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Abstract

Feeding in vertebrates is controlled by a number of appetite stimulating
(orexigenic) and appetite suppressing (anorexigenic) hormones, whose levels
respectively increase and decrease following fasting. Cunners (Tautogolabrus
adspersus) survive the winter in shallow coastal waters by entering a torpor-like
state. In order to better understand the mechanisms regulating appetite/fasting in
these fish, quantitative real-time PCR was used to measure transcript expression
levels of four appetite-regulating hormones: cholecystokinin (CCK) in the gut, and
neuropeptide Y (NPY), cocaine- and amphetamine-regulated transcript (CART) and
orexin in the forebrain (hypothalamus and telencephalon) of fed, short-term fasted,
induced summer torpor and natural torpor cunners. All hormone mRNA levels
decreased during fasting and during natural torpor, but during induced summer
torpor brain NPY and orexin mRNA expression levels increased, and CART brain
mRNA and CCK gut mRNA expression levels decreased. These results clearly

indicate that the cunner has different physiological responses to fasting and torpor.



Acknowledgments

[ would like to start by thanking my supervisor, Dr. Helene Volkoff, for her
guidance and patience during my time with her, and my lab members Sarah Tuziak
and Leah Hoskins for teaching me how to use all the equipment without breaking it.
[ would also like to thank my supervisory committee, Bob Hooper and Dawn
Marshall for all their excellent feedback. Thanks to Ross McGowan for allowing me
to use his qPCR machine, and to Allison Jenkins for all her help during my summer at
Bonne Bay Marine Station. Finally, thanks to my parents and to James Lee Wright

for all their support during the good times and the bad times.



Table 1

Table 2

List of Tables

Primers used in the cunner for cDNA sequencing and cloning, tissue
distributions and qPCR
ETIBLTSIR povnnsasansrsmsnoniinnsssams ssmRER TR E R TS eI e R s 29

Average Ct values for housekeeping genes (HKG) tested in non-torpor
and torpor brain samples (hypothalamus and telencephalon) of the
cunner. Data are presented as mean +



Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8
Figure 9
Figure 10
Figure 11
Figure 12
Figure 13

Figure 14

Figure 15

Figure 16

Figure 17

List of Figures

Cloned nucleotide and predicted amino acid sequence for cunner

Crmaier NPY BroYeirh SlIBIIIEIIE .o e s oo i 41

Cloned nucleotide and predicted amino acid sequence for cunner
(0] D L T T 43

Clnmner orexin protein allgiMeEnt s issssmimsssm 44

Cloned nucleotide and predicted amino acid sequence for cunner

Cunmicr CART proteln alISnmmmt o e s amammtumii 47

Cloned nucleotide and predicted amino acid sequence for cunner

Dl o T o st I R T e S SRR S 49
Chinier CET prole el e s o 50
Cetirral tissiie disteibitian s asmssimamin 54
Peripheral tissue diStribULION ovsrisessensremsesssmsnmsssnsoemsrnnmssssiassansmmrnnsssasis 55

NPY, orexin and CART expression in hypothalamus during fasting....57
NPY, orexin and CART expression in telencephalon during fast..........59
CCK expression in the gt during [ASUNE... oo 61

NPY, orexin and CART expression in the brain during induced

CCK expression in the gut during induced FOrPor aossmasmessammssnsns 65

NPY, orexin and CART expression in the brain during natural
1£ 1] L) SO UUORUSU—— 68

185 Ctyaliues ik the gut doring Astiral TOrPUF s 70



Introduction

The control of food intake and appetite regulation is a complex process in
vertebrates. Though individual hormones, pathways and responses may vary from
species to species, all vertebrate appetite regulation follows the same general model.
This system functions like many other endocrine systems in the body, mainly by
interacting with the nervous system to create a feedback system that will inhibit or
stimulate itself. One purpose of the feedback system is to help an organism
equilibrate with its environment and maintain homeostasis. Environmental
conditions are often unpredictable and can be harmful to organisms if they do not
have the ability to adapt to those changes. Most environments undergo seasonal
variations in temperature and food abundance that have predictable annual cycles of
abundance and scarcity. However, both temperature and food abundance can
change in a relatively short period of time outside of their predicted range.
Peripheral organs and tissues sense these changes and send signals through the
nervous system to the brain, which in turn delegates physiological changes within
the tissues to adapt to the changing conditions.

A decrease in temperature can have a large impact on heterothermic
vertebrates, which depend on the environment to regulate their body temperature.
A common mechanism for coping with a decrease in external temperature is to enter
a state of dormancy or torpor until temperatures increase or return to normal.
Torpor was originally defined in mammals as a state in which body temperature is

as low as 10°C and dormancy is shorter than 24 hours (Hudson, 1973). Torpor must



be defined differently for heterotherms than for homeotherms, as heterotherms
normally have body temperatures close to or as low as their external environment.
In homeotherms torpor is defined by a variety of physiological changes including
reduced proteins synthesis, feeding and activity (Campbell et al.,, 2008). In
heterotherms, torpor differs from hibernation, as torpor does not involve advanced
physiological preparation; it is temperature-dependent and can be relieved by
increasing external temperatures (Geiser et al,, 1996, Brett and Groves, 1979). The
physiological mechanisms controlling the entry into, and exit from torpor are
unknown, but torpor has the ability to override certain endocrine processes such as
appetite regulation. Decreases in metabolic rate and protein synthesis reduce an
organism’s energy consumption, allowing them to survive on little to no food. But

how is feeding regulated normally and how does this process change during torpor?

Peripheral and central control of appetite regulation

Although hormones are not the only features influencing appetite regulation,
they play the largest role in controlling hunger and feeding. Peripheral factors that
influence appetite regulation includes the presence or absence of food in the
stomach as well as environmental conditions such as photoperiod and tank color,
both of which are hormone mediated (Volkoff et al., 2009). The hormones can be
orexigenic hormones, which stimulate appetite or anorexigenic hormones, which
suppress appetite. Orexigenic hormones include neuropeptide Y (NPY) and orexin,

and anorexigenic hormones include cocaine- and amphetamine-regulated transcript



(CART) and cholecystokinin (CCK). Orexigenic and anorexigenic hormones tend to
be widely conserved among different species of vertebrates (Volkoff et al., 2009) and
exert their actions mostly on the brain, which acts as the command center
responsible for interpreting orexigenic and anorexigenic hormones as feelings of
hunger or satiety, respectfully.

Some hormones have been found to act together to increase their effects as
orexigenic or anorexigenic agents, while other can have an inhibitory effect on each
others activities. For example, NPY and orexin are two orexigenic hormones that
appear to be linked as injections of orexin cause an increase in NPY brain mRNA in
goldfish (Volkoff and Peter, 2001b) and CART is a potent inhibitor of orexigenic
hormones orexin and NPY, as was demonstrated by Volkoff and Peter (2000).

Appetite-regulating hormones are produced in a variety of tissues
(peripheral and brain) and travel through the blood to receptors in the brain
(crossing the blood-brain barrier) or attach to receptors on projections of the
central nervous system such as the vagus nerve (Brightman and Broadwell, 1976).
Appetite-regulating hormones can be stimulated directly by the presence/absence
of food in the gastrointestinal (GI) tract, or by upstream regulators. One important
upstream regulator of appetite is the hormone leptin, which is secreted by
adipocytes and inhibits feeding behavior (Volkoff, 2006). Injections of leptin in birds
and mammals causes a decrease in food consumption (Neary et al., 2004), and
injections of leptin into goldfish appear to inhibit orexigenic hormones NPY and

orexin, and stimulate anorexigenic hormones CART and CCK (Volkoff and Peter,



2000; Volkoff et al., 2003). Upstream regulators have many roles, including

enhancing the effects of appetite-regulating hormones.

Neural control of appetite regulation

As stated previously, appetite regulation is an intricate system controlled by
both the endocrine and nervous systems. Appetite-regulating hormones are
released or withheld depending on the nutritional state or feeding status of the
organism. The release of these hormones is dependent on the central nervous
system, in particular the hypothalamus and adjoining regions of the brain, although
certain peripheral tissues can also cause their release. The role of the hypothalamus
and other brain regions in feeding was first determined through electrical
stimulation studies. In fish and sharks, electrical stimulation of the hypothalamus,
telencephalon and optic tectum has been shown to cause increases in feeding
behavior (Demski and Knigge, 1971; Demski, 1973; Roberts and Savage, 1978).
Electrical stimulation studies were soon followed by brain lesion studies to assess
the importance of the hypothalamus in feeding. In mammals, lesions of both the
ventromedial hypothalamus (VMH) and the lateral hypothalamus (LH) were
performed in numerous studies, with the common result of hyperphagia, or over-
eating. In one of the first lesion studies conducted, Anand and Brobeck (1951)
showed that rats have specific areas of the hypothalamus that, when removed,
inhibit them from eating (Powley and Keesey, 1970; Powley et al., 1980; van den Pol,

1982; Aravich and Scalfani, 1983; Weingarten et al., 1985; Tokunaga et al., 1986;



Bernadis and Berlunger, 1987). Different areas within the hypothalamus have been
identified as playing major roles in feeding, and immunohistochemical staining for

appetite regulating hormone receptors confirms their roles.

Neuropeptide Y

Neuropeptide Y (NPY) is one of the most powerful orexigenic hormone in
fish. NPY was first sequenced from porcine brain (Tatemoto, 1982) and has since
been discovered and sequenced in a number of vertebrates such as humans (Minth
etal., 1984) and fish, including goldfish (Blomqvist et al., 1992), Atlantic cod (Kehoe
and Volkoff, 2007), winter flounder (MacDonald and Volkoff, 2009) and most
recently tiger puffer (Kamijo et al., 2011).

The peptide itself is 36 amino acids long. It belongs to the same family of
hormones as peptide Y (PY), peptide YY (PYY), and pancreatic polypeptide (PP),
together known as the NPY family of peptides (Cerda-Reverter and Larhammar,
2000a). All are thought to have evolved from a common ancestral gene which
underwent two distinct gene duplication events, the first event creating NPY and the
precursor of PYY/PP, and the second event splitting PYY and PP into two separate
genes (Cerda-Reverter et al., 2000a). Most fish can manufacture only NPY and PYY
(found within the gut and brain) though some have been found to produce PY (in the
brain) as well (Cerda-Reverter et al., 2000a; Volkoff et al., 2009). PYY causes an
increase in food consumption in mammals when injected intracerebroventricularly

(icv; Stanley, 1993) but decreases food consumption when injected in goldfish



(Gonzalez and Unniappan, 2010). Therefore, role of PYY in appetite regulations
needs to be investigated further.

NPY binds to G-protein coupled receptors, which are distributed throughout
the brain and peripheral tissues of vertebrates (Fredriksson et al., 2004; Larsson et
al., 2005; Larhammar, 1996). Currently, five receptor subtypes have been identified
in mammals (Y1, Y2, Y4, Y5 and Y6) and seven receptor subtypes have been
identified in fish (Salaneck et al., 2008). In mammals, receptors Y1 and Y5 signal
increases in food consumption (Larsson et al., 2005). Not all species of fish possess
the same number of receptors (Fallmar et al.,, 2011). Both species of pufferfish
(Tetraodon nigroviridis and Takifugu rubripes) and a zebrafish (Danio rerio) have
had their full complement of NPY receptors sequenced (Larsson et al. 2008).
Pufferfish appear to have lost Y1,Y5 and Y6 receptor subtypes, while zebrafish have
only lost Y5 and Y6 receptors (Larsson et al. 2008). Therefore there may be
receptor subtypes other than Y1 and Y5 mediating the eating response to NPY in fish
(Larsson et al., 2005).

NPY transcript and receptor mRNA has been found through central and
peripheral tissues of all vertebrates. In rats, NPY has been detected in the heart,
spleen, liver, ovary, thymus and adrenal gland as well as in pons/medulla,
hippocampus, cerebral cortex, olfactory bulb and thalamus, among other regions of
the brain (Larhammar et al., 1987). Within the brain, NPY mRNA has been found in
areas of the mammalian hypothalamus associated with feeding including the

paraventricular nucleus (PVN) and the arcuate nucleus (ARC; Halford et al., 2004).



Expression of NPY has been observed in the telencephalon-preoptic, optic tectum-
thalamus and the hypothalamus of several species of fish including goldfish
(Narnaware et al., 2000; Narnaware and Peter, 2001; Peng et al., 1994). Some fish
peripheral tissues also express NPY transcript and receptor mRNA including the GI
tract and the kidney (Cerda-Reverter and Larhammar, 2000b; Fredriksson et al.,
2004; Larsson et al., 2005).

The main location of the appetite-regulating effects of NPY is presumed to be
the brain. The brain it is a potential site for crosstalk between pathways. For
example, NPY has been co-localized with CART, an anorexigenic hormone in the
catfish brain, where NPY and CART reactive tissues are located together in the
medial olfactory tract, dorsal telencephalon, ventral telencephalon and some regions
of the pituitary (Singru et al., 2008).

NPY plays a major role in appetite regulation. The regions of the brain in
which both NPY transcript and receptor mRNA have been found include the
hypothalamus, telencephalon and optic tectum, all areas that have been implicated
as feeding centers. Injection studies in mammals and birds presented the first
evidence of NPY as an orexigenic hormone. Intracerebroventricular (icv) injections
of NPY in rats resulted in a dramatic (up to 20-fold) increase in feeding behavior
following injections (Clark et al., 1987). Icv administration of NPY in goldfish also
caused increased feeding (Lopez-Patino et al., 1999). Food deprivation studies
followed, and reinforced the theory that NPY is a regulator of appetite. Food

deprivation of chinook (Oncorhynchus tshawytscha) and coho salmon (Oncorhynchus



kisutch) for several weeks caused an increase in hypothalamic NPY mRNA
(Silverstein et al., 1998). Studies done with goldfish (Lopez-Patino, 1999) salmon
and catfish (Silverstein and Plisetskaya, 2000) resulted in similar findings.

Other species of fish have been tested for the effects of food deprivation and
there is a large difference in fasting periods required to increase NPY mRNA.
Goldfish display an increase in NPY mRNA after only 3 days of fasting, however
Atlantic salmon NPY mRNA did not increase after 6 days of fasting (Murashita et al.
2009), nor did that of Atlantic cod after 7 days of fasting (Kehoe and Volkoff 2007).
It thus appears that some species of fish require longer fasting periods than others
to elicit the appetite stimulating effects of NPY. This could be related to the
environmental conditions in which the species live. Winter flounder, a species
whose range extends along the eastern coast of North America up to and around
Newfoundland (Scott et al., 1988) exhibits an increase in brain mRNA following two
weeks of fasting (MacDonald and Volkoff 2009). Species that undergo seasonal
periods of fasting may regulate the expression of the NPY differently than those in
more stable environments. In the winter flounder there was a significant increase in
hypothalamic NPY mRNA in the summer but no increase in NPY mRNA in the winter,
which is normally a period of fasting for the winter flounder (MacDonald and Volkoff

2009).



Orexin

Orexins are centrally acting appetite-stimulating (orexigenic) hormones.
Orexins were discovered by two separate research groups around the same time.
Both groups were in search of the corresponding ligands to what we now know are
orexin receptors (Sakurai, 2002). Sakurai et al. (1998) identified and described
orexin from rat brain tissue, while de Lecea et al. (1998) isolated orexin from the
hypothalamus and named it hypocretin.

Orexins originate from a precursor molecule known as prepro-orexin, the
gene for which contains two exons, the larger of which forms two mature peptides,
orexin A and orexin B (Wong et al.,, 2011). The mammalian form of orexin A is 53
amino acids longs, while orexin B is the shorter peptide at only 28 amino acids in
length (Wong et al,, 2011). In teleost fish orexin B is most highly conserved, while in
tetrapods orexin A is more conserved (Wong et al,, 2011). In mammals, orexin is
primarily produced within the lateral hypothalamus but can be also be found within
some peripheral tissues including the gut (Kirchgessner and Liu, 1999). Orexin A
and B both cause similar effects, however orexin A is a more powerful peptide than
orexin B in stimulating feeding (Clapham et al.,, 2001). This may be due to different
receptor binding affinities or to different blood circulation/degradation patterns
between the two orexins. Both orexin A and B can travel in the blood, but only
orexin A can pass the blood-brain barrier into the brain via simple diffusion and

remain intact (Kastin and Akerstrom, 1999). Orexin B is rapidly degraded in the



blood, and no intact peptide is able to make it past the blood-brain barrier (Kastin
and Akerstrom, 1999).

There are two orexin receptors in mammals both of which are G-protein-
coupled receptors (Sakurai et al., 1998). Orexin-1 receptor (OX1R) has a very high
affinity for orexin A, but a 2-3 times lower magnitude of affinity for orexin B (Sakurai
etal., 1998). Orexin-2 receptor (0OX2R) binds with equal affinity to orexin A and B
(Sakurai et al., 1998). Immunohistochemical studies in rats have localized the OX1R
and OX2R receptors to several areas within the hypothalamus, as well as the
thalamus, midbrain and reticular formation (Hervieu et al., 2001; Cluderay et al.,
2002).

Similar to mammals, fish species have two forms of orexin, derived from
prepro-orexin (Volkoff, 2006). Orexin remains highly conserved from mammals to
fish (Sakurai et al., 1998; Alvarez and Sutcliffe, 2002; Ohkubo et al., 2002). Early in
fish orexin research orexin B was established as more highly conserved then orexin
A, atleast in zebrafish and pufferfish genetic studies (Alvarez and Sutcliffe, 2002;
Kaslin et al., 2004). Fish orexin A contains a spacer region where mammalian orexin
A does not, making it less conserved among vertebrates (Alvarez and Sutcliffe, 2002;
Kaslin et al., 2004, Wong et al., 2011). Though the peptide sequences of fish and
mammals are not identical, their three-dimensional structures are very similar
(Volkoff 2006). Pufferfish have a highly conserved region of amino acids that forms
the secondary structure of an alpha helix, allowing them to preserve their secondary

structure without the rest of the sequence being highly conserved when compared



to mammals (Alvarez and Sutcliffe, 2002). Orexins have been localized to two main
regions of the fish brain based on studies in goldfish and zebrafish: the
hypothalamus and the telencephalon (Kaslin et al., 2004; Huesa et al., 2005). Fish
have only one orexin receptor, about which very little is known. The receptor has
been identified in zebrafish, pufferfish (Yokogawa et al., 2007), ornate wrasse
(Facciolo et al., 2009) and goldfish (Abbott and Volkoff, 2011) and resembles
mammalian OX2R (Buckley et al., 2010).

Orexins are implicated in vertebrate appetite regulation and
sleep/wakefulness. Rats that have undergone icv injection of orexin have increased
food intake (Sakurai et al., 1998), as well as increased movement patterns
(Nakamura et al., 2000). Rats also exhibit an increase in prepro-orexin mRNA
during fasting, further implicating orexin as an important regulator of feeding
(Sakurai et al., 1998). Central injections of orexin in goldfish cause an increase in
food intake, with orexin A causing a stronger effect then orexin B (Volkoff et al.,
1999). Orexin injections in goldfish also increased locomotion (Volkoff et al.,, 1999).
Further studies in zebrafish and winter flounder, where food deprivation caused an
increase in prepro-orexin mRNA, followed the same pattern that was seen in fasted
rats (Novak et al., 2005; Buckley et al., 2010). In zebrafish, fibers in the brain
containing orexin interact with cholinergic and aminergic neurons, which implicates
orexin as a neuropeptide involved in wakefulness (Kaslin et al., 2004). Orexin also
appears to be involved in the regulation of seasonal feeding in fish, as in fish such as

winter flounder, which have low food consumption in the winter, hypothalamic



prepro-orexin mRNA is higher in the winter than in the summer (Buckley et al,,
2010).

Orexin may work in conjunction with NPY to control appetite regulation.
Both orexin and NPY separately cause a hyperphagic response when administered
by icv injection. When orexin and NPY are injected together they cause a greater
increase in food consumption then if NPY was injected alone (Volkoff and Peter,
2001b), suggesting a synergistic action. Using high doses of orexin A to desensitize
the orexin pathway also causes a desensitization of the NPY response pathway
(Volkoff and Peter, 2001b). This evidence points to some sort of interaction
between NPY and orexin, though the exact nature of this interaction still requires
further research.

Cocaine- and amphetamine-regulated transcript

Cocaine- and amphetamine-regulated transcript (CART) is a unique peptide
that was first discovered as a transcript produced in rats after the administration of
pyschostimulant drugs such as cocaine and amphetamine (Douglass et al., 1995). It
has since been further characterized as an appetite-regulating hormone in
vertebrates and also plays roles in body weight regulation, stress response and
endocrine function (Rogge et al., 2008).

The mammalian CART gene can be transcribed into two alternately spliced
forms of CART mRNA (Kuhar et al., 2002). The longer prepro-CART sequence
produces a peptide thatis 102 amino acids while the shorter prepro-CART mRNA

translates into a peptide 89 amino acids long (Douglass et al., 1995). Not all



mammals have both splice variants; humans have only short form of the pro-peptide
while rodents have both (Thim et al., 1998). Both long and short form pro-CART
peptides have cleavage sites that are post-translationally modified by prohormone
convertases to form alternately spliced CART peptides (Rogge et al., 2008). Many
splice variants of the CART peptide exist, and six have been isolated (Dey et al.,
2003). Post-translational modification appears to be tissue-specific in mammals
(Thim et al., 1999).

No CART receptors have been positively identified. However recent lab
studies point to G-protein-coupled receptor (GPCR) as a possible candidate (Rogge
et al.,, 2008): CART peptide applied to differentiated and non-differentiated PC12
cells exhibit binding properties like a receptor, and the binding is reduced in the
presence of a GTP analog, which supports the theory of GPCR binding (Jones and
Kuhar, 2008). Mammalian CART is predominantly found in areas of the
hypothalamus associated with food regulation including the arcuate and
paraventricular nuclei and the lateral hypothalamic area (Douglass et al, 1995;
Kristensen et al., 1998). CART is also found in other mammalian tissues including
the gastrointestinal (GI) tract (Murphy et al. 2000). CART can circulate in the blood,
and in monkeys CART levels have been shown to exhibit a diurnal rhythm (Larsen et
al., 2003; Vicentic et al., 2006)

Fish have varying numbers of pre-pro-CART transcripts depending on the
species. Goldfish have two CART mRNA sequences, which share 63% sequence

identity (Volkoff and Peter, 2001a). In medaka, six different pre-pro-CART



transcripts have been identified, each expressed in a variety of tissues (Murashita
and Kurokawa, 2011). Many other fish species including cod (Kehoe and Volkoff,
2007), winter flounder (MacDonald and Volkoff, 2009) and catfish (Kobayashi et al.,
2008) have only one CART transcript reported. Gene duplication events may be the
cause of multiple CART genes in some fish species (Murashita and Kurokawa, 2011).
Across both fish and mammals the structure of the CART gene remains constant, and
is composed of three exons and two introns (Murashita and Kurokawa, 2011). Fish
and mammalian CART peptides have a preserved tertiary structure maintained by
disulfide bonds, indicated by the conserved position of cysteine residues (Volkoff
and Peter, 2001). This conserved structure may be the reason early injections of
mammalian CART into fish were effective at eliciting an anorexigenic response
(Volkoff and Peter, 2001).

The role of CART as an anorexigenic appetite-regulating hormone is evident
from injection studies done in mammals and fish. In one of the first injection studies
in rats by Lambert et al. (1998), icv administration of CART fragments produced a
significant decrease in food intake. The appetite-suppressing effects of CART could
be inhibited by administration of a CART antibody, which caused increased feeding
in the rats (Lambert et al., 1998). Co-injections of CART with NPY attenuated the
appetite-stimulating effects of NPY, indicating the two peptides may have opposing
effects on each other (Lambert et al., 1998). NPY is not the only hormone CART
affects; co-injections of CART and CCK in mice produced prolonged anorexigenic

effects, suggesting a synergistic effect to decrease food intake (Maletinska et al,,



2008). Even when acting alone, CART has strong anorexigenic effects on food
consumption. Injections of CART into rat brains inhibited feeding both in mice that
were regularly fed and fasted for 24 hours (Kristensen et al., 1998). On a cellular
level, injections of CART peptide in rats caused c-Fos expression in areas of the
hypothalamus associated with feeding in mammals, indicating CART may exert its
anorexigenic actions in the hypothalamus (Vrang et al., 1999).

Injections of CART into rodents and fish support the role of CART as an
anorexigenic hormone. Many early studies of the effects of CART on food
consumption injected different sized fragments of CART, though there appears to be
one form, CART (55-102), that is most effective in eliciting appetite-inhibiting effects
in fish (Volkoff and Peter, 2001). In fish, injections of human CART caused
decreased food intake in the goldfish, illustrating the highly conserved nature of the
CART peptide (Volkoff and Peter, 2000). CART can also attenuate the orexigenic
effects of NPY and orexin when co-injected in goldfish (Volkoff and Peter, 2000).
CART influences food consumption as an appetite-regulating hormone, but food
restriction can also affect the expression of CART. Transcript expression of CART
decreased in the telencephalon and hypothalamus of goldfish following 96 hours of
fasting in the goldfish (Volkoff and Peter, 2001a). Decreases in CART transcript
expression during fasting have also been documented in cod and rat (Kehoe and
Volkoff, 2007; Savontaus et al., 2002). In common carp (Cyprinus carpio), both
CART1 and CART2 gene expression in brain decrease after fasting and increase after

refeeding comparing with normal fed controls (Wan et al.,, 2012).



CART has been established as a regulator of food intake in vertebrates, but
CART may also play a role in maintaining body weight. Knockout CART mice, which
lack a functional CART gene, have been shown to have higher body weight than wild
type mice (Wierup et al,, 2005). CART also appears to play a role in insulin secretion
in mammals. In the presence of glucose, CART enhanced insulin secretion in rat islet
cells (Wierup et al, 2006). Leptin, an anorexigenic hormone, is responsible for
inducing the expression of CART (Jequier, 2002). CART appears to play many roles

in appetite regulation and may also act as part of an anorexigenic signaling cascade.

Cholecystokinin

Cholecystokinin (CCK) is a peptide found within the GI tract and brain of
vertebrates, though its primary site of secretion is the GI tract (Moran and Kinzig,
2004). This makes CCK a peripherally-acting hormone, one of many within the gut
that influence food intake by signaling satiety (Volkoff 2006). These peripherally-
acting hormones work directly on peripheral tissues, or signal to the central nervous
system by binding to receptors on nerves that extend from the peripheral tissue to
the brain.

CCK has long been established as a hormone involved in appetite regulation.
Ivy and Oldberg (1928) first discovered the peptide while observing the digestive
tracts of dogs. They found an unknown peptide causing the gallbladder to contract
and release its contents (Ivy and Oldberg, 1928). The hormone was named

cholecystokinin and was eventually identified as a factor that also stimulated



enzyme secretion from the pancreas (Jorpes and Mutt, 1966). Although CCKiis still
most widely known for its ability to stimulate the release of enzymes that cause
digestion of fats and proteins, its role as an appetite suppressant is now coming into
focus.

Though CCK is a primarily found within the gut, many regions of the brain
also contain CCK including the hypothalamus (Moran and Kinzig, 2004). Aside from
appetite regulation, there are many possible actions of CCK within the brain and the
peptide also appears to act as a neurotransmitter (Crawley and Corwin, 1994).
Within the mammalian GI tract, CCK is found in the upper portion of the small
intestine, in particular in cells of the duodenum and the jejunum (Larsson and
Rehfeld, 1978). These enteroendocrine cells known as I-cells are found in the
epithelium of the lumen in the Gl tract. They are triangular in shape, with the
narrow end of the cell pointed into the lumen to act as a sensor to detect the
presence of food in the gut (Buchan et al., 1978). The broad end of the cell projects
towards the blood vessels and contains granules of CCK which can be released into
the surrounding tissues or blood stream upon stimulation from the apical portion of
the cell (Buchan et al., 1978).

The peptide that forms CCK has several biologically active forms that are all
derived from the same precursor molecule (Reeve et al,, 1994). Prepro-CCK (the
precursor peptide) is modified via a post-translation mechanism to form active CCK.
CCK is highly conserved among vertebrates, with the carboxyl terminus of the

peptide being the most conserved for its biological activity (Moran and Kinzig,



2004). There are three prevalent forms of CCK present in mammals (CCK-58, CCK-
33 and CCK-8) however fish contain an unknown number of derivatives (Reeve et
al., 1994). Fish have a prepro-CCK precursor peptide that is post-translationally
modified into several different forms including the mammalian CCK-8, though it is
still unclear how many different forms there are and how they differ from their
mammalian counterparts (Jensen, 2001).

CCK exerts its actions by binding to specific G-protein-coupled receptors
found within the brain and gut (Moran and Kinzig, 2004). CCK has two different
receptor subtypes (CCKa and CCKg), which tend to be localized to either the
peripheral or central tissues. CCKa is found within peripheral tissues mainly the GI
tract with smaller amounts in localized regions of the brain, while CCKs is located
primarily within the brain and CNS with small amounts found in specific peripheral
tissues (Moran and McHugh, 1982). The receptors are also sensitive to post-
translational modifications including sulfated tyrosine (Moran and Kinzig, 2004).
CCKa is much more sensitive to sulfated tyrosine and requires a sulfated CCK
molecule to bind, while CCKg binds non-sulfated CCK (Moran et al., 1986). Both
receptors are not equally important in mediating the appetite-suppressing response
of CCK. CCKa receptor agonists cause an increase in the appetite-suppressing
behavior in mammals, while agonists for CCKg receptor have no effect on appetite
(Asin et al., 1992). Therefore the CCKa receptor is probably more important in
mediating the inhibitory effects of CCK on food intake then the CCKg receptor. In

mammals, the CCK3 receptor is nearly identical to another receptor, the gastrin



receptor (Kopin et al., 1992). Gastrin is a peptide involved in digestion, which
stimulates the release of hydrochloric acid from parietal cells into the lumen of the
gut (Kopin et al., 1992). This facilitates the digestion of food particles. It has been
suggested that gastrin and CCK evolved from the same precursor peptide, as they
are produced within the same cells in amphibians and fish (Larsson and Rehfeld,
1977).

CCK is an appetite-suppressing hormone whose actions are initiated by the
presence of food in the gut. Certain food macromolecules such as fats and proteins
interact with the apical portion of the I-cells that extend into the lumen, stimulating
the release of CCK from granules in the base of the cell into the blood stream (Liddle
etal, 1985). CCK levels in plasma increase after feeding, and remain elevated after
feeding has finished (Liddle et al., 1985). CCK then binds to receptors on the
pancreas and gall bladder, causing the release of enzymes and bile to aid in the
digestion of dietary fats and proteins (Liddle et al., 1985; Moran and Kinzig, 2004).
CCK also acts on muscles of the gut to inhibit gastric emptying, keeping the organism
feeling full longer (Moran and Kinzig, 2004).

Many studies have been done with both mammals and fish to determine the
direct and appetite-suppressing effects of CCK on vertebrates. In one of the first
studies on exogenous CCK administration, Gibbs et al. (1973) injected adult male
rats with purified and synthetic CCK and monitored their eating and drinking habits
following feeding. The results showed that both the synthetic and purified CCK

injections cause a dose-dependent decrease in meal size as well as the duration of



time spent eating (Gibbs et al., 1973). A similar study was then performed with
rhesus monkeys, with intravenous infusions of CCK (Gibbs et al., 1976). The
monkeys displayed the same pattern as the rats; there was a dose-dependent
decrease in food intake (Gibbs et al., 1976). Fish seem to exhibit the same response
to CCK administration as mammals. Injections of CCK-8 in goldfish have been shown
to cause appetite suppression (Himick and Peter, 1994, Volkoff et al., 2003).
Decreasing the rate of gastric emptying is the main mechanism for inhibiting food
intake, as was seen when salmonids were injected with CCK (Olsson et al., 1999).
Endogenous CCK injections in fish also cause gall bladder contractions and the
subsequent release of bile, as was seen in Atlantic salmon (Einarsson et al., 1997).
Besides the presence of food in the gut, other physiological conditions such as
fasting can also affect CCK levels. Fasted winter flounder exhibited a significant
decrease in CCK mRNA expression in the gut when compared with fed fish
(MacDonald and Volkoff, 2009). CCK is sensitive to the presence or absence of food

in the gut and is thus a good determinant of an organisms feeding state.

The cunner

The cunner (Tautogolabrus adspersus) is a member of the labridae family
found along the eastern coast of North America. Their range extends from
Chesapeake Bay to the island of Newfoundland (Bradbury et al., 1997). Cunners
typically inhabit shallow, costal waters, rarely going beyond depths of 10 m (Green

and Farwell, 1971). The fish can be found inhabiting a variety of substrates from
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sandy bottoms to rocks and weeds during summer months, but they retreat to the
safety of large rocks and crevices in the winter to hide (Green and Farwell, 1971).
The Cunner is a plentiful local species along the coast and these fish are best known
for their extended period of torpor during the winter. This trait was first noted in an
observational study of cunners by Johansen (1925), in which he reported that
cunners were scarce in the winter and were often seen hiding along the bottom of
the ocean. Haugaard and Irving (1943) attributed this scarceness to a decrease in
physical activity caused by metabolic depression. The cunners were simply not able
to maintain their level of activity when water temperatures dropped in the winter.
Entering into torpor allows cunners to survive winter in the North Atlantic
Ocean (Bradbury et al., 1997). Both males and females undergo metabolic
depression in late fall when water temperature falls below 5°C, during which they
remain inactive and forgo feeding until water temperatures increase in spring
(Green and Farwell, 1971). Cunners and their close relative the goldsinny wrasse
(Ctenolabrus rupestris), have been shown to decrease their heart rate and oxygen
consumption during torpor (Sayer and Davenport, 1996). During the winter,
cunners secrete a thick layer of mucous over their skin, which may be used to
protect them from contact from ice crystals (Valerio et al., 1989). Their entry into
torpor does not appear to be voluntary, as experimental re-warming of cunners in
torpor during the winter caused the fish to become active and start feeding (Green
and Farwell, 1971). Lewis and Driedzic (2007) measured cunner protein synthesis

in a variety of different body tissues including brain, liver, heart and gill in 0°C water
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and found a significant decrease in RNA content compared with tissues of fish
samples acclimated to spring water temperatures. Assessing changes in levels of
appetite-regulating hormones in cunner tissues during the winter would contribute
to the understanding of how these hormones might regulate or be regulated by

torpor conditions.

Project objectives

The broad goal of this project was to determine the effects of season and
fasting on the production of NPY, CART, CCK and orexin in cunner. Because the
cuner undergoes a period of winter dormancy during which it ceases to eat and
remains inactive, it is a model species to study the effects of long-term and short-
term fasting as well as the effects of season on appetite-regulating hormones. The
first objective of this study was to determine the genetic sequences of NPY, CART,
CCK and orexin in the cunner. Since these sequences had not yet be determined in
the cunner but had already been established in other closely-related species of fish I
used regions of high homology in these other sequences to design degenerate
primers for the cunner hormone genes. Once the genes had been isolated using
molecular cloning they were sequenced. Tissue distribution of the genes in the
cunner was then determined in central and peripheral tissues samples.

The second objective was to characterize the expression of NPY, CART, CCK
and orexin. To determine the effects of season on expression of the genes, tissue

samples were taken from fish during their winter hibernation and during their



active summer period and the expression levels of peptides compared using
quantitative real-time PCR (qPCR). qPCR allows DNA to be amplified and quantified
therefore the relative amount of DNA in a tissue sample can be determined. The
effects of feeding on gene expression were determined using tissue samples from fed
and fasted summer acclimated fish. Cunners were fasted for three different time
periods to give insight into how NPY, CART, CCK and orexin levels change during
fasting. The expression levels of the genes in the tissue samples were quantified
using qPCR. The final objective was to compare and contrast summer vs. winter
gene expression levels with fed vs. fasted gene expression levels and to formulate a
general model of expression of the hormones during fasting and torpor.

Though cunners are not a commercially important species, people along the
coast fish them recreationally. Cunners are non-migratory, and therefore could
serve as indicators of site-specific stress in costal regions, particularly where
industries are discharging wastes into the ocean (Auster, 1989).

The significance of the cunner in this study is that it is an easily accessible
and manipulated fish species, with a unique survival strategy. By studying the
effects of fasting and long periods of torpor on appetite-regulating hormones in the
cunner I hope to develop a better understanding of the endocrine control of feeding
during metabolic depression. Quantifying the change in appetite-regulating
hormones during different seasons and for different feeding regimes in the cunner

could provide insight into the profiles of hormones in hibernating species of
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vertebrates. It will also contribute towards a general model of appetite-regulation in
vertebrates, which is still a poorly understood process.

A greater understanding of appetite-regulating hormones could lead
to changes in aquaculture practices for multiple species of fish. With a stronger
comprehension of the hormones governing feeding regulation in fish it may be
possible to use this knowledge to optimize aquaculture feeding practices resulting in
more sustainable aquaculture with a higher yield of fish. Since aquaculture fish are
used both as food and for species conservation this knowledge could impact humans

and struggling species populations.



Materials and Methods
Study animals

a. Gene characterization and tissue distribution study animals

Summer-acclimated cunner (Tautogolabrus adspersus) used for gene
characterization and tissue distribution studies were obtained from the Ocean
Sciences Center at Memorial University (St. John’s, Newfoundland, Canada) in Sept
2010. The fish were a mixture of males and females, and were kept for several
weeks in natural photoperiod and water temperatures in 2x2m flow through tanks
until sampling.

b. Food deprivation study animals

Cunners (male and female) weighing 7.7-290g were collected off the coast of
Norris Point (Norris Point, Newfoundland, Canada) in May 2011 and were
acclimated for 2 weeks in 1x1m circular flow-though tanks under natural light and
water temperature conditions at Bonne Bay Marine Station (Norris Point,
Newfoundland, Canada). The fish were fed frozen chopped herring daily to satiety.
At the start of the experiment, the fish were randomly divided into two fed (control)
and two fasted tanks. The control group was fed daily to satiety throughout the
duration of the experiment whereas fish in the fasted group were completely food
deprived for the duration of the experiment. Fasted fish were sacrificed in groups of
nine after three days, one week, two weeks and three weeks of fasting. Five control

fish were sacrificed at the same time as the fasted fish during each sampling period.



c. Seasonal effects and acute torpor study animals

Cunners weighing 20-164g were collected off the coast of Norris Point in May
2011 and were kept in 1x1m flow though tanks under natural light conditions.
Water temperature was kept below 4°C via seawater pumped from the bottom of
Bonne Bay (Norris Point, NL, Canada) in order to induce torpor in the fish. Fish
were fed frozen chopped herring once a week. Ten cunners were sampled from the
“cold” (below 4°C) water temperature after four weeks of torpor. Ten additional
cunners were sampled in March 2012 after four months of torpor. These “natural”
torpor fish were fed frozen squid once every two weeks and seawater in the tank
was <1°C at the time of sampling. All fish were determined to be in torpor based on

observations of physiological traits such as reduced feeding and activity levels.

Tissue collection

All cunners sacrificed for tissue collection were anesthetized using 0.05%
tricaine methanesulfonate (Syndel Laboratories, Vancouver, British Colombia,
Canada) and killed by spinal section. Fish were measured, weighed and samples
were collected from central (brain) and peripheral (liver, kidneys, gill, skin, muscle,
gut, gonads, heart and spleen) tissues. Tissues were preserved in RNAlater (Qiagen
Inc, Mississauga, Ontario, Canada) and stored at -20°C. All experiments were

conducted in accordance with the Canadian Council on Animal Care guidelines.
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RNA extraction

In the tissue distribution study brain tissue was dissected to isolate the optic
tectum, telencephalon, cerebellum, medulla, pituitary and hypothalamus based on
the anatomy of the cod brain (Gadus morhua) described in Delfini and Diagne
(1985). For gene characterization whole brain RNA was isolated as well as RNA from
liver, kidneys, gill, skin, muscle, gut, gonads, heart and spleen. For fasting, seasonal
effects and periprandial studies RNA was isolated from the hypothalamus,
telencephalon and gut of the fish. RNA extractions were done using a trizol-
chloroform and Tri-reagent extraction (BioShop, Burlington, Ontario, Canada). RNA
concentrations were quantified at a wavelength of 260-nm using a Nanodrop
spectrophotometer (ThermoScientific, Wilmington, North Carolina, USA). All
samples used had sample absorbance ratios between 1.8-2.1 at wavelengths of 260

and 280 nm.

cDNA synthesis and cloning

A total of 1 pg of RNA was transcribed to cDNA from each tissue using a
QuantiTect Reverse Transcription Kit following the manufacturers protocol (Qiagen
Inc). cDNA was then used in a polymerase chain reaction with GoTaq master mix 2X
(Promega, Madison, Wisconsin, USA) for a total reaction volume of 25 pl. Primer
sequences for gene characterization (Table 1) were a combination of primers from
other studies (designed to match winter flounder and orange grouper) and

degenerate primers based on sequences from multiple species. Prior to use, all



primer-annealing temperatures were optimized. A negative control consisting of an
RT-PCR reaction with no reverse transcription enzyme was included to ensure the
absence of contamination.

PCR products were separated by size by gel electrophoresis ona 1.5%
agarose gel in TAE buffer (Tris-acetate-EDTA). Gels were imaged using an Epichemi
Darkroom Bioimaging System (UVP, Upland, California, USA) equipped with a 12-bit
cooled camera. All image management and analysis was done using LabWorks 4.0
software (UVP, Upland, California, USA). Bands containing genes of interest were
isolated and removed from the gel, and purified using a Gene]ET™ Gel Extraction Kit
(Fermentas, Burlington, Ontario, Canada). Purified DNA was ligated into a pGEM
easy vector (Promega, Madison, Wisconsin, USA) and minipreps were prepared
using a Gene]ET™ Plasmid Miniprep Kit (Fermentas). Final gene products were sent
to The Center for Applied Genomics (TCAG Sick Kids Hospital; Toronto, Ontario,

Canada) for sequencing.



Table 1: Primers used in the cunner for cDNA sequencing and cloning, tissue

distributions and qPCR analysis

CART
Non-specific primers

CART_F

CART_R

3’'RACE primers
CART_F1_3RACE

CART_F2_3RACE

Gene-specific primers RT-PCR
CART_F_TisDis

CART _R_TisDis

Gene-specific primers qPCR
CART_F qPCR

CART_R_qPCR

CCK
Non-specific primers

ey

5" GAGAGTTCCGAGGAGCTGAG 3’

5' TTTCGACTGAAGCTTCTCCA 3’

5 AGAGTTCCGAGGAGCTGAG 3

5" AGCTGAGCCGCAGAGCGCTG 3

5 AAAGGACCGAACCTGACCTC 3’

5" GGGACTTGGCCAAACTTTTT 3

5" AAAGGACCGAACCTGACCTC 3

5" GGGACTTGGCCAAACTTTTT 3’

5 TTCCTGTGGCTGAGGAGAAT 3’



CCK_R

3’RACE primers
CCK_F1_3RACE

CCKE F2 SRACE

Gene-specific primers RT-PCR
CCK_F_TisDis

CCK_R_TisDis

Gene-specific primers qPCR
CCK_E gPCR

CCK_R_qPCR

NPY
Non-specific primers

NPY_F

NPY_R

Gene-specific primers RT-PCR
NPY_F_TisDis

NPY_R_TisDis

5" GCACAGAACCTTTCCTGGAG 3’

5" AGACTCATCTCCTCCAGG 3’

5 CCTCCAGGAAAGGTTCTGTGC 3’

5 CTCCAGGAAAGGTTCTGTGC 3

5" CCATCCATCCCAAGTAGTCC 3’

5 CTCCAGGAAAGGTTCTGTGC 3’

5’ CCATCCATCCCAAGTAGTCC 3’

5 ATGCATCCTAACTTGGTGAG 3’

5" CCACAATGATGGGTCATATC 3’

5" AGACGGATACCCTGTGAAGC 3’

5" AGCGTGTCTGTGCTTTCCTT 3°



Gene-specific primers qPCR
NPY_F qPCR

NPY_R qPCR

Orexin
Non-specific primers

Ox_F

Ox_R

3’'RACE primers
Dz F1 SRACE

Ox F2 SRACE

5'RACE primers
Ox_F1_5RACE
Oz F2 5RACE

Ox_R_5RACE

Gene-specific primers RT-PCR
Ox_F_TisDis

Ox_R_TisDis

5" AGACGGATACCCTGTGAAGC3’

5 TCTGTCTTGTGATGAGGTTGATG 3’

5 GAGAGTTCCGAGGAGCTGAG 3’

5 TTTCGACTGAAGCTTCTCCA 3’

5 TGATGCTCACAGGATGTCTG 3’

5" GGATGTCTGAGTGCTGCAGAC 3’

5’AAAGTGAGGATTCCAGCAGC 3

5'CCAGCAGCAGCATCACCTGTTAG 3’

5’ATCGTTAGAATCCCAGCTGC 3’

5 GTCGCTCTGGCAGTAAGACC 3

5" CCTCTTGCCCATCGTTAGAA 3



Gene-specific primers qPCR
Ox_F_qPCR

Ox_R_qPCR

Elongation factor
Non-specific primers

EF.F

EFLR

Gene-specific primers RT-PCR
EF_F_TisDis

EF_R_TisDis

Gene-specific primers qPCR
EF_F_qPCR

EF_R_gPCR

18S

Gene-specific primers qPCR
18S_F_gPCR

18S_R_qPCR

Adaptor primers

5 GTCGCTCTGGCAGTAAGACC 3’

5' TAAGCGGTCCACGTCTTTTT 3’

5" CCTGGACACAGGGACTTCAT 3’

5 CGETGITGTCCATCTTGTITG 3

5 GGTACCTCTCAGGGTGCTGATC 3’

5 AGCTGCTTCACGCCGAGGGTG 3’

5" GGTACATCTCAGGCTGACTGCG 3’

5" TCACACCGAGGGTGAAGG 3’

5 GTGGAGCGATTTGTCTGGTT 3’

5 GAACGCCACTTGTCCCTCTA 3’
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dT-AP 5" GGCCACGCGTCGACTAGTAC(T17) 3’

AP 5 GGCCACGCGTCGACTAGTAC 3
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3’and 5’ Rapid Amplification of cDNA Ends

Genes for which only small fragments were obtained using non-specific
primers were amplified using 3’ and 5’ Rapid Amplification of cDNA Ends (3’ and 5’
RACE). Gene-specific primers for 3’ and 5’ RACE (Table 1) were designed using the
sequenced DNA. For 3’RACE, RNA was reverse transcribed to cDNA using a
QuantiTect Reverse Transcription Kit (Qiagen Inc) following the manufacturers
protocol. cDNA was subjected to a nested PCR using GoTaq master mix 2X, and dT-
AP and AP primers (Table 1) were used with gene-specific primers in first and
second round PCR respectively. 5’RACE required reverse transcription of RNA with
a gene-specific reverse primer (Table 1). cDNA was purified using a Montage PCR
Millipore kit (Bedford, Maine, USA), then tailed with a polyA tail using a Terminal
Deoxynucleotidyl Transferase (Invitrogen, Burlington, Ontario, Canada). The final
cDNA product was amplified in a nested PCR using gene-specific (Table 1) and dT-
AP and AP primers as described above. 3’ and 5’ RACE PCR products were separated

by gel electrophoresis on a 1.5% agarose gel in TAE buffer, cloned and sequenced.

Sequence analysis

Gene sequences were compared with all other known sequences using the
Basic Local Alignment Search Tool (BLAST) from the National Center for
Biotechnology Information (NCBI). Alignments of sequences from multiple species
were performed using the ClustalW2 website

(http://www.ebi.ac.uk/Tools/msa/clustalw2/).




Tissue distribution (RT-PCR)

Samples from active, summer-acclimated cunner obtained from the Ocean
Science Center were used for the cunner tissue distribution. RNA was extracted
from central (optic tectum, telencephalon, cerebellum, medulla, pituitary and
hypothalamus) and peripheral (liver, kidneys, gill, skin, muscle, gut, gonads, heart
and spleen) cunner tissues using the methods described above. RNA was reverse
transcribed to cDNA using a Quantitect Reverse Transcription kit (Qiagen Inc).

Primers were designed using Primer3 software (http://frodo.wi.mit.edu/) and were

gene-specific for cunner NPY, CART, CCK and orexin. Genes were amplified by PCR
using a GoTag master mix 2X (Promega). Each PCR reaction was 30 cycles long, with
a 94°C melting temperature for 30 seconds, a primer-specific annealing temperature
for 30 seconds and a elongation temperature of 72°C for 30 seconds. PCR products
were separate by gel electrophoresis on a 1.5% agarose gel and imaged using an
Epichemi Darkroom Bioimaging System (UVP, Upland, California, USA). Elongation
factor -1 alpha (EF1a) was used as a control gene, with specific primers designed

based on winter flounder EFla (GenBank accession number AW013637).

Quantitative real-time PCR analysis of gene expression

RNA was isolated from hypothalamus, telencephalon and gut using a Tri-
reagent extraction (BioShop Inc.). RNA concentration was quantified using a
Nanodrop at 260-nm (ThermoScientific). Isolated RNA was reverse transcribed to

cDNA with random primers using a Quantitect Reverse Transcription kit (Qiagen



Inc). Primers were designed using Primer 3 software
(http://frodo.wi.mit.edu/primer3/). Gene-specific primers were designed for NPY,
CART, CCK and orexin to produce 80-125 base pair amplicons of the genes. All
primers either spanned across an exon-exon boundary or the two primer locations
were separated by an intron of 100 base pairs or more. Forward and reverse
primers were designed to have approximately the same melting temperature. RT-
PCR products were diluted 1:3 in HPLC-treated water. A mix consisting of 0.2 pl of
each primer, 6.2 pl water, 2 pul cDNA and 5 pl SYBR FAST qPCR Master Mix (Kapa
Biosystems, Boston, Massachusetts, USA) totaling 10 ul was pipetted onto a 96-well
plate (Eppendorf, Mississauga, Ontario, Canada) by an epMotion® 5070 automated
robot (Eppendorf). Real-time quantitative PCR was performed using a
Mastercycler® ep realplex 2S system (Eppendorf). Optimal primer annealing
temperature was determined for the gene-specific primers (0.98>R?>1.02). The
basic cycling conditions of the PCR were a denaturing stage at 94°C for 30 seconds,
gene-specific annealing temperature for 45 seconds and hybridization stage at 72°C
for 60 seconds. A no-template control of water substituted for cDONA was included to
ensure the validity of the results. At the end of each qPCR a melting curve was
performed to verify that only one PCR product was amplified. EFlec was used as a
control gene in the fasting and induced torpor studies, and 18S rRNA was used as a
control gene in the natural torpor study to ensure results of gene expression levels

were solely from experimental conditions.



a) qPCR quantification of NPY, orexin, CART and CCK gene expression
Dissociation curves and melting curves were analyzed with qPCR-specific primers
for each gene to ensure specificity. All genes of interest were run in duplicate with a
control substituting water for cDNA. Each plate included a gene of interest and a
reference gene to ensure the experimental conditions (fasting or torpor) were not

affecting gene expression of gene other than those involved in appetite regulation.

qPCR data analysis
All data obtained from qPCR was analyzed using a GraphPad Instat program
(GraphPad Software Inc., San Diego, California, USA). Gene expression levels were
measured and quantified using a Realplex 1.5 software (Eppendorf). Realplex
compared all expression levels using relative quantification (AACt) to determine
relative gene expression levels across multiple samples. Experimental gene
expression levels in the fasting and induced torpor studies were normalized to the
reference gene EFlecc. Experimental gene expression levels in the natural torpor
study were normalized to the reference gene 18S rRNA. Housekeeping gene Ct
values during natural torpor and non-torpor were tested using a student’s t-test
(GraphPad Instat, GraphPad Software Inc). Relative percent expression of the genes
of interest was determined by comparing the expression levels of the experimental
genes with the reference gene (set at 100% expression). Results were graphed

using Excel (Microsoft, Redmond, Washington, USA).



Results
Molecular cloning and sequence analysis

NPY

The cloned cunner NPY mRNA consists of the whole open reading frame for
NPY (Genbank accession number JX126916). The open reading frame is 297 base
pairs (bp), which codes for a mature peptide 99 amino acids long (Figure 1). When
cunner NPY protein sequence was aligned with NPY protein sequences from other
vertebrates, the amino acid similarity ranged from 56 to 95% (Figure 2). The
highest similarity was with orange grouper (95%), followed closely by winter
flounder (94%) and Japanese flounder (93%). The lowest similarity was with

winter skate (56%).

Orexin

The cunner orexin mRNA from this experiment consists of a partial sequence
(Genbank accession number JX126915). The open reading frame is 285 base pairs
long, which codes for a partial mature peptide 95 amino acids long (Figure 3). The
translated mature peptides are 43 amino acids (orexin A) and 28 amino acids
(orexin B) long (Figure 3). The comparison of cunner orexin protein sequence to
that of other species of vertebrates revealed amino acid similarities ranging from 45
to 75% (Figure 4). The highest amino acid similarity was with winter flounder
(75%), followed by orange grouper (72%) and Nile tilapia (71%; Figure 4). The

lowest similarity was with winter skate (45%) followed by mouse (49%).
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CART

The cunner CART mRNA from this experiment is a complete sequence
(Genbank accession number JX023541). The open reading frame is 372 base pairs
long, which codes for a mature peptide 103 amino acids long. The transcript has a
28 base pair 5’'UTR and a 238 base pair 3'UTR (Figure 5). When cunner CART
protein sequence was aligned with CART protein sequences of other vertebrates, the
amino acid similarity ranged from 34 to 79% (Figure 6). The highest similarity in
amino acids was with winter flounder (79%), followed by Atlantic cod (64%) and
zebrafish (62%). The lowest similarity was with mouse (34%) followed by winter

skate (43%).

CCK

The cunner CCK mRNA from this experiment is a partial sequence (Genbank
accession number JX126917). The cloned fragment contains a 209 base pairs long
open reading frame, which codes for a partial mature peptide 69 amino acids long as
well as a 32 base pair 3’'UTR (Figure 7). Based on sequences from other species the
whole mature peptide should be approximately 140 amino acids long. When cunner
CCK protein sequence was aligned with CCK protein sequences from other
vertebrates, the amino acid similarity ranged from 46 to 85% (Figure 8). The
highest similarity was with winter flounder and Japanese flounder (both 85%). The

lowest similarity was with spiny dogfish (46%) followed by mouse (50%).
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ATGCATCCTAACTTGGTGAGCTGGCTCGGGACTCTGGGCTTCCTGCTGTGGGCGCTTCTC 60
M H P N L VS WL G T L G F L L W A L L 20

TGCCTGGGCGCCCTGACAGACGGATACCCTGTGAAGCCGGAGAACCCCGGCGAGGATGCC 120
¢ L 6 AL T D G Y P V: K.P_E N ::P G E. DA 40

CCGGCAGAAGAGCTGGCCAAGTACTACTCAGCCCTGAGACATTACATCAACCTCATCACA 180
P A B E IL..A KaoveovV..g A L, RsH Y. I N LT T 60

AGACAGAGGTATGGAAAGAGGTCCAGTCCTGAGATTCTGGACACGCTGATCTCAGAGCTG 240

R Q R Y 6 K R 8 s P E I L D TUL I s E L 80
CTGTTGAAGGAAAGCACAGACACGCTTCCACAGTCAAGATATGACCCATCATTGTGG 2979
L L K E s T b T L P Q S R Y D P S L W 99

Figure 1. Cloned nucleotide and predicted amino acid sequence of cunner NPY. Grey
section indicates translated mature peptide. Bolded letters indicate amino acid

sequence. The complete coding sequence minus the stop codon was sequenced
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Figure 2. a) Cunner NPY protein alignment from ClustalW with GenBank sequences
from Japanese flounder (BAB62409.1), Winter flounder (ACH42755.1), Orange

grouper (AAT48713.1), Atlantic cod (ABB79923.1), Goldfish (AAA49186.1), Winter
skate (ACH42754.1), and mouse (EDK98613.1) b) ClustalW NPY phylogenetic tree.
Amino acids that are identical across species are noted by (*). Amino acids that are

somewhat similar across species are noted by (:). Gaps in sequences are noted by

().
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CTGCTGCTGGCTCACCTGACTTGTGATGCTCACAGGATGTCTGAGTGCTGCAGACAGCCC
L L L A H L T ¢ D A H R M S E CC R Q P

TCCCCCTCCTGTCGCCTCTATGTGCTGCTGTGTCGCTCTGGCAGTAAGACCATCGGGGGA
S P. S  Cc RezL.ooy WV I, o1,  CoR. 8.6 85 K: T T. G G

GCGCTAACAGGTGATGCTGCTGCTGGAATCCTCACTTTGGGTAAACGGAAAAAAGACGTG
A L. . T G:D A+ A A G 1 L T i G K R KK D V

GACCGCTTACAAAGCCGACTGGCCAACCTCCTCCATGTGTCCAGGAACCCAGCAGCTGGG
p.R L o0 .S R .L A N L I..H V.5 R N .P.A A G

ATTCTAACGATGGGCAAGAGGGTGGAGGAGAGGTCTGCAGATTAC
I L. T M G K R VvV E E R S A D Y
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95

Figure 3. Partially cloned nucleotide and predicted amino acid sequence for cunner

orexin. Grey section indicates translated mature peptide (orexin A and orexin B).

Bolded letters indicate amino acid sequence.

o~



1adnoan abuelQ

eideji] 3JIN

pod dnueny
1eNS IIUIM
ISNOW
ysypjoo
A3PUNO|{ 12U
muun)
Q
* 3ixyyxniy » iyn" s8¢ TXXXEXEXX
€6 NIOHASAIY - - - -TSAODdHAINONLTIDILYONAT - OHTTHHTINOTIOUYNINIADTIIIO 93®3s I23UTM
§8 -dHAATHAV---------- OVIIONLTIOVYHNON - YO TTIOTIODTOIIDI TINDTLTID Ssnon
€1IT AYAISAAddIdWIADTAAATINOALTIOVYONIS -OHTTIOOTIADAIIIDANIADTITIID USTIPTOD
VOT TOAVHAH-——======== HSAAOWLTIOVYONIYOOITTOHTISHAHOHAVAIAODTILIIO POD 2TIURTIV
G6 X0-OVdHA----------- ALAMONLTIOVYONIS -DOTTOOTISOAIATAAANINDTIIIO etdeTTl STIN
G6 AOHIOWH----------- HLIMONILTIOVYONIS -OOTTOHTISOTY -AQHIIIDOTIIIO aadnoxn sbueio
96 AJdAODYIH----------- FLINONITIOVYONIS -AHTTHHTISHTIHATININDTILIIO I2pUNOTd I93UTM
G6 X-Aq¥S¥d----------- FAIAONILTIOVYANIS - AHTINYVTISOTIAA@INIDIDTIIIO Iauun)
x - Sl x 7 e x S I
8€ WYHNOL=—-===-=-s==smiramsmmsss OYTTATIAADSILOOD - -DDIAdAIdSYSATSITIVY 93eyS ISJUTIM
LE NUHNOY ——= = === == mimimmimemimm o= OHTTHAXTIDSILAO - -¥DDAdT-d0OVAADTSTIVY SsSnon
7S AYYANNJIDIHIVYISLANIIOY - - - -ADTIHXTIADSYSYSS -DIL - VADIAVAIYIHYIIY UsSTIPTOD
GG ¥SVYadoI----- HWOOTYIDOYODAIDDTTIAXTIOVIddAISOISYSASHYADTILHSYIT pPoOD DT3UeRTIY
8% WVvadlI------ ADDIDINDS - - - -IDTTAXTIDIISIHY - DDH - SASHYADVTIOSTTT etdelTl STIN
8% WYVADLTI------ IO9TNSOS - - - -IDTTIAHTIDONIAJOY - DDH -SASHYADVIOSTTIT 1sdnoxn sbueiro
8% YYVdDST------ IOOWIMSOL - - - =IO TTYATIDSASADI - DDA - SWSHYADLTOSTTIT Iopunotrd IS3UTIM
8% YYVdADLTI------ YOOIINSOS - - - -ADTTAXTIDSASA0Y -DDH - SWIHYADLTHYTTT Isuun)

(e



Figure 4. a) Cunner orexin protein alignment from ClustalW with GenBank
sequences from Winter flounder (ADJ67994.1), Orange grouper (ADM26763.1), Nile
tilapia (ACT65742.1), Atlantic cod (ABF29871.1), Goldfish (ABK58728.1), Winter
skate (ADL41188.1), and mouse (NP_034540.1) b) ClustalW orexin phylogenetic
tree. Amino acids that are identical across species are noted by (*). Amino acids
that are somewhat similar across species are noted by (:). Gaps in sequences are

noted by (-).



ttgggacacgatgaggagcacagggacyg
28

ATGAGGAGCACAGGGAGCACGAGGAGCTGCAGGCTGCTGCTCTGCGTGCTGCTGCTCTCA 88
M R 8Ss T 66 s T R S C R L L L C V L L L S 20

GGATCCACCGGAGCAGACCTGACGGAGAACAACTCCCTGACCAGTGAGGACGAGCTGAGC 148
g ''s T ¢..A D L. T E N N 5 L.+TS5 .  FE: D B L S 40

CCCAGAGTGCTGCGCCACTTCTACTCCAAAGGACCGAACCTGACCTCAGAGAAACAGCTG 208
PR v L, RiH F YyYa&s Ki G- P N~ L T:«S E /K. QL 60

TCCGGAGCTCTGCAGGAAGTTCTGGAGARACTTCAGGCGAAGAAAACGTCTTCATGGGAG 268
s 6 AL Q0 E V- I. ExsK L. Q0 A KK T, S: 85 W E 80

AAAAAGTTTGGCCAAGTCCCCAGGTGTGACGTCGGGGAGCAGTGTGCAGTGAGAAAAGGC 328
K K F G 0V PR C.D.V. G:E O C AV R K G 100

TCTCGGATCGGCAGGATGTGTGACTGTCCTCGTAGAGCGTTCTGTAACTTCTGCCTGCTG 388
s R IT. G R M ¢ D C P R R A . F.C N F.C L L 120

AAGTGTTTATGAgaaacacacacacacaagtcttttattaaaggtcacatttaatgagaa 448
K. L ~* 123

ccagctgaggagaatgctcagtgaccgtctgcaacacacgaagaagaactacatggtgtt 508
taacagagtctgtgtgaggattgttgtgatgagatggtgagttcaaagttgtgatatcat 568
gtcaacaaacaaatatttgagtctaatgtcggagtctgtctgtcattataataattcata 628

ttcataataaagtgcggatcatgttttaaaaaaaaaaaaaaaaaaa 674

Figure 5. Cloned nucleotide and predicted amino acid sequence for cunner CART.
Grey section indicates translated mature peptide. Bolded letters indicate amino acid
sequence, lower case letters indicate untranslated nucleotides. Stop codon is
indicated by an asterix (*). Potential sites for polyadenylation are underlined. Whole

coding DNA sequence is shown.
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Figure 6. a) Cunner CART protein alignment from ClustalW with GenBank
sequences from vWinter flounder (AC034688.1), Goldfish (AAL40907.1), Salmon
(NP_001140152.1), Atlantic cod (AAZ94721.1), Zebrafish (NP_001017570.1),
Winter skate (AC006235.1) and mouse (NP_038760.3) b) ClustalW CART
phylogenetic tree. Amino acids that are identical across species are noted by (*).
Amino acids that are somewhat similar across species are noted by (:). Gaps in

sequences are noted by (-).



TCCTGTGGCTGAGGAGAATGCAGACTCTCGAGCCAATCTCAGTGAGCTGCTGGCMAGACT
P V A E E N A D S R A N L S E L L X R L

CATCTCCTCCAGGAAAGGTTCTGTGCGCAGAAACTCAGTGGCAAACAGAGGCAGCGCACT
I S S R K G 8 V R R N S V A N R G S A L

CAGCGCCAACCACCGGATAGCAGACAGGGACTACTTGGGATGGATGGGTTTCGGCCGCCG
S A N H R I A2 DURD Y.L G W M G F G R R

CAGTGCAGAGGAGTACGAGTACTCCTCGTaaagggtgatcacccttacgtacgggcacat
S A E E Y E Y 8 & *

g 241

60
20

120
40

180
60

240
69

Figure 7. Partial cloned nucleotide and predicted amino acid sequence for cunner

CCK. Grey section indicates translated mature peptide. Bolded letters indicate amino

acid sequence, lower case letters indicate untranslated nucleotides. Stop codon is

indicated by an asterix (*).
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Figure 8. a) Cunner CCK protein alignment from ClustalW with GenBank sequences
from Winter flounder (ACH42757.1), Japanese flounder (BAA23734.1), Rainbow
trout (NP_001118083.1), Salmon (ACM0982.1), Goldfish (093464.1), Dogfish
(CAB94727.1) and mouse (AAH28487.1) b) ClustalW CCK phylogenetic tree. Amino
acids that are identical across species are noted by (*). Amino acids that are

somewhat similar across species are noted by (:). Gaps in sequences are noted by

(-)-
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Tissue distribution

Transcript fragments were amplified in each tissue sample using RT-PCR
along with a no-template control to verify that any visible amplification was due to
the presence of the desired transcript and not contamination. Each tissue sample
was also tested with the housekeeping genes (HKG) EF1-a and 18S rRNA to ensure
that cDNA was present in all the samples. All tissue expression levels are qualitative

and based on comparisons with the control genes.

NPY

For tissue distributions of NPY, a 183 bp region was amplified. In the central
tissue distribution, NPY was present in all brain regions except for the pituitary
(Figure 9). The brain regions in which NPY was present appeared to have similar
strength bands, indicating similar expression levels. NPY was detected in all the
peripheral tissues tested, though there was apparent stronger expression in the

spleen and kidney than any of the other tissues (Figure 10).

Orexin

The tissue distribution of orexin amplified a 170 bp region of the transcript.
Orexin was present in all regions of the brain examined. Based on the strength of
bands, there was higher orexin expression in the hypothalamus, optic tectum and

telencephalon than other brain regions (Figure 9). In the peripheral tissue

£n



distribution, orexin was present in all the tissues but had apparent higher
expression in the ovary, heart, and kidney than other tissues (Figure 10).

CART

For the CART tissue distributions, a 153 bp region was amplified. In the
central tissue distribution, CART was present in all regions of the brain except the
pituitary (Figure 9). All regions with the transcript present and had high expression
in all brain regions with the exception of the cerebellum (Figure 9). In the
peripheral tissue distribution, CART was only present in the gill, skin, kidney, gut

and ovary (Figure10). Relatively few peripheral tissues express CART.

CCK

For the CCK tissue distribution, a 101 bp region was amplified. In the central
tissue distribution, CCK was present in all the brain tissues (Figure 9). The highest
expression, based on strength of bands, was in the hypothalamus, optic tectum and
telencephalon (Figure 9). In the peripheral tissue distribution, CCK was present in
all the tissues, and the highest expression was in the ovary, gill, skin, spleen and

kidney (Figure 10).
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EF

18S

NPY

Ox

CART

CCK

Figure 9. Central tissue distribution of EF, 18S NPY, Ox, CART and CCK in the
cunner. Transcript fragments were amplified using RT-PCR and visualized on a 1%
agarose gel with ethidium bromide. Samples (from left to right): 1- hypothalamus, 2-

optic tectum, 3- telencephalon, 4- cerebellum, 5- medulla, 6- pituitary
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Figure 10. Peripheral tissue distributions of EF, 18S, NPY, orexin, CART and CCK in
the cunner. Transcript fragments were amplified using RT-PCR and visualized on a
1% agarose gel with ethidium bromide. Samples (from left to right): 1- gill, 2- skin,

3- spleen, 4- kidney, 5- liver, 6- gut, 7- heart, 8- ovary.
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Effects of experimental conditions on gene expression

Effects of fasting on transcript expression in the brain and gut

There were different effects of fasting on transcript expression in the two
areas of the brain studied in this experiment. In the hypothalamus, NPY showed no
significant changes in expression levels over three weeks of fasting (Figure 11a).
However fasting did affect NPY expression in the telencephalon, where transcript
levels decreased at two and three weeks of fasting compared to fed fish sampled at
the same time (Figure 12a).

Orexin expression in the hypothalamus was constant until three weeks of
fasting when it significantly decreased and was lower than orexin expression in all
the other groups (Figure 11b). There was no effect of fasting on orexin expression in
the telencephalon (Figure 12b).

CART transcript expression in the hypothalamus was not significantly
effected by fasting (Figure 11c). In the telencephalon, CART expression was
significantly lower at weeks one, two and three (Figure 12c) than at day 3.

In the gut, only the week 1 samples were used, as errors occurred in sampling
or during RNA extraction in all the other groups. There was a significant decrease in

CCK expression in the gut after one week of fasting (Figure 13).
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Figure 11. Relative transcript expression of a) NPY, b) orexin and c¢) CART in the
hypothalamus of cunner during summer in fed (n=5 fish per group) and fasted (n=38
fish per group) fish. Black bars are fed treatments and white bars are fasted
treatments. Transcript expression is normalized to day 3 fed treatment. Letters
indicate treatments that were significantly different from each other by ANOVA

(p<0.05). Data are presented as mean = SEM.
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Figure 12. Relative transcript expression of a) NPY, b) orexin and c) CART in the
telencephalon of cunner during summer in fed (n=5 fish per group) and fasted (n=8
fish per group) fish. Black bars are fed treatments and white bars are fasted
treatments. Transcript expression is normalized to day 3 fed treatment. Letters
indicate treatments that were significantly different from each other by ANOVA

(p<0.05). Data are presented as mean = SEM.
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Figure 13. Relative CCK expression in the gut of cunner during summer fed (n=5)
and fasted (n=8) fish. Transcript expression is normalized fed fish at week 1. Asterix
(*) indicates treatments that are statistically different using t-test (P<0.05). Data are

presented as mean + SEM.



Effects of induced torpor on transcript expression in the brain and gut

Induced torpor was achieved by placing fish in 4°C water for 4 weeks, and
then sampling their tissues. They were fed once a week, but regular observation
showed little to no movement within the tanks and very little feeding activity.

After 4 weeks of induced torpor, NPY expression did not change significantly
in the hypothalamus whereas it increased significantly in the telencephalon (Figure
14a).

Orexin expression was not affected by induced torpor in either the
hypothalamus or the telencephalon (Figure 14b).

CART expression in the hypothalamus was significantly lower in the induced
torpor fish compared to non-torpor fish (Figure 14c). There was on significant effect
of induced torpor on CART expression in the telencephalon (Figure 14c).

CCK expression in the gut was significantly lower in the induced torpor

samples compared to the non-torpor samples (Figure 15).
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Figure 14. Relative transcript expression of a) NPY, b) orexin and c) CART in the
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hypothalamus (H) and telencephalon (T) of the cunner during non-torpor (n=6) and

induced torpor (n=8) experiment. Black bars represent non-torpor fish and white

bars represent torpor treatments. Transcript expression is normalized to non-

torpor fish. Asterix (*) indicates treatments that are statistically different using t-

test (P<0.05). Data are presented as mean + SEM.
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Figure 15. Relative CCK expression in the gut during induced torpor (n=8) and non-
torpor (n=6). Transcript expression is normalized to non-torpor fish. Asterix (*)
indicates treatments that are statistically different using t-test (P<0.05). Data are

presented as mean = SEM.



Effects of natural torpor on transcript expression in the brain and gut

The natural torpor fish were kept at natural water temperatures and
photoperiod and fed once every two weeks. They were sampled in March after
approximately 5 months of torpor.

Although the HKG used for both induced torpor and fasting studies was EF1-
a as its expression was constant between treatment groups, a significant decrease in
EF1-a expression was seen in both brain and gut of torpor fish compared to non-
torpor fish (Table 2). Several other HKG were thus tested. Significantly decreased
transcript expression levels during torpor were seen for beta actin-a, RPL7 and
tubulin beta (Table 2). 18S rRNA was the only HKG tested with similar expression
levels in torpor and non-torpor brain samples (Table 2), and was therefore used as
the HKG for natural torpor transcript expression studies.

There was a significant decrease in NPY, orexin and CART expression levels
in both the hypothalamus and telencephalon of natural torpor fish compared to non-
torpor fish (Figure 16 a,b and c). It was not possible to measure relative CCK
expression levels in the gut, as the housekeeping gene used in the gut (18S rRNA)

had significantly increased expression during natural torpor (Figure 17).
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Table 2. Average Ct values for housekeeping genes (HKG) tested in non-torpor and

torpor brain samples (hypothalamus and telencephalon) of the cunner. Data are

presented as mean + SEM.

Gene Non-torpor Torpor
18S 1313 % 0.25 12.70 £ 0.84
Tubulin beta 19.44 £ 0.21 20,98 % 0.31
RPL7 16.75 £ 0.41 19.48 + 0.52
Beta-a p by B S | 19.83 &£ 0.26
EF1-a 20.07 £0.16 2437 041
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Figure 16. Relative transcript expression a) NPY, b) orexin and c) CART in the
hypothalamus of the cunner during non-torpor (n=6) and natural torpor (n=7).

Transcript expression is normalized to day 3 fed treatment. Asterix (*) indicates
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Discussion

Cloning and sequence analysis

In this study NPY, orexin, CART and CCK were cloned and sequenced for the
first time in the cunner. These sequences will contribute towards the understanding of the
evolution of appetite-regulating hormones in vertebrates. Genes that play important roles
in everyday functions are often highly conserved, especially in areas coding for the
mature peptide. This is why injecting proteins obtained from one species into another
species often induce biological reactions similar to those that would be observed if using
a species-specific peptide.

NPY was the most highly conserved of the four hormones examined in this study.
It exhibited the highest degree of homology with other species of fish, which may
correlate to its important functions in appetite regulation and stress response. When
compared with translated DNA sequences from other species of fish, the highest degree
of homology was with orange grouper NPY sequence (95%), followed closely by winter
flounder (94%) and Japanese flounder (93%). Orange grouper is a member of the
Perciformes order, as is the cunner, so it is no surprise they share highly similar amino
acid sequences. Winter flounder and Japanese flounder are members of the
Pleuronectiformes order, which is very closely related to the Perciformes therefore they
also should share a high degree of homology with the cunner protein sequences. NPY
also had low homology with mouse and skate sequences (64% and 56% respectively).
Skates are in the class Chondrichthyes, which separated from the class Actinopterygii (to
which cunners also belong) sometime between 400-500 million years ago (Martin, 2001).

Mice are members of the class Mammalia, which is also highly divergent from

771



Actinopterygii, which explains the lower degree of homology of skate and mouse with
cunner protein sequences. However, the translated mature peptide portion of the
transcript is highly conserved: of the 36 amino acids in the mature peptide 25 are
completely identical among all the species.

Orexin was also very conserved. The cunner orexin transcript had the highest
degree of homology with winter flounder (75%), closely followed by orange grouper
(72%) and Nile tilapia (71%). Nile tilapia is also a member of the Perciformes order,
which explains the high homology with cunner orexin sequences. Orexin had the lowest
homology with protein sequences from winter skate (45%) and mouse (49%). The orexin
A translated mature peptide was only similar among all the species in the alignment for 8
of the 43 amino acids, and the orexin B translated mature peptide was only similar for 10
of the 28 amino acids aligned with other species.

The cunner CART transcript exhibited the highest degree of homology with
winter flounder (79%). The CART transcripts from Atlantic cod (64%), and zebrafish
(62%) were also very similar to cunner CART peptide sequence. Atlantic cod is a
member of the Gadiformes order and zebrafish is a member of the Cypriniformes order
and are therefore not as closely related to the cunner as the winter flounder. The lowest
transcript homology was seen with mouse (35%) and winter skate (43%). Of the 103
amino acids in the translated mature peptide, only 32 were conserved across all the
species in the alignment. This low degree of protein conservation may be due to multiple
CART copies in a species, such as goldfish, which has two forms of CART transcripts

(Volkoff and Peter, 2001).



The cunner CCK had the highest degree of homology with CCK sequences from
winter flounder and Japanese flounder (both 85%). The lowest degree of homology was
with spiny dogfish (46%) and mouse (50%). Spiny dogfish is a member of the class
Chondrichthyes, as is the winter skate, and share approximately similar degrees of
homology as skate with cunner sequences. The translated mature peptide is very highly
conserved, with 6 of the 8 amino acids identical amongst all the species in the alignment.
This high degree of conservation of the mature peptide may indicate the importance of the

role CCK plays in appetite regulation and other physiological processes in vertebrates.

Tissue distribution

NPY, orexin, CART and CCK were amplified using RT-PCR from various
regions of the brain and peripheral tissues to determine their sites of expression and their
relative expression levels based on the strength of the bands.

NPY was expressed in the forebrain (hypothalamus, telencephalon, optic tectum),
as well as the medulla and cerebellum of the cunner, and all the bands had the same
intensities. The presence of NPY transcripts in the forebrain of the cunner was expected,
as NPY has been found in the same regions in other species of fish such as salmon
(Silverstein et al., 1998), Atlantic cod (Kehoe and Volkoff, 2007), winter flounder
(MacDonald and Volkoff, 2009) and goldfish (Peng et al., 1994), among others.

NPY was expressed in all the peripheral tissues tested. There was apparent higher
expression in the spleen and the kidney. NPY expression in the porcine spleen has been
linked to vasoconstriction and inhibiting cAMP formation (Lundberg et al., 1988). In the

mammalian kidney, NPY is also linked to vasoconstrictor activity via the release of



angiotensin (Pernow et al., 1987). This vasoconstrictor activity is important for
maintaining cardiovascular homeostasis, but has not been linked to appetite regulation
(Pedrazzini et al., 1998). In addition to appetite regulation and cardiovascular
homeostasis, NPY has also been implicated in sex reversal of the bluehead wrasse
(Kramer and Imbriano, 1997), and in increased heart rate in the dogfish (Xiang et al,
1994).

NPY is widely expressed throughout different tissues and causes many different
physiological responses. For the purpose of this study, the appetite-regulating effects of
NPY have been studied in the brain, where it has been shown NPY mRNA levels
fluctuate with feeding and fasting (MacDonald and Volkoff, 2009).

Orexin was expressed in all the central tissues of the cunner brain with the
exception of the pituitary. The strongest orexin expression was observed in the regions of
the forebrain including the hypothalamus, telencephalon and optic tectum. This same
pattern of expression has been documented in other species such as goldfish (Huesa et al.,
2005), zebrafish (Kaslin et al., 2004), cod (Xu and Volkoft, 2007), winter flounder
(Buckley et al., 2010) and orange grouper (Yan et al., 2011).

Orexin was expressed in all the peripheral cunner tissues, but was most strongly
expressed in liver, kidney, heart and ovary. Orexin mRNA has not been detected in any
mammalian liver, and has been found only in small quantities in the liver of fish such as
orange grouper (Yan et al., 2011). Orexin is found in the kidneys of both mammals
(Heinonen et al., 2008) and fish (Yan et al., 2011) but its exact function there is unknown.
Orexin is found within the mammalian heart, and injections of orexin A into the heart

ventricles of rats cause a rise in blood pressure and heart rate (Zhang et al., 2005).
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Zebrafish express orexin in the nerve fibers extending to aminergic nuclei in the heart,
suggesting that orexin may play a role in the release of aminergic factors (Kaslin et al.,
2004). The presence of orexin expression in the gonads of fish is not well understood, but
there is some evidence that orexin may be able to inhibit reproductive behavior by
inhibiting the release of gonadotropin-releasing hormone (Hoskins et al., 2008).

CART is expressed in the forebrain (hypothalamus, telencephalon and optic
tectum) as well as in the medulla and cerebellum of the cunner. It is most highly
expressed in the hypothalamus, telencephalon, optic tectum and the medulla. CART has
been detected in the medulla of rats, and is thought to be involved in stress, and may help
regulate cardiovascular responses (Hwang et al., 2004). CART transcript in the forebrain
has also been documented in goldfish (Volkoff and Peter, 2001a), cod (Kehoe and
Volkoff, 2007), salmon (Murashita et al., 2009) and winter flounder (MacDonald and
Volkoft, 2009).

In the peripheral tissues, CART is found in the gill, skin, kidney, gut and ovary.
The presence of CART in the gill and skin has no known purpose, neither does CART
found within the kidney. CART may play a role in follicular atresia in mammals, but
there is no link to the same function in the fish ovary (Kobayaski et al., 2004). In
mammals, CART has been found in some of the muscles surrounding the stomach,
though its exact actions there are unknown (Couceyro et al.. 1998).

Overall the main site of synthesis of CART appears to be within the forebrain,
where CART transcript levels have been shown to rise and fall with feeding and fasting

(MacDonald and Volkoft, 2009).
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Within the cunner brain, CCK is expressed in all the areas. but is most strongly
expressed in the forebrain (hypothalamus, telencephalon and optic tectum). CCK has also
been found in the forebrains of goldfish (Peyon et al., 1999), rainbow trout (Jensen et al..
2001). and flounder (Kurokawa et al., 2003). Both rainbow trout and flounder have
multiple CCK transcripts. Japanese flounder having two (Kurokawa et al., 2003) and
rainbow trout having three (Jensen et al., 2001).

CCK was expressed in all the peripheral tissues, with the highest expression in the
skin, gill, kidney, spleen and ovary. In the pufferfish, nerves extending to mucous glands
under the skin contain CCK (Funakoshi et al., 1998). There is no known function of
CCK in the kidney and spleen, but its presence in these tissues has been documented in
other species of fish (MacDonald and Volkoft, 2009).

One of the main sites of synthesis of CCK is within the gut. CCK transcript
expression did not appear very strong in the peripheral tissue distribution of the gut. but
the presence of CCK has been well documented in the gut of fish. In goldfish, CCK
immunoreactivity has been seen in the endocrine cells and in some nerve fibers (Himick
and Peter, 1994) and in rainbow trout CCK immunoreactivity was detected in the small

intestine and the pyloric caeca (Vigna et al., 1985).

Fasting experiment
In the fasting experiment, cunners were deprived of food for three weeks, and
sampled at three days, one week, two weeks, and three weeks of fasting. Changes in

expression were examined in the gut, hypothalamus and telencephalon. Samples from



fasted fish were compared with those of fed fish sampled at the same time, to determine
the effects of fasting on transcript expression of NPY, orexin, CART and CCK.

There was no significant effect of fasting on NPY transcript expression in the
hypothalamus. This is similar to the fasting response seen in cod, which showed no
changes in NPY expression in the forebrain after one week of fasting (Kehoe and
Volkoff, 2007). However, long-term fasting has been shown to induce increases in
hypothalamic NPY expression in other fish species. Salmon that were food-deprived for
3 weeks exhibited increased NPY transcript expression in the hypothalamus (Silverstein
et al. 1998). Similar results were seen in winter flounder, which exhibited an increase in
hypothalamic NPY expression after both 2 weeks and 4 weeks of fasting (MacDonald and
Volkoff, 2009). In the telencephalon of the cunner, NPY expression significantly
decreased at three weeks of fasting. This result seems to be unique to the cunner, as other
species exhibit increases in telencephalic NPY expression during fasting. Goldfish fasted
for 72 hours display an increase in telencephalon NPY expression (Narnaware and Peter,
2001). Brazilian flounder fasted for 2 weeks showed whole brain increases in NPY
expression (Campos et al., 2010). One of the few species that did not show an increase in
NPY expression in the telencephalon following fasting was the tiger puffer fish, which
exhibited no change in NPY expression following one week of fasting (Kamijo et al.,
2011). It is noteworthy that in our study, there were also no significant changes in
telencephalic NPY expression after either one or two weeks of fasting. The variation in
the duration of fasting times used in fish fasting experiments make it difficult to make
good comparisons between studies. Cunners appear to maintain their NPY transcript

expression levels for up to three weeks during fasting, after which there is a decrease in
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NPY expression levels in some tissues. If the study were to be extended to four or five
weeks, it is possible that even more of the tissues would have decreased NPY transcript
levels.

Orexin expression in the hypothalamus was significantly decreased at three weeks
of fasting. This pattern of orexin transcript expression seems to be unique to cunners, and
has not been documented in other species of fish. Zebrafish that have been calorie-
restricted for two weeks show an increase in whole brain orexin expression (Novak et al.,
2005). Goldfish fasted for 3 or 10 days shown an increase in hypothalamic orexin
expression (Nakamachi et al., 2006; Abbott and Volkoft, 2011). Hypothalamic orexin
levels are also significantly higher in fasted winter flounder (Buckley et al., 2010). As for
NPY, the decrease in expression might indicate a metabolic shutdown. Orexin expression
in the cunner telencephalon was not significantly different during three weeks of fasting.
This result is similar to winter flounder orexin expression in the telencephalon, which also
did not change after 4 weeks of fasting (Buckley et al., 2010).

CART transcript expression in the hypothalamus was not significantly different
after three weeks of fasting. These results are similar to findings in winter flounder,
which did not exhibit any significant different in hypothalamic CART expression after 4
weeks of fasting (MacDonald and Volkoff, 2009). However not all fish show the same
pattern of expression, as goldfish showed decreased hypothalamic CART expression after
10 days of fasting (Abbott and Volkoff, 2011). In fish, whole brain or forebrain CART
expression seems to follow a consistent trend of down regulation during fasting, as seen
in the common carp (Wan et al., 2012), cod (Kehoe and Volkoff, 2007), catfish

(Kobayashi et al., 2008) and salmon (Murashita et al., 2009). Cunner CART expression



in the telencephalon was significantly lower at one, two and three weeks but not from fed
fish sampled at the same time, only from the first set of fed fish (sampled at day 3). The
fed fish CART expression was not significantly different over the three weeks of the
experiment.

CCK transcript expression in the cunner gut was significantly lower after one
week of fasting. This is a similar trend to the one seen in winter flounder, where CCK
expression was significantly lower in the gut after two weeks of fasting (MacDonald and
Volkoff, 2009) and in yellowtail, where a decrease in CCK gut expression is seen after 72
hours of fasting (Murashita et al., 2006).

The general trend of NPY, orexin, CART and CCK transcript expression during
fasting is a decrease in expression. It appears as though NPY, orexin and CART each
have a specific area of the brain in which it is affected by fasting. NPY and CART
transcript expressions decrease in the telencephalon but not in the hypothalamus during
fasting. Orexin transcript expression decreases in the hypothalamus but not in the
telencephalon during fasting. It seems most likely that when cunners are food deprived
for extended periods of time they enter a survival mode and down-regulate appetite
regulating hormones. While it is not surprising that anorexigenic hormones CART are
CCK are down regulated during fasting, other fish exhibit usually exhibit increases in
expression of the orexigenic hormones NPY and orexin. One factor that could be
affecting the fish might be their proximity to their natural spawning period. During the
starvation study, the cunners all had very large, well-developed gonads. The cunner’s
proximity to spawning time in this study could have affected how they responded to food

deprivation. Some fish species, such as smelt, abstain from eating during spawning (Foltz
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and Nordem, 1977). If cunners naturally fast during spawning, then perhaps they entered
their natural period of fasting in preparation for spawning, when there was no more food
available to them. This may explain why both orexigenic and anorexigenic transcript
levels were decreased during fasting, as opposed to the increased orexigenic hormone
expression seen in other species of food-deprived fish. Another possibility is that cunners
are very resistant to changes in transcript expression during the initial stages of fasting,
but then as fasting continues they start to shut down transcript expression. This would
certainly explain why there was very little change in any of the brain transcript expression
levels before three weeks, and that if the study had continued and food had been
continued to be withheld then other hormones that remained unchanged in some areas of
the brain may have started to show decreased expression as well. The pattern of
transcript expression seen in the starvation study may be caused by multiple factors
including proximity to spawning. The cunner appears to have a longer response time
during fasting and maintain their hormone levels for a period of one to three weeks before

decreasing their expression levels in an attempt to conserve energy.

Acute torpor experiment

To submit the cunners to acute torpor, the fish were placed into cold seawater
intake tanks (~2°C) tanks for four weeks and fed once a week. After four weeks the
hypothalamus, telencephalon and gut were sampled and tested for transcript expression of
NPY, orexin, CART and CCK. These expression levels were then compared with fed
fish sampled at the same time. During the experiment cunners were observed eating very

little (when compared to fed fish) and made almost no movement, staying hidden beneath
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rocks for the majority of the time. No other studies have ever examined the effects of fish
put acutely into torpor on gene expression. The cunners response to this fed, short-term
torpor is reflective of both fasting experiments and seasonal difference experiments done
in other fish.

During the acute torpor experiment, NPY transcript expression was not
significantly changed in the hypothalamus. In the telencephalon, there was an increase in
NPY expression compared with fed, non-torpor fish.

Orexin expression did not change in either the hypothalamus or telencephalon
during induced torpor. The fish placed into acute torpor were relatively immobile,
spending most of their time hidden under rocks. Orexin also plays a role in
sleep/wakefulness, and injections of orexin in goldfish have been shown to increase
locomotor and foraging activity (Volkoff et al., 1999). Hypothalamic orexin expression
in goldfish is higher during the day, when the fish are active, than during the night when
they rest (Hoskins and Volkoff, 2011). In the induced torpor fish, there may be a trade-
off between the actions of orexin, because while not eating much, which makes them
hungry (which would increase orexin expression), they also need to conserve energy and
might decrease the expression of arousal hormones. This balance might explain the lack
of visible change in orexin expression between summer and induced torpor fish.

CART expression was significantly decreased in the hypothalamus, but was
unaffected by induced torpor in the telencephalon. These results are similar to the
response seen in fish when they are fasted. Both cod (Kehoe and Volkott, 2007) and

goldfish (Volkoff and Peter, 2001) show decreased hypothalamic CART expressions



when fasted. The decrease in CART expression is consistent with the “fasted state™ of the
induced torpor cunners who had access to food but ate very little.

CCK expression was significantly decreased in the gut during induced torpor.
This seems to follow the general trend of anorexigenic hormones decreasing during the
induced torpor. During winter and during fasting, winter flounder significantly decrease
their CCK transcript expression in the gut (MacDonald and Volkoff, 2009).

For induced torpor, the fish appeared very much as if they were in a natural
torpor; there was very little movement within the tank and the fish ate very little food
compared to non-torpor fish. Their appetite-regulating hormone expression during the
induced torpor was similar to patterns of expression seen during starvation in other
species of fish. The mRNA expressions of orexigenic hormones increased, and that of
anorexigenic hormones decreased. There is obviously some mechanism at work that
overrides the fish desire to eat, in order to conserve energy. The starvation response in
the cunner appears to be to decrease both orexigenic and anorexigenic hormone
expression, while the induced torpor response seems to mimic starvation responses seen
in other species of fish.

The hormone mRNA expression profiles seen during induced torpor could also be
attributed partly to a stress response; the fish were taken from normal temperature
seawater and acutely put into cold water, while the photoperiod was maintained the same.
Fish subjected to rapid changes in temperature often shown signs of stress. Decreases in
temperature have been shown to causes increases in oxygen consumption and opercular
beat frequency in goldfish (Freeman, 1950), which is associated with thermal stress

(Heath et al. 1973). Trout subjected to an acute 13°C change in water temperature
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showed increased plasma cortisol levels (Strange et al., 1977). Chronically high levels of
cortisol, a hormone associated with stress response in vertebrates, have been shown to
increase mortality due to disease and infection in fish (Pickering and Pottinger, 1989). In
future studies it would be interesting to test plasma cortisol levels of cunners in induced
torpor, to determine if they are in a stressed state. Stress caused by acute changes in
temperature could affect transcript expression in the cunner. Stress coupled with torpor
could be the explanation for the hormone expression seen in this study. The induced
torpor experiment was not an accurate replication of natural torpor, but did produce

interesting results that should further be investigated.

Seasonal torpor experiment

Natural torpor fish were collected in the wild after four months of natural torpor,
and transcript expression levels of NPY, orexin, CART and CCK were compared to that
of fish collected during the summer.

Both NPY and orexin expressions were significantly lower in both the
hypothalamus and the telencephalon in natural torpor fish than in summer fish. Cunners
eat little to nothing during their time in torpor, and also move as little as possible to
conserve energy (Bradbury et al., 1997). Previous studies have show that cunners exhibit
a decrease in protein synthesis and RNA content in their tissues during torpor (Lewis and
Dreidzic, 2007); therefore it is not surprising that appetite-regulating hormones are down
regulated during the winter months. However other seasonal fish such as winter flounder
exhibit increases in hypothalamic NPY (MacDonald and Volkoft, 2009) and orexin

(Buckley et al., 2010) during the winter. This difference in transcript expression between
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the two species may be explained by different survival strategies. Although winter
flounder have been recorded eating and moving less during the winter (He, 2003;
MacDonald and Volkoff, 2009), they remain in a more active state than the dormant
cunner, which enters a state of winter metabolic depression (Lewis and Dreidzic, 2007).

The fall in orexin expression levels may also be linked to the role orexins play in
sleep/wakefulness. The fall in orexin expression levels in the natural torpor fish may be
contributing to the reduction in physical activity.

CART expression was significantly lower in the hypothalamus and telencephalon
of natural torpor fish. This result is different from that seen in winter flounder, where
there was no effect of seasonal variation on CART transcript expression (MacDonald and
Volkoff, 2009). CART could be down regulated as cunners are eating very little during
the winter and therefore do not need high expression of anorexigenic hormones, and
could also be down regulated due to the general decrease in protein synthesis in cunner
tissues during torpor.

In the gut, 18S expression was not consistent with non-torpor values. 18S Ct
values were significantly lower in the torpor gut samples, indicating that there was higher
18S expression during torpor. This is unusual, as the other HKGs tested in this study in
the brain showed decreased expression during torpor. 18S translated into a ribosome,
which is responsible for catalyzing the formation of proteins. It has already been
documented that protein synthesis of various tissues decreases during torpor (Lewis and
Driedzic, 2007), however protein synthesis in the gut has never been measured. It is
possible that some other process is occurring in the gut during torpor that requires the gut

to increase its 18S production. Further study into the effects of torpor on other HKG such
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as those tested in the brain will help determine what sort of processes are occurring in the
cunner gut during torpor.

It was not possible to measure CCK expression in the gut as the HKG expression
was no consistent between torpor and non-torpor samples, but the Ct values do indicated
that CCK expression is reduced in the gut during natural torpor. This is similar to the
results seen in the winter flounder gut, where there is a significant decrease in gut CCK
transcript expression during the winter (MacDonald et al., 2009). The reduction in CCK
expression in the gut during winter could also be caused by atrophy of the gut epithelium
as CCK is released from enteric cells in the lining of the intestine. It is possible that
during the winter, the gut epithelium degrades in order to conserve energy, which would
induce a very low CCK expression. Although we have not performed a histological study
of the gut epithelium, this phenomenon of gut shedding has been observed in other fish
species. For example, Atlantic salmon show a decrease in mass and length of their GI
tract over 40 days of fasting, both of which increase to normal levels upon re-feeding
(Krogdahl and Bakke-McKellep, 2005). Cunners could be doing the same thing over the
winter months, as the gut can be very energetically expensive to maintain.

Natural torpor hormone expression very nicely supports the theory of metabolic
shutdown in the cunner during the winter. Lewis and Driedzic (2007) documented a
decrease in RNA content in the cunner tissues during the winter months, though until now
it was uncertain if appetite-regulating hormones were included. Our results suggest that
the expressions of orexigenic and anorexigenic hormones in the brain and the gut are all

significantly reduced during natural torpor.



General conclusions

The cunner serves as a unique model for appetite regulation because of the
extended period of torpor it undergoes every winter. The cunner has a unique survival
response that is unlike other fish seen so far. Overall a long-term, but not short-term,
fasting in the summer results in a general decrease in the expression of all appetite-related
peptides whether they are orexigenic or anorexigenic. This suggests that cunner have the
ability to maintain their appetite-regulating protein levels during short-term fasting and
then might “shutdown” this production and enter a metabolic depressed state (which
includes a decrease in protein synthesis) to preserve energy, as food supplies are not
restored. A similar “shutdown” is seen in animals undergoing natural torpor in the
winter. Our induced torpor experiment seems to suggest that fish stop eating and enter a
low activity state when the temperature drops, even if the photoperiod remains that of the
summer months and food is available. This state however appears to be different from
natural the winter torpor or summer fasted state, as it presents different expression
profiles for appetite regulating hormones. It is also possible that some of the differences
in hormone expression between induced torpor and natural torpor fish could be due to the
different photoperiod during winter and summer. The induced torpor state could also be
representative of stressed animals as the latter were submitted to acute changes in
temperature. Cunners are a very physiologically interesting species, and their
physiological responses to environmental conditions should continue to be investigated.
Cunners are a non-migratory species, and therefore may serve as indicator of
environmental conditions in an area. Cunners have already been used in this manner to

assess the effects of effluents from pulp and paper mills in Newfoundland (Billiard and



Khan, 2003). Hopefully physiological studies of this organism will continue to help us

better understand it, and how it responds to changes in its environment.
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