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Abstract

The antidepressant treatment of depression, currently the most debilitatihg
psychiatric disorder, is plagued by delayed onset of action, tfroublesome side-effects
and treatment resistance. However, a comprehensive understanding of the
biological basis and treatment of depression remains elusive, prompting extensive
ongoing research. The neuroplasticity hypothesis of depression has gained support
from various lines of experimental and clinical evidence, whereas chronic
antidepressant treatments reverse impaired neuroplasticity. The NO/cGMP pathway
is believed to play an important role in the dysregulated neuroplasticity and has been
a target for novel antidepressant strategies. Our laboratory recently demonstrated
antidepressant-like effects of the phosphodiesterase type 5 (PDES5) inhibitor
sildenafil when combined with the antimuscarinic drug atropine in rats. Unpublished
data suggested that sildenafil may up-regulate genes encoding for the expression of
anti-apoptotic proteins in vifro. Therefore, the primary study objective was to
investigate the effects of PDES inhibitors and other modulators of the NO/cGMP

pathway on neuroplasticity.

The human neuroblastoma (SH-SY5Y) and non-neuronal Chinese hamster ovary
(CHO-K1) cell lines were subjected to various biological stressors associated with
the neuropathology of major depression, including glutamate-induced excitotoxicity,
H-Oq-induced oxidative stress and serum deprivation. The latter was selected as
optimal stressor in SH-SY5Y cells whereafter they were incubated for 24 hours with
the antidepressant drugs imipramine, fluoxetine and tianeptine, the mood stabilizer
lithium, the PDES inhibitors sildenafil and tadalafil, the PDE4 inhibitor, rolipram and
the cGMP analogue db-cGMP under conditions of serum deprivation. Also, the
incubation with sildenafil and db-cGMP was performed with and without the soluble
guanylate cyclase inhibitor (ODQ) or the protein kinase G (PKG) inhibitor (RP-PET-
cGMPS). Thereafter cell viability was measured with the MTT- and Trypan blue

assays and DNA repair capacity was measured with the comet assay.
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The results indicated that sildenafil exerts a protective effect against oxidative stress,
as measured in the MTT assay. This property was shared by lithium, but not by db-
cGMP or the antidepressants. In addition, ODQ and RP-PET-cGMPS reversed the
protective effect of sildenafil, but with ODQ having a significantly greater effect.
Results from the comet assay indicate that all antidepressant drugs, PDE inhibitors
and db-cGMP significantly increased DNA repair capacity of SH-SY5Y cells. ODQ
and RP-PET-cGMPS reversed the enhancing effects of sildenafil and db-cGMP on
DNA repair capacity.

Main conclusions are that 24 hour serum deprivation of human neuroblastoma (SH-
SY5Y) cells provides a suitable jin vifro biological stressor. Serum deprivation in
combination with DNA repair capacity as biological marker of oxidative stress, exhibit
appropriate predictive validity in evaluating the effects of antidepressant drugs on
neuroplasticity.  Sildenafil, but not tadalafi, may possess a unique protective
property against oxidative stress to increase mitochondrial function, not shared by
classical antidepressants. PDES5 inhibitors share the protective property of classical
antidepressants to enhance DNA repair capacity under conditions of oxidative
stress. The mechanism whereby the PDES inhibitors exert their protective property
to enhance DNA repair capacity, involve increasing levels of cGMP and is PKG

mediated.

Finally, this study suggests that neuroprotective effects may contribute fo the

antidepressant-like activity of PDES inhibitors as observed in animal studies.
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~ Uittreksel

Die antidepressantbehandeling van depressie, tans die mees ontmagtigende
psigiatriese toestand, word geknel deur vertraagde aanvang van werking, kwellende
newe-effekte en behandelingsweerstandigheid. ‘n Grondige begrip van die
biologiese basis en behandeling van depressie ontbreek egter steeds, wat
uitgebreide voortgesette navorsing noodsaak. Die neuroplastisiteitshipotese van
depressie het toenemende steun vanuit verskeie gronde vir eksperimentele en
kliniese getuienis, ferwyl die chroniese behandeling met antidepressante
onderdrukte neuroplastisiteit omkeer. Die NO/cGMP sein-transduksieweg word
allerweé aanvaar om 'n belangrike rol te speel in gedisreguleerde neuroplastisiteit en
is n teiken vir nuwe antidepressantstraiegie€. Ons laboratorium het onlangs
antidepressant-agtige effekte van die fosfodiésterase-tipe-5- (PDE5) inhibeerder
sildenafil gedemonstreer, wanneer dit met die antimuskariniese geneesmiddel
atropien in rotte gekombineer word. Ongepubliseerde data suggereer dat sildenafil
gene wat vir die uitdrukking anti-apoptofiese proteiene kodeer op-reguleer. Om
hierdie rede was die primére doelwit van hierdie ondersoek om die effekte van
PDES5-inhibeerders en ander moduleerders van die NO/cGMP sein-transduksieweg

op neuroplastisiteit te ondersoek.

Die menslike neuroblastoma- (SH-SY5Y) en die nie-neurale Sjinese hamster-
ovariale- (CHO-K1) selle is onderwerp aan verskeie biologiese stressors
geassosieer met die neuropatologie van major depressie, insluitend glutamaat-
geinduseerde eksitotoksisiteit, H.O,-geinduseerde  oksidatiewe stres en
serumonthouding. Laasgenoemde was as die optimale stressor in SH-SY5Y selle
geselekteer, waarna dit vir 24 uur geinkubeer is met die antidepressant-
geneesmiddels imipramien, fluoksetien en tianeptien, die gemoedstabiliseerder
litium, die PDE5S-inhibeerders sildenafil en tadalafil, die PDE4-inhibeerder rofipram
en die cGMP-analoog db-cGMP, onder kondisies van serumonthouding. Verder is

die inkubasie met sildenafil en db-cGMP uitgevoer met en sonder die oplosbare
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guanilielsiklase-inhibeerder (ODQ) of die proteienkinase-G- (PKG) inhibeerder RP-
PET-cGMPS. Hierna is sellulére lewensvatbaarheid met die MTT- en Trypan blou-

toetse gemeet, asook die DNA-herstelkapasiteit met die komeetanalise.

Die resultate dui aan dat siidenafil 'n beskermende effek teen oksidatiewe stress
bied, soos gemeet met die MTT-{oets. Hierdie eienskap was gedeel deur litium,
maar nie deur db-cGMP of die antidepressante nie. Verder het ODQ en RP-PET-
cGMPS die beskermende effek van sildenafil omgekeer, maar met die effek van
ODQ beduidend groter. Resultate van die komeetanalise dui aan dat al die
antidepressante, PDE-inhibeerders en db-cGMP die DNA-herstelkapasiteit in SH-
SY5Y selle beduidend verhoog het. ODQ en RP-PET-cGMPS het die positiewe
effek van sildenafil en db-cGMP op DNA-herstelkapasiteit omgekeer.

Primére gevolgtrekkings is dat 24 uur serumonthouding in menslike neuroblastoma
(SH-SY5Y) selle 'n geskikte in vitro biologiese stressor verskaf. Serumonthouding in
kombinasie met DNA-herstelkapasieteit as biologiese merker van oksidatiwe stress
vertoon geskikte voorspellingsgeldigheid met die evaluering van die effekte van
antidepressant-geneesmiddels op neuroplastisiteit. Sildenafil, maar nie tadalafil nie,
beskik moontliik ocor unieke beskermende eienskappe teen oksidatiewe stres om
mitochondriale funksie te verhoog, wat nie deur klassieke antidepressante gedeel
word nie. PDE5 inhibeerders deel die beskermende eienskap van klassieke
antidepressante om die DNA-herstelkapasiteit onder kondisies van oksidatiewe
stress te verhoog. Die megansime waarvolgens die PDES-inhibeerders hul
beskermende effek om DNA-herstelkapasiteit te verhoog uitoefen behels verhoogde

vlakke van cGMP en is PKG-gemediéerd.

Ten siotte, dui hierdie studie aan dat neuronbeskemende effekte tot die
antidepressant-agtige aktiwiteit van die PDES5-inhibeerders, soos waargeneem in

dierestudies, mag bydra.
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|| Chapter
Introduction 1

(All abbreviations are listed in Addendum E)

This introductory chapter serves as an orientation to the dissertation and study as a
whole, and is therefore very concise. A more elaborate literature study is presented

in the next chapter.

1.1 Dissertation approach and layout

This dissertation is presented in an arficle format, whereby the key data is prepared
as a manuscript (see Chapter 3) for publication in a chosen scientific journal. All
complementary data, not included in the article, is presented in an addendum (see
Addendum B). In addition, chapters with, for example, a literature review (Chapter 2)
and conclusions (Chapter 4) are also included in the dissertation. The following
outline serves to assist the reader where to find key elements of the study in the

'dissertation:

*+ Problem statement, study objectives and study layout:
Chapter 1
¢ Literature background
Chapter 2 (literature review) and Chapter 3 (article introduction)
¢« Materials and methods
Chapter 3 (article methods) and Addendum A (extended materials and
methods) '

» Results and discussion
Chapter 3 (article results and discussion) and Addendum B (additional results

and discussion)

« Summary and conclusions

Chapter 4 (for the study as a whole, including the article and addendum)
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1.2 Problem statement

Depression affects more than 121 million people worldwide and is projected to be
the second largest burden of disease by the year 2020 (Mathers et al., 2003).
Depression is currently treated using drugs that exert their action based on the
monoamine hypothesis (Fava et al., 2008). These antidepressant drugs are plagued
with delayed onset of action, bothersome side-effect profile (associated with poor
compliance to treatment) and treatment resistance (Fava, 2003; Katzung et al,,
2002; Maniji et al., 2003), suggesting an urgent need for more effective and tolerable
drugs and treatment strategies. This implies also a need for extensive research on
the neurobiological basis of depression and associated‘novel drug targets for

antidepressant action.

The neuroplasticity hypothesis of the neurobiological basis of depression provides
one such a framework to investigate novel drug targets, and is viewed as a unifying
hypothesis in that it accommodates classical hypotheses, while also accommodating
newer observations that were not explained by previous hypotheses. This
hypothesis describes depression as a neuropsychiatric disease associated with
impaired neuroplasticity, which is reversed by effective antidepressant treatment.
Typical biomarkers of neuroplasticity include transcription factors such as cyclic
adenosine monophosphate response element binding protein (CREB) and
neurotrophic factors such as brain derived neurotrophic factor (BDNF), where it has
been shown that decreased levels of CREB and BDNF is associated with the
neuropathology of depression (Chen et al.,, 2001). Stress-related inhibition of
neuroplasticity is also closely associated with excitotoxicity, as induced by an
overactive glutamatergic neurotransmission. Glutamate acts via the NMDA receptor
to activate nitric oxide (NO), which exerts its effect on higher functions that include
learning and memory (Harvey, 2006), and subsequently activates soluble guanylyl
cyclase to facilitate the formation of cyclic guanylate monophosphate (cGMP), a
second messenger that activates several celiular pathways. ¢cGMP is degraded by
phosphodiesterases, and phosphodiesterase (PDE) inhibitors such as sildenafil (a
PDES5 selective inhibitor) has been shown to increase synaptic plasticity (Andreeva
et al., 2001), evoke neurogenesis (Zhang et al., 2002) and play a role in brain

development (Esplugues, 2002). The novel antidepressant tianeptine has been
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shown to block the release of glutamate by antagonizing the NMDA-receptor or by
non-competitive NMDA-receptor moduiation (McEwen et al., 2005). The role of the
glutamate/NO/cGMP signal transduction pathway therefore plays an important role in

the regulation of mood, anxiety and stress.

It has been demonstrated recently that sildenafil, when co-administered with atropine
(but neither drug alone), produces an antidepressant-like effect in rats, comparable
to that of fluoxetine (Brink et al., 2008). This finding provides further support for a
role of the glutamate/NO/cGMP pathway in depression and proposes PDE5 as a
novel drug target for antidepressants. In addition it has been shown recently in our
laboratory that sildenafil may possess neuroprotective properties via activation of
anti-apoptotic pathways in human neuroblastoma (SH-SY5Y) cells (unpublished

data), thereby suggesting a role for PDES in the modulation of neuroplasticity.

Depression is now recognised as a multifactorial disorder, with a complex
neuropathology. It is therefore likely that multiple drug targets to treat the disorder
will be identified, prompting further research. In particular, there is a need to
investigate the effects of the PDES inhibitor sildenafil, a drug with much potential as

novel antidepressant strategy, on neuroplasticity.

1.3 Study objectives

The primary objective of the current study was fo investigate the effects of sildenafil

tfreatment on markers of celiular plasticity in a neuronal and non-neuronal celi line.
Utilising human neuroblastoma (SH-SYS5Y) cells, this study specifically aimed to:

s investigate and select appropriate biological stress conditions that relate to

neuronal stress in major depression;

s determine under the selected biological stress conditions the concenftrations
at which sildenafil and other drugs that modulate the NO/cGMP pathway exert

optimal effects on cellular plasticity;
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» evaluate under the selected biological stress conditions the effects of the
various indicated drugs at the determined optimal concentrations on different

markers of cellular plasticity;

+« evaluate the role of the NO/cGMP signal transduction pathway in any effects

observed with sildenafil on cellular plasticity.

A secondary objective of the current study was to compare the effects of sildenafil
treatment on markers of cellular plasticity as observed in a neuronal to that observed

in @ non-neuronal cell line.

Utilising neuronal human neuroblastoma (SH-SY5Y) and non-neuronal Chinese

hamster ovary (CHO-K1) cells, this study objective specifically aimed to:

» compare the effects of different biological stress conditions on the cellular

plasticity of these cell lines;

« compare the effects of different concentrations of sildenafil on the stress-

induced changes in cellular plasticity in these cell lines.

1.4 Study layout

All of the experiments for the current study were performed in the Laboratory for
Applied Molecular Biology (LAMB) at the North-West University, Potchefstroom
Campus, South Africa. For the abovementioned study objectives to be achieved the

foliowing study layout were followed:

e SH-SY5Y and CHO-K1 cells were seeded in 24-well plates and exposed to
stressors (i.e. serum deprivation, H;O, exposure, glutamate-induced
excitotoxicity) that reduced cell viability in vifro, and pertaining to stressors
associated with major depression. The MTT assay for cell viability was used
for this selection and the 24 hour serum-free incubation was found to be the

optimal stressor in both cell lines.
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Thereafter, under serum-free conditions, both cell lines were treated with
sildenafil (concentrations ranging from O to 1600 nM). The MTT assay for cell
viability was used to select the cell line and optimal sildenafil concentration
where sildenafil exhibited a statisfical significant increase in cell viability. It
was found that sildenafil exhibited protective properties in only the neuronal
cell line.

Thereafter, under serum-free conditions, the neuroblastoma (SH-SYX5Y) cells
were freated for 24 hours with a concentration series of sildenafil, tadalafil,
rolipram, ODQ, RP-PET-cGMPS, db-cGMP, fluoxetine, imipramine, lithium or
tianeptine. Again the MTT assay for cell viability was used for this selection to
obtain the optimal concentration(s) for each drug to modulate cellular
plasticity.

Thereafter, under serum-free conditions and using the optimal drug
concentrations, the cells were treated for 24 hours with the indicated drugs
and combinations, and the effect on cell viability measured with the MTT,

Trypan blue and DNA comet assays.
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Chapter |

2

(All abbreviations are listed in Addendum E)

This chapter, as a literature review, provides a background on the current
understanding of neuroplasticity and its role in major depression. In this regard,
there will be a specific focus on the role of the glutamate / nitric oxide (NO) / cyclic
guanylyl monophosphate (cGMP) signal transduction pathway, as well as on the role
of phosphodiesterase type 5 inhibitors that modulate this pathway. As a broader
background to these novel developments, the chapter also describes and
contextualises major depression as psychiatric disorder, discuss the various
anatomical brain areas involved in major depression and neuroplasticity, the
underlying neurobiology, how drugs have shown potential to reverse impaired

neuroplasticity in depression, and novel approaches in drug therapy of depression.

2.1 Depression

Depression is a disease state that affects more than 121 million people worldwide at
any given time. Itis also estimated that depression will be the second largest burden
to man by 2020 (Mathers ef al., 2003). This has a huge impact on global economy
and also has a negative irmpact on overall wellbeing at the level of the individual.
Depression presents with symptoms including negative mood, exhaustion,
decreased pleasure, lowered libido and changes in daily dietary consumption to
name only a few (American Psychiatric Association, 2000). All these symptoms can
go unnoticed until normal functioning is severely and noticeably adversely effected or
even until suicide seems the only way out. In South Africa it is estimated that one
out of every twenty teenagers has thought of (idealised) suicide, while 7.8% of them
actually attempt it and succeed, contributing to the worldwide global estimate of

850,000 suicides annually (South African Depression and Anxiety Group, 2009).
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There are mainly three challenges regarding depression and its treatment: (1)
insufficient attention is given to early signs of depression; (2) antidepressant drugs
do not provide immediate effect, thereby hindering compliance to treatment and (3)
depression involves a complex underlying neurobiology that is incompletely
understood (Fava, 2003; Manji ef al., 2003).

From observations in earlier studies it was postulated that a reduction in monoamine
neurotransmitters or neurotransmission underlies the neurobiology of depression
and that the restoration of impaired monoaminergic neurotransmission underlies
antidepressant action (see section 2.1.2.1 below) (Katzung ef al., 2002; Schildkraut,
1995). However hypotheses of the neurobiological basis of depression have
developed to now also accommodate observations suggesting a more complex and
multifactorial underlying neuropathology (Balu et al, 2008; Blendy, 2006).
Specifically, data from neuroimaging and biochemical studies suggest structural and
functional changes in the brain and therefore impaired neuroplasticity associated
with depression (Fuchs ef al., 2004; Kronenberg ef al., 2009; Lai ef al., 2000).

The foliowing section of the literature study discusses the different types of
depression, including their symptoms and aetiology, the hypotheses of depression
with a reference to the brain areas involved, as well as the underlying biochemical
processes where applicable. The role of stressors associated with the aetiology of
depression will be mentioned briefly (and will be discussed in more detail in the
section on neuroplasticity — see section 2.2.2 below), followed by the current

treatment strategies for depression.

2.1.1 Types of depression

The Diagnostic and Statistical Manual of Depressive Disorders (DSM-IV) divides
depression into two major classes. The first is bipolar depression, which could be
either bipolar | depression (where a patient has history of mania) or bipolar li
depression (where a patient has an alternation between hypomanic and brief
depressive episodes). The second class of depression is denoted unipolar

depression, which is a major depressive episode (without any history of hypomania
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or mania) or dysthymia, in which a patient has two years of depressive symptoms
without meeting the criteria of a major depressive episode. The DSM-IV has also
enlisted cross sectional speciﬁers (melancholic, atypical and postpartum) and
longitudinal specifiers (seasonal or rapidly cycling) of major depressive episode. The
degree of severity (mild, moderate, severe or psychotic) has also been graded by the
DSM-IV  (American Psychiatric Association, 2000). Besides the DSM-IV
classification, some subtypes of depression, such as depression with anger or
depression with anxiety, have been identified in clinical practice and have also been
studied (Swaab ef al., 2005). This literature review will define and briefly discuss the
following four depressive conditions: (1) major depression, (2) dysthymic disorder,

(3) double depression and (4) bipolar disorder.

2.1.1.1 Major depression

Major depression was estimated to be the leading cause of non-fatal burden in the
world, accounting for 10.7% of total Years of Life lived with Disability (YLD).
Correspondingly major depression was the fourth leading cause of total disease
burden accounting for 4.4% of total Disability-adjusted life years (DALY's) for the year
2000 (Ayuso-Mateos ef al., 2001). The term major depressive disorder, also known
as clinical depression or unipolar depression, was selected by the American
Psychiatric Association in the Diagnostic and Statistical Manual of Mental Disorders
in the 1980 version to designate the collection of symptoms (severely depressed
mood and a loss of interest or pleasure in nearty all activities) as a mood disorder.
The collection of symptoms should last for at least two weeks, for a definite
diagnosis of this disorder, and include at least five other symptoms such as changes
in appetite or weight, insomnia or hypersomnia, psychomotor agitation or retardation,
fatigue or a loss of energy, feelings of worthlessness and guilt, a diminished ability to
think or concentrate and recurrent unfocused thoughts of death or suicide (American
Psychiatric Association, 2000; Belmaker & Agam, 2008). Major depressive disorder
is such a multifaceted disease, including a range of both emotional (e.g. depressed
mood and anxiety) and physical symptoms (e.g. sleep disruption, fatigue, loss of
appetite) where physical symptoms are more frequently observed than emotional

(American Psychiatric Association, 2000). An untreated occurrence of major
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depressive disorder can lead to a single depressive episode lasting up to nine
months (Barlow & Durand, 2002).

2.1.1.2 Dysthymic disorder
With the introduction of the third Diagnostic and Statistical Manual of Mental

disorders (DSM), in 1980, dysthymic disorder was introduced to replace neurotic
depression. Dysthymia is characterized by a persisting low-grade depression. While
dysthymia is chronic in nature, the symptomatology often fluctuates, including
frequent exacerbations that meet the criteria for a major depressive episode
(Rhebergen ef al., 2009). Although the phenomenologies of dysthymic disorder are
qualitatively similar to major depressive disorder, dysthymia persons experience
fewer vegetative symptoms (Leader & Klein, 1996) and the percentage of patients
with co-morbid major depressive disorder exceeds 90% (Rhebergen ef al., 2009).
Patients with dysthymic disorder mostly have symptoms lasting for at least 2 years
during which the patient is not symptom free for more than 2 months at a time
(American Psychiatric Association, 2000). Symptoms presented in dysthymia are
often present for up to 20 years, whereby a patient eventually experiences a major

depressive episode (Barlow & Durand, 2002).

2.1.1.3 Double depression

The presence of concurrent dysthymia and major depression present in individuals is
referred to as double depression (Rhebergen et al., 2009). In double depression the
episodes of major depression are superimposed on a more chronic depressive
disorder. Studies have revealed that 25 to 66% of patients with major depression
has co-morbid dysthymia. The relapse in patients with double depression is more
frequent than those with major depression alone and their recovery were more rapid
(Moerk & Kiein, 2000), however double depressives presents a more severe
symptom profile and lower recovery rates than the major depressives (Lehto ef al.,
2008).
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2.1.1.4 Bipolar disorder

Bipolar disorder is a severe, highly disabling chronic psychiatric disorder with an
estimated lifetime prevalence of 1 to 3%. The increased mortality and morbidity
associated with bipolar disorder is due to general medical conditions such as
cardiovascular disorder, obesity and diabetes mellitus, which are not simply a result
of psychiatric symptoms. This mood disorder is characterized by recurrent episodes
of mania and depression, severely disturbing the quality of life. The manic episodes
are characterized by an elated mood, grandiosity, flight of ideas, hyperactivity and
diminished need for sleep, while the depressive episodes are characterized by
depressed mood, loss of interest, psychomotor retardation, feelings of worthlessness
and suicidal ideation. Bipolar | disorder can be diagnosed after one manic episode
whereas bipolar Il disorder are diagnosed after one hypomanic (a milder form of
manic episode) and one major depressive episode. The prevalence of bipolar
disorder types | and |l are estimated as high as 3% of the population (Kapczinski ef
al., 2008; Kato, 2008).

Even though bipolar disorder is associated with depressive episodes, its
neurobiology and treatment differs from that of major depression, and it is strictly not
included in the study objectives. It is mentioned here, however, to indicate the

complex nature of the range of depressive mood disorders.

2.1.2 Hypotheses of depression

The search for cures for depressive mood can be found in the most ancient history of
man. Despite the sérendipitous discovery of the role of the monoamines in the
regulation of mood (and hence the postulation of the classical monoamine
hypothesis) and thereafter the development of several newer hypotheses, a clear
understanding of the aetiology and neurobiological basis of depression still remains
elusive. However, these hypotheses provide some keys to explain 6bservations and
to stimulate the development of novel treatment strategies. A few of the most

prominent hypotheses of the biological basis of depression will be discussed below.
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2.1.2.1 The monoamine hypothesis

The 1950's saw the dawn of a new era for depression. Researchers have found that
the drug reserpine, used in the treatment of hypertension, depletes monoamine
neurotransmitter stores and induces depressive-like symptoms (Coppen, 1967).
This breakthrough gave birth to the classical and best studied hypothesis of
depression, namely the monoamine hypothesis (Katzung et al., 2002; Sapoisky,
2000; Schildkraut, 1995), suggesting that a defective monoaminergic activity occurs
in the brain, leading to low levels of monoamines. Whereas at first the role of central
I-norepinephrine (-NE) was recognised, it later became clear that serotonin (5-HT)
and dopamine (DA) also play a role. Several classes of antidepressants, namely
monoamine oxidase inhibitors (MAOIs), tricyclic antidepressants (TCAs), selective
serotonin re-uptake inhibitors (SSRIs) and selective noradrenalin re-uptake inhibitors
(NARIs) have been introduced, based on the monoamine hypothesis (Blier, 2003).
The monoamine hypothesis of depression does not only propose the crucial
involvement of monoamines in the therapeutic effects of these antidepressant drugs,
but suggest depression to be directly related to decreased monoaminergic

neurotransmission.

New developments in molecular biology enabled further investigation into the validity
of the monoamine hypothesis of depression. Many recent studies provided data
that fit well with the monoamine hypothesis, some of which originate from positron
emission tomography (PET), where the use of selective radioligands provided
evidence that pre- and postsynaptic 5-hydroxy-tryptamine type 1A (6-HT+4) receptor
binding is reduced in patients with depression (Drevets ef al, 1999). A similar
reduction in 5-HT1a receptor binding has been found in the pre-frontal cortex of
unmedicated depressed patients relative to healthy controls (Sargent ef al., 2000).
5-HT44 receptors are involved in the regulation of anxiety in depression (Koller ef al.,
2006). This is also supported by observations that 5-HT14 receptor-deficient mice
display a notable increase in behaviour associated with increased anxiety and
stress, whereas this was reversed by the 5-HTia agonist buspirone (Parks ef al.,
1998; Ramboz et al.,, 1998). Therefore this reduction in 5-HT44 receptor binding
suggest a more complex underlying mechanism involved in the neurobiology of

depression, whereby the classical monoamine hypothesis that imply a mere
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reduction in monoamine levels, is too simplistic. In addition, while antidepressants
cause a rapid increase in brain monoamine levels, the delayed onset of clinical effect
(often ten to fourteen days) also suggest that other factors are involved in
therapeutic response. It is therefore believed that the alteration in monoamine
neurotransmission, as induced by the antidepressants, sets off a cascade of
neurobiological events that eventually culminates in response. Nevertheless, all
classic antidepressants are believed to (and accordingly classified) exert their main
therapeutic effect via an initial modulation of the metabolism, reuptake, or receptor
signalling of serotonin, norepinephrine, or both (Katzung ef al., 2002; Schildkraut,
1995; Sapolsky, 2000).

21.2.2 The cholinergic super-sensitivity hypothesis

In 1972 Janowsky and co-workers proposed a cholinergic-adrenergic hypothesis of
mania and depression (Janowsky ef al., 1972). They proposed that depressed
individuals ‘exhibit a cholinergic over-activity or super-sensitivity, which could be
observed as a greater behavioural or hormonal response to cholinergic agonists
(Janowsky et al., 1994). Since then numerous lines of evidence were accumulated
in support of a role for the muscarinic cholinergic system in the aetiology of
depression. For instance, rats bred selectively for increased sensitivity fo muscarinic
receptors demonstrated behaviours that are similar to those seen in depressed
patients (Daws & Overstreet, 1999). In humans, enhanced cholinergic activity
induced an aggravation of symptoms in patients with unipolar depression (Janowsky
et al.,, 1972). There is also evidence to suggest that the muscarinic acetylcholine
receptor (mMAChR) in the nucleus accumbens may be the mediator that drives
behavioural depression (Rubin & Staddon, 1999). Furthermore, neuroendocrine and
pupillary responses to cholinergic activity are augmented in depressed subjects
(Dilsaver, 1986). It has been found that antagonism of the mAChR is associated
with reversal of depressive-like symptoms (Daws & Overstreet, 1999). Until recently,
only a handful of uncontrolled studies have suggested that anticholinergic drugs
might have antidepressant efficacy. The antidepressant effects of ftricyclic
antidepressants were believed to be partly due to their anticholinergic properties.

Kasper and co-workers described the antidepressant properties of the anticholinergic
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drug biperiden in 10 severely depressed inpatients (Kasper ef al.,, 1982). A more
recent study found that the antimuscarinic drug scopolamine had antidepressant
properties in both subjects with unipoiar and bipolar depression and that the
responses were rapid, occurring within three to five days (Furey & Drevets, 2006).
Yet another study has shown in vifro that the experimental antidepressant myo-
inositol and the therapeutically used antidepressants fluoxetine and imipramine exert
a down-regulation of the mAChR (Brink ef al., 2004), putatively contributing to their

therapeutic effects.

Because anticholinergic side-effects are bothersome and a common cause for
discontinuation of tricyclic antidepressants in depressed patients, novel compounds
currently in development that target the cholinergic system would need to factor in
this potential problem. Further controlled short- and long-term studies are warranted
to determine the efficacy, safety, and tolerability of anticholinergic compounds in

mood disorders.

2.1.2.3 The hypothalamic-pituitary-adrenal (HPA) - axis
hyperactivity hypothesis

The HPA-axis is regulated by corticotrophin releasing hormone (CRH),
adrenocorticotrophin hormone (ACTH) and cortisol. [n patients with depression
there is an over-secretion of these hormones, in the presence of a defective
feedback system, and leading to elevated levels of these hormones in the blood.
There are studies demonstrating increased levels of CRH and cortisol in the
cerebrospinal fluid of depressive patients, thereby suggesting that elevated cortisol
and ACTH are involved in the neurobiology of depression and that their elevated
blood levels are not merely consequences thereof. The increase in cortisol and
ACTH levels is also associated with the glutamate-induced excitotoxicity (see section
2.2.2.1 below), which then results in oxidative stress (see section 2.2.2.2 below). It
was observed in patients with major depression that was subjected to the
dexamethasone (DEX) suppression test, that an increase in ACTH, mostly due to

increased CRH levels, resulted in hypercortisolemia and non-suppression of serum
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cortisol levels. The DEX suppression fest measures the hyperactivity of the HPA-
axis as the ability of the synthetic glucocorticoid DEX to reduce the HPA-activity in
normal patients; thereby the DEX suppression test is able to detect impaired
negative feedback to the pituitary gland, resulting in an endogenous hyperactivity of
the HPA-axis. Increased cortisol levels have also shown to cause damage to
hippocampal CA3 pyramidal neurons, as well as suppression of neurogenesis in
adults (Fuchs et al., 2004). In a study in rats, treatment with glucocorticoids resulted
in decreased performance in object recognition tasks and structural changes to the
hippocampus. However, the classical antidepressant fluoxetine has not been
demonstrated to significantly control cortisol secretion (Monteleone ef al., 1995).
Newer antidepressant strategies, such as mifepristone and metyrapone, shows
promise in clinical trials in controlling the secretion of cortisol relevant fo depression
(DeBattista & Belanoff, 2006). Mifepristone lacks antidepressant activity (Carroll &
Rubin, 2008), whereas the addition of metyrapone fo antidepressant therapy
enhances antidepressant effect and may also accelerate their onset of action
(Young, 2005).

21.2.4 The neuroplasticity hypothesis

Many studies illustrate how stress (associated with depression) affects the functional
and structural integrity of neuronai cells, associated with changes in markers of
neuroplasticity as measured at cellular and molecular level. Celiular changes
include reduced neurogenesis and cell death, while molecular changes include
modified gene expression and protein synthesis and phosphorylation. These effects
sketch a theoretical mechanism whereby sustained stress (such as associated with
depression) may reduce neuronal plasticity and ultimately lead to selective.
abnormalities of limbic structures such as the hippocampus, prefrontal cortex and

amygdala.

Biological stressors associated with major depression eventually induce functional
and even structural changes in the brain. These biological stressors include
excitotoxicity, induced by glutamate (see section 2.2.2.1 below), oxidative sfress

(see section 2.2.2.2 below) induced by reactive oxygen species (ROS) and neuronal
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damage induced by pro-inflammatory cytokines (Myint ef al., 2007) and are depicted
in Figure 2-1. The pro-inflammatory cytokines enhance the activity of indolamine, an
enzyme leading to the excessive formation of quinolinic acid. Quinolinc acid is a
neurotoxic metabolite exerting its action on the NMDA receptors (Myint & Kim,
2003). Another stressor is increased cortisol secretion as a result of a hyperactive
HPA-axis. This over secretion of cortisol leads to an increased celiular glucose
metabolism subsequently resulting in an increased formation of free radicals. The
excess free radicals cause an imbalance in the oxidative status that leads to lipid

peroxidation and DNA damage.

The sub-cellular mediators involved in regulating neuronal plasticity include the
regulation of the transcription factor cyclic adenosine monophosphate (CREB) (see
section 2.2.2.3.1 below) and the neurotrophic factor brain-derived neurotrophic factor
(BDNF) (see section 2.2.2.3.2 below). Almost all of the current antidepressants have
shown to increase CREB and BDNF. These increases are mediated via the cyclic
mononucleotides which have shown fo be increased after chronic antidepressant

therapy.

Studies show that synaptic plasticity is very important in learning and memory, as it
occurs in cerebral structures such as the hippocampus. The most studied form of
synaptic plasticity is long-term-potentiation (LTP), occurring at the excitatory
synapses of the hippocampus. Many studies support the hypothesis that LTP
underlies memory, although the complex mechanism involved is not yet completely
clarified (Constantine-Paton & Cline, 1998). Various other studies have shown that
LTP and memory depend on a cellular cascade stimulated by an increase of the
intracellular concentrations of cyclic adenosine monophosphate (cAMP), with
subsequent protein kinase A (PKA) activation and the phosphorylation of CREB
(Ahmed & Frey, 2005). Besides cAMP, a fundamental role is played by the
cGMP_/PKG/CREB pathway, as it seems to act in parallel with the cAMP/PKA/CREB
pathway (Nguyen & Woo, 2003).

The neuroplasticity hypothesis of depressidn is a complex theory of intertwined

mechanisms not yet completely understood which is depicted in the figure below.



Chapter 2: Literature review 16

STRESS
Glucose il
?Glutamiate HPA-axis ) Tinﬂiammatory
metabelism cytolings

2 2N v
1‘ Ca?* 1‘ Cortisol 1‘ ROS 'ﬁ‘ IO

KN . v

chrpz TBax CREB lBDNF ? Kynurenine

ﬁuﬁn elinic acid

Neuronal cell death
Via
DNA damage
Apaptosis
Oxidative stress

Figure 2-1 The complex intertwinement of the neuroplasticity hypothesis. Abbreviations: bcl-2 = beta
cell lymphoma/leukocyte -2 gene family, Bax = bcl-2 associated protein X, BDNF = brain derived
neurotrophic factor, CREB = cAMP response element binding, HPA-axis = Hypothalamic pituitary
adrenal axis, ROS = reactive oxygen species, IDO = indolamine. Adapted from (Carlson et al., 2006).

2.1.3 Treatment of depression

Currently there are four main drug classes in the treatment of depression which

include 1) the monoamine oxidase inhibitors, 2) tricyclic antidepressants, 3) selective
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serotonin reuptake inhibitors and 4) atypical antidepressants. The current basis of
'the treatment of depression is based on the monoamine hypothesis of depression
(Katzung ef al., 2002; Schildkraut, 1995).

2.1.3.1 The monoamine oxidase inhibitors (MAOIs)

Monoamine oxidase is an enzyme present in the outer mitochondrial membrane of
neuronal and non-neuronal cells that degrades the monoamines, including /-
norepinephrine (NE), dopamine (DA) and serotonin (5-HT). This degradation of
monoamines causes a decrease in their release from the pre-synaptic vesicle,
which, according to the monoaminergic hypothesis of depression, is related to the
manifestation of depression. However monoamine oxidase (MAO) inhibitors
decrease the amount of monoamines degraded in the pre-synaptic neuron, thereby
increasing their availability to be released into the synaptic cleft and is therefore
associated with a reversal in depressive-like symptoms (Katzung ef al, 2002;
Schildkraut, 1995). There are two isoforms of MAO, namely MAO-A and MAO-B,
each with different substrate preferences, inhibitor specificity and tissue distribution.
MAO-A mainly metabolises /-NE and 5-HT and MAO-B mainly metabolises DA. The
classical and non-selective MAO-inhibitors such as phenylzine and tranylcypromine
induce a hypertensive crisis when dietary tyramine (monoamine forerunner) is
ingested. The selective and reversible MAO-A inhibitor moclobemide (currently
marketed as Aurorix®) and the selective MAO-B inhibitor selegeline (currently
marketed as Parkilyne®) are free from this potential interaction (Yamada &
Yasuhara, 2004). Studies indicate that selegeline shows promise as an
antidepressant drug in patients with co-morbid depression. Selegeline has also
shown fo be an anti-apoptotic regulator thereby indicating a possible role in

neuroplasticity improvement (Rezak, 2007).

2.1.3.2 The tricyclic antidepressants (TCASs)

Tricyclic antidepressants (TCAs) were discovered in the 1950’s and subsequently
introduced into treatment of depression in the 1960’s. All TCAs share a basic

pharmacophore consisting of three rings of atoms, hence the name. The majority of
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TCAs act by inhibiting the reuptake of /-NE and 5-HT, thereby increasing the
concentrations of these neurotransmitters and enhancing neurotransmission
(Katzung ef al, 2002). TCAs may be tertiary or secondary amines differing
significantly. Tertiary amines are metabolised in the liver by N-demethylation to the
corresponding secondary amines. The secondary arnines are pharmacologically
active and contribute to both the therapeutic and toxic effects. The secondary
amines are metabolised in the liver by aromatic hydroxylation and glucoronidization
to compounds that have neither the therapeutic nor toxic effects of TCAs.
Imipramine, amitriptyline and doxepin are tertiary amines and are partially
metabolised to its secondary amines, desimipramine, nortriptyline and nordoxepin.
Secondary amines exhibit more potent effects on /-NE inhibition whereas tertiary
amines more potently exert their effects on 5-HT reuptake. Because tertiary amines
are metabolised to secondary amines they have both actions (Rudorfer & Potter,
1999). The TCAs are structurally related to phenothiazines and therefore share
most of their side-effect profile as they exhibit affinity for multiple receptors which
include histamine-1, a-adrenergic receptors and muscarinic acetylcholine receptors
(Leonard, 1997). Imipramine, the most frequent prescribed TCA has shown to
increase the transcription factor CREB and neurotrophic factor BDNF in patients with
major depression, thereby suggesting its role in enhancing neuroplasticity (Blendy,

2008).

2.1.3.3 The selective serotonin reuptake inhibitors
(SSRIis)

In 1987 Eli Lilly introduced fluoxetine (Prozac®) as the first selective serotonin
reuptake inhibitor (SSRI) on the market for the treatment of depression (Stokes &
Holtz, 1997). Currently there are many SSRIs on the market and include:
paroxetine, citalopram, escitalopram and sertraline (Furgeson, 2001; Kasper ef al.,
2009). The SSRIs block the reuptake of serotonin into the pre-synaptic nerve
terminal, thereby increasing the serotonin concentration in the synaptic cleft. During
chronic treatment with fluoxetine in rats, it was found that the cell survival signals,
such as CREB and BDNF, were induced, thereby promoting synaptic plasticity (Altar,
1999; Drzyzga ef al., 2009; Duman, 2002) and neurogenesis (Lee ef al., 2001). In
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human subjects the increase in neurotrophic actions (specifically BDNF) of
antidepressants were seen to reverse neuronal atrophy and cell loss (Duman &
Monteggia, 20086).

2.1.3.4 The atypical antidepressants

The atypical antidepressants have unrelated chemical structures and their actions
also vary, from maprotiline that selectively inhibits reuptake of /-NE to trazodone that
acts as a potent 5-HT: receptor antagonist (Harvey, 1997). The atypical
antidepressant tianeptine has mechanisms of action that differ from all previous
antidepressants. Furthermore tianeptine does not affect /-NE or DA re-uptake and
lacks affinity for these catecholamine neurotransmitter receptors (Brink ef al., 20086).
Firstly, tianeptine enhances serotonin reuptake while also faciiitating glutamate-
receptor-mediated signal fransduction at the hippocampal CA3 synapses, by a
putative mechanism involving intracellular kinase phosphorylation and activation of
transcription factors. A study has shown that long-term treatment with tianeptine
reduces stress-induced increase in NMDA-receptor stimulation by giutamate (Kole et
al., 2002). These data add physiological support to the hypothesis that kinase
phosphorylation and regulaiion of NMDA-receptor-mediated processes are important
targets for the therapeutic treatment of major depression (Manji & Duman, 2001).
Tianeptine has also shown to increase BDNF expression in the amygdala (Reagan
ef al., 2007) (Lucassen et al., 2004)as well as reduce hippocampal apoptosis in an

animal model of depression (Lucassen ef al., 2004; Reagan et al., 2007)

Agomelatine has very recently been registered in a number of countries as
antidepressant and combines zeitgeber (synchronizer of circadian system) activity
with neurotransmitter augmentation properties, being a SHTy¢ receptor antagonist. [t
has been shown to enhance the levels of dopamine and noradrenaline in the frontal
cortex. Agomelatine still needs to undergo further studies to determine the efficacy

over longer periods of treatment (San & Arranz, 2008).

In summary, this short overview of current antidepressant drugs available suggest

that, while the monoamine hypothesis of depression still forms the basis to explain



Chapter 2: Literature review 20

the mechanism of action for most of these drugs, newer drugs, such as tianeptine
and agomelatine, require novel hypotheses to expiain their therapeutic efficacy. The
neuroplasticity hypothesis may be a unifying hypothesis in this regard and may

provide a platform to investigate novel targets for antidepressants.

2.2 Neuroplasticity in Depression

Neuroplasticity is a term used to describe the essenfial component of neuronal
adaptability to environmental stressors, that primarily involves sub-cellular
biochemical, rather than morphological, processes. How the neuron adapts also
relates to neurotransmission and the neuron shouid not be seen as a fixed entity in
ferms of the quantity of neurotransmitter it releases. Rather, the neurotransmitter
may be differentially secreted under different conditions as a result of changes in
neuronal cell receptor density and affinity, thereby changing according to functional
need (Leonard, 2001). The main regulator of sub-cellular processes that pertain to
neuroplasticity in depression is the transcriptional factor CREB and the neurotrophic
factor BDNF which will be discussed in more detail in this section and was
mentioned to play a role in the hyperactive HPA-axis (see section 2.1.2.3 above) and
neuroplasticity (see section 2.1.2.4 above) hypotheses of depression.
Neuroplasticity is a process that occur when cells are exposed to stressors, and in
this chapter stressors pertaining to neuroplasticity in major depression that will be
discussed below include; glutamate excitotoxicity and oxidative stress. The brain
regions mainly involved in neuroplasticity and depression, namely the hippocampus,

prefrontal cortex and amygdala will also be discussed below.

2.2.1 The brain

Whereas early hypotheses of the pathophysiology of major depression focussed on
aberrant infra-synaptic concentrations of neurotransmitters, more recent

neuroimaging studies have demonstrated selective structural changes across limbic

circuits in the brains of depressed patients. In addition, morphological studies

revealed a decrease in neuronal densities in selected brain structures supporting the

idea that major depression may be related to impairments of structural plasticity
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(Duman ef al., 1999; Manji ef al., 2003). In a study inducing chronic stress to rats a
reduction in hippocampal volume was observed, that was reversed by the atypical
antidepressant tianeptine. These findings support the current theories proposing
that major depression may be associated with impairment of structural plasticity and
neuronal cellular resilience, and that antidepressants may act by reversing this
(Fuchs ef al., 2004).

The brain regions most notably affected include the hippocampus, pre-frontal cortex
and the amygdala, each of which will be discussed with relevance to its involvement

in depression and neuroplasticity.

2.21.1 The hippocampus

The hippocampus function is associated with the regulation of learning and memory.
Major depression is associated with both structural and functional changes in the
hippocampus. Animails exposed to severe chronic stress (believed to be associated
with the development of mood disorders) present with a decrease in the
hippocampal activity and volume (Fuchs ef al., 2004). The same has been noted in
humans with major depression, where immunological and neuroimaging studies
revealed functional and structural damage to the hippocampus (Bremner ef al., 2002;
Stockmeier ef al., 2004). In younger patients, following multiple episodes of
depression, a reduction in hippocampal volume and diminished recollection memory
was found (Stockmeier et al., 2004), thereby suggesting a compromised primary
function of the hippocampus. The cause of this structural or functional loss can be
explained by the hyperactivity of HPA-axis during depression, resulting in excessive
secretion of cortisol and eventually a defective negative feedback system,
cuiminating in the excessive release of glutamate (see section 2.1.2.3 above).
Chronic treatment with most antidepressants has been demonstrated to reverse the
loss of hippocampal function, which is also associated with up-regulation of the
neuroprotective factors CREB and BDNF (Nair & Vaidya, 2006). Evidence from
stress-induced experimental models suggest that tianeptine has constructive effects
on several steps of neuronal remodelling, particularly in the hippocampal CA3
region, where tianeptine has been shown to reverse stress-induced dendritic

shortening in the pyramidal neurons (McEwen & Olie, 2005; Uzbay, 2008).
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2.2.1.2 The prefrontal cortex

The prefrontal corfex regulates complex planning of cognitive behaviour, which has
been observed to be diminished in patients with major depression (Miller & Manji,
2006). Magnetic resonance imaging (MRI) has shown a decrease in the volumé of
the prefrontal cortex in patients with major depression (Bremner et al., 2002). The
prefrontal cortex is an important target of the monoamine oxidase inhibitors such as
phenelzine which has shown a 10% — 30% increase in the neuroprotective
neurotrophic factor BDNF after treatment in rats (Balu ef al., 2008). In an animal
model of chronic unpredicted stress a reduction in the proliferation rate of glial cells
~of the prefrontal cortex was the same as in animals exposed to glucocorticoid stress
(Pittenger & Duman, 2008). Since glial cells provide neurons with metabolic support,
a lower glial proliferation rate (due to stress-induced reductions as observed in MDD)
could impact the function and morphoiogy of glial cells in the prefrontal cortex. Glial
cells play an important role in the synthesis and inactivation of glutamate, an
excitatory amino acid, which plays a central part in many forms of neuroplasticity
(Danbolt, 2001).

2.21.3 The amygdala

The boundaries of the amygdala are difficult to define, as it has complex interactions
with more than twelve modalities (Sheline ef al., 2001). The amygdala is associated
with fear and emotions and studies have shown an increased acftivity of the
amygdala in major depression, suggesting a heightened sense of fear (Rosenkranz
ef al., 2003). In human patients with major depression the amygdala showed an
increase in volume as a result of emotional response (Bremner ef al., 2002; Pittenger
& Duman, 2008). In patients with major depression hyper-arousal of the left
amygdala occurs when processing a stressful situation, which is then normalized by
antidepressant treatments (Blendy, 2006). Bilateral damage to the amygdale,
however, results in impaired processing of fearful facial expressions (Sheline ef al.,
2001).
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2.2.2 Sub-cellular mechanisms of neuroplasticity

As alluded to above, major depression is strongly associated with impaired
neuroplasticity. While strong evidence for this phenomenon in literature, and
particularly its association with specific brain structures, were discussed, this part will
focus on sub-cellular mechanisms involved in neuroplasticity. In particular it will
discuss the role of stressors such as glutamate (causing excitotoxicity) oxidative

stress (as a result of a defective antioxidant system) and regulators of apoptosis.

2.2.21 Excitotoxicity

The amino acid glutamate is considered to be the major mediator of excitatory
signals in the central nervous system (CNS) and is involved in most aspects of
normal brain function, including cognition, learning and memory (du Bois & Huang,
2007). Glutamate also plays a role in the development of the CNS, inciuding
synapse induction and elimination, as well as cell differentiation, cell migration and
cell death. Glutamate occurs both intraceliularly and extracellularly, with the
_intracellular concentration being the highest in normal brains (Danbolt, 2001).
Glutamate exerts its role as signalling molecule by acting on glutamatergic surface
(membrane) receptors. Therefore, extracellular glutamate concentration determines
the extent of glutamate receptor stimulation, so that it is of critical importance that the
extracellular glutamate levels are mainfained at relatively iow levels for homeostasis.
Increased levels of glutamate causes a specific type of toxicity, called excitotoxicity
(Muresanu, 2007). While excitotoxicity is associated mostly with excessive
stimulation of ionotropic glutamate receptor proteins; the N-methyl-D-aspartate
(NMDA) type glutamate receptors, it may also arise from excessive stimulation of a-
amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) or kainate type glutamate
receptors (Cull-Candy ef al., 2006). In addition to glutamate the NMDA-receptor
requires Ca®* to regulate its function on long-term maintenance of genes encoding
for the expression of proteins involved in synaptic plasticity (Rao & Finkbeiner,
2007). AMPA-type glutamate receptors mediate fast excitatory synaptic
transmission. AMPA receptor-mediated depolarization of the post-synaptic
membrane facilitates the activation of NMDA receptors that is triggered by the Ca**

entry. The dynamic regulation of these receptors is important for normal synaptic
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function in depressive disease states (Cull-Candy ef al., 2006; Rao & Finkbeiner,
2007).

The proposed mechanism whereby glutamate excitotoxicity occurs is briefly
described here (for a detailed discussion see section 2.3 beiow). Glutamate binds to
the NMDA receptors causing an influx of Ca®" thereby causing the activation of
neuronal nitric oxide synthase (nNOS) which in turn converts L-arginine to NO. The
excessive NO produced then binds to free radicals from normal cellular processes to

induce lipid peroxidation and cell death (Greene & Greenamyre, 1996).

As mentioned above (see section 2.2.1.1 above), studies also suggest that
excessive glutamate release during stress causes stfructural and functional changes
in the hippocampus, and is also involved in the neuropathology of depression (Manji
et al.,, 2003). In addition, it has been reported that increased levels of glutamate
measured in the plasma and cerebrospinal fluid of depressed patients was

significantly reduced by antidepressant therapy (imipramine) (Mitani ef al., 2006).

Further the effects of drugs acting on the glutamatergic neurotransmission system

will be discussed in context of their effect on the NMDA receptor.

2.2.21.1 N-methyl-D-aspartate (NMDA) receptor

The N-methyl-D-aspartate (NMDA) receptor is an ionotropic glutamate receptor
which is highly expressed in the hippocampus (Danbolt, 2001). With excessive
activation of this receptor by glutamate, Ca?" influx and therefore intracellular levels
of Ca®" will increase, eventually culminating in an increase in oxidative damage and
ultimately cell death (see section 2.2.2.1 above). The glutamate / NMDA pathway is
involved in the development of major depression (see section 2.3.1 below). There
are an increasing number of studies that indicate that an inhibition of the NMDA-
receptors has antidepressant-like activity (Sanacora ef a/., 2008; Skolnick, 1999). In
depressed human subjects an improvement in mood was reported after a ketamine
(a NMDA-receptor antagonist) infusion (Berman et al, 2000). Another NMDA-
receptor antagonist memantine, currently on the market for the treatment of

Alzheimer's dementia (a neurodegenerative disease), has also been shown to
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display antidepressant-like properties in rats (Moryl et al., 1993). These data confirm
the importance of glutamatergic NMDA receptors in neuroplasticity and also suggest
a role for receptor antagonists as antidepressant target. Modulation of the NMDA-
receptor in the treatment of major depression is also found with the atypical

antidepressant tianeptine (see section 2.1.3.4 above).

2.2.2.2 Oxidative stress

Oxidative stress can result from an over-production of reactive oxygen species
(ROS) or an impaired antioxidant defence system that fails to repair oxidative
damage. ROS are free radicals that contain an oxygen atom such as a hydroxyl
radical (<OH), superoxide (O2), hydrogen peroxide (HzO2), and peroxynitrite
(ONOO"). The peroxynitrite is formed as a result NO, which binds to superoxide
(possibly as a result of a hyperactive HPA-axis and/or excessive glutamate
concentration). Excessive ROS causes oxidative stress and cell damage, by
inactivating enzymes or by inducing lipid peroxidation (forming malondialdehyde)
and DNA modification (Chan, 1996; Halliwell & Gutteridge, 1992). ROS are normally
metabolised into less toxic molecules by the action of antioxidant enzymes, namely,
superoxide dismutase (SOD), catalase (CAT) or glutathione (GSH) peroxidase. The
most important antioxidant SOD catalyses the conversion of superoxide radicals to
H.O, (Hermes-Lima ef al., 1998). Oxidative stress is well known to contribute to
neurodegeneration in the CNS in the process of aging, as well as in
neurodegenerative diseases such as amyofrophic lateral sclerosis (Sala ef al,
2005), Alzheimer's dementia (Gackowski ef al., 2008) and Parkinson's disease
(Battisti et al, 2008). Oxidative stress may also be relevant in the brain
morphological changes seen in major depression. One study found evidence of
oxidative damage in the cell membranes of erythrocytes of patients with major
depression (Sarandol ef al., 2007) while another study have reported elevated levels
of antioxidant enzymes, particularly SOD, in peripheral cells (erythrocytes) and fluids
(plasma and saliva) of acutely depressed patients, which reduced foliowing
successful antidepressant treatment. (Gilgun-Sherki ef al.,, 2001). Another study
demonstrated that plasma malondialdehyde levels and the susceptibility of
erythrocytes to oxidation were significantly higher in patients with major depression
compared to healthy controls and furthermore showed a significantly positive
correlation between the severity of depression and the SOD activity (Michel ef al.,
2007).
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2223 Regulators of Apoptosis

In multiceliular organisms, the ability of cells to communicate with their environment
iIs critical for ensuring appropriate functioning within the organism, including
appropriate response and adapfation. For exampile, it is known that extraceilular
cues promote changes and exert long-lasting effects on cells that effect cell growth,
proliferation, differentiation and survival or death (via apoptosis). These processes
are largely orchestrated by stimulus-induced changes in gene expression. To date
various transcription factors have been identified and include, but are not iimited to,
Jun, nuclear factor kappa beta (NF-xB) and cyclic adenosine monophosphate
response element binding protein (CREB) (Lonze & Ginty, 2002). For this study
CREB and NF-xB will be discussed in more detail.

2.2.2.31 Cyclic adenosine monophosphate response element
binding protein (CREB)
Amongst the class of gene regulatory factors, cyclic adenosine monophosphate
response element binding protein (CREB) is considered a prototype. This is
because CREB is one of the first identified and the most widely expressed
transcription factor (Lonze & Ginty, 2002). CREB is a nuclear protein that belongs to
the family of leucine zipper transcription factors, consisting of activating transcription
factor (ATF), cAMP response element modulator (CREM) and inducible cAMP early
repressor (ICER). CREB contains a basic leucine zipper motif with which it can
homodimerise or heterodimerise to either CREM or ATF, to form the functional dimer
and a DNA-binding domain, with which it recognises and binds to promoter cAMP
response element (CRE) sequences. The phosphorylation of a serine residue
(8133) in its kinase-inducible domain recruits the co-activator proteins and activates
transcription; thus CREB activation can be accomplished by a number of upstream

signalling cascades (Blendy, 2006).

The canonical pathway that leads to CREB phosphorylation is the cAMP-dependent
protein kinase A (PKA) pathway and this cascade of events is known to be perturbed
in animal models of depression (Nair & Vaidya, 2006). Animal studies have also
shown that an over-expression of CREB in the hippocampus results in an

antidepressant-like effect and suggest that CREB may serve as a potential molecular
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target for novel therapeutic agents (Chen et al, 2001). However, clinical post-
mortem studies provide the strongest support for this hypothesis. Patients
diagnosed with major depression that were on antidepressant treatment at the time
of death showed increased levels of CREB, whereas those without antidépressant
treatment showed decreased levels of CREB in the temporal cortex (Dowlatshahi et
al.,, 1998). Reductions of CREB were also found in the orbitofrontal cortex of
antidepressant-free patients with major depression (Yamada ef al.,, 2003). This

suggests that CREB is an important marker of major depression.

2.2.2.3.2 Brain derived neurotrophic factor (BDNF)

Neurotrophic factors were first characterized for regulating neuronal growth and
differentiation during development (Aitar, 1999; Duman et al.,, 1999) and are now
known also to be potent regulators of plasticity and survival of adult neurons
(Shirayama et al.,, 2002). The best known neurotrophic factor is the brain-derived
neurotrophic factor (BDNF), which forms part of the neurotrophin family, also
including nerve growth factor, neurotrophin-3 and neurotrophin-6. These
neurotrophic proteins are closely related in terms of sequence homology and
receptor specificity and bind specifically to the tyrosine kinase receptors belonging to
the Trk family of receptors, including TrkA, TrkB, TrkC and pan-neurotrophin
receptor P75. There are two natural forms of TrkB: a full length TrkB and a
truncated form of TrkB that does not contain the intraceliular tyrosine kinase domain.
The truncated TrkB functions as a dominant negative inhibitor for TrkB receptor
tyrosine kinases providing another mechanism to reguiate BDNF signalling in the
CNS (Gonzalez et al., 1999; Nair & Vaidya, 2006).

The pathological effects of stress on the hippocampus (see sections 2.1.2.3 and
2.2.1.1) proposes a role for neurotrophic factors in the aetiology and treatment of
depression. Acute and chronic stress decreases the levels of BDNF in the dentate
gyrus and the pyramidal cell fayer of the hippocampus. Conversely, the
administration of virtually all classes of antidepressant treatments, increased BDNF
expression in these regions (Nibuya et al., 1996; Shirayama ef al., 2002). There is
also evidence that antidepressant treatment in humans increase BDNF expression

and can prevent the stress-induced decreases in BDNF expression (Chen et al.,
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2001). BDNF is partly regulated by CREB, so that the correlation between CREB
and BDNF down-regulation in depression, and reversal thereof by antidepressants,
can be expected. Taken together, these findings provide strong evidence in support
of the concept that antidepressant-induced up-regulation of CREB and BDNF will
repair stress-induced damage to hippocampal neurons and protect from further
damage (Nestler ef al., 2002).
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Figure 2-2 The involvement of neurotrophins in depression. On the left a normal hippocampal neuron
and its innervation by glutamatergic, monoaminergic and other neurons is depicted. lts regulation by
BDNF is also shown. In the middle a depressed state hippocampal neuron is depicted indicating the
glucocorticoids stressor leading to decreased synapse density and reduced BDNF. On the nght a
treated state hippocampal neuron is shown with increased expression of BDNF and increased
synapse density (Nestler ef al., 2002).
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2.3 The glutamate / NO / cGMP pathway

As alluded to above and without dismissing the important role of monoamines in the
aetiology of depression, there is now significant evidence implicating the important
role of the glutamate / NO / cyclic guanosine monophosphate (cGMP) pathway in
depression (Sanacora ef al., 2008). it was described in section 2.2.2.1 above how
neuronal glutamate activates the NMDA receptor, mediating the release of NO via
the activation of the Ca*-dependent neuronal NO synthase (nNOS). NO then
activates soluble guanylyl cyclase (sGC) which leads fo an increase in the second
messenger cyclic mononucleotides namely cyclic adenosine monophosphate
(cAMP) and cyclic guanosine monophosphate (cGMP) (Figure 2.3) (Prast & Philippu,
2001). Phosphodiesterases (PDEs) facilitate the breakdown of these cyclic
mononucleotides which is important for neuronal activation of protein kinase G
(PKG) (Harvey, 2006). All of these actions exert an effect on neuronal function,

which will be discussed in this section below.
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Figure 2-3: The mechanism whereby PDES exerts is effect on the NMDA/NO/cGMP pathway after

excitotoxic glutamate exposure. Abbreviations: NMDA-R = N-methyl-D-aspartate, nNOS = neuronal

nitric oxide synthetase, L-Arg = l-arginine, NO = nitric oxide, sGC = solubie guanylyl cyclase, GTP =
guanosine triphosphate, GMP = guanosine monophosphate, cGMP= cyclic GMP, PKG = protein

kinase G

2.3.1 Modulators of the glutamate / NO / cGMP pathway

2.3.1.1 Nitric oxide (NO)

It was found that in the peripheral nervous system endothelium-derived relaxing
factor (EDRF) was responsible for blood vessel relaxation. In 1988 Furchgott was
the first to deduce that EDRF was nitric oxide (NO). The drug nitro-glycerine is used
to treat angina pectoris by the mechanism of NO release. NO was first recognised
as a messenger molecule in the CNS in 1988, when it was identified as an unstable
intracellular factor. Today NO has been recognised to have a key role in cell-to-cell
communication which includes endothelium and neuronal signalling (Furchgott,
1996; Garthwaite & Boulton, 1995).
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NO acts as a neurotransmitter in the peripheral nervous system, where it regulates
vascular fone as well as the control of cardiac contractility, and also plays an
important role in the CNS. Upon activation of glutamatergic NMDA receptors, NO
increases the cyclic guanosine monophosphate (cGMP) levels via activation of

soluble guanylate cyclase (Garthwaite et al., 1988).

As soon as the concentration of NO exceeds what is necessary for normal
physiological function, it becomes detrimental to cellular homeostasis and its role in
the various pathophysiological conditions becomes evident. In the CNS NO has
been implicated in neurodegenerative disorders such as Alzheimer dementia,
Huntington’s disease as well as psychiatric disorders that includes major depression
(Harvey, 2006; Szabd, 1996).

2.3.1.2 Nitric oxide synthase (NOS)

In the human body NO is synthesized in several types of cells, such as neurons,
endothelial cells and macrophages by a family of three iso-enzymes termed nitric
oxide synthase (NOS). Neuronal NOS (nNOS) is present in neurons and its activity
is requlated by Ca®". Endothelial NOS (eNOS), also Ca**-dependent, is present in
vascular endothelial cells. The macrophages contain inducible NOS (iNOS), which
is Ca®* independent and is expressed upon induction by cytokines (Espiugues,
2002). All three iso-enzymes produce NO from L-arginine, following oxidation of the
guanidino nitrogen of L-arginine and utilizing molecular oxygen and NADPH as co-

substrates (Prast & Philippu, 2001).

2.3.1.3 Soluble guanylate cyclase (sGC)

Soluble guanylate cyclase (sGC) is the only conclusively demonstrated receptor for
NO. As shown in Figure 2.3, sGC catalyses the conversion of GTP to cGMP and is
one of ftwo enzymes (the other is the membrane-bound peptide-receptor guanylate
cyclase (pGC)). sGC has been shown to be intimately involved in many signal
transduction pathways (Denninger & Marletta, 1999) of which the most notable are in

the cardiovascular system (e.g. regulation of vascular tone) and in the nervous
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system (e.g. neurotransmission, long term potentiation and depression)

(Andreopoulos & Papapetropoulos, 2000).

2.3.1.4 Cyclic mononucleotides

The activation of sGC promotes the conversion of GTP to the second messenger
cGMP, as a downstream signal of the NO pathway. cGMP can then activate several
effectors, including cGMP-dependent protein kinase G, cGMP-gated cation channels

and GMP-regulated phosphodiesterase (Denninger & Marletta, 1999).

Growing evidence suggesfs that cGMP signaliing cascades play a critical role in
major depressions pathophysiology and antidepressant mediated improvement
thereof (Blendy, 2006). A real-time polymerase chain reaction (it-PCR) in rat
hippocampal slices revealed that antidepressant treatment with fluoxetine and
amitriptyline increased the levels of cGMP (and not cAMP) suggesting a role for
cGMP in major depression (Reierson ef al., 2009). Increased levels of cGMP, for
example due to PDES inhibition by sildenafil, attenuates damage caused by
glutamate excitotoxicity, as well as oxidative stress in in vifro cell cultures (Nakamizo

et al., 2003). This will be discussed in more detail in section 2.3.1.5 below.

The cyclic mononucieotides, including both cAMP and cGMP, act as second
messengers that regulate signal transduction in various biological systems by
responding to extracellular signals such as neurotransmitters and hormones
subsequently activating infracellular targets such as ion channels, protein kinase A
(PKA), protein kinase G (PKG) and transcription factors. These culminate in various
cellular responses (Pilz & Casteel, 2003; Puzzo ef al., 2008). The signal strength
and specificity of these mononucleotides are dependent on change of localization,
duration of action and concentration and may contribute to alterations in neuronal
function (Hebb & Robertson, 2007). There is evidence for “cross-talk® between
cAMP and cGMP, thereby regulating the production of each other (see section
2.3.1.5 below). The balance between cAMP and cGMP levels are also maintained
due to a balance in production carried out by adenyl cyclase (AC) and guanylyl
cyclase (GC) and degradation carried out by PDEs (Corbin ef al., 2000; Puzzo ef al.,
2008).
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2.3.1.5 Phosphodiesterase (PDE)

PDEs are ubiquitously distributed and most of them have been found in the CNS
(Bender & Beavo, 2006). The cAMP and cGMP hydrolysing phosphodiesterases
(PDEs) are located in the hippocampus, where they are likely to be involved in
learning and memory (Boess et al., 2004). The activation of cyclic mononucleotides
via PDEs indicates the importance of PDEs in the cellular process, such as cell

differentiation, proliferation and apoptosis (Boswell-Smith ef al., 2006).

The super-family of PDEs is divided into three principie classes, each having
different sequences. Mammals are included in the class | family of PDEs and these
PDEs show high affinity for cAMP and cGMP molecules (Bender & Beavo, 2006).
The class | PDEs is diverse and to date twenty-one (21) transcriptional variants have
been identified in humans, rats and mice. They have been classified into 11 families
based on their sub-cellular distribution, structural similarities, mechanisms of
regulation, amino acid sequence, enzymatic properties, kinetic properties and
sensitivity to endogenous regulators and inhibitors. Some PDEs are highly specific
for cAMP (PDE4, PDE7 and PDES), others are highly specific for cGMP (PDES,
PDE6 and PDE9) while others have mixed specificity (PDE1, PDE2, PDE3 and
PDE10) (Boswell-Smith et al., 2006, van Staveren et al., 2005).

PDEs hydrolyse the phosphodiesteric bond of cyclic mononucleotides between the
phosphorous and oxygen atoms at the 3’ terminal, with the inversion of the
phosphorous atom configuration. Consequently the formation of inactive adenosine
monophosphate (AMP) and guanosine monophosphate (GMP) takes place, which
are recycled as substrates for the formation of adenosine triphosphate (ATP) and
guanosine triphosphate (GTP) (Bender & Beavo, 2006; Corbin & Francis, 1999).

PDEs regulate the cyclic mononucleotide signal in both amplitude and duration by
modulating the “cross-talk” between cAMP and cGMP. For example many effects of
Ca?" on cAMP and cGMP are mediated by the activation of the Ca®**- Calmodulin

dependent phosphorylation of PDEs (Sonnenburg ef al., 1995).
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Figure 2-4 The cyclic mononucleotide signal pathway. Extracellular signals via neurotransmitters and
hormones is transferred by cAMP and cGMP to an effector protein of which protein kinases (PKA and
PKG) and ion channels are the most important. The protein kinases in tum phosphorylate other
enzymes or transcription factors such as CREB in the nucleus. Cyclic mononucleotide levels are
maintained through a balance in adenyl cyclase (AC) and guanylate cyclase (GC).
Phosphodiesterases (PDEs) deactivate cAMP and cGMP to inactive 5AMP and 5'GMP respectively.
Adapted from (Puzzo ef al., 2008).

2.3.1.51 Sildenafil

The selective PDES inhibitor sildenafil was originally manufactured to treat angina
pectoris; however in clinical trials a pronounced side-effect of sildenafil was noted,
improved erectile function. This lead to the marketing of sildenafil as Viagra®, which
was approved for the treatment of erectile dysfunction (ED) in 1998. The
mechanism whereby sildenafil exerts its action is by increasing intracellular cGMP,
which causes relaxation of the trabucular smooth muscle, dilating the arteries that
result in venous construction and marked rigidity of penile erection (Corbin &
Francis, 1999; Uthayathas ef al, 2007). In 2005 sildenafil was marketed as
Revatio® to treat pulmonary arterial hypertension by causing relaxation of the arterial

dilatation, also resulting from increased endothelial cGMP.
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Role of sildenafil on synaptic plasticity and memory

Synaptic plasticity and its role in depression was discussed in section 2.1.2.4 above.
In a study on rats, an increase in object recognition was observed after PDE5S
inhibition (by sildenafil) whereafter immuno-cytochemistry studies indicated that this
was associated with increased levels of cGMP in the hippocampus (Prickaerts ef al,
2002).

Role of sildenafil on neuroplasticity and depression

Several intracellular signalling pathways have been implicated in major depression,
including the two intracellular messaging systems related to the cyclic
mononucieotides.  These signalling pathways represent potential targets for
antidepressant treatment. By degrading cyclic mononucleotides, the PDE enzymes
play an essential regulating role of this complex intracellular messaging system. The
role of PDEs in psychiatric disorders, including major depression, has attracted more
attention, especially because PDEs are expressed throughout the brain. Some
commercially available PDE inhibitors have been demonstrated to enhance cognitive

function (Blokland ef al., 2008).

Another study using quantitative r-PCR and immuno-assays on rat hippocampal
slices, indicated that chronic treatment fluoxetine and imipramine increased cGMP
levels (Reierson ef al.,, 2009). This provides strong evidence to suggest that an

underlying pathway in the treatment of depression involves the NO/cGMP pathway.

In animal studies a role for cGMP has been suggested in mood stabilization after
lithium treatment (Harvey ef al.,, 1994). The effect of lithium on cGMP appears to
involve enhanced cholinergic drive (Harvey ef al., 1990). cGMP is augmented by
PDES5 inhibition by sildenafil. Pharmacogenetic studies have suggested that cGMP
related PDEs may present a novel strategy in depression (Wong ef al., 2006) and
sildenafil has seen to augment cholinergic drive in the CNS (Devan ef al., 2004).
Janowsky suggested the role of muscarinic super-sensitivity in depression and
according to this hypothesis increaéed cholinergic activity will be depressogenic
(Janowsky ef al., 1972) (see section 2.1.2.2 above).
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In vitro experiments in cultured human neuroblastoma cells indicated that
antidepreséants imipramine and fluoxetine do not increase MAChHR signalling (Brink
ef al., 2004), whereas sildenafil does (Brink ef al, 2008). In context of the
cholinergic hypothesis of depression, the latter observation implies that sildenafil
may be depressogenic. However, since some clinical studies rather suggest mild
antidepressant activity in depressed patients treated for erectile dysfunction
(Uthayathas et al., 2007), it was postulated that sildenafil may rather possess
antidepressant acftivity that is masked by simultaneous cholinergic activity. In
support of this hypothesis, the combination of sildenafil and the antimuscarinic drug
atropine presented with antidepressant-iike activity in rats, comparable to that of the

antidepressant fluoxetine (Brink et al., 2008).

2.4 Synopsis

The current drug treatment options for depression are still based on the monoamine
hypothesis. However, there is significant evidence that impaired neuroplasticity
plays an important role in depression. The neuroplasticity hypothesis involves a
dysfunction in transcription factors such as cyclic adenosine monophosphate
response element binding protein (CREB) and neurotrophic factors such as brain
derived neurotrophic factor (BDNF). It has been indicated that decreased levels of

CREB and BDNF are present in the pathology of depression (Chen ef al., 2001).

The NO/cGMP pathway has also been associated with depression. NO exerts its
effect on higher functions, including learning and memory (processed by the
hippocampus) (Harvey, 2006). [ntracellularly NO stimulates solubie guanylyl cyclase -
(sGC), that in turn catalyzes the process of guanosine triphosphate (GTP) to cyclic
guanylate monophosphate (cGMP). cGMP is involved in the activation of protein
kinase G (PKG), activation or inhibition of phosphodiesterases (PDEs), subsequent
effects on cyclic adenosine monophosphate (cAMP) and neurotransmitter release.
All of these effects significantly affect neuronal function. The effect of cGMP is
terminated by PDEs, specifically phosphodiesterase 5 (PDE5) (Schwede ef al.,
2000; van Staveren ef al., 2005). In the amygdala and hippocampus NO acts to

conserve neural function, however during increased exposure to stressful stimuli (as
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mentioned earlier), increases in the NO-producing neurons in the amygdala and
hippocampus to release an excess of NO that results in cell death (Prast & Philippu,
2001). Therefore targeting glutamate and NO may play a role in neuroprotection.
There are also studies indicating that an increase in cGMP levels as a result of
PDES5 inhibition, increases the neurogenesis (Zhang ef al., 2002) and that cGMP
may be involved in the treatment of depression. In our laboratory studies involving
the PDES inhibitor sildenafil has shown sildenafil to exert antidepressant-like activity
in rats when co-administered with atropine, comparable to fluoxetine (Brink ef al.,
2008), thereby indicating the role of PDES inhibition in the treatment of depression.
The effect of sildenafil on neuroplasticity, however, has not been thoroughly studied

and needs to be elucidated.
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| Article: Metabolic Brain Disease |

This chapter presents the main data of the study as an arficle and is written
according to the “Instructions for Authors® for “Metabolic Brain Disease” (see
Addendum C). The bibliographic references pertaining to this chapter have been
formatted in accordance with the “Instructions for Authors”, different from that of the
other chapters that is presented at the end of the dissertation. This article will
discuss the modulatory effects of sildenafil on neuroplasticity in human
neuroblastoma (SH-SY5Y) cells and the mechanism whereby it exerts its effects. All
additional data and discussion is presented in Addendum B. A summary and

conclusions of all the study results are presented in Chapter 4.
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Abstract
Impaired neuroplasticity plays a key role in the neuropathology of depression and is restored
by antidepressants. A growing line of evidence link the NO/cGMP pathway to the regulation
of neuroplasticity, while unpublished data suggest that the PDES5 inhibitor sildenafil may up-
regulate genes encoding for the expression of anti-apoptotic proteins in vitro. Sildenafil,
when co-administered with atropine, has also been demonstrated to exert antidepressant-like
activity in rats. These data warrant further investigation into potential effects of PDES
inhibitors on neuroplasticity. The human neuroblastoma cell line (SH-SY5Y) was incubated
for 24 hours to drug-free control, 92 nM fluoxetine, 105 nM imipramine, 1 mM lithium, 1.6
nM sildenafil, 97 nM tadalafil, 16 nM rolipram or 200 M db-cGMP under conditions of
oxidative stress (serum deprivation), with or without the guanylate cyclase inhibitor ODQ (2
M) or the protein kinase G (PKQG) inhibitor RP-PET-cGMPS (500 nM). Results indicated
that sildenafil and lithium protected SH-SYSY cells against 24 hour serum deprivation-
induced oxidative stress in the MTT assay, while all drugs improved DNA repair capacity,
with the effects of sildenafil and db-cGMP being reversed by ODQ and RP-PET-cGMPS. In

addition, sildenafils protective effect is related to cGMP formation and PKG mediated.
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Introduction

Depression is proj ected to be. the second largest burden of disease across all age groups by
2020, and currently affects 121 million people worldwide, with more than 12% of the people
in industrialized countries affected (Mathers et al., 2003). Current antidepressant treatments
are plagued with delayed onset of action, troublesome side-effect profiles and treatment
resistance (Fava, 2003; Katzung er al., 2002; Manji et al., 2003). In particular, statistics
showing that almost one third of patients present with treatment resistance, suggest that
current antidepressants do not address the core neuropathology in these patients. All classes
of .clinically used antidepressants modulate central monoaminergic neurotransmission, and
only for tianeptine and agomelatine is the claim for their primary mechanism of
antidepressant action not related this action.

However, evidence is compounding that depression is a multifactorial disorder, with
evidence strongly suggesting that restoration of neuroplasticity plays an important role in
antidepressant action (Pittenger & Duman, 2008). In particular, dysfunction of the
hypothalamic-pituitary-adrenal-axis (Stréhle & Holsboer, 2003) and a decreased volume of
the left hippocampus (Bremmer ef al., 2002) are typically associated with major depression.
In addition it has been demonstrated that intraventricular administration of brain-derived
neurotrophic factor (BDNF) exerts anti-depressant-like effects in rodents, while chronic
administration of most antidepressants are associated with elevated level of BDNF (Balu et
al., 2008; Blendy, 2006; Shirayama et al., 2002). It is believed that a dysfunction in the
glutamate/nitric oxide (NO)/cyclic guanylyl monophosphate (cGMP) signal transduction
pathway is strongly associated with the impaired neuroplasticity observed in depression
(Almeida et al., 2006).

We recently demonstrated antidepressant-like activity of the phosphodiesterase type 5

(PDES) inhibitor sildenafil in rats, when co-administered with the antimuscarinic drug
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atropine, but not with either drug alone (Brink ef al., 2008a). In addition, others reported that
sildenafil enhances memory in rats (Devan et al., 2004; Devan et al., 2007). However, it has
not been demonstrated whether sildenafil display neuroprotective properties.

In the current study we investigated the effects of sildenafil, drugs acting on the
NO/cGMP pathway and known antidepressant treatment on different markers of neuronal
plasticity in i vifro human neuroblastoma (SH-SYS5Y) cells that were exposed to glutamate
simulating excitotoxicity, 15 min H,O, incubation or serum deprivation simulating oxidative

stress which are indicators of major depression.
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Materials and methods

Cell culture medium

Ham’s Nutrient Mixture F12, penicillin-streptomycin mixture, fungizone, foetal bovine
solution (FBS) and trypsin were obtained from Celtic Molecular Diagnostics (Cape Town,
South Africa).

Other chemicals

NaCl, KCl, Na;HCOs, formic acid and absolute alcohol, ethylenediaminetetraacetic acid
(EDTA), dimethylsulfoxide (DMSO), NaOH, H,0,, low melting point agarose, high melting
point agarose, NaH>PO4 and NaHCOj3; were obtained from Merck (Johannesburg, South
Africa).  3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyl-tetrazolium bromide (MTT) reagent,
isopropanol (99%), Triton X100, Tris-buffer, Tris-HCl, imipramine, lithium chloride,
rolipram, Rp-8-bromob-phenyl-1, N-etheno-guano-sine 3’5’ cyclic monophosphorothioate
(RP-PET-cGMPS), N2,2'-O-dibutyrylguanosine 3',5'-cyclic monophosphate sodium salt
hydrate (db-cGMP), 1H-[1,2,4] oxadiazolol [4,3-a] quinoxallin-1-one (ODQ) and ethidium
~ bromide were obtained from Sigma Aldrich (Johannesburg, South Africa). Trypan blue
obtained from Scientific Group (Johannesburg, South Africa). Sildenafil was kindly
provided by Pfizer. Tadalafil and fluoxetine was kindly provided by Eli Lilly.

Cell line

In this study we used the human neuroblastoma (SH-SYS5Y) cell line, obtained from
Sigma Aldrich (Johannesburg, South Africa) originally from the American Type Culture
Collection (USA). SH-SYSY cells were maintained and grown to 80% confluency in a
humidified environment at 37°C with 10% COs in 150cm® cell culture flasks with Ham’s F12
medium containing 10% v/v foetal bovine serum (FBS), 100 IU/ml penicillin, 100 pg/ml
streptomycin and 0.25 png/ml fungizone.

Pre-treatments
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The SH-SY5Y cells were seeded at a density of 5x10° cells/well into 24-well plates in
preparation for treatments and assays. Cells were allowed to attach to the bottom of the wells
for 24 h where after the indicated 24 h drug treatments at the indicated concentrations were
initiated in serum-free medium (oxidative stressor). The following drugs were used:
Sildenafil was used at a concentration of 1.6 nM in the current study, a concentration 10
times lower than the peak free (unbound) serum concentration of 16 nM (as calculated from
the peak therapeutic plasma concentration = 212 ng/ml; MM = 666.7; unbound in serum =
4%) (Hardman ef al., 2001). This concentration of 1.6 nM was selected from a trial dose-
response series measuring resulting cell viability in the standard MTT assay (see below),
indicating that sildenafil increases cell viability optimally at this concentration, with no effect
at 16 nM or higher (data not shown). The K; value of tadalafil for PDES5 has been reported as
9.7 oM (Teixeira et al., 2006) and we therefore used 97 nM tadalafl] in the study, which is a
concentration 10 times its K; value and sufficient to yield significant inhibition of PDES. The
K; value of rolipram for PDE4 has been reported as 16 nM (Teixeira et al., 2006), while we
also indicated from a frial dose-response series rheasuxing resulting cell viability in the
standard MTT assay (see below), that rolipram displays optimal effect on cell viability at this
concentration. We therefore used 16 nM rolipram in the current study. As concentration of 1
mM lithium is within therapeutic range and has been shown in previous studies not to
provoke toxicity in SH-SY5Y cells (Potgieter ef al., 2008). We therefore used 1 mM lithijum
in the current study. Fluoxetine was used at a concentration of 92 nM in the current study, a
concentration that represents its peak free (unbound) serum concentration (as calculated from
the peak therapeutic plasma concentration = 531 ng/ml; MM = 345.79; unbound in serum =
6%) (Hardman ef al., 2001). Imipramine was used at a concentration of 105 nM in the
current study, a concentration that represents its peak free (unbound) serum concentration (as

calculated from the peak therapeutic plasma concentration = 337 ng/ml; MM = 316.87;
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unbound in serum = 9.9%) (Hardman ef al., 2001). The ¢cGMP analogue, db-cGMP, was
used at a concentration of 200 uM, as used before to stimulate PKG which has shown to be
involved in cytoprotection (Rooney et al., 1996). The protein kinase-G inhibitor RP-PET-
cGMPS was used at a concentration of 500 nM that was seen to inhibit pre-synaptic Ca®* that
causes cell damage (Schwede ef al., 2000).

Measurement of mitochondrial activity

The SH-SYSY cells were seeded and treated as described above, whereafter the standard
MTT assay was performed as described before (Brink ef al., 2008a). Briefly, additional wells
were seeded to allow for negative controls (100% cell viability) and positive controls (0%
cell viability). Cells designated as negative controls were incubated for 24 hours in normal
serum-free growth medium, without stressor or drug, while positive controls were incubated
for 24 hours as negative controls, the medium aspirated and then incubated with 0.33%
formic acid in 4gH>O for 30 minutes to induce 100% cell death. After the 24 hour drug
treatments, and following the 30 minute incubation with formic acid for positive controls, the
medium was aspirated and the cells rinsed twice with 1 ml phosphate buffer solution (PBS).
Thereafter 200 pl of a 0.5% MTT solution in PBS was added to each well and incubated at
37°C in 10% CO, for 2 hours. Due to the light sensitivity of the MTT-reagent all steps with
MTT were executed in the dark with only a limited exposure to light for visibility when
necessary. After the 2 hour incubation period the MTT-reagent was aspirated from the wells
and 250 pl isopropanol added to each well. The 24-well plates were then incubated at room
temperature for S minutes to dissolve the purple formazan crystals, whereafter 100 pl of the
formazan-containing isopropanol from each well was transferred to a 96-well plate and the
absorbance (Abs) read spectrophotometrically at 560 nm. The mitochondrial activity was

calculated as a percentage of the negative control by means of the following equation:
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Abs (sample) Abs (+control)
Cell Viability (%) = X100

Abs (-controf) © Abs (+controf)

where AbSgample) 15 the absorbance of the study sample, Absgositive control) 1S the absorbance
of the formic acid (representing 0% cell viability) and AbSegative controly 1 the absorbance of
the untreated cells (representing 100% cell viability).

Measurement of membrane integrity

The SH-SYS5Y cells were seeded and pre-treated as described above and the standard
Trypan blue assay was performed as described before (Brink ef al, 2008a). Briefly, the
medium from each well (from the 24-well plates) was aspirated and 200 pl of trypsin was
added to each well and incubated for a further 5 minutes at 37°C in 10% CO, to loosen the
cells. Thereafter 800 pl of serum-free medium was added into each well and pipetted up and
down to ensure that cell clusters are broken. The contents of each well was transferred to an
Eppendorf tube and centrifuged for 10 min at 5000 rpm at 4°C. The supernatant was
aspirated and the pellet re-suspended in 1 ml of serum-free medium. The Eppendorf tubes
with cells were kept at 4°C on ice. Thereafter 50 pl of 0.4% Trypan blue was added to the
cells and 20 pl of the mixture containing the cells were added to an eppendorf tube containing
180 pl of 0.4% Trypan blue (for dilution). The cells were re-suspend by vortexing the
Eppendorf tubes. The viable cells were counted using a 0.025 cm” haemocytometer with a
depth of 0.1 mm and an inverted Nikon TMS microscope. The percentage viable cells were
calculated as the number of white cells after drug treatment divided by the number of cells in

the serum-free control and is presented in the equation below:

Nw hite celis after drug treatment)

Viable cells (%) = 100 x

N (w hite cells of serum free controf)
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where Nwhite cells of serum free control) 15 the number of white (unstained, intact) cells of the serum-
free control and Newhite cells after drug treatment) 18 the number of white cells after drug treatments.

Measurement of DNA fragmentation

The SH-SY5Y cells were seeded and pre-treated as described above and the standard
Comet assay was performed as originally described by Singh and co-workers (Singh et al.,
1998) and modified by Brink and co-workers (Brink et al, 2008a). Briefly, slides were
covered with a 1.3 mm layer of 1% v/v high melting point agarose (HMPA) in 0.1 M EDTA,
by pipetting 350 pl of preheated (80°C) HMPA on the slide and evenly distributing it across
the slide with a heated steel scraper and then allowing it to air dry for 15 min. Thereafter
0.5% v/v low melting point agarose (LMPA) was prepared and kept at 37°C until loaded with
cells as described below. After 24 hour serum-free incubation, the cells were detached from
the well bottoms by trypsinization and £ 500,000 cells transferred to microcentrifuge tubes.
The cells were centrifuged at 5500 g for 5 min and resuspended in 1 m] PBS. 20 pl of the
suspension was transferred to 150 pl LMPA at 37°C and immediately transferred onto the
centre of a HMPA pre-coated slide. Similar to the HMPA, the cell-containing LMPA was
evenly distributed over half of the slide in a 0.3 mm layer, to yield a monolayer of cells.
These slides were placed on moist paper towels to cool down to room temperature and set.
Immediately thereafter, the cell-containing slides were lysed in a lysis buffer (2.5 M NacCl, 10
mM Trizma base, 0.1 mM EDTA, 1% Triton-X-100, 10% v/v DMSO, 0.2 M NaOH with pH
adjusted to 10) at 4°C, while protected from light. Thereafter slides were rinsed in agatH0,
incubated in the electrophoresis buffer (0.3 M NaOH, 1mM EDTA and pH adjusted to 13) at
4°C for 30 min and then electrophoresed (37 V and 400 mA) at 4°C for 20 min. The slides
were rinsed with ¢aH>0 and incubated in 0.4 M Trizma-HCI buffer for 15 min at 4°C and
rinsed again with gaH,0, then further incubated in 10 pM ethidium bromide solution for 15

min at 4°C, then rinsed again with 4aH,O. Within 6 hours the image of the resulting DNA
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comets of 50 cells per treatment condition was captured and the resulting comets analysed
using the Comet IV® computer software program. The analyses computed the amount of
DNA in the head (intact DNA) with the amount of DNA in the tail (DNA fragment). DNA

integrity was expressed as percentage DNA in tail and calculated as follows:

F (ta
DNA in tail (%) = 100 x

Faan + Fihead)

where F (i) = fluorescence in comet tail, Feaq) = fluorescence in comet head. When DNA
repair capacity (measuring cellular resilience) was to be analysed, an additional step was
introduced as before (Brink er al, 2008b) just before the cells were suspended in LMPA,
where 10 UM H>O, was added to the cell suspension and incubated at 37°C for 40 min
whereafter the samples were centrifuged for 5 min at 5500 g, and the supernatants removed
and the pellet resuspended in 1 ml PBS, centrifuged for another 5 min at 5500 g, and
resuspended in Ham’s F12 growth medium. From the resulting cell suspension 20 pl was
immediately mixed with 150 pl LMPA in a microcentrifuge tube and loaded onto the slide
(as described above), while the remainder of the cell suspension was incubated for 40 min
(allowing DNA repair), whereafter another 20 pl of cell suspension was mixed with LMPA
and loaded onto the slide. The assay was thereafter continued as described above.

Data analysis

Data from all assays were obtained as triplicate measurements from at least three separate
experiments (i.e. n = 9), and expressed as mean += S.E.M, and a value of p < 0.05 was
considered to be statistically significant. GraphPad Prism® version 5.00 for Windows
(GraphPad Software, San Diego California USA, www.graphpad.com) was used to process
the experimental data. For comparison of two values, the Student’s t-test (one or two tailed,

as indicated) was implemented. For multiple comparisons the one-way ANOVA comparison
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was performed followed by either the Dunnett’s post-test (for comparing groups to the
control) or the Tukey-Kramer post-test (for comparing all groups to one another). For all
reported statistical probability values, P < 0.05 was regarded as statistically significant.
Results

Determination of the optimum duration of serum deprivation for oxidative stress and
its impact on various parameters of cell viability

Figure 14 depicts the cell viability of SH-SYSY cells, as measured in the MTT assay,
following different durations of serum-deprivation. It can be seen that the mitochondrial
activity (cell viability) is not statistically significantly reduced relative to the control after 16
hour incubation in serum-free medium, but significantly reduced after 8 hours (85% =% 4%, p
< 0.01) and most robustly after 24 hours (68% + 3%, p < 0.001). Figures IB & C compares
reduced cell viability before and after 24 hours serum deprivation, as measured by the MTT
assay (68 & 3%, p < 0.001) and the Trypan blue assay (65 % 1%, p < 0.001), respectively.
Figures 1D depicts DNA damage before and after 24 hours serum deprivation, superimposed
by H02-induced DNA damage and 40 minutes DNA repair (14 = 3% vs. 34 £+ 4%, p <
0.001). |

Determination of the optimum sildenafil concentration that displays a protective
effect against oxidative stress

Figure 2 depicts the viability of SH-SYSY cells following 24 hours incubation with
different concentrations of sildenafil under the simultaneous oxidative stress condition of 24
hours serum-deprivation, as measured in the MTT assay. It can be seen that the
mitochondrial activity (cell viability) is statistically significantly increased at 1.6 nM (114%
+ 3%), with a trend at 0.16 nM and 16 nM (not significant), and significantly reduced at 1600

nM (52% = 5%) relative to the control.
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Evaluation of the effects of select classical antidepressants, PDE inhibitors and a
c¢GMP analogue on various parameters of cell viability, during oxidative stress

Figure 34 depicts the effect of 24 hour incubation with various drugs on cell viability
under conditions of oxidative stress induced by simultaneous serum deprivation, as measured
by the standard MTT assay (i.e. mitochondrial activity). Only lithium and sildenafil cell
viability significantly (114% = 3%, p < 0.001 and 109% = 3%, p < 0.01, respectively) relative
to control. A significant decrease in cell viability can be seen with imipramine (76% = 3%, p
< 0.001) and tadalafil (77% =+ 2%, p < 0.001) relative to control. Figure 3B depicts the effect
of 24 hour incubation with various drugs on cell viability under conditions of oxidative stress
induced by simultaneous serum deprivation, as measured by the standard Trypan blue assay
(i.e. membrane integrity). Only tadalafil and rolipram increased cell viability significantly
(116% =+ 6%, p < 0.001 and 127% =+ 4%, p < 0.001, respectively) relative to control. Figure
3C depicts the effect of a 24 hour incubation with various drugs on cell viability under
conditions of oxidative stress induced by simultaneous serum deprivation, as measured by the
DNA comet assay (i.e. DNA repair capacity following H.O--induced damage, followed by 40
minutes incubation in growth medium to allow repair). All the drugs significantly enhanced
DNA repair capacity, with the resulting significantly reduced DNA damage being measured
for sildenafil (11% = 1%, p <0.01), tadalafil (12% = 3%, p < 0.01), rolipram (15% % 3%, p <
0.05), lithium (12% =% 2%, p < 0.01), fluoxetine (15% =+ 5%, p < 0.05) and imipramine (16%
£ 5%, p < 0.05) relative to the control (34 £ 4%).
Evaluating the role of ¢cGMP in the mechanism whereby sildenafil enhances cell
viability
Figure 4A depicts the effect of 24 hour incubation with control, sildenafil or db-cGMP on
cell viability under conditions of oxidative stress induced by simultaneous serum deprivation,

in the presence and absence of the guanylate cyclase inhibitor (ODQ) or the protein kinase G
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inhibitor (RP-PET-cGMPS), as measured by the standard MTT assay (i.e. mitochondrial
activity). As before, sildenafil alone significantly increased (114% =+ 3%, p < 0.001) cell
viability relative to the control, whereas db-cGMP alone significantly decreased cell viability
(84% = 3%, p < 0.001). The guanylate cyclase inhibitor ODQ alone decreased cell viability
relative to confrol (55% = 4%, p < 0.001). Furthermore, ODQ reversed the protective effect
of sildenafil alone, and cell viability after ODQ + sildenafil was less than coﬁtrol, after
sildenafil alone or after ODQ alone (27% £ 1%, p < 0.001 compared to all three
aforementioned treatment values). Similar to ODQ, the protein kinase G inhibitor RP-PET-
cGMPS alone decreased cell viability relative to control (34% = 5%, p < 0.001). However,
RP-PET-cGMPS did not reverse the protective effect of sildenafil as was seen with ODQ,
and cell viability after RP-PET-cGMPS + sildenafil was unchanged relative to RP-PET-
cGMPS alone, but still reduced relative to control (25 £ 1%, p < 0.001). Since db-cGMP
alone did not yield any protective effects, it was not evaluated in combination with ODQ or
RP-PET-cGMPS.

Figure 4B depicts the effect of 24 hour incubation with control, sildenafil or db-cGMP on
cell viability under conditions of oxidative stress induced by simultaneous serum deprivation,
in the presence and absence of the guanylate cyclase inhibitor (ODQ) or the protein kinase G
inhibitor (RP-PET-cGMPS), as measured by the standérd Trypan blue assay (i.e. membrane
integrity). Neither sildenafil alone nor db-cGMP alone altered cell viability relative to
control as measured in the Trypan blue test. As in the MTT test, both ODQ alone (45% =+
5%, p < 0.001) and RP-PET-cGMPS alone (41% =+ 4%, p < 0.001) reduced cell viability
significantly relative to control. However, different from the results in the MTT test, ODQ
did not reverse the effect of sildenafil and cell viability after ODQ alone was not statistically

different from after ODQ + sildenafil (58% =+ 4%, p < 0.001). No other combinations of
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sildenafil or db-cGMP with ODQ or RP-PET-cGMPS were evaluated, since neither sildenafil
alone nor db-cGMP alone yielded protective effects.

Figure 4C depicts the effect of a 24 hour incubation with control, sildenafil or db-cGMP on
cell viability under conditions of oxidative stress induced by simultaneous serum deprivation,
in the presence and absence of the guanylate cyclase inhibitor (ODQ) or the protein kinase G
inhibitor (RP-PET-cGMPS), as measured by the DNA comet assay (i.e. DNA repair capacity
following HyO,-induced damage, followed by 40 minutes incubation in growth medium to
allow repair). A two-way ANOVA analysis of the data confirmed the absence of an
interaction between the treatments that stimulate (sildenafil/cGMP analogue) and inhibit
(GC/PK.G antagonist) the NO/cGMP pathway (F [4, 21] = 2.647. p = 0.0622), therefore we
could perform a one-way ANOVA followed by a Dunnett’s post-test (comparing to control).
It was found that only sildenafil alone and db-cGMP alone significantly increased DNA
repair capacity, indicated respectively as 11% £ 1% (p < 0.05) and 15% £ 5% (p < 0.05)
DNA damage relative to the control. Due to the small number of observations with this
experiment (n = 3), the statistical power of the data was too weak to allow for the Tukey-

Kramer post-test to reveal any statistically significant differences, as in Figures 44&B.
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Discussion

In the study we were able to determine an optimal duration of serum deprivation to induce
a suitable degree of oxidative stress in human neuroblastoma (SH-SYS5Y) cells, for the
evaluation of the modulatory effect of drugs on cell viability. The data of the current study
suggest that a 24 hour serum deprivation induces sufficient oxidative stress to reduce cell
viability, as measured by the MTT and Trypan blue assays (Figure 1B&C), between 25 to
50%, and to reduce DNA repair capacity such that the resulting DNA damage is just more
than double (Figure 1D). Therefore, according to these non-specific tests of cell viability,
the cellular damage induced by 24 hours serum deprivation is sufficient to enable evaluation
of any protective effects of a drug, yet not excessive, so that any augmentation of stress by a
drug can be observed as well. Serum deprivation has been demonstrated to induce oxidative
stress in vitro (Jamsid et al., 2006) as other studies indicate that excessive release of NO
occurs when cells are exposed to oxidative stress. The excess NO binds to the free radicals to
form the reactive oxygen species (ROS) peroxynitrate (Prast & Philippu, 2001). An
increased level in ROS has shown to lead to lipid peroxidation and DNA damage (Emerit ef
al., 2004; Foster et al., 2006).

We therefore implemented a 24 hour serum deprivation as oxidative stressor in all further
experiments. From a concentration series it was evident that only a relatively low
concentration of 1.6 nM of sildenafil exhibited any neuroprotective properties against
oxidative stress, as measured in the MTT assay (Figure 2). This was unexpected, since the
Kp of sildenafil for PDES5 has been reported as 3.7 = 0.29 nM (Blount ef al., 2004), so that
insufficient inhibition of PDES5 is expected at a concentration of 1.6 nM. These data suggest
that the protective effect of sildenafil against oxidative stress may not be fully dependent on
its inhibition of PDE5. The augmentation of the oxidative stress, as seen at a relatively high

concentration of 1600 nM sildenafil, was expected, as similar effects have been observed in
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another study (Erdogan et al., 2007) on a non-neuronal cell/Jine, which suggests excessive
NO release that leads to cell death due to ROS production (Andoh et al., 2000).

Further analyses of the data (Figure 3) suggest that the various antidepressants, as well as
phosphodiesterase inhibitors have different effects on mitochondrial activity (MTT assay)
and membrane integrity (Trypan blue assay), whereas all the drugs enhanced DNA repair
capacity (DNA comet assay). Neither of the two antidepressants, fluoxetine and imipramine,
increase cell viability as measured by the MTT and [Trypan blue assays (Figure 34&B),
suggesting that these in vitro assays do not predict neuroprotective effects of antidepressants.
That sildenafil at a low concentration enhanced cell viability in the MTT assay and tadalafil
in the Trypan blue assay, suggest that these PDE|5 inhibitors may possess unique but
mutually distinct protective properties. Lithium has been shown to exert neuroprotective
properties (Cleary ef al, 2008). However, the significance of the protective effects by
lithium in the MTT, but not the Trypan blue assay, in the current study is not known. That
the PDE4 selective inhibitor rolipram displayed pro?[‘::tive properties in the Trypan blue, but
not in the MTT assay, may potentially be related to its effects .on cyclic adenosine
monophosphate (cAMP), where cAMP has been associated with increased expression of the
neuroprotective transcription factor cAMP response element binding (CREB) protein. CREB
has shown to have increased expression in cells undergoing stress (Valera et al., 2008), to be
increased in patients receiving antidepressant treatment (Dowlatshahi ef al., 1998) as well as
an involvement in antidepressive-like effect seen reported in animal models of depression
(Chen et al., 2001).

A very important observation of the current study was that all of the drugs enhanced DNA
reparative capacity (Figure 3C). Since this effect is seen with the antidepressants fluoxetine
and imipramine, as well as with the mood stabilizer lithium, this may suggest that this in vitro

assay may be predictive of/related to the neuroprotective effects of antidepressants. Both
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sildenafil (a structurally unrelated PDES5 inhibitor) and tadalafil, displays protective
properties, suggesting that this may be related to their PDES inhibitory action. Furthermore,
this effect is mimicked by the cGMP analogue db-cGMP, which further provides additional
support for a role of PDES5 inhibition in the protective effects of sildenafll and tadalafil. The
presence of PDES in the CNS and the ubiquitous nature of the second messenger on which
they act indicate the potential of PDES inhibitors in the CNS disorders (Blokland ef al.,
2006). The second messenger cGMP has been found to play a role in synaptic plasticity and
neurogenesis (Zhang et al., 2002).

The role of cGMP in the mechanism whereby sildenafil exerts its protective properties was
also examined (Figure 4). Since the guanylate cyclase inhibitor ODQ reverses the protective
effects of sildenafil as measured in the MTT assay (mitochondrial activity - Figure 44), this
suggests that the formation of cGMP 1s important for the protective effect of sildenafil to be
exerted. It furthermore suggests that the ability of sildenafil to inhibit PDES, thereby to
increase cGMP under normal condition may be important in this regard. However, since the
protein kinase G inhibitor RP-PET-cGMPS did not also reverse the effects of sildenafil in the
MTT assay, the data suggest that this protective effect of sildenafil is not associated with
signalling of cGMP via protein kinase G. Under normal physiological baseline conditions the
intracellular concentration of cGMP is approximately 0.1 times that of cAMP (Gibson, 2001).
When the concentration of cGMP is elevated to 10 times the baseline concentration, it has
been shown to activate protein kinase A (PKA) (Comwell et al., 1994), suggesting that PKA
may become an effector of cGMP when its levels are elevated by, for example, inhibition of
PDES. The pharmacological profile of db-cGMP is not yet fully characterised and it is a
mere assumption that db-cGMP (a membrane permeable analogue of cGMP) will model the
physiological effects of cGMP. It is however possible, or even likely, that the

pharmacological profiles of cGMP and db-cGMP may differ at some point, and therefore that
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PKA will not be activated by the PKG activator db-cGMP, which will provide a possible
explanation for the lack of protective effect of db-cGMP in the MTT assay. In addition,
PKA 1is not inhibited by the PKG antagonist RP-PET-cGMPS, providing an explanation for
the inability of RP-PET-cGMPS to reverse the response of sildenafil. Furthermore, that these
protective effects of sildenafil was not observed in the Trypan blue assay (Figure 4B),
suggest that the protective effects of sildenafil is not via mechanisms that involve membrane
integrity.

Importantly, the protective effects of both sildenafil and db-cGMP to improve DNA repair
capacity (Figure 4C). Both the guanylate cyclase inhibitor ODQ and the protein kinase G
antagonist RP-PET-cGMPS reversed the protective effects of sildenafil and of db-cGMP.
Together these data provide two lines of evidence to suggest that the protective effect of
sildenafil is dependent on the formation of cGMP and that it is mediated via protein kinase G.
From the data, however, there was a trend that the reversal of the protective effect by
sildenafil was only partially reversed by RP-PET-cGMPS, but the data did not have the
statistical power to allow for such analyses. Previous studies have also demonstrated that
cGMP levels in the hippocampus of rats increase after § week chronic treatment with
antidepressants fluoxetine and amitriptyline (Reierson et al, 2009). The data therefore
suggest that neuroprotective effect via a cGMP-dependent mechanism may underlie the
reported antidepressant-like effects observed after the treatment of rats with sildenafil +

atropine (Brink et al., 2008a).
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Conclusion
The current study suggests that 24 hour serum deprivation of cultured human neuroblastoma
(SH-SY5Y) cells to induce oxidative stress (stressor) is sufficient to evaluate the effects of
drugs on cell viability, either augmenting or attenuating the effect of the stressors. Sildenafil
displays in the MTT assay a protective effect against oxidative stress at a relatively low
concentration of 1.6 nM (lower than the KD. value for PDES). This observation, as well as
that the cGMP analogue db-cGMP does not share the protective effect of sildenafil in the
MTT assay, suggest that the protective effect of sildenafil may not be fully dependent on
PDES inhibition and cGMP levels. However, we cannot omit a role for cGMP, as the
guanylate cyclase inhibitor was able to reverse the effect of sildenafil, although this effect is
not mediated via protein kinase G. Also, this effect seems to be unique to sildenafil and
lithium, and was not observed with other antidepressants tested. Furthermore, whereas the
protective effect of sildenafil seems to be associated with mechanisms that relate to
mitochondrial activity, it does not relate to membrane integrity. Regarding the effect on
DNA repair capacity, the protective effect of sildenafil is clearly related to the formation of
c¢GMP and protein kinase G mediated, while the effect is also shared by other antidepressants
and the mood stabilizer lithium. Further studies are now needed to investigate what the
effects of sildenafil are on markers of neuroplasticity, for example brain-derived neurotrophic
factor (BDNF), and also to investigate what the in vivo relevance of the current findings will

be in the brain tissue of animals treated with sildenafil.
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Figure caption list

Figure 1: Determination of the optimum serum free incubation time on neuroblastoma
(SH-SY5Y) cells by exposing cells to serum free conditions for (A) 6, 12, 18 and 24 hours
and (B) 24 hours using the MTT cell viability assay. The effect of 24 hour serum free
incubation using the (C) Trypan blue assay and (D) Comet assay respectively. Data are
averages‘ + SE.M of triplicate observations from three independent and comparable
experiments where (A & B) mitochondrial activity is expressed as percentage of control, (C)
membrane permeability is expressed as percentage of control and (D) DNA damage is
expressed as percentage in comet tail. Data were analyzed (A) using the one-way ANOVA
and Tukey-Kramer Multiple-Comparison post-test and (B, C & D) unpaired student’s t-test
with statistical significance indicated as p < 0.05 (¥), p <0.01 (**) and p < 0.001 (¥*¥).

Figure 2: Determination of the optimum sildenafil concentration pre-treatment (0.086 to
1600 nM) in neuroblastoma (SH-SY5Y) cells during 24 hour serum deprivation using the
MTT assay. Data are averages = S.E.M of triplicate observations from three independent and
comparable experiments where mitochondrial activity is expressed as percentage of control.
Data were analyzed using the one-way ANOVA and Tukey-Kramer Multiple-Comparison
post-test with statistical significance indicated as p <0.05 (¥) and p <0.001 (**%).

Figure 3: Determination of cellular plasticity of the following drug pre-treatments:
Sildenafil (indicated as Sil representing 1.6 nM), tadalafil (indicated as Tad representing 97
nM), rolipram (indicated as Rol representing 16 nM), lithium (indicated as Li representing 1
mM), fluoxetine (indicated as Flx representing 92 nM), Imipramine (indicated as Imi
representing 105 nM) and the cGMP analogue (indicated as db-cGMP representing 200 nM)
in neuroblastoma (SH-SY5Y) cells using the (A) MTT, (B) Trypan blue and (C) the comet
assays. Data are averages &= SE.M of triplicate observations from three independent and

comparable experiments where (A) mitochondrial activity is expressed as percentage of
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control, (B) membrane permeability is expressed as percentage of control and (C) DNA
damage is expressed as percentage in comet tail. Data were analyzed using the one-way
ANOVA and Tukey-Kramer Multiple-Comparison post-test with statistical significance
indicated as p < 0.05 (¥), p <0.01 (**) and p <0.001 (¥**).

Figure 4: Determination of the mechanism whereby sildenafil exerts cellular plasticity by
using the following drug pre-treatments: Sildenafil (indicated as Sil representing 1.6 nM), a
cGMP analogue (indicated as db-cGMP representing 200 nM) and a soluble guanylate
cyclase inhibitor (indicated as ODQ representing 2 pM) in neuroblastoma (SH-SYS5Y) cells
using the (A) MTT, (B) Trypan blue and (C) the comet assays. Data are averages = S.EM of
triplicate observations from three independent and comparable experiments where (A)
mitochondrial activity is expressed as percentage of control, (B) membrane permeability is
expressed as percentage of control and (C) DNA damage is expressed as percentage in comet
tail. Data (in Figure 4A & 4B) were analyzed using the one-way ANOVA followed by a
Tukey-Kramer post-test (i.e. comparing all values) where p < 0.001 (¥*¥) relative to control
and (#H) relative to indicated value, or (in Figure 4C) a Dunnett’s Multiple-Comparison

post-test (i.e. comparing to control) where p < 0.05 (*) and p <0.01 (**).
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Chapter

4

(All abbreviations are listed in Addendum E)

4.1 Summary

Since the results of the current study are presented in two separate sections, namely
Chapter 3 (article) and Addendum B (supplementary and additional data), it was
necessary to provide a concise summary of all the results combined. Such a

summary of the results is presented in the two tables below.

In the current study neuronal (human neuroblastoma, SH-SY5Y) and non-neuronal
(Chinese hamster ovary, CHO-K1) cell lines were used to investigate protective
properties of the phosphodiesterase type 5 (PDES) inhibitor, sildenafil, against
biological stressors. As a first specific aim, the study set out to determine an
appropriate in vifro biological stressor (associated with the neuropathology of major

depression), and a concise summary of the results are presented in Table 4-1.

Table 41 The effects of three different biological stress conditions, associated with the
neuropathology of major depression, on cell viability in a neuronal and non-neuronal cell line, as

measured in the MTT assay. These stress conditions yielded a reduction in cell viability of 25-50%.

Optimal biological stress condition selected

Glutamate ] H,0, exposure | _ Serum deprivation

e 12.5mM in SH-SY5Y e 1.75 puM for 15 miﬂ e 24 h (both cell lines)
e 17.5 mM in CHO-K1 (both cell lines)

Since further data obtained from this study indicated that sildenafil did not display
protective properties on the CHO-K1 cells (see § B.1.2) this cell line was not used
throughout further experiments in the study. However further data indicated that

sildenafil displayed a protective effect only human neuroblastoma (SH-SY5Y) cells
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and only after 24 hours serum deprivation, as measured in the MTT assay, therefore

this cell line and biological stressor was used for all further studies.

Human neuroblastoma (SH-SY5Y) cells were treated for 24 hours with drug-free
control, fluoxetine, imipramine, lithium, sildenafil, tadalafil, rolipram or db-cGMP
under conditions of serum-deprivation, with or without ODQ or RP-PET-cGMPS
(when indicated). The effects of these treatments on cell viability, as measured by

the MTT-, Trypan blue and comet assays are summarized in Table 4-2.

Table 4-2 The effects of 24 hour treatment with different antidepressants, mood modulating drugs and
drugs modulating the ¢cGMP pathway under conditions of serum deprivation on viability in human
neuroblastoma (SH-SYYY) cells, as measured by the MTT, Trypan blue and DNA comet assays. In
the tabie 1 = significant increase in cell viability; - = no significant effect; | =significant decrease in cell

viability; “Not done” = experiment was not performed and no results are available.

Effect on cell viability
Drug MTT Trypan bluej Comet assay

Fluoxetine — — 0

| Imipramine — L 0

\ Tianeptine — L 0

| Lithium + — 0

| Sildenafil + atropine 1 L Not done
Sildenafil 1 B — 1
Tadalafil — B T 1
Rolipram — il 0
db-cGMP — — 1
ODQ ! L l
RP-PET-cGMPS . L] !
Sildenafil + ODQ l L 1

| Sildenafil + RP-PET-cGMPS | | — .

E)-CGMP +0DQ 1 Not done Not done !
db-cGMP + RP-PET-cGMPS | Notdone | Notdone .

The results in Table 4-2 reveal that only sildenafil and lithium exhibited an increase
in cytoprotection (as measured by the MTT assay), which was not shared by the
antidepressant drugs or tadalafil. However, in the Trypan biue assay only tadalafil
and the rolipram displayed an increase in cell survival, which was not shared by the

antidepressant drugs or sildenafil. The classical antidepressants fluoxetine and
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imipramine therefore did not display protective properties in MTT assay
(mitochondrial activity) and Trypan blue assay (membrane integrity), while the
structurally unrelated PDES inhibitors sildenafil and tadalafil displayed their
protective effects differently in these assays. Importantly, all the antidepressant
drugs (fluoxetine, imipramine and tianeptine), the mood stabilizer lithium, the PDE5S
inhibitors sildenafil and tadalafil, the PDE4 inhibitor rolipram as well as the cGMP
analogue db-cGMP increased the DNA repair capacity of SH-SY5Y cells (as
measured by the comet assay). The results also indicated that, when the sGC
inhibitor ODQ or the PKG antagonist RP-PET-cGMPS was added to sildenafil, the
protective effect of sildenafil was reversed. This reversal was significantly more
pronounced with ODQ that with RP-PET-cGMPS.

4.2 Discussion and Conclusion

Appropriate in vitro biological stressor

In this study the evaluation of various in vitro biological stress conditions, associated
with the neuropathology of major depressive disorder, suggested that oxidative
stress caused by 24 hour serum-free incubation was the optimal stressor. Serum-
free incubation of SH-SYS5Y cells has also been shown in another study to exhibit
decreased cell viability (Andoh ef al.,, 2002). The increased cell death caused by
oxidative stress result from an increase in nitric oxide (NO) that subsequently binds
to the hydroxyl (-OH) free radical to form the reactive oxygen species (ROS)
peroxynitrite (ONOO") (Andoh ef al, 2002; Chan, 1996). Lipid peroxidation is
caused by increased levels of ROS, which has been associated with major
depression (Bilici ef al., 2001; Halliwell & Gutteridge, 1992), Alzheimer's dementia
(Gackowski ef al., 2008), as well as amyotrophic lateral sclerosis (Sala et al., 2005).
Cell damage, as induced by oxidative stress, has been demonstrated to be
attenuated by cyclic guanosine monophosphate (cGMP) (Andoh ef al., 2000).'
Moreover, the role of the NO/cGMP pathway in stress disorders, including major

depression, are increasingly recognised (Blendy, 2006).

Since serum-deprivation of SH-SYSY cells were the only biological stress condition
and cell line where sildenafil displayed a protective effect (as measured in the MTT

assay), this provided further support for selecting this condition and cell line.
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Furthermore, the antidepressants fluoxetine and imipramine and the mood stabilizer
lithium increased DNA repair capacity (as measured in the comet assay) following
serum deprivation (oxidative stress). Such protective effects by antidepressants and
lithium, as positive controls, are to be expected. In this regard, yet another study
indicated that antidepressants attenuate cell death induced by oxidative stress in rats
(Zafir & Banu, 2007). Therefore, these results from the comet assay suggest that
the measurement of DNA repair capacity may have good predictive validity to
identify protective effects of antidepressants (i.e. an appropriate in vitro biological
marker in SH-SYSY cells), rendering it superior to the MTT assay or the Trypan blue

‘assay in this regard.

The effects of selected drugs on oxidative stress

The effects of antidepressant drugs on oxidative stress

The results obtained from treating the SH-SYS5Y cells with antidepressant drugs by
measuring the mitochondrial activity (as measured by the MTT assay) and
membrane integrity (as measured by the Trypan blue assay) found that none of the
drugs exhibited protection. These data suggest that the MTT and Trypan blue
assays may not have good predictive validity to identify protective effects of
antidepressants (i.e. not appropriate in vifro biological markers in SH-SY5Y cells).
Other studies also indicated that the antidepressants fluoxetine and amitriptyline did
not protect neuronal cells from damage caused by oxidative stress as measured by
the MTT- and Trypan blue assays respectively (Han & Lee, 2009; Kolfa et al., 2005).
Furthermore, the PDES inhibitor sildenafil has been shown to display antidepressant-
like activity in rats when co-administered with atropine, comparable to the prototype
antidepressant fluoxetine (Brink ef al, 2008). However, that this combination of
sildenafil plus atropine did not display any protective effect in the MTT or Trypan blue
assays therefore was unexpected. Unfortunately this combination was not evaluated
with the DNA comet assay. However the results from the comet assay revealed that
all the antidepressant drugs exhibited protection by increasing the DNA repair
capacity. As alluded to above, these results suggest that the mechanism of
protection by the antidepressants against serum deprivation-induced oxidative stress

in SH-SY5Y cells involve enhancement of DNA repair capacity.
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The effects of PDE inhibitor drugs on oxidative stress and the role of cGMP
The results obtained by the MTT assay suggest that sildenafil has a unique property
in neuroprotection occurring at a dose 10 times lower (1.6 nM) than its peak serum-
free therapeutic level of 16 nM. However in the Trypan blue assay tadalafil exhibited
a significant increase in cell viability at a concentration representing its peak serum-
free therapeutic level of 97 nM, as well as rolipram at a concentration equaliing its K;
value for PDE4. When considering the abovementioned protective effect of the
antidepressant drugs on DNA repair capacity, it is worth mentioning that the PDE
inhibitors used (sildenafil, tadalafil and rolipram) all exhibited the same significant
increase in DNA repair capacity, as measured by the comet assay. In addition,
recent studies also suggest that increased levels of cGMP result from chronic
antidepressant treatment with fluoxetine and amitriptyline (Reierson et al., 2009).
Taking into consideration that the cGMP analogue (db-cGMP) also increased DNA
repair capacity it may suggest that cGMP pilays an important role in the observed
protective effects. in addition, studies have shown sildenafil to increase cGMP levels
and promote neurogenesis (Zhang et al., 2002) while increased cGMP levels has
also shown to play a role in the NO/cGMP pathway that is important in regulating
neuroplasticity in depression (Dhir & Kulkarni, 2007). The presence of cGMP
intracellularly occurs at concentrations 10x lower than cAMP and the role of the
cross-talk interaction between cAMP and cGMP as well as their effect on CREB
activation needs further investigation as studies suggest that CREB activation (as
direct result of increased cGMP levels) may be relevant in the neuropathology of
depression (Blendy, 2006; Chen ef al., 2001; Dowlatshahi ef al., 1998; Puzzo ef al.,,
2008).

The effects of NO/cGMP pathway inhibitors on the oxidative stress modulating
effects of sildenafil and db-cGMP

The NO/cGMP pathway is involved in the neuropathology of depression (Sanacora
et al., 2008), and as mentioned, increased levels of cGMP contributes to
neurogenesis (Zhang ef al., 2002), neuroplasticity (Andreeva et al.,, 2001) and
improved depressive symptoms (Biendy, 2006). In addition, previous studies
suggested that when the inhibition of sGC results in a sufficient reduction of the

catalization of guanosine triphosphate (GTP) to cGMP, this will also diminish the
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downstream protective effect of cGMP (Schwede ef al., 2000). The results of the
current study, showing that ODQ reverses the protective effect of sildenafil and db-
cGMP, are supportive of this finding. In this regard, the data of the current study
also indicated that the PKG antagonist RP-PET-cGMPS is able to reverse the
protective effect of sildenafil and db-cGMP, which is in support of previous reports
that the protective effect of cGMP is inhibited by RP-PET-cGMPS (Yang et al,
2005). These results suggest that the protective effect of sildenafil on DNA integrity
is dependent on cGMP and on PKG signalling.

Final conclusions

This study reveals that 24 hour serum deprivation-induced oxidative stress is
sufficient to cause a significant decrease in cell viability. It was found that a low
concentration sildenafil (at a concentration lower than the Kp value for PDES
inhibition) significantly increases cell viability after 24 hour serum-deprivation in the
neuronal SH-3Y5Y cell line, suggesting that the protective effect of sildenafil may not
rely mainly on PDES5 inhibition. Mitochondrial activity (MTT assay) and membrane
integrity (Trypan blue assay) were not found to be the optimal bio-markers for
measuring the protective effects of antidepressant drugs or PDE inhibitors. However
the comet assay (measuring the DNA repair capacity) suggests that all the
antidepressants (fluoxetine, imipramine and tianeptine), as well as the mood
stabilizer lithium, the PDES5 inhibitors sildenafil and tadalafil, the PDE4 inhibitor
rolipram and the cGMP analogue db-cGMP increase DNA repair capacity of the SH-
SYSY cells. In addition the sGC inhibitor ODQ and the PKG antagonist RP-PET-
cGMPS reversed the effect of sildenafil and db-cGMP to enhance DNA repair
capacity, thereby suggesting that cGMP and PKG-mediated signalling plays an

important role in their cytoprotective properties.

In the final analysis, impairments in the NO/cGMP signal transduction pathway has
been implicated as a possible mechanism of reduced neuronal plasticity and
neuronal survival in major depression. The data of the current study provide
additional evidence to suggest that the NO/cGMP/PKG signal transduction pathway
may be a promising target for the development of novel neuroprotective drugs for the

treatment of anxiety-related disorders. Whereas other modulators of this pathway,
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for example NMDA antagonists evaluated pre-clinically, have been associated with
serious side-effects, the PDES inhibitors employed in the current study are already
used clinically for other indications. Therefore, PDES inhibitors may provide a viable
tool to positively modulate the NO/cGMP/PKG signal transduction pathway in order
to reverse the effects of neuronal stress. Furthermore they may possess
neuroprotective properties comparable to those of classical antidepressants. These
characteristics of the PDES inhibitors, together with the behavioural animal data and
a host of other collateral clinical and pre-clinical data mentioned before, suggest that

these drugs may become valuable antidepressant strategies of the future.

4.3 Recommendations

In the current study there are questions that remain unanswered. These are
presented below as listed shortcomings of the current study (following critical

reflection), and subsequently some recommendations for further studies.

Shortcomings of the current study include:

« This study measured the effect of various concentrations (inciuding the peak
therapeutic serum-free concentrations of sildenafil) only in the MTT assay (a
screening test that is easy to perform). However, since it then continued to
evaluate only the protective lower concentration (0.16 nM) of sildenafil (as
measured in the MTT assay) in other assays, the effect of siidenafil on DNA
repair capacity in the comet assay at its peak therapeutic serum-free
concentration was not evaluated.

« Similarly, since tadalafil did not display protective properties at concentrations
lower than its Ky value for PDES (as sildenafil) in the MTT assay, the effects
of tadalafil on DNA repair capacity in the comet assay at such lower
concentrations were not evaluated.

« The combination of sildenafil and atropine did not display protective properties
in the MTT assay. Consequently this combination was not evaluated in the

comet assay. In previous studies in rats this combination has been shown to
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display antidepressant-iike activity (Brink ef al., 2008) and, in hindsight, this
combination may yield different results in, for example, the comet assay. It
may be worth re-evaluating this combination.

e The MTT assay and Trypan blue assay measure non-specific markers of
cytoplasticity while the DNA comet assay is only one non-specific marker of
apoptosis. The study therefore lacks the measurement of specific markers of
cytoplasticity, and particularly those associated with the neuropathology of
major depression (e.g. CREB, NF-k3 or BDNF).

e The current study evaluated the effects of PDES inhibitors in vitro only, so that
extrapolation of these results to the in vivo, or even more so to the clinical

situation, is challenging.

Recommendations include:

¢ The concentration-response relationship of sildenafil and tadalafil on DNA
repair capacity should be performed with the DNA comet assay. This will
indicate whether protective the effects on DNA repair capacity observed at a
low concentration of sildenafil is unique to sildenafil, or whether this may be
shared by other PDES inhibitors.

e The effects of the combination of sildenafil and atropine on DNA repair
capacity should be determined with the DNA comet assay.

» The effect of PDES inhibitors (e.g. sildenafil and tadalafil) on other markers of
neuroplasticity should be investigated, including on the expression and/or
activity of bcl-2, Bax, caspase 3, 8, 9 and 10 as well as CREB, NF-«kB and
BDNF. These evaluations can be done in vitro, or ex vivo, utilising brain
tissue of animals following chronic treatment with the drugs.

e The role of potential cGMP-cGMP cross-talk, including the potential activation
of CREB, in the mechanism of protective effects of sildenafil can be
investigated. This phenomenon seems to be concentration dependent (Wen
et al., 2007; Zsombok ef al., 2005).
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Materials and Methods

(All abbreviations are listed in Addendum E)

A.1 Materials

A.1.1 Cell lines used

The human neuroblastoma (SH-SY5Y) cell line was obtained from Sigma Aldrich —
Johannesburg (catalogue no: 94030304) and the Chinese hamster ovary (CHO-K1)
cell line was obtained from BD-Bioscience — Scientific group — Midrand — South

Africa.

A.1.11 Human neuroblastoma (SH-SY5Y) cell line

The SH-SY5Y cell line is a neuronal cell line cloned thrice from the sub-line of bone
marrow biopsy-derived SK-N-SH (SK-N-SH — SH-3Y — SH-8Y-5 — SH-SY5Y) and

was established in 1970.

The SH-SY5Y cells were maintained under éseptic conditions in Ham's F12 solution
with 10% enriched foetal bovine 100 pg/ml streptomycin, 25 pg/mi fungizone and
100 units/m! penicillin. The cell culture was incubated in 150 cm® culture flasks
(Corning®) at 37°C in 10% CO; and humidified environment. The cell duplication

time under these conditions was approximately 48 hours.
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A.1.1.2 Chinese hamster ovary (CHO-K1) cell line

The Chinese Hamster Ovary cell line was obtained from BD Biosciences — Scientific
Group — Midrand — South Africa. The CHO-K1 cell line is a non-neuronal
mammalian cell line and was used to compare the effects of sildenafil and other drug
pre-treatments on cell viability to that of the neuroblastoma (SH-SY5Y), neuronal cell
line. The CHO-K1 cells were maintained under the same conditions as the SH-
SY5Y cells. The CHO-K1 cells had a duplication time of 24 hours under these

conditions (as mentioned above).

A.1.2 Chemicals

A.1.2.1 Chemicals used for cell cultures

+« From Celtic Molecular Diagnostics (Cape Town):
Foetal bovine serum (FBS), penicillin, streptomycin, fungizone, trypsin and

HAMS F12 medium.

A.1.2.2 Chemicals used for assays

e From Merck (Johannesburg, South Africa)
NaCl, KCI, NaHCOs,, formic acid and absolute alcohol, EDTA, DMSO, NaOH,
H20., low melting point agarose, high melting point agarose, NaH>PO4 and

NaHCOsa.

e From Sigma Aldrich (Johannesburg, South Africa)
MTT reagent, isopropanol (99%), Triton X100, Tris buffer, Tris HCI,
imipramine, lithium chloride, zaprinast, IBMX, rolipram, RP-PET-cGMPS, db-
cGMP, ODQ and ethidium bromide.
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e From Scientific group (Johannesburg, South Africa)
Trypan blue stain (0.4%)

¢ From Pfizer

Sildenafil citrate

e From Eli Lilly
Tadalafil and fluoxetine

¢ From Servier

Tianeptine

A.1.3 Consumables

¢ From Corning® (New York, U.S.A)
Culture flasks (150cm?®), 24-well plates, 96-well plates, 15 ml sterile conical

tubes, 50 ml sterile conical tubes and serological pipettes.

A.1.4 Apparatus

The following apparatus were used during the experiments:

e Eppendorf micropipettes (10 — 100 pyl and 100 — 1000 pl) were used for
analytical measurements.

e For performing the Trypan blue assay, a haemocytometer (0.1 mm depth,
0.0025 cm?), a Nikon TMS inverted microscope and bench top centrifuge
were used.

e For spectrophotometric analyses employed in the MTT assay, a 96-well plate

reader with 560 nm filter (Labsystems, Multiscan, RC) were used.



Addendum A: Materials and Methods A4

e During electrophoresis in the DNA comet assay a Power Pac (from Biorad)
was used.

e For visualization of the DNA comets a Olympus 1X70 inverted system
microscope was used.

e The analysis® program was used for image capturing of the DNA comets
visualized on the microscope.

e The Comet IV® program software was used for quantifying the comets during

capturing.

A1.5 Statistical analysis

GraphPad Prism® version 5.00 for Windows (GraphPad Software, San Diego
California USA, www.graphpad.com) was used to process the experimental data. All
data were analyzed using a one-way analysis of variance (ANOVA) followed by
either a Dunnet or Tukey-Kramer multiple comparison ftest, as indicated.
Experiments were performed with triplicate observations in at least in three
independent experiments (i.e. n > 9), as indicated. Data are expressed as the mean

+ S.E.M., and a value of p < 0.05 was considered to be statistically significant.

A.2 Methods

A.21 Cell cuiture preparation

Human neuroblastoma (SH-SY5Y) and Chinese Hamster ovary (CHO-K1) cells were
maintained in culture medium as described above and grown to 80% confluency
before seeding. Cells were detached from the culture flasks by means of
trypsination and seeded into 24-well plates at a density of 5 x 10° cells/well, then
incubated for 24 hours at 37°C in 10% CO, allowing celis to attach to the bottom of
the wells. Cell multiplication during the 24 hours resulted in a cell quantity of about
7.5 x 10° cells/well before the 24-hour stressor with or without experimental drug

treatments (see below) were initiated.


http:www.graphpad.com
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A.2.2 Cell stressors and drug treatments

Cells attached as mono-layers in 24-well plates (see above) were subjected to

certain selected stressors (see § A.2.2.1 and § B.1.1).

A.2.21 Cell stressors

There was three conditions selected that according to the literature simulate
stressors seen in major depression. The stressors used to induce in vitro stress in
the cells lines were glutamate (used to induce excitotoxicity), H.O, exposure and
serum-free incubation (used to induce oxidative stress) (Jdmséa ef al., 2006). The
stress condition selected was one where roughly 50% reduction in cell viability would
occur, so that it would be possible to test for any intervention (such as a drug) to
either augment (enhanced reduction in viability) or protect (reversal of reduced
viability) against the stressor-induced reduction in cell viabilty. The selected
stressor for glutamate was 12.5 mM in the SH-SY5Y cell line and 17.5 mM in the
CHO-K1 cell line, for both cell lines 1.75 uM Hy0, as well as a 24 hour serum free

incubation revealed this stressor-induced reduction (see § B.1.1).

A.2.2.2 Drug treatments

Drugs were introduced simultaneous to cell stressors that reduced cell viability with
more or less 50%, as determined using the MTT assay (see § A.2.4.7). The optimal
concentration for some drugs were determined from a dose-response series (see §
B.1.3) or by using the reported maximal therapeutic free plasma concentration. As
employed by many others before, Brink and co-workers (Brink ef al., 2004) proposed
that 24 hour incubation with antidepressants under artificial jn vitro conditions could

be sufficient to model cellular responses as seen with chronic /n vivo drug

treatments.

A.2.2.21 Sildenafil

The selective PDE5 inhibitor, sildenafil, has a therapeutic peak concentration of 212
= 59 ng/ml (Hardman et al., 2001) /n vivo and is 96% bound to plasma protein (i.e.
4% unbound/free), yielding a free concentration of 10.84 ng/mi. Calculated from its

molecular weight (MM 666.7), the therapeutic peak free plasma concentration is
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therefore 16 nM. While we have demonstrated from a concentration series, where
we selected concentrations lower and higher than the 16 nM plasma free
concentration (see § B.7.2), that sildenafil exert neuroprotective properties in vitro in

the MTT assay at concentrations of 0.16 nM and 1.6 nM sildenafil respectively.

A.2.2.2.2 Tadalafil

The selective PDES inhibitor, tadalafil, has a therapeutic peak plasma concentration
of 378 ng/ml in vivo and is 94% bound to plasma protein (i.e. 6% unbound/free),
yielding a free concentration of 22.68 ng/ml. Calculated from its molecular weight
(MM 389.41), the therapeutic peak free plasma concentration is 58 nM. However the
K; value of tadalafil for PDES has been reported as 9.7 nM in one study (Teixeira ef
al., 2006) and 10 nM in another study (Maurice ef al., 2003). In the Trypan blue 97
nM tadalafil (10 timés the Ki) exhibited neuroprotection and was used throughout the
study (see § A.2.2.7)

A.2.2.2.3 Rolipram

The selective PDE4 inhibitor, rofipram, is not used therapeutically, so that
therapeutic plasma concentrations are not available as for sildenafil and tadalafil.
The K; value of rolipram for PDE4 has been determined as 16 nM (ZHAO ef al.,
2003). While we have demonstrated from a concentration series, that no
concentration exhibited neuroprotection (see § B.7.2) we have selected 16 nM

rolipram and was used throughout this study.

A.2.2.2.4 3-isobuthyl-1-methylxanthine (IBMX)

The non-selective PDE inhibitor, IBMX, is not used therapeutically, so that
therapeutic plasma concentrations are not available as for sildenafil and tadalafil.
The K; value of IBMX for PDE5 has been determined as 8.4 UM (Zhao ef al., 2003).
However we have demonstrated from a concentration series that 8.4 pM exhibit
antiproliferative effects, while the lower concentration of 840 nM did not (see §
B.1.2). We therefore selected 840 nM IBMX throughout this study.
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A.2.2.2.5 N?2’-O-Dibutyryiguanosine 3’-5’-cyclic monophosphate
(db-cGMP)

The cGMP analogue, db-cGMP, is not therapeutically used so that therapeutic

plasma concentrations are not available as for sildenafil and tadalafil. Another study

indicated that 200 uM is sufficient to reverse the effect of a PKG blocker (Rooney et

al., 1996). We therefore used a concentration of 200 uM db-cGMP throughout this

study.

A.2.2.2.6 1H-[1,2,4] oxadiazolol [4,3-a] quinoxallin-1-one (ODQ)

The soluble guanylyl cyclase inhibitor, ODQ, is not therapeutically used. Another
study indicated that 2 uM is sufficient fo block the activity of soluble guanylyl cyclase
(Yang ef al., 2005). We therefore used a concentration of 2 uM ODQ throughout this
study.

A.2.2.2.7 Rp-8-bromob-phenyl-1, N*-etheno-guanosine 3’5’ cyclic
monophosphorothioate (Rp-PET-cGMPS)

The PKG antagonist, RP-PET-cGMPS, is not therapeutically used. Another study

indicated that 500 nM is sufficient to block the activity of protein kinase G (Schwede

et al., 2000). We therefore used a concentration of 500 nM RP-PET-cGMPS

throughout this study.

A.2.2.2.8 Lithium

The mood stabilizer, lithium, has a therapeutic peak concentration of 1 mol/l in vivo
and is 0% bound to plasma protein (i.e. 100% unbound/free), yielding a free
concentration of 1 mM. Because of the narrow therapeutic window and toxic effects,
we did not test higher concentrations and a concentration of 1 mM was used
throughout the study which corresponds to the concentration used in previous

studies on SH-SYS5Y cells in our laboratory (Potgieter ef al., 2008).

A.2.2.2.9 Imipramine
The tricyclic antidepressant, imipramine, has a therapeutic peak concentration of 200

+ 137 ng/ml (Hardman et al., 2001) jn vivo and is 90.1% bound to plasma protein
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(i.e. 9.9% unbound/free), yielding a free concentration of 33.36 ng/mi. Calculated
from its molecular weight (MM 316.87), the therapeutic peak free plasma
concentration is therefore 105 nM. The therapedutic free plasma concentration of 105

nM imipramine was therefore be used throughout this study.

A.2.2.2.10 Fluoxetine

The selective serotonin reuptake inhibitor, fluoxetine, has a therapeutic peak
concentration of 531 ng/ml (Hardman ef al., 2001) in vivo and is 94% bound to
plasma protein (i.e. 6% unbound/free), yielding a free concentration of 31.86 ng/mi.
Calculated from its molecular weight (MM 345.79), the therapeutic peak free plasma
concentration is therefore 92 nM. The therapeutic free plasma concentration of 92

nM fluoxetine was therefore be used throughout this study.

A.2.2.2.11 Tianeptine

The atypical antidepressant, tianeptine, has a therapeutic peak concentration of 458
ng/ml (ZINIl et al., 1990) in vivo and is 95% bound to plasma protein (i.,e. 5%
unbound/free), yielding a free concentration of 22.9 ng/ml. Calculated from its
molecular weight (MM 458.93), the therapeutic peak free plasma concentration is
therefore 50 nM. The therapeutic free plasma concentration of 50 nM tianeptine was

therefore used throughout this study.

A.2.2.2.12 Atropine

The prototype anticholinergic drug, atropine, has a Kp value of 1 nM for muscarinic
acetylcholine (mACh) receptors. In rat spinal neurons (in vifro) a pre-treatment
concentration of 10 nM atropine (10x the Kp value) has been shown to be protective
(Warnick ef al., 1993) and therefore a concentration of 10 nM atropine was used

throughout this study.
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A.2.3 Assays

A.2.3.1 MTT — assay
A.2.3.1.1 Introduction

The mitochondria provide cells with energy to maintain cellular metabolic function
and cellular grthh. The classical and standard 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) colorimetric assay is on the ability of the
mitochondria in viable cells to cleave the tetrazolium rings of the yellow MTT and
produce purple insoluble formazan crystals (Figure A-1). As cell viability diminishes
(for example following a stressor), mitochondrial activity also declines. The MTT
assay is therefore a non-specific, general measure of cell viability. Importantly,
however, this assay may underestimate the mitochondrial damage, because cell
death is detected only at late stage apoptosis when cellular metabolic activities are

reduced.

ool i
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Figure A-1 The conversion of yellow MTT to the purple formazan crystal (Berridge & Tan, 1993).

This assay was implemented in the current study tfo determine the modulating effect
of the stressors (sée § A.2.2.1) on cell viability, and of the various test drugs to

modulate (e.g. reverse) the effects of the stressors.

A.2.3.1.2 Assay
The SH-SY5Y and CHO-K1 cells were seeded and pre-treated as described in §
A.2.1. Additional wells were seeded to allow for negative controls (100% cell

viability) and positive controls (0% cell viability). Cells designated as negative
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controls were incubated in normal serum-free growth medium, without stressor or
drug, while positive controls were incubated with 0.33% formic acid in 4qH20 for 30
minutes to induce 100% cell death. After the 24 hour drug pre-treatments, and
foliowing the 30 minute incubation with formic acid for positive confrols, the medium
was aspirated and the cells rinsed twice with 1 ml phosphate buffer solution (PBS).
Thereafter 200 ul of a 0.5% MTT solution in PBS was added to each well and
incubated at 37°C in 10% CO, for 2 hours. Due to the light sensitivity of the MTT-
reagent all steps with MTT were executed in the dark with only minimal light for
visibility when necessary. After the 2 hour incubation period the MTT-reagent was
aspirated from the wells and 250 ul isopropanol added to each well. The 24-well
plates were then incubated at room temperature for 5 minutes to dissolve the purple
formazan crystals, whereafter 100 pl of the formazan-containing isopropanol from
each well was transferred to a 96-well plate and the absorbance (Abs) read
spectrophotometrically at 560 nm. The mitochondrial activity was calculated as a

percentage of the negative control by means of the following equation:

Abs (sample) ~ Abs (+control)
Cell Viability (%) = X100

Abs (-confrol) ~ Abs (+control)

Where Abssampe) is the absorbance of the study sample, Absgpesiive controny IS the
absorbance of the formic acid (representing 0% cell viability) and AbsSegative control) 1S

the absorbance of the untreated cells (representing 100% cell viability).

A.2.3.2 Trypan blue — assay
A.2.3.21 Introduction

The Trypan blue assay assesses the permeability of cell membranes to the Trypan
blue dye, thereby being a non-specific measure of membrane integrity, or cell
viability. However, this assay cannot distinguish cell death due to apoptosis and will
also not detect early stages of apoptosis. Trypan blue is a negatively charged dye
that does not cross the intact cell membrane of viable cells. However, the cell

membranes of non-viable cells become permeable, allowing the dye to enter and
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stain the celis. Therefore, viable cells (with intact membranes) appear under the
microscope as white, unstained cells, whereas non-viable cells (with damaged

membranes) appear as blue, stained cells.

A.2.3.2.2 Assay

The SH-SY5Y and CHO-K1 cells were seeded and pre-treated as described in §
A.2.1 and the Trypan blue assay was performed. The medium from each well (from
the 24-well plates) was aspirated and 200 pl of trypsin was added to each well and
incubated for a further 5 minutes at 37°C in 10% CO,. Thereafter 800 pl of serum-
free medium was added into each well and pipetted up and down to ensure that cell
clusters are broken. The contents of each well was transferred to an Eppendorf tube
and centrifuged for 10 min at 5000 rpm at 4°C. The supernatant was aspirated and
the pellet re-suspended in 1 ml of serum-free medium. The Eppendorf tubes with
cells were kept at 4°Con ice. Thereafter 50 pl of 0.4% Trypan blue was added to the
cells and 20 pl of the mixture containing the cells were added to an eppendorf tube
containing 180 ul of 0.4% Trypan blue (for dilution). The cells were re-suspend by
vortexing the Eppendorf tubes. The viable cells were counted using a 0.025 cm?
haemocytometer with a depth of 0.1 mm and an inverted Nikon TMS microscope.
The percentage viable cells were calculated as the number of white cells after drug
freatment divided by the number of cells in the serum-free control and is presented in

the equation below:

N(white cells after drug treatment)

Viable cells (%) = 100 x

N (white cells of serum free control)

where Nwhite cells of serum free controly 1S the number of white (unstained, intact) cells of the
serum-free control and Nwhite cells after drug treatment) 1S the number of white cells after drug

treatments.
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A.2.3.3 Single cell gel electrophoresis (Comet — assay)
A.2.3.3.1 Introduction

The aim of the comet assay was to determine whether oxidative stress can induce
DNA damage in neuroblastoma (SH-SYY5Y) cells and to determine whether drugs
acting on the NO/cGMP pathway as well as antidepressants have an effect on
cellular plasticity. This microelectrophoretic technique for measuring DNA damage
was first described by Ostling and Johanson in 1984, to visualize the direct effect of
DNA damage in individual cells. The DNA damage was named for their appearance
as “comets”. The experimental procedure causes breakage of large dupiex DNA
molecules and the electric current causes the DNA to migrate from the original
location (comet nucleus) further through the agarose gel (forming a so-called comet
tail) (Ostling & Johanson, 1984).

A.2.3.3.1 Assay

The cells for treatment were incubated as discussed in § A.2.1. In preparation of the
assay, microscope slides were prepared with a modification of the technique
described by Singh (1998) to detect DNA fragmentation (Singh ef al., 1998). Slides
were covered with a 1.3 mm layer of 1% v/v high melting point agarose (HMPA) in
0.1 M EDTA, by pipetting 350 pl of preheated (80°C) HMPA on the slide and evenly
distributing it across the slide with a heated steel scraper and then allowing it to air
dry for 15 min. Thereafter 0.5% v/v low melting point agarose (LMPA) was prepared
and kept at 37°C until loaded with cells as described below. After 24 hour serum-
free incubation, the cells were detached from the well bottoms by trypsinization and
+ 500,000 cells transferred to microcentrifuge tubes. The cells were centrifuged at
5500 g for 5 min and resuspended in 1 ml PBS. 20 ul of the suspension was
transferred to 150 pl LMPA at 37°C and immediately transferred onto the centre of a
HMPA pre-coated slide. Similar to the HMPA, the cell-containing LMPA was evenly
distributed over half of the slide in a 0.3 mm layer, to yield a monolayer of cells.
These slides were placed on moist paper towels to cool down to room temperature
and set. Immediately thereafter, the celi-containing slides were lysed in a lysis buffer
(2.5 M NaCl, 10 mM Trizma base, 0.1 mM EDTA, 1% Triton-X-100, 10% v/v DMSO,
0.2 M NaOH with pH adjusted to 10) at 4°C, while protected form light. Thereafter

slides were rinsed in 4H20, incubated in the electrophoresis buffer (0.3 M NaOH,
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1mM EDTA and pH adjusted to 13) at 4°C for 30 min and then electrophoresed (37
V and 400 mA) at 4°C for 20 min. The slides were rinsed with 4gH.0O and incubated
in 0.4 M Trizma-HCI buffer for 15 min at 4°C and rinsed again with 4gH20O, then
further incubated in 10 uM ethidium bromide solution for 15 min at 4°C, then rinsed
again with 4gH20. Within 6 hours the image of the resulting DNA comets of 50 cells
per treatment condition was captured and the resulting comets analysed using the
Comet IV® computer software program. The analyses computed the amount of
DNA in the head (intact DNA) with the amount of DNA in the tail (DNA fragment).

DNA integrity was expressed as percentage DNA in tail and calculated as follows:

F (tai

DNA in tail (%) = 100 x
Ftaiy T Fhead)

Where Faiy — fluorescence in comet tail, Fiheagy = fluorescence in comet head.

When DNA repair capacity (measuring cellular resilience) was to be analysed, an
additional step was introduced as done by Brink (Brink ef al., 2008) just before the
cells were suspended in LMPA, where 10 pM H20, was added to the cell suspension
and incubated at 37°C for 40 min whereafter the samples were centrifuged for 5 min
at 5500 g, and the supernatants removed and the pellet resuspended in 1 ml PBS,
centrifuged for another 5 min at 5500 g, and resuspended in Ham’s F12 growth
medium. From the resulting cell suspension 20 ul was immediately mixed with 150
pl LMPA in a microcentrifuge tube and loaded onto the slide (as described above),
while the remainder of the cell suspension was incubated for 40 min (allowing DNA
repair), whereafter another 20 pl of cell suspension was mixed with LMPA and

Joaded onto the slide. The assay was thereafter continued as described above.
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Results and Discussion

(All abbreviations are listed in Addendum E)

This addendum contains all the experimental data that were not included in the
article (Chapter 3). In some instances, where appropriate and necessary, results
from Chapter 3 were repeated here to provide a complete picture of the data. This
addendum also contains data obtained from the selection of optimal in vifro stress
conditions for cultured cells, different dose-dependent responses of drugs, as well as

responses in both a neuronal (SH-SY5Y) and non-neuronal (CHO-K1) cell line.

As mentioned in Chapter 1, the primary aim of the study was to investigate the role
of sildenafil on neuroplasticity in cultured human neuroblastoma (SH-SY5Y) cells.
All the results presented here therefore revolve around understanding this

phenomenon.

The results gained from experiments performed will be discussed according to the
following layout:

s Pilot study (Phase 1)
§ B.1.1 (Selection of optimal stress condition)
§ B.1.2 (Selection of optimal sildenafil concentration)

» Study objectives (Phase 2)
§ B.2.1 (Results of MTT assay)
§ B.2.2 (Results of Trypan blue assay)

» Summary
§B.3
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B.1 Pilot study

The pilot study (phase 1) contains the results that were obtained from experiments
that were intended to determine the optimal celiular stress conditions in a neuronal
(SH-SY5Y) and a non-neuronal (CHO-K1) celi line. After the stress condition was
selected, the cell fines were exposed to the stress condition as well as a
concentration series of the PDES inhibitor (sildenafil). The obtained resuits will be

discussed below.

B.1.1 Selection of optimal stress condition in

neuronal and non-neuronal cell lines

We selected a human neuronal (neuroblastoma SH-8Y5Y) and a mammalian non-
neuronal (Chinese hamster ovary CHO-K1) cell line to evaluate the effects of the
indicated drugs of cellular plasticity. Thereby any observed drug effects could be
evaluated for tissue selectivity (neuronal versus non-neuronal) and species

selectivity (human versus hamster).

Secondly, a suitable in vifro stress condition, to model neuronal stress associated
with major depression, had to be investigated, thereby to induce a stress condition
under which the drugs under investigation may demonstrate the ability to protect (i.e.
improve cellular plasticity). We investigated three in vitro stress conditions, namely
glutamate-induced excitotoxicity, as well as peroxide (HzOs)-induced and serum
deprivation-induced oxidative stress. Importantly, we had to determine the optimal
dose (concentration/duration) for application of each of these stressors for both the
SH-8Y5Y and CHO-K1 cell lines for the purpose of the study. An optimal dose
would induce roughly 50% reduction in cell viability, so that it would be possible to
test for any intervention (such as a drug) to either augment (enhanced reduction in
viability) or protect (reversal of reduced viability) against the stressor-induced

reduction in cell viability.
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Figure B-1 depicts the results obtained from stress conditions representing
excitotoxicity and oxidative stress in SH-SY5Y and CHO-K1 cell lines. We used the
MTT assay (a non-specific cell viability assay, measuring mitochondrial activity) as
screening test to determine the conditions that would induce close to 50% inhibition

of cell viability.
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Figure B-1 The effect of excitotoxicity (glutamate exposure) and oxidative stress (presented as serum free and
H202 exposure) in a neuronal (SH-SY5Y) and non-neuronal (CHO-K1) cell line using the MTT assay. Data are
S.E.M of triplicate observations from three independent and comparable experiments, and
presented was analyzed stafistically by

averages *

mitochondrial activity is expressed as the percentage of control.
means of a one-way ANOVA and the Dunnett's Multiple-Comparison post-test, with stafistical significance

indicated as p < 0.01 (**) and p < 0.0001 (***).
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Figure B-1(a-c) depicts the effects of the stressors on the non-neuronal cell line. In
Figure B-1a it can be seen that a 24 hour exposure to none of the concentrations
below 17.5 mM glutamate caused a statistically significant decrease in cell viability,
whereas a concentration of 17.5 mM glutamate decreased cell viability to 53% + 3.%
relative to the control. In Figure B-1b it can be seen that serum-deprivation caused
a time-dependent decrease in cell viability over a 24 hour period, with the cell
viability decreasing to 61% * 2% relative to the control at 24 hours. In Figure B-1¢ it
can be seen that a 15 minute exposure to H,Ozcaused a concentration~-dependent
decrease in cell viability, with 1.75 uM H,O rendering a decrease in cell viability of

53% + 4% relative to the control.

In Figure B-1(d-f) the effects of stressors on the neuronal cell line can be seen. In
Figure B-1d it can be seen that 24 hour exposure to 12.5 mM glutamate caused a
significant decrease in cell viability to 55% = 4% relative o the control. In Figure B-
1e it can be seen that 24 hour serum deprivation caused a cell viability of 68% * 3%
relative to the control. In Figure B-1f it can be seen that a 15 minute exposure to
H»O, caused a significant decrease in cell viability with 1.75 uM H>O, rendering a

decrease in cell viability of 55% = 1% relative to the control.

While these results indicate that the non-neuronal and neuronal cell lines displayed
similar broad trends with regard to their responses to the different stressors, there
were also some subtle differences. For example, the non-neuronal CHO-K1 cell line
had a slightly greater resilience towards glutamate exposure than the neuronal cell
line (i.e. the CHO-K1 cell line responded to a slightly higher concentration of
glutamate). For further experiments with SH-SYSY cells 12.5 mM glutamate, and for

CHO-K1 cells 17.5 mM glutamate for 24 hours was selected as excitotoxic stressor.

Both cell lines represent similar effects to both oxidative stress inducers and a 24
hour serum deprivation or 1.75 uM H20, for 15 min was sufficient for both cell lines

to induce sufficient reduction in cell viability for further experiments.

The next phase of experiments was aimed to establish whether sildenafil would be

protective against any of these selected stressors, and also at which concentration.
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B.1.2 Seiection of stress condition where

sildenafil exhibited cytoprotection

In Figure B-2 the neuronal and non-neuronal cells were exposed. fo a dose range of
sildenafil as to indicate which stressor (as selected in § B.1, Figure B-1) and at which

concentration sildenafil exhibited cytoprotection.
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Figure B-2 A sildenafil concentration range (0.086 — 1600 nM) on pre-selected stress conditions using the MTT
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experiments, and mitochondrial activity is expressed as the percentage of control.
statistically by means of a one-way ANOVA and the Dunnett's Multiple-Comparison post-fest, with statistical

significance indicated as p < 0.01 (*) and p < 0.0001 (***).
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Figure B-2 depicts the results obtained from sildenafil pre-treatment on a neuronal
and non-neuronal cell line with the stressors selected in Figure B-1 using the MTT
assay. As can be seen in Figure B-2(a-f) the highest concentration of sildenafil
(1600 nM) constantly decreased cell viability regardless of the stressor. Similar
cytotoxic effects at high concentrations of sildenafil were also reported by Erdogan in
an endothelial cell line (Erdogan et al. 2007). In Figure B-2e it can be seen that only
1.6 nM sildenafil in SH-SY5Y cells after 24-hour serum deprivation caused a

significant increase in cell viability of 114% + 3% relative to the control.

No other concentration or stress condition gave similar results, although a trend for a
neuroprotective effect was also apparent at 10-times lower concentration of 0.16 nM
of sildenafil under the same conditions (see similar trend at 0.16 nM sildenafil also in
CHO-K1 cells, Figure B-2b). The absence of statistical significance here was likely
due to the lack of statistical power after multiple comparison. No statistically
significant cytoprotective effects were observed in CHO-K1 cells. For all further
studies we therefore selected 0.16 and 1.6 nM sildenafil in SH-SY5Y cells, with 24

hour serum deprivation as stressor.

B.1.3 Selection of optimal drug concentration of

drugs used in the study

The aim of this phase of the study was to determine the optimal drug concentration
of drugs acting on the NO/cGMP pathway as well as antidepressant drugs. As
mentioned in § A222 a drug concentration series was performed using

concentrations based on literature findings.

In Figure B-3 the results of drugs acting on the NO/cGMP pathway are presented,

and in Figure B-4 the results of antidepressant drugs are presented.
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Figure B-3 The effect of 24 hour incubation with the PDES inhibitors, tadalafil (0-1000 nM) and zaprinast (0-
1000 nM), the PDE4 inhibitor, rolipram (0-160 nM), the non-selective PDE inhibitor, IBMX (0-8400 nM), the cGMP
analogue, db-cGMP (0-200000 nM) and the sGC inhibitor, ODQ (0-2000 nM) using the MTT assay. Data are

averages +

S.EM of ftriplicate observations from three independent and comparable experiments, and

mitochondrial activity is expressed as the percentage of control. Data were analyzed statistically by means of a

one-way ANOVA and the Dunnett's Multiple-Comparison post-test and with statistical significance indicated as p

<0.01 (*) and p < 0.0009 (***).
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Figure B-3 depicts the results obtained from drug pre-treatment (that acts on the
NO/cGMP pathway) using the MTT assay. As can be seen in Figure B-3(a-e) none
of the drug treatments increased cell viability as would be expected from literature.
In Figure B-3f it can be seen that 2000 nM ODQ exhibited a significant decrease in

cell viability of 73% * 4% relative to the control.

The results obtained from this experiment seem to be indicating that the MTT assay
is not the most effective assay in determining the optimal concentration of the drugs

acting on the NO/cGMP pathway.
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Figure B-4 The effect of 24 hour incubation with the SSRI, fluoxetine (0-2000 nM), the atypical antidepressant,

flaneptine (0-500 nM), the TCA, imipramine (0-710 nM) and the mood stabllizer, lithium (0-1.5 mM) using the
MTT assay. Data are averages = S.E.M of triplicate observations from three independent and comparable
experiments, and mitochondrial activity is expressed as the percentage of confrol. Data were analyzed
statistically by means of a one-way ANOVA and the Dunnett's Multiple-Comparison post-test and with statistical
significance indicated as p < 0.01 (*) and p < 0.0001 (***).

Figure B4 depicts the resulis obtained from antidepressant drug pre-treatment using
the MTT assay. As can be seen in Figure B-4(a-d) none of the drug treatments
increased cell viability as would be expected from literature however in Figure B-4d
there is an increase in cell viability, though no statistically significant neuroprotective

effects were observed.
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The results obtained indicated that none of these drugs possess neuroprotective
properties; however literature indicates this to be the contrary. These results as
depicted in Figure B-3 and Figure B-4 might indicate that these drugs do not affect

the mitochondrial activity under the selected conditions.

B.2 Study objective experiments

All the experiments contributing to achievement of the study objectives were

performed during Phase 2 using the neuronal (SH-SYSY) cell line. These

experiments were aimed at investigating the effects of the selected drugs (mentioned
in § A.2.3) on the MTT and Trypan blue cell viability assays as well as the Comet
assay measuring DNA damage. The results obtained from the Comet assay is

presented in Chapter 3.

B.2.1 MTT assay (Resuits)

B.2.1.1 Sildenafil vs. other PDE inhibitors and their role

on neuroprotection

Figure B-5 depicts the results obtained from sildenafil pre-treatment with other
phosphodiesterase (PDE) inhibitors during a 24 hour serum free incubation using the
MTT assay. The stressor selected was discussed in data above (§ B.1.2) while the

concentrations of all the other were as described in Addendum A (see § A.2.3).
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Figure B-5 Measuring the effect of the following drug pre-treatments: the PDES5 inhibitors sildenafil, tadalafil and
zaprinast, the PDE4 inhibitor rolipram and the non-selective PDE inhibitor IBMX on cell viability (mitochondrial
activity) in neuroblastoma cells during 24 hour serum-free incubation. Data are averages + S.E.M of triplicate
observations from three independent and comparable experiments, and mitochondrial activity is expressed as the
percentage of control. Data were analyzed statistically by means of a one-way ANOVA and the Dunnett's
Multiple-Comparison post-test, with statistical significance indicated as p < 0.01 (**). Abbreviations: Sit 0.16 & Sil
1.6 = sildenafil 0.16 nM & 1.6 nM 1.6 nM, Tad = tadalafil 97 nM, Zap = Zaprinast 1 nM, Rol = rolipram 16 nM and
IBMX = IBMX 840 nM.

Figure B-5 depicts the results obtained from various PDE inhibitors on cell viability
using the MTT assay. The PDES inhibitor sildenafil significantly protected against
the stressor-induced decrease in cell viability, with 0.16 nM resulting in a cell viability
of 111% + 5% and 1.6 nM 114% = 3% relative to the control. However, no other
PDE inhibitor protected against the stressor-induced decrease in cell viability as

measured by the MTT assay.

These results suggest that sildenafil may possess a unique protective property at
relatively low concentrations. The Kp value of sildenafil for PDES has been reported
as 3.7 £ 0.29 (Blount et al. 2004), so that the concentrations used here are 2.3 to

23x lower than that expected for PDE5S inhibition.
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B.2.1.2 Sildenafil vs. antidepressant drugs and their role

on neuroprotection

Most antidepressant drugs are also known to play a role in enhancing the cellular
plasticity after chronic treatment (see § 2.1.3 ). In addition, as discussed in Chapter
2, a recent study (important for the current study), showed that the co-administration
of sildenafil and atropine also possesses anti-depressant like activity in rats (Brink et
al. 2008). These drugs and combinations were therefore evaluated for
neuroprotective properties in SH-SY5Y cells. In figure B-6 depicts the effects on
neuroplasticity during simultaneous 24 hour serum deprivation of the combination of
sildenafil and atropine and of selected prototypes of classical antidepressants, as

compared to sildenafil alone in the MTT assay.
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Human Neuroblastoma (SH-SY5Y) cell line
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Figure B-6 The effect of 24 hour incubation with the PDES5 inhibitor, sildenafll, the mood stabilizer lithium, the
SSRI fluoxetine, the TCA imipramine, the atypical antidepressant tianeptine, the anticholinergic atropine as well
as a combination of sildenafll and atropine using the MTT assay during serum-free incubation. Data are

averages + S.E.M of ftriplicate observations from three independent and comparable experiments, and

mitochondrial activity is expressed as the percentage of control. Data were analyzed statistically by means of a
one-way ANOVA and the Dunnett's Multiple-Comparison post-test, with statfistical significance indicated as p <
0.01 (), p <0.001 (**) and p < 0.0001 (***). Abbreviations: Sil 0.16 & Sil 1.6 = sildenafit 0.16 nM & 1.6 nM, Sil +
Afr = sildenafil + atropine, Li = lithium 1 mM, Fix = fluoxetine, Imi = imipramine, Tia = tianeptine and Atr = atropine

10 nM.

The effects of sildenafil alone were discussed before (see Figure B-5).

However as depicted in Figure B-6, the combination of sildenafil and atropine did not
exhibit neuroprotective effects. This was not expected, since this combination has
been shown to exert antidepressant-like properties in rats. Atropine therefore seems
to abolish the neuroprotective properties of sildenafil as measured by the MTT
assay. It should, however, be kept in mind that the MTT assay measured only one
parameter of cell viability. It is important to note that the classical antidepressants,
fluoxetine, imipramine or tianeptine (that could have served as positive controls),
also did not display neuroprotective properties in the MTT and even augmented the

stressor-induced reduction in cell viability in some cases. This emphasizes that the
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MTT may not be an appropriate in vitro test for predicting neuroprotective properties
of antidepressants. However, the fact that sildenafil alone still displayed
neuroprotective properties in this assay, may point towards a unique property of this

drug.

B.2.2 Trypan blue assay (Results)

B.2.2.1 Sildenafil vs. other PDE inhibitors on

neuroprotection

The results depicted in Figure B-7 were obtained after the selected drug pre-
treatments and 24 hour serum deprivation on a neuronal cell line using the Trypan
blue assay. This assay was selected to measure the effects of sildenafil and other
drugs acting on the NO/cGMP pathway, as well as known antidepressants since the
MTT assay did not seem to justify the current antidepressant drug effects as

discussed in data above (§ B.2.1.1).
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Figure B-7 The comparative effect of PDES inhibitors: sildenafil, tadalafil and zaprinast and the PDE4 inhibitor
rolipram on membrane permmeability after 24 hour serum-free drug pre-treatment incubation using the Trypan blue
assay. Data are averages * S.E.M of friplicate observations from three independent and comparable
expenments, and cell survival is expressed as the percentage of serum free control. Data were analyzed
statistically by means of a one-way ANOVA and the Dunnett's Multiple-Comparison post-test, with statistical
significance indicated as p < 0.01 (*) and p < 0.0001 (*™*). Abbreviations: Sil = slldenafil 0.16, 1.6 and 60 nM,
Tad = tadalafil 1 and 87 nM, Zap = zaprinast 1 nM and Rol = rolipram 16 nM.

In Figure B-7 it can be seen that the PDES inhibitor tadalafil (Tad 97) significantty
increased the cell survival to 116% + 6% relative to the control and no other PDES
inhibitor exhibited a similar effect. The PDE4 inhibitor, rolipram had a significant

increase in cell survival to 127% * 4% relative to the control when using the Trypan

blue assay.

These results suggest that the PDES inhibitors have a frend in neuroprotection

however the results are inconsistent when compared to results obtained in Figure B-

5.
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B.2.2.2 Sildenafil vs. antidepressants and their role in

neuroprotection

As discussed in Addendum B (§ B.4) known antidepressants play a role in cellular plasticity
and the effect of sildenafil and the combination of sildenafil and atropine were compared to
that of known antidepressants using the Trypan blue assay. The results obtained are

presented in figure B-6.

Human Neuroblastoma (SH-SY5Y) cell line
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Figure B-8 The effect of 24 hour incubation with the PDES5 inhibitor, sildenafil, the mood stabilizer lithium, the
SSRI fluoxetine, the TCA imipramine, the atypical antidepressant tianeptine, the anticholinergic atropine as well
as a combination of sildenafil and atropine using the Trypan blue assay during serum-~free incubation. Data are
averages % S.E.M of friplicate observations from three independent and comparable experiments, cell survival is
expressed as the percentage of serum free control. Data were analyzed statistically by means of a one-way
ANOVA and the Dunnett's Multipie-Comparison posttest and no statistical significance were found.
Abbreviations: Sil 0.16 & Sil 1.6 = sildenafil 0.16 nM & 1.6 nM, Sil + Atr = sildenafil + atropine, Li = lithium 1 mM,

FIx = fluoxetine, imi = imipramine, Tia = tianeptine and Afr = atropine 10 nM.

In Figure B-8 it can be seen that no drug or combinations of drugs exhibited a significant
increase on cell survival when using the Trypan blue assay. These results indicate that the

Trypan blue assay may not be the most effective assay to determine cellutar plasticity.
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B.3 Summary

The results obtained from the experiments indicate that sildenafil exhibited
neuroprotective properties at low concentrations (0.16 and 1.6 nM respectively) and
that only the mood stabilizer lithium (1 mM) has exhibited comparable
neuroprotective effects in the MTT assay. In the Trypan blue assay only rolipram
which is not used therapeutically (at 16 nM, equal to its Ki value for PDE4 inhibition)
and tadalafil (97 nM) at a therapeutically relevant concentration exhibited
neuroprotective effects. These results suggest that the neuroprotective properties

exhibited by different PDES inhibitors may involve different sub-cellular mechanisms.
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Biology Editors Style Manual. Generic names should be used when referring to

drugs.

Title Page
A title page Is to be provided and should include

e The title of the article
e Author's name (no degree)
¢ Author's affiliation

« And suggested running head
The affiliation should comprise

s+ the department
« institution (usually university or company)
e City

e and state (or nation)

and should be typed as a footnote to the author's name. The suggested running
head should be less than 80 characters (including spaces) and should comprise the

article title or an abbreviated version thereof.

For office purposes, the title page should include the complete mailing address and

telephone number of the one author designated to review proofs.



Addendum C: Instructions for Authors | Cc4

Abstract

An abstract, preferably not more than 200 words (120 for short communication), is to

be provided as the second page.

Key Words

A list of 4-6 key words is to be provided directly below the abstract. Key words
should express the precise content of the manuscript, as they are used for indexing

purposes.
Acknowiedgements
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The effects of phosphodiesterase type S inhibitors on cellular plasticity in a
neuronal and non-neuronal cell line

Riaan Reay and Christiaan B. Brink

Division of Pharmacology, School of Pharmacy, North-West University, Potchefstroom 2520, South
Africa. Tiaan.Brink@nwu.ac.za

Background:

Depression is the most debilitating psychiatric disorder of our time, whilst clinically used drug
treatments are plagued with troubiesome side-effects, delayed onset of action and treatment
resistance. In addition, a comprehensive understanding of the biological basis of depression and its
treatment is remains elusive, prompting extensive ongoing research. While the neuroplasticity
hypothesis of depression has gained recent support from various lines of experimental and clinical
evidence, the nitric-oxide (NO)/cGMP pathway is believed to play an important role in dysregulated
neuroplasticity in depression and in its reversal and enhanced synaptogenesis by antidepressants.
Recent studied in our laboratory demonstrated antidepressant-like effects of the phosphodiesterase
type 5 (PDES) inhibitors sildenafil and tadalafil when combined with the antimuscarinic drug atropine
in rats, while unpublished data also suggest that sildenafi]l may upregulate genes encoding for the
expression of anti-apoptotic proteins in vifro. These data warranted the current study to investigate
the effects of PDES inhibitors and other modulators of the NO/cGMP pathway on neuroplasticity.

Methods:

Human neuroblastoma (SH-SYSY) and Chinese hamster ovary (CHO-K1) cell lines were
maintained in culture medium at 37°C, 10% CO, and saturated humidity. Cells were subjected to
stress (modelling neuronal stress associated with major depression) by inducing excitotoxicity
(glutamate) or oxidative stress (serum deprivation or H,0,), and the condition (concentration and
duration of exposure) that induces a 50% reduction in mitochondrial activity, as measured by the
standard MTT cell viability assay, was determined for each of these stressors. Thereafter,
implementing these optimal stress conditions, the effects of the PDES inhibitors sildenafil, tadalafil
and zaprinast, rolipram (PDE4 inhibitor), 3-isobutyl-1-methylxanthine (nonselective PDE inhibitor),
imipramine (tricyclic antidepressant), fluoxetine (selective serotonin reuptake inhibitor) and tianeptine
(neuroprotective antidepressant), ODQ (selective inhibitor of soluble guanylyl cyclase), db-cGMP
(cGMP analogue), sildenafil + atropine, as well as sildenafil + ODQ were determined on
neuroplasticity, measuring mitochondrial activity (MTT).

Results:

Optimal stress conditions (50% reduction in mitochondrial activity) in both neuroblastoma SH-
SY5Y and CHO-K1 cells were demonstrated to be either 24-hour serum-deprivation, 15 minutes
incubation with 1.75 pM H;0,, or a 24-hour incubation with 12.5 mM glutamate (for SH-SY5Y) and
17.5 mM glutamate (for CHO-K 1), respectively. From a concentration series, only 0.16 nM sildenafil
significantly improved mitochondrial activity (MTT) after 24-hour serum deprivation, while all other
concentrations, drugs and in all other stress conditions there was no neuroprotective effect.

Conclusions:

Sildenafil protects against neurodegenerative effects of serum deprivation in neuronal cells at
relatively low concentrations (about 10-fold below its K value for PDES), while this effect was not
observed in non-neuronal cells. Neuroprotection may play arole in the antidepressant-like activity by
sildenafil, as observed in rats in earlier studies.


http:k(Q)nwu.ac.za

Addendum E: Abbreviations ‘ E1

Abbreviations

Numerals
5-cAMP 5’-cyclic adenosine monophosphate
5-cGMP 5’-cyclic guanylyl monophosphate
5-HT Serotonin
5-HT4a Serotonin-1A-receptor
5-HT, Serotonin-2-receptor
5-HTo¢ Serotonin-2C-receptor

A

Abs Absorbance

AC Adenyl cyclase

ACTH Adrenocorticotrophin hormone

AMP Adenosine monophosphate

AMPA a-amino-3-hydroxy-5-methylisoxazole-4-
propionate

ATF Activating Transcription Factor

B

BDNF Brain derived neurotrophic factor
Bcl-2 B-cell lymphoma/leukemia-2 gene family

Bax Bcl-2 associated protein x
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C

Ca** Calcium
cAMP Cyclic adenosine monophosphate
CAT Catalase
cGMP Cyclic guanosine monophosphate
CHO-K1 Chinese Hamster Ovary cells
CNS Central Nervous System
CRE cAMP Response Element
CREB cAMP Response Element Binding protein
CREM cAMP Response Element Modulator
CRH Corticotrophin Releasing Hormone
Cu/Zn-SOD Copper/Zinc- superoxide dismutase
D
DA Dopamine
DALYs Disability-adjusted life years
db-cGMP Dibutryl-cyclic guanosine monophosphate
ddaf20 Double distilled water
DEX Dexamethasone
DNA Deoxyribonucleic acid
DSM-IV Diagnostic and statistical manual for mental
disorders - IV
E
ED Erectile dysfunction
EDRF Endothelium-derived relaxing factor
EDTA Ethylenediaminetetraacetic acid

eNOS

Endothelial NOS
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F

FBS Foetal bovine serum

GC Guanylate cyclase

GMP Guanosine monophosphate

GSH Glutathione peroxidase

GTP Guanosine triphosphate

HPA Hypothalamic-pituitary-adrenocortical
|

IBMX 3-Isobutyl-1-methyixanthine

ICER Inducible cAMP element repressor

IDO Indolamine

kB inhibitory kappa beta

Ixpa Inhibitory kappa beta aipha

INOS inducible NOS
L

L-Arg L-Arginine

I-NE Norepinephrine

LTP Long-term potentiation

mAChR Muscarinic acetylcholine receptor
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MAO-A Monoamine oxidase A

MAO-B Monoamine oxidase B

MAOIls Monoamine oxidase inhibitor

MDD Major depressive disorder

mGIluR Metabotropic glutamate receptor
mGIluRs Metabotropic glutamate receptors
Mn-SOD Manganese- superoxide dismutase

MRI Magnetic Resonance Imaging

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide

N

NARIs Norepinephrine re-uptake inhibitors
NF-kf Nuclear factor kappa beta

NMDA N-methyl-D-aspartate

NO Nitric oxide

NOS Nitric oxide synthase

nNOS Neuronal NOS

0

Oy Superoxide

oDQ 1H-[1,2,4] oxadiazolol [4,3-a] quinoxallin-1-
one

-OH Hydroxyl free radical

ONOO” Peroxynitrate

P

PBS Phosphate buffer solution
PDE Phosphodiesterase
PDE4 Phosphodiesterase 4

PDES Phosphodiesterase 5
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PDEs Phosphodiesterases

PET Positron Emission Tomography
PKA Protein kinase A

PKG Protein kinase G

ROS Reactive oxygen species

RP-PET-cGMPS

Rp-8-bromob-phenyl-1, N?-etheno-guano-

sine 3'5’ cyclic monophosphorothioate

t-PCR Real-time polymerase chain reaction
sGC Soluble guanylate cyclase

SH-SY5Y Human neuroblastoma cells

SOD Superoxide dismutase

SSRIs Selective serotonin reuptake inhibitors
TCA Tricyclic antidepressant

Trk Tyrosine kinase protein family

TrkB Tyrosine kinase protein B

YLD Years of life lived with disability
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