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ABSTRACT

Bipolar disorder (BD) is a chronic mood disorder affecting ~1-2% of the global
population, characterized by cycling moods of mania and depression. The exact
pathogenesis of BD is unknown; however, it has been established that endoplasmic
reticulum (ER) stress plays an important role. It is known that BD patients have abnormal
activity and expression of ER stress proteins in several brain regions. There exists a need
for a definitive diagnostic test for the early detection of BD as it is often misdiagnosed for
other conditions including unipolar depression and schizophrenia. Understanding the
underlying mechanisms and therapeutic targets being used by BD treatments will be helpful
in establishing a diagnostic test. The current gold standard for BD treatment includes
Lithium (LiCl) prescription, along with other mood stabilizers such as Valproic acid (VPA)
and antipsychotics such as Olanzapine. Current therapies only relieve symptoms and are
unable to stop disease progression. Neurotrophic factors (NTFs) are naturally occurring
proteins that are responsible for the maintenance, differentiation, and survival of neurons.
Cerebral dopamine NTF (CDNF) and Mesencephalic astrocyte-derived NTF (MANF)
belong to a novel class of NTFs specific to dopaminergic neurons. This study investigated
the role of CDNF and MANF as therapeutic targets for bipolar disorder in SH-SY5Y cells
and Sprague Dawley rats, as well as determining the endogenous mRNA levels of CDNF
and MANF in BD patients. We demonstrated that common BD mood stabilizers — LiCl and
VPA - significantly increased the mRNA expression of MANF and CDNF in vitro.
Additionally, we also established that these mood stabilizers alter the NTFs expression in

different rat brain regions including pre-frontal cortex (PFC) and cortex. These findings
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suggest that BD drug treatments potentially act via NTFs in order to relieve symptoms.
Thus it highlights the importance of further investigating the interaction between

neurotrophic factors and bipolar disorder.
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Introduction to Neurotrophic Factors and Bipolar Disorder
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1.1 Overview of Neurotrophic Factors: CDNF and MANF

Neurotrophic factors (NTFs) are secreted proteins that are important in the
development, differentiation and survival of neurons (Lindholm & Saarma, 2010). NTFs
are specific to the subset of neurons that they affect. Mesencephalic astrocyte-derived
neurotrophic factor (MANF) and cerebral dopamine neurotrophic factor (CDNF) are two
NTFs which display neuroprotective properties for dopaminergic (DAergic) neurons
(Lindholm & Saarma, 2010). MANF and CDNF are conserved between different species
from C. elegans to humans (Figures 1 and 2), and they are structurally different than
members of the other families of NTFs (Lindholm et al., 2008; Palgi et al., 2009). CDNF
and MANF have been demonstrated to be essential for the development of DAergic neurons
in studies conducted in vivo with drosophila and zebrafish (Chen et al., 2012; Palgi et al.,
2012). Along with being extracellularly secreted as a trophic factor, both MANF and CDNF
mainly localize in the endoplasmic reticulum (ER), making them functionally distinct from

the classical, target-derived secreted NTFs (Apostolou et al., 2008).
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signal peptide 111111111111111111317111111111711111111111

nouse MWATRGLAVALALSVLPD-SR ISYLGRFYQDLKDRDVTFSPAT 60
rat MWATRGLAVALALSVLPD-S ISYLGRFYQDLKDRDVTFSPAT 60
human MWATQGLAVALALSVLPG-SR ISYLGRFYQDLKDRDVTFSPAT 60
bovine MWATHGLAVALALSVLPA-SR CISYLGREFYQDLKDRDVTFSPAS 60
pig MWF THGLAVALALSVLPA-SR ISYLGRFYQDLKDRDVTFSPAS 60
Drosophila |MKTWYMVVVIGFLATLAQTS CVKTVRRFADSLDDS-TKKDYKQ 60
nematode --MSRLVLLISLVIVVAS-—~ P- KKVLDDVMAKVPAGDKSKP- 54
* w
2222222222222222222222222222222222222222222222222222222222222
mouse D. K PL EKL . E 120
rat TD: K PL RKI ; NICE 120
human D KPL EF K| ICE 120
bovine K PL B | KKL 2 120
pig T D! K PL KDSQICE 120
Drosophila EE DL EKLKKEDAQIC 120
nematode PESAT SIM K PL EKLKGEDAQICE 115
* *
mouse K SCAE APKAASARTDL 179
rat ' VDLKK] CKGCAER PKAASART 179
human ; DLKFK CKGCAEF APKAASAPTDL 179
bovine [ LKE CKGCAEF APKAASSRT 179
pig D DLKK C-GCAEF ~-YAPKAASSRT 177
Drosophila [ DLKE CDGCLEF §------RSEL 173
nematode ' DLKKMR CKGCTERAE 168

Figure 1. BLAST sequence alignment of MANF.

Seven aligned MANF sequences of mouse, rat, human, bovine, pig, Drosophila, and
nematode. The underlined sequences represent the amino acid residues of rat MANF. The
shaded regions represent amino acid residues that are identical in all seven proteins.
Asterisks represent the eight conserved cysteine residues among all seven proteins. The
numbers (1 or 2) above the alignments represent domains 1 and 2 of the MANF proteins.

(Image adapted from Petrova et al., 2003).
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1.1.1 Structure

Petrova and colleagues first discovered the novel secreted human protein called
MANTF in 2003, and it was originally known as arginine-rich, mutated in early stage tumors
(ARMET). Human MANF is a 20 kDa protein, composed of 179 amino acids including a
21 amino acids signal peptide which directs it to the ER (Figure 3) (Mizobuchi et al., 2007).
Upon cleavage of the signal peptide, the mature form of human MANF is formed which is
158 amino acids, located on chromosome 3 (Petrova et al., 2003). The mature MANF
protein contains two domains of 39 and 109 amino acids (Figure 3), along with eight
cysteine residues which are conserved from C. elegans to humans (Figure 1) (Petrova et
al., 2003). The N-terminal of MANF protein is responsible for mediating neurotrophic
functions specific to dopaminergic neurons (Lindholm and Saarma, 2010). The secondary
structure of MANF is composed mainly of alpha-helices and random coils which make up
84% of the structure (Petrova et al., 2003). MANF’s C-terminal domain consists of three
alpha-helices (a6, a7, a8), where helices a7 and a8 form a helix-loop-helix DNA binding
motif (Figure 4) (Hellman et al., 2011). Similarly, the C-terminal domain of CDNF consists
of two alpha-helices (a6 and a7), and their structure is similar to MANF’s C-terminal
domain (Figure 5) (Latge et al., 2015). In mature human MANF, helices a7 and a8 are
linked by a cysteine bridge which is an important functional motif located in a CXXC
motif'’”’CKGC"° (Figures 3 and 4). This cysteine bridge plays an essential role in the
intracellular survival-promoting activity of MANF (Matlik et al., 2015). In mature human

CDNF, the corresponding location is motif *>’CRAC'" (Hellman et al., 2011).
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D._melanogaster MANF
C._elegans_Y54G2A.23

Zebrafish MANF

Zebrafish_ CDNF

—— Mouse_CDNF
Human_CDNF
Rhesus_monkey_CDNF
— —— Rat_CDNF
Rat_MANF
Mouse_ MANF

Human_MANF
Rhesus_monkey_ MANF

0.3

Figure 2. Phylogenetic Tree for CDNF and MANF in different species.
This phylogenetic tree shows the inferred evolutionary relationships between MANF and
CDNF genes in various species. This tree was created using the free online phylogeny

software, TreeDyn, by LIRMM (Dereeper et al., 2008).
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CDNEF (also referred to as ARMETLI1) is a vertebrate specific paralog of MANF,
first discovered by Lindholm and colleagues in 2007. Both MANF and CDNF are
structurally and functionally unique, such that they lack the pro-sequence required by other
classical NTFs for enzymatic activation. Additionally, unlike the mature glial family of
ligands (GFLs) which contain seven cysteine residues, both MANF and CDNF contain
eight conserved cysteine residues, and their spacing is conserved from vertebrates to
invertebrates (Airaksinen and Saarma, 2002, Lindholm et al., 2007; Petrova et al., 2003).
These eight cysteine residues form four di-sulphide bridges in the CDNF/MANF family of
proteins (Hoseki et al., 2010; Lindholm et al., 2008, 2007; Parkash et al., 2009). CDNF
contains a 26 amino acids long signal peptide in the N-terminal, which directs CDNF to the
ER, and upon its cleavage, the mature protein is formed (Figure 3) (Lindholm et al., 2007,
Petrova et al., 2003).

The mature human CDNF protein consists of 161 amino acids, and it is identical to
human MANF with a 61% amino acid identity, and it has 46% similarity with C. elegans
MANTF protein (Latge et al., 2015, Lindholm and Saarma, 2010). Comparatively, human
MANTF has a 50% amino acid identity with C. elegans MANF protein. Together, CDNF
and MANF form a novel evolutionary conserved protein family displaying neurotrophic
activities. Vertebrates contain both CDNF and MANF genes, whereas invertebrates such
as C. elegans and D. melanogaster contain a single gene more closely resembling MANF
than CDNF (Figure 2) (Lindholm et al., 2007 and Palgi et al., 2009).

Similar to MANF, CDNF consists of two well-folded domains which are linked by

a loop with intermediate flexibility (Figure S). These domains consist of amino acid
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residues 10 — 100, and residues 111-157 (Latge et al., 2015). The N-terminus of the CDNF
protein (residues 9 — 107) contains two surface patches which embrace active site due to
their increased conformational dynamics (Latge et al., 2015). Both MANF and CDNF have
homologous N-terminal domains which are composed of 5 a-helices, and a 3;¢ helix
(Figures 4 and 5). Additionally, the C-terminal of both MANF and CDNF contains two
conserved active sites which corresponds to their intracellular mode of action (Latge et al.,
2015). However, in comparison to MANF’s well-folded C-terminal, the C-terminus of

CDNTF is intrinsically disordered.

ER retention
e | ~
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Figure 3. Schematic representation of human MANF & CDNF proteins’ primary
structure.

The blue areas represent the saposin-like domains, followed by the SAP-like domain in
orange. The eight conserved cysteine residues are marked with yellow bars, and numbered
according to the sequence of the mature protein. The black connecting lines represent the
di-sulphide bridges according to Parkash et al., 2009. H.s.- Homo sapiens. (Image adapted

from Lindahl et al., 2017).
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SAP-like

Saposin-like o.__domain

domain

Figure 4. NMR solution structure of human MANF.

The image displays the saposin-like N-terminal domain (residues 1-95), and the SAP-like
C-terminal domain (residues 96-158). The linker region is indicated in green with
numbered residues from 96-103. CXXC motif and ER-retention signal are also indicated.

N- amino-terminus, C- carboxy-terminus. (Image adapted from Lindahl et al., 2017).
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Figure 5. NMR solution structure of human CDNF.

(A) Represents the N-terminal domain structure as a result of superposition of 10
conformers on residues 10 — 100. (B) Represents the C-terminal domain structure as a result
of superposition of 10 conformers on residues 110 — 150. Seven conserved a-helices are
labelled in images A and B. (C) Shows the representative conformer of the three-
dimensional structure of full-length CDNF. The colour change from blue to red in this
image corresponds with a change in sequence from the N-terminus to the C-terminus. The

N and C terminal are also labelled in the image. (Image adapted from Latge et al., 2015).
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1.1.2 Function

Previous studies have established the neuroprotective and neurorestorative effects
of CDNF in the functioning of DAergic neurons (Lindholm et al., 2007). MANF also plays
a protective role in cerebellar Purkinje cell degeneration (Yang et al., 2014). In addition to
their neuroprotective roles, MANF and CDNF also play important roles in the endoplasmic
reticulum as they both contain a C-terminal sequence which is similar to the ER retention
signal, allowing them to be partially retained in the ER (Apostolou et al., 2008 and Raykhel
etal., 2007). The therapeutic mechanism of CDNF has been suggested to prevent ER stress-
related damage in in vitro models (Cheng et al., 2013). Similarly, MANF has also been
established as an ER stress response protein in animal studies (Tadimalla et al., 2008).
MANTF appears to have transcriptional regulation similar to that of GRP78 and GRP9Y4,
which are both heat shock proteins found in the ER (Tadimalla et al., 2008).

The structure of MANTF protein corresponds to its bi-functional properties, such that
the N-terminal domain is responsible for mediating the neurotrophic functions, and the C-
terminal domain mediates the ER functions (Hellman et al., 2011; Henderson et al., 2013;
Parkash et al., 2009). The ER-retention signals in the C-terminal domains allow CDNF and
MANTF to localize in the ER and thus potentially play a role in maintenance of ER
homeostasis (Apostolou et al., 2008). MANF is especially highly expressed in secretory
tissues with high ER protein folding load (Lindahl et al., 2017). Studies show evidence that
MANF knockdown in cultured cells results in the activation of the unfolded protein
response (UPR), suggesting an important role of MANF in ER protein homeostasis

(Apostolou et al., 2008). Similarly, MANF knockout in mice and fruitflies displayed similar

10
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results, supporting the role of MANF protein in maintenance of ER stress response
pathways (Lindahl et al., 2014, Palgi et al., 2012). Despite MANF’s two domains being
responsible for different activities, it is the full length MANF protein which is required for
the biological effect. In a study conducted by Lindstrém and colleagues, it was observed
that only mature full-length MANF was able to rescue larval lethality in Drosophila
(Lindstrém et al., 2013). Additionally, despite having structural and functional similarities,
CDNF and MANF perform several different actions such that unlike MANF, CDNF was
unable to rescue the lethal phenotype in the mutants (Lindstrom et al., 2013). Similarly, the
overexpression of MANF and CDNF in the substantia nigra of a rat model of Parkinson’s
disease (PD) had synergistic effects, suggesting that these proteins may act via different
mechanisms (Cordero-Llana et al., 2015).

The C-terminal domain of MANF is closely similar in structure to the SAP domain
of Ku70 (Ku antigen p70 subunit) protein (Hellman et al., 2011). Ku70 prevents apoptosis
by keeping the cytoplasmic pro-apoptotic BCL2 associated X (BAX) protein inactive
(Sawada et al., 2003). Thus, it is hypothesized that MANF displays its anti-apoptotic
activity by interacting with the BAX protein. Upon microinjection of MANF
complementary DNA (cDNA) or its C-terminal domain into nuclei of mouse superior
cervical ganglion (SCG) neurons, it was found to protect them against BAX-mediated
apoptosis (Hellman et al., 2011). However, it was interesting to observe that addition of
MANTF directly to the culture medium did not have survival promoting effects on SCG
neurons (Hellman et al., 2011). Additionally, CDNF displays similar neuroprotective

properties as MANF, by inhibiting BAX-dependent apoptosis in PC12 cells, as well as by

11
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modulating the activation of caspase-3 (Mei and Niu, 2014). Additionally, CDNF also
displayed neuroprotective and restorative properties for primary cultures of DAergic
neurons and cultures of differentiated neuron 2a (N2a) cells, against o-synuclein
oligomers-induced toxicity (Latge et al., 2015). Thus, it is important to determine the
mechanism by which MANF and CDNF displays their neuroprotective activities, as well

as determine compounds which may increase the levels of these neurotrophic factors.

1.2 Bipolar Disorder

1.2.1 Prevalence and Symptomology

Neuropsychiatry is a branch of medicine that deals with mental disorders
attributable to diseases of the nervous system. Bipolar disorder is a chronic mood disorder
affecting approximately 1% of the population, characterized by cycling episodes of mania
and depression (Hayashi et al., 2009). It is a serious, recurrent psychiatric illness which
causes unusual shifts in individual’s mood, energy, and increased impulsivity, and risky
behavior (Hirschfeld et al., 2003). These include higher probability of alcohol abuse,
sexual indiscretion, and excessive spending, among others. Consequently, this results in
increased prevalence of suicide, homicide, accidents, and death from natural causes (Keck
et al., 2003, Dilsaver et al., 1994, Strakowski et al., 1996, Osby et al., 2001). Due to the
severe changes in moods, there exists a burden on individuals’ lifestyle with respect to
financial insecurity, as well as physical and emotional strain in relationships with family

and friends. Additionally, according to the national institute of mental health (NIMH),
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patients with bipolar disorder are also at a higher risk for thyroid disease, migraine

headaches, heart disease, diabetes, obesity, and other physical illnesses.

Currently, BD is diagnosed based on self-reporting and behavioural observations
(Frey et al. 2013). This method often leads physicians to misdiagnose patients that only
seek treatment for their depressive symptoms (Singh & Rajput, 2006). Thus, a biological
marker will prove to be a vital tool in the diagnosis of this illness. These markers are
measurements of biological processes, disease states or responses to treatment (Frey et
al., 2013). Biological markers can improve the accuracy of diagnosis and allow for the
assessment of disease progression. A biological target of interest contributing to the

pathophysiology of BD is the altered expression of neurotrophic factors.

1.2.3 Implications of Neurotrophic Factors in Bipolar Disorder

Neurotrophins are fragile, hydrophilic molecules that have a very short in vivo half
life upon administration (<2min). They can not be manually administered as a method of
treatment due to their poor ability to cross the blood-brain-barrier (BBB) (Zuccato et al.,
2009). There exists a need to design recombinant carrier proteins that will administer these
NTFs across the BBB in a receptor-mediated delivery. Alternatively, drug treatments which
increase the levels of these important NTFs can act as an easier and more efficient method
of neuroprotection in neurodegenerative and neuropsychiatric disorders. There exists an
urgent need to explore these areas of research in order to find a potential therapeutic
treatment. Neuronal cell death can occur due to a deficiency of neurotrophins, as well as

oxidative stress, DNA damage, and altered gene expression among other factors (Autry et
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al., 2012; Zuccato et al., 2009; Nagahara et al., 2011). Currently, most of the therapeutic
treatments for neuropsychiatric diseases focus on ameliorating disease symptoms and
slowing down its progression, rather than targeting the original neuronal cell loss. Thus, it
is important to determine mechanisms that underlie these disorders in order to prevent
neuronal death, and rescue diseased neurons by activating neuroprotective and
neurogenesis pathways (Aron et al., 2011).

The lack of sufficient NTFs leads to neuronal death, also referred to as apoptosis,
due to the inability to survive and maintain synaptic contacts with their target tissue
(Lindholm & Saarma, 2010). One of the primary goals of NTFs research is to be able to
administer them to patients in a safe and targeted manner, in order to prevent the
degeneration of DAergic neurons (Sullivan & Toulouse, 2011).

The dopaminergic system has been implicated in BD pathophysiology, based on
imaging and pharmacological studies, making NTFs affecting the DAergic neurons a key
area of research (Cousins et al, 2009). Additionally, studies have demonstrated that
individuals with bipolar disorder (BD) have an impaired ER stress response (Hayashi et al.,
2009). As mentioned earlier, CDNF has been shown to protect against endoplasmic
reticulum stress-induced apoptosis (Cheng et al., 2013). Thus, CDNF and MANF could
potentially act as therapeutic targets, and increasing the levels of these NTFs could help
alleviate BD symptoms by regulating the ER stress response. However, currently there are
no studies examining CDNF expression in an in vitro model of SH-SY5Y cells. SH-SYSY
cells are a human neuroblastoma cell-line that possesses characteristics of DAergic neurons

upon differentiation, and thus, the SH-SY5Y cell-line is being proposed as an in vitro model
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for this study. The results from this study regarding MANF and CDNF’s therapeutic
abilities can also be applicable for other disorders involving the degeneration of DAergic

neurons, such as Parkinson’s disease.

1.2.4 Bipolar Disorder Treatments

Currently, lithium is the most commonly used therapeutic agent for BD, and
anticonvulsants such as valproic acid, carbamazepine, and lamotrigine are also effective in
treating BD symptoms (Goodwin, 2003). There is also evidence that antipsychotics such
as, olanzapine, risperidone, and haloperidol are better at treating manic episodes than
anticonvulsants and lithium (Geddes and Miklowitz, 2013). Thus, antipsychotic agents can
be useful when treating short-term clinical symptoms. However, lithium remains as the
dominant treatment due to strongest evidence for long-term relapse prevention (Geddes and
Miklowitz, 2013). In majority of cases, patients are prescribed a combination of several
different mood stabilizers, antipsychotics, and anti-depressants to treat both manic and
depressive episodes. In one study, the combined treatment with olanzapine and fluoxetine,
an anti depressant, increased improvement of symptoms when compared to treatment with
olanzapine alone (Tohen et al., 2003). Similarly, the combination of lithium and VPA
treatment proved to be more effective in treating symptoms than treatment with VPA alone
(Geddes et al., 2011). Consequently, these results suggest that these drug treatments
potentially work synergistically.

The mechanisms underlying the BD symptomology are complex and there still

remains uncertainty. However, understanding the biological mechanisms of the drug
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treatments provide us with useful insights into the underlying mechanisms. Some
antipsychotics function by modulating the dopaminergic D2 receptors (Cousins et al.,
2009). Additionally, based on biochemical studies conducted in various in vitro models, it
has been established that several different signal transduction pathways are involved. In
SH-SY5Y neuroblastoma cell line, lithium and VPA affect glycogen synthase kinase-3
(GSK-3), histone deacetylase (HDAC), and protein kinase C (PKC) (Abukhdeir et al., 2003
and Chen et al., 2000). However, other studies did not find the effect of VPA on these
pathways, and established that VPA acts via the extracellular signal-regulated kinase/
mitogen-activated protein kinase (ERK/MAPK) pathway (Daniel et al., 2005 and Yuan et
al.,, 2001). The ERK/MAPK pathway is also implicated in neuronal survival by other
neurotrophic factors (Daniel et al., 2005). It appears that the effect of VPA treatment is cell-
type specific since VPA inhibited the GSK-3 pathway in SH-SY5Y cells, but this was not
observed in neuronal cells (Chen et al.,, 2000 and Williams et al., 2002). However,
implications of lithium treatment on GSK-3 are well established, as lithium inhibits the
GSK-3 pathway by directly competing with magnesium, which is needed for GSK-3
activity (Ryves and Harwood, 2001). Overall, a better understanding of the underlying
pathways can help determine therapeutically relevant sites of action to develop new drug

treatments.
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1.3 SH-SY5Y Cells

SH-SY5Y cells belong to a human neuroblastoma cell line that possesses
characteristics of DAergic neurons upon differentiation (Krishna et al., 2014). SH-SY5Y
cells were first derived from the parental line SK-N-SH, which originated from a metastatic
bone tumor biopsy. The SK-N-SH cells were subcloned three times to result in the SH-SY5Y
cell line (Kovalevich and Langford, 2013). The undifferentiated cell cultures consist of both
floating and adherent cells, which continuously proliferate and lack mature neuronal
markers (Pahlman et al., 1984). The morphology of undifferentiated SH-SY5Y cells is
represented by neuroblast-like, non-polarized cell bodies with few, truncated processes
(Figure 6a). Additionally, these cells tend to grow in clusters and often form clumps as
they grow on top of each other (Pahlman et al., 1984). Comparatively, differentiated SH-
SY5Y cells cluster less and have a more pyramidal shaped cell body, along with formation

and extension of neurites (Figure 6b).

Retinoic acid is one of the most commonly used methods for differentiating SH-
SY5Y cells into more neuronal-like morphology. Retinoic acid is a vitamin A derivative
known to possess powerful growth inhibiting and cellular-differentiation-promoting
properties (Melino et al., 1997). To induce differentiation, most commonly a concentration
of 10 uM retinoic acid is administered in serum-free or low-serum medium, for
approximately 3-5 days with some variations in concentrations suggested (Pahlman et al.,
1984, Cheung et al., 2009). For the purposes of this study, a final concentration of 10 uM
retinoic acid was administered in culture medium supplemented with 1% fetal bovine

serum (FBS), for 9 days. In addition to the change in morphology, there are several other
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benefits of differentiating SH-SY5Y cells, including the synchronization of cell cycle,
allowing for a homogeneous neuronal cell population (Encinas et al., 2000). This
synchronization allows for a fixed cell density since differentiation of SH-SY5Y cells causes
a reduction in their proliferation rate (Encinas et al., 2000). Additionally, treatment with
retinoic acid activates the phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway, and
upregulates the anti-apoptotic Bcl-2 protein, both of which promote survival of SH-SY5Y
cells (Lopez-Carballo et al., 2002, Itano et al., 1996). Cells differentiated with retinoic acid
are also less prone to toxin-mediated cell death induced by 6-hydroxydopamine (6-OHDA),

I-methyl-4-phenyl-1,2,3,6- tetrahydropyridine (MPTP), and I1-methyl-4-phenyl-

pyridinium ion (MPP+) (Cheung et al., 2009).

Differentiation causes SH-SY5Y cells to convert from immature catecholaminergic
neurons to mature cholinergic neuronal phenotype (Kovalevich and Langford, 2013). This
results in an increased expression of choline acetyl transferase (ChAT) activity and
vesicular monamine transporter (VMAT) expression (Lopes et al., 2010, Presgraves et al.,
2004). However, both undifferentiated and differentiated cells express several
dopaminergic neuronal markers including tyrosine hydroxylase (TH), dopamine
transporter (DAT), and dopamine receptor subtypes 2 and 3 (D2R and D3R) (Kume et al.,
2008, Arun et al., 2008). The combination of these neuronal marker expressions, and
morphological changes makes differentiated SH-SY5Y cells an ideal in vitro candidate for

this study.
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(b)
Figure 6. Wild-type SH-SYSY cells before and after differentiation.

Morphology of SH-SY5Y cells (a)undifferentiated and (b)post-differentiation with 10uM
retinoic acid. (b)Differentiated cells contain two morphologies (“S” and “N”). The S-type
is indicated with arrows, and is more epithelial-like with no processes. The N-type is
indicated with an asterick and is more neuronal-like with pyramidal shaped cell bodies and
long processes (arrowheads). Cell-seeding concentration was 1.625x10° cells/mL, passage
14, visualized at magnification 10x. Images were provided by Dr. Fahnestock’s lab at

McMaster University (Carl Zeiss Microscopy GmbH, 2011, United States).
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Chapter 2

Investigation of Neurotrophic Factors in an

in vitro model of differentiated SH-SY5Y cells
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2.1 Objective

Investigating CDNF and MANF mRNA expression in differentiated SH-SY5Y cells

treated with lithium chloride and valproic acid

The objective of this study is to conduct a screening for the role of neurotrophic
factors, MANF and CDNF, in an in vitro model for bipolar disorder. In order to conduct
this screening assay, SH-SY5Y cells were treated with different drug treatments, and the
corresponding effect on the levels of neurotrophic factors mRNA expression was
measured. The aim of this study is to determine whether commonly prescribed mood
stabilizers for BD affect the levels of NTFs, as a mechanism of ameliorating symptoms. It
is hypothesized that the drug treatments of lithium chloride (3 mM) and valproic acid (1
mM) will increase the mRNA expression of the NTFs in the SH-SY5Y cells. The results
from this study can be significant in determining the potential use of NTFs as a therapeutic
target for BD human patients. Due to their dopaminergic neuroprotective role, CDNF and
MANTF could also serve as a potential therapeutic target for neurodegenerative disorders
with degeneration of dopaminergic neurons such as Alzheimer’s disease and Parkinson’s

disease. NTFs can potentially be used to halt the progression of these disorders.

2.2 Materials and Methodology

2.2.1 SH-SY5Y Cells — Drug Treatments

SH-SY5Y, a human neuroblastoma cell line, was used as an in vitro model to
investigate the effect of mood stabilizers on the levels of neurotrophic factors. To test this

hypothesis, SH-SY5Y cells were treated with 3 mM lithium (LiCl) or 1 mM valproic acid
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(VPA), which are commonly prescribed mood stabilizers. Cells were cultured in
DMEM/F12 medium supplemented with 10% fetal bovine serum (FBS), 1% L-Glutamine
and 1% Pen-Strep at 37°C in 5% CO; humidified incubation chamber, and subsequently
plated in 6-well plates at a density of 3.25x10° cells/well. After 24 hours of seeding, cells
were differentiated for 9 days with 10uM retinoic acid. Along with retinoic acid, the
differentiation media consisted of DMEM/F12 supplemented with 1% N, Supplement, 1%
L-Glutamine, 1% Pen-Strep, and 1% FBS. The differentiated cells were treated on day 10
with drug treatments for 24 hours (Figure 7). Following the 24-hours drug treatment, cells

were harvested and total RNA was extracted (Figure 8).

2.2.2 RNA Extraction from Cells

Total RNA was extracted using TRIzol reagent (Thermo Fisher Scientific, Catalog#
15596018). The cell pellet was homogenized 20 times in ImL TRIzol solution, with a 21G
needle and 1 mL syringe. The homogenized solution was then incubated at room
temperature for 5 minutes. Following the incubation, 0.2ml of chloroform was added per 1
ml of Tri-pure isolation reagent, and shaken for 15 seconds. Samples were then incubated
for 20 minutes at room temperature, and then centrifuged at 12000g for 15 minutes at 4°C.
Following the centrifugation, the colourless RNA phase was removed and transferred to a
1.5ml eppendorf, and 0.5ml of isopropanol was then added to these eppendorf tubes.
Samples were then inverted 10 times to mix the components in the tube. Samples were
again incubated at room temperature for 10 minutes and then centrifuged for 10 minutes at
12000 g at 4°C. Supernatant was then discarded, and 1ml of 75% ethanol was added to each

sample, vortexed thoroughly and centrifuged at maximum speed for 15 minutes at 4°C.
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Supernatant was again discarded and pellet was air-dried for 5-10 minutes. The dried RNA
pellet was then resuspended in 20ul of DEPC-Treated RNase-free water, and heated at 55°C
for 10 minutes in a pre-heated water bath. The samples were then quickly centrifuged and
vortexed before checking their RNA quantity and purity, using a Beckman
Spectrophotometer DU-640 measuring absorption at 260 nm and 280 nm. The extracted
RNA was then treated with DNAse I enzyme (ThermoFisher Scientific, Catalog# EN0521)
to enhance purity by removing genomic DNA. RNA purity and quantity was again
determined using the Beckman Spectrophotometer DU-640 measuring absorption at 260

nm and 280 nm.

2.2.3 cDNA Svnthesis from SH-SY5Y Cells’ RNA

The DNase-treated RNA was then converted to complementary DNA (cDNA) by
reverse transcription (RT) using the qScript cDNA SuperMix (QuantaBio, Catalog#
95048-100). During cDNA synthesis, negative RT controls were also created for randomly
chosen samples by using the DNase-treated RNA without the addition of reverse
transcriptase enzyme. This acted as a verification for the RT-PCR specificity as well as a
check for any DNA contamination. All of the reactions occurred at the following thermal
profile conditions: 5 minutes at 25°C, followed by 30 minutes at 42°C, and lastly 5 minutes

at 85°C, with a final hold at 4°C.
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Figure 7. Sample drug treatment setup for 6-well plate.
SH-SY5Y cells were seeded at a concentration of 3.25 x 10° cells/well. Treatments were

administered on Day 10, and randomized in different wells during replication trials.
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Day 1 2 3 4 5 6 7
Seed Add Observe Observe Observe | Observe Observe
Cells 10uM cells cellsand | cells cellsand | cells
3.25 x Retinoic change > change >
10° acid media media
cells/well
8 9 10 11 12 13 14
Observe | Observe | Add Drug | Harvest Extract Synthesize | Run RT-
cells and | cells Treatments | Cells RNA cDNA gPCR for
change > (3mM (24-hours | from from RNA | gene 1
media LiCl or post cells

ImM treatment)

VPA)
15
Run RT-
gqPCR for
gene 2

Figure 8. Sample experimental timeline.

The cell differentiation process began on day 2 with the addition of retinoic acid. After 9-

days of differentiation, SH-SY5Y cells were treated with LiCl or VPA drug treatments on

Day 10.

25




M.Sc. Thesis — Shreya Prashar; McMaster University - Neuroscience

2.2.4 Reverse Transcription PCR (RT-PCR)

The CDNF and MANF gene amplicons were detected by amplifying 50 ng of RT
product using the Invitrogen Platinum Taq High Fidelity DNA Polymerase (Catalog #:
11304-111) with appropriate primers. The PCR amplifications were conducted under the
following parameters: initial denaturation at 94°C for 2 minutes 30 seconds, followed with
40 cycles of 94°C for 30 seconds, 57°C for 30 seconds, and 72°C for 40 seconds. The
amplification ended with a final extension for 7 minutes at 72°C. The primers for MANF
and CDNF were synthesized at MOBIX lab facility (McMaster University, Hamilton, ON),
and verified using gel electrophoresis by running the amplicon on a 1.5% agarose gel
(Figures 9 and 10). The band of interest was then sent for sequencing at the McMaster
MOBIX lab. The primers listed in Table 1 were used for the RT-PCR analysis.
Representative RT-PCR products showed 100% homology with the genes of interest —
human CDNF and MANF. Concentration of the gene amplicons were then quantified and
used for making the absolute standard curve dilutions when running the quantitative RT-

PCR.
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Product Accession

Primer Sequence (5° 2 3°)
Size Number

CDNF Fwd: GGGCCGACTGTGAAGTATGT
210 bp NM_ 001029954

CDNF Rev: GGCATATGCACACTCATTGG

MANF Fwd: TCACATTCTCACCAGCCACT
236 bp* NM. 006010

MANTF Rev: CAGGTCGATCTGCTTGTCATAC

Table 1. Human CDNF and MANF primer sequences.
Forward and reverse primer sequences used for RT-PCR and RT-qPCR analysis of CDNF

and MANF genes in SH-SY5Y cells. *MANF primers as described by Cheng et al., 2014.
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2.2.5 Real-Time Quantitative Reverse Transcription PCR (RT-qPCR)

The mRNA expression for CDNF and MANF was quantified using RT-qPCR with
QuantiFast SYBR Green fluorescent dye PCR kit (Qiagen, Catalog# 204056). The primers
listed in Table 1 were used for the RT-qPCR analysis. RT-qPCR was used to determine
absolute copy numbers of CDNF and MANF mRNA in cell samples. The cDNA for the
SH-SY5Y cells were amplified in triplicate for each sample, using Stratagene MX3000P
cycler with an initial PCR activation step at 95°C for 5 minutes. Next, the cDNA was
denatured through 40 cycles of denaturation at 95°C for 10 seconds, followed by a
combined annealing and extension step for 30 seconds at 60°C. This was followed by
melting curve analysis where the qPCR produced a single peak for each product. This
allowed for verification of the PCR specificity for each product. Each reaction had a volume
of 25ul containing 60ng of total RNA. An absolute standard curve was generated using
varying concentrations of cDNA ranging from 1pg to 10ag with 10-fold serial dilutions.
Real-time RT-PCR conditions were optimized to ensure amplifications efficiencies
remained constant over the course of the run. Components of the RT-qPCR reaction mix
were as follows: 12.5ul of QuantiFAST SYBR green (QIAGEN), 5ul each of the SuM
forward and reverse primers (described in Table 1), 2ul of sample cDNA, and 0.5ul of

nuclease-free water to a final volume of 25ul.

2.2.6 Statistical Analysis

The fold change difference in absolute copy numbers of CDNF and MANF
between treated samples and controls was analyzed. MX3000P software performs analysis

of data obtained by the RT-qPCR to quantify the copy number of the target sequence in
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each sample by comparing it with the standard curve copy numbers. Real-Time PCR
experiments were performed in triplicates which were averaged prior to analysis. All
statistical analyses were conducted using the GraphPad Prism 6.0 software (GraphPad
Software, San Diego, California, USA). Outlier detection was performed prior to analyses
using GraphPad Outlier Tool. One-way analysis of variance (ANOV A) with Tukey’s post-
hoc test was conducted to determine significance between groups, and a p-value of
(p<0.05) was considered statistically significant. Data shown is expressed as mean +

standard deviation (S.D.).
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Gene ruler CDNF CDNF
1 kb ladder NRT

1500 bp

1000 bp
750 bp

500 bp

250 bp

Figure 9. Gel electrophoresis of human CDNF gene.
Amplified PCR products for human CDNF gene was run on 1.5% agarose gel along with a

no-reverse-transcription (NRT) control. Only one band of interest was observed in the

CDNEF lane, and no bands were observed in the NRT control lane.
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Gene Ruler MANF MANF
1 kb ladder NRT

Figure 10. Gel electrophoresis of human MANF gene.
Amplified PCR products for human MANF gene was run on 1.5% agarose gel along with
an NRT control. Only one band of interest was observed in the MANF lane, and no bands

were observed in the NRT control lane.
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2.3 Results

2.3.1 Effect of Lithium and VPA on neurotrophic factors expression in SH-SY5Y cells
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Figure 11. CDNF mRNA expression in SH-SY5Y cells treated with Lithium and VPA.
Two-step RT-qPCR to measure the mRNA expression of CDNF in differentiated SH-SY5Y
cells treated with Lithium (LiCl) and Valproic Acid (VPA). The LiCl treatment was
administered at a concentration of 3mM per sample well, and VPA was administered at
ImM concentration. The results display the fold change in CDNF mRNA expression. Both
LiCl and VPA treatments increased mRNA expression of CDNF. One-way ANOVA was
significant at p<0.01, followed with a Tukey’s post-hoc test. (**p<0.01). Sample size: 14,

12, 13 (Control, LiCl, VPA respectively).
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Figure 12. MANF mRNA expression in SH-SY5Y cells treated with Lithium and VPA.
Two-step RT-qPCR to measure the mRNA expression of MANF in differentiated SH-SY5Y
cells treated with Lithium (LiCl) and Valproic Acid (VPA). The LiCl treatment was
administered at a concentration of 3mM per sample well, and VPA was administered at
ImM concentration. The results display the fold change in MANF mRNA expression. Both
LiCl and VPA treatments significantly increased mRNA expression of MANF. One-way
ANOVA was significant at p<0.05, followed with a Tukey’s post-hoc test. (*p<0.05).

Sample size: 14, 12, 13 (Control, LiCl, VPA respectively).
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2.4 Discussion

The endoplasmic reticulum (ER) is the site of protein synthesis, modification, and
degradation, spread widely throughout neurons. Impairments in ER functioning due to ER
stress, is involved with several chronic conditions. ER stress can occur as a result of various
cellular insults including reduction in ER calcium stores, viral infections, changes in protein
glycosylation, and unbalanced protein expression (Szegezdi et al., 2006). These factors
cause ER stress by negatively impacting protein folding in the ER, leading to an
accumulation and aggregation of unfolded proteins in the ER lumen. In response to
increased cellular demands in the ER, the unfolded protein response (UPR) is triggered.
The UPR acts to increase protein folding capacity and decrease amount of misfolded
proteins present in the cell. The UPR acts via several mechanisms to alleviate ER stress,
including suppression of protein translation, degradation of misfolded proteins, activation
of signaling pathways involved in normal protein folding, and reduction in protein
translocation across the ER membrane (Hetz, 2012; Szegezdi et al., 2006). The UPR is
responsible for induction of molecular ER chaperones which promote protein folding, as
well as induction of ER-associated degradation mechanisms.

In situations where ER stress is prolonged, it can also lead to ER stress-induced
apoptosis (Szegezdi et al., 2006). Previous studies have established that MANF and CDNF
are both involved in regulating the ER-stress response pathway (Lee et al., 2003; Mizobuchi
etal., 2007; Apostolou et al., 2008; Tadimalla et al., 2008, Cheng et al., 2013). MANF has
been proven to protect cells in vitro against ER-stress induced apoptosis (Apostolou et al.,

2008). Additionally, another study found that upon induction of ER-stress by tunicamycin,
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CDNF played a neuroprotective role in astrocytes (Cheng et al., 2013). The overexpression
of CDNF alleviated ER stress-induced astrocyte damage by reducing the amount of cell
lysis. This was observed as a suppression in the percentage of released lactate
dehydrogenase (LDH), an enzyme resulting from cell lysis, in response to ER-stress in
astrocytes (Cheng et al., 2013).

Additionally, some of the molecular chaperones inducted by the UPR include
GRP78 (HSPAS or BiP) and GRP94, which help regulate protein folding in the ER
(Hayashi et al., 2009). In normal functioning cells, the splicing of transcription factor XBP1
results in induction of these ER chaperones (Kakiuchi et al., 2003). However, upon
induction of ER stress in vitro by tunicamycin and thapsigargin in lymphoblastoid (LB)
cells derived from BD patients, it was observed that there was a significant attenuation in
induction of the spliced form of XBP1 as well as total XBP1 in patients with BD.
Additionally, the BD group also showed decreased induction of GRP94 by thapsigargin.
The combination of these results provide evidence that BD patients have an impaired ER-
stress response (Hayashi et al., 2009). Similarly, a previous DNA microarray analysis
looked at the expression of XBP1 and GRP78 in lymphoblastoid (LB) cells derived from
two pairs of monozygotic twins, discordant with respect to BD. It was observed that there
was down-regulation in expression of both XBP1 and GRP78 in the affected twins
(Kakiuchi et al., 2003). This suggests that altered ER-stress response may play an important
role in the pathophysiology of BD.

Interestingly, MANF’s promoter-region contains an ER stress response element 11

(ERSEII) sequence that is recognized by spliced XBP1 (Lee et al., 2003, Mizobuchi et al.,
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2007). Additionally, MANF calcium-dependently interacts with ER chaperone GRP78, and
upon ER stress due to depletion of calcium, it is secreted from the ER (Glembotski et al.,
2012, Henderson et al., 2013). These findings suggest that MANF activity is partially
controlled by ER calcium levels, and thus allows MANF to play a role in the ER-stress
response (Glembotski et al., 2012). MANF’s role in the ER-stress response has also been
validated based on findings from several studies, where MANF mRNA expression and
protein levels were induced by ER stress both in vitro and in vivo (Apostolou et al., 2008;
Glembotski et al., 2012; Hartley et al., 2013; Lee et al., 2003; Lindholm et al., 2008;
Mizobuchi et al., 2007; Tadimalla et al., 2008). MANF and CDNF may play a
neuroprotective role in the ER-stress response, by facilitating the formation of cysteine
bridges and protein folding in the ER (Lindholm and Saarma, 2009). This allows them to

reduce ER stress being caused by unfolded and misfolded proteins.

As observed in figure 11, treatment of differentiated SH-SY5Y cells with Lithium
and VPA, caused a significant increase in mRNA expression of CDNF. Similarly, these
treatments also significantly increased MANF mRNA expression in SH-SY5Y cells (Figure
12). Given the role that both MANF and CDNF play in the ER-stress response, it is possible
that the mood stabilizers prescribed to BD patients ameliorate their symptoms by managing
misfolded proteins. A suggested mechanism of action for the drug treatments used in
bipolar disorder is the regulation of ER stress. Lithium and valproic acid are two drug
treatments commonly prescribed to BD patients. Both of these mood stabilizers have been
shown to upregulate ER-stress related chaperones. In an in vivo study, treatment with VPA

increased GRP78 expression in rat cerebral cortex (Wang et al., 1999). Additionally,
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chronic VPA treatment in rat cerebral cortex and hippocampus, upregulated the expression
of GRP78, GRP94, and calreticulin — which is another ER stress protein (Chen et al., 2000).
Similarly, a one-week treatment with Lithium also upregulated the mRNA and protein
expression of GRP78 and GRP94 in primary cultured rat cerebral cortical cells (Shao et al.,
2006). Thus, it is possible that the mechanism of action for these mood stabilizers involves
regulation of the UPR through the induction of ER-stress related genes.

Given these findings, it is important to examine the protein expression of MANF
and CDNF as a result of the Lithium and VPA drug administration. Additionally, it would
be beneficial to further examine the underlying mechanisms involved in these changes.
Understanding the cellular and molecular mechanisms underlying these changes will allow
us to examine other drug treatments as well as natural compounds, such as curcumin, that
can potentially alleviate BD symptoms by directly acting on the expression of NTFs.
Additionally, these findings can also play an important role when establishing drug

treatments for neurodegenerative diseases such as Alzheimer’s disease.
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Chapter 3

Investigation of Neurotrophic Factors in an

in vivo model of Sprague Dawley rats
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3.1 Objective

Investigating CDNF and MANF mRNA expression in rats’ brain regions treated
with lithium chloride and valproic acid

Given the significant findings from the in vitro study in chapter 2, the objective of
this study is to determine whether the changes in mRNA expression are translatable to an
in vivo rat model. This study aims to determine whether commonly prescribed mood
stabilizers for BD — Lithium and VPA — affect the levels of NTFs in various brain regions
of a rat model. It is expected that the drug treatments of lithium chloride (47.5mg/kg) and
valproic acid (200mg/kg) will increase the mRNA expression of CDNF and MANF in rat

brain regions.

3.2 Materials and Methodology

3.2.1 Rats study 1 — December 2016 (N = 22)

All animal testing was approved by the McMaster Central Animal Facility (CAF)
in accordance with guidelines from the Canadian Council on Animal Care. Male Sprague—
Dawley rats (300-350g) were purchased from Charles River, Canada and housed
individually in standard cages with enrichment at McMaster University CAF. The rats
were kept under standard laboratory conditions in a 12-hour light/dark cycle at constant
temperature (22°C) and humidity (50%). They were provided food and water ad libitum.
All animals were given a few weeks to acclimate to their environment, during which they

were handled by the experimenters. A cohort of 22 rats were used for this study, and they
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were randomly divided into 3 groups with n = 8 per drug treatment group (Lithium and
Valproic acid), and n = 6 for the saline control group.

3.2.2 Drug Treatments

All of the rats were injected intraperitoneally (I.P.) twice a day (9 AM and 6 PM)
with saline (1ml/kg), lithium (47.5mg/kg), or VPA (200mg/kg), for 14 days. Both lithium
chloride and valproic acid were obtained from Sigma Aldrich (Oakville, ON, Canada). The
lithium and valproic acid drug treatments were dissolved in saline solution, and injected at
a rate of Iml/kg.

3.2.3 Sacrifice, Blood Collection, and Tissue Dissection

All animals were sacrificed 6 hours after their last injection on day 14. They were
heavily anesthetized with isoflurane (Pharmaceutical Partners of Canada Inc, Richmond
hill, Ontario, Canada) and rapidly decapitated. Through the neck wound, blood was
collected in a SST Blood Collection Vacutainer tube with anti-coagulant. Blood was
processed under the following conditions: inverted blood vacutainer 5 times immediately
after collection, followed by incubation at room temperature for 30 minutes. The blood was
then centrifuged at 2000 rpm for 10 minutes with no break. After the centrifugation, the
supernatant (plasma) was collected in ImL eppendorf tubes, and stored at -80°C. The
plasma tubes were then sent for analysis to Dr. Frey’s lab at St. Joseph’s Healthcare,
Hamilton, ON, Canada. Following blood collection, the brain was removed, de-skulled,
sectioned, and various brain regions from both sides were dissected including striatum,
hippocampus, PFC, and cortex (See Figures 19 — 22). Tissues were stored in -80°C for

future analysis.
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3.2.4 Rats study 2 — March 2017 (N=16)

This study was conducted to replicate and verify the results from animal study 1,
following the same protocol with some modifications. This study has a cohort of 16 rats
with 6 rats in the saline control group, 6 rats in LiCl treatment group, and 4 rats in the VPA
treatment group. The differences in protocol exist in the additional behavioural test which
was conducted 2 hours after the last injection on Day 14. Additionally, the rats were
sacrificed immediately after the behavioural test was complete. Consequently, rats were
sacrificed and blood was collected 2.5 hours after the last injection instead of 6 hours. For
this cohort, two additional brain regions — medial prefrontal cortex (mPFC) and amygdala
(See Figures 23, 24) — were also sectioned and analysed.

3.2.5 Behavioural Test — Open Field Task

Locomotor testing was completed during the dark period of the rodents’ light/dark
cycle since rats show maximum activity during these hours. The locomotor behaviour of
rats was analysed using the open-field task, as described by Frey et al., 2006. The rats were
placed in an open field chamber which was 100 cm x 80 cm x 40 cm. The chamber was
divided into equal sized squares of 10 cm x 10 cm (Figure 13). The total number of squares
travelled was analysed as a measure of total distance travelled. Additionally, the amount of
time spent exploring the squares in the middle areas was also analysed, along with number
of rearings with their front paws. Each rat was tested for 15 minutes, with the first 5 minutes
being a habituation period, followed by a 10-minutes testing period of recorded behaviour.

Immediately after the locomotor test, the animals were sacrificed.
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(@)
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Figure 13. Sample diagram of open-field chamber.

(a) The open-field chamber in use for this study was 100cm x 80cm, with side walls 40cm
in height. Rats were placed in the bottom left corner at the beginning of the testing period.
(b) The chamber was divided into squares 10 cm x 10 cm in size. Rats were placed in this
chamber for a total of 15 minutes, with the first 5 minutes being a habituation period.
Squares not around the outside perimeter (shaded gray), were considered as areas in the

middle.
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3.2.6 RNA Extraction from Rat Tissues

Total RNA was extracted using TRIzol reagent (Thermo Fisher Scientific, Catalog#
15596018). Tissues were homogenized in 1mL TRIzol solution with autoclaved plastic
homogenizing sticks, until the tissues were completely dissolved in the TRIzol solution and
no solid brain regions were visible. The homogenized solution was then incubated at room
temperature for 5 minutes. Following the incubation, 0.2ml of chloroform was added per 1
ml of Tri-pure isolation reagent, and shaken for 15 seconds. Samples were then incubated
for 15 minutes at room temperature, and then centrifuged at 12000g for 15 minutes at 4°C.
Following the centrifugation, the colourless RNA phase was removed and transferred to a
1.5ml eppendorf, and 0.5ml of isopropanol was then added to these eppendorf tubes.
Samples were then shaken to mix the components in the tube. Samples were again
incubated at room temperature for 10 minutes and then centrifuged for 10 minutes at 12000
g at 4°C. Supernatant was then discarded, and 1ml of 75% ethanol was added to each
sample, vortexed thoroughly and centrifuged at 7500g for 5 minutes at 4°C. Supernatant
was again discarded and pellet was air-dried for 5-10 minutes. The dried RNA pellet was
then resuspended in 40ul of DEPC-Treated RNase-free water, and heated at 60°C for 10
minutes in a pre-heated water bath. The samples were then quickly centrifuged and
vortexed before checking their RNA quantity and purity, using a NanoDrop 2000
Spectrophotometer (Thermo Scientific), measuring absorption at 260 nm and 280 nm. The
extracted RNA was then treated with DNAse I enzyme (ThermoFisher Scientific, Catalog#
ENO0521) to enhance purity by removing genomic DNA. RNA purity and quantity was

again determined using the NanoDrop 2000 Spectrophotometer measuring absorption at
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260 nm and 280 nm.

3.2.7 cDNA Synthesis from Rat Tissues’ RNA

The DNase-treated RNA was then converted to complementary DNA (cDNA) by
reverse transcription (RT) using the gqScript cDNA SuperMix (QuantaBio, Catalog#
95048-100). During cDNA synthesis, negative RT controls were also created for randomly
chosen samples by using the DNase-treated RNA without the addition of reverse
transcriptase enzyme. This acted as a verification for the RT-PCR specificity as well as a
check for any DNA contamination. All of the reactions occurred at the following thermal
profile conditions: 5 minutes at 25°C, followed by 30 minutes at 42°C, and lastly 5 minutes

at 85°C, with a final hold at 4°C.

3.2.8 Reverse Transcription PCR (RT-PCR)

The CDNF, MANF, and GAPDH gene amplicons were detected by amplifying 50
ng of RT product using the Invitrogen Platinum Taq High Fidelity DNA Polymerase
(Catalog #: 11304-111) with appropriate primers (listed in Table 2). The PCR
amplifications were conducted under the following parameters: initial denaturation at 94°C
for 2 minutes 30 seconds, followed with 40 cycles of 94°C for 30 seconds, 57°C for 30
seconds, and 72°C for 40 seconds. The amplification ended with a final extension for 7
minutes at 72°C. The primers for MANF, CDNF, and GAPDH were synthesized at MOBIX
lab facility (McMaster University, Hamilton, ON), and verified using gel electrophoresis
by running the PCR product on a 1.5% agarose gel (Figure 14). The bands of interest were

then sent for sequencing at the McMaster MOBIX lab. The primers listed in Table 2 were
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used for the RT-PCR analysis. Representative RT-PCR products showed 100% homology
with the genes of interest — rat CDNF, MANF, and GAPDH. Concentration of the gene
amplicons were then quantified and used for making the absolute standard curve dilutions

when running the quantitative RT-PCR.
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GAPDH Rev: GGCATGGACTGTGGTCATGA

Accession
Primer Sequence (5° = 3°) Product
Size Number
CDNF Fwd: AAAGAAAACCGCCTGTGCTA
199 bp* NM 001037543.1
CDNF Rev: TCATTTTCCACAGGTCCACA
MANF Fwd: CGGTTGTGCTACTACATTGGA
129 bp NM 001108183.1
MANF Rev: CTGGCTGTCTTTCTTCTTCAGC
GAPDH Fwd:
CAACTCCCTCAAGATTGTCAGCAA 118 bp NM 017008.4

Table 2. Forward and reverse primer sequences for rats.

These primers were used for RT-PCR and RT-qPCR analysis of CDNF, MANF, and

GAPDH genes in several rat brain regions including striatum, hippocampus, cortex,

amygdala, mPFC, and PFC. *CDNF primers as described by Niles et al., 2012. (bp — base

pairs).
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Gene Ruler CDNF CDNF MANF MANF GAPDH Gene Ruler
1 kb ladder  Striatum PFC Striatum PFC Striatum 1 kb ladder

(10 pl) (15pl)

2000 bp
1500 bp

1000 bp
750 bp

500 bp

250 bp

Figure 14. Gel electrophoresis of rat CDNF, MANF and GAPDH genes.

The rat cDNA for striatum and PFC was amplified at 57°C in a polymerase chain reaction,
for all three genes of interest. The amplified PCR products for CDNF, MANF, and
GAPDH were then run on 1.5% agarose gel. The bands were compared to the 1kb ladder
for reference, and NRT controls were run on a separate gel (not shown here). Only one

band of interest was observed in all of the lanes. These bands were excised and sent for

sequencing.

47



M.Sc. Thesis — Shreya Prashar; McMaster University - Neuroscience

3.2.9 Real-Time Quantitative Reverse Transcription PCR (RT-qPCR)

The mRNA expression for CDNF and MANF was quantified using RT-qPCR with
QuantiFast SYBR Green fluorescent dye PCR kit (Qiagen, Catalog# 204056). The primers
listed in Table 2 were used for the RT-qPCR analysis. The RT-qPCR was used to
determine absolute copy numbers of CDNF, MANF, and GAPDH mRNA in the rat brain
tissues. The GAPDH mRNA expression was used as an internal control. Additionally, the
relative mRNA expression of MANF and CDNF, with regards to the C; values, were also
determined using GAPDH as the housekeeping gene. The cDNA for the rat brain tissues
was amplified in triplicates for each sample, using Stratagene MX3000P cycler with an
initial PCR activation step at 95°C for 5 minutes. Next, the cDNA was denatured through
40 cycles of denaturation at 95°C for 10 seconds, followed by a combined annealing and
extension step for 30 seconds at 60°C. This was followed by melting curve analysis where
the qPCR produced a single peak for each product. This allowed for verification of the
PCR specificity for each product. Each reaction had a volume of 25ul containing 60ng of
total RNA. An absolute standard curve was generated using varying concentrations of
cDNA ranging from Ipg to 10ag with 10-fold serial dilutions. Real-time RT-PCR
conditions were optimized to ensure amplifications efficiencies remained constant over
the course of the run. Components of the RT-qPCR reaction mix were as follows: 12.5ul
of QuantiFAST SYBR green (QIAGEN), 5ul each of the 5uM forward and reverse primers
(described in Table 1), 2ul of sample cDNA, and 0.5ul of nuclease-free water to a final
volume of 25ul. Figures 15 — 18 display a sample of the RT-qPCR output from the

MX3000P software.

48



M.Sc. Thesis — Shreya Prashar; McMaster University - Neuroscience

3.2.10 Statistical Analysis

The resulting C; (threshold cycle) values for CDNF and MANF were normalized to
the GAPDH C; values, and the data was analyzed using the AAC; method (as described by

Schmittgen and Livak, 2008). The following equation was used to analyze the results:

-AACt
2

= [((C; gene of interest — C; internal control)sample A) —

((C; gene of interest — C internal control) sample B)]

MX3000P software performs analysis of data obtained by the RT-qPCR to
quantify the copy number of the target sequence in each sample by comparing it with the
standard curve copy numbers. Additionally, the MX3000P software provides the C; values
for each sample (Figure 16). Real-Time PCR experiments were performed in triplicates,
where the three C; values per sample were averaged prior to analysis. All statistical
analyses were conducted using the GraphPad Prism 6.0 software (GraphPad Software, San
Diego, California, USA). Outlier detection was performed prior to analyses using
GraphPad Outlier Tool. One-way ANOVA with Tukey’s post-hoc test was conducted to
determine significance between groups, and a p-value of (p<0.05) was considered

statistically significant. Data shown is expressed as mean + standard deviation.
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Figure 15. Standard Curve output for RT-qPCR.
The efficiency for all RT-qPCRs was within 90% - 105%. The R-squared values were
between 0.95 — 1.00. The x-axis represents the absolute mRNA copy number of the gene

of interest. The y-axis represents the C; value for each sample.
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Figure 16. C; values for RT-qPCR.

MX3000P software provided the Ci-values output above. The samples were run in
triplicates as indicated by the triplicate numbers ranging from 1-18, and 30-37. The C;
values for all of the triplicates were within + 1 cycle per sample. Samples 30 — 35 represent
the standard curve values for amplicon serial dilutions from 1pg to 10ag. Triplicate 36
represents the NRT control, and sample 37 represents the no template control (NTC). All
samples C; values fall within the C; range of the standard curve (C; 14 — 31). The NRT and

NTC C; values are higher than all of the samples and the standard curve.
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Figure 17. Amplification plot for RT-qPCR.

The x-axis represents the cycle number and the y-axis represents the fluorescence values
as a measure of amplification. Each colour represents 3 curves for the sample being run in
triplicates. The blue curve represents the amplification curve for 1pg standard, and the light
blue curve at the far right represents the amplification curve for the 10ag standard. All of

the samples’ amplification curves fall between these standard curve ranges.

52



M.Sc. Thesis — Shreya Prashar; McMaster University - Neuroscience

4000

3000

2000

Fluorescence (-R' (T))

1000

56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 ap a2 94
Temperature (°C)
Figure 18. Dissociation curve for RT-qPCR.
The x-axis represents temperature (°C) and the y-axis represents the fluorescence. One
single peak in the dissociation curve represents amplification of one single product of

interest.
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Figure 19. Rat Striatum.

The shaded regions represent the approximate area dissected for the rat striatum sample

from both sides of the brain.
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Figure 20. Rat Pre-Frontal Cortex (PFC).

The shaded regions represent the approximate area dissected for the rat PFC sample from

both sides of the brain.
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Figure 21. Rat Cortex.

The shaded regions represent the approximate area dissected for the rat cortex sample from

both sides of the brain.

56



M.Sc. Thesis — Shreya Prashar; McMaster University - Neuroscience

=
OPT 7 0T SLLPMC ) %y
ST AP DA
f ‘, ‘\‘\"“ \\

Interaural 1.20 mm

| TS PO ' = o= [ 1 1 1

Figure 22. Rat Hippocampus.
The shaded regions represent the approximate area dissected for the rat hippocampus

sample from both sides of the brain.

57



M.Sc. Thesis — Shreya Prashar; McMaster University - Neuroscience

1 % \
- e L ¥ .-
e {
~ - N ' 4 9
St v .::‘ ~ \ » |
» Min
» 5 " . A
- X wranm'? oo \
e . - "
v v o~ / &
\ ‘o " -
I
. : » J
b ,/ ~ -
- ~ 4 /
- - - - . Son
Sy <, e A (
et ’ "w / Yoot
- . “orw
S r- -~ - ds
o | =
- _l‘ ‘.,‘
’ ' .~
wais 8 - gy o’ -
- w
» w W F /N -~ 1
it
o -~
LM ,( N e /S
e ) / bt \‘ pedS, B s n
— I / - j
- A — A . .. ' A A
. . : ' '

Figure 23. Rat Amygdala.

The shaded regions represent the approximate area dissected for the rat amygdala sample

from both sides of the brain.
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Figure 24. Rat Medial Pre-Frontal Cortex (mPFC).
The shaded regions represent the approximate area dissected for the rat mPFC sample from

both sides of the brain.
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3.3 Results

3.3.1 Body Weight Change Due to Drug Administration — Cohort 1
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Figure 25. Effects of Lithium and VPA on rats’ body weight.
Results display the changes in weight (y-axis) from Day 1 — 14 (x-axis), for all three

treatment groups — Saline, Lithium, and VPA.
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3.3.2 Levels of Drug Treatments in Rats’ Blood Plasma — Cohort 1

Drug Lithium Chloride Valproic Acid
Study Levels (mmol/L) Levels (umol/L)
D Treatment
Group Therapeutic Range: Therapeutic Range:
0.5-1.1 mmol/L 350-700 umol/L

S001 N.D. N.D.

S002 N.D. N.D.

S003 Saline N.D. N.D.

S004 N.D. N.D.

S005 N.D. N.D.

S006 N.D. N.D.
L007 0.34 N.D.
L008 0.40 N.D.
L009 0.36 N.D.
LO10 oy 0.43 N.D.

L011 Lithium 0.40 N.D.

L012 0.30 N.D.

L013 0.50 N.D.
L014 0.40 N.D.
VOo15 N.D. 80

Vo16 N.D. 336

Vo17 N.D. 79

Vil Valproic Acid WD e

Vo019 N.D. 77

V020 N.D. 63

V021 N.D. 51

V022 N.D. 100

Figure 26. Levels of drug treatments in blood plasma from rats- cohort 1.

Levels of both Lithium and VPA were analyzed in all of the samples to ensure that only
one drug was present in each treatment group, and no drugs were present in the saline
control group. Blood was collected 6 hours after the last injection on Day 14. (N.D. — Not

detected).
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3.3.3 Effect of Lithium and VPA on CDNF and MANF mRNA expression in rat PFC
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Figure 27. NTFs mRNA expression in PFC of rats treated with Lithium and VPA.

Two-step RT-qPCR to measure the mRNA expression of (a) CDNF and (b) MANF, in the rat
PFC, following I.P. injections of Lithium (LiCl) and Valproic Acid (VPA) twice daily for 14
consecutive days. The LiCl treatment was administered at a dosage of 47.5mg/kg per rat, and
VPA was administered at 200mg/kg. (a-b) The graphs display the AAC; values normalized to
GAPDH housekeeping gene (y-axis). LiCl treatment significantly increased mRNA expression

of CDNF and MANF in PFC (*p<0.05). Sample Size (Saline, Lithium, VPA): 6, 8, 6.
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3.3.4 Effect of Lithium and VPA on CDNF and MANF mRNA expression in rat
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Figure 28. NTFs mRNA expression in striatum of rats treated with Lithium and VPA.

Two-step RT-qPCR to measure the mRNA expression of (a) CDNF and (b) MANF, in the rat
striatum, following I.P. injections of Lithium (LiCl) and Valproic Acid (VPA) twice daily for
14 consecutive days. The LiCl treatment was administered at a dosage of 47.5mg/kg per rat, and
VPA was administered at 200mg/kg. The y-axis displays the AAC; values normalized to

GAPDH housekeeping gene. Sample Size (Saline, Lithium, VPA): 6, 8, 6.
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3.3.5 Effect of Lithium & VPA on Hippocampus CDNF and MANF mRNA expression
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Figure 29. NTFs mRNA expression in rat hippocampus treated with Lithium & VPA.

Two-step RT-qPCR to measure the mRNA expression of (a) CDNF and (b) MANF, in the rat
hippocampus, following I.P. injections of Lithium (LiCl) and Valproic Acid (VPA) twice daily
for 14 consecutive days. The LiCl treatment was administered at a dosage of 47.5mg/kg per rat,
and VPA was administered at 200mg/kg. The y-axis displays the AAC; values normalized to

GAPDH housekeeping gene. Sample Size (Saline, Lithium, VPA): 6, 8, 6.
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3.3.6 Effect of Lithium & VPA on CDNF and MANF mRNA expression in rat Cortex

5 204
a
& 1.5+ |
(] I
O 1.04
Th
Z
O 0.54
o
3 0o v — -
Saline Lithium VPA
(a)
n=4,8, 5 (Saline, LiCl, VPA)
_ 1.5+
6 *k%k
o
T h— —
& 1.0
Qo
O
S 0.5
=
O
T
0.0 T T T
(b) Saline Lithium VPA

n=4,8, 5 (Saline, LiCl, VPA)
Figure 30. NTFs mRNA expression in Cortex of rats treated with Lithium and VPA.
Two-step RT-qPCR to measure the mRNA expression of (a) CDNF and (b) MANF, in the rat
cortex, following I.P. injections of Lithium (LiCl) and Valproic Acid (VPA) twice daily for 14
consecutive days. The LiCl treatment was administered at a dosage of 47.5mg/kg per rat, and
VPA was administered at 200mg/kg. The y-axis displays the AAC; values normalized to

GAPDH housekeeping gene. LiCl treatment significantly increased mRNA expression of

MANTF in Cortex (***p<0.001). Sample Size (Saline, Lithium, VPA): 4, 8, 5.
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3.3.7 Effect of Lithium and VPA on GAPDH mRNA expression in Striatum,

Hippocampus, Cortex, and PFC.
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Figure 31. GAPDH mRNA expression in rats treated with Lithium and VPA.

Two-step RT-qPCR to measure the mRNA expression of the housekeeping gene GAPDH in
following rat brain regions: (a)Striatum, (b)Hippocampus, (c) Cortex, and (d) PFC, following
I.P. injections of Lithium (LiCl) and Valproic Acid (VPA) twice daily for 14 consecutive days.
The LiCl treatment was administered at a dosage of 47.5mg/kg per rat, and VPA was
administered at 200mg/kg. The results display the Ct values for the GAPDH housekeeping gene.
(d) LiCl treatment significantly increased mRNA expression of GAPDH in cortex, other brain
regions remain unaffected. (*p<0.05). Sample Size (Saline, Lithium, VPA): (a)Striatum: 6, 7,

6; (b & d) Hippocampus and PFC: 6, 8, 6; (c)Cortex: 4, 8, 5.

66



M.Sc. Thesis — Shreya Prashar; McMaster University - Neuroscience

3.3.8 Body Weight Change Due to Drug Administration — Cohort 2
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Figure 32. Effects of Lithium and VPA on rats’ body weight — cohort 2.
Results display the changes in weight (y-axis) from Day 1 — 14 (x-axis) for all three

treatment groups — Saline, Lithium, and VPA.
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3.3.9 Levels of Drug Treatments in Rats’ Blood Plasma — Cohort 2

Lithium Chloride | Y 21Proic Acid
Drug (mmol/L) (umol/L)
Study ID Treatment
Group Therapeutic Range: Therapeutic
Range: 350-700
0.5-1.1 mmol/L
umol/L
S001 N.D. N.D.
S002 N.D. N.D.
S003 . N.D. N.D.
3004 R N.D. N.D.
S005 N.D. N.D.
S006 N.D. N.D.
L007 0.8 N.D.
L008 4.8 N.D.
L009 o 0.8 N.D.
Lithium

LO10 0.6 N.D.
LO11 0.8 N.D.
L012 0.7 N.D.
V013 N.D. 263
V016 Acid N.D. 78

V018 N.D. 374

Figure 33. Levels of drug treatments in blood plasma from rats- cohort 2.

Levels of both Lithium and VPA were analyzed in all of the samples to ensure that only
one drug was present in each treatment group, and no drugs were present in the saline
control group. Blood was collected 2.5 hours after the last injection on Day 14. (N.D. — Not

detected).
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3.3.10 Open-Field Task — Behavioural Data
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Figure 34. Locomotion data from the open-field behavioural task.
The number of line crossings in the open-field chamber grid was analyzed as a measure of
locomotion. Rats were tested for a S-minute interval, 2 hours after their last injection on

Day 14. Sample Size (Saline, Lithium, VPA): 6, 5, 4.
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Figure 35. Rearing data from open-field behavioural task.
The number of rearings with their front paws was used as another measure of locomotive
behaviour. The rats were tested for a period of 5 minutes individually, 2 hours after their

last injection on Day 14. Sample Size (Saline, Lithium, VPA): 6, 5, 4.
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3.3.11 Effect of Lithium and VPA on CDNF mRNA expression in rat PFC
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Figure 36. CDNF mRNA expression in PFC of rats treated with Lithium and VPA.

Two-step RT-qPCR to measure the mRNA expression of CDNF in the rat PFC, following
I.P. injections of Lithium (LiCl) and Valproic Acid (VPA) twice daily for 14 consecutive
days. The LiCl treatment was administered at a dosage of 47.5mg/kg per rat, and VPA
was administered at 200mg/kg. The y-axis displays the AAC; values normalized to
GAPDH housekeeping gene. VPA treatment significantly decreased mRNA expression of

CDNF in PFC. Sample Size (Saline, Lithium, VPA): 6, 5, 4. (*p<0.05).
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3.3.12 Effect of Lithium and VPA on MANF mRNA expression in rat PFC
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Figure 37. MANF mRNA expression in PFC of rats treated with Lithium and VPA.
Two-step RT-qPCR to measure the mRNA expression of MANF in the rat PFC, following
I.P. injections of Lithium (LiCl) and Valproic Acid (VPA) twice daily for 14 consecutive
days. The LiCl treatment was administered at a dosage of 47.5mg/kg per rat, and VPA
was administered at 200mg/kg. The y-axis displays the AAC; values normalized to
GAPDH housekeeping gene. Both Lithium and VPA treatment significantly decreased
mRNA expression of CDNF in rats PFC. Sample Size (Saline, Lithium, VPA): 6, 5, 4.

(***%p<0.0001).
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3.3.13 Effect of Lithium and VPA on CDNF and MANF mRNA expression in rat

Hippocampus
= 2.0
(&)
I —
% 1.5+
O 1.04
w |
=
(=]
O 0.54
O
°
© O.C 1] L L)
(a) Saline Lithium VPA
n=06, 5, 4 (Saline, LiCl, VPA)
= 1.5+
O
5
—
o . — —
5 1.04
=
(&)
.
Z 0.5
=
O
°
© O.C 1 ] LJ
Saline Lithium VPA
(b)

n=06, 5, 4 (Saline, LiCl, VPA)

Figure 38. NTFs mRNA expression in rat hippocampus treated with Lithium & VPA.

Two-step RT-qPCR to measure the mRNA expression of (a) CDNF and (b) MANF, in the rat
hippocampus, following I.P. injections of Lithium (LiCl) and Valproic Acid (VPA) twice daily
for 14 consecutive days. The LiCl treatment was administered at a dosage of 47.5mg/kg per rat,
and VPA was administered at 200mg/kg. The y-axis displays the AAC; values normalized to

GAPDH housekeeping gene. Sample Size (Saline, Lithium, VPA): 6, 5, 4.
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3.3.14 Effect of Lithium and VPA on CDNF and MANF mRNA expression in rat
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Figure 39. NTFs mRNA expression in striatum of rats treated with Lithium and VPA.
Two-step RT-qPCR to measure the mRNA expression of (a) CDNF and (b) MANF, in the rat
striatum, following I.P. injections of Lithium (LiCl) and Valproic Acid (VPA) twice daily for
14 consecutive days. The LiCl treatment was administered at a dosage of 47.5mg/kg per rat, and
VPA was administered at 200mg/kg. The y-axis displays the AAC; values normalized to

GAPDH housekeeping gene. Sample Size (Saline, Lithium, VPA): 6, 5, 4.
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3.3.15 Effect of Lithium and VPA on CDNF and MANF mRNA expression in rat
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Figure 40. NTFs mRNA expression in cortex of rats treated with Lithium and VPA.

Two-step RT-qPCR to measure the mRNA expression of (a) CDNF and (b) MANF, in the rat
cortex, following I.P. injections of Lithium (LiCl) and Valproic Acid (VPA) twice daily for 14
consecutive days. The LiCl treatment was administered at a dosage of 47.5mg/kg per rat, and
VPA was administered at 200mg/kg. The y-axis displays the AAC; values normalized to
GAPDH housekeeping gene. Lithium treatment significantly decreased MANF mRNA

expression in rat cortex. Sample Size (Saline, Lithium, VPA): 6, 5, 4. (*p<0.05).
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3.3.16 Effect of Lithium and VPA on CDNF and MANF mRNA expression in rat
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Figure 41. NTFs mRNA expression in mPFC of rats treated with Lithium and VPA.

Two-step RT-qPCR to measure the mRNA expression of (a) CDNF and (b) MANF, in rat
mPFC, following I.P. injections of Lithium (LiCl) and Valproic Acid (VPA) twice daily for 14
consecutive days. The LiCl treatment was administered at a dosage of 47.5mg/kg per rat, and
VPA was administered at 200mg/kg. The y-axis displays the AAC; values normalized to

GAPDH housekeeping gene. Sample Size (Saline, Lithium, VPA): 6, 5, 4.
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3.3.17 Effect of Lithium and VPA on CDNF and MANF mRNA expression in rat
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Figure 42. NTFs mRNA expression in amygdala of rats treated with Lithium & VPA.

Two-step RT-qPCR to measure the mRNA expression of (a) CDNF and (b) MANF, in rat
amygdala, following I.P. injections of Lithium (LiCl) and Valproic Acid (VPA) twice daily for
14 consecutive days. The LiCl treatment was administered at a dosage of 47.5mg/kg per rat, and
VPA was administered at 200mg/kg. The y-axis displays the AAC; values normalized to

GAPDH housekeeping gene. Sample Size (Saline, Lithium, VPA): 6, 5, 4.
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3.3.18 Effect of Lithium and VPA on GAPDH mRNA expression in PFC and mPFC
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Figure 43. GAPDH mRNA expression in rats PFC & mPFC treated with Lithium and
VPA.

Two-step RT-qPCR to measure the mRNA expression of the housekeeping gene GAPDH in (a)
PFC, and (b) mPFC, following I.P. injections of Lithium (LiCl) and Valproic Acid (VPA) twice
daily for 14 consecutive days. The LiCl treatment was administered at a dosage of 47.5mg/kg
per rat, and VPA was administered at 200mg/kg. The results display the Ct values for the

GAPDH housekeeping gene. Sample Size (Saline, Lithium, VPA): 6, 5, 4.
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3.3.19 Effect of Lithium and VPA on GAPDH mRNA expression in rat Hippocampus

and Amygdala
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Figure 44. GAPDH mRNA in rats’ hippocampus & amygdala treated with Lithium
and VPA.
Two-step RT-qPCR to measure the mRNA expression of the housekeeping gene GAPDH in (a)
Hippocampus, and (b) amygdala, following I.P. injections of Lithium (LiCl) and Valproic Acid
(VPA) twice daily for 14 consecutive days. The LiCl treatment was administered at a dosage of
47.5mg/kg per rat, and VPA was administered at 200mg/kg. The results display the Ct values

for the GAPDH housekeeping gene. Sample Size (Saline, Lithium, VPA): 6, 5, 4.
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3.3.20 Effect of Lithium and VPA on GAPDH mRNA expression in rat Striatum and

Cortex
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Figure 45. GAPDH mRNA in rats striatum and cortex treated with Lithium and VPA.

Two-step RT-qPCR to measure the mRNA expression of the housekeeping gene GAPDH in
(a)Striatum, and (b)Cortex, following I.P. injections of Lithium (LiCl) and Valproic Acid (VPA)
twice daily for 14 consecutive days. The LiCl treatment was administered at a dosage of
47.5mg/kg per rat, and VPA was administered at 200mg/kg. The results display the Ct values
for the GAPDH housekeeping gene. Lithium significantly increased GAPDH mRNA expression

in rat cortex. Sample Size (Saline, Lithium, VPA): 6, 5, 4. (*p<0.05).
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3.4 Discussion

Given the increased mRNA expression of MANF and CDNF as a result of lithium
and VPA administration to SH-SY5Y cells, the aim of this study was to replicate those
results. Figures 25 and 32 display changes in rats’ body weight over the duration of the
drug administration for cohort 1 and 2 respectively. In both cohorts, lithium and VPA
administration caused a significant change in weight, when compared to saline control rats.
Lithium and VPA treatment rats have a significantly lower body mass. This decrease in
weight is inconsistent with the changes frequently observed in human patients taking these
mood stabilizers (Correll, 2007, Biton, 2001). However, rodent models of autism studies
have observed that fetal exposure to VPA results in lower body weight of rats (Schneider
& Przewtlocki, 2005). Thus, it is possible that these mood stabilizers act via different
mechanisms, causing different interactions in rats and human patients.

Additionally, the levels of lithium and VPA were measured in the blood plasma,
collected from the rats at the time of sacrifice. Figure 26 displays the values for the first
cohort of rats. The measured drug treatment values were not within the therapeutic range
for majority of the rats (Lithium: 0.5 — 1.1 mmol/L and VPA: 350-700 umol/L). There was
only one exception in the lithium treatment group where rat#13 was within the therapeutic
range. However, in the second cohort of rats, upon sacrificing and collecting blood 4 hours
earlier, with no other exceptions in the methodology, it was observed that the blood plasma
levels of lithium were within the therapeutic range for all of the rats, with one exception
(Figure 33). The levels of VPA were also closer to the therapeutic range in comparison to

the first cohort. As a result, the findings from cohort 1 remain valid since it appears that the
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levels of drug treatments observed in that group were due to delay in collecting blood, and
not due to other variables.

In the first cohort of rats, it was observed that lithium drug administration
significantly increased mRNA expression of both MANF and CDNF in the pre-frontal
cortex (Figure 27). This is an interesting observation because several in vivo studies with
human BD patients have also found impairments in neuronal integrity in the pre-frontal
cortex (Winsberg et al., 2000, Chang et al., 2003). Given that both MANF and CDNF play
an important neuroprotective role, and lithium is the most commonly prescribed mood
stabilizer for BD patients, it is suggestive that these drug treatments potentially alleviate
BD symptoms by increasing the expression of these neurotrophic factors in the impaired
PFC. For a future study, it would be interesting to observe whether these mood stabilizers
directly affect the mRNA expression of MANF and CDNF in an in vivo study of BD
patients (see Chapter 4).

Additionally, lithium treatment also increased mRNA expression of MANF in rat
cortex (Figure 30). However, the mRNA expression of the housekeeping gene — GAPDH,
was also significantly increased by lithium in the rat cortex (Figure 31). As a result, the
increase in MANF mRNA expression in rat cortex is insignificant. The mRNA expression
of GAPDH was not significantly different in the other brain regions as a result of the drug
treatment. This suggests that lithium is impacting the mRNA levels of GAPDH differently
in the brain regions. It would be beneficial to examine the mRNA levels of another gene
such as cyclophilin, in rat cortex, as a means of using it as a different housekeeping gene

for comparison. MANF and CDNF mRNA expression was not significantly affected by
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lithium and VPA drug treatments in the rat striatum and hippocampus (Figures 28 — 29).
Similarly, in the second cohort of rats, the mRNA expression of both genes was unaffected
by lithium and VPA treatment in the rat hippocampus and striatum (Figures 38 — 39).

However, the findings from the first cohort, with respect to the cortex and PFC,
were not replicated in the second cohort of rats. In contrast to the initial results, treatment
with lithium significantly decreased mRNA expression level of MANF in the PFC (Figure
37). Additionally, VPA administration significantly decreased both MANF and CDNF
mRNA expression in the PFC (Figures 36 — 37). Surprisingly, lithium administration in
the cortex also significantly decreased MANF mRNA expression (Figure 40). However,
similar to the last cohort, the mRNA expression of GAPDH was significantly increased by
lithium administration in the cortex (Figure 45b). This validates the earlier hypothesis that
lithium affects GAPDH mRNA expression differently in the brain regions. Consequently,
it is important to determine another housekeeping gene that does not change as a result of
the drug treatments, allowing us to validate our cortex MANF findings in the future.

It is imperative to repeat this experiment under controlled conditions, such that it
allows us to determine whether these mood stabilizers truly increase or decrease the mRNA
expression levels of these neurotrophic factors. Unlike the results observed in the in vitro
model of differentiated SH-SY5Y cells, it appears that lithtum and VPA do not have similar
effects on the expression of CDNF and MANF. It is possible that the differences in results
occurred due to other internal variables such as stress levels. Additionally, the mRNA
expression levels of the two neurotrophic factors were also analysed in two other brain

regions — mPFC and amygdala. However, similar to the rat hippocampus and striatum, no
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significant differences were observed in these brain regions (Figures 41 — 42).
Furthermore, the levels of GAPDH mRNA expression was not affected in other brain
regions, including PFC, mPFC, hippocampus, amygdala, and striatum (Figures 43, 44,
45a).

Upon conducting behavioural tests, it was observed that there were no significant
differences in locomotion and rearing behavior in rats treated with lithium and VPA
(Figures 34 — 35). These results are consistent with what we expected as these rats were
normal Sprague Dawley strain and not a manic or depressive model of BD. For future
studies, it would be beneficial to administer these drug treatments and conduct behavioural
tests in a manic or depressive model of BD. This will allow us to gain a better understanding
of the effects of these mood stabilizers in the BD population. Additionally, in order to
validate the mRNA expression findings, it will be beneficial to analyze the levels of ER
stress proteins — GRP78 and GRP94 — in these rat brain regions, in response to drug

administration.
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Chapter 4

Investigation of Neurotrophic Factors in vivo in whole blood samples

from Bipolar disorder patients and healthy controls
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4.1 Objective

Investigating CDNF, MANF, and GAPDH mRNA expression in whole blood samples

from BD patients and age-matched and gender-matched healthy controls

The objective of this study is to determine whether bipolar disorder patients have
an altered expression of neurotrophic factors when compared to healthy individuals. Given
the findings from the in vitro SH-SY5Y cell model, determining a similar correlation
between the human BD patients will allow us to validate that the in vitro model is a strong
predictor of how NTFs expression exists in this neuropsychiatric disorder. For the clinical
population, the levels of NTFs mRNA expression will be measured in their blood samples.
This study aims to determine the levels of CDNF, MANF, and GAPDH mRNA expression
levels in different patient populations including BD adults, BD children, and at risk
children, compared to healthy adults and healthy children respectively. It is expected that
BD patients will have an elevated level of CDNF and MANF mRNA expression in their
blood samples as a result of the mood stabilizers being prescribed to them. It is also
expected that the levels of GAPDH mRNA expression will not alter between different

patient groups.
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4.2 Materials and Methodology

4.2.1 Blood Samples Collection and Preparation

For the clinical studies, whole blood samples were collected from healthy adults
and healthy children, as well as patient populations including BD adults, BD children, and
children at risk of developing BD. The RNA was then extracted and DNase treated using
the PAXgene Blood RNA Kit (Qiagen, Catalog# 762164). The blood collection and RNA
extraction was conducted by members of Dr. Frey’s laboratory at St. Joseph’s HealthCare,

Hamilton, ON, Canada.

4.2.2 cDNA Svnthesis from Blood RNA

The DNase-treated RNA was then converted to complementary DNA (cDNA) by
reverse transcription (RT) using the gqScript cDNA SuperMix (QuantaBio, Catalog#
95048-100). During cDNA synthesis, negative RT controls were also created for randomly
chosen samples by using the DNase-treated RNA without the addition of reverse
transcriptase enzyme. This acted as a verification for the RT-PCR specificity as well as a
check for any DNA contamination. All of the reactions occurred at the following thermal
profile conditions: 5 minutes at 25°C, followed by 30 minutes at 42°C, and lastly 5 minutes

at 85°C, with a final hold at 4°C.

4.2.3 Reverse Transcription PCR (RT-PCR)

The CDNF, MANF, and GAPDH gene amplicons were detected by amplifying 50
ng of RT product using the Invitrogen Platinum Taq High Fidelity DNA Polymerase

(Catalog #: 11304-111) with appropriate primers (listed in Table 3). The PCR
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amplifications were conducted under the following parameters: initial denaturation at 94°C
for 2 minutes 30 seconds, followed with 40 cycles of 94°C for 30 seconds, 57°C for 30
seconds, and 72°C for 40 seconds. The amplification ended with a final extension for 7
minutes at 72°C. The primers for MANF, CDNF, and GAPDH were synthesized at MOBIX
lab facility (McMaster University, Hamilton, ON), and verified using gel electrophoresis
by running the PCR product on a 1.5% agarose gel. The bands of interest were then sent
for sequencing at the McMaster MOBIX lab. The primers listed in Table 3 were used for
the RT-PCR analysis. Representative RT-PCR products showed 100% homology with the
genes of interest — human CDNF, MANF, and GAPDH. Concentration of the gene
amplicons were then quantified and used for making the absolute standard curve dilutions

when running the quantitative RT-PCR.

4.2.4 Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction (RT-

qPCR)

The mRNA expression for CDNF, MANF, and GAPDH was quantified using RT-
gPCR with QuantiFast SYBR Green fluorescent dye PCR kit (Qiagen, Catalog# 204056).
The primers listed in Table 3 were used for the RT-qPCR analysis. The RT-qPCR was
used to determine absolute copy numbers of CDNF, MANF, and GAPDH mRNA in the
whole blood samples from human patient populations. The GAPDH mRNA expression
was used as an internal control. For MANF and GAPDH, the cDNA from the human blood
samples was amplified in triplicates for each sample, using Stratagene MX3000P cycler
with an initial PCR activation step at 95°C for 5 minutes. Next, the cDNA was denatured

through 40 cycles of denaturation at 95°C for 10 seconds, followed by a combined
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annealing and extension step for 30 seconds at 60°C. This was followed by melting curve
analysis where the qPCR produced a single peak for each product. This allowed for
verification of the PCR specificity for each product. Each reaction had a volume of 25ul
containing 60ng of total RNA. An absolute standard curve was generated using varying
concentrations of cDNA ranging from 1pg to 10ag with 10-fold serial dilutions. Real-time
RT-PCR conditions were optimized to ensure amplifications efficiencies remained
constant over the course of the run. Components of the RT-qPCR reaction mix were as
follows: 12.5ul of QuantiFAST SYBR green (QIAGEN), 5ul each of the 5SuM MANF and
GAPDH forward and reverse primers (described in Table 1), 2ul of sample cDNA, and
0.5ul of nuclease-free water to a final volume of 25ul. For CDNF, one-step RT-qPCR was
conducted where 60 ng of RNA was amplified with the primers listed in Table 3, under
the following conditions: 50°C for 30 minutes (1 cycle), 95°C for 15 minutes (1 cycle),
followed by 40 cycles of 94°C for 15 seconds, 52°C for 30 seconds, and 72°C for 45

seconds, and lastly 95°C for 1 minute (1 cycle).

4.2.5 Statistical Analysis

For the human blood samples, the absolute copy numbers of CDNF, MANF, and
GAPDH between control groups and patient populations were analyzed. MX3000P
software performs analysis of data obtained by the RT-qPCR to quantify the copy number
of the target sequence in each sample by comparing it with the standard curve copy
numbers. Real-Time PCR experiments were performed in triplicates which were averaged
prior to analysis. The whole blood samples results were categorized dependent on gender

and three different age groups: <21 years old, 21 — 49 years old, and 49+ years old. This
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allowed for the qPCR results to be age-matched and gender-matched between the different
patient populations. All statistical analyses were conducted using the GraphPad Prism 6.0
software (GraphPad Software, San Diego, California, USA). Outlier detection was
performed prior to analyses using GraphPad Outlier Tool. One-way analysis of variance
(ANOVA) with Tukey’s post-hoc test was conducted to determine significance between
groups, and a p-value of (p<0.05) was considered statistically significant. Data shown is

expressed as mean = standard deviation (S.D.).
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Primer Sequence (5° 2 3°) Product Accession Number
Size

CDNF Fwd: AAAGACGCAGCCACAAAGAT

188 bp* NM 001029954.2
CDNF Rev: AGGATCTGCTTCAGCTCTGC
MANF Fwd: TCACATTCTCACCAGCCACT

236 bp** NM 006010.5

MANF Rev: CAGGTCGATCTGCTTGTCATAC
GAPDH Fwd: GAGTCAACGGATTTGGTCGT

238 bp NM 001289745.1

GAPDH Rev: TTGATTTTGGAGGGATCTCG

Table 3. Forward and reverse primer sequences for human samples.

These primers were used for RT-PCR and RT-qPCR analysis of CDNF, MANF, and

GAPDH genes in human blood samples. *CDNF primers as designed by Asim Siddiqi for

One-step RT-gPCR. **MANF primers as described by Cheng et al., 2014. (bp — base

pairs).
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4.3 Human Blood Samples — RT qPCR Results

4.3.1 CDNF mRNA Expression in Blood
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Figure 46. CDNF mRNA expression in human blood samples (<21 years).

One-step RT-qPCR to measure the mRNA CDNF expression in whole blood samples from
healthy controls and BD patient populations under the age of 21 years. (a) males (b)
females. Y-axis displays the absolute copy number of CDNF in the samples, per 100 ng of

RNA. Sample Size (Healthy controls, BD patients, At Risk Children) (a)3, 1, 5 and (b)5, 1.
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Figure 47. CDNF mRNA expression in human blood samples (21 — 49 years).
One-step RT-qPCR to measure the mRNA CDNF expression in whole blood samples from
healthy controls and BD patient populations in the age range 21 — 49 years. (a) males (b)

females. Y-axis displays the absolute copy number of CDNF in the samples, per 100 ng of

RNA. Sample Size (Healthy controls, BD patients) (a): 5, 2 and (b) 15, 24.
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Figure 48. CDNF mRNA expression in human blood samples (49+ years).

One-step RT-qPCR to measure the mRNA CDNF expression in whole blood samples from
healthy controls and BD patient populations over the age of 49 years. (a) males (b) females.
Y-axis displays the absolute copy number of CDNF in the samples, per 100 ng of RNA.

Sample Size (Healthy controls, BD patients) (a): 1, 7 and (b) 3, 10.
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4.3.2 MANF mRNA Expression in Blood
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Figure 49. MANF mRNA expression in human blood samples (<21 years).

Two-step RT-qPCR to measure the mRNA expression of MANF in whole blood samples
from healthy controls and BD patient populations. (a) males and (b) females. Y-axis
displays the absolute copy number of MANF in the samples, per 100 ng of RNA. Sample

Size (Healthy controls, BD patients, At Risk Children) (a): 3, 1, 5 and (b) 5, 2.
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Figure 50. MANF mRNA expression in human blood samples (21 — 49 years).
Two-step RT-qPCR to measure the MANF mRNA expression in whole blood samples from
healthy controls and BD patient populations, in the age range 21 — 49 years. (a) males (b)
females. Y-axis displays the absolute copy number of MANF in the samples, per 100 ng of

RNA. Sample Size (Healthy controls, BD patients) (a): 3, 1 and (b) 10, 19.

96



M.Sc. Thesis — Shreya Prashar; McMaster University - Neuroscience

200007

15000+

10000+

o
(=4
(=4
T

MANF mRNA copy number
(per 100ng cDNA)

J L)
(a) Healthy Males (49+) BD Males (49+)

n=1, 5 (Healthy males, BD males)

250007
20000+

150004

10000+

(per 100ng cDNA)
|
|

5000+

MANF mRNA copy number

L] L}
Healthy Females (49+) BD Females (49+)

(b)
n =3, 8 (Healthy females, BD females)

Figure 51. MANF mRNA expression in human blood samples (49+ years).

Two-step RT-qPCR to measure the MANF mRNA expression in whole blood samples from
healthy controls and BD patient populations, over the age of 49 years. (a) males (b) females.
Y-axis displays the absolute copy number of MANF in the samples, per 100 ng of RNA.

Sample Size (Healthy controls, BD patients) (a): 1, 5 and (b) 3, 8.
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4.3.3 GAPDH mRNA Expression in Blood
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Figure 52. GAPDH mRNA expression in human blood samples (<21 years).

Two-step RT-qPCR to measure the mRNA expression of GAPDH in whole blood samples
from healthy controls and BD patient populations. (a) males and (b) females. Y-axis
displays the absolute copy number of GAPDH in the samples, per 100 ng of RNA. Sample

Size (Healthy controls, BD patients, At Risk Children) (a): 3, 1, 5 and (b) 5, 1.
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Figure 53. GAPDH mRNA expression in human blood samples (21 — 49 years).

Two-step RT-qPCR to measure the GAPDH mRNA expression in whole blood samples
from healthy controls and BD patient populations, in the age range 21 — 49 years. (a) males
(b) females. Y-axis displays the absolute copy number of GAPDH in the samples, per 100

ng of RNA. Sample Size (Healthy controls, BD patients) (a): 3, 1 and (b) 10, 18.
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Figure 54. GAPDH mRNA expression in human blood samples (49+ years).

Two-step RT-qPCR to measure the GAPDH mRNA expression in whole blood samples
from healthy controls and BD patient populations, over the age of 49 years. (a) males (b)
females. Y-axis displays the absolute copy number of GAPDH in the samples, per 100 ng

of RNA. Sample Size (Healthy controls, BD patients) (a): 1, 5 and (b) 3, 8.
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4.4 Discussion

Given the findings in chapter 2, we know that lithium and VPA treatments
significantly increase the mRNA expression of MANF and CDNF in vitro. Additionally,
several studies have established the role of CDNF and MANF as ER-stress proteins.
Lithium and VPA act by upregulating ER chaperones that are decreased in BD patients,
including GRP78 and GRP94 (Hayashi et al., 2009). MANF also interacts with these
chaperones as well as precursor genes to induct GRP78 (Glembotski et al., 2012). Thus,
both the mood stabilizers and neurotrophic factors act in similar ways to reduce ER stress.
It was hypothesized that lithium and VPA potentially alleviate BD symptoms by

regulating the impaired ER-stress response in BD patients.

In order to determine whether expression of neurotrophic factors is altered in vivo
as a result of the diseased condition or drug treatments, the mRNA expression of CDNF,
MANF, and GAPDH was analysed in whole blood samples from BD patients. Upon
matching the results based on gender and age groups, it was observed that neither males
or females in any of the age groups have a significant change in their mRNA expression
of CDNF, MANF, or GAPDH (Figures 46 — 54). These findings are not aligned with the
results observed in vitro. It was expected that since BD patients are prescribed several
mood stabilizers and anticonvulsants including lithium and VPA, the levels of their
neurotrophic factors will be altered accordingly. However, one explanation for the
insignificant changes in the neurotrophic factors expression is due to the multitude of drug

combinations that BD patients are prescribed. In comparison to the in vitro study, it is
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difficult to find BD patients on monotherapy of lithium or VPA. Consequently, it is
possible that these drug treatments act in a similar manner in vivo, however, there are drug
interactions occuring in vivo, causing a change in the effect of lithium and VPA on CDNF

and MANF expression.

Several studies have suggested a potential role of increased intracellular calcium
concentration in the pathophysiology of BD. In a study conducted in vivo, it was observed
that platelets and lymphocytes from BD patients had elevated levels of intracellular Ca*"
compared to healthy controls (Dubovsky et al., 1992, Emamghoreishi et al., 1997). BD
patients also have abnormal phosphatidylinositol (PI) signalling which then results in
elevated levels of intracellular Ca®" (Atack et al., 1995, Belmaker et al., 1998). However,
lithium regulates the PI signalling cascade by inhibiting enzyme inositol
monophosphatase, as well as levels of inositol triphosphate (IP3;) in order to reduce
intracellular [Ca®] (Atack et al., 1995). IP; causes release of Ca®" stores by binding to its
surface receptor on the ER. Additionally, it has been suggested that VPA acts on reducing
the intracellular [Ca*"] by inducting ER stress proteins which increase the Ca®'— binding
capacity of the ER (Bown et al., 2002). Thus, the regulation of intracellular calcium
concentration is another potential mechanism of regulating symptoms in BD.
Additionally, MANF also interacts in a calcium-dependent manner in the ER with the ER-
stress proteins such as GRP78 (Glembotski et al., 2012, Henderson et al., 2013). Thus it
was expected that potentially the drug treatments of lithium and VPA interact with these

NTFs to reduce intracellular [Ca®'], and reduce ER stress in BD patients.
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Additionally, one of the major limitations of this study exists in the small sample
size of patients. It will be beneficial to increase the human patients sample size in order to
determine significant trends. Furthermore, it will be interesting to observe the mRNA
expression levels of MANF and CDNF in drug-naive and at risk populations, as well as
patients from a wider age range. This will allow us to determine whether CDNF and
MANTF can potentially also act as markers to consider when diagnosing patients, as well
as while designing therapeutic treatments. Additionally, observing the changes in various
age groups will allow us to determine the interaction between these drugs and age-
dependent changes in NTFs expression. It will also be useful to determine the protein

expression of these neurotrophic factors in the patient populations.
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4.5 Conclusion

We have shown that mood stabilizers Lithium and VPA increase in vitro mRNA
expression of MANF and CDNF. Both of these neurotrophic factors play a role in the ER-
stress response pathway, by regulating expression of ER-stress proteins to prevent cell
damage and apoptosis. Since BD patients have shown impairments in their ER stress
response, it is suggestive that mood stabilizers act on these neurotrophic factors as a
mechanism of action. Additionally, our in vivo studies with rats treated with mood
stabilizers provided incongruent findings. The levels of MANF and CDNF expression were
altered in the PFC and cortex. It appears that these mood stabilizers impact neurotrophic
factors expression in brain regions shown to have impairments in BD. Thus it is important
to further examine the role of these neurotrophic factors in an in vivo model. Furthermore,
the results from the mRNA expression in human blood samples remain inconclusive due to
limited sample size. However, it will be beneficial to determine whether drug-naive, and at
risk BD patient populations express decreased levels of NTFs due to their diseased
biological condition. This decrease is then compensated for by their drug treatments. These
findings can play a vital role in determining new therapeutic targets for the treatment of

BD.
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