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ABSTRACT

Melatonin is an indoleamine hormone with neuromodulatory and
neuroprotective properties. It mediates many of its effects by its two G protein-
coupled receptors, MT1 and MT.. We have shown that valproic acid (VPA) induces
melatonin receptor expression in cultured rat C6 glioma cells, and in the rat
hippocampus. VPA is known to affect gene expression through several mechanisms,
including the modulation of intracellular kinase pathways and/or transcription
factors, as well as the inhibition of histone deacetylase (HDAC) activity.

In this study, we show that HDAC inhibitors of distinct chemical
classifications, including suberanilohydroxamic acid (SAHA) and 4-
(dimethylamino)-n-[7-(hydroxyamino)-7-oxoheptyl] benzamide (M344), parallel
the effects of VPA on MT; induction in vitro. However valpromide, a VPA analogue

that lacks the ability to inhibit HDAC activity, does not. The observed increase in MT1

expression by VPA is matched by an increase in global histone H3 acetylation. More

importantly, an enrichment of histone H3 acetylation occurs along the rat MT;

promoter following treatment with VPA, indicating that histone acetylation and
chromatin remodelling are a primary mechanism underlying this induction.

Independent of VPA, the rat MT; gene may be regulated by a number of

intracellular kinase pathways and transcription factors, which are also targeted by

VPA. KG501-mediated CREB inhibition did not block MT: upregulation by VPA.

ii



Blockade experiments targeting the PKC, PI3K/AKT, or GSK3f signaling pathways

suggest that VPA induces melatonin receptor expression independent of these
intracellular signaling cascades as well. The relevance of melatonin receptor
upregulation was assessed using in vivo VPA and melatonin combination treatments
on neuroprotective gene expression.

The results of this study provide evidence that expression of the melatonin
receptor is epigenetically induced by VPA by means of promoter histone acetylation.
Melatonin receptor upregulation by VPA, or other HDAC inhibitors, may represent a

therapeutic strategy for the management of several nervous system disorders.
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1 INTRODUCTION

1.1 THE PINEAL GLAND

The pineal gland is a circumventricular organ located deep in the center of the
brain (Macchi and Bruce 2004). Development of the mammalian pineal gland from

the diencephalon begins early in gestation, and maintains connections with the

habenular and posterior commissures to form the pineal stock in the mature brain
(Macchi and Bruce 2004). The mammalian pineal gland has both sympathetic and
parasympathetic innervations, and is considered to be one of the most vascularized
organs in the body (Goldman and Wurtman 1964). The pineal gland synthesizes and
secretes various hormones and peptides, however its nocturnal production of

melatonin is thought to be its main function (Macchi and Bruce 2004).

1.2 MELATONIN

Melatonin, 5-methoxy-N-acetyl-tryptamine, is the primary hormone of the pineal
gland (Hardeland et al. 2011). It was discovered by its ability to promote the

movement of melanin-containing chromatophores in various amphibian and fish

species, which produced a reversible skin-lightening response (Lerner and Case
1959). The process of identifying the numerous biological targets of melatonin

began following isolation of this hormone from the bovine pineal gland in the mid-
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1900s (Lerner et al. 1960). Melatonin gained widespread attention upon the
discovery that its secretion from the pineal gland occurred rhythmically, and was

correlated with photoperiodic measurements and circadian rhythms (Ellison et al.
1972). The ensuing bioassays gave rise to a great deal of its currently known

biochemical and molecular characteristics.

1.2.1 MOLECULAR STRUCTURE
Melatonin is an indoleamine hormone with a backbone comprised of two

highly stable heteroaromatic rings, which are characteristic of indoleamines
secreted by the pineal gland (Poeggeler et al. 2002). Its two substituents, the N-
acetyl side chain, and the methoxy-substitution on the indole rings, form the basis of
its binding specificity and amphiphilicity, allowing it to enter many organs and

intracellular compartments (Sugden 1994).

1.2.2 PINEAL MELATONIN BIOSYNTHESIS
Melatonin synthesis and secretion follow a rhythmic pattern synchronized to

the 24-hour circadian system, in which circulating melatonin levels peak nocturnally

and deplete during the day (Hardeland et al. 2011). The biosynthetic pathway of
melatonin synthesis is outlined in Figure 1. Melatonin is synthesized from dietary

tryptophan and serotonin. Tryptophan is hydroxylated by tryptophan hydroxylase

2
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(TPH) to form 5-hydroxytryptophan (5-HTP). This product is then decarboxylated
by aromatic L-amino acid decarboxylase (AADC) to form 5-hydroxytryptamine (5-
HT), which is also known as serotonin. Serotonin is then acetylated by serotonin N-
acetyltransferase (NAT) to form N-acetylserotonin. Methylation by hydroxyindole-
O-methyltransferase (HIOMT) converts N-acetylserotonin into the final product,
melatonin. NAT expression follows a diurnal pattern of expression similar to that of

melatonin, and is suggested to be the rate-limiting step in the overall mechanism

(Ackermann and Stehle 2006).
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Figure 1: Summary of melatonin synthesis in the mammalian pineal gland.

The pathway of pineal melatonin synthesis is outlined above. This figure was taken

from Macchi and Bruce 2004.
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1.2.3 REGULATION OF PINEAL MELATONIN BIOSYNTHESIS

1.2.3.1 LIGHT
Many non-mammalian vertebrate pinealocytes are light sensitive and possess an

internal physiological clock that allows them to independently synchronize with
their surroundings in response to photoperiodic cues (Vigh et al. 2002). This earned
the pineal gland in these organisms the title, “the third eye” (Mano and Fukada

2007). Mammalian pinealocytes are not light sensitive on their own, but rather are

dependent on light cues transmitted from the retina (Macchi and Bruce 2004). As

illustrated in Figure 2, photoperiodic cues are generated by melanopsin-producing
retinal ganglion cells, which are transmitted via glutamatergic neurotransmissions

in the retinohypothalamic tract to the suprachiasmatic nucleus (SCN) of the
hypothalamus (Ebadi and Govitrapong 1986). Although SCN lesions have revealed
that the retina is capable of generating circadian oscillations (Sakamoto et al. 2000),
the SCN is thought to be the master regulator of circadian rhythmicity in mammals
(Herzog et al. 1998). Melatonin synthesis and secretion in response to the relayed
light/dark cues occurs rhythmically, with peak levels occurring during the dark

phase of the circadian rhythm (Foulkes et al. 1997; Perreau-Lenz et al. 2005).
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1.2.3.2 SUPRACHIASMATIC NUCLEUS
The SCN relays photoperiodic information through a multi-synaptic pathway to

control the sympathetic release of melatonin from the pineal gland (Perreau-Lenz et
al. 2003), as outlined in Figure 2, SCN neurons innervate the hypothalamic
paraventricular nucleus, which descend into the intermediolateral cell column of the
spinal cord (Perreau-Lenz et al. 2003). Gamma aminobutyric acid-ergic (GABAergic)

projections from the intermediolateral cell column modulate excitability of the
superior cervical ganglion, which innervates the pineal gland via postganglionic
sympathetic axons (Perreau-Lenz et al. 2003). SCN lesions were found to cause an
increase in daytime melatonin secretion, revealing that the SCN produces inhibitory
signals during the light phase that prevents melatonin production (Perreau-Lenz et

al. 2003).
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Figure 2: Representation of the regulation of mammalian melatonin secretion.

Light cues are transmitted from the retina to the SCN through the
retinohypothalamic tract. Photoperiodic information is relayed from the SCN to the
pineal gland through a multi-synaptic pathway, which releases melatonin

nocturnally. This figure was taken from Zee et al. 2013.
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1.2.4 MOLECULAR CONTROL OF MELATONIN BIOSYNTHESIS
NAT phosphorylation, which activates the rate-limiting enzyme for melatonin
synthesis (Ackermann and Stehle 2006), is under the control of the adenylate

cyclase (AC)/cyclic adenosine monophosphate (cAMP)/cAMP-response element
binding protein (CREB) pathway (Schomerus and Korf 2005). Norepinephrine is

released from postganglionic neuronal projections from the superior cervical

ganglion, and acts via o and 3 adrenergic receptors in the pineal gland, to activate
this pathway (Roseboom and Klein 1995). The nocturnal elevation in cAMP levels
trigger NAT phosphorylation by protein kinase A (PKA), to initiate the production of

melatonin (Ackermann and Stehle 2006; Roseboom and Klein 1995).

1.2.5 EXTRA PINEAL MELATONIN BIOSYNTHESIS

Although the pineal gland is the primary site of melatonin production, melatonin
is also synthesized in several sites outside of this structure (Acufia-Castroviejo et al.
2014). The earliest indications that melatonin might not be exclusively made in the
pineal gland was observed in animals with lesioned pineal glands that continued to
produce melatonin (Reiter et al. 1983), as well as the production of melatonin in
other organisms that lack pineal glands entirely (Vernadakis et al. 1998). Melatonin-
synthesizing enzymes, HIOMT and NAT, were also detected in many structures

within the central nervous system (CNS) and the periphery (Bubenik et al. 1974),
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proposing a similar pathway of melatonin synthesis in these areas, to that of the
pineal gland (Acufia-Castroviejo et al. 2014). Extra-pineal melatonin is produced in

the cerebral cortex, striatum, thymus, spleen, heart, stomach, and the gut at

concentrations which sometimes exceed that of the pineal gland (Acufa-Castroviejo

etal 2014).

1.3 MELATONIN RECEPTORS

1.3.1 STRUCTURE AND FUNCTION
2-[125I]lodomelatonin  (125I-Mel) ligand binding assays and genomic
deoxyribonucleic acid (DNA) molecular cloning experiments were the first to define

the family of high-affinity G-protein coupled receptors (GPCRs) termed “the
melatonin receptors”. These propelled several studies investigating the signal
transduction pathways, target effectors, and clinical effects of melatonin. The
melatonin receptor family is comprised of two pharmacologically distinct isoforms,
MT; (Reppert et al. 1994; Ebisawa et al. 1994) and MT> (Reppert et al. 1995). Both
melatonin receptor subtypes bind to melatonin with high affinity, with dissociation
constant (Kd) values in the low picomolar range (Hardeland 2009; Morgan et al.
1994). MT; and MT; are comprised of the seven-transmembrane domains that are

characteristic of GPCRs (Reppert 1997), with some distinguishing features:

melatonin receptors include an N-terminal glycosylation site, palmitoylatable
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cysteine residues on the fourth intracellular loop, a lipid anchor, and carboxy-
terminal phosphorylation sites for various kinases (Hardeland 2009). While these

are not thought to contribute to the affinity of the receptor to its ligand, the lipid

anchor and carboxy-terminal are necessary for its interactions with G-proteins and

internalization processes (Sethi et al. 2008; Bondi et al. 2008).

1.3.2 LOCALIZATION

Melatonin receptors are transiently expressed in development, and
subsequently throughout adulthood (Johnston et al. 2003a; Johnston et al. 2006;
Johnston et al. 2007). MT1 messenger ribonucleic acid (mRNA) is broadly detected
in the rat foetal pituitary beginning on embryonic day 15.5, and declines rapidly
over the first few weeks of postnatal life (Johnston et al. 2006; Johnston et al.
2003a). In adulthood, melatonin receptors display diurnal expression rhythms
(Masana et al. 2000).

Melatonin receptors have been identified in multiple species, including
amphibians, fish, rodents, and mammals (Dubocovich et al. 2003; Hardeland et al.
2011; Pandi-Perumal et al. 2008). In the mammalian CNS, melatonin receptors are

localized on neuronal dendrites and somata in the hypothalamus, pituitary, cerebral
cortex, basal forebrain, hippocampus, basal ganglia, epithalamus, thalamus, and in

the ventral mesencephalon (Lacoste et al. 2015). In regions where both isoforms are

10
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detected, MT: and MT: expression occurs in a complementary fashion, where

relative increases in MT; expressions correspond with relative decreases in MT, or

vice versa (Lacoste et al. 2015). This property may be indicative of their unique
functional specializations (Lacoste et al. 2015). Melatonin receptors exhibit a wide
distribution throughout the periphery. They have also been identified in the retina
(Mennenga et al. 1991; Sengupta et al. 2011; Natesan and Cassone 2002;
Wiechmann and Wirsig-Wiechmann 1991), Harderian gland (Coto-Montes et al
1996), lungs (Kumar Kharwar and Haldar 2011), aorta (Schepelmann et al. 2011),
gastrointestinal tract (Bubenik 2002; Poon et al. 1997; Jaworek et al. 2005), kidneys

(Song et al. 1996; Drew et al. 1998), and the gonads (Ayre et al. 1994).

1.3.3 SIGNALING MECHANSIMS

Functional studies have revealed that both melatonin receptor isoforms are

coupled to various pertussis-sensitive and insensitive G proteins (Morgan et al.

1990). As illustrated in Figure 3, melatonergic signaling is primarily mediated by the
inhibition of AC activity, and attenuation of cAMP accumulation, PKA activity, and

CREB phosphorylation (pCREB; Reppert 1997; Brydon et al. 1999; Hardeland 2009;
Pandi-Perumal et al. 2008; Morgan et al. 1995; Morgan et al. 1996; Morgan et al.

1991). The involvement of other signal transduction pathways have also been

11
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documented. For example, melatonin receptor activation is coupled to increased

phospholipase C (PLC) activity, diacylglycerol (DAG) formation, and protein kinase C

(PKC) activation. Additionally, MT; activation is associated with decreased guanylate

cyclase (GC) activity, and cyclic guanosine monophosphate (cGMP) production

(Hardeland 2009).
MT; and MT; are often expressed as homo and heterodimers (Maggio et al.

2005). Dimerization, which occurs independently of ligand binding, creates
extraordinary diversity not only in receptor binding, but also in the biological and

pharmacological effects of melatonin (Maggio et al. 2005). MT; homodimerization
(Ayoub et al. 2002), or MT1/MT; heterodimerization (Ayoub et al. 2004), occur at

a higher propensity than MT; homodimerization.

12
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Figure 3: Overview of melatonergic signaling.
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Melatonergic signaling is mediated by cAMP/PKA/CREB pathway. Other signaling

pathways, including PKC and GC/cGMP have also been reported (Hardeland 2009).
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1.3.4 RECEPTOR REGULATION

Studies addressing the regulation of the melatonin receptors have proven to

be a challenge, on account of their rhythmic expression patterns (Masana et al
2000). Melatonin receptors are regulated by circulating levels of melatonin, through
a mechanism that is thought to involve its modulation of cAMP (Gauer et al. 1994;

Gauer et al. 1993; Barrett et al. 1996; Maronde et al. 1999). Experiments conducted

in the ovine pars tuberalis demonstrate that compounds which stimulate cAMP

production, such as forskolin and the cholera toxin, cause an increase in MT;
expression (Barrett et al. 1996). This is consistent with the effects of melatonin on
MT;, as melatonin antagonizes cAMP production, and prevents increases in MT
expression induced by forskolin (Barrett et al. 1996; Morgan et al. 1991). As cAMP

levels regulate the transcription of many genes through the cAMP/PKA/CREB

pathway, the transcription factor CREB has been highly implicated in the regulation
of melatonin receptors (Barrett et al. 1996).

Cloning of the proximal 1.5kb region of the rat MT: promoter (GenBank
AY228510) allowed for a more precise analysis of the regulation of MT;
transcription. MT; promoter activity assays have identified Paired-like

homeodomain transcription factor 1 (Pitx1), a transcription factor widely expressed

in the rodent and ovine pituitary, as the chief regulator of basal MT; transcription

(Johnston et al. 2003b; Johnston et al. 2003a; Johnston et al. 2006; Johnston et al.

14
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2007). As Pitx1 is expressed widely throughout the pars tuberalis, the predominant
hypothesis is that other transcription factors interact with Pitx1 to potentiate or
suppress its induction of MT; transcription (Johnston et al. 2006). Characterization
of the rat MT: promoter revealed putative binding sites for several transcription
factors, as outlined in Figure 4, which lend support to this hypothesis (Johnston et al.
2003a). Promoter analysis of the interactions of steroidogenic factor 1 (SF1), early

growth response 1 (Egrl), and GATA transcription factor 2 (GATA2) have revealed

that, while Pitx1 alone can drive MT; transcription, its co-factors interact

synergistically with Pitx1 to regulate its activity (Johnston et al. 2003b; Johnston et
al. 2006). Specifically, SF1 or GATAZ augment Pitx1-mediated activation of MT;

promoter activity, whereas Egr1 represses it (Johnston et al. 2003b).

15
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GATA2 Pitx1 SF1 GATAZ GATA2 GATAZ GATAZ Pitx1 GATAZ —
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Figure 4: Schematic of MT;-specific transcription factor binding sites along the

rat MT; promoter.

Transcription factor binding sites for the rat MT1 promoter (GenBank AY228510)

were determined by Johnston et al. 2003a. The locations of the binding sites relative

to the MT1 transcriptional start are indicated (not to scale).
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1.4 OTHER MELATONIN BINDING SITES
A third isoform, initially designated MT3, was thought to be the third melatonin

receptor, but was subsequently identified as the quinone reductase 2 enzyme, which
is a cytosolic protein (Hardeland 2009). Several other melatonin binding sites have
been established, such as the retinoic acid receptors ROR and RZR (Wiesenberg et al.
1998), the melatonin binding proteins calmodulin and calreticulin (Benitez-King et
al. 1993; Macias et al. 2003), the orphan GPCR, GPR50 (Levoye et al. 2006) and

various mitochondrial binding sites have been identified (Andrabi et al. 2004). The

relevance of these sites to melatonin signalling is not well understood.

1.5 PHYSIOLOGICAL ROLE OF MELATONIN IN MAMMALS

1.5.1 CHRONOBIOLOGICAL REGULATION

The SCN functions within a network of peripheral oscillator genes, known as
clock genes, to control mammalian circadian rhythmicity (Ko and Takahashi 2006).
The fundamental genes involved are the circadian locomotor output cycles kaput
(clock) period genes, Per1 and PerZ2, the cryptochrome genes, Cryl/ and Cry2, and the
aryl hydrocarbon receptor nuclear translocator-like (Bmall) gene, which are expressed in
an oscillating fashion (von Gall et al. 2005). Melatonin acts as an internal synchronizer

of biological rhythms by conveying information regarding the duration of the dark

phase from the SCN to its target organs within the CNS and the periphery (Stehle et

17
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al. 2003). Melatonin inhibits the proteasomal degradation of clock genes (Vriend

and Reiter 2015), and has effective phase shifting properties. Exogenous melatonin,

administered at the appropriate time relative to the circadian clock, can be used to
entrain or restore abnormal circadian rhythms in conditions such as blindness, and

phase-shifts associated with neuropsychiatric disorders, shift work, or jet lag
(Cardinali, Furio, Reyes, & Brusco, 2006; Skene & Arendt, 2007).

Interruptions in the chronobiological functions of melatonin have been linked
to numerous disorders (Hardeland et al. 2011). For example, aberrant melatonergic
signaling has been associated with accelerated senescence and other metabolic,

cardiovascular, psychiatric, and neurodegenerative disorders (Jenwitheesuk et al.

2014; Bonmati-Carrion et al. 2014).

1.5.2 CELL PROTECTION
Melatonin has a widely protective role in the CNS, and as such, is highly

implicated in mitigating the onset and/or progression of the previously mentioned
conditions (Pandi-Perumal et al. 2012). Although there is no evidence of melatonin
extending lifespans (Hardeland 2013), safeguarding melatonergic rhythms is vital to

healthy aging and disease attenuation (Bonmati-Carrion et al. 2014).
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1.5.2.1 DIRECT ANTIOXIDANT RESPONSES

Pharmacological dosages of melatonin are defined as those greater than the
picomolar to low nanomolar ranges found physiologically (Reiter and Tan 2003).
Melatonin, as well as its metabolites, have direct free radical scavenging capabilities
(Luchetti et al. 2010; Reiter et al. 2002). As such, a single melatonin molecule can
forage and neutralize multiple highly toxic reactive oxygen, nitrogen, and hydroxyl
radicals at a time (Rosen et al. 2006). Melatonin was also found to enhance the
actions of other antioxidants, causing a synergistic potentiation of radical clearance
in vitro (Gitto et al. 2001).

Although free radical scavenging and avoidance is a widely beneficial

property, it is especially relevant for mitochondrial support, as this is an organelle
with increased susceptibility to oxidative damage. Melatonin readily enters the
mitochondrial matrix, where it limits electron leakage from the electron transport

chain and free radical production (Srinivasan et al. 2011; Reiter et al. 2003).

1.5.2.2 INDIRECT ANTIOXIDANT RESPONSES

Melatonin regulates the expression and activity of several antioxidant and

detoxification genes at physiological concentrations at all stages of life (Reiter et al.
2003; Rodriguez et al. 2004), including in utero in the foetal brain (Okatani et al.

2000). Melatonin induces the expression and activity of several antioxidant
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enzymes, including glutathione peroxidase and superoxide dismutase (Hardeland et
al. 2011; Reiter et al. 2003). Antioxidant enzymes under the control of melatonin
exhibit diurnal rhythms similar to that of melatonin, with expression levels peaking
nocturnally and depleting in the light (Pablos et al. 1998; Martin et al. 2003).
Melatonin modulates various intracellular pathways to regulate the antioxidant

enzyme activity (Luchetti et al. 2010). It has been suggested that the indirect

antioxidant effects of melatonin are receptor-mediated (Rodriguez et al. 2004).

1.5.2.3 INDUCTION OF NEUROTROPHIC FACTORS

Neurotrophic factors are a family of proteins that promote neuronal
development, differentiation, and survival in the nervous system (Barbacid 1995).

Early developmental synaptic pruning is guided by neurotrophic factors, which

regulate the quantity of surviving neurons by preventing apoptosis (Henderson
1996). Neurotrophic factors also play a role in the regulation of synaptic plasticity
(Lo 1995), and neurogenesis (Lee and Son 2009) throughout adulthood.
Neurotrophic factors have specialized roles, and affect specific subsets of neuronal
populations (Barbacid 1995). Melatonin provides neuronal support in the form of
influencing neurotrophin induction and release, which is advantageous in the case of
neuronal damage caused by injury or disease. For example, melatonin, upregulates

the neurotrophic factors glial-derived neurotrophic factor (GDNF; Armstrong and
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Niles 2002; Kong et al. 2008a; Kong et al. 2008b; Tasset et al. 2011), and nerve

growth factor (NGF; Pongsa-Asawapaiboon et al. 1998; Ersahin et al. 2012).
Additionally, the melatonin analogue, agomelatine, induces expression of brain-

derived neurotrophic factor (BDNF; Paizanis et al. 2010; Soumier et al. 2009;

Molteni et al. 2010; Boulle et al. 2014).

1.6 VALPROIC ACID
Valproic acid (VPA), 2-propylpentanoic acid, is a branched carboxylic acid

derivative of valeric acid, a naturally occurring compound responsible for the odour

of the Valeriana officinalis plant (Eadie 2004). VPA forms a transparent, colourless,

and odourless solution at room temperature.

1.6.1 PHARMACOLOGICAL EFFECTS
VPA was initially synthesized to be an inert solvent for organic compounds

being screened for their potential anti-convulsive activity, when it was discovered
that it is a powerful antiepileptic agent on its own (Peterson and Naunton 2005). It
has since sustained its position among the most potent antiepileptic drugs to date.
Since its approval for use in the clinical setting, VPA has been demonstrated to have
therapeutic potential against a diversity of pathologies. In addition to its

anticonvulsive capabilities, VPA has widespread neuroprotective effects that make it
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a beneficial therapeutic agent against, migraines and neuropathies, as well as

psychiatric, neurodegenerative, and immunological diseases (Peterson and Naunton

2005; Chiu et al. 2013).

1.6.2 MECHANISMS OF ACTION

1.6.2.1 NEUROTRANSMITTER CONTROL
The fundamental characteristic of VPA that makes it a suitable therapeutic

agent for a variety of CNS and peripheral disorders is its large capacity to influence
the actions of a variety of biochemical and molecular targets (Monti et al. 2009). The

antiepileptic and mood-stabilizing properties of VPA have traditionally been
attributed to its ability to control GABAergic and glutamatergic transmissions in the

CNS, although more recently other neurotransmitters have been identified as well

(Chapman et al. 1982; Wu and Shih 2011; Schank et al. 2005). VPA raises CNS GABA
concentrations by inactivating « -ketoglutarate dehydrogenase to increase levels of
the GABA precursor, «-ketoglutarate (Luder et al. 1990), and by potentiating the
effects of the GABA synthesizing enzyme, glutamate decarboxylase (El Hage et al.
2012). VPA enhances GABAergic activity by inhibiting GABA transaminase and
succinate semialdehyde dehydrogenase-mediated GABA catabolism (Léscher 1993;
Whittle and Turner 1978) to increase the availability of GABA at the synapse.
Moreover, VPA interacts with postsynaptic GABAx and GABAg receptors to extend
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their inhibitory responses (Cunningham et al 2003; Motohashi 1992). The

modulation of excitatory neurotransmissions by VPA is attributed to its lowering of
CNS glutamate levels and wuptake by Alpha-Amino-3-Hydroxy-5-Methyl-4-

Isoxazolepropionic Acid (AMPA) and N-Methyl-D-Aspartic Acid (NMDA) receptors
(El Hage et al. 2012; Gean et al. 1994; Kiinig et al. 1998; Ko et al. 1997). VPA also
reduces neuronal excitability by acting on sodium and potassium conductances,

through their corresponding voltage-gated ion channels (VanDongen et al. 1986).

1.6.2.1 KINASE PATHWAY MODULATION
Clinical administration of VPA follows a pattern of delayed onset and reversal

following drug administration and discontinuation, emphasizing the importance of
molecular regulation in the therapeutic actions of VPA (Monti et al. 2009). VPA also

exerts many of its neuroprotective and neurotrophic effects through its influence on

the post-translational modifications of various intracellular kinases, which regulate
transcription factor activation and subsequent gene expression. In particular, the

Mitogen Activated Protein Kinases (MAPK), Phosphatidylinositol-3-Kinase and
Protein Kinase B (PI3K/AKT), PKC, and the Glycogen Synthase Kinase 3 Beta

(GSK3p) pathways are signaling targets of VPA that are implicated in its molecular
regulation of gene expression (Monti et al. 2009). Recently, the adenosine

monophosphate-activated protein kinase (AMPK) signaling pathway was also
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discovered to be a target of VPA, though the specifics of this interaction are not yet

known (Avery and Bumpus 2014).

1.6.2.1.1 MAPK
The MAPK signaling pathway is an evolutionarily conserved family of
serine/threonine protein kinases that convert extracellular stimuli into intracellular

responses essential for basic cell biology processes, such as cell growth, survival,

stress responses, motility and differentiation (Plotnikov et al. 2011; Cargnello and

Roux 2011). In general, MAPK signaling involves activation of mitogen-activated

protein kinase kinase kinase (MAPKKK), which activates a mitogen-activated

protein kinase kinase (MAPKK), which in turn activates a MAPK to initiate an

intracellular response (Cargnello and Roux 2011). VPA increases the
phosphorylation of the MAPK proteins, p38 MAPK (Xie et al. 2010), Extracellular-
Signal-Regulated Kinase Proteins 1 and 2 (ERK1/2; Jung et al. 2008; Wu et al. 2012;
Bitman et al. 2014; Boeckeler et al. 2006) and c-Jun-N-terminal Kinase (JNK) (Kim et

al. 2013; Yamauchi et al. 2010), as shown in Figure 5. Phosphorylaton of these
MAPK proteins initiates various transcription factors, including the activator protein

1 (AP1) and CREB (Cargnello and Roux 2011; Plotnikov et al. 2011), which affect
subsequent gene expression. VPA has been shown to modulate expression of various

genes via MAPK activation both in vitro and in vivo (Monti et al. 2009).
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Figure 5: Overview of the effect of VPA on MAPK signaling.

VPA promotes the phosphorylation of various MAPK proteins. MAPK signaling

controls the activity of various nuclear transcription factors, which are involved in

the regulation of numerous genes.
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1.6.2.1.2 PKC

PKC is a serine/threonine kinase that is regulated by the C1-C2 regions on its
amino-terminal domain (Slater et al. 2002). PKC signaling is mediated by GPCR
activation, which is arbitrated by PLC activity, as depicted in Figure 6. PLC catalyzes
the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP;) to DAG and inositol
1,4,5-triphosphate (IP3), which stimulates the influx of intracellular calcium (Ca?*).
DAG and calcium are cofactors required in the activation of PKC (Nishizuka 1995;

Mellor and Parker 1998). VPA antagonizes PKC activity (Monti et al. 2009; Chen et

al. 1994), by reducing intracellular calcium release (Kurita et al. 2007).
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Figure 6: Overview of the effect of VPA on PKC signaling.

VPA antagonizes the expression and activity of PKC, through a mechanism that

involves a decrease in intracellular calcium concentrations.
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1.6.2.1.3 PI3K/AKT
Phosphoinositide 3-kinase (PI3K) is a kinase for phosphatidylinositol lipids.

It controls this signaling pathway by phosphorylating PIP; into phosphatidylinositol

3,4,5-triphosphate (PIP3) which creates an anchor for downstream proteins
(Cantley 2002). 3-phosphoinositide dependent protein kinase-1 (PDK1), which
activates Protein kinase B (PKB/AKT), binds to PIP3 (Chen et al. 2001). Protein
kinase B (PKB/AKT) is a serine/threonine kinase that has been widely studied for its
role in various cancers as a proto-oncogene (Bozulic and Hemmings 2009).

PKB/AKT signaling functions to regulate cellular metabolism, survival and

proliferation, in response to extracellular signals transmitted through receptor
tyrosine kinases (Manning and Cantley 2007; Bozulic and Hemmings 2009). AKT is a
serine/threonine kinase, which upon activation, modulates various downstream
intracellular proteins and transcription factors (Manning and Cantley 2007). AKT
signaling is regulated by PIP3 production and depletion. As illustrated in Figure 7,
VPA promotes PI3K/AKT signaling (Gurpur et al. 2009; Teng et al. 2014; Wu and
Shih 2011), through a mechanism which is thought to involve increased PIP3

production (Chang et al. 2014).
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Figure 7: Overview of the effect of VPA on PI3K/AKT signaling.

VPA increases PIP3 production, creating an increase in the availability of PDK1

docking sites. As PDK1 proteins activate AKT signaling, VPA augments the PI3K/AKT

pathway.
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1.6.2.1.4 GSK3p
Glycogen synthase kinase 3 beta (GSK3B) comes from a family of

serine/threonine kinases that were initially discovered for their role in the
regulation of glycogen synthesis (Woodgett 2001). A more widespread role emerged
for GSK3fB signaling, as it was also discovered to have a role in microtubule
stabilization, cytoskeletal organization, and cell cycle regulation (Wakefield et al
2003). GSK3p signaling occurs downstream of many molecular pathways, including

the MAPK, PKC, PKA, and PI3K/AKT signaling cascades (Harwood 2001). Unlike

other protein kinases, GSK3f is active in the resting state (Woodgett 2001). GSK3[3

couples with a series of proteins to form a destruction box complex that terminates

intracellular signals by phosphorylating signaling molecules and targeting them for
proteasomal degradation (Doble and Woodgett 2003). Inactivation of GSK3(

signaling results in the stabilization of signaling molecules, which translocate into

the nucleus and interact with diverse transcription factor complexes to initiate

transcription (Doble and Woodgett 2003). As illustrated in Figure 8, PI3K-mediated
AKT activation is a dominant negative regulator of GSK3f signaling (Mitsiades et al.

2004; Clodfelder-Miller et al. 2005). The VPA-mediated enhancement of the
PI3K/AKT signaling cascade will inhibit the downstream effects of GSK3[ signaling

(Gurpur et al. 2009; Teng et al. 2014; Wu and Shih 2011). VPA is also thought to

antagonize GSK3[( activity independent of the PI3K/AKT pathway (Chen et al
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1999b), however the mechanism underlying this inhibition it is not yet clear (Monti

etal 2009).
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Figure 8: Overview of the effect of VPA on GSK3f signaling.

VPA antagonizes GSK3f activity, which prevents degradation of transcription factors

by GSK3[. Inhibition of GSK33 may be a result of the activation of AKT by VPA.

TF=transcription factor.

32



Ph.D. Thesis - Sarra G. Bahna McMaster University - Neuroscience

1.6.2.2 TRANSCRIPTION FACTOR MODULATION

Regulation of intracellular signal transduction pathways is coupled with the
modulation of various transcription factors that affect subsequent gene expression.
VPA influences the expression and binding affinities of various transcription factors
in cultured cells, as well as in the brain (Monti et al. 2009).

A fundamental transcription factor regulated by VPA is activator protein 1 (AP1),
which is a heterodimer composed of proteins from the Jun and Fos transcription

factor families, and is important for neuronal development, differentiation, and
proliferation (Hess et al. 2004). VPA induces expression of c-Fos, c-Jun (Asghari et
al. 1998), and AP1 (Chen et al. 1999c), as well as several genes controlled by AP1
(Monti et al. 2009). As GSK3[3 attenuates expression of AP1, the induction of AP1 by
VPA may therefore be the result of its inhibition of GSK3f activity (Chen et al
1999b).

Another broad-spectrum transcription factor regulated by VPA is CREB (Chen et
al. 1999a), however the nature of this interaction is not clear. VPA increases CREB
phosphorylation, binding affinity, and cAMP-mediated gene expression in certain
contexts (Biermann et al. 2010; Einat et al. 2003), but not others (Chen et al. 1999a;
Chen et al. 1997).

VPA has also been shown to modulate the expression of genes controlled by the

Nuclear Factor Kappa-Light-Chain-Enhancer Of Activated B Cells (NFK(; Ichiyama et
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al. 2000; Rao et al. 2007) and Specificity Protein (SP; Arinze and Kawai 2003)

transcription factor families.

1.6.2.3 EPIGENETIC REGULATION

Epigenetic regulation is defined as modifications that alter gene expression
without changing the DNA sequence of the gene (Dupont et al. 2009). Epigenetic
changes use covalent modifications to alter chromatin structure (Richards and Elgin
2002). The fundamental unit of DNA packaging is the nucleosome, which is
composed of of an octamer consisting of two copies each of the four histone core
proteins, H2A, H2B, H3, and H4 wrapped around approximately 150 base pairs (1.75
turns) of double-stranded DNA, to form supercoils (Hansen 2012). Nucleosomes are
held together by histone H1, which acts as a linker protein, creating the “beads on a
string” appearance of DNA (Hansen 2012). The histone core proteins interact with

the negatively charged DNA backbone using their positively charged amino terminal

tails to maintain chromatin in a highly condensed state, called heterochromatin
(Horvath et al. 2001).

Enzymes that alter the electrostatic interactions between the negatively
charged DNA and the positively charged histone core, regulate gene transcription.
For example, histone acetylation, catalyzed by the histone acetyltransferase (HAT)

enzyme, neutralizes the positive charge on the histone proteins. This reduces
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histone affinity to the DNA strand, and the associated chromatin is maintained in a
loosened structure called euchromatin (Marmorstein and Roth 2001). The loosened

structure exposes regulatory genetic sequences, and permits the binding of

transcriptional machinery to the appropriate regulatory genetic sequences, which

then activate transcription (Morse 2007). The reverse process, deacetylation, is
catalyzed by the histone deacetylase (HDAC) enzyme. The associated chromatin
recondenses, and transcriptional activity is terminated (Kimura et al. 2005;
Lennartsson and Ekwall 2009; Dokmanovic et al. 2007; Bannister and Kouzarides
2011). Histone hyperacetylation is linked to increased gene expression (Grunstein
1997), while extreme histone hypoacetylation transcriptionally silences genes
(Kristjuhan et al. 2002). As such, it is clear that maintaining the balance between

histone acetylation and deacetylation is essential for the regulation of

transcriptional activity and ultimately, gene expression.

1.6.2.3.1 HDAC INHIBITION

HDAC inhibitors are a class of drugs that antagonize HDAC activity. As
depicted in Figure 9, HDAC inhibitors maintain chromatin in an acetylated state, and
therefore, a transcriptionally active conformation. They are organized according to

their structural classifications, which include hydroxamates, cyclic peptides, short-
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chain fatty acids, and benzamides (de Ruijter et al. 2003). The chemical structure of

VPA classifies it as a short-chain fatty acid HDAC inhibitor (Phiel et al. 2001).

36



Ph.D. Thesis - Sarra G. Bahna McMaster University - Neuroscience

Transcriptionally active relaxed chromatin

inhibitors

Transcriptionally inactive condensed chromatin

Figure 9: Chromatin remodelling by HDAC inhibitors.

Histone acetylation is catalyzed by HAT enzymes, which promote the unravelling of
the chromatin fibre into a relaxed, transcriptionally active state. The removal of
acetyl groups by HDAC enzymes reverts the chromatin into its condensed,
transcriptionally inactive form. HDAC inhibitors sustain the chromatin in a
transcriptionally active state by preventing the removal of acetyl groups by HDAC

enzymes (de Ruijter et al. 2003). This figure taken from Marsoni et al. 2008.
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1.7 VALPROIC ACID AND MELATONIN RECEPTORS

Initial studies on the effects of VPA on melatonin receptor expression were

completed in rat C6 glioma cells (Castro et al. 2005; Kim et al. 2008) and in human

MCF-7 breast cancer cells (Jawed et al. 2007). In these studies, a dose-dependent
relationship was observed in which VPA caused a robust induction of MT; mRNA
and protein (Castro et al. 2005; Kim et al. 2008; Jawed et al. 2007). These
experiments set the groundwork for the in vivo studies that ensued, which examined
the effects of VPA on melatonin receptor expression in the CNS. Chronic VPA
administration was found to cause a robust increase in the levels of both melatonin
receptor isoforms, MT; and MT? in the rat hippocampus (Niles et al. 2012).

Melatonin receptor expression is reduced during normal senescence,
however this depletion is accelerated in the diseased state (Hardeland et al. 2011).
Impairments in melatonergic signaling related to aberrant MT; and/or MT;
expression profiles are thought to contribute to the overall deterioration of the
nervous system. This has been demonstrated in several neurodegenerative
conditions, including Alzheimer’s disease (Brunner et al.,, 2006; E Savaskan, 2006;
Egemen Savaskan et al, 2005, 2007), Parkinson’s disease (Adi et al, 2010),
amyotrophic lateral sclerosis (Zhang et al., 2013), and multiple sclerosis (Natarajan
et al., 2012). Further scrutiny of the effects of VPA on melatonin receptors revealed
that the MT, subtype is upregulated within the neurogenic region of the

hippocampus (Bahna et al. 2014). As VPA is thought to be a promising reagent for

38



Ph.D. Thesis - Sarra G. Bahna McMaster University - Neuroscience

the management of many disorders, the upregulation of the melatonin receptors by
VPA proposes a role for the melatonergic system in the therapeutic actions of VPA.
The safety and efficacy of VPA and melatonin co-treatments have been
demonstrated in various models of pediatric epilepsy (Gupta et al. 2005; Gupta et al.
2004a; Gupta et al. 2004b), which suggest that VPA and melatonin might be
administered in combination to augment melatonergic signaling by means of
melatonin receptor overexpression. VPA-mediated enhancement of melatonin
receptor expression may be beneficial to augment the efficiency of systemic
melatonin, and/or offset deficiencies in receptor densities in areas where it is
depleted as a consequence of normal aging or disease progression. This may
represent a possible therapeutic strategy in the management of

neurological/neurodegenerative diseases.

1.8 STUDY AIMS

1.8.1 OVERALL AIM

The aim of the present study is to determine the mechanism(s) underlying
the transcriptional upregulation of the melatonin MT: receptor by VPA.

Furthermore, the potential functional implications of VPA-mediated melatonin

receptor upregulation will be addressed, using combination treatments involving

VPA and melatonin.
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1.8.2 SPECIFIC AIMS, RATIONALES, AND HYPOTHESES

1: To investigate the involvement of epigenetic modifications in the upregulation of the

melatonin MT; receptor by VPA as follows: (A) To compare the effect of VPA with that

of other HDAC inhibitors with structural classifications distinct from VPA, and (B) To

examine the effects of valpromide (VPM), a VPA analogue lacking HDAC activity.

Additionally, the relationship between increased melatonin receptor expression and

MT; promoter histone acetylation by VPA will be examined.

Rationale: The induction of melatonin receptor expression may be the result of any

of the mechanisms by which VPA is known to function, as outlined earlier (Monti et
al. 2009). Blockade of the GABA4 receptor by bicuculline methiodide did not prevent

the induction of MT: by VPA in vitro, suggesting that the well-characterized

modulation of GABAergic signaling by VPA does not have a role in its transcriptional
upregulation of the melatonin receptors (Castro et al. 2005). Trichostatin A (TSA),

an HDAC inhibitor that is structurally distinct from VPA, mimicked the inductive

effect of VPA on the melatonin receptor, suggesting that an epigenetic mechanism

may underlie the upregulation of this receptor (Kim et al. 2008).

Hypothesis: VPA-induced melatonin MT; receptor upregulation is mediated by an

epigenetic mechanism involving chromatin remodelling and increased gene
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expression. As such, we hypothesize that other HDAC inhibitors will parallel the
effects of VPA on MT; induction in vitro, and that the melatonin MT: promoter will

be hyperacetylated following treatment with VPA.

2: To determine the role of VPA in the molecular regulation of MT; expression. The

effects of VPA on CBP expression will be examined, and a pharmacological blockade of

CREB will be conducted to assess the role of this transcription factor in the

upregulation of MT: by VPA. Specifically, KG501, which blocks the interaction of CREB

to its nuclear co-factor, CBP, will be used. Moreover, the effects of VPA on the

expression of Pitx1, Eqrl, SF1 and GATAZ2, which are transcription factors known to

regulate MT; promoter activity in vitro, will be examined.

Rationale: CREB is highly implicated in the regulation of MT; expression (Barrett et

al. 1996). CREB, which is activated by phosphorylation, has several phosphorylation

sites and is targeted by various kinases (Mayr and Montminy 2001). VPA has also
been shown to have a direct influence on CREB phosphorylation and activity

(Biermann et al. 2010; Einat et al. 2003). VPA regulates the expression of many
genes via a CREB-sensitive mechanism (Monti et al. 2009; Creson et al. 2009),

suggesting it may also induce MT expression via CREB.
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Moreover, rat MTi-specific promoter assays have confirmed that Pitx1

initiates transcriptional activity of the rat MT: promoter, and that its effects are
regulated by its co-factors, Egrl, SF1 and GATAZ2 (Johnston et al. 2003b). VPA
modulates the expression of the co-regulators of Pitx1-driven transcription: Egrl
(Daigle et al. 2011; Almutawaa et al. 2014; Zhou et al. 2011), SF1 (Glister et al. 2012;
Chen et al. 2007), and GATAZ2 (Liu et al. 2010) have been demonstrated to be targets

of VPA in various cell and animal models. However, these co-regulators cannot drive

MT; transcription in the absence of Pitx1 (Johnston et al. 2003b). While the effects of

VPA on Pitx1 expression are not currently known, the robust induction of MT, and

modulation of Egr1, SF1, and GATA2 suggests that VPA may modulate expression of

Pitx1 and its co-regulators to affect MT1 expression.

Hypothesis: CREB and Pitx1 have a prominent role in the induction of MT;
expression. We hypothesize that the inhibition of CREB will attenuate VPA-mediated
MT; upregulation, and that the induction of MT; will be matched with an increase in

Pitx1 expression by VPA.

3: To study the involvement of intracellular kinases requlated by VPA in the induction

of MTi. Pharmacological inhibitors of PKC, PI3K/AKT, and GSK3[ sighaling will be

combined with VPA to assess the roles of these signaling pathways in MT; expression.
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Rationale: VPA modulates activity of the MAPK, PKC, PI3K/AKT, and GSK3 signaling
cascades (Monti et al. 2009). As these pathways act as upstream regulators of many
transcription factors that control subsequent gene expression, they may have a role
in the upregulation of MT; expression by VPA. Pharmacological inhibition of

MAPK/ERK signaling using PD98059 did not prevent upregulation of MT1 by VPA,

indicating that the mechanism underlying transcriptional induction of MT by VPA is

independent of MAPK/ERK signaling (Castro et al. 2005). The involvement of the

PKC, PI3K/AKT, or GSK3[ pathways in this interaction is not known.

Hypothesis: As the PKC, PI3K/AKT, and GSK3[p signaling cascades regulate

transcriptional factors that control gene expression, we hypothesize that inhibition

of one or more of these pathways will influence the induction of MT; by VPA.

4: To test the reqgulation of melatonin receptor expression by chronic VPA treatment in

the rat striatum and ventral midbrain.

Rationale: VPA was shown to cause a dose-time dependent induction of MT;

expression in cultured cells (Castro et al. 2005; Kim et al. 2008; Jawed et al. 2007),

as well as both MT: and MT; in the rat hippocampus (Niles et al. 2012). The

induction of melatonin receptor expression in the hippocampus is thought to
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contribute to the neuroprotective effects of VPA in this brain region (Bahna et al.
2014). VPA had been recently demonstrated to exert neuroprotective effects in the
striatum and substantia nigra in a rodent model of Parkinson’s disease (Carriere et al.
2014). Both of these regions are known to express one or both melatonin receptor
isoforms (Lacoste et al. 2015), however the effect of VPA on melatonin receptor

expression in these areas has not been investigated.

Hypothesis: VPA causes a robust transcriptional upregulation of melatonin receptor

expression in various cell types and tissues. Thus, we hypothesize that VPA will

influence melatonin receptor expression in the rat striatum and ventral midbrain.

5. To examine the significance of increased melatonin receptor mRNA expression, and

presumably increased receptor density, following VPA treatment, as reflected by the

modulation of Kelch-Like ECH-Associated Protein 1 (Keapl) and nuclear factor

ervthroid 2 [INF-E2]-related factor 2 (Nrf2) expression in the rat brain.

Rationale: The NF-E2-related factor 2-Antioxidant responsive element (Nrf2-ARE)

signaling cascade, illustrated in Figure 10, is one of the intracellular pathways
arbitrating the induction of antioxidant gene expression by melatonin. Under normal

conditions, Keap1 appears to have a role in the surveillance of oxidative conditions
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in the cell. It is bound to an E3 ubiquitin ligase, which restrains Nrf2 entry into the
nucleus by targeting it for proteasomal degradation. Oxidative stressors modify

Keap1l and inactivate the E3 ubiquitin ligase complex. Thus under oxidative stress
conditions, Nrf2 is free to translocate into the nucleus, where it couples with a Maf
protein to induce transcription of several antioxidant genes (Katsuoka et al. 2005).

Endogenous dysregulation of Nrf2-ARE signaling in the CNS is thought to contribute

to the overall deterioration of the nervous system, particularly in conditions
involving neurodegeneration (Yang et al. 2015). Melatonin induces Nrf2 expression
and downstream Nrf2-ARE enzymes in multiple models of peripheral oxidative
stress (Jung et al. 2009; Jung et al. 2010; Tripathi and Jena 2010). Importantly, these
effects were mirrored in the models of cerebral oxidative stress in rat C6 glioma
cells (Jumnongprakhon et al. 2015), as well as in the rat brain (Wang et al. 2012).
The Nrf2-related antioxidant actions of melatonin are thought to be mediated by

melatonin receptor activation (Shin et al. 2015; O’Neal-Moffitt et al. 2015).
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Figure 10: Overview of Nrf2-ARE Signaling.

Nrf2 is a nuclear transcription factor, which is targeted for proteolysis by Keapl
under normal conditions. Oxidative stressors inhibit Nrf2 degradation by Keapl.
Nrf2 translocation into the nucleus binds to the ARE sequence to initiate

transcription of antioxidant response element genes (Katsuoka et al. 2005). This

figure was taken from Sykiotis et al. 2011.
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Hypothesis: As melatonin receptor activation is thought to underlie the initiation of
the Nrf2-ARE pathway, we hypothesize that the increase in melatonin receptor

density by VPA, accompanied by exogenous melatonin administration, will augment

the activation of Nrf2-ARE signaling by melatonin in the rat brain.

6. To explore the significance of increased melatonin receptor expression, and

presumably increased receptor density, following VPA treatment, as reflected by the

modulation of cerebral dopamine neurotrophic factor (CDNF) and mesencephalic

astrocyte-derived neurotrophic factor (MANF) expression in the rat brain.

Rationale: Melatonin induces GDNF expression in cultured astrocytes under normal
conditions (Kong et al. 2008b; Armstrong and Niles 2002), as well as in conditions of
mild oxidative stress (Chen et al. 2003; Lee et al. 2006). In models of severe
neurodegeneration, melatonin was shown to prevent GDNF overexpression in
response to injury and/or disease (Sharma et al. 2006; Olivieri et al. 2003). The
upregulation of GDNF occurs in cells which express MT1 and/or MT> (Kong et al.
2008b; Armstrong and Niles 2002; Niles et al. 2004). Pharmacological agents that

increase melatonin receptor expression were found to simultaneously increase

GDNF expression, suggesting a possible correlation between melatonin receptors
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and GDNF induction may exist (Castro et al. 2005; Niles et al. 2012; Hardeland et al.
2011). Recently, two novel neurotrophic factors, CDNF and MANF, were

characterized (Lindholm et al. 2007; Voutilainen et al. 2009). Similar to GDNF, CDNF
and MANF are important in the maintenance and survival of midbrain dopaminergic
neurons (Voutilainen et al. 2011; Voutilainen et al. 2015; Cordero-Llana et al. 2015).

Intra-striatal administration of CDNF and MANF have been demonstrated to be

potent neuroprotective and neurorestorative agents in models of severe
neurodegeneration (Airavaara et al. 2012; Lindholm et al. 2007; Voutilainen et al.
2009). Also similar to GDNF, VPA causes a transcriptional upregulation of CDNF
and/or MANF expression in paradigms which correspond with increased MT;
and/or MT; levels (Niles et al. 2012). The effects of melatonin on CDNF and MANF

are not known.

Hypothesis: Melatonin is thought to induce neurotrophic factor expression via
activation of its receptor(s). As such, we hypothesize that melatonin will increase

the expression of CDNF and MANF. Furthermore, the VPA-mediated increase in
melatonin receptor expression, supplemented with exogenous melatonin

treatments, will cause a greater induction of CDNF and/or MANF expression, than

that of melatonin alone.
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2 METHODS

2.1 Study Overview
This project was divided into four parts covering the mechanisms underlying the

induction of MT1 by VPA, and the consequences of melatonin receptor upregulation
by this drug. The first study scrutinized the involvement of histone acetylation in the

upregulation of MT; by VPA; the second study assessed the role of transcription
factors and intracellular kinases in this induction; the third study explored other
regions of the rat brain where melatonin receptor expression might be sensitive to

VPA treatments; the fourth study gauged the relevance of VPA-mediated melatonin
receptor upregulation in the rat brain. Studies 1 and 2, which assessed the
mechanisms underlying the induction of MT; expression, were conducted in vitro.

The rat C6 glioma cell line, which has been previously demonstrated to express MT;

was used as a model of VPA-mediated transcriptional induction of the melatonin

receptor (Kim et al. 2008; Castro et al. 2005). Studies 3 and 4 were conducted in vivo

in the adult rat brain, as we have reported previously (Niles et al., 2012).

2.1.1 Experimental Design: Study 1

Early studies revealed that TSA, an HDAC inhibitor that is structurally distinct
from VPA, induces MT1 expression (Kim et al. 2008). In order to further understand

the mechanism underlying the robust upregulation of MT: by VPA, the first study
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examined the effects of various other compounds in comparison to VPA on the
transcriptional induction of MTi: Suberanilohydroxamic Acid (SAHA) and 4-
(Dimethylamino)-N-[7-(Hydroxyamino)-7-Oxoheptyl] Benzamide (M344), which are
HDAC inhibitors that are not related to VPA or each other (Dokmanovic et al. 2007;
Riessland et al. 2006), as well as VPM, a VPA analogue lacking HDAC inhibitory
activities (Phiel et al. 2001). The effects of SAHA and VPA on the levels of global

acetyl H3 (AcH3) lysine residues 9 and 18 (K9/18) were examined, and

subsequently the effect of VPA on the AcH3 K9/18 sites localized across the MT;

promoter was examined (Figure 11).
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Figure 11: Experimental design of Study 1.

The relevance of HDAC inhibition on the induction of MT: by VPA was assessed in

comparison to the HDAC inhibitors TSA (Kim et al. 2008), SAHA, and M344, as well

as the VPA analogue, VPM. The effects of VPA or SAHA on global histone H3
acetylation, and the effect of VPA on the acetylation statuses of histones along the

MT; promoter were examined subsequently.
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2.1.2 Experimental Design: Study 2

As CREB is thought to be involved in the regulation of MT; (Barrett et al
1996), the role of CREB in VPA-mediated MT: induction was examined. The effect of
VPA on CBP expression was assessed initially. KG501, a direct antagonist of CREB-
mediated transcription (Best et al. 2004), was then used to study the role of CREB on

the induction of MT; expression by VPA.

The effects of intracellular signaling pathways known to be targeted in the

molecular regulation of gene expression by VPA, were also examined using
pharmacological kinase inhibitors (Monti et al. 2009). Previously, we showed that
the MAPK pathway was not involved in the transcriptional regulation of MT; by VPA
(Castro et al. 2005). In this study, Bisindolymaleimide 1 (BIM1), LY294002, and AR-
A014418 were used to block PKC, PI3K/AKT, and GSK3[ signaling respectively.

Further molecular analysis was focused on the effects of VPA on the mRNA

expression of Pitx1, Egrl, SF1, and GATA2Z to examine the role of VPA in the

transcriptional regulation of MT; (Figure 12).
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Figure 12: Experimental design of Study 2.

The role of CREB, MT; promoter-specific transcription factors (Pitx1, Egrl, SF1,

GATAZ2), and intracellular kinases in the induction of MT; by VPA were evaluated.
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2.1.3 Experimental Design: Study 3
We previously showed that VPA upregulates MT; and MT; in the rat

hippocampus (Niles et al. 2012). In this study, we aimed to determine whether the
melatonin receptors are sensitive to VPA treatments in other brain regions. The

effects of chronic VPA treatment on melatonin receptor expression on the rat

striatum and ventral midbrain were examined.

2.1.4 Experimental Design: Study 4
The mRNA expression of Nrf2 and Keap1 of the Nrf2-ARE signaling pathway, as

well as the neurotrophic factors CDNF and MANF in the rat brain were measured
following chronic co-administration of VPA and melatonin. This was done to
determine whether the VPA-mediated increases in melatonin receptor expression

could enhance melatonergic signaling (Figure 13).
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Figure 13: Experimental design of Study 4.

VPA and melatonin combination treatments were used to study the therapeutic
implications of VPA-mediated melatonin receptor upregulation, as reflected by the

mRNA expression levels of the Nrf2-ARE signaling cascade genes, Nrf2 and Keapl,

and the neurotrophic factors (NTF), CDNF and MANF.

55



Ph.D. Thesis - Sarra G. Bahna McMaster University - Neuroscience

2.2 ANIMALS

Adult male Sprague-Dawley rats (500-600g; Charles River) were housed in a 12h

light/dark cycle, with lights on at 7 am. Animals had free access to a standard diet
and water. All experiments were carried out according to the guidelines set by the

McMaster University Animal Research Ethics Board (AREB).

2.2.1 DRUG PREPARATION

2.21.1 VPA

VPA treatments were prepared from VPA sodium salt (Sigma-Aldrich) in regular

drinking water as a solution of 4mg/ml. Controls for VPA treatments received only
drinking water. Treatments were administered via drinking water for 21 days, and

the water was changed twice per week.

2.2.1.2 MELATONIN

Melatonin (Sigma-Aldrich) treatments were prepared in ethanol and diluted

in non-sterilized water to a final concentration of 4pg/ml. Controls for melatonin
treatments received 0.4% ethanol. Treatments were administered via drinking

water for 21 days, and the water was changed twice per week.
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2.2.2 DRUG TREATMENTS

2.2.2.1 VPA

Animals were randomly divided into 2 groups: one treatment group receiving
chronic VPA (4mg/mL) and one control group receiving vehicle (water). This dose of
VPA has been shown to induce melatonin receptor expression in the rat brain (Niles

etal 2012).

2.2.2.2 VPA + MELATONIN
Animals were randomly divided into 5 groups: the first treatment group
receiving chronic treatment of VPA (4mg/mL), a second treatment group receiving

melatonin (4pg/mL), a third treatment group receiving VPA+ melatonin (4 mg/mL

VPA plus 4pg/mL melatonin), and two control groups receiving water (VPA) or 0.4%

ethanol (VPA + melatonin).

2.2.3 TISSUE COLLECTION
Animals were decapitated between the hours of 11 am and 3 pm. The striata,

hippocampi, and ventral midbrains were dissected rapidly on ice and stored in

RNALater (Sigma-Aldrich) at 4°C until used for RNA isolation, complimentary DNA

(cDNA) synthesis and polymerase chain reaction (PCR) amplification.
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2.3 CELL CULTURE
Rat C6 glioma cells from passages 8-18 were cultured in Dulbecco's modified

Eagle's Medium (DMEM; Invitrogen) with 10% Fetal bovine serum (FBS; Invitrogen),
penicillin/streptomycin (10, 000 U/mL; Invitrogen), and fungizone (2.50 pg/mlL;

Invitrogen), at 37°C under 5% CO2/air.

2.3.1 DRUG PREPARATION

2.3.1.1 VPA

A working solution of 50mM VPA sodium salt was prepared in sterile DMEM.
Controls for VPA treatments were maintained in DMEM/1% FBS. For 72h

treatments, both drug and medium were replaced on the second day. VPA
concentrations (1-3mM) that have been previously reported to induce MT;

expression in this cell line were held used for this study (Castro et al. 2005; Kim et al.

2008).

2.3.1.2 SAHA

A working solution of 10mM SAHA (Santa Cruz Biotechnology) was prepared

in 100% DMSO. Controls for SAHA treatments were maintained in DMEM/1% FBS
and 0.05% dimethyl sulfoxide (DMSO). For 72h treatments, both drug and medium

were replaced on the second day. The dosages of SAHA used were determined
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empirically. A range of SAHA treatments (1-10uM) were tested. Low dosages (1uM,

3uM and 5uM) were chosen to minimize DMS0O-associated cytotoxicity.

2.3.1.3 M344

A working solution of 10mM M344 (Tocris Bioscience) was prepared in 100%

DMSO. Controls for M344 treatments were maintained in DMEM/1% FBS and 0.03%
DMSO. The dosage of M344 used was determined empirically. A range of M344
concentrations (1-5uM) were tested for their induction of MT; in rat C6 cells. No

differences in MT; induction were detected between the different M344 dosages.

2.3.1.4 VPM
A working solution of 500mM VPM (Sigma-Aldrich) was prepared in 100%

DMSO, and 20uL or 60uL. VPM were added to cells to give final concentrations of

1mM or 3mM VPM. Controls for VPM treatments were maintained in DMEM /1% FBS
and 0.2% or 0.6% DMSO. The dosages of VPM chosen matched those of VPA for

comparison.

2.3.1.5 AR-A014418
For GSK3[B pathway blockade, AR-A014418 (GSK3p Inhibitor VIII, Cayman

Chemical) was prepared as a 50mM stock solution in 100% DMSO, and diluted into a
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10mM working solution. Controls for AR-A014418 treatments were maintained in

DMEM/1% FBS and 0.2% DMSO. AR-A014418 dosage and pre-treatment times were
selected based on previous reports of successful GSK3 pathway inhibition in C6

glioma cells, with minimal DMSO-associated cytotoxicity (Chikano et al. 2015).

2.3.1.6 BIM1

For PKC pathway blockade, BIM1 (Cayman Chemical) was prepared as a

50mM stock solution in 100% DMSO, and diluted into a 10mM working solution.

Controls for BIM1 treatments were maintained in DMEM/1% FBS and 0.01% DMSO.

BIM1 dosage and pre-treatment times were selected based on previous reports of

successful PKC pathway inhibition in C6 glioma cells, with minimal DMSO-associated

cytotoxicity (Adornetto et al. 2013).

2.3.1.7 KG501

For blockade of the interaction between CREB and CBP, KG501 (Sigma-

Aldrich) was prepared as a 50mM stock solution in 100% DMSO. Controls for KG501
treatments were maintained in DMEM/1% FBS and 0.05% DMSO. KG-501 dosages
were selected based on successful CREB inhibition in C6 cells (Morioka et al. 2010).
A range of pre-treatment times (0.5-3h) was tested on the effects of this drug on

VPA-mediated MT; induction. No differences were observed between pre-treatment
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times tested. The dosage of KG501 was selected based on previous reports of
successful inhibition of the CREB to CBP interaction in C6 cells, with minimal

cytotoxicity (Morioka et al. 2010).

2.3.1.8 LiCl

A working solution of 1M Lithium chloride salt (LiCl; Sigma-Aldrich) was
prepared in DMEM. Controls for LiCl treatments were maintained in DMEM/1%
FBS. LiCl dosage and pre-treatment times were selected based on previous reports

of successful GSK3 pathway inhibition in C6 glioma cells, with minimal cytotoxicity

(Fuetal 2014).

2.3.1.9 LY294002
For PI3K/AKT pathway blockade, LY294002 (Cayman Chemical) was

prepared as a 50mM stock solution in 100% DMSO, and diluted into a 10mM

working solution. Controls for LY294002 treatments were maintained in DMEM/1%

FBS and 0.1% DMSO. LY294002 dosage and pre-treatment times were selected
based on previous reports of successful PI3K/AKT pathway inhibition in C6 glioma

cells, with minimal DMSO-associated cytotoxicity (Li et al. 2011).
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2.3.2 DRUG TREATMENTS

Treatment outlines for all reagents used in epigenetic and molecular analyses are

summarized in Tables 1 and 2.

Table 1: Reagents for Epigenetic Analysis

COMPOUND HDAC STOCK VOLUME FINAL
ACTIVITY
100pL 0.5mM
VPA (+) 50mM 200pL 1mM
600puL 3mM
1uL 1uM
SAHA (+) 10mM
3uL 3uM
5uL 5uM
3uM
M344 (+) 10mM 3uL
20pL 1mM
VPM (-) 500mM 60uL 3mM
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Table 2: Reagents for Molecular Analysis

COMPOUND | TARGET | STOCK | VOLUME | FINAL | PREINCUBATION
TIME
BIM-1 PKC 10mM 1L 1uM 1h
AR- GSK3B 20mM 20uL 20uM 1h
A014418
KG501 | CREB:CBP | 50mM Sl 25uM 1h
LiCl GSK3B 1M 200uL | 20mM 1h
LY294002 PI3K 10mM 10pL 10uM 1h
2.3.3 RT-PCR

2.3.3.1 RNAISOLATION AND QUANTIFICATION

Total RNA was isolated from C6 cells with TRIzol Reagent (Invitrogen), and
precipitated using isopropyl alcohol. RNA pellets were washed in 75% ethanol and
solubilized into nuclease-free water. Optical densities were measured at 260nm

using a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific) and stored at

-80°C.

2.3.3.2 DNASE TREATMENT AND DNA SYNTHESIS

5-15pg of RNA was subject to DNAse treatment (Qiagen). 2.2puL of DNAse-

treated RNA was used for complimentary DNA (cDNA) synthesis using the
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Omniscript Reverse Transcription PCR (RT-PCR) kit (Qiagen) and oligo(dT) primers

(Thermo Fisher Scientific).

2.3.3.3 PCR

PCR amplifications were conducted using the GeneAmp PCR System 2400 Thermal
Cycler (Perkin Elmer). Amplifications began with heat activation of the HotStarTaq
DNA Polymerase (Qiagen) at 95°C for 5m and ended with a final incubation at 72°C
for 10m. MT; or MT; were detected by amplifying 10ul RT product with appropriate
primers using the following parameters: 40 cycles of 94°C for 30s, 57°C for 30s, 72°C
for 1m. CDNF or MANF were detected by amplifying 2ul RT product with
appropriate primers using the following parameters: 33 cycles of 94°C for 30s, 55°C
for 30s, 72°C for 1m. Nrf2 or Keapl were detected by amplifying 2ul RT product
with appropriate primers using the following parameters: 28 cycles of 94°C for 30s,

55°C for 30s, 72°C for 1m. Glyceraldehyde-3-Phosphate (GAPDH) and 18S ribosomal

RNA (18S) were included as internal controls, and amplified using 2ul RT product
with the appropriate primers using the following parameters: 28 cycles of 94°C for

30s, 55°C for 30s, 72°C for 1m. MTy, MT;, CDNF, MANF, Nrf2, Keap1, GAPDH, and 18S

primers are provided in Table 3.
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Table 3: PCR Primers

Target Size (base
Gene Primer Sequence (5’- 3’) pairs)

Fwd: TTGTGGCGAGTTTAGCTGTG

MT, Rev: GACACTCAGGCCCATTAGGA 140
Fwd: TACATCAGCCTCATCTGGCTT

MT: Rev: CACAAACACTGCGAACATGGT 297
Fwd: AAAGAAAACCGCCTGTGCTA

CDNF Rev: TCATTTTCCACAGGTCCACA 199
Fwd: GCAAGAGGCAAAGAAAATCG

MANF Rev: AGAGATGGCAGAAGGCACAT 204
Fwd: TGTCAGCTACTCCCAGGTTG

Nrf2 Rev: ATCAGGGGTGGTGAAGACTG 195
Fwd: TGAAATCCATGGGCCCTTCT

Keap1l Rev: GTGTGGGTGGTAGGAGTTCA 116
Fwd: TTCACCACCATGGAGAAGGC

GAPDH Rev: GGCATGGACTGGGTCATGA 237
Fwd: CGTTCTTAGTTGGTGGAGCG

18S RNA Rev: AACGCCACTTGTCCCTCTAA 127

2.3.3.4 AGAROSE GEL ELECTROPHORESIS

Amplified PCR products were separated using 1.5% agarose gel stained with

ethidium bromide and run at 85V for 1h at room temperature.
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2.3.3.5 PCRDATA ANALYSIS

PCR products were digitally scanned using the Alphalmager 2200 program
(Alpha Innotech Corp.). The optical density values for target genes were normalized
against those of GAPDH or 18S RNA for semi-quantitative analysis, and represented
as a relative change expressed as a percentage of control. The data was analyzed by a
paired Student’s t-test, or by one-way ANOVA, with p<0.05. Holm-Sidak post-hoc

testing of ANOVAs was conducted to correct for multiple comparisons. The data is

expressed as the mean + SEM and represent three biological replicates.

2.3.3.6 qPCR

Quantitative PCR (qPCR) was conducted using the CFX96 Touch Real-Time

PCR Detection System (Bio-Rad), in a final volume of 25ul containing 12.5pl
SsoAdvanced™ Universal Inhibitor-Tolerant SYBR Green Supermix (BioRad), 1.25pl

each of forward primer and reverse primers (10uM), and 1pul DNA template. PCR

was conducted under the following conditions: the template was first denatured at

98°C for 2m, followed by 40 cycles of 98°C for 15s and 63°C (MTi, 18S RNA), 65°C
(Egrl, CBP), 67°C (Pitx1, SF1, GATA2) for 60s. 18S was included as an internal
control, and amplified using 2ul RT product with the appropriate primers using the

following parameters: 40 cycles of 98°C for 15s and 63°C for 30s. A thermal gradient
was run to determine the optimal annealing temperature for each primer set. MTj,

PITX1, CBP, Egrl, GATAZ2, SF2 and 18S primers are provided in Table 4.
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Table 4: qPCR Primers

Target Size (base
Gene Promoter Sequence (5’- 3’) pairs)
Fwd: GAGGAAATAAGATCGCGGCC
MT; Rev: CTGCGTTCCTGAGCTTCTTG 136
Fwd: GCTCCATCTCTTCCATGACC
PITX1 Rev: CCGTGAGGTTGTTGATGTTG 96
Fwd: TGCTACCATGGAGAAGCACA
CBP Rev: AGGAAGAGAACTCCCAGTGC 176
Fwd: GTTGCCTCCCATCACCTATAC
Egrl Rev: GCTCACAAGGCCACTGACTA 109
Fwd: TCAGCAGGGGGTAGTGTAGC
GATAZ2 Rev: CTGCCACCTTCCATCTTCAT 92
Fwd: CTATTGTGCCTGGTGGAGGT
SF1 Rev: CTCGTTGCCCAAATGCTTAT 78
Fwd: CGTTCTTAGTTGGTGGAGCG
18S RNA Rev: AACGCCACTTGTCCCTCTAA 127

2.3.3.7 QPCR DATA ANALYSIS

qPCR cycle threshold (Ct) values were obtained from the CFX96 Touch Real-

time PCR Detection System (Bio-Rad). Statistical analysis was calculated using the

Relative Expression Software Tool (REST) 2009 (Pfaffl et al. 2002; Qiagen), with PCR

efficiency corrections. The Ct values from treated samples were compared to the Ct

values from their respective controls using randomization algorithms for resampling
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(bootstrapping). Normal hypothesis testing was used to evaluate significance, with
p<0.05 taken as the level of significance. The data is expressed as the ratio of

treated/untreated samples, and represent three biological replicates. The data from
gPCR experiments is expressed as the log; of the expression ratios obtained from

REST analysis to equally depict up- and down- regulation patterns in the data. Log>

transformation was done for data presentation only.

2.3.4 ACETYL-H3 CHROMATIN IMMUNOPRECIPITATION

2.3.4.1 CROSS-LINKING, CELL LYSIS AND DNA SHEARING

DNA was cross-linked in 1 % formaldehyde for 10m at room temperature.
Glycine was added to a final concentration of 1.25M, and incubated for 5m at room
temperature to stop the crosslinking reaction. The cells were washed in cold

phosphate-buffered saline (PBS) once, and centrifuged at 2500rpm for 5m at 4°C.

The pellet was then collected and re-suspended in homogenizing buffer (ChIP-IT

Express Chromatin Immunoprecipitation Kit; Active Motif) using a dounce

homogenizer by 10-20 strokes. The homogenate was again centrifuged at 2500 rpm
for 5Sm at 4°C. Lysates were sonicated on ice at 30% power for 10s X 7 times with a

10s rest period in between each cycle to yield 200-1000bp DNA fragments.
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2.3.4.2 CHROMATIN IMMUNOPRECIPITATION
25pg of sheared chromatin was immunoprecipitated using 5ug of anti-acetyl-

histone H3 (K9/18) polyclonal antibody (EMD Millipore), or 5ug of normal rabbit
IgG (Santa Cruz Biotechnology) as a negative control. The bound chromatin-histone
complexes were purified using Protein G Magnetic beads (ChIP-IT Express
Chromatin Immunoprecipitation Kit; Active Motif). After immunoprecipitation, the

samples were treated with Proteinase K (Sigma-Aldrich), incubated 60°C overnight

for reverse-crosslinking, and column purified using the QIAquick MinElute PCR

Purification Kit (Qiagen). Purified DNA was eluted to a final volume of 20ul. After

ChlIP, the samples were stored at -80°C.

2.3.4.3 QPCR

The immunoprecipitated DNA was amplified using a nested PCR approach to
detect the MT: promoter. 2ul of immunoprecipitated chromatin was used for
preamplification using conventional PCR on the GeneAmp PCR System 2400
Thermal Cycler (Perkin Elmer). Large segments of the MT1 promoter (~500bp) were

preamplified with HotStarTaqg DNA Polymerase (Qiagen) using the GeneAmp PCR
System 2400 Thermal Cycler (Perkin Elmer, according to the following parameters:

95°C for 5m, followed by 15 cycles of 94°C for 30s, 55°C for 30s, 72°C for 1m, and a
final incubation at 72°C for 10m. Pre-amplified chromatin was diluted 1:9, and 4l

was used for qPCR amplification using primers detecting shorter segments of the
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MT; promoter (~200bp). gPCR was conducted using the CFX96 Touch Real-Time
PCR Detection System (Bio-Rad), in a final volume of 25ul containing 12.5pl

SsoAdvanced™ Universal Inhibitor-Tolerant SYBR Green Supermix (BioRad), 1.25pl

each of forward primer and reverse primers (10uM), and 4ul DNA template under

the following conditions: the template was first denatured at 98°C for 3m, followed
by 40 cycles of 98°C for 15s and 60°C for 60s. Amplification of BDNF P1 and the 3-
globin gene promoter were amplified using qPCR only, and were included as positive

and negative controls respectively. All promoter primers are provided in Table 5.

Primers for the BDNF and (3-globin promoters were obtained from Wu et al,.. 2008.
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Table 5: Promoter Primers

Target Size (base
Promoter Primer Sequence (5'- 3") pairs)
Fwd: TGGCCTTGAACTTCTGATCC
MT: P1 Rev: CATGCTGACACCTTGACGAT 223
Fwd: CCCAAAGTGGCATTGATTCT
MT; P2 Rev: CATTTCTTCCAGAGTCCCTTTG 182
Fwd: TGGCTAATCCACTTCCCAGA
MT: P3 Rev: TAAAGGCTGTGCTGGATGCT 166
Fwd: TCATCCTCATTTTGCCGATA
MT: P4 Rev: GTCAAGTGCAGGGGAAACTT 122
Fwd: TGATCATCACTCACGACCACG
BDNF P1 Rev: CAGCCTCTCTGAGCCAGTTACG 134
Fwd: TGACCAATAGTCTCGGAGTCCTG
B-GLOBIN Rev: AGGCTGAAGGCCTGTCCTTT 81

2.3.4.4 AGAROSE GEL ELECTROPHORESIS

Amplified PCR products were separated using 1.5% agarose gel stained with

ethidium bromide and run at 85V for 1h at room temperature.
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2.3.4.5 CHIP DATA ANALYSIS

AcH3 and IgG ChIP, and input DNA Ct values were obtained from the CFX96
Touch Real-Time PCR Detection System (Bio-Rad). AcH3 or IgG ChIP samples were
expressed as the percentage of input DNA recovered following immunoprecipitation.
1% of the starting chromatin was used for input DNA, which was adjusted to 100%
by subtracting 6.644 cycles (logz of 100) from the input Ct values. The percent of
input recovered was calculated as 2[(CtInput-6.644) - (Ct Inmunoprecipitated)] X 100% (Haring
et al. 2007). The data was analyzed by a paired Student’s t-test, with p<0.05. The
data are expressed as the mean * SEM, and represent three separate ChIP

experiments.

2.3.5 IMMUNOBLOTTING

2.3.5.1 HISTONE ISOLATION
Nuclear proteins were extracted using 20mM Tris pH 8.0, 150mM sodium

chloride (NaCl), 1mM Ethylenediaminetetraacetic Acid (EDTA), 1% Triton X-100

with Complete Protein Inhibitor Cocktail (Roche Diagnostics), as reported by Pan

and Niles 2015.
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2.3.5.2 MT1 PROTEIN ISOLATION
Melatonin MT: receptors were isolated using 20mM Tris pH 8.0, 150mM

NaCl, 1ImM EDTA, 1% Triton X-100 with Complete Protein Inhibitor Cocktail (Roche

Diagnostics) as reported by Castro et al. 2005.

2.3.6 PROTEIN QUANTIFICATION

Protein concentrations were measured in a Bradford Assay using the Protein
Assay Reagent (Bio-Rad), and CU-640 spectrophotometer (Beckman-Coulter).
Optical densities were measured at 595nm and protein samples were stored at -

80°C.

2.3.7 IMMUNOBLOTTING

Proteins were separated using acrylamide gel electrophoresis run at 200V for 1h
at 4°C. Proteins were transferred from the acrylamide gel to Polyvinylidene Fluoride
(PDVF) membranes overnight using 25V and kept in 4°C. The blots were blocked for
1h at room temperature with 5% skim milk in tris-buffered saline (TBS) buffer
(50mM Tris-HCI, 150mM NacCl; pH 8.5), and subsequently incubated in rabbit anti-
acetyl-histone H3 (Lys9/18) (1:2500 dilution, 4°C/24h; EMD Millipore) or rabbit
anti-MT; (1:200 dilution, 4°C/ 72h; Abbiotech). The blots were then incubated in 5%

skim milk-TBS containing anti-rabbit horseradish peroxidase-conjugated secondary

antibody (1:1000; Santa Cruz Biotechnology) for 2h at room temperature,
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illuminated with enhanced chemiluminescence reagents (Amersham Biosciences)
for 5m, and detected by film autoradiography. The blots were stripped using a mild
stripping buffer (0.2M glycine, 3.47mM SDS, and 0.01% Tween20, at pH 2.2), and re-
probed with a 1:10000 dilution of anti-total H3 or anti-B-actin serum (Sigma-

Aldrich).
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3 RESULTS

3.1 EPIGENETIC REGULATION

3.1.1 INDUCTION OF MT:1 mRNA EXPRESSION BY THE SHORT-CHAIN FATTY
ACID HDAC INHIBITOR, VPA
Rat C6 glioma cells were chosen for this study because of the preceding work

from our lab which showed that 1mM and 3mM VPA administered for 24 - 72h
robustly induce MT1 mRNA expression in this cell line (Castro et al. 2005; Kim et al.
2008). On account of the variations in C6 passage numbers between those used in

the earlier work and this study, the responsiveness of MT; to VPA in these cells was
tested once for qualitative assessment only, prior to any experimentation (Figure

14). A dose-dependent induction of MT1 mRNA expression by VPA was observed, as
was reported previously (Castro et al. 2005; Kim et al. 2008). The MT; isoform was

not examined because it is not consistently detected in this cell line (Castro et al
2005).

Similarly, as previous studies showed an induction of MT; protein by VPA in rat

C6 glioma cells and in human MCF-7 breast cancer cells (Castro et al. 2005; Jawed et
al. 2007), the effects of VPA on MT; protein expression were also examined in this
cell line prior to any experimentation. Various efforts were made to replicate these
findings following the methods reported in both studies (Castro et al. 2005; Jawed et

al. 2007), although none were successful. Other attempts, in which increased

75



Ph.D. Thesis - Sarra G. Bahna McMaster University - Neuroscience
amounts of primary MT; antibody and incubation times (up to 1:200, for up to 72h)
were tested, however these also did not yield any results.

While our group has had success in earlier melatonin receptor protein studies
(Castro et al. 2005; Jawed et al. 2007), using anti-MT; antibodies from CIDTech
(which is no longer in business), at present, acquiring suitable antibodies to detect
either MT1 or MT> has proven to be a challenge. In recent years, we have tried
antibodies from several companies, but were not able to produce any reliable data.

Following troubleshooting which did not resolve this problem, examination of MT;

protein levels were excluded from this study.
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Figure 14: Effect of VPA on MT1 mRNA expression in rat C6 glioma cells.

Representative gel images of RT-PCR amplification of MT; following VPA treatments

for (A) 24h, (B) 48h, or (C) 72h. Histograms represent the percentage values of

MT1/GAPDH optical density ratios as a function VPA treatments. Bars represent

means of MT1/GAPDH expressed as percentages of control. n=1.
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3.1.2 INDUCTION OF MT1 EXPRESSION BY THE HYDROXAMIC ACID HDAC
INHIBITOR, SAHA

The induction of MT1 mRNA by VPA was compared with a structurally distinct

HDAC inhibitor, SAHA. SAHA was administered in a range of concentrations and
treatment times to examine its effects on MT; expression. 24h SAHA treatments
were shown to upregulate MT1 mRNA expression (p<0.05; Figure 15). A tendency
towards increased MT1 expression was detected following 48h (p=0.3823) and 72h

(p=0.0891) SAHA treatments (Figure 15).
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Figure 15: Effect of SAHA treatments on MT; mRNA expression in rat Cé6 glioma

cells.

Representative gel images of RT-PCR amplification of MT; following SAHA

treatments for (A) 24h, (B) 48h, or (C) 72h. Histograms represent means * S.E.M. of
MT1/GAPDH expressed as percentages of control. Statistical significance was
determined using a one-way ANOVA and the Holm-Sidak multiple comparisons test.

n=3, *p<0.05 vs. vehicle.
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3.1.3 M344, BUT NOT VPM, INDUCE MT: mRNA EXPRESSION

VPA concentrations previously reported to induce MT; expression in the C6
cell line were held constant for this study. 1mM and 3mM VPA treatments were

shown to upregulate MT; expression in comparison to the control group by a mean

factor of 3.379 (p<0.05) and 19.272 (p<0.05) respectively. VPM, a VPA analogue
deficient in HDAC inhibitory properties, was administered at dosages that matched

those of VPA for comparison. 1mM and 3mM VPM treatments caused a 1.939 and
1.242 increase in MT; expression relative to controls, however neither group
reached significance. In contrast, the benzamide HDAC inhibitor, M344, caused an
increase in MT; expression relative to its control by a mean factor of 19.682
(p<0.05), highlighting the importance of HDAC inhibition in this upregulation

(Figure 16).
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Figure 16: Effect of 24h VPA, VPM, and M344 treatments on MT; expression in

rat C6 glioma cells.

Expression ratios of the Ct values for MT; transcripts in VPA, VPM, or M344 treated

cells were normalized to the Ct values of their respective controls (DMEM or DMSO),

and calculated using REST. Statistical significance was determined using
randomization tests. The data is presented as the log: fold change of MT1 expression
between treated samples and untreated samples. The histogram represents the

means * S.E.M. n=3, *p<0.05 vs. vehicle.
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3.1.4 HDAC INHIBITORS, VPA AND SAHA, CAUSE HISTONE H3
HYPERACETYLATION

To further investigate the role of HDAC inhibition in the induction of MTj, the
effects of VPA and SAHA on global histone acetylation were examined. This was
tested once for each drug, for qualitative assessment only. H3K9/18 sites are highly
targeted by HDAC inhibitors, and are frequently associated with H3-regulated
transcriptional activation (Richards and Elgin 2002; Kristjuhan et al. 2002). VPA
(Figure 17) and SAHA (Figure 18) caused global histone H3K9/18 hyperacetylation

in C6 glioma cells. Importantly, this occurred at treatment dosages and times that

match the observed induction of MT; by both of these drugs.

84



AcH3 AcH3

Ph.D. Thesis - Sarra G. Bahna McMaster University - Neuroscience
Total Total

H3 H3

24h 72h
Cod R - - - .

- |
o — - “.‘

B

00 05 1.0 3.0 0.0 0.5 1.0 3.0
VPA (mM) VPA (mM)

Figure 17: Effect of VPA treatments on histone H3 acetylation in rat C6 glioma

cells.

Immunoblots of acetylated histone H3K9/18 following treatment with VPA for 24h

or 72h.

85



Total H3

Ph.D. Thesis - Sarra G. Bahna McMaster University - Neuroscience

0.0 1.0 3.0
SAHA (uM)

Figure 18: Effect of 24h SAHA treatments on histone H3 acetylation in rat C6

glioma cells.

Immunoblot of acetylated histone H3K9/18 following treatment with SAHA for 24h.

86



Ph.D. Thesis - Sarra G. Bahna McMaster University - Neuroscience

3.1.5 VPA CAUSES MT: PROMOTER-ASSOCIATED HISTONE H3 K9/18
HYPERACETYLATION
To examine the relationship between increased MT1 mRNA expression and H3
hyperacetylation by VPA, the effect of VPA on the acetylation statuses of histone

H3K9/18 sites across various regions of the melatonin receptor promoter (GenBank
AY228510) were studied using ChIP-qPCR. DNA was sheared by sonication to create
fragments of 250-1000bp for ChIP. The immunoprecipitation results demonstrate
that VPA induces higher levels of H3K9/18 acetylation along the MT: promoter
(Figure 19). The acetylation levels of histones associated with the BDNF P1 and (-
Globin promoters (Figure 20) were used to confirm the accuracy of the ChIP-qPCR

procedure used.
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Figure 19: VPA causes MT1 promoter-associated histone H3 K9/18 acetylation

in rat C6 glioma cells

(A) The locations of rat MT1 promoter primers are indicated. Each primer pair
amplifies a ~200bp fragment of the promoter. Representative agarose gel images for

MT; (B) P1, (C) P2, (D) P3, and (E) P4 following ChIP. The amount of

immunoprecipitated (AcH3 ChIP DNA) or non-immunoprecipitated genomic DNA

(input DNA) following 1mM VPA treatment for 72h were measured by qPCR with
MT, promoter primers. Normal IgG was included as a negative control. AcH3 ChIP

DNA was normalized to the input DNA, and the data is expressed as the percentage
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of input chromatin. Bars represent means * S.E.M. Statistical significance was

determined using a Student’s t-test. n=3, *p<0.05 vs. vehicle; ®p=0.0947 vs. vehicle;

¥ p=0.3384 vs. vehicle.
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Figure 20: Effect of VPA on BDNF P1 and B-globin promoter-associated histone

H3 K9/18 acetylation following VPA treatments.

The amount of immunoprecipitated (AcH3 ChIP DNA) or non- immunoprecipitated

genomic DNA (input DNA) following 1mM VPA treatment for 72h were measured by
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qPCR with (A) BDNF P1 or (B) B-globin primers. Normal IgG was included as a
negative control. ChIP DNA was normalized to the input DNA, and the data are

expressed as the % of input DNA retrieved following immunoprecipitation. n=1.
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3.2 MOLECULAR REGULATION

3.2.1 CREB/CBP-MEDIATED TRANSCRIPTION IS NOT INVOLVED IN VPA-
MEDIATED MT: UPREGULATION

As mentioned previously, CREB is a transcription factor that is implicated in the
regulation of MT1 (Barrett et al. 1996). As CREB is also targeted by VPA (Monti et al.
2009), we assessed the role of CREB in VPA-mediated MT; induction. VPA increased
expression of the CREB adaptor protein, CBP by a factor of 1.505 (p<0.05) relative to
control, through its influence on the PKC, PI3K/AKT, and GSK3[3 pathways (Figure
21). The effects of VPA on MT; expression were then tested in the presence of
KG501, which is a compound that interferes with the interaction of CREB to CBP
(Best et al. 2004). MT; transcripts were upregulated by a mean factor of 33.211
(p<0.05) by VPA alone, and 31.977 (p<0.05) by VPA and KG501. Although CBP levels

are raised by VPA, the blockade of CREB-mediated transcription by KG501 did not

prevent the upregulation of MT1 expression by VPA (Figure 22).
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Figure 21: Effect of 24h VPA treatment on CBP expression in rat C6 glioma

cells.

(A) Expression ratios of CBP transcripts in VPA treated cells were normalized to

their respective controls (DMEM) and calculated using REST. (B) Expression ratios
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of CBP transcripts in VPA, BIM1, LY294002, or AR-A014418 treated cells were

normalized to their respective controls. For combination treatments, the inhibitor

was added for 1 hour prior to the addition of VPA for 24 hours. Statistical
significance was determined using randomization tests. The data is presented as the
fold change of CBP expression between treated samples and untreated samples. The

histogram represents the means # S.E.M. n=3, *p<0.05 vs. vehicle.
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Figure 22: Effect of KG501-mediated CREB/CBP blockade on MT; induction by

24h VPA treatments in rat C6 glioma cells.

Expression ratios of MT; transcripts VPA, KG501, or VPA + KG501 treated cells,

normalized to their respective controls (DMEM or DMSO0), and calculated using

REST. For combination treatments, the inhibitor was added for 1 hour prior to the
addition of VPA for 24 hours. Statistical significance was determined using
randomization tests. The data is presented as the log> fold change of MT1 expression
between treated samples and untreated samples. The histogram represents the

means * S.E.M. n=3, *p<0.05 vs. vehicle.
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3.2.2 INHIBITION OF GSK3p SIGNALING, BUT NOT PKC OR PI3K/AKT, BLOCKS
INDUCTION OF MT; BY VPA
Pharmacological blockades of the PKC, PI3K/AKT, or GSK3p signaling

cascades were conducted to assess the involvement of these pathways on the

transcriptional induction of MT; by VPA. VPA was observed to raise MT; transcript
levels by a factor of 19.394 (p<0.05) relative to controls. Treatment with the PKC
inhibitor, BIM1, did not change MT; transcript levels relative to controls. Co-
administration of BIM1 and VPA raised MT: expression by a mean factor of 11.635

(p<0.05) in comparison to controls (Figure 23).
Similarly, treatment with the PI3K/AKT inhibitor, LY294002, did not induce

MT; expression in comparison to controls. Treatment of LY294002 and VPA raised

MT; levels by a mean factor of 17.385 (p<0.05) relative to controls (Figure 23).
These results suggest that PKC and PI3K/AKT signaling are not involved in the
induction of MT; by VPA.

The addition of AR-A014418, which inhibits GSK3f, also did not cause any

notable changes in MT1 expression relative to control. Co-treatment of AR-A014418
and VPA caused a reduction in MT1 expression by a mean factor of 12.195 (p<0.05)
in comparison to control (Figure 23), suggesting VPA might induce MT; expression

via a GSK3[-sensitive mechanism.
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Figure 23: Effect of PKC, PI3K/AKT, and GSK3f pathway blockades on MT1

induction by 24h VPA treatments in rat C6 glioma cells.

Expression ratios of MT; transcripts in VPA, BIM1, LY294002, or AR-A014418

treated cells were normalized to their respective controls (DMEM or DMSO) and

calculated using REST. For combination treatments, the inhibitor was added for 1
hour prior to the addition of VPA for 24 hours. Statistical significance was
determined using randomization tests. The data is presented as the log; fold change
of MT; expression between treated samples and untreated samples. The histogram

represents the means #* S.E.M. n=3, *p<0.05 vs. vehicle.
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3.2.3 VPAMODULATES MT1 PROMOTER ASSOCIATED TRANSCRIPTION
FACTORS

Pitx1, in combination with Egrl, SF1, or GATA2 regulate transcriptional
activity of the rat MT; promoter (Johnston et al. 2006; Johnston et al. 2003b). The
effects of VPA on the mRNA expression of these genes were tested to assess their
potential involvement in the induction of MT; by this drug. VPA negatively affected
Pitx1 expression in comparison to control, but increased Egrl, SF1, and GATAZ2

transcript levels by mean factors of 5.009 (p<0.05), 9.099 (p=0.066) and 15.163

(p<0.05) respectively, in comparison to their control groups (Figure 24).
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Figure 24: Effect of 24h VPA treatments on Pitx1, Egr1, SF1, and GATA2

expression in rat C6 glioma cells.

Expression ratios of Pitx1, EGR1, SF1, and GATAZ2 transcripts in 3mM VPA treated

cells were normalized to their controls (DMEM) and calculated using REST.

Statistical significance was determined using randomization tests. The data is
presented as the log, fold change of gene expression between treated samples and

untreated samples. The histogram represents the means * S.E.M. n=3, *p<0.05 vs.

vehicle.
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3.2.4 VPAMODULATES MT1 PROMOTER ASSOCIATED TRANSCRIPTION
FACTORS VIA PKC, PI3K/AKT, AND GSK3f SIGNALING

The effects of PKC, PI3K/AKT, and GSK3[3 pathway blockades were examined
on the modulation of Pitx1, Egrl, SF1 and GATA2 by VPA. As shown previously, VPA
treatment had a negative effect on Pitx1 transcript levels (Figure 24). Treatment

with BIM1 alone did not change Pitx1 expression in comparison to its vehicle,

however co-administration of VPA and BIM1 increased Pitx1 expression by a mean
factor of 29.647 (p<0.05) in comparison to control. Blockade of the PI3K/AKT
pathway reversed this effect, as Pitx1 transcript levels were raised following
treatment with VPA and LY294002 by a mean factor of 28.750 relative to control,
however this effect did not reach significance. Treatment with AR-A014418 did not

affect Pitx1 expression. The reversal in Pitx1 inhibition by VPA in the presence of

BIM1, LY294002, or AR-A014418, suggest that the PKC or GSK3[ signaling pathways
may be involved in the negative regulation of Pitx1 by VPA (Figure 25).
Interestingly, the transcript levels of Egrl, which antagonizes Pitx1-driven

MT; promoter activity (Johnston et al. 2003b), were raised by VPA by a mean factor
of 5.009 (p<0.05). Co-administration of BIM1 with VPA raised Egr1 transcript levels
by a mean factor of 1.684 (p<0.05) in comparison to control. Treatment with

LY294002 raised Egrl transcripts by a mean factor of 2.826 (p<0.05) relative to

controls, however this was not affected by the addition of VPA, as the relative
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expression levels of Egrl remained at 2.343 (p<0.05) in comparison to control.

Treatment with AR-A014418 did not affect Egrl expression. Co-treatment of VPA
with AR-A014418 had a negative influence Egrl expression in comparison to
controls, though no significant differences were detected. These results suggest that
the PKC pathway may have a positive regulatory role in the induction of Egrl by

VPA, and the mechanism occurs independently of the PI3K/AKT pathway. The role

of GSK3f signaling on this transcriptional regulation is not clear (Figure 26).
VPA caused an upward trend in SF1 expression by a mean factor of 9.099
(p=0.066) relative to controls. SF1 transcript levels were reduced by a mean factor

of 4.386 (p<0.05) by BIM1 in comparison to controls. Co-treatment of BIM1 with
VPA also reduced SF1 transcripts relative to controls, though no significant
differences were detected. Administration of LY294002 alone did not affect SF1
expression. The addition of VPA to LY294004 treatments had a positive effect on SF1
transcript levels relative to controls, but no significant differences were detected.

Treatment with AR-A014418 did not affect SF1 expression. Co-administration of
VPA and AR-A014418 resulted in a robust decrease SF1 expression (p<0.05) in
comparison to controls. These results suggest that PI3K/AKT or GSK3[ signaling

pathways may be involved in the positive regulation of SF1 expression by VPA
(Figure 27).

Finally, VPA caused an increase in GATAZ2 transcript levels by a mean factor of
15.163 (p<0.05) relative to control. While BIM1 or LY294002 alone did not affect
GATAZ2 expression, co-administration of VPA with BIM1 or LY294002 raised GATAZ2
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expression by a mean factor of 6.406 (p<0.05) or 10.056 (p<0.05), respectively.

Treatment with AR-A014418 did not affect GATAZ expression in presence or

absence of VPA. These results suggest that the PKC or PI3K/AKT signaling cascades

may be involved in the regulation of GATAZ by VPA (Figure 28).
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Figure 25: Effect of PKC, PI3K/AKT, and GSK3f pathway blockades on the

modulation of Pitx1 expression by 24h VPA treatments in rat C6 glioma cells.

Expression ratios of Pitx1 transcripts in VPA, BIM1, LY294002, or AR-A014418

treated cells were normalized to their respective controls (DMEM or DMSO) and

calculated using REST. For combination treatments, the inhibitor was added for 1
hour prior to the addition of VPA for 24 hours. Statistical significance was
determined using randomization tests. The data is presented as the log: fold change
of gene expression between treated samples and untreated samples. The histogram

represents the means #* S.E.M. n=3, *p<0.05 vs. vehicle.
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Figure 26: Effect of PKC, PI3K/AKT, and GSK3f pathway blockades on the

modulation of Egr1 expression by 24h VPA treatments in rat C6 glioma cells.

Expression ratios of Egrl transcripts in VPA, BIM1, LY294002, or AR-A014418

treated cells were normalized to their respective controls (DMEM or DMSO) and

calculated using REST. For combination treatments, the inhibitor was added for 1
hour prior to the addition of VPA for 24 hours. Statistical significance was
determined using randomization tests. The data is presented as the log: fold change
of Egrl expression between treated samples and untreated samples. The histogram

represents the means #* S.E.M. n=3, *p<0.05 vs. vehicle.
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Figure 27: Effect of PKC, PI3K/AKT, and GSK3f pathway blockades on the

modulation of SF1 expression by 24h VPA in rat Cé6 glioma cells.

Expression ratios of SF1 transcripts in VPA, BIM1, LY294002, or AR-A014418

treated cells were normalized to their respective controls (DMEM or DMSO) and

calculated using REST. For combination treatments, the inhibitor was added for 1
hour prior to the addition of VPA for 24 hours. Statistical significance was
determined using randomization tests. The data is presented as the log: fold change
of SF1 expression between treated samples and untreated samples. The histogram

represents the means * S.E.M. n=3, *p<0.05 vs. vehicle.
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Figure 28: Effect of PKC, PI3K/AKT, and GSK3f pathway blockades on the

modulation of GATA2 expression by 24h VPA in rat C6 glioma cells.

Expression ratios of GATAZ2 transcripts in VPA, BIM1, LY294002, or AR-A014418

treated cells were normalized to their respective controls (DMEM or DMSO) and

calculated using REST. For combination treatments, the inhibitor was added for 1
hour prior to the addition of VPA for 24 hours. Statistical significance was
determined using randomization tests. The data is presented as the log: fold change
of GATAZ expression between treated samples and untreated samples. The

histogram represents the means # S.E.M. n=3, *p<0.05 vs. vehicle.
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3.2.5 LICL DOES NOT BLOCKINDUCTION OF MT; BY VPA

Treatment with lithium, a second antagonist of GSK3f signaling that is not
related to AR-A014418 (Stambolic et al. 1996), was used to further examine the role
of GSK3p signaling in the mechanism underlying the upregulation of MT; by VPA
suggested by AR-A014418 (Figure 23). While treatment with lithium did not induce
MT; expression, co-administration of VPA and lithium caused an upregulation of MT;
transcript levels by a mean factor of 9.155 (p<0.05) relative to control. These results
suggest that GSK3[ signaling is not be involved in the induction of MT; by VPA

(Figure 29).
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Figure 29: Effect of LiCl on MT; induction by 24h VPA.

Expression ratios of MT; transcripts in 3mM VPA, 20mM LiCl, or 3mM VPA + 20mM

LiCl treated cells were normalized to their respective controls (DMEM) and

calculated using REST. For combination treatments, the inhibitor was added for 1
hour prior to the addition of VPA for 24 hours. Statistical significance was
determined using randomization tests. The data is presented as the log: fold change
of MT; expression between treated samples and untreated samples. The histogram

represents the means #* S.E.M. n=3, *p<0.05 vs. vehicle.
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3.3 MELATONIN RECEPTOR UPREGULATION IN THE RAT BRAIN

Chronic VPA treatment was previously observed to cause a robust induction of
MT; and MT> expression in the rat hippocampus (Niles et al. 2012). This study was
replicated in order to examine other therapeutically relevant brain regions where
the upregulation in melatonin receptor expression might occur. The striatum and

ventral midbrain were selected because VPA was recently demonstrated to exert

neuroprotective effects in these brain regions in a rodent model of Parkinson’s

disease (Carriere et al. 2014).
Chronic VPA treatments induced MT: expression (p<0.05), and caused an

upward trend in MT; transcript levels (p=0.0965) in the rat striatum (Figure 30).
VPA did not induce MT;: expression in the ventral midbrain, but was observed to

cause an upward trend in MT> expression (p=0.0824; Figure 31).
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3.3.1 CHRONIC VPA TREATMENT INDUCES MT. EXPRESSION IN THE RAT
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Figure 30: Effect of chronic VPA administration on melatonin receptor mRNA

expression in the rat striatum.

A representative agarose gel image of RT-PCR amplification of (A) MT; or (B) MT:

following chronic VPA treatment (4mg/ml). Histograms represent the percentage
values of MT1/GAPDH optical density ratios as a function VPA treatment. Bars
represent means * S.E.M. of MT1/GAPDH expressed as percentages of control.
Statistical significance was determined using an unpaired Student’s t-test. n=3,

*p<0.05; $p=0.0965 vs. vehicle.
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3.3.2 CHRONIC VPA TREATMENT INDUCES MT. EXPRESSION IN THE RAT

VENTRAL MIDBRAIN
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Figure 31: Effect of chronic VPA administration on melatonin receptor mRNA

expression in the rat ventral midbrain.

A representative agarose gel image of RT-PCR amplification of (A) MT; or (B) MT:

following chronic VPA treatment. Histograms represent the percentage values of
MT1/GAPDH optical density ratios as a function VPA treatment. Bars represent
means * S.E.M. of MT;/GAPDH expressed as percentages of control. Statistical

significance was determined using an unpaired Student’s t-test. n=3, ®p=0.1169 vs.

vehicle; Y p=0.0824 vs. vehicle.
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3.4 RELEVANCE OF MELATONIN RECEPTOR UPREGULATION IN THE RAT
BRAIN

The in vivo effects of VPA and melatonin treatments were examined to assess
the relevance of VPA-mediated melatonin receptor upregulation in the rat brain.
Oxidative stress, and the lack of neurotrophic factor support are highly implicated in

the etiology of many neurodegenerative diseases (Mytilineou et al. 2002; Stewart

and Appel 1988). The effects of VPA and melatonin co-treatments were tested on the
expression of Nrf2 and Keapl from the inducible Nrf2-ARE signaling pathway, and
the expression of the neurotrophic factors, CONF and MANF. These were examined
in the rat hippocampus and striatum, as these are the brain regions where we have

seen the strongest modulation of melatonin receptor expression by VPA (Niles et al.

2012; Figure 30).

3.4.1 VPA AND MELATONIN CO-TREATMENTS MODULATE NRF2-ARE
SIGNALING IN THE RAT BRAIN
Co-treatments of VPA and melatonin did not change hippocampal Nrf2 or
Keap1l levels relative to controls (Table 6). This may indicate that the Nrf2-ARE

signaling pathway is not activated by VPA and melatonin in the rat hippocampus
(Kansanen et al. 2013; Pan et al. 2013; Zhang et al. 2012).
In the striatum, VPA treatment alone was observed to upregulate Nrf2

transcripts relative to controls (p<0.05). No significant changes in Nrf2 or Keap1l
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expression were observed following treatment with VPA and melatonin (Table 7).
These results suggest that the VPA and melatonin combination treatment may not

affect Nrf2-ARE signaling in this brain region.
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Table 6: Nrf2 mRNA levels following chronic VPA and melatonin treatments in

the rat brain.

Results are expressed as the percentage values of Nrf2/GAPDH optical density ratios

as a function drug treatment, and are the means * S.E.M. n=3, *p<0.05.

Nrf2 VPA Melatonin VPA + Melatonin
Hippocampus
120.7 + 20.3 110.3 + 2.8 107.7 +19.4
Striatum 183.3 + 26.3*
112.7 +9.0 151.0 + 6.0

Table 7: Keap1l mRNA levels following chronic VPA and melatonin treatments

in the rat brain.

Results are expressed as the percentage values of Keap1l/GAPDH optical density

ratios as a function drug treatment, and are the means * S.E.M. n=3.

Keap1 VPA Melatonin VPA + Melatonin
Hippocampus
112.7 +18.9 121.0 £ 15.5 182.3 +42.9
Striatum
98.3 £30.8 103.0 + 14.7 93.3+2.7
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3.4.2 VPA AND MELATONIN CO-TREATMENTS MODULATE NEUROTROPHIC

FACTOR EXPRESSION IN THE RAT BRAIN

The effects of chronic VPA and melatonin combination treatments on the

neurotrophic factors, CDNF and MANF, were also examined in the rat hippocampus
and striatum. While VPA and melatonin co-treatments appeared to have a positive
influence on CDNF expression relative to controls in the rat hippocampus and

striatum, there were no significant differences. A similar effect was observed in

MANF expression by VPA and melatonin in the rat striatum and in the hippocampus.
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Table 8: CDNF mRNA levels following chronic VPA and melatonin treatments in

the rat brain.

Results are expressed as the percentage values of CDNF/GAPDH optical density

ratios as a function drug treatment, and are the means * S.E.M. n=3.

CDNF VPA Melatonin VPA + Melatonin
Hippocampus 123.0 £59.0 93.0 + 21.0 220.7 £97.7
Striatum 148.7 + 83.1 116.7 + 7.5 213.3+78.5

Table 9: MANF mRNA levels following chronic VPA and melatonin treatments

in the rat brain.

Results are expressed as the percentage values of MANF/GAPDH optical density

ratios as a function drug treatment, and are the means * S.E.M. n=3.

MANF VPA Melatonin VPA + Melatonin
Hippocampus 117.0 £ 25.9 94.0 + 14.7 117.0 £ 25.5
Striatum 128.7 + 34.5 171.0 + 13.0 175.0 + 58.2
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4 DISCUSSION

4.1 SUMMARY OF RESULTS

Earlier work from our group showed that VPA causes a robust upregulation of

melatonin receptor expression in cultured rat C6 glioma cells (Kim et al. 2008;

Castro et al. 2005), and in the rat hippocampus (Niles et al. 2012; Bahna et al. 2014).

This study assessed the epigenetic and molecular mechanisms underlying MT;
induction by VPA in rat C6 glioma cells, explored other brain regions where VPA may

upregulate melatonin receptor expression, and examined the functional implications
of VPA-mediated melatonin receptor upregulation in the rat brain.

Epigenetic analyses were conducted by comparing the effects of VPA on MT1
induction to other compounds with varying epigenetic capacities. SAHA (Figure 15)

and M344 (Figure 16), which resemble VPA in their aptitude for HDAC inhibition,
parallel the effect of VPA on MT; expression. VPM, which lacks HDAC inhibition
capabilities, does not induce MT expression (Figure 16). This provides evidence that

HDAC inhibition is an essential component of the mechanism underlying this
induction. An increase in global H3K9/18 acetylation by VPA (Figure 17) or SAHA

(Figure 18) was observed at treatment dosages and times that paralleled the

observed increase in MT1 expression, providing further support that an epigenetic
mechanism underlies this induction. AcH3 ChIP-qPCR conducted across the MT;

promoter revealed higher levels of H3K9/18 acetylation on the MT: promoter

following treatment with VPA (Figure 19), suggesting that H3K9/18 acetylation is

involved in the transcriptional activation of MT; by VPA.
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Molecular analysis revealed that VPA elevates expression of CBP mRNA (Figure
21). Inhibition of the CBP to CREB interaction using KG501 (Best et al. 2004), did not
block the induction of MT; by VPA (Figure 22), implying that VPA induces MT;
expression independent of the transcription factor CREB. Further molecular analysis

was carried out using VPA treatments administered in combination with inhibitors

of the PKC, PI3K/AKT or GSK3p signaling cascades, to determine whether these
pathways had a role in the induction of MT; by VPA. Pharmacological blockades of
the PKC or PI3K/AKT signaling cascades did not block MT; upregulation by VPA

(Figure 23). Inhibition of GSK3fB signaling using AR-A014418 prevented MT:

upregulation by VPA (Figure 23). A supplementary investigation into the role of
GSK3p signaling in the induction of MT; by VPA was conducted using LiCl, which is a
GSK3[ antagonist unrelated to AR-A014418 (Stambolic et al. 1996). MT; transcripts

were upregulated following LiCl and VPA co-treatments, suggesting that the

inhibition of GSK3f may not interfere with VPA-mediated melatonin receptor
upregulation (Figure 29). The prevention of MT; induction by VPA by AR-A014418
may indicate that there are non-specific side effects of AR-A014418 that are
silencing the influence of VPA on the expression of this gene.

VPA appears to target the transcription factors that positively/negatively
regulate MT: promoter activity. As mentioned previously, under normal biological
circumstances, Pitx1 initiates transcriptional activity of the rat MT: promoter

(Johnston et al. 2003b). The effects of Pitx1 are regulated via its interactions with
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other co-factors, however these transcription factors alone cannot drive MT;
promoter activity (Johnston et al. 2006; Johnston et al. 2007; Johnston et al. 2003b).
Positive regulators of Pitx1-mediated MT; transcription are SF1 and GATAZ, and a
negative regulator is Egrl (Johnston et al. 2003b). VPA decreased expression of
Pitx1, but increased expression of its co-regulators Egrl, SF1 and GATA2 (Figure
24). These results suggest that VPA may also be involved in regulation of
transcriptional activity of the rat MT: promoter by influencing the expression of
these transcription factors. The cumulative changes in Pitx1, Egrl, SF1, and GATA2

(Figures 25 - 28) observed following blockade of the PKC, PI3K/AKT, or GSK3f3

signaling cascades suggest that VPA mediates these effects via multiple signaling
pathways, rather than by a single kinase target.

This study also showed that VPA influences melatonin receptor expression in the
rat striatum and ventral midbrain. VPA upregulated MT; expression, and caused an

upward trend in MT expression in the rat striatum (Figure 30). VPA did not raise
MT; transcript levels in the rat ventral midbrain, but caused an upward trend in MT>
expression in this area (Figure 31).

The implications of VPA-mediated melatonin receptor upregulation were studied
in the rat hippocampus and striatum because robust responses in melatonin

receptor expression to VPA treatments were detected in these brain regions (Niles et

al. 2012; Figure 30). The functional relevance of melatonin receptor upregulation
was addressed using in vivo VPA and melatonin co-treatments. The enhancement of
melatonin receptor expression in the hippocampus (Niles et al. 2012), was matched
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with higher CDNF transcript levels that were greater than those observed following
treatments with VPA or melatonin alone (Table 8). VPA and melatonin co-treatments

were also observed to drive CDNF and MANF expression upwards in the rat striatum
(Tables 8, 9).

VPA treatment alone induced expression of Nrf2 in the striatum, and VPA and
melatonin co-treatments appeared to have a positive effect on Nrf2 expression in

this brain region (Table 6). Based on the view that increases in Nrf2 mRNA levels

correlate with Nrf2-ARE signaling activation (Kansanen et al. 2013; Pan et al. 2013;
Zhang et al. 2012), these results suggest that VPA may also initiate Nrf2-ARE

signaling in the striatum by means of Nrf2 upregulation.

4.2 ROLE OF HDAC INHIBITION IN VPA-MEDIATED MT; UPREGULATION
Early studies investigating the mechanism underlying the upregulation of
melatonin receptor induction by VPA, hinted that an epigenetic mechanism related

to histone acetylation and chromatin remodelling may underlie this interaction
(Castro et al. 2005; Kim et al. 2008). In support of this view, VPM, which is an
aliphatic acid derivative of VPA with no HDAC inhibitory activities (Phiel et al. 2001),
did not replicate the induction of melatonin receptor expression by VPA (Figure 16).

To evaluate the significance of HDAC inhibition in the upregulation of melatonin

receptors by VPA, the effect of various HDAC inhibitors on melatonin receptor

expression were tested in comparison to VPA. HDAC inhibitors are organized
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according to their structural classifications, which include hydroxamic acids,

aromatic acids, benzamides, and cyclic peptides (de Ruijter et al. 2003; Riessland et
al. 2006). VPA is a short-chain fatty acid, which directly inhibits the HDAC enzyme
(Phiel et al. 2001). TSA and SAHA are related hydroxamate HDAC inhibitors (de

Ruijter et al. 2003), and M344 is a benzamide HDAC inhibitor (Riessland et al. 2006).
Distinct mechanisms of intracellular regulation and HDAC inhibition have been
documented for each class of HDAC inhibitor (de Ruijter et al. 2003). The

upregulation of melatonin receptor expression by a diversity of compounds suggests
that this effect is not exclusive to VPA or its general classification of short-chain fatty

acids, but is more broadly associated to compounds with the ability to antagonize
HDAC activity.

Melatonin receptor expression is often diminished in the diseased state, however
the mechanisms driving this depletion are not known (Hardeland et al. 2011).

Accruing evidence proposes a role for dysregulated epigenetic processes, including

imbalances in HAT/HDAC activity, in the pathogenesis of many neurological and
neurodegenerative diseases (Saha and Pahan 2006; Coppedé 2014). This implies

that the reduction in melatonin receptor expression in the diseased state may be a

maladaptive response caused by an imbalance in HAT/HDAC activity associated with
disease progression. Strong evidence is presented in this study to show that the
inhibition of HDAC activity by various HDAC inhibitors enhances MT1 expression by

increasing histone acetylation. Specifically, VPA causes H3 hyperacetylation along
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the length of the MT1 promoter (Figure 19), indicating that chromatin remodelling

induced by VPA facilitates transcription of MTj.

4.3 VPA-MEDIATED EPIGENETIC REGULATION OF GENE EXPRESSION
THROUGH DNA METHYLATION

DNA methylation is an epigenetic process that involves the conversion of
cytosine nucleotides into 5-methylcytosine (Lim and Maher 2010). The cytosine
residues receiving this covalent modification are typically located directly next to a
guanine residue, a conformation known as a CpG island (Lim and Maher 2010).

DNA methylation is catalyzed by the DNA methyltransferase (DNMT) enzyme, in

association with the methyl-CpG-binding protein 2 (MeCP2; Kimura and Shiota
2003). Several CpG islands are located within the promoter regions of many genes,
and function to control their expression. Methylated CpG islands suppress
transcription by restricting transcription factor binding, and by recruiting
transcriptional repressor complexes (Cedar and Bergman 2009).

VPA also exerts an epigenetic influence on gene expression via the regulation of
DNA methylation (Detich et al. 2003). VPA (Reid et al. 2005), and other HDAC

inhibitors (Arzenani et al. 2011), promote the demethylation of promoter regions

by impeding the nuclear dynamics of the DMNT and MeCP2 interaction. Similar to
the results of histone hyperacetylation, DNA hypomethylation is associated with

increased gene expression (Kia et al. 2013). The inhibition of HDAC activity and the
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attenuation of DNA methylation by VPA are not mutually exclusive, but rather are
thought to be in a dynamic correlation, and can impose compounded effects on

gene transcription (Milutinovic et al. 2007).

4.4 INFLUENCE OF VPA ON CHROMATIN STRUCTURE
Conformational changes in chromatin structure induced by covalent

modifications, including acetylation and methylation, influence the access of
regulatory proteins to their target sites (Bannister and Kouzarides 2011). Several
factors are involved in the maintenance of chromatin structure. For example, the
structural maintenance of chromosomes (SMC) family of proteins are required for
the general stabilization of chromosome conformation (Yokomori 2003). More
specifically, heterochromatin protein 1 (HP1) maintains DNA in the heterochromatin
state (Maison and Almouzni 2004). VPA treatments stimulate a conformational
change in chromatin structure, from a highly condensed state to a more loosened
structure (Felisbino et al. 2014). These changes induced by VPA correspond with
decreased expression of proteins which promote heterochromatin stability
(Marchion et al. 2005; Felisbino et al. 2014). It is interesting to note that histone
acetylation is thought to precede the modulation of HP1 and SMC protein expression
by VPA (Marchion et al. 2005). This implies that the conformational changes in

chromatin structure induced by VPA are sustained by its modulation of chromatin
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maintenance proteins, and may be related to the kinetics of downstream

transcriptional events.

4.5 ROLE OF CREB IN MT; INDUCTION BY VPA
The overall loosening of the chromatin structure by VPA exposes the MT;

promoter sequence to a number of regulatory elements, which in turn may affect
expression of MT1. The MT: gene has been highly implicated to be a transcriptional
target of CREB, as its expression was shown to correspond with activation of
cAMP/PKA/CREB signaling (Barrett et al. 1996). The binding of CREB, and its
nuclear adaptor protein, CBP, to the cAMP response element (CRE) sequence
activates CREB-directed transcription. Inhibition of CREB-mediated transcription by

KG501 (Best et al. 2004), did not block MT: induction by VPA, indicating that the

mechanism of MT; induction by VPA does not depend on CREB (Figure 22).

The lack of CREB involvement in this upregulation is further supported by kinase
blockade experiments. The PKC, PI3K/AKT and GSK3[ pathways have distinct
effects on the regulation of CREB activation phosphorylation and downstream
signaling (Mayr and Montminy 2001). PKC (Mao et al. 2007; Martin et al. 2011) and

PI3K/AKT (Du and Montminy 1998) activation correlate with increased CREB

phosphorylation and signaling, whereas GSK3[3 antagonizes CREB (Grimes and Jope
2001). The upregulation of MT; by VPA withstood the inhibition of these pathways

(Figures 34-36), despite the distinct effects of these kinases on CREB (Mayr and
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Montminy 2001), supporting the idea that CREB in not included in the mechanism
underlying melatonin receptor upregulation by VPA.

Nevertheless, VPA was shown to raise CBP mRNA levels, which is an effect which
may be mediated by its influence on intracellular kinase pathways (Figure 21). In
addition to acting as a transcriptional co-activator to CREB, CBP, pairs with p300
proteins to form a structure that has inherent HAT activity (Ogryzko et al. 1996).
The p300/CBP complex acetylates lysine residues from all four histone protein
subtypes (Ogryzko et al. 1996), and is regulated by many signaling molecules,

including melatonin (Pan and Niles 2015). VPA does not have any known effects on

HAT activity to date. Nonetheless, the observed enrichment of CBP levels supports

the epigenetic hypothesis of MT1 induction by this drug, and further suggests that

enhancement of HAT expression and/or activity by VPA may be involved in its

upregulation of MTj.

4.6 ROLE OF MT1-SPECIFIC TRANSCRIPTION FACTORS IN MT: INDUCTION BY
VPA

Although the effect of VPA on Pitx1 expression has not been previously

documented, the modulation of Egrl (Almutawaa et al. 2014; Zhou et al. 2011;
Daigle et al. 2011), SF1 (Chen et al. 2007), and GATA2 (Liu et al. 2010) by VPA have

been reported many times. The data presented in this dissertation indicate that VPA

negatively regulates Pitx]1 mRNA expression, and positively regulates Egr1, SF1 and
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GATAZ mRNA transcript levels (Figure 24). The observed decrease in Pitx1
expression, and corresponding increase in Egrl expression is interesting as Egrl is a
repressor of Pitx1-mediated MT1 promoter activity (Johnston et al. 2003b). Although
these results may represent a compensatory intracellular mechanism initiated to

offset the large induction of MT; transcript levels by VPA, they are in agreement with

other reports of VPA elevating Egrl transcript levels in other paradigms. This effect
appears to be related to the neurogenic and/or immunomodulatory properties of
VPA (Daigle et al. 2011; Almutawaa et al. 2014; Zhou et al. 2011). Nonetheless, the
transcriptional consequences of decreased Pitx1 and increased Egrl levels are
muted, likely due to the effects of VPA on histone acetylation on the MT: promoter.
Consistent with these findings, VPA is also known to increase the mRNA expression
of other genes which can antagonize its histone acetylating effect, including various
HDAC or MeCP2 protein isoforms (Castro et. al, 2005; Kim et. al, 2008). There is a
decrease in the transcriptional effects of VPA on MT1 expression at treatment times
that exceed 24h (Kim et. al, 2008) that could be related to its induction of these
negative regulators. The delay in transcriptional inhibition may be a result of the

rate of mRNA turnover or post-translational processing of these negative regulators.

4.7 ROLE OF PKC AND PI3K/AKT SIGNALING IN MT; INDUCTION BY VPA
Inhibition of the PKC and PI3K/AKT (Figure 23) signaling pathways by BIM1 or

LY294002 respectively, did not block MT: upregulation by VPA. Although PKC

signaling has been reported to antagonize MT: expression (Barrett et al. 1998), the
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blockade of PKC did not strengthen the upregulation of MT; induction by VPA. The

cumulative changes observed following inhibition of intracellular kinases
(specifically, PKC, PI3K/AKT, or GSK3[) suggest that VPA may act via signaling

cascades to regulate the expression, and presumably the availability, of transcription
factors that control MT: promoter activity. For example, the suppression of Pitx1 by

VPA was reversed by inhibition of PKC and PI3K/AKT signaling (Figure 25),

suggesting that the effect of VPA on Pitx1 expression is under the control of these

pathways. In a similar manner, the induction of Egrl, SF1, and GATAZ2 (Figures 26 -

28) by VPA was moderated by PKC, PI3K/AKT, and GSK3f blockades. Thus, while

the PKC and PI3K/AKT pathways do not appear to have a direct role in the
upregulation of MT1 by VPA, the effects of these signaling cascades on transcription

factor modulation suggest that they may regulate the kinetics of MT: transcription,

following chromatin remodelling by VPA.

4.8 ROLE OF GSK3p SIGNALING IN MT+ INDUCTION BY VPA
Inhibition of GSK3f signaling by AR-A014418 blocked the upregulation of MT;

by VPA (Figure 23). Such a prominent role in the induction of MT}, as suggested by
the effects of VPA co-administered with AR-A014418 was surprising. Further

scrutiny of this drug revealed that, in addition to inhibiting GSK3[3 signaling, a non-

specific effect of its administration is H3K9 methylation, which causes epigenetic
silencing of gene expression (Ougolkov et al. 2007). Similar to DNA methylation on

CpG islands, histone methylation suppresses gene expression (Cedar and Bergman
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2009). In support of this view, lysine residues on histones are thought to be

particularly receptive to epigenetic cross-talk resulting from different types of

modifications, such as acetylation and methylation (Bannister and Kouzarides
2011). As this site is the same target for histone acetylation by VPA along the MT;

promoter shown in this study, the complete inhibition of VPA-mediated MT;

induction may be the result of competitive epigenetic modifications mediated by
these drugs along the MT1 promoter.

The involvement of GSK3f signaling in the mechanism underlying MT;
upregulation by VPA was reassessed using lithium, a related psychotherapeutic

agent with several overlapping, and contradictory, mechanisms to that of VPA

(Monti et al. 2009). Lithium was chosen because it is widely known to be a potent
inhibitor of GSK3f signaling (Stambolic et al. 1996; Shastry 1997), with no known
histone methylating capabilities. While lithium does not induce MT; expression, co-
treatment of lithium with VPA raised MT:1 mRNA levels similar to those observed
following VPA treatment alone (Figure 29). The exclusion of GSK3f in the

mechanism driving the transcriptional upregulation of MT; by VPA is further

supported by the effects observed following treatment with VPM, which unlike VPA,

does not affect GSK3f signaling (Phiel et al. 2001). As such, GSK3f signaling does not

appear to be involved in the regulation of melatonin receptor expression by VPA.
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4.9 PROPOSED MECHANISM OF TRANSCRIPTIONAL INDUCTION OF MT: BY VPA
The proposed mechanism of MT; induction by VPA is illustrated in Figure 32.

Evidence from this study suggests that an epigenetic mechanism, specifically that of

promoter histone acetylation mediated by HDAC inhibition, underlies the
transcriptional activation of the melatonin receptor gene by VPA. This is supported

by the observation that structurally diverse drugs that parallel the acetylation of

histones by VPA also induce MT;, and those that prevent histone acetylation hinder

this induction. VPA is also involved in several aspects of chromatin dynamics,
including the promotion and stabilization of the euchromatin state (Marchion et al.
2005). Chromatin decondensation surrounding the MT: promoter region allows
transcription factors and transcriptional machinery to access regulatory sequences
along the MT1 promoter to initiate transcription of the gene. Results from this study

indicate that VPA influences the expression of MT; promoter-associated

transcription factors via several signaling cascades, including the PKC and PI3K/AKT
pathways. While the effects of VPA on these transcription factors do not appear to be
sufficient to drive MT; expression alone, the ability of VPA to prevent

heterochromatin formation following histone acetylation (Marchion et al. 2005),

suggests that VPA may have a role in the transcriptional kinetics of MT1.
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Figure 32: Proposed mechanism of MT: induction by VPA.

VPA activates MT; transcription by causing chromatin remodelling, mediated by
HDAC inhibition and MT; promoter hyperacetylation. VPA also acts via intracellular
kinases to regulate the expression of transcription factors that control activity of the
MT; promoter, proposing a role for this drug in the transcriptional kinetics of MT;.

The ability of VPA to maintain chromatin structure in the transcriptionally active

state further supports this notion.
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4.10 INDUCTION OF MELATONIN RECEPTOR EXPRESSION IN THE RAT
STRIATUM AND VENTRAL MIDBRAIN BY VPA

MT; and MT; are differentially regulated, and exhibit a wide distribution in the
mammalian CNS (Lacoste et al. 2015). In the adult rat brain, both melatonin receptor

isoforms are present in the ventral midbrain, however the MT; subtype is relatively

enriched in the substantia nigra pars compacta, and MT> in the substantia nigra pars
reticulata (Lacoste et al. 2015). In the striatum, both isoforms are detected in the
nucleus accumbens, caudate nucleus and the putamen, though to a much lesser
extent than that of the ventral midbrain (Lacoste et al. 2015). Therapeutic dosages of

VPA chronically administered caused an upward trend in MT; expression, and a

robust upregulation of the MT> subtype in the rat striatum (Figure 30). An upward
trend in MT; expression was also detected in the ventral midbrain (Figure 31).

Melatonin receptors are expressed diurnally, and are regulated by a number of

environmental and physiological factors, including photoperiodicity and circulating

levels of melatonin (Gauer et al. 1994; Masana et al. 2000). Given the robust effects
of VPA on melatonin receptor induction in other paradigms (Castro et al. 2005; Kim
et al. 2008; Jawed et al. 2007; Niles et al. 2012), the lack of significance of VPA on
MTj, or MT1 and MT; induction in the striatum and ventral midbrain respectively,
may be related to the daily fluctuations in receptor expression.

Melatonin has been shown to exert protective effects on the nigrostriatal

pathway in various rodent models of Parkinson’s disease. For example, melatonin
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attenuates dopaminergic cell loss (Capitelli et al. 2008; Carriere et al. 2015; Ma et al.
2009), and restores motor function deficits associated with the disease (Carriere et
al. 2015; Capitelli et al. 2008). Although it is possible that neuroprotection by

melatonin in the striatum and ventral midbrain may be carried out independently of

its receptors, it is interesting to note that VPA was also demonstrated to exert

neuroprotective effects in these brain areas (Carriere et al. 2014). As melatonin

receptors are depleted in the Parkinson’s disease brain (Adi et al. 2010), evidence

that VPA induces melatonin receptor expression in the striatum and/or ventral

midbrain might be useful for the enhancement of melatonergic signaling, which

could be beneficial in the treatment of Parkinson’s disease.

4.11 IN VIVO EFFECTS OF VPA-MEDIATED MELATONIN RECEPTOR
UPREGULATION
Two major factors which contribute to neuronal degeneration in various CNS

disorders are inefficient oxidative stress responses, and the lack of trophic support
(Mytilineou et al. 2002). The CNS is more vulnerable to damage from oxidative

stress than other areas of the body because of its large composition of lipids, high

demands for oxidative metabolism and relatedly, production of toxic metabolites
(Wang and Michaelis 2010). Areas most predisposed to oxidative damage may have
a higher production of harmful by-products, and/or inefficient antioxidant

responses (Candelario-Jalil et al. 2001; Vandresen-Filho et al. 2015). Similarly,
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neurotrophic support is essential for the survival and maintenance of the
mammalian nervous system (Barbacid 1995). The Nrf2/ARE signaling pathway, and
CDNF/MANF expression were used in this study to assess the functional effects of
melatonin receptor upregulation in the CNS.

In the hippocampus, co-administration of VPA and melatonin did not appear to
activate Nrf2/ARE signaling. In the striatum, VPA treatment alone increased Nrf2
expression (Table 6), suggesting that VPA can act independently of melatonin to
induce the Nrf2/ARE pathway. The observation that VPA and melatonin

combination treatments have a positive influence on Nrf2 expression lends support

to the hypothesis that melatonin acts via its receptors to activate Nrf2 /ARE signaling
(Shin et al. 2015; O’Neal-Moffitt et al. 2015), and therefore, that increased melatonin
receptor expression by VPA may be beneficial in augmenting melatonergic signaling.

The induction of Nrf2 transcripts by VPA is important, as Nrf2 is protective in the

CNS: deficiencies in Nrf2 expression exacerbate dopaminergic degeneration in the

striatum (Granado et al. 2011), whereas neuronal damage can be prevented by Nrf2

overexpression (Calkins et al. 2005; Shih et al. 2005).
VPA was previously shown to increase expression of CDNF and MANF in

cultured neural stem cells (Almutawaa et al. 2014), as well as in both the rat
hippocampus and the striatum (Niles et al. 2012), however the effects of melatonin

on the expression of these neurotrophic factors was not known. Co-administration of

VPA and melatonin were observed to drive hippocampal and striatal CDNF
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expression higher than that observed for either drug alone (Table 8). A similar effect
was also detected in MANF expression in the striatum (Table 9). CDNF and MANF
are widely expressed in the CNS, and are thought to be especially relevant for the
protection of dopaminergic neurons (Lindholm et al. 2008; Lindholm and Saarma
2010). CDNF and MANF have shown potential in attenuating CNS damage in several
rodent models of Parkinson’s disease (Lindholm et al. 2007; Voutilainen et al. 2009;

Voutilainen et al. 2011; Airavaara et al. 2012). The neurorestorative effects of CDNF

and MANF are thought to be mediated by the regulation of endoplasmic reticulum

stress and clearance of protein aggregates that promote disease progression
(Voutilainen et al. 2015). Although the molecular structures of these neurotrophic
factors suggest that they are regulated in a similar manner (Norisada et al. 2016),
differential regulation patterns of CONF and MANF expression by VPA and melatonin
were presented in this study. The differences may be a reflection of the
complementarity of their effects on the protection of dopaminergic neurons, and

repair of motor dysfunction (Cordero-Llana et al. 2015).

4.12 PHYSIOLOGICAL AND CLINICAL RELEVANCE OF VPA-MEDIATED
MELATONIN RECEPTOR OVEREXPRESSION

The effects of melatonin receptor overexpression have been demonstrated using

several in vitro models of glutamate toxicity. Melatonin treatments in cultured

embryonic rat VSC4.1 motor neurons transfected with MT; and MT> were found to
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have a large increase in cell survival markers, and a concurrent suppression in
apoptotic and inflammatory markers (Das et al. 2013). Melatonin treatments alone
could not replicate these findings, highlighting the importance of receptor density in
the neuroprotective effects of this hormone (Das et al. 2013). The protective effects
of melatonin receptor overexpression have also been explored in the periphery. In

human MCF-7 breast cancer cells, MT1-transfected cells treated with melatonin were

found to have a greater antiproliferative effect than treatment with melatonin alone
(Gonzalez et al. 2007; Yuan et al. 2002).

A limitation to these studies is the means by which melatonin receptor
overexpression is achieved. Gene therapy is a challenging approach, and may not be
a clinically suitable treatment option for a large number of patients (Gonin et al

2005). VPA-mediated melatonin receptor upregulation might be a way to bypass

these challenges, while achieving comparable therapeutic benefits. In support of this

view, a similar study assessing the effects of VPA and melatonin on MCF-7 cell

proliferation showed that VPA and melatonin treatments have a combined
antiproliferative effect, which surpasses that of either drug alone (Jawed et al. 2007).
The collective protective effect is thought to be related to the increase in melatonin
receptor density induced by VPA in these cells (Jawed et al. 2007).

The epigenetic reprogramming of gene expression by VPA to regain
transcriptional control of the melatonin receptor gene can be a therapeutic strategy

used to offset imbalances in receptor expression, and relatedly, melatonergic
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signaling. To illustrate, melatonin receptor expression is depleted in the

hippocampus of Alzheimer’s patients (Savaskan et al. 2005). VPA causes an
upregulation of melatonin receptor expression in the hippocampal CA1, CA2, CA3,
and dentate gyrus, which are regions important in the regulation of cognitive
function and neuronal proliferation (Bahna et al 2014). The amelioration of
melatonin receptor expression, and relatedly, melatonergic signaling, alleviates
memory impairments in aged animals (Liu et al. 2013), and attenuates several
pathologies which promote neurodegeneration in Alzheimer’s disease (Lin et al
2013). Melatonin acts via its receptors to augment adult hippocampal neurogenesis
(Chern et al. 2012). As this is thought to be sufficient to improve cognitive function
(Sahay et al. 2011), the upregulation of melatonin receptor expression by VPA has
several therapeutic implications for the management of Alzheimer’s disease, as well

as other neurodegenerative conditions.

4.13 STUDY LIMITATIONS

1. RAT C6 GLIOMA CELLS AS A MODEL OF VPA-MEDIATED MT,

UPREGULATION: The rat C6 glioma cell line was chosen for this study because of its

ability to reliably model VPA-mediated MT1 upregulation. While the use of C6 cells is

convenient for the mechanistic screening of this interaction, the dynamics of in vivo

transcriptional regulation are too complex to precisely replicate in a homogeneous
glial cell culture. It is difficult to determine whether the controlled environment

created in the cell culture dish discounts unknown factors involved in MT:
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upregulation by VPA, which may influence the overall interpretation of the results.

Moreover, the MT; subtype is not consistently detected in C6 cells. As MT; and MT

are differentially regulated (Lacoste et al. 2015), it is important that the interactions

regulating melatonin receptor expression by VPA proposed in this study are

confirmed for both melatonin receptor isoforms in an in vivo model.

2. PROTEIN ANALYSIS OF MT; EXPRESSION: Although mRNA analysis gives

insight into the molecular regulation of MT; induction by VPA, mRNA levels do not
always correlate with protein levels (Vogel and Marcotte 2012). While previous
studies have confirmed the dose-dependent induction of MT; protein expression by

VPA (Castro et al. 2005; Jawed et al. 2007), the supplier for the antibodies used in
these studies is no longer in service. Several attempts were made with MT;
antibodies from other suppliers, however none were successful. As such, all MT;

protein analysis was excluded from this study.

3. DOSAGES OF VPA AND MELATONIN ADMINISTERED IN COMBINATION: A

combination of two drugs can create a mixture that behaves like a new drug all
together (Foucquier and Guedj 2015). As such, a true combination study should take
into consideration the additional effects not seen by either drug alone. The dosages
for VPA and melatonin administered were chosen based on previous reports of these

drugs promoting neuroprotective effects individually (Niles et al. 2012; Carriere et
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al. 2015). Using dosages known to exert neuroprotection creates a situation where it
is difficult to separate the effects mediated by melatonin receptor upregulation, from
other general effects of each drug. Various concentrations of each drug should be
combined incrementally to determine the optimal dosages for administration in
combination. Ideally, the combination dosages would allow the melatonin receptor
to be upregulated, and would minimize other nonspecific effects associated with

increased drug concentrations.

4. BASAL LEVELS OF ANTIOXIDANT GENE EXPRESSION: Nrf2-ARE signaling is

an inducible antioxidant response, implying that an oxidative stress challenge should
be conducted in order to initiate this pathway. The same animals used in the
combination study were also used to measure neurotrophic factor modulation by
VPA and melatonin co-treatments. As neurotrophic factors are responsive to various
insults and injuries in the brain, we chose not to challenge the animals and measure

basal levels of Nrf2-ARE signaling in response to VPA and melatonin.

4.14 CONCLUSIONS

This dissertation shows that the G-protein coupled melatonin MT; receptor is
epigenetically regulated by the psychotherapeutic reagent, VPA. The findings of this
study are consistent with earlier work suggesting that an epigenetic mechanism

might underlie the induction of MT1 by VPA (Kim et al. 2008). The results presented
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in this study demonstrate that in addition to VPA, the HDAC inhibitors SAHA and
M344 also induce melatonin MT; expression in rat C6 glioma cells. This effect could
not be replicated using VPM, a VPA analogue that lacks HDAC inhibitory activity,
emphasizing the importance of HDAC inhibition in this process. The epigenetic

mechanism underlying the upregulation of MT; by VPA is proposed to proceed via
increased acetylation of histone proteins localized on the MT; promoter by this drug.
Inhibition of several intracellular signaling pathways did not prevent VPA-

mediated MT; upregulation, proposing that HDAC inhibition and promoter histone
acetylation are a primary mechanism driving this interaction. Interestingly, blockade
of GSK3p signaling by the histone-methylating reagent, AR-A014418, blocked MT;

induction by VPA, while LiCl, a GSK3[ antagonist that is not known to affect this
epigenetic modification, did not. These findings further support the hypothesis that

an epigenetic mechanism underlies the upregulation of MT; by VPA.

GPCRs act as molecular sensors that convert extracellular stimuli into
intracellular responses. The expression of melatonin receptors, as well as other
GPCRs, is often depleted in the aged and/or diseased state (Hardeland et al. 2011;
Dogra et al. 2016). Although the mechanisms driving these depletions are not yet

characterized, increasing evidence suggests that epigenetic processes influence the

development of several CNS diseases (Saha and Pahan 2006; Coppede 2014), which
may also involve aberrant GPCR expression (Dogra et al. 2016). VPA has been shown

to upregulate the expression of other GPCRs in addition to the melatonin receptors

(Franko-Tobin et al. 2012), however the mechanism by which these interactions
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occur are also not known. Evidence that melatonin receptor expression can be

epigenetically controlled by VPA broadens our understanding of the regulation of

the melatonin receptor, and provides insight into the regulation of other GPCRs by
VPA. The finding that VPA modulates melatonin receptor expression by inducing
promoter histone hyperacetylation has implications for future epigenetic therapies

aimed at remedying abnormal GPCR expression associated with aging or disease.

4.15 FUTURE DIRECTIONS

Epigenetic changes targeting histones are typically detected using specific
antibodies and chromatin immunoprecipitation. As histones are able to carry more

than one covalent modification at a time (Bannister and Kouzarides 2011), it is

important to consider other techniques that are more sensitive to multiple histone
modifications, to understand their relevance to epigenetic gene regulation.
Furthermore, in this study, the regulation of transcription factors by VPA is
proposed to influence the rate of MT; transcription. Evidence that the MT; promoter-
specific transcription factors are targeted by VPA, provides the groundwork for new
research addressing the transcriptional kinetics of MT1 by this drug. In addition to

examining the effects of VPA on the translational states of Pitx1, Egrl, SF1, and

GATAZ, electrophoretic mobile shift assays, as well as MT1-promoter activity assays

should be conducted to gain a better understanding of this interaction.
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While melatonin receptor regulation studies have focused almost exclusively on
the MT1 isoform, MT1 and MT: are differentially expressed (Lacoste et al. 2015). This
indicates that these isoforms may also be subject to different regulatory
mechanisms. As we have shown that VPA also induces MT; expression in the rat
brain, the effects of VPA on the MT; promoter should also be examined to determine
whether an epigenetic mechanism also underlies that induction.

Finally, data is presented to show that chronic VPA and melatonin combination

treatments may augment melatonergic signaling, via VPA-mediated melatonin
receptor upregulation. The effects of VPA and melatonin combination treatments

should be re-examined in a neurodegenerative disease model, in order to determine

whether these drugs can be therapeutically beneficial in conditions where melatonin

receptor expression levels are significantly depleted.
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