3 and the negative end of the x-axis

from -3 to 0 respectively.

3.3.8.3. Control versus MPTP-treated female and male goldfish at 7 dpi

The control and MPTP-treated female goldfish groups at 7 dpi (Fig. 3.12A) are
found separately in the canonical and classificatory discriminant analysis. The control
and MPTP-treated female fish cluster at opposite ends of the x-axis; where the control
female are at the negative end and the MPTP-treated female at the positive end. This
indicates a clear difference in the expression pattern of B-actin between the female
treatment groups. Similarly, the control and MPTP-treated male goldfish groups at 7 dpi
(Fig. 3.12B) are classified separately in the canonical and classificatory discriminant

analysis. The control and MPTP-treated male fish cluster at opposite ends of the x-axis;
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where the control males are at the negative end and the MPTP-treated males are at the
positive end. This indicates a distinction in the expression pattern of B-actin between the
male goldfish treatment groups at 7 dpi. When combining both sexes of control and
MPTP-treated goldfish at 7 dpi and analyzing the entire group for sex differences
(Supplementary Figure 3.4B), the goldfish are not clearly separated on opposite ends of
the x-axis based on sex. However, there is a clear distinction and separation between the
expression pattern of -actin in the female MPTP-treated goldfish, which are on the
negative end of the x-axis between -0.75 and -0.25, and the expression pattern in the
control female goldfish, which span the positive end of the x-axis between +0.75 to 3.75
as observed in (Fig. 3.12A). There are two points of overlap in the -actin expression
profile. At -0.75 the control male goldfish and the MPTP-treatment male and female
goldfish overlap. The second overlap is observed at +0.75 where the control male and
female goldfish and the MPTP-treated male goldfish overlap. Overall, when observing
the differences based on sex solely, there is no trend present as overlaps of 3-actin
expression are present. However, there are differences observed in the expression pattern
in the female treatment groups. The MPTP-treated male goldfish have a bell-shaped 8-

actin expression pattern spanning the negative end of the x-axis from -0.75 and +0.75.

3.3.8.4. Control versus MPTP-treated female and male goldfish at 4 and 7 dpi

When combining both 4 dpi and 7 dpi female control and MPTP-treated goldfish
groups and analyzing the sex differences (Fig. 3.12C), the goldfish are not separated on
opposite ends of the x-axis based on sex. However, the expression pattern of 3-actin in
the MPTP-treated 4 dpi and 7 dpi female fish cluster at opposite ends of the x-axis; where

the MPTP-treated 4 dpi females are at the positive end between 0 and 2.4 and the MPTP-
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treated 7 dpi females are at the negative end between -2.4 and -1.2. This indicates a
distinction in the expression pattern of B-actin between the female MPTP-treatment
groups. All the groups except for the MPTP-treated female 7 dpi group have a bell-
shaped B-actin expression pattern spanning the negative and positive end of the x-axis.
On the other hand, when visualizing both 4 dpi and 7 dpi male control and MPTP-treated
goldfish groups and analyzing the sex differences (Fig. 3.12D), the goldfish are not
separated on opposite ends of the x-axis based on sex. However, the control 4 dpi and 7
dpi male fish cluster at opposite ends of the x-axis; where the expression pattern of 3-
actin in the control 4 dpi males are at the positive end between 2.25 and 3.75 and the
control 7 dpi males are at the negative end between -0.75 and -2.25. This indicates a
distinction in the expression pattern of 3-actin between the male control groups. The
control 4 dpi and the MPTP-treated 4 dpi male fish also cluster at opposite ends of the x-
axis; where the control 4 dpi male fish are at the positive end between 2.25 and 3.75 and
the MPTP-treated 4 dpi male fish are at the negative end between -0.75 and -3.75. This
indicates a distinction in the expression pattern of B-actin between the male control and
MPTP-treatment groups at 4 dpi. When combining both sexes of control and MPTP-
treated goldfish at 4 dpi and 7 dpi and analyzing the entire group for sex differences
(Supplementary Figure 3.4C), some goldfish groups express B-actin differently and thus
are separated on opposite ends of the x-axis based on sex and treatment. The protein
expression pattern of the control male 4 dpi group and the MPTP-treated female goldfish
cluster at opposite ends of the x-axis; where the control male 4 dpi are on the negative
end of the x-axis at -2 and -1 whereas the MPTP-treated female goldfish are on the

positive axis from O to 3. The protein expression pattern of the control male 4 dpi group
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and the MPTP-treated male 4 dpi group cluster on opposite ends of the x-axis; the control
male 4 dpi group are on the negative side on -2 and -1 whereas the MPTP-treated male 4
dpi group cluster on the positive end of the axis between 0 and 2. The MPTP-treated
female 7 dpi goldfish and the MPTP-treated male 4 dpi goldfish cluster on opposite ends
of the axis; the MPTP-treated female 7 dpi group are on the negative end between -1 and
0 whereas the MPTP-treated 4 dpi male group cluster on the positive end between 0 and
2. The MPTP-treated female 4 dpi and 7 dpi groups cluster on opposite ends of the x-
axis. The MPTP-treated female 4 dpi group clusters on the positive end of the axis
between 0 and 3 whereas the MPTP-treated 7 dpi female group clusters on the negative
end from -1 and -3. This indicates a distinction in the expression pattern of B-actin
between the female MPTP-treatment groups; the control male 4 dpi and MPTP-treated
female and male groups; and a separation between the MPTP-treated female 7 dpi and the
MPTP-treated male 4 dpi. As a result, both sex and treatment differences are observed
among the various goldfish groups. At the midpoint and at -1, we can observe overlaps of
-actin protein expression of 6 different groups indicating some similarity in the
expression pattern of B-actin however the frequency of goldfish overlap is smaller at the -
1 point versus the midpoint 0. The B-actin-ir of the control female at 4 dpi is distributed
evenly spanning the x-axis from -2 and 2. The MPTP-treated 7 dpi female goldfish group
exhibits the greatest negative projection on the x-axis versus the MPTP-treated 4 dpi

female group which is clustering on the positive end.
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3.3.9. Principal component analysis of ff-actin protein expression patterns

3.3.9.1. Control versus MPTP-treated female goldfish at 4 and 7 dpi

The scree plot of 4 dpi and 7 dpi female control and MPTP-treated goldfish
groups reveals that the first three components provide the greatest variability in the data
set as the line straightens after the third component. The 2D plot (Fig. 3.13A) obtained
from PCA illustrates that both the telencephalon and hypothalamus are projected on the
positive side of both x- and y-axes. The eigenvectors of the telencephalon and
hypothalamus also point in a different principal direction in comparison to the other
groupings. The telencephalon and hypothalamus correspond to the greatest positive
direction on axis 2 having the most positive variation in comparison to the other data
points. The cerebellum also contributes in the positive area, but very close to axis 1
whereas pituitary, optic tectum, midbrain, vagal lobe and brainstem contribute in the
negative area of axis 2 but remain very close in proximity to axis 1 with the exception of
the brainstem. The brainstem projects on the negative side of the y-axis. The eigenvector
of the brainstem also points in a different principal direction in comparison to the other
groupings, clustering in the opposite direction of the telencephalon and hypothalamus.
The brainstem corresponds to the greatest negative direction on axis 2 but to a lesser
extent than the positive cluster observed from the telencephalon and hypothalamus.
Therefore, when comparing control and MPTP-treated female goldfish at 4 and 7 dpi, the
plot illustrates that the data set is best classified based on the expression pattern of B-actin
in the telencephalon and hypothalamus. These tissues have the greatest variance and best

describe the distribution pattern.
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3.2.9.2. Control versus MPTP-treated male goldfish at 4 and 7 dpi

The scree plot of 4 dpi and 7 dpi male control and MPTP-treated goldfish groups
reveals that the first three components provide the greatest variability in the data set as
the line straightens after the third component. The 2D plot (Fig. 3.13B) obtained from
PCA illustrates that the pituitary followed by the hypothalamus and then the
telencephalon are projected on the positive side of both x- and y-axis. The eigenvectors
of the pituitary, hypothalamus and telencephalon also point in a different principal
direction in comparison to the other groupings. The pituitary corresponds to the greatest
positive direction on axis 2 having the most positive variation in comparison to the other
data points. The optic tectum, midbrain, cerebellum, vagal lobe and brainstem project on
the negative side of the y-axis. The optic tectum and midbrain contribute in the negative
area but are very close to axis 1 whereas the cerebellum, vagal lobe and brainstem
contribute in the negative area of axis 2. The eigenvector of the brainstem points in a
different principal direction in comparison to the other groupings, clustering in the
opposite direction of the pituitary, hypothalamus and telencephalon. The brainstem
corresponds to the greatest negative direction on axis 2 but to a lesser extent than the
positive cluster observed from the pituitary and hypothalamus. Therefore, when
comparing control and MPTP-treated male goldfish at 4 and 7 dpi, the plot illustrates that
the data set is best classified based on the expression pattern of B-actin in the pituitary
and hypothalamus. These tissues have the greatest variance and best describe the

distribution pattern.
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3.3.9.3. Control versus MPTP-treated female and male goldfish at 4 and 7 dpi

The scree plot of 4 dpi and 7 dpi male and female control and MPTP-treated
goldfish groups reveals that the first three components provide the greatest variability in
the data set as the line straightens after the third component. The 2D plot (Fig. 3.13C)
obtained from PCA illustrates that the hypothalamus and telencephalon are projected on
the positive side of both x- and y-axes. The eigenvectors of the hypothalamus and
telencephalon also point in a different principal direction in comparison to the other
groupings. The hypothalamus and telencephalon correspond to the greatest positive
direction on axis 2 having the most positive variation in comparison to the other data
points. The pituitary and optic tectum also project on the positive side of both x- and y-
axes but are very close to axis 1. In comparison, the cerebellum, midbrain, vagal lobe and
brainstem project on the negative side of the y-axis. The cerebellum, midbrain and vagal
lobe contribute in the negative area but are very close to axis 1 whereas the brainstem
contributes in the negative area of axis 2. The eigenvector of the brainstem points in a
different principal direction in comparison to the other groupings, clustering in the
opposite direction of the hypothalamus and telencephalon. The brainstem corresponds to
the greatest negative direction on axis 2 but to a lesser extent than the positive cluster
observed from the hypothalamus and telencephalon. Overall, when comparing control
and MPTP-treated male and female goldfish at 4 and 7 dpi, the plot illustrates that the
data set is best classified based on the expression pattern of 3-actin in the hypothalamus
and telencephalon. These tissues have the greatest variance and best describe the

distribution pattern.
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3.3.10. Sex-specific differences of nestin protein expression pattern in goldfish based

on canonical and classificatory discriminant analyses

3.3.10.1. Control female and male goldfish at 4 and 7 dpi

The canonical and classificatory discriminant analysis of the goldfish groups for
nestin protein expression pattern are not as evident as the -actin expression pattern. The
female and male control goldfish groups at 4 dpi (Supplementary Figure 3.5A) and the
female and male control goldfish group at 7 dpi (Supplementary Figure 3.5B) are
classified separately in the canonical and classificatory discriminant analyses although
there are two and three points of sex overlaps along the x-axis respectively. To elaborate,
in the 4 dpi goldfish group, the female and male fish cluster at opposite ends of the x-
axis. The female cluster mostly towards the positive end spanning from -1.2 and 3.6
whereas the male cluster mostly towards the negative end spanning from 0 to -3.6. This
indicates a distinction in the expression pattern of nestin based on sex. However, there are
two points of overlap at -1.2 and at the midpoint 0. At the midpoint, 26% of the female
and 23% of the male goldfish overlap. The overlap at -1.2 is much smaller with 1% each
of the female and male goldfish. Similarly, in the 7 dpi goldfish group, the female and
male fish cluster at opposite ends of the x-axis but over a smaller separation distance
along the x-axis. The female fish cluster mostly towards the positive end spanning from -
1 and 3 whereas the male fish cluster mostly towards the negative end spanning from 0 to
-3. This indicates a distinction in the expression pattern of nestin based on sex. However,
there are three points of overlap at -1, the midpoint 0 and 1. At the midpoint, this is where

we observed the greatest overlap with 24% of the females and 19% of the male goldfish.
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The overlap at -1 is smaller with 8% of the female and 2% of the male goldfish. The

overlap at 1 is the smallest with 2% of each of the female and male goldfish.

3.3.10.2. MPTP-treated female and male goldfish at 4 and 7 dpi

The female and male MPTP-treated goldfish groups at 4 dpi (Supplementary
Figure 3.5C) and the female and male MPTP-treated goldfish groups at 7 dpi
(Supplementary Figure 3.5D) are found separately in the canonical and classificatory
discriminant analysis although there are four and two points of sex overlaps along the x-
axis respectively. To elaborate, in the 4 dpi MPTP-treated goldfish group, the female and
male fish cluster at opposite ends of the x-axis. The female cluster mostly towards the
negative end spanning from 1.5 to -3.5 whereas the male cluster mostly towards the
positive end spanning from 2.5 to -1.5. This indicates a distinction in the expression
pattern of nestin based on sex. However, there are four points of overlap spanning from
1.5 to -1.5. The 0.5 point on the x-axis has the greatest female and male overlap with
15% of the females and 20% of the male goldfish. This is followed by the overlap at
point -0.5 with 10% of the females and 6% of the males. The next overlap is at point -1.5
with 6% of the females and 1% of the males. The smallest overlap is observed at point
1.5 with 1% of the females and 4% of the males. Similarly, in the 7 dpi MPTP-treated
goldfish group, the female and male fish cluster at opposite ends of the x-axis. The
female cluster mostly towards the positive end spanning from -1.2 to 3.6 whereas the
male cluster mostly towards the negative end spanning from 1.2 to -3.6. This indicates a
distinction in the expression pattern of nestin based on sex. However, there are three
points of overlap at -1.2, the midpoint 0 and 1.2. At the midpoint, this is where we

observed the greatest overlap with 23% of the females and 24% of the male goldfish.
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This is followed by the overlap at point 1.2 with 7% of the females and 2% of the males.
The smallest overlap is observed at point -1.2 with 2% of the females and 4% of the

males.

3.3.10.3. Control versus MPTP-treated female and male goldfish at 4 dpi

The female control and MPTP-treated 4 dpi groups (Supplementary Figure 3.6A)
are found separately in the canonical and classificatory discriminant analysis although
there are two points of sex overlap along the x-axis. To elaborate, the female control and
MPTP-treated 4 dpi groups cluster at opposite ends of the x-axis. The female control 4
dpi group clusters mostly towards the negative end spanning from 1.2 to -3.6 whereas the
7 dpi female group clusters mostly towards the positive end spanning from -0.75 to 3.75.
This indicates a distinction in the expression pattern of nestin based on treatment.
However, there are two points of overlap at point -0.75 and point +0.75. The +0.75 point
on the x-axis has the greatest overlap with 22% of the 4 dpi control females and 20% of
the MPTP-treated 4 dpi female goldfish. The smallest overlap is observed at point -0.75
with 9% of the 4 dpi control females and 11% of the MPTP-treated 4 dpi female goldfish.
Similarly, in the male control and MPTP-treated 4 dpi groups (Supplementary Figure
3.6B), the groups cluster at opposite ends of the x-axis. The 4 dpi control males cluster
mostly towards the negative end spanning from 0.5 to -2.5 whereas the MPTP-treated 4
dpi males cluster mostly towards the positive end spanning from -0.5 to 3.5. This
indicates a distinction in the expression pattern of nestin based on treatment. However,
there are two points of overlap at -0.5 and +0.5. The greatest overlap is observed at -0.5
with 20% of the 4 dpi control males and 18% of the MPTP-treated 4 dpi male goldfish.

The smallest overlap is observed at point +0.5 with 2% of the 4 dpi control males and 7%
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of the MPTP-treated 4 dpi males. When combining both sexes of control and MPTP-
treated goldfish at 4 dpi and analyzing the entire group for sex differences
(Supplementary Figure 3.6C), there are no clear distinctions or separations between
groups based on sex or treatment as there are many points of overlap. The general trends
observed are the control female 4 dpi goldfish are clustering at the most positive end of
the x-axis spanning from -1.2 to 3.6. The MPTP-treated 4 dpi female goldfish also cluster
mostly towards the positive end of the x-axis spanning from 0 to 3.6 except for one
outlier at -3.6. The male control 4 dpi goldfish are clustering at the most negative end of
the x-axis spanning from 1.2 to -4.8. The MPTP-treated 4 dpi male goldfish are more
neutral and have a bell-shaped motif surrounding the midpoint between -1.2 and 1.2.
However, there are three points of overlap where all 4 groups are found near the midpoint

from -1.2 to 1.2.

3.3.10.4. Control versus MPTP-treated female and male goldfish at 7 dpi

The female control and MPTP-treated 7 dpi groups (Supplementary Figure 3.7A)
cluster at opposite ends of the x-axis. The 7 dpi control females cluster mostly towards
the negative end spanning from 2.4 to -3.6 whereas the MPTP-treated 7 dpi females
cluster mostly towards the positive end spanning from 0 to 3.6. This indicates a
distinction in the expression pattern of nestin based on treatment. However, there are
three points of overlap at +2.4, +1.2 and the midpoint 0. The greatest overlap is observed
at the midpoint with 26% of the 7 dpi control females and 29% of the MPTP-treated 7 dpi
female goldfish. This is followed by the overlap at point +1.2 with 2% of the 7 dpi
control females and 3% of the 7 dpi females. The smallest overlap is observed at point

+2.4 with 2% of the 7 dpi control females and 1% of the MPTP-treated 7 dpi females.
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Similarly, in the male control and MPTP-treated 7 dpi groups (Supplementary Figure
3.7B) are found separately in the canonical and classificatory discriminant analysis
although there are two points of sex overlap along the x-axis. To elaborate, the control
and MPTP-treated 7 dpi male groups cluster at opposite ends of the x-axis. The male
control 7 dpi group clusters mostly towards the positive end spanning from -0.75 to 3.75
whereas the 7 dpi MPTP-treated male group clusters mostly towards the negative end
spanning from 0.75 to -5.75. This indicates a distinction in the expression pattern of
nestin based on treatment. However, there are two points of overlap at point -0.75 and
point +0.75. The +0.75 point on the x-axis has the greatest overlap with 22% of the 7 dpi
control males and 20% of the MPTP-treated 7 dpi male goldfish. The smallest overlap is
observed at point -0.75 with 10% of the 7 dpi control males and 11% of the MPTP-
treated 7 dpi male goldfish. When combining both sexes of control and MPTP-treated
goldfish at 7 dpi and analyzing the entire group for sex differences (Supplementary
Figure 3.7C), there are no clear distinctions or separations between groups based on sex
or treatment as there are many points of overlap. The general trends observed are the
MPTP-treated female 7 dpi goldfish are clustering at the most positive end of the x-axis
spanning from -1.5 to +6.0. The control 7 dpi male goldfish are clustering at the most
negative end of the x-axis spanning from +1.5 to -6.0. The MPTP-treated and the control
7 dpi male goldfish are more neutral and have a bell-shaped motif surrounding the
midpoint between -1.5 and 1.5. However, there are three points of overlap where all 4

groups are found near the midpoint from -1.5 to +1.5.
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3.3.10.5. Control versus MPTP-treated female and male goldfish at 4 and 7 dpi

The female control and MPTP-treated groups at both 4 dpi and 7 dpi
(Supplementary Figure 3.8A) are not classified separately in the canonical and
classificatory discriminant analysis when analyzing the entire group for sex differences.
There are no clear distinctions or separations between groups as there are many points of
overlap along the x-axis. The general trends observed are the MPTP-treated female 7 dpi
goldfish are clustering at the most positive end of the x-axis spanning from -0.6 to 5.4
and has the highest positive value of 5.4. In comparison, the control female 4 dpi goldfish
has the most negative value at -4.2 but has a wide-range distribution from 3 to -4.2. The
MPTP-treated female 4 dpi and control female 7 dpi cluster more towards the negative
end of the x-axis spanning from 0.6 to -1.8 and 1.8 to -3 respectively. No other
distinctions are evident based on the canonical analysis. The greatest overlap is observed
at -0.6 where all four groups are located. The male control and MPTP-treated groups at
both 4 dpi and 7 dpi (Supplementary Figure 3.8B) are not classified separately in the
canonical and classificatory discriminant analysis when analyzing the entire group for sex
differences. There are no clear distinctions or separations between groups as there are
many points of overlap along the x-axis. The general trends observed are the MPTP-
treated male 4 dpi goldfish are clustering at the most positive end of the x-axis spanning
from -0.75 to 3.75 and has the highest positive value of 3.75. In comparison, the control
female 7 dpi goldfish has the most negative value at -4.2 and spans the x-axis from 0.75
to -6.75. The control and MPTP-treated males at 4 dpi cluster more towards the midpoint

spanning the x-axis from -2.25 to -0.75 and -2.25 to 2.25 respectively. No other
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distinctions are evident based on the canonical analysis. The greatest overlap is observed

at +0.75 where all four groups are located.

When combining both sexes of control and MPTP-treated goldfish at 4 dpi and 7
dpi and analyzing the entire group for sex differences (Supplementary Figure 3.8C), some
goldfish groups are separated on opposite ends of the x-axis based on sex and treatment
groups. The control female 4 dpi and 7 dpi groups and the control male 4 dpi surround
the midpoint of the x-axis from -0.75 to 2.25 and -0.75 to 0.75 respectively. On the other
hand, the MPTP-treated groups cluster either on the positive or negative end of the axis in
comparison to the controls. More specifically, the MPTP-treated female 4 dpi goldfish
cluster towards the negative end spanning the x-axis from 2.25 to -5.75. The MPTP-
treated male 4 dpi goldfish cluster toward the positive end of the x-axis spanning from -
0.75 to 3.75. The MPTP-treated female 7 dpi group clusters towards the positive end of
the x-axis spanning from -0.75 to 6.75 and has the highest positive value at 6.75. The
control male 7 dpi groups cluster towards the negative end of the x-axis spanning from
0.75 to -6.75 and has the highest negative value at -6.75. Although there are several
overlaps of groups with the largest overlap observed at -0.75, several trends can be

observed as described above.

3.3.11. Principal component analysis (PCA) of nestin protein expression patterns

3.3.11.1. Control versus MPTP-treated female and male goldfish at 4 dpi

The scree plot (Supplementary Figure 3.1B) of control versus MPTP-treated 4 dpi
female and male goldfish groups reveals that the first two components provide the
greatest variability in the data set as the line straightens after the second component. The

3D plot (Fig. 3.14A) considers the first three principal components for the nestin
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expression pattern in 4 dpi female and male control and MPTP-treated goldfish groups.
The telencephalon has the greatest variance in comparison to the other data points. But,
on axis 3 the pituitary followed by the hypothalamus are on the positive areas; followed
by the rest of the five tissues on the negative side of axes 3. In other words, the
telencephalon and pituitary are clustering in opposite directions mainly on axes 2 and 3;
and the two against the rest of the eight variables. The optic tectum is also high on axis 3
whereas the midbrain, vagal lobe, brainstem and cerebellum are among the highest on

axis 1 and lowest on axis 3.

3.3.11.2. Control versus MPTP-treated female and male goldfish at 7 dpi

The scree plot (Supplementary Figure 3.1C) of control versus MPTP-treated 7 dpi
female and male goldfish groups reveals that the first two components provide the
greatest variability in the data set as the line straightens after the second component. The
3D plot (Fig. 3.14B) considers the first three principal components for the nestin
expression pattern in 7 dpi female and male control and MPTP-treated goldfish groups.
The pituitary has the greatest variance in comparison to the other data points. But, on axis
3 the telencephalon followed by the hypothalamus and vagal lobe are on the positive
areas; followed by the rest of the four tissues on the negative side of axes 3. In other
words, the pituitary is clustering in the opposite direction to the telencephalon and
hypothalamus mainly on axes 2 and 3; and the three against the rest of the eight variables.
The midbrain, optic tectum, brainstem and cerebellum are among the highest on axis 1

and lowest on axis 3.
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3.3.11.3. Control versus MPTP-treated female and male goldfish at 4 and 7 dpi

The scree plot of 4 and 7 dpi female control and MPTP-treated goldfish groups
reveals that the first two components provide the greatest variability in the data set as the
line straightens after the second component. The 2D plot (Fig. 3.14C) obtained from PCA
illustrates that the telencephalon is projected on the positive side of both x- and y-axes.
The eigenvectors of the telencephalon also points in a different principal direction in
comparison to the other groupings. The telencephalon corresponds to the greatest positive
direction on axis 2 having the most positive variation in comparison to the other data
points. The hypothalamus also contributes in the positive area, but very close to axis 1
whereas the cerebellum, vagal lobe, optic tectum, midbrain, pituitary and brainstem
contribute in the negative area of axis 2 but remain very close in proximity to axis 1.
Therefore, when comparing control and MPTP-treated female goldfish at 4 and 7 dpi, the
plot illustrates that the data set is best classified based on the expression pattern of nestin
in the telencephalon. The telencephalon tissue has the greatest variance and best describe

the protein distribution pattern.

The 3D plot (Fig. 3.14D) considers the first three principal components for the
nestin expression pattern in 4 and 7 dpi female control and MPTP-treated goldfish
groups. As seen in Fig. 3.14C, the telencephalon has the greatest variance in comparison
to the other data points and provides further validity of the results obtained from the 2D
plot. But, on axis 3 the pituitary followed by the hypothalamus and vagal lobe are on the
positive areas; followed by the rest of the four tissues on the negative side of axes 3. In
other words, the telencephalon and pituitary are clustering in opposite directions mainly

on axes 2 and 3; and the two against the rest of the eight variables. The hypothalamus and
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vagal lobe are also high on axis 3 whereas the optic tectum, cerebellum, brainstem and

midbrain are among the highest on axis 1 and lowest on axis 3.

The scree plot of 4 and 7 dpi male control and MPTP-treated goldfish groups
reveals that the first two components provide the greatest variability in the data set as the
line straightens after the second component. The 2D plot (Supplementary Figure 3.9A)
obtained from PCA illustrates that the pituitary is projected on the positive side of both x-
and y-axes. The eigenvectors of the pituitary also points in a different principal direction
in comparison to the other groupings. The pituitary corresponds to the greatest positive
direction on axis 2 having the most positive variation in comparison to the other data
points. The hypothalamus also contributes in the positive area, but very close to axis 1
whereas the optic tectum, telencephalon, midbrain, brainstem, vagal lobe and cerebellum
contribute in the negative area of axis 2 but remain very close in proximity to axis 1.
Therefore, when comparing control and MPTP-treated male goldfish at 4 and 7 dpi, the
plot illustrates that the data set is best classified based on the expression pattern of nestin
in the pituitary. The pituitary has the greatest variance and best describes the nestin

protein distribution pattern.

The 3D plot (Supplementary Figure 3.9C) considers the first three principal
components for the nestin expression pattern in 4 and 7 dpi male control and MPTP-
treated goldfish groups. As seen in Supplementary Figure 3.9A, the pituitary has the
greatest variance in comparison to the other data points and provides further validity of
the results obtained from the 2D plot. But, on axis 3 the brainstem followed by the vagal
lobe are on the positive areas; followed by the rest of the five tissues on the negative side

of axes 3. In other words, the pituitary and brainstem are clustering in opposite directions
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on all axes 1,2 and 3; and the two against the rest of the eight variables. The vagal lobe is
also high on axis 3 whereas the cerebellum, hypothalamus, optic tectum, cerebellum, and

midbrain are among the highest on axis 1 and lowest on axis 3.

The scree plot of 4 and 7 dpi male and female control and MPTP-treated goldfish
groups reveals that the first two components provide the greatest variability in the data set
as the line straightens after the second component. The 2D plot (Supplementary Figure
3.9B) obtained from PCA illustrates that the telencephalon is projected on the positive
side of both x- and y-axes. The eigenvectors of the telencephalon also points in a
different principal direction in comparison to the other groupings. The telencephalon
corresponds to the greatest positive direction on axis 2 having the most positive variation
in comparison to the other data points. On the other hand, the hypothalamus, optic
tectum, brainstem, cerebellum, midbrain, vagal lobe and pituitary contribute in the
negative area of axis 2 but remain very close in proximity to axis 1. Therefore, when
comparing control and MPTP-treated female and male goldfish at 4 and 7 dpi, the plot
illustrates that the data set is best classified based on the expression pattern of nestin in
the telencephalon. The telencephalon tissue has the greatest variance and best describe
the protein distribution pattern. Overall, when comparing control and MPTP-treated male
and female goldfish at 4 and 7 dpi, the plot illustrates that the data set is best classified
based on the expression pattern of nestin in the telencephalon. This tissue has the greatest

variance and best describes the distribution pattern.

The 3D plot (Supplementary Figure 3.9D) considers the first three principal
components for the nestin expression pattern in 4 and 7 dpi male and female control and

MPTP-treated goldfish groups. As seen in Supplementary Figure 3.9B, the telencephalon
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has the greatest variance in comparison to the other data points and provides further
validity of the results obtained from the 2D plot. But, on axis 3 the pituitary followed by
the hypothalamus are on the positive areas; followed by the rest of the five tissues on the
negative side of axes 3. In other words, the telencephalon and pituitary are clustering in
opposite directions mainly on axes 2 and 3; and the two against the rest of the eight
variables. The hypothalamus is also high on axis 3 whereas the optic tectum, vagal lobe,
midbrain, brainstem and cerebellum are among the highest on axis 1 and lowest on axis 2

and 3.
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Figure 3.1. Quantitative real-time PCR analysis showing variations in the relative
amounts of the mRNA encoding genes of goldfish 5-actin in the telencephalon and
hypothalamus of female goldfish injected with A) MPTP (4 dpi) and B) MPTP (7 dpi).
Bars represent the mean + SEM in 8 different cDNA samples; values for each sample
were determined in duplicate. Student T-test was performed to test the effects of MPTP.
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Figure 3.2. Quantitative real-time PCR analysis showing variations in the relative
amounts of the mRNA encoding genes of goldfish A) nesall, B) nesa, C) nesb and D)
nesc in the telencephalon and hypothalamus of female goldfish injected with MPTP (4
dpi). Bars represent the mean + SEM in 8 different cDNA samples; values for each
sample were determined in duplicate. Student T-test was performed to test the effects of
MPTP.
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Figure 3.3. Quantitative real-time PCR analysis showing variations in the relative
amounts of the mRNA encoding genes of goldfish A) nesall, B) nesa, C) nesb and D)
nesc in the telencephalon and hypothalamus of female goldfish injected with MPTP (7
dpi). Bars represent the mean + SEM in 8 different cDNA samples; values for each
sample were determined in duplicate. Student T-test was performed to test the effects of

MPTP.
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Figure 3.4. Western blot analysis of B-actin protein distribution patterns (42 kDa) in the
brain and whole pituitary of A) female and B) male goldfish. Lane 1 is the standard
ladder, lane 2 is goldfish pituitary (Pit), lane 3 is hypothalamus (Hyp), lane 4 is
telencephalon (Tel), lane 5 is optic tectum, lane 6 is midbrain (Midbr), lane 7 cerebellum
(Cereb), lane 8 is vagal lobes and lane 9 is brainstem.
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Figure 3.5. Western blot analysis of nestin protein distribution patterns in the goldfish
male brain and whole pituitary. Lane 1 is the standard ladder, lane 2 is a whole-brain
protein extract, lane 3 is goldfish pituitary, lane 4 is hypothalamus (Hyp), lane 5 is
telencephalon (Tel), lane 6 is optic tectum, lane 7 is midbrain, lane § cerebellum (Cereb),
lane 9 is vagal lobes and lane 10 is brainstem.
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Figure 3.6. A) Canonical analysis of nestin protein expression data obtained from
western blots separating the variables pituitary, hypothalamus, telencephalon, optic
tectum, midbrain, cerebellum, vagal lobe and brain stem of male goldfish (n=9) on a 2D
plot. Variation explained as percent in brackets. B) Three-dimensional score plot of the
first three principal components for the nestin protein expression in the male goldfish
group (n=9) separating the factors pituitary, hypothalamus, telencephalon, optic tectum,
midbrain, cerebellum, vagal lobe and brain stem. Variance of axis 1 explained is 86.15%;
axis 2 is 6.88% and axis 3 is 2.71%.
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Figure 3.7. Western blot analysis of nestin protein distribution patterns in control and

MPTP-treated goldfish in the female brain and whole pituitary at 4 dpi. A) Lane 1 is the
standard ladder, lane 2 is the positive control of 3-actin at 42 kDa, lanes 3 to 6 represent
female control pituitary (Pit), hypothalamus (Hyp), telencephalon (Tel) and optic tectum
(OpTec) in sequential order. Lanes 7 to 10 are MPTP-treated female pituitary,

hypothalamus, telencephalon and optic tectum in sequential order. B) Lane 1 is the

standard ladder, lane 2 is the positive control of 3-actin at 42 kDa, lanes 3 to 6 represent
female control midbrain (MidBr), cerebellum (Cereb), vagal lobes (VagLb) and
brainstem (Brstem) in sequential order. Lanes 7 to 10 are MPTP-treated female midbrain,
cerebellum, vagal lobes and brainstem in sequential order.
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Figure 3.8. Western blot analysis of nestin protein distribution patterns in control and
MPTP-treated goldfish in the female brain and whole pituitary at 7 dpi. A) Lane 1 is the
standard ladder, lane 2 is the positive control of 3-actin at 42 kDa, lanes 3 to 6 represent
female control pituitary (Pit), hypothalamus (Hyp), telencephalon (Tel) and optic tectum
(OpTec) in sequential order. Lanes 7 to 10 are MPTP-treated female pituitary,
hypothalamus, telencephalon and optic tectum in sequential order. B) Lane 1 is the
standard ladder, lane 2 is the positive control of B-actin at 42 kDa, lanes 3 to 6 represent
female control midbrain (MidBr), cerebellum (Cereb), vagal lobes (VagLb) and
brainstem (Brstem) in sequential order. Lanes 7 to 10 are MPTP-treated female midbrain,
cerebellum, vagal lobes and brainstem in sequential order.
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Figure 3.9. Western blot analysis of nestin protein distribution patterns in control and
MPTP-treated goldfish in the male brain and whole pituitary at 4 dpi. A) Lane 1 is the
standard ladder, lane 2 is the positive control of 3-actin at 42 kDa, lanes 3 to 6 represent
male control pituitary (Pit), hypothalamus (Hyp), telencephalon (Tel) and optic tectum
(OpTec) in sequential order. Lanes 7 to 10 are MPTP-treated male pituitary,
hypothalamus, telencephalon and optic tectum in sequential order. B) Lane 1 is the
standard ladder, lane 2 is the positive control of 3-actin at 42 kDa, lanes 3 to 6 represent
male control midbrain (MidBr), cerebellum (Cereb), vagal lobes (VagLb) and brainstem
(Brstem) in sequential order. Lanes 7 to 10 are MPTP-treated male midbrain, cerebellum,

vagal lobes and brainstem in sequential order.
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Figure 3.10. Western blot analysis of nestin protein distribution patterns in control and
MPTP-treated goldfish in the male brain and whole pituitary at 7 dpi. A) Lane 1 is the
standard ladder, lane 2 is the positive control of 3-actin at 42 kDa, lanes 3 to 6 represent
male control pituitary (Pit), hypothalamus (Hyp), telencephalon (Tel) and optic tectum
(OpTec) in sequential order. Lanes 7 to 10 are MPTP-treated male pituitary,
hypothalamus, telencephalon and optic tectum in sequential order. B) Lane 1 is the
standard ladder, lane 2 is the positive control of 3-actin at 42 kDa, lanes 3 to 6 represent
male control midbrain (MidBr), cerebellum (Cereb), vagal lobes (VagLb) and brainstem
(Brstem) in sequential order. Lanes 7 to 10 are MPTP-treated male midbrain, cerebellum,
vagal lobes and brainstem in sequential order.
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Figure 3.11. Canonical and classificatory discriminant analysis of B-actin protein
expression obtained from western blots of A) control female (n=5; Sex=F) and male
(n=4; Sex=M) goldfish at 4 dpi of 0.6% saline; B) control female (n=5; Sex=F) and male
(n=5; Sex=M) goldfish at 7 dpi of 0.6% saline; C) control female (n=5; Sx=1) and
MPTP-treated female (n=5; Sx=2) goldfish at 4 dpi and D) control male (n=4; Sx=1) and
MPTP-treated male (n=5; Sx=2) goldfish at 4 dpi. The bar graph shows the distribution
of B-actin based on sex and treatment.
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Figure 3.12. Canonical and classificatory discriminant analysis of B-actin protein

expression obtained from western blots of A) control female (n=5; Sx=1) and MPTP-

treated female (n=5; Sx=2) goldfish at 7 dpi; B) control male (n=5; Sx=1) and MPTP-
treated male (n=5; Sx=2) goldfish at 7 dpi; C) control female goldfish at 4 dpi (n
Sx=1); MPTP-treated female at 4 dpi (n=5; Sx=2); control female at 7 dpi (n=5; Sx=3);

and MPTP-treated female at 7 dpi (n=5; Sx=4) and D) control male goldfish at 4 dpi

(n=4; Sx=1); MPTP-treated male at 4 dpi (n=5; Sx=2); control male at 7 dpi (n=5; Sx=3);

and MPTP-treated male at 7 dpi (n=5; Sx=4). The bar graph shows the distribution of B-

actin based on sex and treatment.
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Figure 3.13. Canonical analysis of B-actin protein expression data obtained from western
blots of A) control and MPTP-treated female goldfish at 4 dpi (n=10) and 7 dpi (n=10);
B) control and MPTP-treated male goldfish at 4 dpi (n=9) and 7 dpi (n=10) and C)
control and MPTP-treated male goldfish at 4 dpi (n=9) and 7 dpi (n=10) separating the
variables pituitary, hypothalamus, telencephalon, optic tectum, midbrain, cerebellum,
vagal lobe and brainstem on a 2D plot. Variation explained as percent in brackets.
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Figure 3.14. Three-dimensional score plot of the first three principal components for the
nestin protein expression in the A) control and MPTP-treated 4 dpi female (n=10) and
male (n=9) goldfish groups and B) control versus MPTP-treated 7 dpi female (n=10) and
male (n=10) goldfish groups separating the factors pituitary, hypothalamus,
telencephalon, optic tectum, midbrain, cerebellum, vagal lobe and brainstem. In A)
variance of principal component 1 explained is 75.49%; principal component 2 is 12%
and principal component 3 is 5.97%. In B), variance of principal component 1 explained
is 84.06%; principal component 2 is 5.27% and principal component 3 is 3.52%. C)
Canonical analysis of nestin protein expression data obtained from western blots of

control and MPTP-treated female goldfish at 4 dpi (n=10) and 7 dpi (n=10) illustrated on
a 2D plot. Variation explained as percent in brackets. D) Three-dimensional score plot of
nestin protein expression in the control and MPTP-treated female goldfish at 4 dpi (n=10)
and 7 dpi (n=10). Variance of component 1 explained is 75.16%; component 2 is 12%
and component 3 is 4.56%.
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Table 3.1. Primers used for Real-Time RT-PCR (Fw, forward; Rv, reverse).

Primer Name

B-actin Fw

3-actin Rv

Nestin Transcript All Fw
Nestin Transcript All Rv
Nestin Transcript A Fw
Nestin Transcript A Rv
Nestin Transcript B Fw
Nestin Transcript B Rv
Nestin Transcript C Fw
Nestin Transcript C Rv

Primer Sequence (5°->3")
CTGGGATGATATGGAGAAGA
CCAGTAGTACGACCTGAAGC
TTTGGCTAAGAGAGAAGGTTGG
TTGAGTTGCTCTGTGGCTGT
CTCTGGAGATGGAGAAGGACA
AGTGCGAGAGGAGGTGATTG
AGAGAAAACCAGCATCAAGTCC
GGACCCCAACAATTTCCA
TGCTCTGGAGATGGAGAAGG
GAGAGGTTGTATTTTGCTGGTG

Total RNA was obtained from goldfish hypothalamus and telencephalon brain tissues at 4
and 7 dpi of control and MPTP-injected fish to perform real-time RT-PCR using the

above primer sets.
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Table 3.2. Nestin protein band frequency in the different brain tissues and pituitaries

based on 10 female goldfish western blots (n=10) (Pit, pituitary; Hyp, hypothalamus; Tel,
telencephalon; Mid, midbrain; Cereb, cerebellum; Brainst, brainstem). (Chapter 2 data

table)
Nestin protein band | Pit. | Hyp. | Tel. | Optic tectum | Mid. | Cereb. | Vagal lobe | Brainst.
75 kDa 3 0 0 2 3 3 4 4
70 kDa 6 0 1 4 1 3 5 3
40 kDa 10 | 10 10 10 10 10 10 10
30 kDa 1 3 2 6 6 8 6 2

Table 3.3. Nestin protein band frequency in the different brain tissues and pituitaries
based on 9 male goldfish western blots (n=9) (Pit, pituitary; Hyp, hypothalamus; Tel,

telencephalon; Mid, midbrain; Cereb, cerebellum; Brainst, brainstem).

Nestin protein band | Pit. | Hyp. | Tel. | Optic tectum | Mid. | Cereb. | Vagal lobe | Brainst.
75 kDa 0 3 1 3 4 0 2 3
70 kDa 1 2 2 1 2 1 2 2
40 kDa 9 9 9 9 9 9 9 9
30 kDa 0 5 2 6 6 6 3 3
Table 3.4. Nestin protein band frequency in the different brain tissues and pituitaries
based on 10 female MPTP-treated goldfish western blots (n=10) (Pit, pituitary; Hyp,
hypothalamus; Tel, telencephalon; Mid, midbrain; Cereb, cerebellum; Brainst,
brainstem).
Nestin protein band | Pit. | Hyp. | Tel. | Optic tectum | Mid. | Cereb. | Vagal lobe | Brainst.
75 kDa 2 0 1 3 7 2 3 4
70 kDa 4 2 4 6 5 5 3
40 kDa 10 | 10 10 10 10 10 10 10
30 kDa 2 5 3 3 4 4 4 2
Table 3.5. Nestin protein band frequency in the different brain tissues and pituitaries
based on 10 male MPTP-treated goldfish western blots (n=10) (Pit, pituitary; Hyp,
hypothalamus; Tel, telencephalon; Mid, midbrain; Cereb, cerebellum; Brainst,
brainstem).
Nestin protein band | Pit. | Hyp. | Tel. | Optic tectum | Mid. | Cereb. | Vagal lobe | Brainst.
75 kDa 2 0 0 1 2 2 3 3
70 kDa 1 1 2 3 3 1 1 1
40 kDa 10 | 10 10 10 10 10 10 10
30 kDa 0 5 2 6 6 6 3 3
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3.4. Discussion

The findings presented reveal sex differences in f—actin and nestin protein
distribution in the goldfish brain. Protein distribution was also different from control in
response to a neurotoxic insult. Western blotting revealed that nestin-ir protein bands are
present in all female and male adult goldfish brain areas and there are sex-specific
variations in protein expression patterns. The ~40 kDa band (nestin C) is the most
common one and is found in all female and male brain tissues and whole pituitary. The
sex differences are only observed in two of the three major nestin isoforms (~30 and 70
kDa) and one minor nestin isoform (~75 kDa). Amongst all the tissues studied, the
pituitary was identified as a distinct tissue amongst the 8 observed in the male goldfish

group in comparison to the telencephalon and pituitary in the female goldfish group.

We report for the first time male and female sex-specific differences in the
expression of the neurogenic marker nestin. We speculate that the variation of nestin-ir
observed in the pituitary is associated to nestin B protein levels in the brain. On the other
hand, the variation of nestin-ir observed in the telencephalon is likely associated to nestin
A protein levels. Further investigation revealed that the ~75 kDa band is also present in
all tissues except for the hypothalamus and telencephalon in the female goldfish brain
and the pituitary and cerebellum in male goldfish. The cerebellum is known as one of the
most mitotically active tissues in teleost where sex-specific differences in neurogenesis
exists (Zupanc et al. 2005; Ampatzis and Dermon 2007; Delgado and Schmachtenberg
2011). We speculate that the 75 kDa band represents the same protein (nestin A) as the

~70 kDA band but with a post-translational modification. The findings of this study
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provide further evidence for tissue-dependent variations in neurogenesis in the male and

female goldfish brains.

There were both individual and tissue-dependent variations in the presence and
relative abundance of the different goldfish nestins (A, B and C) in both female and male
fish in response to MPTP treatment. The findings of the study report on differences
between sexes to repair or heal tissues following a neurotoxic insult. Firstly, western
blotting revealed MPTP-treatment differences in the two major nestin isoforms (~30 and
70 kDa) and minor nestin isoform (~75 kDa). In the female control group, the ~30 kDa
protein band (nestin B) is doubled in frequency in the optic tectum and cerebellum in
comparison to the MPTP-treated female group. A decrease in the ~30 kDa band could
represent a recruitment of nestin-positive cells to migrate and differentiate into neuronal
cells to alleviate MPTP effects. The ~70 kDa band is also differentially expressed where
it is absent in the female control hypothalamus in comparison to the MPTP-treated group
thus could be inversely related to neurogenic ability in the adult goldfish brain.
Furthermore, the ~75 kDa band is present in the telencephalon of MPTP-treated female
fish versus the control and this ~75 kDa protein band is more than doubled in frequency
in the midbrain in response to MPTP. The presence of the ~70 and 75 kDa bands
indicates a differential expression pattern of nestin A protein in the goldfish brain. The
telencephalon contains numerous cellular proliferation pools where nestin-positive cells
could actively proliferate in preparation for tissue repair following injury (Zupanc and
Clint 2003; Mahler and Driever 2007; Mérz et al. 2010; Zupanc and Sirbulescu 2011).
Increased or re-expression of nestin following injury suggests a neuroregenerative ability

in goldfish similar to the re-expression of nestin observed in the adult mammalian brain
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after CNS injury (Lin et al. 1995). We can speculate that a change in nestin expression
profiles following injury leads to an increase in cellular proliferation and migration to
repair damaged cells and tissues. However, the nestin protein expression patterns were
complex and necessitated both discriminant and PCA analyses to further investigate the

variations observed in the goldfish brain.

At 4 dpi of MPTP, the telencephalon followed by the pituitary and hypothalamus
were identified as distinct tissues amongst the 8 studied. Quantitative analysis also
revealed a difference in all goldfish nestin mRNAs (nesa, nesb and nesc) in the MPTP-
treated hypothalamus tissue at 4 dpi. Moreover, a significant difference in nesa mRNA
levels was identified in the telencephalon. The complexity in the expression pattern and
levels of nestin protein and mRNA in the telencephalon and hypothalamus suggests
functional plasticity of these tissues in response to CNS injury. At 7 dpi of MPTP, the
pituitary followed by the telencephalon and hypothalamus were identified as distinct
tissues amongst the 8 studied. However, the mRNA levels of all goldfish nestin
transcripts were not affected by MPTP treatment at this 7 dpi time-point. This suggests a
quick turnover of nestin-positive cells in these tissues to alleviate the effects of MPTP-
treatment. In mammals, it was suggested that astrocytes could recruit precursor cells for
neuronal regeneration after injury (Lin et al. 1995). The goldfish brain is abundant in
radial glia cells (RGCs) and these are activated following injury providing further
evidence for the activation of neuroregeneration in fish (Frisen et al. 1995; Lin et al.
1995; Michalczyk and Ziman 2005; Pelligrini et al. 2007; Carmona et al. 2011; Blesa et

al. 2012; Yokoyama et al. 2010).
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Goldfish have the ability to regenerate damaged tissues and cells following
chemical or physical lesions in the CNS (Contestable ef al. 1979; Levine 1983; Scherer
and Easter 1984; Zupanc and Sirbulescu 2011). Thus, modifying nestin expression
profiles in proliferative cellular pools could be a means to activate or a result of
regenerative activity in the adult goldfish brain. Overall, the main determinants
indentifying the telencephalon, hypothalamus and pituitary as the most variable tissues of
nestin expression are the frequency and intensity of the nestin isoform bands. More
specifically, based on the frequency of detection of the nestin-ir bands, nestin isoform A
(~70 kDa) and B (~30 kDa) are affected by sex and MPTP-treatment in fish.
Unfortunately the mechanisms implicated in the re-expression of nestin in fish after

injury still remain unknown.

Western blotting also revealed sex-specific and MPTP-treatment variations in the
protein expression pattern of B-actin in both female and male adult goldfish brain. This
suggests sex differences in the control of cytoskeletal dynamics in cells after injury.
Extensive brain remodelling could result in variations in cytoskeletal IF organization and
partitioning in response to the toxic effects of MPTP and to support cellular demands and
activities such as cell migration and protein trafficking. A microarray analysis study
supports this idea where DA regulates various biological functions such as cell
differentiation, cytoskeleton organization and biogenesis as well as transport (Popesku et
al. 2012). Discriminant and PCA analyses identified the telencephalon, hypothalamus
and pituitary as having the greatest variance in 3-actin protein expression similar to the
findings in nestin protein expression. This is important because the hypothalamus and

telencephalon are neurogenetic tissues abundant in DA neuronal populations involved in
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controlling reproduction and motor activity in fish (Peter and Paulencu 1980; Ball 1981;
Kah et al. 1987; Hornby et al. 1987; Poli et al. 1990; Anglade et al. 1993; Goping et al.
1995; Olanow and Tatton 1999; Dufour et al. 2010). These findings are also supported by
the quantitative analysis of $-actin mRNA levels in the hypothalamus and telencephalon
of female goldfish treated with MPTP. The ability of goldfish to alter cellular
components on demand could explain, in part, their remarkable ability for brain plasticity

and cellular remodelling.

In conclusion, we have provided evidence to the diversity of goldfish nestin
isoform expression as well as 3-actin protein expression based on sex and following
neurotoxic treatments. The presence and patterns of distribution of the isoforms were
complex, revealing individual and tissue-dependent expression. This could suggest
functional specializations of the nestins in the CNS during proliferative and cellular
migration events. The most striking finding was the uniqueness of the telencephalon,
hypothalamus and pituitary in both nestin and B-actin expression patterns. Close
examination of nestin protein expression patterns in female and male fish revealed that
the ~30, 70 and 75 kDa bands were differentially expressed in the animals at the time
they were sacrificed for tissue sampling. These data permit speculation of the roles of
nestin isoforms in sex-specific neurogenesis and brain remodelling in various brain
structures following injury. This brain remodelling could be indicative of the animal
preparing or repairing tissues to be able to perform a specific animal behaviour. For
example, the ablation of the forebrain or cerebellum in tilapia was linked to impairments
in learning abilities (Aronson and Herberman 1960). Similarly, a cerebellar lesion in the

goldfish was linked to impairments in emotional fear heart rate conditioning as a
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modified emotional learning behaviour (Rodriguez ef al. 2005). Consequently, it will be
important to determine the role of the nestin isoforms in filament formation to support
cellular proliferation and migration following CNS injury as well as observe nestin

expression variations during various development stages and seasons.
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Chapter 4
Neuronal regeneration in the goldfish telencephalon following 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) insult
4.1. Introduction
Goldfish (Carassius auratus) and other teleosts have a remarkable and higher

neurogenic rate than mammals and thus a greater ability to regenerate damaged axons
and tissues following a central nervous system (CNS) injury (Contestabile et al. 1979;
Levine 1983; Scherer and Easter 1984; Stuermer 1986; Delgado and Schmachtenberg
2011). The constitutive ability of the goldfish CNS to regenerate after injury makes them
an excellent model organism to study neurogenesis (Stevenson and Yoon 1978; Stuermer
et al. 1992; Sullivan et al. 1997). It has been estimated that the rate of neurogenesis in the
CNS of teleosts is approximately one order of magnitude higher than that observed
mammals (Zupanc and Sirbulescu 2011). For example, 6000 cells are newly generated in
the zebrafish brain within any period of 30 minutes which represents ~0.06% of the total
brain cell population (Hinsch and Zupanc 2007; Zupanc and Sirbulescu 2011). Newly
generated neurons are thought to originate from radial glial cells (RGCs) which are
known as one of the major progenitor cell populations from which new neurons can arise
(Adolf et al. 2006; Pellegrini et al. 2007; Ganz et al. 2010; Chapouton et al. 2011,
Rothenaigner ef al. 2011; Xing et al. 2014). There are up to 16 proliferative zones in the
teleost brain and the telencephalon exhibits numerous cellular pools and is a major source
of RGCs (Zupanc and Horschke 1995; Ekstrom et al. 2001; Zupanc et al. 2005; Adolf et
al. 2006; Grandel et al. 2006; Zupanc and Zupanc 2006; Kaslin et al. 2009; Mirz et al.

2010; Schmidt et al. 2013; Pelligrini et al. 2015).
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The neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), can
destroy DAergic neurons in the brain of teleosts and induce dopamine (DA) depletion
and Parkinson-like symptoms (Poli ef al. 1990; Youdim et al. 1992; Pollard et al. 1992;
Lucchi et al. 1998; McKinley et al. 2005; Lam et al. 2005). The MPTP models of
Parkinson’s disease (PD) experience many of the symptoms exhibited by humans and
primates. This includes neuronal cell body destruction in the CNS motor axis, as well as
decreased tyrosine hydroxylase (TH) activity and DA content in the forebrain, midbrain,
cerebellum and vagal lobes (Burns ef al. 1983; Heikkila ef al. 1984a, 1984b; Chiueh et al.
1984; Hallman et al. 1985; Adams et al. 1989; Poli et al. 1990, Pollard et al. 1996). The
goldfish ventral telencephalon, especially the area telencephali pars dorsalis (Vd) that
plays a role in motor control in teleosts, is an area negatively impacted by MPTP toxicity
(Goping et al. 1995; Wullimann and Mueller 2004; Sallinen et al. 2009). The ability of
fish to regenerate damaged cells and tissues and reestablish normal behavioural functions
following injury has been extensively studied in the spinal cord, cerebellum and retina,
but not in the highly regenerative telencephalon tissue (Bernstein 1964; Stuermer et al.
1992; Zottoli and Freemer 2003; Matsukawa et al. 2004; Becker and Becker 2007, 2008;
Sirbulescu et al. 2009; Sirbulescu and Zupanc 2010a,b; Zupanc and Sirbulescu 2011).
Previous studies have reported reversible changes in DA forebrain levels following
MPTP treatment where DA returned to baseline levels ~8 days post-injection (dpi)
(Pollard et al. 1992; Adeyemo et al. 1993).

Bromodeoxyuridine (BrdU) is a synthetic analog of thymidine that incorporates
into newly synthesized DNA and is used to study cellular proliferation and neuronal

development (Miller and Nowakowski 1988). Previous studies have reported the ability
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of fish to incorporate BrdU into mitotically active cells following injury (Zupanc and
Horschke 1995; Zupanc 1999; Ekstrom et al. 2001; Zikopoulos et al. 2001; Zupanc et al.
2005; Ampatzis and Dermon 2007; Delgado and Schmachtenberg 2011; Zupanc and
Sirbulescu 2011). For example, actively dividing cells were visualized 1-10 days
following a lesion in the cerebellum of the weakly electric fish Apteronotus
leptorhynchus (Zupanc and Ott 1999). In this animal model, newly generated cells were
able to migrate to specific target areas, differentiate into neurons and integrate into
existing neural networks (Zupanc and Zupanc 1992; Stroh and Zupanc 1996; Zupanc et
al. 1996; Zupanc and Ott 1999). Zupanc and Horschke (1995) showed that BrdU is
available for 4 hrs after intraperitoneal injection in A. leptorhynchus and another electric
fish Eigenmannia sp, thus is able to incorporate into new cells and mark the occurrence
of neurogenesis following injury.

Teleost species remove damaged or compromised cells almost exclusively via
apoptosis following CNS injury in comparison to necrotic cell death observed in
mammalian models (Beattie et al. 2000; Vajda 2002; Liou et al. 2003). The damaged
cells resulting from apoptotic events can be detected using a terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP nick-end labelling (TUNEL) technique (Gavrieli et al.
1992). This technique labels DNA fragments associated to changes in cellular
morphology due to cellular apoptosis (Thiry 1992; Migheli et al. 1995). Cellular
apoptosis occurs as a result of activating apoptotic enzyme cascades that are triggered
when cell cycle checkpoints are compromised as observed in neurodegenerative diseases
such as PD (Bursch et al. 1990; Majno and Joris 1995; Darzynkiewicz et al. 1997; Trump

et al. 1997; Beal 1998; Green and Droemer 2004). The present study investigated the
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proliferation of cells and quantified apoptotic activity in the telencephalon of the goldfish
brain by using BrdU and TUNEL methods.

In conclusion, we report novel information on the ability of the goldfish to
regenerate rapidly (~3-4 dpi) damaged DAergic neurons in telencephalic tissue by
observing the rapid incorporation of BrdU into newly generated cells which preceeds
recovery of motor function in MPTP-treated animals. The telencephalon was found to be
the most distinct tissue in nestin protein expression following MPTP insult in adult
female goldfish (Chapter 3). For this reason, this study focuses on the capacity of female
goldfish telencephalic tissue to regenerate following MPTP toxicity, specifically in the
Vd area associated with fish motor acitivity. The DAergic marker, TH, was used to
determine if new DA neurons are generated after the CNS injury in the adult goldfish
telencephalon.

4.2. Material and Methods
4.2.1. Animal maintenance

Adult female goldfish (Carassius auratus) were purchased from a commercial
supplier (Mt. Parnell Fisheries Inc., Mercersburg, PA) and maintained at 18 °C under a
natural-simulated photoperiod on standard flaked goldfish food. Fish were kept in 70 L
tanks (15-18 fish/tank). All procedures were performed according to the guidelines of the
Canadian Council on Animal Care and were approved by the University of Ottawa
animal care committee. Goldfish were anesthetized using 3-aminobenzoic acid ethylester
(MS-222; 0.05% in water, Sigma Chemicals, Oakville, Canada) for all handling and

sampling procedures.
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4.2.2. Experimental and sampling procedures
The dopaminergic neurotoxin MPTP (Sigma-Aldrich M0896, Oakville, Canada) was
dissolved in 0.6% saline to give a dose of 50 ug/g body weight of fish at 2 uL/g. Sexually
recrudescent female goldfish (September; ~33g + 1.6; gonadosomatic index ~2.8 + 0.5;
n=20) either received a single intraperitoneal injection of MPTP or a control 0.6% saline
injection at time 0 similar to the treatment schedule used by Pollard’s group (Pollard et
al. 1992; Goping et al. 1995). All female goldfish also received a single intraperitoneal
injection of BrdU (Life Techonologies B23151, Burlington, Canada) dissolved in 0.6%
NaCl at a dose of 150 pg/g body weight at 3 dpi prior to sampling at 4 and 7 dpi. Female
goldfish were randomly sampled at time 4 and 7 dpi when they were intracardially
perfused with 0.6% saline (~10 ml) and then 4% paraformaldehyde (PFA, Sigma, P6148,
Oakville, Canada) freshly depolymerized in phosphate-buffered saline (PBS; pH 7.4).
Following perfusion, the brains, whole pituitary and gonads were carefully dissected
from the goldfish. The gonadosomatic index was calculated by dividing the gonad weight
by body weight of the goldfish x 100.
4.2.3. Immunostaining

Goldfish brains were dissected and collected after intracardial perfusion and
postfixed with 4% PFA overnight at 4°C. The following day, the brains were washed in a
series of solutions [1xPBS (2x 30 min); 0.85% NaCl (1x 40 min); EtOH 70%/NaCl
0.85% 1:1 (1x 30 min); EtOH 70% 2x 20 min; EtOH 85% (1x 40 min); EtOH 95% (1x
40 min); EtOH 100% (2x 30 min)] at 4 °C in preparation for paraffin embedding [toluene
(2x 45 min); melted paraffin (3x 60 min)]. All the brains were embedded in paraffin prior

to sectioning. Six micrometer sections were obtained for staining using a motorized
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microtome (HM 350, Microm, Heidelberg) and the sections were placed on Superfrost
plus microscopic glass slides (Fisher Scientific 12-550-15, Toronto, Canada). To
visualize incorporated BrdU, the paraffin sections were deparaffinized by washes in Xilol
(2x20 min) and serial dilutions of ethanol (2min/wash) [2x EtOH 100%; EtOH 95%;
EtOH 85%; EtOH 70%; EtOH 50%; EtOH 30%]. The sections were then washed with 1x
PBS (2x 10 min) prior to incubation with 50% formamide/50% 2xSSC for 3 hrs in a 65
°C water bath. Following the incubation, the sections were washed with 2x saline-sodium
citrate (SSC) (20x SSC stock solution: 3M NaCl, 0.3M Sodium citrate, pH 7.0) (2x Smin)
prior to DNA denaturation by incubating the sections in 2N HCI for 30 min at 37 °C.
This was followed by washing in sodium borate buffer (0.1M, pH 8.5) for 2x 5min at
room temperature (RT) and then with 1x PBS with 0.2% TritonX-100 (3x 5min).
Nonspecific protein binding sites were blocked with 1% milk with 0.2% Triton X-100 in
Ix PBS for 45 min at RT. Sections were then incubated with rat anti-BrdU (dilution
1:300; Abcam ab6326, Cambridge, MA, USA) and rabbit anti-TH antibodies (dilution
1:400; Millipore Ab152, Toronto, Canada) in 1% milk with 0.2% Triton X-100 in 1x
PBS at 4 °C overnight in a moist chamber. After 1x PBS with 0.2% TritonX-100 rinses
of 3x 10min on a shaker, the sections were incubated in Alexa Fluor 594 goat anti-rat IgG
(dilution 1:300; Invitrogen A11007, Burlington, Canada) and Alexa Fluor 488 goat anti-
rabbit IgG (dilution 1:300; Life Technologies A11008, Burlington, Canada) secondary
antibodies in 1xPBS with 0.2% TritonX-100 for 1.5 hrs at RT. The sections were then
washed three times in 1xPBS with 0.2% Triton X-100 for 5 min and mounted with
antifading medium Vectashield with 4,6-diamino-2-phenylindole (DAPI) (Vector

Laboratories, Burlingame, CA, USA) and kept in the dark until visualization of slides
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with a confocal microscope.

In situ TUNEL was used for single-labelling experiments to visualize the
distribution of apoptotic cells in the goldfish brain. Adjacent brain sections from the
BrdU experiment were used to detect the DNA fragments using the ApopTag Fluorescein
in situ plus detection kit (Millipore S7111, Toronto, Canada), which uses antidogoxigenin
antibody conjugated to a fluorescein reporter molecule to visualize fluorescent TUNEL
nuclei in green. The TUNEL experiment was performed following the manufacturer’s
protocol. To detect nonspecific labelling, adjacent sections were incubated in the absence
of the primary or secondary antibody (data not shown). No labelled cells were observed
under these control conditions (data not shown). The sections were mounted with
Vectashield and DAPI and kept in the dark until visualization of slides.

4.2.4. Quantification of BrdU, TH and TUNEL labelled cells

The BrdU, TH and TUNEL staining-positive cells were visualized using a
fluorescent microscope (Zeiss Axiophot Microscope) at 20 X magnification with the aid
of an Olympus DP70 camera. Positive cells were counted in the 4 and 7 dpi goldfish
brains to quantify cellular proliferation and apoptosis using ImageJ1.431 software
(Rasband 1997-2014). The total number of TH, BrdU and TUNEL-positive cells in
goldfish brain sections were counted using unbiased, single-blind, counting of cells in
random sections (Guillery 2002). For the TH and BrdU counting, five sections of the
ventral telencephalic area at 4 and 7 dpi were analyzed per fish (n=5 per group) where
cells were counted the entire length of the ventricular surface along the ventral-dorsal
axis of the left brain hemisphere using a specific counting frame of a width of ~ 680 = 80

um stretching laterally from the ventricular surface to the apical surface. Cell counting
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was confined within neuroanatomical borders of the target area. Quantification of
TUNEL staining in sections was performed in the same manner with the analysis of 3
sections per brain (n=5 per group) at 4 dpi. Labelled cells were localized according to the
goldfish brain atlas of Peter and Gill (1975). The total number of positive cells between
treatment group and control group were first tested for normality and then statistically
compared using Student’s t-test (two-tailed) in SPSS Statistics (version 21). P-values less
than or equal to 0.05 were considered statistically significant. All data are presented as
the mean + SEM.
4.2.5. Behavioural Analysis

Female goldfish (December; ~32 g + 1.4; gonadosomatic index ~1 = 0.1; n=10)
received either a single intraperitoneal injection of MPTP (50 pg/g body weight) or a
control 0.6% saline injection at time 0. The mobility measurements were performed once
a day at 0, 3 and 7 dpi of MPTP in the late morning where time 0 was measured after the
administration of MPTP. The fish movement and swimming motions were recorded using
an Olympus Stylus TG-850 camera in individual tanks. The fish were placed in 4 cm of
water in a 13 x 30 cm transparent aquarium similar to the experiment performed by
Weinreb and Youdim (2007). The fish were allowed to acclimatize for 30 min prior to
mobility recordings. The total movement of a single fish, which includes the total
distance of swimming and time of rest, was measured over a period of 5 min using a non-
commercial Python tracking software specifically programmed for fish mobility
measurements (kindly provided by A.D. St-Jacques and M. Vera Chang, unpublished).
Statistical analysis was performed using GraphPad Prism v6.0. The total distance traveled

data were normally distributed and statistically compared using Student’s t-test (two-
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tailed) by comparing the control at time 0 group to each of the treatment time-points
followed by Bonferroni’s correction. The resting time data were not normally distributed
and were therefore statistically compared using Mann-Whitney Test (two-tailed) by
comparing the control at time 0 group to each of the treatment time-points followed by
Bonferroni’s correction. P-values less than or equal to 0.02 were considered statistically
significant. All data are presented as a mean + SEM.
4.3. Results
4.3.1. Effects of MPTP on female goldfish swimming behaviour

Female goldfish were treated with MPTP and their swimming movements were
measured on different days post MPTP injection. As shown in Fig. 4.1, control goldfish
traveled an average of ~2000 cm/ 5 min and rested for ~10 s during the test period.
However, there was an observable decrease in total distance traveled and an increase in
resting time following the injection of MPTP. At 3 dpi of MPTP goldfish decreased
distance traveled by ~50% (P=0.04) (Fig. 4.1). There was a significant increase in resting
time (P=0.02) at 3 dpi (Fig. 4.1B). Thereafter, the total distance traveled by MPTP-
treated goldfish recovered to control levels at 7 dpi (P=0.98). Reversible changes were
also evident for the resting time, which started to return to control levels following 7 days
post-MPTP treatment (P=0.17).
4.3.2. Effects of MPTP on TH and BrdU-immunoreactivity in the female goldfish
ventral telencephalon

Confocal imaging of MPTP-treated female goldfish at 4 and 7 dpi reveals TH and
BrdU-positive cell labelling evidence in the Vd of the telencephalon. Figure 4.2B shows

some BrdU-positively labelled cells (red) traveling laterally and dorsally from the

117



ventricular surface to the Vd area at 4 dpi of MPTP. Control (Fig. 4.2A) and MPTP-
treated fish at 4 dpi also contained TH-positive cells (green). At 7 dpi of MPTP, there
were no differences in TH or BrdU-positive cells in the MPTP-treated (Fig. 4.2D) or the
control fish (Fig. 4.2C).

Confocal imaging also revealed that BrdU-positive cells are colocalized with
DAPI (blue nuclear stain) thereby confirming that BrdU was incorporated into newly
generated cells in the female goldfish brain (Fig. 4.3A). Several double-labelled BrdU
and TH-positive cells were also found in the 4 dpi of MPTP fish group (Fig. 4.3B and
4.3C).

The total number of TH-positive neurons in the ventral telencephalon, which
includes the Vd, was counted. At 4 dpi of MPTP, TH-positive cells significantly
decreased by 27% compared to control fish (P=0.02) (Fig. 4.4A). No significant
differences in TH-immunolabelling were observed at 7 dpi of MPTP (P=0.69) compared
to controls (Fig. 4.4C). The BrdU-positive cell counts also revealed a statistically
significant difference in the adult goldfish. At 4 dpi of MPTP, BrdU-positive cells
significantly increased ~1.9-fold compared to control fish (P=0.02) (Fig. 4.4B). In
contrast, no significant differences in BrdU-immunolabelling were observed at 7 dpi of
MPTP (P=0.69) (Fig. 4.4D).

4.3.3. Effects of MPTP on cell survival and death in the ventral telencephalon of
female goldfish

Fluorescent imaging reveals that cellular apoptosis occurred in the ventral

telencephalon following the injection of MPTP at 4 days. TUNEL-positive cells were
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elevated in the MPTP-treated brain tissue at 4 dpi (Fig. 4.5B) relative to the control fish
(Fig. 4.5A).

TUNEL-positive cell counts revealed a statistically significant difference in the
adult goldfish. At 4 dpi of MPTP, the number of positively labelled TUNEL cells
(apoptotic cells) in the ventral telencephalon was significantly increased by ~9-fold in

comparison to control fish (P=0.0001) (Fig. 4.6).
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Figure 4.1. Time course for onset and recovery of swimming activity of female goldfish
from MPTP toxicity. Goldfish in groups of 5 were treated on day 0 with MPTP (50 pg/g
body weight, i.p.) or with 0.6% saline. A) At 3 and 7 days post-MPTP injection fish were
tested for the distance travelled in a 5 min period according to a Python tracking
software. A Student’s t-test was performed to determine the effects of MPTP on distance
travelled B) Data were not normally distributed so the distribution and median values
(red bars) are presented. Resting time during each 5 min period is presented as
determined by the Python tracking program. A Mann-Whitney Test (two-tailed) was
performed followed by a Bonferroni correction to determine the effects of MPTP on
resting time (P=0.02). Treatment groups marked by an asterisk are significantly different
compared to control group (n=5 per treatment group).
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Figure 4.2. Confocal imaging illustrating effects of MPTP on BrdU-positive cells (red)
and TH-positive cells (green) in the area telencephali pars dorsalis (Vd) of female
goldfish. The images show positively stained BrdU and TH cells in (A) control fish 4
days post injection (dpi); (B) MPTP-treated goldfish at 4 dpi; (C) control goldfish at 7
dpi; and (D) MPTP-treated goldfish at 7 dpi. Scale bars = 100 pm.
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Figure 4.3. Confocal imaging of (A) double-labelled BrdU (red) and DAPI (blue)
nuclear staining; B) and C) double-labelled BrdU-positive cells (red) and TH-positive
cells (green) in the area telencephali pars dorsalis (Vd) of female goldfish. Arrows show
double-labelled cells and arrowheads show TH-positive and BrdU-negative cells. Scale
bars = 10 um.
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Figure 4.4. The effects of MPTP on the number of TH-positive cells and BrdU-positive
cells in female goldfish ventral telencephalon. Female goldfish exposed to MPTP after 4
days had a significant decrease of TH-labelled cells (A) and a significant increase of
BrdU-labelled cells (B) compared to control fish. There were no significant changes
observed in TH-labelled cells (C) or BrdU-labelled cells (D) in female goldfish exposed
to MPTP after 7 days. A Student’s t-test was performed to determine the effects of MPTP
on TH and BrdU cell numbers. Treatment groups marked by asterisks are significantly
different compared to control group (n=5 per treatment group; P=0.02 (A) and P=0.02

(B).
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Figure 4.5. Fluorescent images illustrating effects of MPTP on cellular apoptosis by
labelling TUNEL-positive cells (green) and DAPI (blue) in the area telencephali pars
dorsalis (Vd) of female goldfish. The images show positively stained TUNEL cells in (A)
control goldfish at 4 days post injection (dpi) and (B) MPTP-treated goldfish at 4 dpi.
Arrows show double-labelled cells for both TUNEL and DAPI staining and arrowheads
show TUNEL-positive labelling only. Scale bars = 100 pm.
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Figure 4.6. The effects of MPTP on the number of TUNEL-labelled cells in female
goldfish ventral telencephalon at 4 days post-MPTP treatment. Female goldfish exposed
to MPTP after 4 days had a significant increase of TUNEL-labelled cells compared to
control fish. A Student’s t-test was performed to determine the effects of MPTP on
TUNEL-labelled cell numbers. Treatment group marked by an asterisk is significantly
different compared to control group (n=5 per treatment group; P=0.0001).
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4.4. Discussion

The behavioural MPTP model of PD was validated by first evaluating the motor
deficits in goldfish injected with MPTP. In this behavioural study, a significant decrease
of ~50% in total distance traveled was observed in goldfish 3 dpi of MPTP coincident
with the maximal loss of DA brain content reported in the forebrain by several studies
(Poli et al. 1992; Pollard et al. 1992; Lu et al. 2014). Youdim et al. 1992 also reported
profound bradykinesia in goldfish at 3 dpi of MPTP. We also observed a significant
increase in total resting time at 3 dpi of MPTP. Goldfish were able to recover their
swimming distance to control levels by 7 dpi and resting time slowly recovered towards
control levels at 6 and 7 dpi of MPTP. A similar recovery of total distance traveled and
resting time was reported at 7 and 5 dpi respectively (Weinreb and Youdim 2007). The
recovery of normal motricity suggests a recovery of neurotransmitter levels i.e., DA, and
thus the ability of goldfish to reestablish important biological behaviours which is most
likely due to their high neuroregenerative abilities. Although these findings suggest a
recovery of mobility due to a recovery of DA levels in the teleost brain, more studies are
necessary to directly link the changes in DA neurotransmitter levels to mobility function.

The neuronal cells in the ventral telencephalon were destroyed by the neurotoxin
MPTP at 4 dpi as observed by TUNEL assay. This confirms previous studies that
apoptotic cell death occurred as a means to remove damaged or compromised cells
following injury (Beattie ef al. 2000; Vajda 2002; Liou ef al. 2003). The observation of
cell death close to the site of injury suggests a role of apoptosis in structural
reorganization of cells and tissue networks (Zupanc and Sirbulescu 2011). The greatest

decrease of forebrain DA content following MPTP injection is reached at 3-5 days
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(Pollard et al. 1992; Adeyemo et al. 1993; Sloley and McKenna 1993; Goping et al.
1995; Hibbert et al. 2004) coincident with the cellular death observed in the goldfish
ventral telencephalon. The DAergic marker TH was also quantified in the goldfish
ventral telencephalon and was significantly decreased by 27% at 4 dpi of MPTP. Similar
findings were reported by Pollard et al. (1996) and Goping et al. (1995) following
immunohistochemistry studies where TH-immmunoreactivity decreased in the goldfish
telencephalon at 4 dpi of MPTP. Goldfish have also been reported to recover DA brain
content to baseline levels at 7-8 dpi of MPTP (Pollard et al. 1992; Adeyemo et al. 1993;
Popesku 2009) and a full recovery is observed following 6 weeks of MPTP injection
(Poli et al. 1992). Remarkably, we observed a significant increase of 1.9 fold of BrdU-
labelled cells at 4 dpi of MPTP but no significant differences were observed at 7 dpi in
comparison to controls. This illustrates that goldfish have a remarkably high and rapid
neurogenic rate to recover from MPTP toxicity starting at 4 dpi. This is the first time that
neuroregeneration has been observed in the goldfish telencephalon during such a short
time-frame (~4 dpi) in response to MPTP toxicity. Furthermore, BrdU-positive cell
counts returned to control levels at 7 dpi providing further evidence that
neuroregeneration occurs rapidly (between 4-7 dpi) after the neurotoxic insult.

The short-term experiments conducted in this present study, where BrdU was
injected 24 hrs prior to the 4 dpi of MPTP, allowed for sufficient time for BrdU to be
available for incorporation into newly generated cells. Previous studies have shown that
BrdU is readily available for uptake for ~4hrs after intraperitoneal injection (Zupanc and
Horschke 1995). Furthermore, the length of the cell cycle in the adult teleost

Haplochromis burtoni was estimated to be ~25 hrs based on proliferating cell nuclear
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antigen (PCNA) and BrdU labelling in the retina (Mack and Fernald 1997). Based on
these studies, the positively-labelled BrdU cells in the goldfish telencephalon likely label
proliferative cells and their progeny if cellular division occurred. The longer-term
experiment, where BrdU was available for a total of 4 days post-injection, proliferative
cells that are actively dividing likely went through several cell cycles. Therefore the
BrdU observed at this time-point would likely label several cellular generations and also
the original cell progeny. In this present study, we observed proliferation and lateral and
dorsal migration of BrdU-positive cells towards the Vd area at 4 dpi of MPTP. These
newborn cells likely originated from the proliferative cellular pools along the ventricular
surface where a large number of RGCs reside that can act as neural stem cells (Zupanc
and Clint 2003; Mabhler and Driever 2007; Pelligrini et al. 2007; Mérz et al. 2010;
Zupanc and Sirbulescu 2011). At 7 dpi of MPTP, the majority of proliferative cells
remained near the ventricular area in the proliferative cell pools.

Based on the observations of BrdU-positive cells in this study, we postulate that
proliferative cells are completing or have completed their migration to the Vd area
following MPTP insult shortly after 4 dpi. Previous studies have reported the occurrence
of rapid migration of newborn cells following injury based on BrdU cellular labelling.
For example, cellular proliferation in the zebrafish cerebellum following injury was
observed where cells migrated to their final destination of the granular cell layer after 10
days (Zupanc et al. 2005). Ampatzis and Dermon (2007) also found BrdU-labelled cells
in the migration state at 24 hrs post-injury in the zebrafish cerebellum. Another study of
spinal cord injury in Apteronotus leptorhynchus fish reported a several fold increase in

the rate of cell proliferation starting at 1 day post-injury and lasting several weeks
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(Zupanc and Ott 1999; Takeda et al. 2008; Reimer et al. 2008; Sirbulescu et al. 2009)
providing further evidence to the possibility of rapid goldfish neuroregeneration in the
telencephalon.

Remarkably, we observed some colocalization of BrdU and TH-positive cells in
the Vd area of the goldfish telencephalon at 4 dpi of MPTP. This provides direct evidence
that DAergic neurons are regenerating in the region exhibiting apoptosis following MPTP
injections. There were also BrdU-positive cells that were negatively stained for TH
illustrating two possible options. Firstly, one possibility is that future DAergic cells could
still be migrating to their final target site and do not yet express DAergic differentiation
factors such as TH. There could also be the occurrence of cellular differentiation of other
cell types in the Vd following a neurotoxic insult. However, this option is unlikely as the
majority of catecolaminergic neurons expressing TH in the teleost forebrain consist
mainly of DAergic neurons (Kaslin and Panula 2001; Sébert et al. 2008). Future studies
are needed to characterize the newborn cells in the telencephalon of the goldfish to
determine which cell populations are present by using specific cellular markers and
immunohistochemistry.

In conclusion, the administration of BrdU revealed development and proliferation
of newborn DAergic cells post-MPTP treatment in the ventral telencephalon, specifically
in the Vd area. These newborn cells migrate laterally and dorsally from the Vd towards
the injured site to replenish DAergic neuronal populations. The findings are novel and
provide evidence of neuronal regeneration of DAergic neurons by showing cellular death
and double-labelling of BrdU and TH cells at the CNS injury site. Future studies are

necessary to test whether the newly generated neurons are integrated into synaptic
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circuits to reestablish proper biological functions such as motricity. Another future study
should aim at identifying the permissive factors allowing neuregeneration to occur at a
rapid rate. The findings of this study provide a platform for future neuronal regeneration
studies in the teleost brain as a means to understand normal brain plasticity events as well

as healing and repair mechanisms following injury.
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Chapter 5
General Discussion

Neuronal regeneration and brain plasticity events in the normal and injured
goldfish were investigated. Nestin is an intermediate filament (IF) protein that has been
well characterized in mammalian species but has not been well studied in fish. Research
presented in this thesis reveals novel findings relating to nestin protein and
neuroregeneration in the goldfish brain.

5.1. Nestin isoform expression is sex- and tissue- dependent in the goldfish brain

The generation of the first fish specific nestin antibody provided the tools to
localize and identify nestin in the goldfish brain (Chapter 2). Western blotting analysis
using the goldfish anti-nestin antibody and RACE-PCR led to the discovery of three
different nestin isoforms (nestin A, B and C); the first report of multiple nestin isoforms
in teleost species. Phylogenetic analysis determined that goldfish nestin isoform A is
closely related to the single nestin isoform identified so far in other teleost species. On
the other hand, nestin isoform B and C appear to be distinct. These novel isoforms might
work together in a time-dependent manner and thus contribute to the high neurogenesis
capacity observed in the CNS of fish. The discovery of multiple nestin proteins in the
goldfish brain might provide insight into the reasons why teleosts have unparalleled
neuroregenerative abilities relative to the very limited ability in mammals. Adult
mammals only have two distinct proliferative brain areas (Alvarez-Buylla and Garcia-
Verdugo 2002; Taupin and Gage 2002; Goldman 2003; Garcia et al. 2004; Merkle et al.
2004; Doetsh and Hen 2005; Lledo and Saghatelyan 2005), but in marked contrast
teleosts have up to 16 proliferative pools migrating and differentiating into a range of cell

types (Zupanc and Horschke 1995; Ekstrom et al. 2001; Zupanc et al. 2005; Adolf et al.
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2006; Grandel et al. 2006; Zupanc and Zupanc 2006; Kaslin et al. 2009; Mérz et al.
2010; Schmidt et al. 2013; Pelligrini et al. 2015).

It was found that nestin protein distribution and isoform expression varied
significantly across brain regions and the pituitary gland. These included neuroendocrine
regions such as the hypothalamus and telencephalon, and also the optic tectum, midbrain,
cerebellum, vagal lobes and brainstem. Remarkably, based on PCA analysis, the
telencephalon was identified as a distinct tissue with a unique nestin expression pattern in
the normal goldfish brain. This is important because the telencephalon is a
neuroendocrine region involved in motor control, reproduction and learning and contains
numerous proliferative cellular pools capable of recruiting cells to activate neurogenesis
(Zupanc and Clint 2003; Mahler and Driever 2007; Mirz et al. 2010; Zupanc and
Sirbulescu 2011). The telencephalon is also abundant in RGCs that are also neural stem
cells and have multipotency capability to differentiate into numerous cell types (Zupanc
and Clint 2003; Mabhler and Driever 2007; Pelligrini et al. 2007; Mérz et al. 2010;
Zupanc and Sirbulescu 2011; Xing et al. 2014). However, PCA analysis has some
limitations as it only identifies the discriminiating factor providing the most variance in
the nestin protein expression pattern in the goldfish brain based on the western blot data.
Future studies are necessary to investigate the actual effect of sex and MPTP toxicity on
nestin protein expression, i.e., upregulation or downregulation, in the respective
neurogenic areas. For example, we could perform western blotting on a greater sample
number of female and male fish against nestin to quantifiy and visualize the nestin

protein changes in various brain tissues.
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Nestin protein expression is also influenced by both seasonality and sex in
goldfish (Chapter 3). For example, it was discovered that in individual sexually regressed
female goldfish, the nestin protein isoform A and isoform B appear less frequently in the
telencephalon compared to sexually mature female fish. Nestin isoform A was expressed
at a lower frequency in male versus female goldfish in all brain tissues except for the
hypothalamus. Identifying the differences of neurogenetic patterns in different sexes and
during the reproductive cycle will help to identify peaks of annual neuronal regeneration

that may underly seasonal brain plasticity (Zhang et al. 2009).

A differential expression pattern of nestin protein was also observed following the
injection of the neurotoxin MPTP at 4 and 7 days. MPTP is a neurotoxin that specifically
depletes DA brain content and destroys DAergic neurons in the brain (Singer et al. 1987,
Poli et al. 1990; Pollard et al. 1992; Goping et al. 1995; Lucchi et al. 1998). Previous
studies have reported an upregulation of nestin following injury in both fish and
mammalian models, suggesting neuronal regeneration as a means to heal and repair
damaged cells and tissues in the CNS (Lin et al. 1995; Zhao et al. 2003; Michalczyk and
Ziman 2005; Popesku 2009; Carmona et al. 2011). In Chapter 3, we explored the
neurogenesis potential of various brain structures and whole pituitary of the goldfish by
observing the effects of injecting the neurotoxin MPTP on nestin protein expression.
Remarkably, MPTP injection affected both the frequency and intensity of nestin protein
expression specifically in the pituitary, hypothalamus and telencephalon of female and
male goldfish. This is important because some neurons in the telencephalon and
hypothalamus control pituitary function and reproductive activity (Peter and Paulencu

1980; Oka and Ueda 1981; Kyle and Peter 1982; Koyama et al. 1984; Fryer et al. 1985;
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Kah et al. 1987; Airhart et al. 1988; Dufour et al. 2010), while others regulate motor
activity (Marshall et al. 1974; Hornby et al. 1987; Sas et al. 1990; Poli et al. 1992;
Goping et al. 1995; Olanow and Tatton 1999; Wullimann and Mueller 2004; Sallinen et
al. 2009). Although the pituitary does not contain neuronal cell bodies, only neuronal
terminals, the nestin observed likely marks other cell types. The differential expression of
nestin observed following MPTP-induced injury suggests the occurrence of neuronal
regeneration in the hypothalamus and telencephalon tissues to alleviate DA loss. One
possible neuroregeneration mechanism could be to recruit nestin-positive proliferative

cells to differentiate into DA neurons at the site of MPTP-induced injury.

The relative mRNA levels of nestin a (nesa), b (nesb) and c (nesc) were also
measured by qRT-PCR to quantify specific nestin transcripts in the hypothalamus and
telencephalon. At 4 dpi of MPTP, nesa and nesc were significantly decreased in the
telencephalon and hypothalamus respectively, but no significant differences were
observed at the 7 dpi time-point. Unfortunately, it is not yet possible to link the specific
nestin transcript levels to the different nestin protein expression patterns obtained by
western blot because the antibody generated for this study labels all three nestin isoforms.
A future study is needed to investigate the distribution of individual nestin isoforms, and
will require manufacturing specific nestin antibodies for each isoform. In this way it will
be possible to understand the direct transcript-protein relationship for each specific nestin

subtype.

We propose that the variability in nestin isoform expression patterns is linked to
high neurogenic capacity. This higher neurogenic capacity in teleosts could be one

possible trigger to activate regenerative mechanisms and increase neuronal populations
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from proliferative cells. However, the mechanisms involved in the upregulation of nestin
following injury still remain unknown. Several mechanisms could be involved for
example, the release of soluble factors from adjacent tissues such as nerve growth factor,
changes in cell to cell contact or IF remodeling (Ishikawa et al. 1991; Holmin et al. 1997,
Frisen et al. 1995; Johansson et al. 2002; Matsuda et al. 1996). Furthermore, the nestin
antibody was only specific for nestin protein in western blot analyses and did not
successfully mark nestin-positive cells when immunohistochemistry (IHC) was
performed on goldfish or zebrafish brain sections (data not shown). The epitope
recognized by the goldfish nestin antibody is at the N-terminal region of the goldfish
nestin protein sequence. We hypothesize that the epitope region recognized by the
antibody is unaccessible for binding on fish tissues, perhaps due to protein folding.
Further optimization of the IHC protocol could eventually allow the use of the goldfish
nestin antibody for IHC purposes on tissue sections. The optimization could include
different epitope revealing washes with various buffers as well as attempting to fix the
brain tissues in different fixatives. Visualizing nestin upregulation in the areas of motor
and reproductive control would provide further evidence for the changes observed in
nestin protein expression following injury. In addition, visualizing double-labelling of
cells with BrdU and nestin would provide insight into the association between fish

regenerative ability and nestin IF remodeling in the cell.

5.2. Dopaminergic neuronal regeneration following MPTP-induced neurotoxic

insult

The complex and altered nestin protein expression patterns following MPTP

treatments led us to believe that adult neuronal regeneration could be occurring. We
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explored the possibility of neuroregeneration of DA neurons, specifically in the area
dorsalis of the telencephalon (Vd). In Chapter 4, we first confirmed the occurrence of
cellular death by apoptosis in the ventral telencephalon following MPTP injection. These
findings provide evidence that apoptosis is a mechanism involved in removing damaged
cells and tissue repair at 4 dpi of MPTP. Thereafter, a BrdU experiment revealed that TH-
positive neurons regenerate in the ventral telencephalon to alleviate the negative effects
of MPTP on DA levels in the brain. Following MPTP treatment, DA neurons were shown
to significantly decrease in number in the Vd following 4 dpi of MPTP and recovered to
control levels shortly after (~7 dpi). Coincidentally, a string of BrdU-positive cells appear
to be migrating from the ventricular surface to the affected Vd area. We specifically
visualized the migration of newborn cells laterally and dorsally from the telencephalic
ventricular surface towards the Vd where DA neurons are usually found. Remarkably,
BrdU colocalized to the nucleus of some TH positive neurons at 4 dpi of MPTP. To our
knowledge, this is the first time that neuronal regeneration of DAergic neurons has been
observed in the teleost Vd following CNS injury. The data are original and provides

direct evidence for neuroregeneration following neuronal death induced by MPTP.

Female goldfish also had observable motor deficits following the injection of
MPTP and appeared to recover to control levels following 7 dpi. There is a possible
relation between cellular proliferation events observed by nestin and BrdU-positive cells
and adult brain plasticity and behaviour. Zupanc (1999) postulated that adding newborn
cells could have functional implications for long-term changes in teleost behaviour. We
have observed changes in motor behaviour following MPTP similar to that reported in

previous studies (Pollard et al. 1992; Youdim et al. 1992; Adeyemo et al. 1993; Weinreb
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and Youdim 2007; Lu et al. 2014). The high capacity of neurogenesis reported and
observed in this thesis in the goldfish telencephalon could help with the discovery of
proteins involved in activating neuronal proliferation to heal and repair damaged brain
tissues and cells. This is important as the replacement of damaged or dead neurons in the
adult mammalian brain as a consequence of neurodegenerative disease is very limited
because of a low neurogenic capacity that is highly restricted to a few brain regions
(Altman 1962, 1963, 1969a,b; Altman and Das 1965; Mares and Lodin 1974; Kaplan and
Hinds 1977; Kaplan 1981; Bayer et al. 1982; Kaplan and Bell 1983; Corotto et al. 1993;
Lois and Alvarez-Buylla 1993, 1994; Gould et al. 1998). The research presented in this
thesis will therefore advance our knowledge in neuronal brain plasticity and will

contribute to our understanding of how the CNS can regenerate in vertebrates.

5.3 Concluding Remarks

This thesis provides evidence that the goldfish neurogenic ability extends to the
telencephalon specifically in an area controlling motor activity. The progenitor cell niche
of RGCs located near the telencephalic ventricle is the most likely candidate for
differentiating into DA neurons following a neurotoxic insult to alleviate the motor
difficulties. The increase in expression of neurogenic markers such as nestin followed by
an increase in DA neuronal markers such as TH also provides further evidence into DA

neuronal regeneration (Popesku 2009).

The goldfish is an amenable model organism to study DA signaling and
innervation as pathways are well-conserved relative to other vertebrates (Pollard et al.

1992; Popesku et al. 2008). However, much remains to be discovered about the
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regulation of DA cellular remodeling. Identifying the signals and transcriptional factors
and sequence of events controlling stem cell differentiation in the goldfish brain could
offer new possibilities in treating diseases and neuroendocrine deficits in fish and even
humans. The proposed DA neuronal regeneration pathway activated in the goldfish brain
following a neurotoxic insult is presented in Fig. 5.1. Radial glial cells stretch from the
apical surface of the ventricle to the dorsal surface of the telencephalon to help newborn
DA neurons migrate to the Vd area following MPTP injection. More specifically, we
propose the DA neurons arise from progenitor cells located near the telencephalic
ventricle that proliferate and migrate along the RGCs. As they are proliferating, the
expression of DA differentiation factors such as Notch signaling, Wnt proteins, Otx-2,
nurrl, pitx3 factors likely increases coincidentally as progenitor cell factors such as
nestin decreases (Riddle and Pollock 2003; Castelo-Branco et al. 2005; Michalczyk and
Ziman 2005; Dirian et al. 2014). The end result is a newborn DA neuron synthesizing
and releasing DA thereby alleviating the reproductive and motor deficits observed

following MPTP injection.

The study of nestin protein distribution and DAergic neuronal remodeling
following a neurotoxic insult increases our understanding of neurogenesis in the CNS.
However, further studies are needed to investigate the role of individual nestin isoforms
to determine if they cause an increase in fish regenerative capacity or change as a result
of regeneration activity. To investigate this possibility, we could use knowdown zebrafish
models of each nestin isoform to investigate the role of individual nestin isoforms in

neuroregeneration during fish development and adulthood. We could also overexpress
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each nestin isoform in a glial cell culture system (Xing et al. 2015) and observe the

effects on neurogenic markers and signaling factors such as FGF, GDNF, Shh and Wnt.

The research resulting from this thesis also provides the tools for future studies
relating to neurogenesis in the teleost brain. However, more studies are necessary to
relate nestin expression and distribution in the CNS to seasonal changes in brain
remodeling of neural networks. This is important as fish seasonality cycles vary
throughout the year, as do other neurotransmitters and proteins such as dopaminergic
activity (Trudeau et al. 1993; Senthilkumaran and Joy 1995; Chaube and Joy 2003;
Trudeau 1997; Blazquez et al. 1998; Zhang et al. 2009). Future studies are also necessary
to determine if DAergic neurons are regenerating in brain structures involved in the
reproductive axis especially in the preoptic telencephalic area (POA), similarly to
DAergic neuron regeneration reported in the telencephalic motor axis. The toxin MPTP
not only depletes DA neurons in the Vd and Vv areas but also in the POA and
hypothalamic region, areas involved in teleost reproduction (Peter and Paulencu 1980;
Ball 1981; Kah ef al. 1987; Poli et al. 1990; Anglade et al. 1993; Goping et al. 1995).
Telencephalic projections to the hypothalamus and from hypothalamus to the pituitary
regulate spawning behaviour in fish (Oka and Ueda 1981; Kyle and Peter 1982; Koyama
et al. 1984; Fryer et al. 1985). The telencephalon, hypothalamus and pituitary were
identified as distinct tissues expressing differential expression of nestin proteins in
response to MPTP treatment. These studies could provide a link between nestin and
neurogenic mechanisms to regulate DAergic levels during the seasonal reproductive

cycle.
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Figure 5.1. Proposed DA neuronal regeneration pathway following neurotoxic insult in
the goldfish telencephalon. Radial glial cells stretch from the apical surface of the
ventricle to the dorsal telencephalon and directionality is illustrated by the blue arrow.
Progenitor cells (red dots) proliferate, migrate along RGCs (black arrow) and
differentiate into DA neurons in the telencephalic Vd area. Grey dots represent various
progenitor cell niches in the goldfish telencephalon. OB: Olfactory bulb; H:
Hypothalamus; T: Telencephalon; MBr: Midbrain; OT: Optic Tectum; C: Cerebellum;
VLb: Vagal Lobes; BrS: Brain Stem. Vd: area ventralis telencephali pars dorsalis; Vv:
area ventralis telencephali pars ventralis; VI: area ventralis telecephali pars lateralis; Dc:
area dorsalis telencephali pars centralis; Dd: area dorsalis telencephali pars dorsalis; DI:
area dorsalis telencephali pars lateralis; Dm: area dorsalis telencephali pars medialis.
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Appendix A

MPTP toxicity in the goldfish brain: A light microscopy study

A.l. Introduction

Goldfish (Carassius auratus) are an excellent model organism for neuroendocrine
studies including the study of the catecholamine dopamine (DA) (Popesku et al. 2008).
Dopamine plays an important role in movement and reward mechanisms in vertebrates
including lower vertebrates such as the goldfish. Abnormalities in the functioning and
signaling pathways of DAergic neurons can lead to neurodegenerative diseases such as
Parkinson's disease (PD). A parkinsonian syndrome can be induced in goldfish by
injecting the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Poli et
al. 1990, 1992; Goping et al. 1995; Popesku 2009). Previous studies of MPTP-induced
goldfish animal models of PD have illustrates that the basic neural circuits of DA
signaling are conserved between goldfish and primates making the goldfish an attractive
model organism (Poli et al. 1992; Pollard et al. 1992; Adeyemo et al. 1993; Goping et al.
1995; Popesku 2009). The present study investigates neuroanatomical effects of MPTP

on tyrosine hydroxylase immunoreactive neurons in the goldfish brain.

MPTP is a neurotoxin that is selectively taken up by DAergic neurons via a
dopamine transporter and leads to DAergic cellular death (Chiba et al. 1984; Javitch and
Snyder 1984; Westlund et al. 1985; Snyder et al. 1986; Vyas et al. 1986; Singer et al.
1987; Pollard et al. 1992, 1996; Tipton and Singer 1993; Gainetdinov et al. 1997; Sriram
et al. 1997). Goping et al. (1995) demonstrated, using microscopy studies, that injection

of MPTP in the goldfish leads to neuronal cell irregularities such as disrupted nuclei.
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Pollard et al. (1992) and Popesku (2009) observed a maximal decrease in DA brain and
hypothalamus content, respectively, following 4-5 days post injection (dpi) of MPTP.
Coincidentally, Poli et al. (1992) showed full recovery of DA levels in the brain of the
goldfish after 6 weeks of MPTP injection. Popesku (2009) reported that hypothalamic
DA levels recovered to baseline levels at about 7 dpi. Similarly, Pollard ez al. 1992
reported that DA content in the brain recovered to baseline levels by 8 dpi. Visualization
of DA neurons in the brain of the goldfish can be accomplished by performing
immunohistochemistry (IHC) against tyrosine hydroxylase (TH). Tyrosine hydroxylase
plays an important role in the biosynthesis of DA in adrenergic neurons and is therefore
used as a marker of DA neurons (Nagatsu ef al. 1964; Kuhar et al. 1999). Hornby et al.
(1987) also showed the presence of TH-immunoreactivity (-ir) in the cell bodies of

DAergic neurons making TH a good DAergic neuronal marker.

The highest TH-ir has been reported in the goldfish forebrain, which includes the
telencephalon and the optic tectum (Hornby et al. 1987; Youdim et al. 1992; Goping et
al. 1995), both areas are the focus of this study. The TH-ir was observed in the
telencephalon, in the area telencephali pars dorsalis (Vd), the nucleus telencephali pars
medialis (NPM), and the preoptic area (POA) as well as in the optic tectum in control and
MPTP-treated goldfish brains using a monoclonal and polyclonal anti-TH antibody. The
NPM and Vd brain areas are thought to be involved in motor control and are likely
homologous to the substantia nigra pars compacta (SNc) and the dorsal striatum
respectively, two mammalian brain structures involved in movement control (Franzoni et
al. 1986; Sas et al. 1990; Pollard et al. 1992; Goping et al. 1995). The present study

investigated qualitatively the effects of MPTP in the goldfish brain following 4,7, 21, 28
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and 52 dpi and served to confirm previous reports (Hornby et al. 1987; Poli et al. 1990;
Pollard et al. 1996; Goping et al. 1995), and set the stage for the main experiments

described in the thesis.

A.2. Materials and Method

A.2.1. Animal maintenance

Adult female goldfish (Carassius auratus) were purchased from a commercial
supplier (Mt. Parnell Fisheries Inc., Mercersburg, PA, USA) and maintained at 18°C
under a natural-simulated photoperiod on standard flaked goldfish food. Fish were kept in
70L tanks (15-18 fish/tank). All procedures were performed according to the guidelines
of the Canadian Council on Animal Care and were approved by the University of Ottawa
animal care committee. Goldfish were anesthetized using 3-aminobenzoic acid ethylester

(MS-222; 0.05% in water, Sigma Chemicals) for all handling and sampling procedures.

A.2.2. Experimental and sampling procedures

The dopaminergic neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), was purchased from Sigma-Aldrich (M0896, Oakville, Canada) and dissolved
in 0.6% saline to give a dose of 50 pg/g body mass of fish at 2 uL/g. Female goldfish
(February-April; ~21 g = 0.7 body weight; ~0.8 = 0.1 gonadosomatic index; n=40) either
received a single intraperitoneal injection of MPTP at time t, or a control saline 0.6%
injection (2 pL/g). The gonadosomatic index was calculated by dividing the gonad

weight by body weight of the goldfish x 100.
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A.2.3. Tissue preparation

Female goldfish were sacrificed randomly at 4, 7, 21, 28 and 52 days post-
injection (dpi). All brain dissections were performed in mid-afternoon. Female goldfish
were intracardially perfused with 0.6% saline following by perfusion with Bouin’s
fixative. Afterwards, the brains were dissected and postfixed by immersion in Bouin’s
solution for 12 hours at room temperature (RT). The intact brains were then immersed in
70% ethanol for 4 days prior to paraffin embedding. Fixed brains were washed in a series
of ethanol solutions increasing in concentration from 96% to 100% and then placed in a
solution containing both xilol and 100% ethanol (1:1) before being immersed in xilol
then in melted paraffin. Each brain was placed in an embedding mold, covered with
paraffin and placed on ice. The embedded paraffin brains were placed at -20°C until
sectioning. Brains were then cut coronally into 6 um sections using a microtome,

mounted on superfrost glass slides and placed at 4°C until immunohistochemical studies.

A.2.4. Immunohistochemistry

Brain tissue sections mounted on glass slides were immunolabeled for tyrosine
hydroxylase (TH) using polyclonal and monoclonal antibodies. Firstly, the tissues were
deparaffinized by immersion in 2 different xylol solutions for 20 minutes and then
immersed in a series of ethanol solutions decreasing in concentration from 100% to 70%
for 10 minutes each. Afterwards, washing was done in 1x PBS (1x10min) prior to
blocking nonspecific protein binding sites using 3% hydrogen peroxide (H,0,) for 45
minutes at RT. Sections were then washed with 1x PBS (2x10min) before immersion in a

blocking solution of 0.5% skim milk, 0.3% triton X-100 and 1x PBS for 30 min at RT.
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Serial sections were then incubated overnight in either monoclonal anti-TH mouse
antibody (Chemicon, Temecula, CA, MAB318) or polyclonal anti-TH rabbit antibody
(Chemicon, Temecula, CA, AB152) in 1:200 dilutions. The monoclonal antibody
MAB318 (Matsui et al. 2009) and the polyclonal antibody Ab152 (Yamamoto et al.
2011) were both previously used by other groups to visualize TH in the fish brain. In the
control samples, the primary antiserum was omitted and the sections were processed in
identical solutions without the primary antibody. The next day, the sections were washed
in 1x PBS (2x10min) and incubated in biotinylated secondary antibody for 45 minutes at
RT and then washed with 1x PBS (2x10min) prior to incubation with streptavidin-
horseradish peroxidase (HRP) solution for 1 hour at RT. Afterwards, the sections were
washed with 1x PBS (2x10min) and the antigen-antibody complex was revealed with
3,3’-diaminobenzidine, 30% H,O; and 1x PBS. The sections were then washed with tap
water, stained with hemocytoxylin and then washed with alcohol acid for light
microscopy. All sections were dehydrated in a series of ethanol solutions in increasing
concentrations (70% to 100%), cleared in xylol and coverslipped in Permount for

microscopy visualization.

A.3. Results

A.3.1. Tyrosine hydroxylase-immunoreactivity in the goldfish brain

Tyrosine hydroxylase-immunoreactivity (TH-ir) was observed in the
telencephalon and the optic tectum using a monoclonal and a polyclonal antibody against
TH in the goldfish brain. The polyclonal anti-TH rabbit antibody provided a more

pronounced TH staining pattern (Fig. A.1A) than the monoclonal anti-TH mouse
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antibody (Fig. A.2). Tyrosine hydroxylase-ir was not observed in control sections where
the primary antibody was omitted from the incubation period. MPTP-induced depletion
of DAergic neurons was only observed at 4 dpi by TH immunolabeling. There were no
observable differences in TH-ir at the later time-points of 7, 21, 28 and 52 dpi (data not

shown) and thus the 4 dpi treatment group was the focus of this study.

A.3.1.1. Telencephalon

A large group of TH-ir cells and fibers are present in the Vd and the preoptic area
of the telencephalon. These TH-ir cells were observed in the control goldfish brain
following immunostaining against TH (Fig. A.1A and A.1B). In addition, many TH
fibers observed in the Vd extend dorsally and ventrally innervating other areas in the
goldfish brain (Fig. A.1B). However, the Vd and preoptic area were almost devoid of
TH-ir fibers and showed minimal TH-positive cell bodies when immunostaining was
performed with the monoclonal anti-TH mouse antibody in control fish (Fig. 2). Also, the
TH-ir fibers and cell bodies in the ventral telencephalon were drastically reduced in
number in MPTP-treated goldfish at 4 dpi and these cell bodies showed minimal
cytoplasmic processes (Fig. A.1C). Furthermore, TH-positive neurons were present in the

nucleus telencephali pars medialis (NPM) of control fish (Fig. A.4).

A.3.1.2. Optic Tectum

TH-ir fibers are located throughout the optic tectum of control fish (Fig. A.1E),
however, TH-ir cell bodies were only present in very small numbers (Fig. A.1E and
A.1F). At the level of the optic tectum, the control and MPTP-treated goldfish brains at 4

dpi showed a pattern of stained TH-positive cell bodies and fibers traveling through the
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optic tectum (Fig. A.1D and A.1E), however, the TH-ir was more pronounced in the
control brain. In MPTP-treated goldfish, TH-positive cell bodies and fibers were

drastically reduced in number in the optic tectum (Fig. 1D).
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Figure A.1. Light micrographs of TH-immunoreactive cell bodies and fibers in the
rostral telencephalon of the goldfish brain at 10x and 40x. Micrographs were
immunostained with a polyclonal anti-TH rabbit antibody (1:200) on 6 um goldfish brain
sections. (A) A micrograph illustrating normal distribution of TH-immunoreactivity in
the ventral telencephalon. (B) A micrograph focusing on the TH-immunoreactive
cellbodies (arrows) and fibers (arrowheads) of the preoptic area of the goldfish
telencephalon. (C) A micrograph of the ventral area of the telencephalon of goldfish
treated with 50ug/g MPTP. The micrograph illustrates the reduction of TH-
immunoreactive cell bodies and fibers in the preoptic area and the area dorsalis (Vd) of a
MPTP-treated goldfish. (D) A micrograph of a MPTP-treated goldfish brain showing the
reduction of TH-immunoreactive cell fibers in the optic tectum. (E) A micrograph of a
non-treated goldfish brain showing TH-immunoreactive cell bodies and fibers in the optic
tectum. (F) A micrograph of a non-treated goldfish brain showing neuronal processes
traveling though the optic tectum.
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Figure A.2. Light micrographs of 6 um-thick coronal brain sections of the goldfish
telencephalon at 10x and 40x respectively. Both micrographs were immunostained with
the monoclonal anti-TH mouse antibody at 1:200 dilution. (A) A micrograph showing
incomplete TH-immunoreactivity of cell bodies and fibers in normal goldfish brain. B) A
micrograph illustrating partial TH-immunoreactivity in a normal goldfish brain. Several
TH-immunoreactive cell bodies are labelled with arrows.

173



10um

Figure A.3. A) A telencephalic brain diagram illustrating the nucleus telencephali pars
medialis (NPM) area denoted by an oval circle. B) A light microscopy micrograph of a 6
um-thick coronal section of a normal goldfish brain at 40x. The micrograph focuses on

TH-immunoreactive nerve fibers (arrowheads) and cell bodies (arrows) in the NPM
indicated in the circle.
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A.4. Discussion

In the present study, DA depletion following MPTP injection was observed by
performing immunohistochemistry (IHC) against TH. The polyclonal anti-TH rabbit
antibody provided a consistent pattern of TH-ir in accordance to other IHC studies
(Hornby et al. 1987; Goping et al. 1995; Pollard et al. 1996). However, the TH-ir staining
pattern obtained with the monoclonal anti-TH mouse antibody was not convincing and
was only partially in agreement with other studies (Hornby ef al. 1987; Goping et al.
1995; Pollard et al. 1996). It appears that the polyclonal antibody is more specific in
binding the desired TH epitope in the goldfish brain. The monoclonal anti-TH mouse
antibody recognized an epitope outside of the regulatory N-terminus region of TH
(Antibody data sheet, Millipore, Temecula, CA, USA). As a result, there is a possibility
that the epitope was only partially present in the goldfish TH sequence explaining its low
level of expression when performing IHC. Unfortunately, we were unable to compare the
sequences as the manufacturer of the monoclonal antibody did not disclose the TH

epitope sequence.

The TH-ir pattern observed in control and MPTP-treated goldfish at 4 dpi are in
accordance with the TH expression pattern observed in the Vd and NPM areas reported
by Hornby et al. (1987) and Goping et al. (1995). The TH-positive neurons appear in
clusters throughout the telencephalon similarly to those findings presented by Goping et
al. (1995) and Poli et al. (1990). In addition, the presence of many TH-ir fibers in the
goldfish Vd is consistent to those observed in zebrafish IHC studies (Rink and

Waullimann 2001). Tyrosine hydroxylase-ir fibers are also located in the optic tectum with
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a small number of cell bodies, these findings are in accordance with the data reported by

Hornby et al. (1987), Goping et al. (1995) and Pollard et al. (1996).

Cytochemical damage induced by MPTP injection was only qualitatively
observed at 4 dpi in DAergic neurons of the goldfish brain especially in the telencephalon
and the optic tectum. There were no visual differences in the staining pattern or intensity
of TH-ir between control and MPTP-treated goldfish following 7, 21, 28 and 52 dpi. This
is in agreement with multiple studies that reported DA content recovery starting at 7-8
dpi of MPTP in the goldfish brain (Pollard et al. 1992, 1996; Goping et al. 1995; Popesku
2009). However, it is important to note that neurons with abnormal and normal
appearances were always observed in the MPTP-treated goldfish at 4 dpi similar to that
reported by Goping et al. (1995). In addition, Poli ez al. (1990) observed a decrease in
TH-ir in the telencephalon following 7 dpi of MPTP. However, no TH-ir differences

were observed at the 7 dpi time-point in this study.

To elaborate, the TH-ir fibers and cell bodies in the Vd arca of MPTP-treated
goldfish brain were drastically reduced in comparison to control goldfish. Goping et al.
(1995) reported drastic reduction of TH-ir and cell processing throughout the ventral mid-
telencephalon following MPTP injection. Poli et al. (1990) also reported a decrease in
TH-ir at the mid-telencephalic level of the goldfish brain following MPTP injection.
Tyrosine hydroxylase positive neurons were present in the NPM in control goldfish.
Following MPTP injection, Pollard et al. (1996) reported a reduction in the number of
TH-positive neurons in the NPM. The damage observed in the NPM following MPTP
injection is similar to that observed in substantia nigra neurons in higher vertebrates

(Pollard et al. 1992; Goping et al. 1995; Lucchi et al. 1998). The optic tectum also

176



exhibited a decrease in TH-ir fibers travelling across the tissue following 4 dpi of MPTP.
Pollard et al. (1996) observed the effects of MPTP on the optic tectum and they report
that a higher dose of MPTP (200 ng/g body weight) disrupts TH-ir fibers in the optic

tectum at 4 dpi.

The present study explored the goldfish brain regions depleted of TH-ir induced
by MPTP by localizing and comparing TH-ir cell bodies and fibers in control and MPTP-
treated goldfish brain. The expression patterns of TH-ir in the telencephalon and the optic
tectum appear to reflect the location of DAergic neurons in the goldfish brain. A decrease
in TH-ir was only observed following 4 dpi of MPTP followed by a recovery of TH-ir

starting at 7 dpi of MPTP.
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Appendix B
Supplemental Material

B.1. Chapter 2 Supplementary Figures

6.Midbrain
(4. Optic tecta)
\

3. Telencephalon . \

5. Cerebellum

7.Vagal lobes

\8.Brain stem

Olfactory bulbs \

\
2. Hypothalamus

O <€— 1. Pituitary (not shown)

Supplementary Figure 1. Goldfish brain dissection. The numbers indicate the sequence
of dissected tissues. Note that the pituitary (#1) is not shown in the figure but was
collected. The optic tecta were peeled off from the midbrain region. The olfactory bulbs
were not analyzed in this study.

178



Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

GAAAATTCAGCCACTGGGCACTGGGACTGTGGTCCAGACCTCACCCTCAAGCCTGTCATT

GAAAATTCAGCCACTGGGCACTGGGACTGTGGTCCAGACCTCACCCTCAAGCCTGTCATT
L

ATAATAACTCAGCAGCCACAAAGACCTCCAGCCATTCACAGCCTCTGTGCACAGTTCTAG

ATAATAACTCAGCAGCCACAAAGACCTCCAGCCATTCACAGCCTCTGTGCACAGTTCTAG
L

TGAGACTTAACACTTTCCACCACTCTAAGATGGAGCTTTTGGGTGCCCGACTGCCCTTCA

TGAGACTTAACACTTTCCACCACTCTAAGATGGAGCTTTTGGGTGCCCGACTGCCCTTCA
L

CCCAGTTTCAGGAGGAAAAGTACCAGATGCTGGAGCTGAACCAGCGTCTTGAATCATACT

CCCAGTTTCAGGAGGAAAAGTACCAGATGCTGGAGCTGAACCAGCGTCTTGAATCATACT
L

TAGGCCGCGTGAAGCTTCTGGAGGAGGAAAACAAGCTACTGCATGAGGAGATCCACACTC

TAGGCCGCGTGAAGCTTCTGGAGGAGGAAAACAAGCTACTGCATGAGGAGATCCACACTC
L

TCAAGAGCAGCAGGGAACCAGCAGGCCAGCGCAAAGCTCAAGAGGAGGCTCTCAGCCAGG

TCAAGAGCAGCAGGGAACCAGCAGGCCAGCGCAAAGCTCAAGAGGAGGCTCTCAGCCAGG
L

CCAGGAGGATGCTGGAGGAGGCCTGGAGGAAGAAAGACCATGTGGAACTGGAAGTCGAGA

CCAGGAGGATGCTGGAGGAGGCCTGGAGGAAGAAAGACCATGTGGAACTGGAAGTCGAGA
L

ACTTGATGGAGGATATAGAGGTGGTGAGTATTCAAAGACAGAAGGCAAAGAACGCTCAGG

ACTTGATGGAGGATATAGAGGTGGTGAGTATTCAAAGACAGAAGGCAAAGAACGCTCAGG
L

CTGAGGCACAGAGAAAACTCATGGAGAGCAGGAAGGAGCTTGAAGAGGAGCGTAGAGCTC

CTGAGGCACAGAGAAAACTCATGGAGAGCAGGAAGGAGCTTGAAGAGGAGCGTAGAGCTC
L

AGATTTGGCTAAGAGAGAAGGTTGGCCAACTTGAGAAAGACCTCCTGCTACAGATGCAAG

AGATTTGGCTAAGAGAGAAGGTTGGCCAACTTGAGAAAGACCTCCTGCTACAGATGCAAG
L

TCCACCAGGAGAACATGGAAACCATGCAGGCCTCTCTGAAACAGACAAAACAAGTCTTGA

TCCACCAGGAGAACATGGAAACCATGCAGGCCTCTCTGAAACAGACAAAACAAGTCTTGA
L

TGGCCCCACAGCACACTCAGACTGCCAGCATCCCAGACCTGGGACAAGAGTACAGCCACA

TGGCCCCACAGCACACTCAGACTGCCAGCATCCCAGACCTGGGACAAGAGTACAGCCACA
L

GAGCAACTCAAGCATGGCAGGAGGCAACCAACAACTATCAGAGACTGGTTGGACGTCTTG

GAGCAACTCAAGCATGGCAGGAGGCAACCAACAACTATCAGAGACTGGTTGGACGTCTTG
L

AGGAAAGTCTGAACCAGGCCAAAGCTAACATGACAAAGATTCATCAAGAAAAGAGAGAAA

AGGAAAGTCTGAACCAGGCCAAAGCTAACATGACAAAGATTCATCAAGAAAAGAGAGAAA
L

ACCAGCATCAAGTCCAGCATCTGGCAAAGGAGCTCGAGAGCACTAAGACTAAGAGGCAGA

ACCAGCATCAAGTCCAGCATCTGGCAAAGGAGCTCGAGAGCACTAAGACTAAGAGGCAGA
L

TGTTGGAGAAAAACTTAGTGCAGCAGAAAGAAGAGCATAAACAGGAGCTTCAACATTTTC

TGTTGGAGAAAAACTTAGTGCAGCAGAAAGAAGAGCATAAACAGGAGCTTCAACATTTTC
L

AGGTAATAGTTTAAACTTATGGACTTCTGTCTTCATTTACTCGCTCTAACCTTTATGATA

60
60

120
120

180
180

240
240

300
300

360
360

420
420

480
480

540
540

600
600

660
660

720
720

780
780

840
840

900
900

960
960

1020
963

1080

1140

179



Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

CAGAAGTCCATAAAGGTTTGGAACAGGACACATGTATTTAACTGGGTTCTTTTCATTTTG

AATGTCTCATATCTTTGCACAGGCTCAAGTAGATGCTCTGGAGATGGAGAAGGACAGCCT

----------------------- CTCAAGTAGATGCTCTGGAGATGGAGAAGGACAGCCT
KhkkRKRKRR KRR KRk khhhhhhhhhhhhhhkhkhkhrkhkhkr*

GGGGCAGCAGATAGACAGCCTAATGGTGGACAGACAAAACTTGCTGCAGGTCAAGATGTC

GGGGCAGCAGATAGACAGCCTAATGGTGGACAGACAAAACTTGCTGCAGGTCAAGATGTC
L

TCTTGGGCTGGAGGTGGCCACATACAGGTACCTGTCTTCAAAATCATCATCAACACCAGC

TCTTGGGCTGGAGGTGGCCACATACAGGTACCTGTCTTCAAAATCATCATCAACACCAGC
L

AAAATACAACCTCTCTTTATTAAGAACTTCAGAACCATCTTTACATGATGTAAAATATGC

AAAATACAACCTCTCTTTATTAAGAACTTCAGAACCATCTTTACATGATGTAAAATATGC
L

ATAGCTATTTCCCTTTCCTCTCTAAATGGGATTCCCCACATTGTGGGATTTGCAGTTTAT

ATAGCTATTTCCCTTTCCTCTCTAAATGGGATTCCCCACATTGTGGGATTTGCAGTTTAT
L

GGAGGACAAACTAATATGATCATGCATCAGTGGCTCTAAAAAGCATCTCAGACACCCTGA

GGAGGACAAACTAATATGATCATGCATCAGTGGCTCTAAAAAGCATCTCAGACACCCTGA
L

GAGGGGCAACTTTAGATCAGTCAAGCAGAATGGACCCTCTCCAATTTCCCACCCGGCACT

GAGGGGCAACTTTAGATCAGTCAAGCAGAATGGACCCTCTCCAATTTCCCACCCGGCACT
L

GACCCCGATCCATCTGCTTGGAGGAGGGGCAGTGAAACAGGGGGGTGGGCAATTCATTCA

GACCCCGATCCATCTGCTTGGAGGAGGGGCAGTGAAACAGGGGGGTGGGCAATTCATTCA
L

ATAACTTCCTTCAGATCTGACCGATTTATGTCTGTCGAGAGCACACTGAAATTAATTTTG

ATAACTTCCTTCAGATCTGACCGATTTATGTCTGTCGAGAGCACACTGAAATTAATTTTG
L

ACCAAGCGTTTTAGCTGTCACTTTTTTCATGGTCCTTCATATCATGAAGTTGCATTGCAT

ACCAAGCGTTTTAGCTGTCACTTTTTTCATGGTCCTTCATATCATGAAGTTGCATTGCAT
L

TCGATGCACAGGTACTGGATGGGGATGGGACAGGGGTTTTAAATATGTGAGGTTATTAAC

TCGATGCACAGGTACTGGATGGGGATGGGACAGGGGTTTTAAATATGTGAGGTTATTAAC
L

CATTTTTTATTTCATATGGTTACAATATGATAAGCCTATCTCTTTAAAGTCTTTTCAAGT

CATTTTTTATTTCATATGGTTACAATATGATAAGCCTATCTCTTTAAAGTCTTTTCAAGT
L

TTTTGAATACATTTTTTTGTAATAAAAAAATAAAAATCCACTTTGTTTTTAAAAATATGA

TTTTGAATACATTTTTTTGTAATAAAAAAATAAAAATCCACTTTGTTTTTAAAAATATGA
L

TTGTGTGATGATTTTTGTAAATGAAATTACATGCATTTGGCAGGCTAACTGTTACATTGT

TTGTGTGATGATTTTTGTAAATGAAATTACATGCATTTGGCAGGCTAACTGTTACATTGT
L

GTATGTATGTAAATTAGTTTGTAAATTCCAACCCTTGCGATTGCTCAGTGCTGCATGCAG

GTATGTATGTAAATTAGTTTGTAAATTCCAACCCTTGCGATTGCTCAGTGCTGCATGCAG
L

GAGGTAGATGAACTGATGTCAAACCAAATCCTGCAATGACAAATCTGACATACTATTTGC

GAGGTAGATGAACTGATGTCAAACCAAATCCTGCAATGACAAATCTGACATACTATTTGC
L

ATAACAACAGAACTAATAAGCACAAGAATGCAGCTCAAGAACCCGACTCCATCTCATTAA

ATAACAACAGAACTAATAAGCACAAGAATGCAGCTCAAGAACCCGACTCCATCTCATTAA
L

1200

1260

1320
1000

1380
1060

1440
1120

1500
1180

1560
1240

1620
1300

1680
1360

1740
1420

1800
1480

1860
1540

1920
1600

1980
1660

2040
1720

2100
1780

2160
1840

2220
1900

2280
1960

180



Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

Nestin Transcript B
Nestin Transcript C

ACCCACCCCTCACATTAAAGAAATTGCTGTGATGCTGACAAATGCTCTGTTGCTTCTTTC
ACCCACCCCTCACATTAAAGAAATTGCTGTGATGCTGACAAATGCTCTGTTGCTTCTTTC

khkkkkhkhkkhhkhhhkhhkhhhkhhhkhhkhdhkhdhkdhhdhkhhhdhhdhkddhddhhdhxdkdhdrhdhrhxx

CAGAGCTTTGCTGGACAGCGAGGGGCTGAGAACTGACAGACCAACAACAAAAAAGACCAG
CAGAGCTTTGCTGGACAGCGAGGGGCTGAGAACTGACAGACCAACAACAAAAAAGACCAG

EEE R R R R R R RS E R EEEEEEEEEEEEEEEEEEEEEEEEEEEES

CTCTGCTTTCTTTTTAGGTAACATAAAAAAAAAAAAAAAAAAAAAA 2446

CTCTGCTTTCTTTTTAGGTAACATAAAAAAAAAAAAAAAAAAAAAA 2126
L Ty

Supplementary Figure 2.2. Sequence alignment (CLUSTAL 2.1, European
Bioinformatics Institute, http://www.ebi.ac.uk/Tools/msa/clustalw?/) of goldfish nestin
transcript B and C outlining the deletion of 320 nucleotides in goldfish nestin transcript
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Supplementary Figure 2.3. Amino acid sequence alignment of nestin isoform A, B and
C illustrating sequence identity. The black highlighted sequence illustrates high sequence
identity between the goldfish nestin isoforms.
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Homo sapiens isoform CRA ¢
Homo sapiens

Pan paniscus

Pongo abelii

Pan troglodytes

Papio anubis

Macaca fascicularis
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Supplementary Figure 2.4. Phylogenetic tree of nestin showing evolutionary
relationship between nestin protein sequences. The evolutionary history was inferred
using the Neighbor-Joining method (Saitou and Nei 1987). The bootstrap consensus tree
inferred from 1000 replicates is taken to represent the evolutionary history of the taxa
analyzed (Felsenstein 1985). Branches corresponding to partitions reproduced in less than
80% bootstrap replicates are collapsed. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to
the branches. The evolutionary distances were computed using the Poisson correction
method (Zuckerkandl and Pauling 1965) and are in the units of the number of amino acid
substitutions per site. The analysis involved 73 amino acid sequences. All ambiguous
positions were removed for each sequence pair. There were a total of 2886 positions in
the final dataset. Evolutionary analyses were conducted in MEGAS (Tamura et al. 2011).

185



B.2. Chapter 3 Supplementary Figures
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Supplementary Figure 3.1. A principal component analysis of nestin protein expression
obtained from western blots and displayed as a scree plot of A) male goldfish (n=9); B)
control and MPTP-treated 4 dpi female (n=10) and male (n=9) goldfish groups and C)
control versus MPTP-treated 7 dpi female (n=10) and male (n=10) goldfish groups. The
scree plots shows the number of principal components that best describes the variation
within the data set. The remaining components explain a very small proportion of the
variance of nestin protein expression.
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Supplementary Figure 3.2. Western blot analysis of 3-actin protein distribution patterns
(42 kDa) in the female MPTP-treated goldfish brain and whole pituitary at A) 4 dpi of
MPTP and B) 7 dpi of MPTP. Lane 1 is the standard ladder, lane 2 is goldfish pituitary
(Pit), lane 3 is hypothalamus (Hyp), lane 4 is telencephalon (Tel), lane 5 is optic tectum,
lane 6 is midbrain (Midbr), lane 7 cerebellum (Cereb), lane 8 is vagal lobes and lane 9 is
brainstem.

187



250
150 v
100
75 = .
o) 50 ~
g2
TR el L PR— )%
25 —
1 2 3 4 5 6 7 8 9
Ladder Pit. Hyp. Tel. Optic Midbr. Cereb. Vagal Brainstem
Tectum Lobes
B 250 gue—
150 (‘——
100 ===
-——
S 75
a 50 D
;; G G D GRS eesn G IS GRS GNP 42 kDa
25 -
1 2 3 4 5 6 7 8 9
Ladder Pit. Hyp. Tel. Optic Midbr. Cereb. Vagal Brainstem
Tectum Lobes
Lanes

Supplementary Figure 3.3. Western blot analysis of B-actin protein distribution patterns
(42 kDa) in the male MPTP-treated goldfish brain and whole pituitary at A) 4 dpi of
MPTP and B) 7 dpi of MPTP. Lane 1 is the standard ladder, lane 2 is goldfish pituitary
(Pit), lane 3 is hypothalamus (Hyp), lane 4 is telencephalon (Tel), lane 5 is optic tectum,
lane 6 is midbrain (Midbr), lane 7 cerebellum (Cereb), lane 8 is vagal lobes and lane 9 is

brainstem.

188



FREQUENCY
7

FREQUENCY
9.

8
6
7
5]
6
€ 5
3 =
3.
2
2
=
1 QR
1- & XX
) X
X
0 0 X
-3.0 -15 0.0 0.75 225 3.75
Can1 MIDPOINT Can1 MIDPOINT
Sx B 1 KXY 2 3 Y 4 Sx B 1 Y 2 3NV 4

FREQUENCY
13

§

7
&)
A

5O
29,

%

9,

7
&)
A

25
&5

SAAT

.9

XKD
NSNS

STX

0

S

20
dodols:
RS

XX
555
%% %!

RIS
%
X

878,

KR
R
XX

,,,
%
05

ACXOCHKHNK

Can1 MIDPOINT

R "<~ "- BELIANNN IR T WY 4 ¥ S w6 ook 7 RNy 8

Supplementary Figure 3.4. Canonical and classificatory discriminant analysis of B-actin
protein expression obtained from western blots of A) control female (n=5; Sx=1); MPTP-
treated female (n=5; Sx=2); control male (n=4; Sx=3); and MPTP-treated male (n=5;
Sx=4) goldfish at 4 dpi; B) control female (n=5; Sx=1); MPTP-treated female (n=5;
Sx=2); control male (n=5; Sx=3); and MPTP-treated male (n=5; Sx=4) goldfish at 7 dpi
and C) control female at 4 dpi (n=5; Sx=1); MPTP-treated female at 4 dpi (n=5; Sx=2);
control male at 4 dpi (n=4; Sx=3); MPTP-treated male at 4 dpi (n=5; Sx=4); control
female at 7 dpi (n=5; Sx=5); MPTP-treated female at 7 dpi (n=5; Sx=6); control male at 7
dpi (n=5; Sx=7); and MPTP-treated male at 7 dpi (n=5; Sx=8). The bar graph shows the
distribution of B-actin based on sex and treatment.
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Supplementary Figure 3.5. Canonical and classificatory discriminant analysis of nestin
protein expression obtained from western blots of A) control female (n=5; Sex=F) and
male (n=4; Sex=M) goldfish at 4 dpi; B) control female (n=5; Sex=F) and male (n=5;
Sex=M) goldfish at 7 dpi, C) MPTP-treated female (n=5; Sex=F) and MPTP-treated male
(n=5; Sex=M) goldfish at 4 dpi and D) MPTP-treated female (n=5; Sex=F) and MPTP-
treated male (n=5; Sex=M) goldfish at 7 dpi. The bar graph shows the distribution of
nestin based on sex.
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Supplementary Figure 3.6. Canonical and classificatory discriminant analysis of nestin
protein expression obtained from western blots of A) control female (n=5; Sx=1) and
MPTP-treated female (n=5; Sx=2) goldfish at 4 dpi and B) control male (n=4; Sx=1) and
MPTP-treated male (n=5; Sx=2) goldfish at 4 dpi. The bar graph shows the distribution
of nestin based on treatment. C) Analysis of control female (n=5; Sx=1); MPTP-treated
female (n=5; Sx=2); control male (n=4; Sx=3); and MPTP-treated male (n=5; Sx=4)
goldfish at 4 dpi. The bar graph shows the distribution of nestin based on sex and
treatment.
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Supplementary Figure 3.7. Canonical and classificatory discriminant analysis of nestin
protein expression obtained from western blots of A) control female (n=5; Sx=1) and
MPTP-treated female (n=5; Sx=2) goldfish at 7 dpi and B) control male (n=4; Sx=1) and
MPTP-treated male (n=5; Sx=2) goldfish at 7 dpi. The bar graph shows the distribution
of nestin based on treatment. C) Analysis of control female (n=5; Sx=1); MPTP-treated
female (n=5; Sx=2); control male (n=5; Sx=3); and MPTP-treated male (n=5; Sx=4)

goldfish at
treatment.

7 dpi. The bar graph shows the distribution of nestin based on sex and

192



FREQUENCY FREQUENCY

90 B 90

80- 80
70 70
60 60
50 50

40 40 -

30 30

20 20

0.0 0.0

otetels,
9.0.0.0.0
otelededede

(>

e %

&%
Dode;

0
R

K0

%
oo
&

%
%%

0%

&
(XKD
39,

%%

Po%%

— A — B

06 1.8 3.0 42 54 -675 525 -375 225 -075 0.75 225 3.75

%%

-42  -30 -18 -0

@

Can1 MIDPOINT Can1 MIDPOINT

Sx BOSE 1 XY 2 BB o8 XV 4 Sx BooE 1 XYY 2

C FREQUENCY
190

180
170-
160
150
140
130-
120
110
100
90
80
70
60 -
50
40

ORRERS
LK
30 S

20 KX
10 NN\ ===
. 555 B B s

-6.75 -5.25 -3.75 -2.25 -0.75 0.75 225 3.75 525 6.75

Can1 MIDPOINT

S opsos NN OB O W 4 X O v 6 omxxy 7T XYy 8

Supplementary Figure 3.8. Canonical and classificatory discriminant analysis of nestin
protein expression obtained from western blots of A) control female goldfish at 4 dpi
(n=5; Sx=1); control female at 7 dpi (n=5; Sx=2); MPTP-treated female at 4 dpi (n=5;
Sx=3); and MPTP-treated female at 7 dpi (n=5; Sx=4) and B) control male goldfish at 4
dpi (n=4; Sx=1); control male at 7 dpi (n=5; Sx=2); MPTP-treated male at 4 dpi (n=5;
Sx=3); and MPTP-treated male at 7 dpi (n=5; Sx=4). The bar graph shows the
distribution of nestin based on treatment. C) Analysis of control male goldfish at 4 dpi
(n=4; Sx=1); control male at 7 dpi (n=5; Sx=2); MPTP-treated male at 4 dpi (n=5; Sx=3);
MPTP-treated male at 7 dpi (n=5; Sx=4); control female at 4 dpi (n=5; Sx=5); control
female at 7 dpi (n=5; Sx=6); MPTP-treated male at 4 dpi (n=5; Sx=7); and MPTP-treated
male at 7 dpi (n=5; Sx=8). The bar graph shows the distribution of nestin based on sex
and treatment.
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Component 2 (6.553%)

Component Pattern

Supplementary Figure 3.9. Canonical analysis of nestin protein expression data
obtained from western blots of A) control and MPTP-treated male goldfish at 4 dpi (n=9)
and 7 dpi (n=10) and B) control and MPTP-treated female and male goldfish at 4 and 7
dpi separating the variables pituitary, hypothalamus, telencephalon, optic tectum,
midbrain, cerebellum, vagal lobe and brainstem on a 2D plot. Variation explained as
percent in brackets. Three-dimensional score plot of the first three principal components
for the nestin protein expression in the C) control and MPTP-treated male goldfish at 4
dpi (n=9) and 7 dpi (n=10) and D) control and MPTP-treated female and male goldfish at
4 and 7 dpi separating the factors pituitary, hypothalamus, telencephalon, optic tectum,
midbrain, cerebellum, vagal lobe and brainstem. In C), variance of component 1
explained is 85.57%; component 2 is 6.55% and component 3 is 2.54% and in D)
variance of component 1 explained is 75.2%; component 2 is 11.34% and component 3 is
5.26%.
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