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III. Summary

Major depressive disorder (MDD) is one of the most common psychiatric disorders and
its origin has been attributed to dysfunction of the monoamine systems, particularly
noradrenergic and serotonergic, making them the main targets of the majority of
antidepressants currently available. However a number of unmet clinical needs remain,
such as a delay of several weeks from the first treatment to manifest antidepressant
effects, low remission rates and high rates of relapse and recurrence. Fast acting
antidepressant activity and efficacy in treatment-resistant cases has been reported with
drugs that inhibit the glutamate N-methyl-D-aspartic acid (NMDA) receptor. However,
this pharmacological approach is problematic, as it leads to motor and psychotic side
effects. Inhibitors of nitric oxide synthase (NOS), a downstream target of NMDA
receptors, produce antidepressant effects in the Porsolt test of antidepressant activity in
laboratory rodents, without the adverse effects associated with NMDA receptor
antagonism. Given the role of neuronal NOS (nNOS) is mediating glutamatergic
transmission in the brain, this enzyme represents a novel putative target for the
development of a faster acting and more efficacious antidepressant treatment. Here the
efficacy of nNOS inhibitors in preclinical models of depression is further assessed.
Specifically new insights are provided into the role of 5-HT in the antidepressant-related
actions of both ketamine and the NOS inhibitor N®-Nitro-L-arginine (L-NA). L-NA
shows antidepressant-related effects in the olfactory bulbectomised (OB) rat model of
depression and attenuates the characteristic hyperactivity with a more rapid onset of
action when compared to the tricyclic antidepressant imipramine. The selective nNOS
inhibitor 1-(2-trifluoro-methyl-phenyl) imidazole (TRIM) also showed a faster onset of

action in the model. Finally the effect of L-NA on stress-induced neuronal activation



determined by immedi‘.ate early gene expression was examined to identify those brain
regions involved in the antidepressant-like properties of the NOS inhibitor. L-NA
provoked ‘a 5-HT-independent region specific bi-directional regulation of neuronal
activation associated with antidepressant-like behavioural effects in the FST providing
insight into the underlying neurocircuitry where functional changes in the prelimbic
cortex and lateral septum may result in regulation of transmission throughout an
extended subcortical brain circuit that includes the hippocampus, amygdala,
hypothalamus, striatum and brain stem. These studies support the potential of nNOS as
a novel target for the treatment of depression and possibly other stress-related disorders.
The experiments have advanced the knowledge and understanding of antidepressant
action in animal models of stress and depression. Given the prevalence of depression
and the significant problems associated with resistance to conventional antidepressants
coupled with slow onset of therapeutic action, examination of the viability of novel non-

monoaminergic targets for antidepressant activity is an imperative.
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1. Major Depressive Disorder (MDD)

Major depressive disorder (MDD) is a mood disorder and, together with anxiety, is one
of the most common psychiatry disorders, affecting up to 25% of the general population
worldwide. It is highly prevalent and often associated with a negative impact on
medical health and quality of life (Baune et al., 2007; Kessler et al., 2006). The
symptoms of depression include both psychological and physiological aspects, e.g.
alterations in mood and perception, loss of motivation, social withdrawal which are
accompanied by loss of appetite, changes in body weight and disruption in sleep
patterns (Berton and Nestler, 2006). To the present day, diagnosis of depression is made
based on an evaluation of the symptoms and their recurrence in accordance with the
guidelines outlined in the Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition (DSM-1V, published in 1994 and revised in 2000). In the past 10 years it has
been recognised that depression is a complex disorder, which can arise in co-morbidity
with anxiety (Lamers et al., 2011; Moffitt et al., 2007), metabolic disorders, e.g. type II
diabetes (Ali et al., 2006; Knol et al., 2006), cardiovascular disease (Machado-Vieira
and Mallinger, 2012; Zahn et al., 2013), neurodegenerative pathologies (Barnes et al.,

2012) and many others.

A genetic predisposition for depression has an important role (Northoff, 2013) as it is
known that familial inheritance is a risk factor for development of MDD (Sullivan et al.,
2000). In addition the environment plays a critical part in predisposition and
vulnerability to depression. Personal experiences such as early life traumas or an
impairing injury or illness interact to a lesser or greater extent with genetic,
psychological and physiological backgrounds of the individual resulting in the
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insurgence of the clinically relevant depressive symptoms (Roh et al., 2012; Han et al.,
2011).

Within the brain, depression and mood disorders in general are correlated to the
neuronal circuitry of emotional processing, referred to as the “limbic system”,
composed of prefrontal cortex, anterior and medial thalamus, cingulate gyrus,
hippocampus, amygdala and specific areas in the hypothalamus related to visceral
control (Price and Drevets, 2010). There are two overlapping and interconnected
circuits in the limbic system: the medial prefrontal cortico—striato—pallido—thalamic and
the amygdalo—striato—pallido—thalamic loops. The prefrontal cortex and amygdala in
particular are pivotal regions in the cortico-limbic system involved in the processing of

emotion which are dysregulated in depression (Diener et al., 2012; Matthews at al.,

2008).

1.1 Biological mechanisms underlying the pathophysiology of MDD

From the action of pharmacological antidepressants currently available, it is proposed
that depressed patients have alterations in the content and/or functionality of different
neurotransmitter systems in the brain, even though the depletion of monoamines such as
serotonin (5-HT), noradrenaline (NA) and dopamine (DA) does not seem to affect mood
in healthy controls (Ruhe¢ et al., 2007). For many years the prevalent hypothesis for the
pathophysiology of depression was the so called “monoamine hypothesis”, attributing
the occurrence of the disorder to dysfunctions of the monoamine systems (mainly
noradrenergic and serotonergic). In support of the monoamine hypothesis
antidepressants have been reported to alter transcription or activity of monoaminergic
receptors (Artigas, 2013) and genetic studies have correlated specific alleles of the S-HT
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transporter gene with treatment-resistant depression (Bonvicini et al., 2010) or with
suicidal behaviour and an increased risk of MDD following exposure to stressful events

in life (Daniele et al., 2011).

Commonly prescribed antidepressants fall into the monoaminergic category and are
classified as tricyclic antidepressants (TCAs), monoamine-oxidase inhibitors (MAOIs),
selective 5-HT re-uptake inhibitors (SSRIs), NA re-uptake inhibitors (NRIs) and 5-HT
and NA re-uptake inhibitors (SNRIs). Re-uptake inhibitors block the plasma membrane
transporters for 5-HT and/or NA, leading to an increase in the synaptic availability of
the neurotransmitters and their persistence in the synapse augmenting neurotransmission
of the two systems (Berton and Nestler, 2006). Older antidepressants such as TCAs (e.g.
imipramine) and MAOIs (e.g. moclobemide) also act by ingreasing monoamine
availability in the synaptic cleft by inhibiting the re-uptake or inhibiting the degradation

of the neurotransmitters respectively (Frazer, 1997).

Despite the clinical benefit obtained with antidepressant medications, a number of
unmet clinical needs remain. The most important is that several weeks of continuous
treatment are needed for antidepressant actions to manifest, even if they raise
monoamine availability in the brain within a few hours following administration.
Remission in half of the patients often requires six months of treatment and two
antidepressant trials (Trivedi et al., 2006) which is a major problem as it has been
shown that the risk of suicide in depressed patients is increased during the first month of
antidepressant treatment, particularly during the first week or nine days, regardless of
the class of antidepressant used (Jick et al., 2004; Simon et al., 2006). The existence of
this delayed onset of action of standard antidepressants has led to the hypothesis that a
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cascade of downstream events is ultimately responsible for their therapeutic effects
which follow on from a sustained increase in intra-synaptic levels of 5-HT and/or NA.
In addition, these medicines produce low remission rates and a high rate of relapse and
recurrence (Thase, 2011). They also produce physiological side effects which can lead
the patients to drop out from the treatment, such as sedation, weight gain, drowsiness,
sexual dysfunction, constipation or blurred vision. These largely arise due to the
antagonistic action of the antidepressants on muscarinic, histaminergic and adrenergic

receptors (Stahl, 1998).

2. Animal models of depression

In the process that goes from the discovery of a new compound to the standardisation of
a therapeutic treatment for clinicians, the understanding of the pathophysiology of a
disease and the identification of possible new targets for drugs are fundamental. Along
with this, another very important step is the assessment of the potential efficacy of the
new drug and its possible side effects. Preliminary screenings in this direction are
usually performed in animal models. The ideal animal model for a human disorder
should provide good approximations of the dysfunctions seen in the disease in humans.
Nonetheless, in the research of new medications for psychological disorders such as
depression, the wide spectrum of disruptions involved highlights the difficulty in
mimicking the disorder in laboratory animals, especially because symptoms such as
suicidal thoughts are teéhnically impossible to assess. To overcome this difficulty,
researchers’ approach has been to create animal models in which only one or two
specific traits of the disorder are reproduced. More specifically, Willner et al. (1997)

proposed that the perfect animal model of a mood disorder should present three main
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characteristics: 1. face validity, meaning that it should reproduce some of the symptoms
of depression observed in humans, 2. construct validity, as that the symptoms seen in
the animals should be mediated by equivalent neurobiological mechanisms as in
humans and 3. predictive validity, meaning that currently used treatments for depression
should modulate the behavioural alterations presented by the animal model with a clear
cut behavioural readout which can be reliable and reproducible between different
laboratories. An additional ideal characteristic is the usability of the model i.e. that it
should be easy to produce and manipulate.

Multiple animal models are employed in order to make significant contributions to

understanding the aetiology and treatment of clinical depression.

2.1 Stress and animal models of depression

Clinical observations support the hypothesis that stress is one of the major precipitating
factors in the onset of depression (e.g. Gilbert et al., 2004), and many animal models of
depression utilise stressors to induce distinctive behavioural and neurobiological
deficits. For example the chronic mild stress (CMS) model is a chronic model of
depression based on exposure of mice and rats to a series of mild unpredictable stressors
such as cage tilting, soiled bedding, forced swimming and inversion of the light/dark
cycle. Behavioural anhedonia develops in such animals who exhibit a decreased
capacity to respond to rewarding stimuli including preference for palatable sweet
solutions or places associated with the availability of food rewards. Anhedonic
behaviour is prominent in human depression particularly in melancholic depression.
Other symptoms suggestive of depression are also evident in the model such as despair
in the FST, weight loss and reduction in self care/grooming. Chronic but not acute
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antidepressant treatments reverse such behaviours in animals exposed to CMS
mimicking the delay in onset of therapeutic action observed in the clinic (for review of
CMS see Willner, 1997).

Specific changes in brain structure and function have been identified in clinical
depression where reductions in hippocampal volume are evident relative to healthy
controls. In this regard, exposure to chronic restraint stress (CRS) or psychosocial stress
in rats induces neuronal atrophy in the hippocampus mediated by elevated circulating
levels of glucocorticoids and central glutamate release. Such atrophy is accompanied
also by behavioural changes and both may be prevented with antidepressant drug
treatment. It has been suggested that a similar psychopathology may account for
changes observed in hippocampal volume associated with clinical depression. NMDA
receptor antagonists also prevent hippocampal atrophy following exposure of rats to
CRS (Wood et al., 2004; see also Lee et al., 2009; McKittrick et al., 2000; Magarifios et

al., 1997).

2.2 Despair-based models of depression

Along with the induction of depression related neurobiological changes, stressful
stimuli are used to produce a depressive state in animals in order to create behavioural
animal models of depression. In most of cases these models involve the presentation of
the animal with an uncontrollable stressor such as inescapable shock, immobilisation
stress or other treatments unpleasant to the animals, and the assumption that rats
previously exposed to an uncontrollable stress would subsequently show some
behavioural deficits, referred to as “learned helplessness™ (Cryan et al., 2002). The
restraint stress model is one of the most commonly employed models to mimic potent
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physical and psychological stress in laboratory animals (Glavin et al., 1994), due to the
simplicity of its procedure as it is performed by placing rodents into a well ventilated
plastic transparent tube for several hours. A single episode of restraint stress has been
shown to be enough for rats to exhibit a decrease in 24 hr cumulative food intake and
growth rate (Haleem and Parveen, 1994) and an increased HPA axis activity, reflected
in increased circulating levels of corticosterone, noradrenaline and glucose (Samad et
al., 2006). 5-HT metabolism in the brain is also increased (Samad et al., 2006; Haleem
et al., 2007). Unfortunately, models based on learned helplessness have been shown to
lose the depressive-like symptomatology within two or three days following cessation
of the stress, thus allowing to test only for preventive action of antidepressants on the
induced depression-like features, but this drawback seems to be overcomeable by
repeated administration of a mild stressor (Gambarana et al., 2001). Repeated exposure
to a stressor can trigger a sort of adaptive change in the brain to cope with the stress,
thus accounting for the dissipation of behavioural deficits produced for instance by a
regime of repeated immobilisation stress (Haleem and Parveen, 1994). A change in 5-

HT receptor responsiveness has been suggested to be involved in this type of adaptation

(Haleem et al., 2007).

2.2.1 Forced swimming test

The forced swimming test (FST), originally described by Porsolt et al. (1978), is one of
the most widely used tests to screen for acute pharmacological antidepressant activity.
The test is based upon the observation that rodents, when placed in a cylinder full of

water, eventually adopt an immobile posture and stop active escape related behaviours,
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such as climbing or swimming, considered a state of learned helplessness referred to as
“behavioural despair”. Traditionally in rats it is carried out in naive animals where an
exposure to an inescapable swim session is used to make the animals acquire the
“behavioural despair” which is then measured in a subsequent test session 24 hr later.
Treatment with antidepressants reduces the amount of time the animals spend immobile
and prolongs the active escape related behaviours. The FST is able to detect behavioural
effects common to very different antidepressant treatments with very diverse
pharmacological and physiological actions, and these include clinically effective
treatments such as tricyclic antidepressants, monoamine oxidase inhibitors and atypical

antidepressants (Borsini and Meli, 1988).

Despite its common use as a test to screen for antidepressant activity, the FST does
present with some weaknesses. One of them is the fact that results generated from the
test depend on a performance based on physical exercise, so they can be affected by
psychomotor stimulant drugs which can induce false positive reductions in immobility
time. For this reason the swim test is usually accompanied by common locomotor
activity tests such as open field exploration or locomotor activity chambers. Another
major drawback of the standard FST is its unreliability in detecting the antidepressant-
like effects of SSRIs, and possibly all similar serotonergic drugs (reviewed in Cryan et
al., 2005). However, Detke and colleagues (1995) were able to develop a modified
version of the test, characterised by an increased water depth (from depths of 15-18 to
30 cm) and scoring of multiple behaviours within the session. In particular, along with
the immobility time, swimming and climbing episodes are recorded and the actual
scoring system is based on the prevalence of the different behaviours over 5 seconds
intervals during the test session. This version of the FST allows for the discrimination

34



between antidepressant drugs with different acute neuropharmacological effects, on the
basis of the behaviour predominantly induced by the drug. In fact swimming behaviour
is increased by SSRIs, whereas climbing behaviour is increased by antidepressant drugs

with selective effects on catecholamine transmission (Cryan et al., 2005).

Usually the potential antidepressant effect of a new drug is deduced by its ability to
reduce immobility time in the test when administered in naive rats, and by comparing its
effects in the FST to those of clinically prescribed antidepressants. In this paradigm
antidepressant drugs are altering the stress response of healthy animals to the
inescapable swim, and if it was to be transposed into humans it would be the situation of
administering antidepressant drugs to healthy subjects. For this reason, more recently
the FST has been looked at as a possible way to detect a depressive phenotype induced
in animals following various manipulations including exposure to stressors (Kim et al.,
2006; 2012; Veena et al., 2009; Armario et al., 1991) or with pre-existing genetic
vulnerability to stress and depression (Solomon et al., 2012; Jacobson and Cryan, 2007
Cryan and Mombereau, 2004). The manipulations performed prior to the test are
believed to bring about a depressive endophenotype in the animals which results in an
increase in immobility time during the FST, thus resembling the human condition where
depression develops before providing any pharmacological treatment. After almost 35
years, the versatility, easiness and speed of the FST in detecting both anti- or pro-
depressant effects of treatments, make it remain one of the most popular behavioural

test to evaluate depression-like behaviour and antidepressant efficacy in rodents.
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2.3 The olfactory bulbectomised rodent model of depression

The olfactory bulbectomised (OB) rat or mouse, is a lesion-based animal model of
depression which is obtained by surgical removal of the olfactory bulbs from the
animals, thus resulting in a anterograde and retrograde degeneration of the neurons that
project to and from the main and accessory olfactory bulbs (Kelly et al., 1997). This
leads to remodelling of brain areas linked to the olfactory bulbs, such as cortex,
hippocampus, amygdala and locus coeruleus and brings about a series of behavioural
and physiological changes referred to as the “OB syndrome” (reviewed by Harkin et al.,
2003 and Song and Leonard, 2005). Such changes are thought not to be associated with
anosmia and include: increased locomotor activity in a novel environment; high
corticosterone plasma concentrations under basal and stressful conditions; altered
circadian rhythm and changes in basal locomotor activity, body temperature, heart rate
and heart rate variability (Vinkers et al., 2009); altered physiological responses to stress
compared to sham-operated controls (Vinkers et al., 2009; Roche et al., 2007);
hyperemotionality, indicated by stronger responses to some minor stimuli such as a rod,
a stream of air, handling or pinching of the tail (Pandey et al., 2008; 2010) and
increased aggressiveness, e.g. muricide behaviour. The dysinhibition of the amygdala
due to neurodegeneration and remodelling, and the lack of detection of pherormones
due to anosmia may be pivotal in the development of the OB syndrome (Song and
Leonard, 2005). Structural changes in the brain of OB animals are evident including
enlarged ventricular volumes analogous to those reported in depressed patients.
Changes in the central concentrations of NA and in particular 5-HT have been reported,
such that the model is related to a hyposerotonergic state (Kelly et al., 1997). It is
noteworthy that pharmacological agents acting on specific 5-HT receptor subtypes have
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antidepressant related activity in the OB rat model (Mnie-Filali et al., 2011; Pandey et
al., 2010). A reduction in central glutamate concentrations and in the density of the
NMDA receptors has been also reported in these animals which may link to the
cognitive deficits associated with the model (Ho et al., 2001; Robichaud et al., 2001).
Neurotrophins such as BDNF and NGF, and also the immune system are affected by

bulbectomy (Song et al., 2009; Hellweg et al., 2007; Connor et al., 2000).

The OB rat exhibits changes in behaviour and neurotransmitter function which are
attenuated following chronic antidepressant treatment only, mimicking the time course
required for therapeutic efficacy in depressed patients. This feature sets it apart from
alternative models and is a useful characteristic for determination of the onset of
antidepressant activity over repeated treatments. The issue of a slow onset of action of
antidepressant activity of commonly prescribed medications is still a major problem in
the treatment of depression and testing for potentially faster-acting antidepressant drugs
is a promising strategy. The OB model, alongside with other chronic models of
depression, poses as a useful model in which the onset of antidepressant activity of test
compounds may be evaluated and compared to activity associated with more

conventional antidepressants.

As yet, the neuro-regenerative capacity of antidepressants via the induction of
neurotrophic factors in the model has been rarely put to the test (Freitas et al., 2013).
Nonetheless such an explanation for the mechanism of action of antidepressants in the
model would complement the current understanding that bulbectomy can damage
specific vulnerable populations of neurons which underlie the OB syndrome. Several
studies have reported alterations in glutamatergic transmission through the N-methyl-D-
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aspartate (NMDA) receptor following bulbectomy, which may contribute to the
associated behavioural changes. Moreover NMDA receptor antagonists display

antidepressant activity in the model (reviewed by Harkin et al., 2003).

3. Beyond the monoamine hypothesis: other biological mechanisms

involved in depression

Limitations presented by the monoamine hypothesis of depression and unmet needs
associated with monoaminergic-based antidepressants have prompted further research to
explore alternative mechanisms involved in the aetiology and pathophysiology of the
illness with increased attention towards glutamatergic, GABAergic and
neuropeptidergic systems which give rise to changes in neuronal plasticity or alterations
in the hypothalamic-'pituitary-adrenal (HPA) axis associated with depression. The
immune system has also been .implicated in the pathophysiology of the illness. Such
efforts have led to the development of several new hypotheses being proposed for the
pathophysiology of depression (Masi and Brovedani, 2011; Rakofsky et al., 2009;

Dantzer et al., 2008).
3.1 Depression and the hypothalamic-pituitary-adrenal (HPA) axis

Depressed patients commonly exhibit hyperactivity of the HPA axis and raised
circulating cortisol concentrations may relate to hypersecretion of corticotropin-
releasing hormone (CRH) and/or impaired sensitivity to endogenous glucocorticoids,
which are potent negative regulators of the HPA axis activity itself (reviewed by

Pariante and Miller, 2001). Drugs targeting the CRH; and CRH, receptors for
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antidepressant action, particularly CRH; as it is the predominant subtype, are showing
encouraging results (Ising and Holsboer, 2007; Kiinzel et al., 2003; Zobel et al., 2000).
Cortisol produces its effects through the glucocorticoid receptor (GR) and considerable
efforts have focused on elucidation of a role for this receptor in depression (Pariante and
Miller, 2001). Genetic polymorphisms of both GR and its chaperone protein FKBP5
have been linked to susceptibility to depression (Szczepankiewicz et al., 2011;
Zimmermann et al., 2011; Binder et al., 2004), thus supporting a role for GR receptor

regulation and HPA axis alterations in the pathophysiology of the illness.

3.2 Depression and the immune system

Depression, stress and immunological activation and the role of the immune system in
depressive illness have been the subject of a number of reviews to date (Krishnadas and
Cavanagh, 2012; Littrell, 2012; Raison and Miller, 2011). Smith (1991) proposed a
macrophage theory of depression suggesting that hypersecretion of macrophage
cytokines IL-1, TNF-oo and IFN-oo may play a causal role in depressive illness.
Cytokines are a heterogeneous group of polypeptide hormones produced and secreted
by immune cells and play a role in activation of the immune system and inflammatory
responses. Cytokines and their receptors are also located in the peripheral and central
nervous systems (CNS) and can affect neurotransmission within the CNS. MDD is often
associated with raised inflammatory markers including high sensitivity c-reactive
protein (CRP), IL-6, IL-1, TNF-a and soluble IL-2 receptor (Dowlati et al., 2010;
Howren et al., 2009) and changes in inflammatory markers are more profound in
treatment-resistant depression. When taken together with evidence that administration

of immunotherapeutic cytokines such as [FN-o or IL-2 to psychiatrically normal
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individuals can provoke depression and that there is an increased prevalence of
depression in autoimmune and inflammatory disorders, there is growing support for a
role of inflammation in the pathogenesis of the illness (reviewed by Krishnadas and
Cavanagh, 2012). Recent observations report an inflammatory signature associated with
depression and support a role for the activation of brain microglia, resident monocytic-
like cells in the brain capable of phagocytosis which are responsible for the production
of inflammatory cytokines and are capable of responding to them (Beumer et al., 2012;
Dantzer et al., 2008; Raison and Miller, 2011). Patients with autoimmune or infectious
diseases show a much greater extent of induction of pro-inflammatory molecules than
patients with depressive disorders, in which case increases are modest, typically just
two to three times higher compared to healthy controls (Dowlati et al., 2010). In this
regard inflammation may act as a predisposing factor for depression overlapping with
other mechanisms implicated in the disorder including activation of the HPA axis and
reduced neurotrophin expression/neurogenesis leading to impaired synaptic plasticity
and possibly contributing to neurodegeneration where neuroinflammation may promote

neuronal cell loss (Krishnadas and Cavanagh, 2012).

Increased circulating concentrations of inflammatory cytokines and acute phase proteins
returning to normal following antidepressant treatment suggest that such markers may
be state rather than trait markers of the illness (Hannestad et al., 2011; Hernandez et al.,
2008). Moreover there is clinical evidence for antidepressant efficacy against cytokine
(IFN-a)-induced depression (Musselman et al., 2001; Schéfer et al., 2000).
Interestingly, there seems to be a differentiation between short and long term effects of
antidepressants on inflammation where short term use reduces inflammation and

ameliorates depression and prolonged use is associated with a loss of efficacy and the
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promotion of a pro-inflammatory state (Littrell, 2012). Cytokine antagonists too have
shown potential for the treatment of depression where the microglial inhibitor
minocycline or the IL-1 receptor antagonist (IL-1ra) exhibit antidepressant-like
properties in animal models (Pae et al., 2008). Conversely it has also been reported that
IL-1ra administration to human subjects may promote depression related symptoms and
that depressed patients exhibit higher circulating concentrations of IL-1ra (Jonville-Bera
et al., 2011). A recent randomised controlled trial of the TNF-a antagonist infliximab
was reported to be effective in a group of treatment-resistant depressed patients where it
was also shown that only those patients with an inflammatory phenotype responded to
treatment (Raison et al., 2013). Other anti-inflammatory agents including
cycloxygenase inhibitors have also been reported to possess antidepressant properties
(Abbasi et al., 2012; Miiller et al., 2006). Thus targeting the immune system in some
cases has proved to be an effective approach in treating depression, in particular where

depression is present with evidence of an activated immune system and inflammation.

3.3 Depression and neurotrophic factors

It has been proposed that antidepressant action may relate to an up-regulation of
neurotrophic factors and in particular brain derived neurotrophic factor (BDNF) which
has been reported consistently in the hippocampus of laboratory animals following
chronic antidepressant treatment. Such a mechanism is further supported by evidence
that exposure to chronic uncontrollable stress provokes reduction in hippocampal
BDNF (Xu et al., 2006; Luo et al., 2005) and several antidepressants counteract these
effects (Della et al., 2012). Reduced BDNF levels have been also associated with

vulnerability to depression (Blugeot et al., 2011) and with reduced resilience to chronic
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stress (Taliaz et al., 2011). A role for BDNF is also supported by evidence that
antidepressants increase activation of the BDNF receptor TrkB (Rantaméki et al., 2007;
Saarelainen et al., 2003) and in animal models where TrkB agonists display

antidepressant-like activity (Blugeot et al., 2011).

Reduced neurotrophic support ties in well with neuroimaging studies in humans where
reduced hippocampal and amygdaloid volumes are reported in depressed patients
(McKinnon et al., 2009; Kronenberg et al., 2009; Colla et al., 2007; Frodl et al., 2003)
indicating that structural remodelling may contribute to the pathophysiology of
depression and reductions in BDNF may contribute to hippocampal atrophy and
reductions in hippocampal volume (Videbech and Ravnkilde, 2004). Antidepressant
treatments reverse or prevent stress-induced reductions in hippocampal BDNF
expression and it is notable that other treatments including NMDA receptor antagonists
that are known to have antidepressant efficacy also increase the expression of BDNF in
the hippocampus. These neurotrophic actions of antidepressants could reverse neuronal
atrophy and thereby contribute to the therapeutic effects of these treatments (reviewed
by Duman and Monteggia, 2006).

On foot of neurotrophic deficits observed in the hippocampus considerable attention has
been paid to the effects of stress and antidepressants on hippocampal neurogenesis
(Ehninger and Kempermann, 2008). Stress related impairments in hippocampal
neurogenesis which are opposed by antidepressant treatment may contribute to
hippocampal atrophy and contribute to mechanisms underlying neuronal atrophy and
the reduction of neuronal processes (Duman, 2004; 2002). The role of astrocytic glial
cells in adult neurogenesis by secreting appropriate neurotrophic factors and
maintaining a ‘‘neurogenic permitting’’ environment is also significant and will be
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returned to later within the context of a role for glutamatergic transmission in the

pathophysiology of depression (Morrens et al., 2012).

Reduced BDNF expression in the hippocampus is proposed to be mediated by stress
related increase in glucocorticoid concentrations leading to reduced dendritic
arborisation and neuronal atrophy in the hippocampus. Along with BDNF other growth
factors, such as the vascular endothelial growth factor (VEGF) and the insulin-like
growth factor 1 (IGF-1), have been linked to depression (Masi and Brovedani, 2011) in
a similar fashion. Inflammatory cytokines promote activation of the HPA axis
(reviewed by Dunn, 2000) and systemic administration to rats is associated with
reduced cortical and hippocampal BDNF and TrkB expression (Guan and Fang, 2006;
Tanaka et al., 2006). A role for IL-1 is also reported in mediating stress related
reduction in hippocampal BDNF where reduced expression of the neurotrophin
following social isolation stress was blocked by intra-hippocampal administration of IL-
Ira (Barrientos et al., 2003). Such reports compliment evidence of a role for
inflammatory mediators as casual factors in depression and promote the concept of an
integrated pathophysiological basis for the disorder comprising central transmitting,

endocrine and immunological factors.

Over the past decade there have been several significant advances in the understanding
of the role of CNS transmitters and in particular the involvement of neurotrophic
factors, endocrine and immune systems which underlie pathophysiological and
behavioural changes related to stress and depression. The bigger picture is likely to
involve the integration of the relative contribution of each system as they co-exist and
work in concert although it may be possible to identify different subtypes of the
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disorder depending on the extent to which dysregulation within any individual system
prevails. It is important to consider how any immunological/endocrine theory of
depression might fit with more established hypotheses including the monoamine
hypothesis where depression is proposed to be related to a deficit in synaptic availability
of monoamine transmitters. In this regard it might be pivotal to be aware of and
investigate different metabolic pathways which can alter the availability of monoamine
precursors, thus reducing monoamine production. For instance the major pathway
responsible for the metabolism of tryptophan (Trp) in the CNS, the kynurenine pathway
(KP), may represent such a link where neurotransmission is influenced by endocrine
and/or immune factors: in fact the rate limiting enzymes in this pathway are
indoleamine 2,3 dioxygnease (IDO), which is induced by inflammatory cytokines, and
tryptophan 2,3 dioxygenase (TDO), which is induced by stress hormones such as

glucocorticoids.

One unifying theme across multisystem dysregulation in depression is the role the
excitatory amino acid transmitter glutamate plays in neuronal plasticity, neuroendocrine
regulation and neuroimmune interactions. In addition, on account of new leads which
suggest that targeting this system promotes rapid onset action and efficacy in treatment-
resistant cases of depression, the glutamatergic system has been singled out for special

consideration.

3.4 A role for glutamate in the pathophysiology of MDD

The prominent glutamatergic pathways in the brain are cortico-cortical, cortico-striatal,

thalamo-cortical and projections from the cortex to subcortical regions such as the locus
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coeruleus, raphe and substantia nigra where monoaminergic pathways are modulated
[Fig.1]. Glutamate is charged with homeostatic regulation and integration of cognitive

and emotional processes.

Cerebral Thalamus
cortex

Striatum

Subthalamic
nucleus

Globus pallidus

Substantia nigra

Fig. 1: Glutamatergic pathways in the brain.

Glutamate is synthesised from glutamine and is sequestered into vesicles at the nerve
terminus. Following synaptic release glutamate is taken up by astrocytic glial cells via
the glutamate transporters GLAST and GLT-1 and is converted back to glutamine by
glutamine synthetase and recycled for the synthesis of new glutamate [Fig.2]. Once
glutamate is released from the synapse it activates glutamate receptors characterised

into 4 main types: N-methyl-D-aspartic acid (NMDA), a-amino-3-hydroxy-5-
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methylisoxazole-4-propionic acid (AMPA), kainate and metabotropic (mGIuR).
mGluRs are also located on the presynaptic terminal where they act as inhibitors

autoceptors in part by a reduction in Ca** flux [Fig.2].

Pre-synaptic neuron i (-—\
@
\ﬁ‘ ©
- =, . }: 4"‘

Astrocyte

Post-synaptic neuron

Fig. 2: The glutamatergic synapse. Glutamate is released from the pre-synaptic neuron into the synaptic
cleft and can activate post-synaptic glutamate receptors (AMPA-R, NMDA-R and mGlu-R). glutamate
can also activate pre-synaptic mGlu-R which regulate glutamate release. Excessive glutamate is taken up
by pre-synaptic and astrocytic transporters to be recycled. Synaptic transmission plays key functional
roles in the CNS including neuronal development and plasticity and is frequently implicated in the
aetiology of neurodegenerative disorders as glutamate in excess, or excitotoxicity, represents a primary
pathway of neuronal cell death. Glu = glutamate; Gln = glutamine; EAAC1 = excitatory amino acids
transporter 1; GLT-1 = glutamate transporter 1; GLAST = glutamate aspartate transporter; LAT2, SATI

and SN1 = glutamine transporters.

There is growing evidence that glutamate is involved in the pathophysiology and

treatment of depression [Table 1]. To date a number of studies carried out on blood and
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post mortem brain have reported evidence implicating a role for glutamate in major
depressive illness (reviewed by Sanacora et al., 2008). Of particular note is the greater
intraplatelet Ca’" response to glutamate stimulation reported in depressed patients when
compared to healthy controls, suggesting that glutamate receptors on platelets are
supersensitive and may be a possible peripheral marker of glutamate function in

depression.

Table 1: Selected examples of clinical studies implicating a role for glutamate in

depression
. Patient group and outcome
Biomarker 2 ¢ i Reference
— peripherial and post-mortem markers

Elevated in medicated depressed patients Altamura, 1993
Reduced levels after antidepressant treatment Maes et al_, 1998

S:I :r Platelet glutamate receptor sensitivity (Ca?') in depressed patients | Berk etal, 2001

glutamate
Increased CSF glutamine levels in depressed patients Levineet al_, 2000
No significant abnormality in frontal cortex of neurosurgical 5
samples from depressed patients Emnciseral.. 1989
Reduced NMDA binding in suicide victims and subjects with Nowakctal, 1995
bipol ipolar mood disorders Nudmanmud-Thanoi and

Receptor ipolar/unipolar m i Reynolds, 2004

binding ) o

Increased AMPA receptor binding in the striatum of suicide Freed etal,, 1993
victims Nogaetal, 1997
:I({;gpsubumtp (;il'i I:-}\tsdl)A receptor elevated in the locus coeroleus lowiczetal, 2005

Receptor ressed

composition 5

Decreased expression of strniatal GLU,, mRNA (bipolar disorder) ;doifld SEWoadnligal.

Several studies have applied proton magnetic resonance spectroscopy to the in vivo
measurement of amino acids in the brain which have been reviewed elsewhere (Yildiz-
Yesiloglu and Ankerst, 2006). In one report there was a 15% increase in occipital cortex
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glutamate concentrations in medication-free patients with unipolar depression when
compared to age and gender matched healthy controls (Sanacora et al., 2004). Changes
were accompanied by reductions in cortical GABA in the same patients. Such evidence
supports an hypothesis that regulation of amino acid systems are altered in subjects with

depression, indicated by raised Glu:GABA ratios in cortical areas.

The mechanisms that underlie and contribute to the dysregulation of amino acid systems
in the cortex of depressed patients are currently unknown. Given the role of glia in
maintaining proper glutamate function it is important to take note of several recent
studies reporting glial cell abnormalities in depressed patients. Reduced
immunostaining of the astrocytic glial marker glial fibrillary acidic protein (GFAP) in
the dorsolateral prefrontal cortex has been reported in depressed patients (reviewed by
Rajkowska, 2003). The disruption of glia may have a substantial influence on glutamate

and GABA function in the brains of individuals with depression.

Since astrocytes play a role in removal of glutamate from the synapse it has been
proposed that an astrocytic deficit may account for alterations in glutamate
neurotransmission in depression (Kugaya and Sanacora, 2005). Studies employing in
vivo magnetic resonance spectroscopy have provided functional evidence in support of
this hypothesis, where reduced glutamine/glutamate ratios are suggestive of reduced
glutamate conversion to glutamine by glial cells (Yiiksel and Ongiir, 2010). The
following elements are proposed in the model: 1. Reduced glial number/function,
reduced glutamate uptake, reduced metabolism of glutamate and availability of
glutamine for GABA biosynthesis and 2. Increased extracellular glutamate and
activation of extrasynaptic NMDA receptors couple to cell death pathways, reduced
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neurotrophic support and reduced pre-synaptic release and activation of synaptic

receptors via activation of presynaptic mGlu-R [Fig. 3].

Pre-synaptif Post-synaptic
glutamatergic glutamatergic
neuron neuron

Fig. 3: Influence of glial dysfunction on the glutamatergic system and neurotrophic factors. When
astrocytes are impaired, excessive glutamate into the synaptic cleft can hyperactivate post-synaptic
AMPA-R, NMDA-R, kainate receptors and extra-synaptic NMDA-R, leading to reduced BDNF

production.

The mechanisms which contribute to the proposed glial cell pathology associated with
depression are currently not understood. Such mechanisms may include genetic
predisposition or represent a developmental phenomenon. Moreover stress,
glucocorticoids and neurotrophins may modify glial cell number and/or function. A
report from the Duman group (Banasr and Duman, 2008) showed a reduction in the
density of GFAP-positive cells in the prefrontal cortex of animals subjected to chronic

unpredictable stress compared to home cage controls. These changes were accompanied
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by anhedonia, anxiety and helplessness characteristic of this rodent model of
depression. Administration of the astroglial specific toxin L-alpha-aminoadipic acid (L-
AAA) into the prefrontal cortices induced anhedonia, anxiety and helplessness similar
to those observed with chronic unpredictable stress. Thus reduced glial number in the
prefrontal cortex is sufficient to induce depression-like behaviour and supports the

hypothesis that loss of glia contributes to the core symptoms of depression.

A role for abnormal glutamate neuronal transmission in mood disorders may be
proposed in line with Duman’s neurotrophin hypothesis (originally proposed by Duman

etal., 1997) [Fig.4].
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Duman et al. (1997) Arch Gen Psychiatry

Fig. 4: Reduced neurotrophic support in response to dysregulated glutamate in accordance with the
neurotrophin hypothesis of depression and antidepressant action. Stress related glucocorticoids suppress
BDNF in the hippocampus to promote neuronal atrophy. Such atrophy is consistent with brain imaging
studies where reduced hippocampal and cortical volumes have been reported in stress-related
neuropsychiatric disorders and in particular major depression (reviewed by Lorenzetti et al., 2009 and
Duman, 2004). The effects of antidepressants on glial dysfunction are currently unknown although the
effects of stress are opposed by antidepressants to promote increased survival and growth through the up-
regulation of BDNF.
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The delay in onset of antidepressant action may be on account of neurobiological
adaptation and changes to synaptic plasticity which take place following repeated
antidepressant administration. Following 50 years of antidepressant drug use, there is up
to a 30% non response rate and together with a poor understanding of mechanism of
action, new drug development will likely depend on an assessment of alternative
neurotransmitter systems to provide novel targets for antidepressants working beyond
the monoamine hypothesis. In this regard there is a large body of evidence that
antidepressants in use effect changes to glutamate neuronal transmission, to suggest that
antidepressant may be working in this way (reviewed by Kugaya and Sanacora, 2005).
Chronic antidepressant treatments can (1) effect changes to the binding properties of
NMDA receptors; (2) alter the expression of NMDA receptor subunits and (3) up-
regulate AMPA receptors. Here NMDA receptors play an important role in trafficking
of AMPA receptor subunits to the membrane. Antidepressants (4) alter the expression
of group 1 and 2 mGluRs and (5) increase the expression of the vesicular glutamate
transporter VGLUTT in the cortex and hippocampus. Antidepressants also (6) reduce
depolarisation-evoked glutamate release and (7) can overcome the effects of stress on

long term potentiation.

3.5 Targeting the glutamatergic system for antidepressant activity

As antidepressants effect changes to glutamate, the possibility of targeting glutamate
receptors directly for therapeutics effect presents. Consistent with a role for glutamate in
depression, anti-glutamatergic agents have demonstrated antidepressant efficacy both
clinically and in several animal models of antidepressant action (Skolnick et al., 2009).
In this regard a number of drugs have shown some activity. Reports to date however are
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largely limited to case reports and open label trials and large placebo controlled double

blind studies are warranted (see Table 2).

Table 2: Selected trials of glutamatergic drugs for the treatment of depression

Drug Mechanism of action Patient group and outcome Reference
Unespected antidepressant action in TB
closerine | NMDA-glycine ial agonist atients. Improvement in mood, insomnia Crane, 1959
partial ag p p
and appetite
. Low affinity non-competitive s ST :

Amantadine NMDA antagonist Antidepressant activity in PD patients Parkes et al., 1980

Positive effects on mood and motor activity | Gortelmey and
. in mild to moderate dementia syndrome Erbler, 1992

Memantine i,::g a:)?‘lii:tlty NMDA receptor
No significant effect in double blind ,
placebo controlled study in MDD etal., 220G
Rapid antidepressant effect for >72 hr Berman et al., 2000

N titive NMDA

KETAMINE | o st Patients with treatment-resistant MDD
showed robust and rapid response to i.v. Zarate et al, 2006
ketamine for 1 week

B okithihe gk te rel (Na, M?notherapyﬂaugmentahfm in bipolar, ' Maltese, 1999

Lamotrigine Ca0* end K* chaanels) unipolar and treatment-resistant depression | Barbeet and Janhour,

(preliminary) 2002
Ril Increases glutamate astrocytic Improvementof sympioms in treatment- 7
e uptake; inhibits glutamate release | resistant depression shal. 2004

Most notable are the clinical studies that have reported a rapid improvement in
depressive symptoms after intravenous administration of ketamine, a non-competitive
NMDA receptor antagonist at a dose of 0.5 mg/kg (Berman et al., 2000; Zarate et al.,
2006). Two additional reports have more recently confirmed these effects. Using a
similar treatment regime to earlier investigations, Phelps and co-workers (2009)
reported in an open label study that ketamine reduced depressive symptoms in
treatment-resistant patients with a significantly higher response in individuals with a
confirmed family history of alcohol abuse when compared to patients with no family
history. Moreover Price et al. (2009) reported a rapid and robust antidepressant action of
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ketamine using the Montgomery-Asberg Depression Rating Scale (MADRS-SI) in a
cohort of treatment-resistant depressed patients and determined that suicidal ideation
was significantly reduced, suggesting that ketamine may be useful in acutely suicidal
depressed patients. Although beneficial effects have been observed for up to 7 days
(Zarate et al., 2006), the use of ketamine in the clinic is hampered due to its adverse
effects. A significant drawback associated with the use of ketamine and related drugs is
that they produce a series of side effects in particular dissociative effects and perceptual
disturbances. Cognitive deficits and euphoria are however transient following ketamine
infusion whereas improvement in mood lasts for several days. Nevertheless the use of
such drugs as therapeutics is limited by the psychotomimetic effects and potential for
abuse (Berman et al., 2000). Although there are other drugs in clinical use which also
target the NMDA-R such as memantine and metapramine, they are less effective as
antidepressants compared to ketamine probably on account of a lack of potency (Zarate
et al., 2006b). Moreover intravenous administration of ketamine seems to be required to
achieve a robust antidepressant effect (Zarate et al., 2006a) which is less desirable by
comparison to oral medication. Ultimately any medication which modulates NMDA-R
functioning, particularly where long term administration is required, is likely to be
problematic due to the extensive presence of these receptors throughout the CNS. It
may however be possible to target the NMDA-R and related signalling for
antidepressant effect in a manner which does not result in blockade of the ion channel
yet maintains the antidepressant properties of NMDA-R antagonists like ketamine. To
explore this possibility further the NMDA-R-NO intracellular signalling pathway will
be discussed as a strategy which shows early promise to harness the potential of the

NMDA-R without the significant risk of related adverse effects.
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4. The NMDA receptor — nNOS — NO pathway

The NMDA-R is an ionotropic glutamate receptor subtype that is widely distributed in
mammalian brain. Stimulation of the receptor results in entry of Ca®" into the receptive
neuron and it binds to a calmodulin complex which in turn stimulates neuronal nitric
oxide synthase (nNOS) leading to production of nitric oxide (NO) [Fig. 5]. NO can
exert different actions within the cells, from permanent chemical modification of
molecules (S-nitrosylation or SNO), to activation of intracellular signalling (via NO-
sensitive guanylate cyclase or NO-GC), to paracrine signalling by diffusion to

neighbouring cells.
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Fig. 5: The NMDA-R-NO-cGMP signalling pathway
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4.1 The NMDA receptor

The NMDA-R is a complex comprising different subunits, mainly NR1 and NR2, and
more rarely NR3. These subunits build a transmembrane ion channel that allows Ca™"
and Na" influx in the postsynaptic cell and K' to efflux from it. The majority of
NMDA-Rs in the CNS are made up of two NRI1 subunits and two NR2 subunits,
forming a tetramer. There are seven subtypes of NR1 (NR1A-G), four of NR2 (NR2A-
D) and two of NR3 (NR3A-B) and a functional NMDA-R requires expression of at least
one NR1 subunit and one NR2 subunit (Paoletti and Neyton, 2007). It is suggested that
the NR3A subunit may serve as a regulatory factor in NMDA-Rs activation by
controlling the amplitude of response and Ca®" influx through the channel (Dingledine
et al., 1999).

The NMDA-R subunits consist of a modular structure composed by four distinct
domains: the extracellular amino-terminal domain (ATD), the extracellular ligand
binding domain, the transmembrane domain and the intracellular carboxyl-terminal
domain (Hansen et al., 2010). The ATD is involved in trans-synaptic protein-protein
interactions, receptor assembly and control of the receptor activation. ATDs have being
recently looked at with interest as candidate targets for new NMDA-R modulating
drugs, as in some specific subunits they can carry binding sites for allosteric modulators

(Mony et al., 2009).

Activation of the receptor is dependent on simultaneous binding of the two co-agonists
glutamate and glycine to the specific binding sites allocated on the NR2 and the NR1
subunits respectively, while its intracellular signalling is mediated by the carboxyl
terminus which provides multiple sites of interaction for intracellular proteins (Mayer,
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2006). At resting conditions endogenous Mg®" is bound within the channel and prevents
the passage of ions. There are also additional binding sites within the channel such as
the Zn** binding site and the 1-(1-phenylcyclohexyl)piperidine (PCP or phencyclidine)
binding site, at which use-dependent antagonists such as ketamine and MK-801 can also

bind.

4.2 The post synaptic density protein of 95 kDa (PSD-95)

The post synaptic density protein of 95 kDa (PSD-95) is a scaffolding protein that links
NMDA-R to a number of molecules via its various domains. Particular motifs in PSD-
95 structure are known as the PSD-95/discs large/Z0O-1 homologous (PDZ) domains,
which are made by ~90 residues and act as elements for protein-protein interactions
through both homo- or heterodimerisation. There are three PDZ domains in PSD-95 and
specifically, the first and the second one (PDZ1PSD95 and PDZ2PSD95) have been
both shown to be able to interact with the carboxyl terminal of NMDA-R, but
PDZ2PSDO9S5 is also able to interact with the nNOS PDZ domain (PDZnNOS) to form a
heterodimer. Thus through PSD95, nNOS is kept in close proximity to the NMDA
receptor to achieve maximal efficiency in coupling NMDA-induced Ca®" influx to the
activation of nNOS. Under resting conditions the majority of NOS molecules are found
in the cytoplasm (Rothe et al., 1998) and adaptor proteins (syntrophin, PSD-95/SAP-90,
PSD-93 and CAPON) are required to carry it to the cell membrane when needed

(reviewed by Doucet et al., 2012 and Zhou and Zhu, 2009).
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4.3 Neuronal nitric oxide synthase (nNOS)

Nitric oxide synthases have an almost ubiquitous distribution in the body. They are a
family of enzymes and four subtypes of NOS exist including endothelial NOS (eNOS or
NOS3), neuronal NOS (nNOS or NOSI1), inducible NOS (iNOS or NOS2) and
mitochondrial NOS (mtNOS). These enzymes catalyse the oxidation of L-arginine to
citrulline and NO in the presence of NADPH and O, upon dimerisation in the presence
of cofactors such as tetrahydrobiopterin (BH4), Zn*", iron protoporphyrin IX (heme),
flavin adenine dinucleotide (FAD) and flavin adenine mononucleotide (FMN). nNOS
and eNOS are constitutively expressed in mammalian cells and are both Ca’"-
calmodulin dependent, while the inducible isoform is not (reviewed by Guix et al.,
2005, Zhou and Zhu, 2009). nNOS derives its name from the fact that it was first
identified in neuronal tissue, but it is also present in skeletal, cardiac and smooth
muscle. nNOS constitutes the predominant source of NO in neurons, usually localising
to synaptic spines, and it is expressed in both immature and mature neurons and also in
astrocytes. NOS containing neurons have a diffuse distribution throughout the brain and
are found in the cerebral cortex, the olfactory system, caudate-putamen, hippocampus,
amygdala, thalamus, hypothalamus, raphe nucleus, ventral tegmental area, substantia
nigra, cerebellum, pons and medulla oblongata (Rodrigo et al., 1994; Vincent and

Kimura, 1992).

Dimerisation is fundamental for activation as it creates high-affinity binding sites for L-
arginine and BHs and protects the enzyme from proteolysis; it is known that the
endogenous protein inhibitor of NOS (PIN) acts through destabilisation of the NOS
dimer. Phosphorylation also plays an important role in nNOS activation and in response
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to extra- and intracellular stimuli several kinases and phosphatases, e.g. protein kinase
A (PKA), protein kinase C (PKC) and phosphatase 1, can modulate NOS activity in

order to create an integrated system with NMDA-R activation (Zhou and Zhu, 2009).

4.4 Intracellular targets of nNOS activation and effects of NO production

nNOS in the cytoplasm is bound to different adaptor proteins. One of them is the
cytoplasmic protein CAPON, which binds nNOS with its carboxyl-terminal PDZ-
binding domain and which also possesses an amino-terminal phosphotyrosine binding
(PTB) domain that interacts with the small monomeric G protein Dexrasl (Fang et al.,
2000). Dexrasl can alternate between an ‘inactive’ GDP-bound state and an ‘active’
GTP-bound state thus influencing the activity of MAP kinase signalling pathways in the

brain.

In the brain NO exerts numerous physiological effects mainly through two separate
mechanisms: a biochemical reaction called S-nitrosylation and the guanylate
cyclase/cGMP-dependent pathway. S-nitrosylation is a post-translational protein
modification involving the covalent attachment of a nitrogen monoxide group to the
thiol side chain of cysteine. This chemical modification is involved in the regulation of
different receptors, including NMDA-R, and their downstream pathways (Wang et al.,
2012). The second mechanism involves the activation of NO-sensitive guanylate
cyclase (NO-GC) and the generation of cGMP, which in turn activates Protein Kinase
G-I and G-II (PKGI and PKGII respectively). NO, via NO-GC, is thought to mediate
interneuronal communication and long-term potentiation (LTP) by its action as
retrograde messenger, in fact NO is produced after NMDA-R activation in the post-
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synaptic neuron and then it can diffuse to influence the pre-synaptic neuron causing
long lasting increases in neurotransmitter release (Friebe and Koesling, 2009).
c¢cGMP/PKG-induced phosphorylation is implicated in neuronal differentiation, in gene
expression and in the regulation of intracellular Ca®" homeostasis and of the release and
uptake of various neurotransmitters (Eguchi et al., 2012; Yuasa et al., 2012; Wong et
al., 2012; Gallo and Iadecola, 2011; Kawai and Miyachi, 2001). ¢cGMP in turn is

degraded by phosphodiesterase-5 (PDE-5) (Mullershausen et al., 2003).

5. Is there a role for NMDA-R coupled NO in the pathophysiology of

depression?

NO is a highly diffusible gas, sufficiently small and hydrophobic to readily cross
cytoplasm, membrane and extracellular fluid, and thus it can act intracellularly and
intercellularly on surrounding neurons, glia and vasculature (Kiss and Vizi, 2001). It is
able to influence the serotonergic, dopaminergic, cholinergic and other
neurotransmitting systems (Prast and Philippu, 2001), and it can also modulate the

neuroendocrine system (Orlando et al., 2008).

5.1 A role for NO in depression

A potential role for NO in affective disorders has been proposed, as patients with major
depression show altered plasma nitrate and/or nitrite levels (Talarowska et al., 2012;
Chrapko et al., 2004; Suzuki et al., 2001) that seem to be associated with suicide
attempt (Kim et al., 2006). Moreover, post-mortem studies have provided evidence for a

reduction (Gao et al., 2012; Karolewicz et al., 2004; Xing et al., 2002) or an increase
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(Oliveira et al., 2008) in NOS protein and activity in specific brain regions in depressed
patients. There is also a strong association between major depression and cardiovascular
disease (CVD) and considering the fact that NO is a key mediator of blood vessels
smooth muscle relaxation and a physiological inhibitor of platelet adhesion and
aggregation, it might represent a mechanism to account for this association (Chrapko et
al., 2004). Le Melledo et al. (2004) have proposed that factors such as the stress
hormone cortisol or the inflammatory marker c-reactive protein may mediate the

dysregulation of NO production in depression.

Some commonly prescribed antidepressant drugs have been shown to alter NOS
activity. It is common knowledge that sexual dysfunction is one of the side effects when
treating depressed patients with SSRIs and this is believed to be due to the induced
increase of 5-HT on one hand and to the inhibition of NOS activity on the other.
Antidepressants of this family, such as paroxetine and citalopram, have indeed been
linked to modulation of NOS expression and activity (Kadioglu et al., 2010; Angulo et
al., 2001). With regard to neuronal tissue, citalopram, paroxetine and imipramine, all
commercially available antidepressants, have been shown to dose dependently decrease
hippocampal NOS activity in vitro albeit at concentrations which are considered too
high to be of therapeutic relevance (Wegener et al., 2003; Finkel et al., 1996). Wegener
and colleagues (2003) reported that local, but not systemic, in vivo citalopram,
paroxetine and imipramine administration significantly decreased NOS activity in the
rat ventral hippocampus. More recently Crespi (2010) reported similar effects with
fluoxetine in the rat striatum. It might be that the action of antidepressants on NOS may

be exerted only under pathological cond»i.ti'o»_r_ls,' as chronic systemic administration of
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citalopram, alone or in combination with lithium, did not affect NOS activity in

hippocampus, cerebellum and frontal cortex ex vivo (Wegener et al., 2004).

Nitric oxide metabolites (NOx) levels have been found to be significantly increased in
plasma of healthy humans after paroxetine administration which normalised after
paroxetine discontinuation (Lara et al., 2003). By contrast paroxetine was reported to
significantly decrease NOx plasma levels in ischaemic hearth disease patients, an effect
absent with the tricyclic antidepressant nortriptyline (Finkel et al., 1996). From such

reports it is evident that some antidepressants can modulate NOS activity.

Although the evidence for a role for NO in the pathophysiology of depression is limited,
its role is further implicated secondary to evidence in support of a role for the NMDA-R
given its close association with this glutamatergic signalling pathway. Thus NMDA-R-
NO has provided researchers with a novel platform on which to further explore the

potential of glutamatergic signalling for antidepressant action.

5.2 NO and neuroprotection

As discussed earlier MRI studies in depressed patients have reported reductions in the
volume of a number of brain areas relative to healthy controls, especially in limbic
structures such as the prefrontal cortex, cingulate gyrus, caudate nucleus and
hippocampus (Videbech and Ravnkilde, 2004). Antidepressants and NMDA-R
antagonists prevent hippocampal atrophy following exposure of rats to restraint stress
(Wood et al., 2004). Since NO is proposed to play an important role in mediating the
physiological and pathophysiological actions of glutamate, it is tempting to speculate
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that nNOS inhibitors would block stress-induced hippocampal atrophy. In this regard
Reagan and co-workers (1999) have reported that the glutamate release inhibitor and
anticonvulsant phenytoin inhibits glucocorticoid-induced atrophy of CA3 pyramidal
neurons concomitant with a reduction in the expression of nNOS in hippocampal

interneurons.

NO has both neuroprotective and neurodestructive potential which may be of relevance
in the pathophysiology of stress related disorders like depression. Such properties have
been reviewed in detail elsewhere (Lipton et al., 1998; Nelson et al., 2003; Pacher et al.,
2007) and involve S-nitrosylation of the NR2A subunit of the NMDA-R, thus reducing
intracellular Ca*" influx (see Nelson et al., 2003 for review) and superoxide radicals
(O*) generation, leading to reduced production of destructive peroxynitrite (ONOO")
and promoting neuronal survival (see Pacher et al., 2007). NO can also confer
cytoprotection by S-nitrosylating cysteines of the catalytic site of caspase enzymes
reducing their enzymatic activity (Liu and Stamler, 1999). Inhibition of NO production
using the broad spectrum NOS inhibitor L-NAME results in progressive apoptotic death
of cerebellar granule cells which can be rescued by the addition of NO donors/cGMP
analogues (Ciani et al. 2002). Inhibition of NOS in cells was associated with down
regulation of the Akt/Glycogen synthase kinase-3 (GSK-3) system and the transcription
factor CREB, which were proposed as converging cellular pathways that may mediate
the survival role of NO (Ciani et al., 2002). Finally NO induces heme oxygenase 1 in
microglia and astrocytes (Mancuso, 2004). Heme oxygenase 1 has a neuroprotective
function in the brain resulting in the production of bilirubin, a molecule with antioxidant

and anti-nitrosative properties (Mancuso, 2004; Mancuso et al., 2003).
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5.3 Antidepressant-like properties of nitric oxide synthase inhibitors

NOS inhibitors (NOSi) are drugs able to block NOS activity and reduce NO production.
A major problem with NO modulation is that the three isoforms of NOS have
significantly different physiological functions, tissue distributions and mechanisms of
regulation, and consequently the disease states associated with overproduction of NO
are often isoform specific (Paige and Jaffrey, 2007). Development of isoform-specific
NOS inhibitors is extremely important nowadays, especially because the endothelial
NOS regulates arterial blood pressure and blood vessel relaxation, and its inhibition
could theoretically lead to adverse cardio- or cerebrovascular effects. For this reason,
despite their potential usefulness in treating different types of pathologies, NOS
inhibitors are rarely tested in humans. To my knowledge only in a very few studies have
NOS inhibitors been administered to humans, either as a topical application (Kellogg et
al., 2009; Goldsmith et al., 1996) or an intravenous infusion (Cherney et al., 2012;
Delles et al., 2002; White et al., 1998), and psychotropic effects were not the focus of
any of these investigations. Most of the studies administered NOS inhibitors topically
on skin, and this approach is probably not so relevant in light of a possible treatment of
depression. White and colleagues (1998) however administered N®-nitro-l-arginine
methyl ester (I-NMMA) intravenously, proving its safety under systemic administration,
although they reported that it was able to reduce basal cerebral blood flow. Cherney and
colleagues (2012) instead administered -NMMA intravenously in both diabetic type 1
patients and healthy controls to study renal hyperfiltration and did not report any safety-
related concern. This might lead the way to clinical experimentation of NOS inhibitors
in humans, opening the possibility for these drugs to be studied in depressed patients.
There are few clinical studies which provide direct evidence in support of targeting NO
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or .NOS for antidepressant effects. Naylor et al. (1987) reported an improvement in
patients with severe depressive illness treated with methylene blue at a dose of 15
mg/day in a 3 week placebo controlled trial suggesting that methylene blue had potent
antidepressant properties worthy of further clinical evaluation. Methylene blue is a non
toxic dye which is known to interact with iron containing enzymes including soluble
guanylate cyclase, reducing its sensitivity to activation by NO. Significant
antidepressant efficacy was also reported with methylene blue in patients with bipolar
affective disorder when used in addition to lithium in the long-term treatment of manic

depressive psychosis (Naylor et al., 1986).

Experiments in animals have been carried out to assess the psychoactive properties of a
number of NOS inhibitors and evidence in support of antidepressant-like properties of
NOS inhibitors is abundant (see Table 3). L-arginine-derived inhibitors of NOS dose-
dependently and stereo-selectively produce antidepressant activity in mice which are
reversed by pretreatment with the NO precursor L-arginine (Harkin et al., 1999a). Some
L-arginine-derived inhibitors display a biphasic response in the FST suggesting a dual
effect of NO on behaviour in the test (Harkin et al., 1999a; Yildiz et al., 2000a). A
possible explanation for this trend may be that NO bi-directionally regulates NMDA-R
activity, playing both a positive (via activation of guanylate cyclase) and negative (via
feedback resulting in decreased NMDA-R and NO synthase activity) role in NMDA-R-
mediated events (Lei et al., 1992; Manzoni and Bockaert, 1993). L-arginine too exhibits
a U-shaped effect on behaviour in the FST inducing both pro- and antidepressant-like
effects and in the presence of the NOS inhibitor N”-nitro-L-arginine (L-NA) these

effects of L-arginine disappear, suggesting that both effects are due to the production of
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NO and providing further support for a bi-directional regulation by NO on behaviour in

the test (Da Silva et al., 2000; Inan et al., 2004; Ergun and Ergun, 2007).

Table 3: Antidepressant-like properties of NOS inhibitors in preclinical studies.

NOS
aiee Drug Class of compound Outcome Reference
selectivity
Antidepressant-like effects | Jefferysand
in rat FST, reversed by L- Funder (1996)
s arginine
. N l‘ntn;:;—h 1 Ghasemi et al_,
'g"‘“: s Y" | L-arginine-derived Enhancement of the 2008
ME antidepressant —like
=N ) activity of sub-active doses
of lithium in mice FST,
Noi'sélective reversed by L-arginine
Antidepressant-like effects | Harkinet al.,
in mice FST, reversed by 1999a
L-arginine Yildiz et al
N®-nitro-L- - 2 2000a
arginine (L-NA) Exsiditanaaes Enhancement of the
behavioural effects of sub- | Harkinet al,
active doses of imipramine | 2004
and fluoxetine in mice FST
Enhancementof the
antidepressant —like .
,"!"":’;i;:"A L-arpinine-derived activity of sub-active doses g;‘o’:’m‘ i
AXEIne ) of lithium in mice FST,
reversed by L-arginine
Antidepressant-like effects | Volke et al,
in mice FST, reversed by 2003
L-arginine
1-(2-trifluoro-
methyl-phenyl) . Enhancementof the Ulak et al_, 2008
imidazole Mtk behavioural effects of sub-
nNOS selective (TRIM) active d_oses of imipramine,
fluoxetine and citalopram
in rat FST
Antidepressant-like effects | Volke et al.,
in mice FST, not reversed 2003
by L-arginine Harkinet al,
- 2003a
7—mtr;)mdnzole Indazole Prevention of stress-
-5 induced increase in
immobility in FST Jocaand
(intrahippocampal Guimardes
injection) (2006)
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As the early studies on NOS inhibitors did not address the issue of specificity, attention
was focused on the determination of the effects of inhibitors of the nNOS isoform
specifically (see table 3). Targeting nNOS is important as inhibition of eNOS, which
regulates arterial blood pressure, could theoretically lead to adverse cardio or
cerebrovascular effects. In this regard, three selective inhibitors of nNOS 7-
nitroindazole (7-NI) , 1-(2-trifluoro-methyl-phenyl) imidazole (TRIM) and N”-propyl-
L-arginine (NPLA) display antidepressant properties in the FST (Harkin et al., 2003a;
Volke et al., 2003; Ghasemi et al., 2008). Pretreatment with L-arginine abolished the
effect of TRIM but not 7-NI in the test (Volke et al., 2003) suggesting that the activity
of L-arginine may be accounted for by a differential mechanism of interaction with the
NOS enzyme. In vivo, 7-NI selectively inhibits nNOS and is without effect on arterial
blood pressure in a range of species including the rat. TRIM is a selective inhibitor of
nNOS with weak inhibition against eNOS. [n vivo studies have reported anti-
nociceptive and neuroprotective properties of both 7-NI and TRIM. without
cardiovascular effects in animal models of pain and stroke respectively (Coert et al.,
2003; Haga et al., 2003; Handy and Moore, 1998). Joca and Guimaraes (2006) reported
that local inhibition of NO synthesis following direct injection of 7-NI into the
hippocampus prevented the development of stress-induced immobility in the FST,
suggesting that hippocampal NO may contribute to the development of stress related
behavioural changes. Together these findings suggest a role for NOS in the
pathophysiology of depression as well as antidepressant-sensitive behaviour and

neurochemical responses (Karolewicz et al., 2004).

The behavioural profile obtained with NOS inhibitors in the rat FST parallels that

previously shown with SSRIs, the most widely prescribed class of antidepressant drug
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for the treatment of depression (Harkin et al. 2003a). Depletion of endogenous 5-HT
blocked L-NA- and 7-NI-induced reductions in immobility and increases in swimming
behaviour during the FST, suggesting that NO synthase inhibitors elicit their
antidepressant-like activity in the FST through a 5-HT dependent mechanism.

Moreover, ineffective doses of L-NA and 7-NI were able to increase the response to
ineffective doses of conventional antidepressants with a preferential effect on 5-HT re-
uptake inhibition, when administered in combination (Harkin et al., 2004). Similar
synergistic effects were reported when combining antidepressant drugs with the nNOS-

selective inhibitor TRIM (Ulak et al., 2008).

Modulation of the activity of antidepressants that enhance catecholaminergic function
following inhibition of NOS has also been reported. Dhir and Kulkarni (2007) showed
that the antidepressant action of bupropion, a catecholamine re-uptake inhibitor, could
be enhanced by sub-active doses of 7-NI or methylene blue and attenuated by
pretreatment with L-arginine or the PDE-5 inhibitor sildenafil. Such effects of sildenafil
are suggestive of the involvement of NO-cGMP signalling in the antidepressant activity
associated with bupropion and are supported by observations where L-arginine was
shown to attenuate the antidepressant activity of imipramine (Harkin et al., 1999a;
2004) and venlafaxine (Krass et al., 2011) in the FST. Venlafaxine is regarded as an
inhibitor of both 5-HT and noradrenaline transporters. As previously described for
bupropion, imipramine and fluoxetine, low doses of 7-NI or methylene blue enhance,
while sidenafil attenuates, the activity of venlafaxine in the test. Taken together these
reports provide evidence for an involvement of the L-arginine-NO-cGMP signalling
pathway in the behavioural effects of some selected antidepressants in the FST. NO has
also been proposed to play a role in the antidepressant-like effects of lithium in the
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mouse FST where NOS inhibitors L-NAME or L-NPA enhance the antidepressant
activity of sub-active doses of lithium which in turn may be prevented by pretreatment

with L-arginine (Ghasemi et al., 2008).

5.4 Stress and NOS

Expression of NOS increases in limbic brain regions following acute restraint stress in
rats (Madrigal et al., 2003; 2001). Echeverry and co-workers (2004) reported similar
findings where acute restraint stress provoked an increase in the number of neurons
expressing nNOS and NADPH-diaphorase in the amygdaloid complex initially with an
additional increase reported five days after single or repeated exposure to stress in the
CA1l and CA3 fields of the hippocampus and entorhinal cortex. Others have reported
that NOS activation is sustained for 3 weeks post-stress in rat hippocampus (Harvey et
al., 2004). Moreover, attenuating steroid synthesis using ketoconazole, a steroid
synthesis inhibitor, blocks the stress related increase in NOS activity, suggesting that
adrenal steroids mediate these effects. By contrast increased levels of corticosterone
have been previously shown to lead to decreased NOS expression in rat hippocampus
(Lopez-Figueroa et al., 1998; Reagan et al., 1999). In this regard it has previously been
reported that glucocorticoids induce a down regulation of eNOS in rat and bovine
endothelial cells in addition to provoking a decrease in plasma nitrite levels (Rogers et
al., 2002; Wallerath et al., 1999). One potential factor that may account for the
differential response to stress is the release of other factors such as glutamate, which
work in concert with stress hormones to influence NOS expression and activity in the

hippocampus.
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Most research to date has examined the effects of NOS inhibitors in the FST which is
best described as an acute stress model predictive of antidepressant activity. In order to
develop the hypothesis that nNOS inhibitors have antidepressant activity, such
compounds should be tested in more sophisticated animal models of chronic stress and
depression. To date a number of studies have been undertaken to evaluate the effects of
NO synthase inhibition in the chronic mild stress (CMS) model of depression. nNOS-
knockout mice appear more resilient to the behavioural effects of exposure to CMS.
Zhou and co-workers (2007) reported that nNOS deletion or treatment with 7-NI
prevents CMS-induced behavioural changes including increased behavioural despair in
the FST and related tail suspension test. Mutlu and co-workers (2009) confirmed the
antidepressant activity associated with inhibition of NO production in the CMS model.
Treatment of mice with TRIM over 5 weeks subjected to CMS reversed stress-induced
behaviours including disturbed coat state, grooming behaviours and reduced aggression
when compared to the stressed control group.

Palumbo et al. (2007) reported a reduction in the expression and activity of nNOS in the
hippocampus of male Balb/c mice exposed to the CMS procedure. It was of interest to
note that there was a concomitant increase in eNOS expression and activity suggestive
of a compensatory mechanism to balance NO production in the hippocampus. In
tandem, CMS was associated with reduced neuronal numbers in the CA1 and CA3
subfields and deficits in learning determined in open field and passive avoidance tasks.
The authors proposed a link between the stress related cognitive deficit and reduced
activity of hippocampal nNOS. Moreover differential patterns of protein kinase C
(PKC) activity were identified in the hippocampus of control and CMS exposed animals
and proposed to relate to reduced nNOS activity associated with CMS. By contrast
stress did not affect learning performance or NO production in C57BL/6 mice although
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changes in the expression of PKC isoforms were evident in the hippocampus (Palumbo
et al.; 2009). Such differences between strains are indicative of a differential stress
related regulation of NOS in learning and memory, considering that Balb/c represent a
stress-sensitive strain of mice, and point to an important role for NO in stress related
cognitive deficit.

A genetic animal model of depression, the Flinders sensitive line (FSL) rats, has been
used to further confirm this role of NO (Wegener et al., 2009). These animals present
the characteristic features of depression as well as increased stress responsiveness, and
respond to chronic antidepressant treatment when tested in the FST. In this study they
show how exposure of FSL rats to escapable/inescapable stress leads to an increase in

nNOS mRNA, protein and activity in the hippocampus.

El-Faramawy and colleagues (2009) have recently reported that in rats exposed to CMS
the reduction in hippocampal glutamate metabolism and increased tau phosphorylation,
a hallmark of Alzheimer’s type dementia in aged rats, can be attenuated with chronic
administration of 7-NI. The authors suggested that there may be a causal relationship
between stress-induced activation of NOS and the hyperphosphorylation of tau and that
regulation of aNOS may be a target for pharmacological manipulation of tau
phosphorylation, eépecially when the latter is associated with reductions in glutamate
metabolism. It is also interesting to note that intra-hippocampal administration of the
iNOS inhibitor aminoguanidine during CMS exposure in rats suppressed stress-induced
behavioural changes including anhedonia, weight change, increased immobility in the
FST and reduced exploration and grooming in the open field test (Wang et al., 2008).
Results from this study suggest a role for iNOS in the hippocampus in mediating stress-
induced depression-like behaviours.
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An increase in the expression of iNOS has been noted to occur in cortical and limbic
brain regions following repeated restraint stress in rats (Olivenza et al., 2000; Madrigal
et al. 2001; 2002; 2003). In addition Olivenza and co-workers (2000) reported that
immobilisation stress for 6 hr over 3 weeks can increase immunoreactivity for
nitrotyrosine, a nitration product of NO, and lead to an accumulation of NO metabolites
in the cortex in parallel with increased lactate dehydrogenase (LDH) release and an
impairment in glutamate uptake in synaptosomes. Treatment with the iNOS inhibitor
aminoguanidine could prevent these changes suggesting that the production of NO via
the induction of iNOS following exposure to stress may be responsible for some of the
stress related neurodegenerative changes. Madrigal et al. (2001) reported that treatment
with the NMDA receptor antagonist MK-801 or the nuclear factor kappa B (NF-xB)
inhibitor pyrrolidine dithiocarbamate (PDTC) at the onset of stress inhibits the stress-
induced increase in iNOS expression. As glutamate has been shown to induce iNOS in
the brain via an NF-kB-dependent mechanism, Madrigal and co-workers proposed that
stress-induced glutamate release and NF-kB activation are likely to account for the
stress related increase in iNOS in the cerebral cortex. Further work by this group has
shown that acute exposure to restraint stress (immobilisation for 6 hr) also induced
cortical iINOS expression. An increase in TNF-a-convertase (TACE) and the cytokine
TNF-a were found to precede induction of iNOS. Moreover treatment with the NMDA
receptor antagonist MK-801 or the TACE inhibitor BB1101 inhibited iNOS expression
induced by stress. BB1101 also inhibited the stress-induced translocation of NF-kB to
the nucleus. Taken together Madrigal and co-workers (2002) proposed that glutamate
receptor activation provoked an up-regulation of TACE and a subsequent increase in
TNF-a and that these events account for stress-induced iNOS expression via NF-kB

activation. Such a mechanism may also generalise to other regions of the brain which
71



contain NOS-positive neurons. Shirakawa and colleagues (2004) showed that
immobilisation stress in rats induced acute NO production in the paraventricular nucleus
(PVN) of the hypothalamus that could be reduced by inhibition of NOS and ionotropic
glutamate receptors, suggestive of a role for glutamate receptors in basal and stress-

induced NO production in this region of the brain.

In 2004, Harvey and co-workers reported that stress—restress in a model of time
dependent sensitization (TDS), an animal model of human post traumatic stress disorder
(PTSD), evokes an immediate and sustained increase in hippocampal NOS activity
driven primarily by iNOS. As the inhibitor of steroid synthesis ketoconazole attenuated
the stress-related increase in NOS activity, they proposed that stress-induced
glucocorticoid release may contribute to the activation of NOS. The participation of
iINOS in depression related behaviour has also more recently been confirmed, since
repeated intra-hippocampal microinjections of the iNOS inhibitor aminoguanidine
significantly suppressed depression-like behavioural changes induced by CMS (Wang et

al., 2008).

Astrocytic-derived NO has been associated with modifications in stress related
behaviours in animals. Buskila and co-workers (2007) investigated a role for astroglial
INOS in normal brain function in a iNOS mutant mouse (B6;129P2-NOS2tm1Lau/J,
Jackson Laboratory) that show increased basal NOS activity in brain astrocytes. The
astroglial mutation was associated with distinct behavioural abnormalities characterised
by an increase in stress related behaviours including a suppression in grooming in novel
environments, increased freezing and reduced exploratory behaviours in the open field
and behaviour suggestive of increased anxiety on the elevated plus maze. Abu-Ghanem
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and colleagues (2008) extended these findings and reported that these mutants exhibited
higher anxiety-like behaviour in the elevated plus maze, increased acoustic startle
responses and higher plasma corticosterone levels following exposure to predator scent
when compared to controls. Systemic administration of the NOS inhibitor L-NAME
reversed these stress related effects. These reports are in agreement with previous
studies showing an association between increased NO levels and enhanced anxiety-like
behaviours. It is interesting to note that the mutant mice performed better in the Morris
water maze prior to stress exposure but not in the object recognition task, suggestive of
enhanced stress reactivity rather than enhanced cognitive ability given that water maze

may involve a stress exposure influence on motivation to perform in the task.

6. Aim and objectives

Through the following series of experiments further characterisation and validation of
the novel antidepressant properties of nNOS inhibitors will be sought in animal models
of stress and depression. These experiments will help determine if NOS inhibition
represents an advantageous approach in relation to antidepressant onset or efficacy,
identify those brain regions involved in the antidepressant-like properties of nNOS
inhibitors, and elucidate if 5-HT may play a role in mediating their antidepressant-like

activity. Specifically the objectives of the project were to:

I. Elucidate a role for 5-HT in the antidepressant related actions of ketamine, the effects
of ketamine administration were investigated in the rat FST in naive and in 5-HT

depleted animals.
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II. Determine regional 5-HT synthesis and metabolism changes associated with the
NOS inhibitor N®-nitro-L-arginine (L-NA) and the influence of 5-HT receptor

activation in the antidepressant-like actions of L.-NA in the rat FST.

III. Evaluate the regional pattern of immediate early gene (c-fos) activation following
exposure to the FST and determine those regions in which neuronal activation is
influenced by prior administration of L-NA in order to identify brain circuits/systems

involved in mediating the antidepressant-like activity.

IV. Further characterise the OB rat model of depression as a test of antidepressant onset

incorporating behavioural, molecular, physiological and neuroimaging markers and to

assess the effects of the NOS inhibitors L-NA and TRIM in the model.
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1. Materials

1.1 Animals

Male Sprague-Dawley rats

1.2 Equipment

Beakers

Pipettes

Thermometer
Stopwatch

Fine-tipped paintbrush
Stirrer

Orbital oscillator
Sonicator

Polytron homogeniser
Weighing scales
Vacuum suction pump
Centrifuge
NanoDrop®

Thermocycler PTC-200

Reverse phase HPLC column KinetexTM Core Shell
Technology (specific area 100 mm x 4.6 mm, particle size 2.6

pm)
Electrochemical detector

ABI Prism 7300 PCR instrument

Cryostat

Fume hood

Harlan Laboratories,

UK

Thermo Scientific,
IRL
MJ Research

Phenomenex, IT

Antec Decade

Applied Biosystems,
IRL
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-20 °C freezer
-80 °C freezer

1.3 Special equipment

Polypropylene cages (41x24 cm)
Polypropylene cages (55x30 cm)
Stereotactic frame

Surgical drill

Drill bits (2 mm diameter)
Shaver

Surgical staples

Steel sutures (Steelex®)
Polyester thread (PremiCron®)

Radiotelemetric transponders PDT-4000 E-Mitter (Emitter
series)

Radiotelemetric receivers (Series 4000)

Plexiglass adjustable restrainers (35 cm length x 7 cm internal
diameter)

Clear glass tank (40 cm high and 20 ¢cm in diameter)

Open field arena

Floor lamps (200-250 lux)

Activity monitor cages (32 cm lehgth x 20 cm width x 18 cm
height)

Rodent Bruker Biospec system

Perfusion grid

Perfusion pump

Perfusion cannula

Dissection kit

Bioresources TCD,

Bioresources TCD,

Bioresources TCD,

Bbraun Aesculap, IRL

Bbraun Aesculap, IRL

Mini Mitter Oregon,
USA

Mini Mitter Oregon,
USA

Harvard Apparatus,
UK

Benwick Electronics
UK
Bruker Biospin, D

b
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1.4 Anaesthesia and operative care

Isoflurane (IsoFlo)

Urethane
Surgical scrub (Betadine)

Haemostatic sponge (Haemofibrine)

Antibiotic powder (Cicatrin)
Antiseptic cream (Savlon)

Analgesia (Disprol)

1.5 Consumables

Pipette tips

Needles 26G

Syringes (1 mL)

Nylon syringe microfilters 0.45 pm
Petri dishes

RNase-free tubes

RNAseZap® wipes

Glass slides

Glass coverslips

Netwells

Netwell tray

96-well optical reaction plate

HPLC vials

Abbott Animal Health,
UK

Sigma Aldrich, IRL
Medlock Medical, UK

Specialities Septodont,
FR
GlaxoSmithKline, IRL

Novartis, IRL

Reckitt Benckiser
Healthcare Ltd., UK

Bioresources TCD,
Bioresources TCD,
Nalgene, UK
Sarstedt, D

Invitrogen, IRL
Lennox, IRL

Lennox, IRL

Corning Life Sciences,
FR

Corning Life Sciences,
FR

Applied Biosystems,
IRL

Fisher Scientific, UK
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1.6 Chemicals and reagents

De-ionised H,O

NaCl

NaOH pellets

Na,HPOg4

NaH,PO4

Citric acid

EDTA
Octane-1-sulphonic acid
HPLC grade water (double-distilled, re-filtered, NANOpure
H,0)

Methanol

N-methyl serotonin
Maple syrup

Tween-20

Triton-X (TX)

Liquid nitrogen
RNase-free water
3-mercaptoethanol

TagMan® Gene Expression Assay eNOS (Rn02132634)

TaqMan® Gene Expression Assay nNOS (Rn00583793)

TaqMan® Gene Expression Assay iNOS (Rn00561646)

TagMan® Gene Expression Assay Glial fibrillary acidic protein

(GFAP) (Rn00566603)

TaqMan® Gene Expression Assay CD11b (Rn00709342)

TaqMan® Gene Expression Assay CD40 (Rn01423583)

Sigma Aldrich, IRL
Sigma Aldrich, IRL
Sigma Aldrich, IRL
Sigma Aldrich, IRL
Sigma Aldrich, IRL
Sigma Aldrich, IRL
Sigma Aldrich, IRL
Fisher Chemical, UK

Fisher Chemical, UK
Sigma Aldrich, IRL
Newforge, IRL
Sigma Aldrich, IRL
Sigma Aldrich, IRL

Gibco, IRL

Applied Biosystems,
IRL
Applied Biosystems,
IRL
Applied Biosystems,
IRL
Applied Biosystems,
IRL

Applied Biosystems,
IRL
Applied Biosystems,
IRL
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TagMan® Gene Expression Assay IL-1B (Rn00580432)
TagMan® Gene Expression Assay IL-6 (Rn99999011)
TaqMan® Gene Expression Assay TNF-a (Rn93699071)
TaqMan® Gene Expression Assay I[FN-y (Rn00594078)
TagqMan® Gene Expression Assay B—actin (4352340E)

2X TagMan® Universal PCR Master Mix (No AmpErase®
UNGQG)

Paraformaldehyde (PFA)

Sucrose

Ethylene glycol

Hydrogen peroxide (H,O,)

Normal goat serum (NGS)

Rabbit anti-c-Fos primary antibody

Biotinylated goat anti-rabbit antisera (Elite Vectastain ABC

kit)

Avidin-biotinylated peroxidase complex (Elite Vectastain ABC

kit)
3,3’-diaminobenzidine(DAB)
Absolute Ethanol 100%
Xylene

DPX mountant for microscopy
Gelatine

Chromium(III) potassium sulfate

Applied Biosystems,
IRL

Applied Biosystems,
IRL

Applied Biosystems,
IRL

Applied Biosystems,
IRL

Applied Biosystems,
IRL

Applied Biosystems,
IRL

Sigma Aldrich, IRL
Sigma Aldrich, IRL
Fisher Scientific, UK
Sigma Aldrich, IRL
Sigma Aldrich, IRL
Santa Cruz
Biotechnology Inc., D
Vector Laboratories,
UK

Vector Laboratories,

UK
Dako Diagnostics, IRL

Sigma Aldrich, IRL
Sigma Aldrich, IRL
Fisher Scientific, UK
Sigma Aldrich, IRL
Fisher Scientific, UK
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1.7 Kits

Nucleospin RNA II kit
ABI High Capacity cDNA kit

1.8 Drugs

Ketamine hydrochloride (100 mg/ml)

Fluoxetine hydrochloride

Imipramine hydrochloride

N®-Nitro-L-arginine (L-NA)

1-(2-trifluoro-methyl-phenyl) imidazole (TRIM)
DL-4-Chlorophenylalanine ethyl ester hydrochloride (pCPA)
m-hydroxybenzylhydrazine dihydrochloride (NSD-1015)
Metergoline

N-[4-methoxy-3-(4-methyl-1-piperazinyl)phenyl]-2'-methyl-4'-
(5-methyl-1,2,4-oxadiazol-3-yl)-1,1'-biphenyl-4-carboxamide
hydrochloride] (GR-127935)

4-fluoro-N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-2-
pyridinyl benzamide (WAY-100635) maleate
Ketanserin tartrate

Benzofuran-2-carboxamidine (RO-430440)

1.9 Hardware and software

CCD camera (high resolution monochrome VCB 3372)
AMI1051 data logger

VitalViewTM software

Ethovision analysis system

Macherey-Nagel, D

Applied Biosystems,
IRL

Vétoquinol Ltd., UK

Clonmel Healthcare
Ltd., IRL
Sigma Aldrich, IRL

Sigma Aldrich, IRL
Alfa Aesar, UK

Alfa Aesar, UK
Sigma Aldrich, IRL
Sigma Aldrich, IRL
Glaxo Wellcome, UK

Wyeth, UK

Sigma Aldrich, IRL

Hoffman-La Roche,
CH

Sanyo, IRL

Benwick Electronics,
UK

Mini Mitter Oregon,
USA

Noldus IT, NL
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Menu2020 software
ParaVision 4.0 software
MIPAYV 5.4 software
Class-VP software package
7300 System Software

GB-Stat v.10

GraphPad Prism v.4.0

HVS Image Ltd., UK
Bruker Biospin, D
JHU Medic, USA
Shimadzu, Japan
Applied Biosystems,
IRL

Dynamic
Microsystems Inc.,
USA

GraphPad Software,
USA
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2. Methods

2.1 Subjects

All studies were performed on male Sprague-Dawley rats purchased from Harlan
Laboratories (UK) and were housed in groups of 4 under standard laboratory conditions
(12 hr:12 hr light:dark cycle with lights on from 08.00 hr to 20.00 hr, room temperature
20-22 °C) for one week in order to allow them to acclimatise to their new environment.
Food and water were available ad /ibitum. For studies requiring single housing, 3 days
before the beginning of the study rats were singly housed in standard medium sized
polypropylene cages (41x24 cm).

On the first day of the study subjects were randomly assigned to a control or a treatment
group based on body weight, so that all the body weights in the range were equally
distributed throughout the different groups.

All procedures were approved by the Animal Ethics Committee Trinity College Dublin

and were in accordance with the European Council Directive 1986 (86/806/EEC).

2.2 Invivo procedures

2.2.1 Surgical procedures

Surgical procedures were performed in a dedicated surgery room, paying particular

attention to hygiene and sterility. Post-operatory care was provided in any circumstance
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and euthanasia was performed whenever the animals in recovery showed signs of

excessive pain or distress which could not be ameliorated otherwise.

2.2.1.1 Bilateral olfactory bulbectomy (OB)

The surgical removal of both the right and left olfactory bulbs was performed as
previously described (Kelly et al. 1997). Briefly, rats were deeply anaesthetised with
3.5% isoflurane (IsoFlo, Abbott Animal Health, UK) in 100% oxygen, mounted on a
stereotactic frame and maintained under anaesthesia with 1.5-2% isoflurane. The head
was shaven, prepared with surgical scrub (Betadine, Medlock Medical) and a midline
sagittal incision was made with a scalpel to the skin overlying the skull. Two burr holes
of 2 mm diameter were then drilled 7.5-8 mm rostral to bregma, and 2 mm lateral to the
midline on each side. The olfactory bulbs were aspirated using a vacuum suction pump.
After the operation, bleeding was controlled with haemostatic sponge (Haemofibrine,
Specialities Septodont, France). For sham animals the procedure was identical and the
dura mater was carefully pierced without aspirating the bulbs. Once the bleeding was
contained the skin was closed with surgical staples, dusted with antibiotic powder
(Cicatrin, GlaxoSmithKline) and antiseptic cream was applied (Savlon, Novartis).
Animals were returned to their home cage after recovery from anaesthesia. Analgesia
(disprol containing aspirin and saccharin in the drinking water) was provided and wet
food was placed inside the cage for the first day post-surgery. The general appearance
of the animals and their body weights were monitored daily. Rats were given 14 days

recovery prior to any further treatment or behavioural tests and were handled daily
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throughout the recovery period to eliminate any aggressiveness that would otherwise

arise.

2.2.1.2 Implantation of bioradiotelemetric transponders

In order to evaluate physiological parameters some of the animals were implanted with
radiotelemetric transponders (Emitter series, Mini Mitter, Oregon, USA) one week
following OB surgery. Signals from the transponders were detected by receivers (Series
4000) placed underneath the home cages and data acquisition was controlled and
monitored by the VitalViewIM software (Mini Mitter, Oregon, USA). The
transponders (PDT-4000 E-Mitter) are fully implantable, inserted in a bio-inert and
sealed capsule made of laboratory grade glass with a biocompatible silastic coating, and
allow for the continuous monitoring of activity, core body temperature and heart rate in
freely behaving animals. A pair of helically wound stainless steel wires, insulated with
silicone tubing, extended from the core housing and allowed for heart rate data
acquisition. The devices were implanted in the abdomen of the animals and their
presence is known not to affect locomotor activity and behaviour (Harkin et al., 2002).
Implantation was performed as previously described (Harkin et al., 2002; Roche et al.,
2007). Briefly, the animals were anaesthetised again, the abdomen and the thorax
shaved and swabbed with surgical scrub (Betadine, Medlock Medical, UK). A 2 ¢cm
midline abdominal skin incision was made approximately 1 cm below the diaphragm
and the core body of the transponder was slipped into the abdominal cavity. The heart
leads were threaded through the abdominal wall and passed under the skin using a

trochar and sleeve to reach two small incisions made on the thorax skin: the first one on
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the right side of the animals, near the clavicle, and the second one on the left side lower
towards the abdomen, with an angle of approximately 45° respect to the previous one.
Leads were secured on the thorax muscle with metal sutures (Steelex®, Bbraun
Aesculap, IRL) and hearth rate signal reception was checked. After a regular and high
ECG-like waveform was seen, the abdominal opening and the two lead access points
were sutured with polyester thread (PremiCron®, Bbraun Aesculap, IRL). Animals were
then placed on a heating blanket to help the recovery from anaesthesia and returned to
their home cages once awake. The animals were allowed to recover for an additional

week following radiotransponder implantation prior to any further treatment.

2.2.2 Central 5-HT depletion

For experiments involving central 5-HT depletion, DL-4-Chlorophenylalanine ethyl
ester hydrochloride (pCPA) (Alfa Aesar, UK) was dissolved in saline solution to a
concentration of 75 mg/ml. pCPA was injected i.p. at a volume of 2 ml/kg body weight
to yield a dose of 150 mg/kg. pCPA or vehicle were administered once daily for three

consecutive days as described by Harkin and co-workers (2003).

2.2.3 Immobilisation stress

Each immobilisation stress session was performed by confining the animals in clear
plexiglass adjustable restrainers (35 c¢cm length x 7 cm internal diameter; Harvard
Apparatus, UK) for 2 hr. These restrainers are provided with aeration holes to prevent

suffocation and to help to disperse the heat. Rats were moved to a separate room and
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subjected to restraint stress in their home cages. Control animals were handled at

equivalent times but not exposed to immobilisation stress.

2.2.4 Combination of 5-HT depletion and immobilisation stress

When the combination of 5-HT depletion and restraint stress was performed, rats were
initially subjected to 5-HT depletion as previously described. 48 hr following the final
pCPA treatment, rats were exposed to 2 hr restraint stress once daily for three
consecutive days. 24 hr following the final period of stress animals were exposed to the

15 min pre-FST session and FST 24 hr later.

2.2.5 Behavioural assessments

All behavioural readouts were performed in dedicated rooms, paying particular attention
to avoid noises or other types of interferences which could alter or bias the data

collected during the performances of the animals in the tests.

2.2.5.1 Randomisation of subjects

In all the studies the sequence of behavioural testing was randomised throughout the
experiment so as to minimise any confounding effects of order of testing and the
individual scoring the behaviour was blind to the treatments administered to the

animals.
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2.2.5.2 Forced Swimming Test (FST)

The FST was performed in accordance with the protocol described by Porsolt (Porsolt et
al., 1978). On the first day, rats were removed from their home cage, placed
individually into a clear glass tank (40 cm high and 20 cm in diameter) filled with 30
cm of water (22-23°C) and allowed to swim for 15 min (pre-FST session). At the end,
the animals were removed from the water, dried with paper towel and returned to their
home cage. 1 hr after pre-FST exposure, rats received their first vehicle/drug treatment.
A second and a third injection were administered 5 hr and 1 hr prior to the 5 min FST,
which was performed 24 hr after the first swim exposure. The drug administration
protocol followed is standard for testing pharmacological agents in the rat FST (see
Cryan and Lucki, 2000; Detke et al., 1995; Porsolt et al., 1978). In the test session, rats
were allowed to swim for 5 minutes, and the amount of time (seconds) spent immobile
was recorded with a stopwatch. The animals were considered immobile when floating in
the water without struggling and making only those movements necessary to keep their

heads above the water.

2.2.5.3 Modified Forced Swimming Test

This test was performed using a modification of the method described by Detke et al.
(1995). As previously described, on the first day of the experiment the rats were placed
individually into a clear glass tank (40 cm high and 20 cm in diameter) filled with 30
cm of water (22-23°C) and allowed to swim for 15 min (pre-FST session). At the end,

the animals were removed from the water, dried with paper towel and returned to their

90



home cage. 1 hr after pre-FST exposure, rats received their first vehicle/drug treatment.
A second and a third injection were administered 5 hr and | hr prior to the 5 min FST,
which was performed 24 hr after the first swim exposure. In the second exposure to the
FST, rats’ behaviour was videotaped from above using a CCD (Sanyo VCB 3372 high
resolution monochrome) camera. The sequence of testing was randomised throughout
the experiment so as to minimise any confounding effects of order of testing and
behavioural scoring was performed using the manual event recording capability of the
Ethovision, videotracking and behavioural analysis system (Noldus IT, The
Netherlands). Keys (computer keyboard) were assigned to individual behaviours and
used to record the duration of these behaviours in the test from video footage. We use
event duration when scoring as opposed to a time sampling technique used by others
(Cryan and Lucki, 2000; Detke et al., 1995). The main difference between these
techniques is that time sampling provides an approximation of the behaviours scored.
Behaviours scored included immobility, swimming and climbing. Immobility was
defined as the animal floating in the water without struggling and making only those
movements necessary to keep its head above the water. Swimming was scored as the
animal making active swimming motions more than necessary to keep its head above
water and involved moving horizontally or crossing the swim tank. Climbing behaviour
consisted of the animal making active upward movements with forepaws in and out of
the water directed against the walls of the swim chamber. These behaviours were scored

in a mutually exclusive fashion throughout the trial.
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2.2.5.4 Open field test

The open field apparatus consisted of a black-bottomed circular arena, 1 meter in
diameter with the wall surrounding the base constituted by a mirrored reflective surface

[Fig. 6].

Fig. 6: Open field arena.

Normal houselighting was provided when assessing for basal locomotor activity, while
stronger illumination was provided by floor lamps positioned in the room (200-250 lux)
when testing for locomotor activity in OB animals. Such conditions have previously
been described as optimal for the determination of OB-related hyperactivity (Mar et al.,
2002; Kelly et al., 1997). Floor lights were positioned to provide an equal dispersion of
light and to avoid casting shadows in the open field. Each animal was placed in the
centre of the open field and left free to explore the arena. The distance moved was

recorded by a video camera placed above the arena and analysed by the Menu2020
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software (HVS Image Ltd, UK) videotracking system. All tests were conducted in the
morning between 10.00 and 13.00 hr. Each animal was exposed to the open field for a
duration of 15 minutes. The arena was cleaned with 70% ethanol after each trial to

remove olfactory cues between individual tests.

2.2.5.5 Home cage activity

In one of the studies basal locomotor activity was evaluated by monitoring activity in a
new cage. Animals were removed from their home cage and placed individually into
activity monitor cages (32 cm length x 20 cm width x 18 cm height) which were
connected to an AM1051 data logger (Benwick Electronics). Each activity monitor was
equipped with 2 sets of horizontal infrared beams, positioned 3 cm and 15 cm above the
base of the cage. Both sets of beams consist of a 12 beam x 7 beam matrix, forming a
grid of 66 x 2.54 cm’ cells within the cage. Activity is recorded as the number of times
a beam changes from unbroken to broken. Activity of the rats was monitored over a 20

minute period.

2.2.6 Magnetic Resonance Imaging (MRI)

A multimodal approach including an assessment of regional volumetric changes and
blood perfusion was adopted to identify possible neuroimaging markers related to the
OB rat model and the response to imipramine and L-NA. MRI scans were carried out in

a rodent Bruker Biospec system (Bruker Biospin, Germany) with a 7 Tesla magnet and
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a 30 cm diameter core, equipped with a 20 cm actively-shielded gradient system [Fig.

7].

Fig. 7: The rodent Bruker Biospec system with a 7T magnet and a 30 cm diameter core (Bruker Biospin,

Germany) used for functional and volumetric MR imaging in rats.

Data construction and analysis was performed with the ParaVision 4.0 software (Bruker
Biospin). Animals were anaesthetised with isoflurane as previously described and a
high resolution anatomical scan (T2-weighted Rapid Acquisition with Relaxation
Enhancement (RARE) of a coronal brain section corresponding to bregma -4.3 mm
(Paxinos and Watson rat brain atlas) was generated using the following parameters:
slice thickness = 1.5 mm, repetition time (TR) = 3134.511 ms, echo time (TE) = 12 ms,
RARE factor = 8, RF flip angle = 90°/180°, field of view (FOV) = 3.0 x 3.0 cm, image

matrix = 128 x 128, total scan time = 50 s.

Bolus-tracking arterial spin labelling (btASL) is a contrast agent-free approach to the
measurement of regional cerebral blood perfusion with MRI. A continuous arterial spin
labelling (cASL) sequence was applied to the section imaged at high resolution as
previously described by Kelly and colleagues (2009). Briefly, the sequence consists of a

5 second preparation interval which contained the inversion pulse followed by snapshot
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fast low angle shot (FLASH) acquisition. The sequence was used to provide signal-time
curves of the passage of a 3 second bolus through a region of interest. The following
acquisition parameters were used: slice thickness = 2 mm, TR = 6.938 ms, TE = 2.63
ms, RF flip angle = 30°, FOV = 3.0 x 3.0 cm, image matrix = 128 x 64. btASL-MRI
assesses cerebral perfusion through the calculation of two transit times: mean transit
time (MTT) which represents time taken for labelled arterial blood to traverse the
vasculature and reach the imaging plane and capillary transit time (CTT) which
represents time taken for the blood to disperse at the imaging plane. MTT is inversely
proportional to cerebral blood flow (CBF), while CTT is inversely proportional to CBF
squared. A third quantifiable output is the btASL signal amplitude, which is derived
from the area under the signal-time ASL curve and has been interpreted as being

proportional to cerebral blood volume (CBV) (see Kelly et al., 2009; 2010).

High resolution anatomical images were also acquired using T1-weighted MR axial
images and were collected using a RARE sequence. The following acquisition
parameters were used: slice thickness = 0.5 mm, number of slices = 54, TR = 6.26 s, TE
= 36.00 ms, FOV = 4.00 x 3.00 cm, image matrix = 266 x 200. T1 and T2 relaxation
time changes were evaluated as they have been proposed to be potential markers for
changes in tissue water content and possible astrocytic activation (Cowley et al., 2012;
Sibson et al., 2008). T1 relaxation times were calculated from a rapid acquisition with
relaxation enhancement (RARE) with variable repetition time (RARE-VTR) image. The
following acquisition parameters were used: slice thickness = 1.5 mm, TE = 25.3 ms,
RF flip angle = 180°, FOV = 3.0 x 3.0 cm, image matrix = 128 x 128 with varying TR,
using values of 300.0, 589.12, 942.3, 1396.1, 2032.0, 3103.1 and 8000.0 ms. T2
relaxation times were calculated from a multi-slice multi-echo (MSME) image. The
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following acquisition parameters were used: slice thickness = 1.5 mm, TR = 2000 ms,
RF flip angle = 180°, FOV = 3.0 x 3.0 cm, image matrix = 128 x 128 with varying TE,
using values of 8.06, 16.12, 24.18, 32.24, 40.29, 48.35, 56.41, 64.47, 72.53, 80.59 88.65
and 96.71 ms. An echo train of 12 values was used to ensure signal was at noise level
by the last echo times to ensure accuracy of T2 estimation. Only the central 3 sections
of the MSME scan were used for analysis of T2 relaxation times. All analysis was
performed using the image sequence analysis (ISA) tool in the Bruker Paravision 4.0
Software package. Regions of interest selected using the ROI tool included the auditory
cortex, hippocampus, parietal association cortex, retrosplenial cortex, thalamus and

visual cortex bilaterally as well as the third ventricle.

Ventricular and hippocampal volumes were assessed using a method adapted from
Kalisch et al. (2006). Briefly tissue borders were defined using a standardised rat brain
atlas (Paxinos and Watson, 1998) for reference and regions of interest were manually
traced out along the coronal plane in the T1-weighted structural images in the MIPAV
5.4 (Medical Image Processing, Analysis and Visualisation software, JHU Medic, USA)
software package. The third ventricle was traced to form a three dimensional mask
which was then quantified by using MIPAV tools. The volume obtained was normalised
for brain size by calculating the relative percentage volume of the region in relation to

the total intracranial volume (see Kalisch et al., 2006).
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2.3 Exvivo procedures

2.3.1 High Performance Liquid Chromatography (HPLC)

In experiments involving the analysis of biogenic amines content in the brain, the
animals were euthanised immediately after behavioural testing by decapitation and
regions of interest were dissected on an ice-cold plate for neurotransmitter
measurements. 5-HT and its metabolite S-hydroxyindoleacetic acid (5-HIAA), L-
dihydroxyphenylalanine (L-DOPA) dopamine and noradrenaline concentrations were
measured by high performance liquid chromatography (HPLC) coupled to
electrochemical detection as previously described (Durkin et al., 2008). Tissue samples
were weighed (50-80 mg of tissue) and homogenised by sonication in 500 pul. of
homogenisation buffer composed of mobile phase [0.1 M citric acid, 0.1 M NaH,POy,
0.1 mM EDTA, 1.4 mM octane-1-sulphonic acid and 10% (v/v) methanol in HPLC
grade water (double-distilled, re-filtered NANOpure H,O, Fisher Chemical, UK), pH
2.8] spiked with 5 ng/20 pL of N-methyl serotonin (Sigma Aldrich, Ireland) as internal
standard. Samples were centrifuged at 15,000g for 15 min at 4°C, the supernatants were
filtered with syringe microfilters (Nalgene, UK, 0.45 pm, Nylon) and 10 uL of filtrate
was injected onto a reverse phase column (KinetexTM Core Shell Technology column,
specific area 100mm x 4.6mm, particle size 2.6 um, Phenomenex) at a flow rate of 0.8
ml/min for separation of the neurotransmitters. 5-HT and 5-HIAA concentrations were
quantified by electrochemical detection (Antec Decade) and chromatograms were
generated using the Class-VP software package (Shimadzu, Japan). Final results were

expressed as ng neurotransmitter/g wet weight of tissue.
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2.3.2 Quantification of cortical and hippocampal gene expression

2.3.2.1 Total RNA extraction

Rats were euthanised by decapitation, the brains were rapidly removed and the frontal
cortex and hippocampus were dissected on an ice cold plate and placed in RNase-free
tubes, snap frozen in liquid nitrogen and transferred to a —80 °C freezer until further
processing could be undertaken. Total RNA extraction was performed using Nucleospin
RNA II kits (Macherey-Nagel) as per the manufacturer’s instructions. Briefly, tissué
samples were weighted out so that all the specimens didn’t overcome 30 mg of tissue,
and placed into new RNase-free tubes containing homogenisation buffer constituted by
100 parts of RA1 buffer (provided in the kit) and 1 part of -mercaptoethanol. After
mechanical disruption of the tissue with a polytron homogeniser, the lysate was filtered
through Nucleospin filter units and diluted 1:2 with 70% ethanol before being loaded
onto a Nucleospin II column, which selectively binds nucleic acids. The membrane was
desalted with the provided buffer and DNA was digested directly on the column with a
DNase solution. The column was then washed with the provided buffers and RNA was
finally eluted from the column with RNase-free water. Total RNA was then quantified
with a NanoDrop® (Thermo Scientific) micro-volume spectrophotometer and all the
RNA samples were equalised with RNase-free water to the lowest detected

concentration.
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2.3.2.2 cDNA synthesis

cDNA was synthesised using the ABI High Capacity cDNA kit (Applied Biosystems)
as per the protocol provided. A 2X master-mix solution containing reverse transcription
buffer, NTPs, random primers and MultiScribe™ reverse transcriptase was made up in
RNase-free water and stored on ice. For each volume of the RNA samples, an equal
volume of the master mix was added. The reverse transcription reaction was performed
in a thermocycler (PTC-200, MJ Research) with a 3-step program: 10 minutes at 25 °C
followed by 120 minutes at 37 °C and a final 5 minutes step at 85 °C. The machine was
set to cool down automatically to 4 °C after the end of the final step. cDNA samples
were then used immediately for real time PCR or frozen and stored at —20 °C until

needed.

2.3.2.3 Real-Time PCR

Real-Time PCR was performed in a multiplex fashion using TagMan® Gene
Expression Assays in accordance with the manufacturer’s instructions (Applied
Biosystems). For each gene the assays provide a set of forward and reverse primers and
a fluorescence-labeled MGB TagMan® probe. The target genes eNOS (Rn02132634),
nNOS (Rn00583793), iNOS (Rn00561646), the astrocytic activation marker glial
fibrillary acidic protein (GFAP) (Rn00566603) and the microglial activation marker
CD11b (Rn00709342) were identified by FAM-labelled probes, while the housekeeping
gene of reference, f-actin (4352340E), was identified by a VIC-labelled probe.

Multiplex was chosen because it allows for normalisation of gene expression data to the
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endogenous control within the same reaction mixture. The mixture was prepared by
adding a 1:5 dilution of the cDNA sample obtained from the previous reaction into a 96-
well optical reaction plate (Applied Biosystems), followed by 2X TagMan® Universal
PCR Master Mix (No AmpErase® UNG, Applied Biosystems) and 20X primers for
both the target gene and f—actin (to reach a final 1X concentration). The plate was then
loaded onto an ABI Prism 7300 instrument (Applied Biosystems) and the amplification
reaction was achieved with a 3-stage protocol: 2 minutes at 50 °C followed by 10
minutes at 95 °C, followed again by 40 repetitions of a 2-step cycle compo.sed by 15
seconds at 95 °C (denaturation) and 1 minute at 60 °C (annealing and extension). At the
end of the reaction, data analysis was performed with the 7300 System Software
(Applied Biosystems) and RQ values (2-AACT, where CT is the threshold cycle) of the
target genes relative to their own endogenous control were obtained. The RQ values

were then converted into fold change values relative to control group.

2.3.3 c¢-FOS immunoreactivity quantification

2.3.3.1 Intracardiac perfusion

90 minutes after the FST animals were deeply anaesthetised with an intraperitoneal
injection of urethane (Sigma Aldrich, Ireland, 2 g/kg). The forelimbs were fixed to a
perfusion grid and the skin of the abdomen removed to show the muscular layer of the
abdomen. The abdominal cavity was then opened to expose the sternum of the animal,
the diaphragm pierced to gain entry to the thoracic cavity and the ribs were pulled back

to expose the heart. Finally, a cannula connected to a perfusion pump was inserted into

100



the left ventricle and the right atrium was pierced. Blood was rinsed out of the body by
perfusing 10 mM phosphate buffered saline (PBS) solution (1.9 mM NaH,POy, 8.1 mM
Na,HPO4 and 0.9% w/v NaCl, all powders from Sigma Aldrich, Ireland, pH 7.4, in de-
ionised H,0) in the systemic circulation of the rat. The solution was passed through the
body for at least 5 minutes before switching to a paraformaldehyde (PFA, Sigma
Aldrich, Ireland) fixative solution (4% w/v PFA in 10 mM PBS, pH 7.4) which was run
for at least 10 minutes before ending the procedure. At the end the brain of the animal
was removed and immersed 4% PFA solution at 4°C for 48 hr. After this post-fixation
period, the brain was cryo-protected in sucrose solution (30% w/v sucrose, Sigma
Aldrich, Ireland, in 10 mM PBS, pH 7.4) at 4°C for 3 or 4 days. Once the brains sunk,
they were removed from sucrose and snap frozen in dry ice-cold isopentane. Brains

were then stored at -80°C until sectioning.

2.3.3.2 c-FOS immunohistochemistry

Frozen brains were sectioned at -21°C in a cryostat. Serial 40 pm thick slices of the
whole brain from the frontal cortex to the cerebellum were collected in a dedicated
freezing solution (30% v/v ethylene glycol, 30% w/v sucrose in 10 mM PBS) and stored
at —80°C prior to further use. In preparation for staining brain sections were defrosted to
room temperature and free-floating immunohistochemistry staining was conducted.
Using a fine-tipped paintbrush, tissue slices were transferred into netwells (Corning Life
Sciences, France) immersed in 10 mM PBS in a netwell tray. For negative controls, 3 or
4 tissue slices were isolated into an additional netwell. All the incubation steps were

performed under constant oscillation to allow reagents to penetrate better into the tissue.
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Briefly, the sections were washed in 10 mM PBS and endogenous peroxidase activity
was quenched by incubation in a 0.75% v/v hydrogen peroxide (H,O,, Sigma Aldrich,
Ireland) solution for approximately 20 minutes. Unreacted H,O, was washed off with
10 mM PBS. Non-specific binding sites were blocked by incubation in 10% v/v normal
goat serum (NGS, Sigma Aldrich, Ireland) for 20 minutes and as ¢-FOS is localised to
the nucleus (Kovacs, 2008), permeabilisation of the cell membrane was achieved by
adding 0.05% v/v Triton-X (TX, Sigma Aldrich, Ireland) to the solution. Blocking with
NGS was followed by incubation with a solution containing rabbit anti-c-Fos primary
antibody (Santa Cruz Biotechnology Inc, Germany, 1:6500 dilution in 3% v/v NGS,
0.05% v/v TX and 10 mM PBS) for at least 16 hr or overnight. For the negative controls
the same solution lacking the c-Fos antibody was prepared. The next day the sections
were incubated with a biotinylated goat anti-rabbit antisera (Elite Vectastain ABC Kkit,
Vector Laboratories, UK, 1:200 dilution in 3% v/v NGS and 10 mM PBS) for
approximately 90 min followed by a further 90 min incubation with an avidin-
biotinylated peroxidase complex (ABC, Elite Vectastain ABC kit, Vector Laboratories,
UK) solution formulated in 10 mM PBS as described by the manufacturer. The sections
were then moved from the netwells to clean petri dishes and incubated for 5 minutes
with a 10% w/v 3 3’-diaminobenzidine solution (DAB, 0.4% v/v H,O, in 10 mM PBS).
The reaction was terminated by addition of de-ionised H,O into the petri dishes. The
sections were rinsed in 10 mM PBS and transferred onto gelatine-coated glass slides
where they were aliowed to dry over night at room temperature. Finally, the sections
were dehydrated in an increasing gradient of alcohols (ethanol 70% v/v, 90% v/v and
100%) after desalting them into de-ionised H,O. The last dehydration step was done

with xylene (Sigma-Aldrich, Ireland) and then the slides were mounted and sealed with
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a mixture of distyrene, a plasticiser and xylene (DPX) mountant for microscopy (Fisher
Scientific, UK) to preserve and enhance immunostaining.

Immunolabelled sections were visualised using an Olympus BXS51 microscope, and
photomicrographs were collected with an Olympus DP72 digital camera and the
Olympus Cell"D computer software. Neuroanatomical areas were identified according
to the Paxinos and Watson (1998) rat brain atlas and all the c-FOS positive cells within
the region of interest were counted bilaterally. Where no differences between the two
hemispheres were found an average total c-FOS-like immunoreactivity (TFI) per region

was calculated.
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Results Chapter 1

Ketamine elicits sustained antidepressant-like
activity via a 5-HT-dependent mechanism
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1.1 Introduction

Ketamine, a glutamatergic N-methyl-D-aspartate receptor (NMDA-R) antagonist,
produces rapid and sustained antidepressant effects in patients with severe and treatment
resistant depression (Berman et al., 2000; Cornwell et al., 2012; Koike et al., 2011;
Maeng et al., 2008; Tizabi et al., 2012; Zarate et al., 2006). Therapeutic effects are
immediate and last for several days following a single sub-anaesthetic intravenous dose.
The antidepressant effects of ketamine tie in with a proposed role for the glutamatergic
neuronal system in the pathophysiology of depression (Bernard et al., 2011; Bonanno et
al., 2005; Zarate et al., 2003) although the mechanisms remain to be fully characterised.
[t remains unclear as to whether monoaminergic systems are involved and if rapid
and/or sustained antidepressant effects may be achieved through these transmitter

mechanisms.

Reports of the rapid antidepressant activity of ketamine have spurred efforts to model
such effects in laboratory animals so that the underlying neurobiological mechanisms
might be examined. To date a number of studies have demonstrated that ketamine
produces antidepressant-like behavioural effects in a variety of animal paradigms
including the learned helplessness paradigm (Koike et al., 2011; Maeng et al., 2008),
the forced swimming and tail suspension tests (Autry et al., 2011; Bechtholt-Gompf et
al., 2011a; Engin et al., 2009; Garcia et al., 2008a; Li et al., 2011; Maeng et al., 2008)
and reversal of behavioural and physiological alterations induced by chronic mild stress
in rats (Garcia et al., 2009; Li et al., 2011). In some cases such effects have been
reported to be sustained for up to two weeks following a single dose of ketamine
(Maeng et al., 2008). In tandem with antidepressant related behavioural effects,
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molecular and cellular plasticity changes within hippocampal and cortical neurocircuitry
have also been described (for review see Murrough, 2012). Identification of the types of
circuits and neurotransmitters involved remains to be elucidated. The AMPA subtype of
glutamate receptor has emerged as a potential mechanism in the antidepressant-like
effect of ketamine (Tizabi et al., 2012; Koike et al., 2011) where it has been proposed
that enhanced AMPA relative to NMDA throughput leads to activation of the
mammalian target of rapamycin (mTOR) that is involved in trafficking AMPA receptor
subunits to the membrane (Wang et al., 2006) leading to increased synaptogenesis (Li et

al., 2010).

As described in the introductory section, the forced swimming test (FST) is one of the
most widely employed screening tests for antidepressants in rodents (Borsini, 1995;
Borsini and Meli, 1988; Porsolt et al. 1978). A variety of antidepressant drugs increase
escape-oriented behaviour and reduce “behavioural despair” in the test. Traditionally
the FST in rats is carried out in naive animals, however more recently the FST has been
adopted to assess an endophenotype associated with animal models of depression where
immobility in the FST is increased by prior exposure to stressors (Armario et al., 1991;
Kim et al., 2006; 2012; Veena et al., 2009) and by genetic factors which may increase
vulnerability to stress and depression (Cryan and Mombereau, 2004; Jacobson and

Cryan, 2007; Solomon et al., 2012).

It is presently unclear whether 5-HT transmission is involved in the antidepressant-like
effects of ketamine in the FST. There are a number of early reports which indicate that
ketamine, albeit at higher doses than those used in the present investigation, influence
brain 5-HT concentration (Kari et al., 1978), uptake (Martin et al., 1982), synthesis and
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metabolism (Martin and Smith, 1982) following systemic administration to rats. Tso
and co-workers (2004) reported that ketamine stimulated 5-HT efflux and uptake in
isolated superfused slices of the rat dorsal raphe nucleus. Ketamine promotes the efflux
of 5-HT in the medial prefrontal cortex (mPFC) following systemic administration of
sub-anaesthetic dose to rats indicating that increased 5-HT transmission in the mPFC is
a functional consequence of NMDA-R blockade (Amargos-Bosch, et al., 2006;
Lindefors et al., 1997). Evidence that inhibition of neuronal nitric oxide synthase (NOS)
elicits antidepressant-like activity through a 5-HT dependent mechanism (Harkin et al.,
2003, 2004; Ulak et al., 2008) suggest that NMDA-R blockade may act through a

similar 5-HT dependent mechanism.

To elucidate a role for 5-HT in the antidepressant related actions of ketamine, the
effects of ketamine administration were investigated in the rat FST in naive and in 5-HT
depleted animals. Ketamine provoked both rapid (1 hr) and sustained (24 hr)
antidepressant-like effects in naive animals. Sustained but not immediate antidepressant
effects were attenuated by prior central 5-HT depletion. The ability of ketamine to block
stress-induced immobility in the FST was also diminished in 5-HT depleted animals

indicative of a role for 5-HT in mediating sustained antidepressant activity in the rat

FST.
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1.2 Materials and Methods

1.2.1 Subjects and drug treatment

Male Sprague-Dawley rats weighing 280-320 g at the beginning of the studies were
singly housed in standard medium sized polypropylene cages (41x24 cm) after
acclimatisation to the new environment. Food and water were available ad libitum.
Ketamine hydrochloride was prepared with saline solution to final concentrations of 10
and 25 mg/ml. Ketamine 10 mg/ml has been reported to provoke antidepressant-like
effects in the rat FST (Li et al., 2010). The higher dose of 25 mg/kg was selected as it is
a quite high subanaestetic dose but at the same time the hyperlocomotion and
stereotyped behaviours induced by it have been shown to dissipate 60 min after
systemic injection (Razoux et al., 2007). Ketamine was injected intraperitoneally (i.p.)
at a volume of 1 ml/kg body weight. For experiments involving central 5-HT depletion,
DL-4-Chlorophenylalanine ethyl ester hydrochloride (pCPA) was dissolved in saline
solution to a concentration of 75 mg/ml. pCPA was injected i.p. at a volume of 2 ml/kg
body weight to yield a dose of 150 mg/kg.

All procedures were approved by the Animal Ethics Committee Trinity College Dublin

and were in accordance with the European Council Directive 1986 (86/806/EEC).
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1.2.2  Study design

1.2.2.1 The effect of ketamine on immobility in the FST

The FST was performed as described in the Methods section. To characterise the effects
of ketamine in the FST, rats were assigned to one of five treatment groups: group 1:
Vehicle, group 2: Ketamine 10 mg/kg 1 hr prior to FST, group 3: Ketamine 25 mg/kg 1
hr prior to FST, group 4: Ketamine 25 mg/kg 24 hr prior to FST or group 5: Ketamine
25 mg/kg 24-5-1 hr prior to FST. All the rats received a total of three injections 24, 5
and 1 hr prior to FST where rats receiving only a single ketamine treatment were

administered 2 saline injections at the other time points.

1.2.2.2 The effect of ketamine on locomotor activity and anxiety related parameters in

the open field test

Locomotor activity was measured in animals in the open field. The subanaesthetic doses
of ketamine 10 and 25 mg/kg have been reported to increase locomotor activity in rats
after injection, however locomotor behaviour already normalised 110 min after drug
administration (Littlewood et al., 1997). Togheter with the report by de Oliveira and
colleagues (2011) that alterations in locomotor activity after chronic ketamine (25
mg/kg once daily for 7 consecutive days) vanish 6 hr following the last drug injection,
and considering that a single anaesthetic dose of ketamine (100 mg/kg) decreases

locomotor activity 24 hr following administration (Prudian et al., 1997), it was
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considered safe to assume that a single dose of ketamine 10 or 25 mg/kg would not
increase locomotor activity in rats 24 hr after drug administration. Locomotor activity
was therefore assessed only in animals receiving the injection (i.p.) 1 hr prior to test and
rats were assigned to one of three treatment groups: group 1: Vehicle, group 2:

Ketamine 10 mg/kg or group 3: Ketamine 25 mg/kg.

1.2.2.3 The effect of ketamine on immobilisation stress-induced immobility in the

FST

To characterise the effects of restraint stress on immobility time in the FST rats were
subjected to 2 hr restraint stress, as described in the Methods section, once or for 10
consecutive days and were subsequently exposed to the 15 min pre-FST session 2 hr
following the last restraint stress session, received a saline injection 1 hr later and then
were tested in the FST further 24 hr later. Animals were assigned to one of four groups:
group 1: Control, group 2: Stress (once), group 3: Control (10 days), group 4: Stress (10
days). To test if the pro-depressant effects of stress in the FST were protracted over
time, a similar experiment to the previous one was conducted, allowing a longer interval
of time (24 hr instead of 2 hr) between the final stress session and the adaptation session
of the FST. Rats received a saline injection 1 hr after the pre-FST session and then were
tested in the FST 24 hr later. Again, animals were assigned to one of four groups: group
1: Control, group 2: Stress (once), group 3: Control (10 days), group 4: Stress (10 days).
The effect of ketamine was subsequently assessed. Rats were subjected to 2 hr restraint
stress for 2 hr daily over 10 days. 2 hr following the final restraint stress session animals

were exposed to the 15 min pre-FST session. Animals subsequently received ketamine 1
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hr following the pre-FST session and were tested in the FST 24 hr later. Animals were
assigned to one of four groups: group 1: Control + Vehicle, group 2: Stress + Vehicle,

group 3: Control + Ketamine (25 mg/kg), group 4: Stress + Ketamine (25 mg/kg).

1.2.2.4 The effect of central 5-HT depletion on antidepressant-like effects of ketamine

in the FST

pCPA (150mg/kg, i.p.) or vehicle (saline) were administered once daily for three
consecutive days as previously described. 72 hr after the last pCPA administration, rats
were exposed to the 15 min pre-FST session. Rats were assigned to one of six groups:
group 1: Vehicle + Vehicle, group 2: Vehicle + Ketamine (25 mg/kg, 1 hr prior to FST),
group 3: Vehicle + Ketamine (25 mg/kg, 24 hr prior to FST), group 4: pCPA + Vehicle,
group 5: pCPA + Ketamine (25 mg/kg, 1 hr prior to FST), group 6: pCPA + Ketamine

(25 mg/kg, 24 hr prior to FST).

The effects of 5S-HT depletion were assessed on stress-induced immobility in the FST.
Rats were subjected to 5-HT depletion followed by 2 hr restraint stress once daily for
three consecutive days as previously described. 24 hr following the final period of stress
animals were exposed to the 15 min pre-FST session and FST 24 hr later. Rats were
assigned to one of four experimental groups: group 1: Vehicle + Control, group 2:
Vehicle + Stress, group 3: pCPA + Control, group 4: pCPA + Stress. In a following
experiment to evaluate the persistence of the depressive-like state induced in the FST by
central 5-HT depletion followed by restraint stress, the same protocol was repeated and

the pre-FST session performed 72 hr after cessation of stress. The FST was then
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conducted 24 hr later. Rats were assigned to two experimental groups: group 1: Control,
group 2: pCPA + Stress.

The effects of the combination of 5-HT depletion and repeated restraint stress were also
assessed in the open field, which was performed 24 hr following the final stress session.
Rats were again assigned to two experimental groups: group 1: Control, group 2: pCPA

+ Stress.

In a final experiment the effects of ketamine administration were established. Rats were
subjected to 5-HT depletion and immobilisation stress and subsequently sub-divided
into drug treatment groups as follows: group 1: Control + Vehicle, group 2: Control +
Ketamine, group 3: pCPA/Stress + Vehicle, group 4: pCPA/Stress + Ketamine.
Ketamine (25 mg/kg, i.p.) or saline was administered 1 hr after the 15 minute pre-FST

session 24 hr prior to FST.

1.2.3 Determination of cortical 5-HT concentrations

Immediately following these tests the animals were euthanised in order to verify the
depletion of 5-HT induced by pCPA in the frontal cortex by HPLC. Final results were

expressed as ng neurotransmitter/g wet weight of tissue.

1.2.4 Statistical analysis

Data are expressed as group mean with standard error of the mean (SEM) and were

analysed by one factor or two factor or two factor repeated measure analysis of variance
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(ANOVA) where appropriate. If any statistically significant change was found, post hoc
comparisons were performed using a Dunnett's (following 1 factor ANOVA) or a
Student Newman-Keuls (following 2 factor ANOVA) test. Data were deemed
significant when p<0.05. All analysis was carried out with GB-Stat v10 statistical

package.
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1.3 Results

1.3.1 Dose and time dependent effects of ketamine in the rat FST

In the dose response experiment ANOVA of immobility time showed effects of
ketamine [F(2.50) = 4.98, p=0.01]. Post hoc comparison revealed that ketamine 25 mg/kg,
but not 10 mg/kg, when administered 1 hr prior to FST reduced immobility time

compared to vehicle treated controls (p<0.01) [Fig. 1.1a].

In the time course experiment ANOVA of immobility time showed an effect of
ketamine [Fi346) = 2.81, p<0.05]. Post hoc comparison revealed that ketamine (25
mg/kg) reduced immobility time compared to vehicle treated controls when given | hr
or 24 hr prior to FST (p<0.05), but this effect was lost when ketamine was injected three

times (24, 5 and 1 hr) prior to the FST [Fig. 1.1c].

1.3.2  The effects of ketamine on locomotor activity

ANOVA of distance moved showed effects of ketamine [F95) = 8.96, p<0.01]. Post
hoc comparisons revealed that ketamine 25 mg/kg, but not 10 mg/kg, reduced
locomotor activity in the open field when compared to vehicle treated controls when

given 1 hr prior to FST (p<0.01) [Fig. 1.1b].
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Fig. 1.1 Effects of acute ketamine administration in the FST and open field test. Rats were exposed to a
15 min adaptation session of the FST and administered ketamine (10 or 25 mg/kg, i.p.) 24 hr later lhr
prior to test. Data is expressed as mean and SEM of 16-20 animals (Fig. 1.1a). Separate groups of rats
were exposed to the open field for 15 min 1hr following ketamine (10 or 25 mg/kg i.p.) administration.
Data is expressed as mean and SEM of 6 animals (Fig. 1.1b). Rats were exposed to a 15 min adaptation
session of the FST and treated with ketamine (25 mg/kg, i.p.) 1 hr, 24 hr and 1, 5 and 24 hr prior to test.
Data are expressed as mean and SEM of 10-16 animals (Fig. 1.1c). *p<0.05; **p<0.01 compared to
vehicle controls.
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1.3.3 The effects of ketamine on anxiety related behaviour in the open field

Repeated measure ANOVA of the percentage of time spent in the central zone of the
open field arena over a 15 min trial showed effects of time [F.30) = 28.15, p<0.0001].
Post hoc comparisons did not reveal any effect induced by ketamine at any of the time
intervals analysed when compared to respective vehicle controls [Fig. 1.2a]. Repeated
measure ANOVA of the percentage of time spent in the peripherial zone of the open
field arena over a 15 min trial showed effects of time [F2.30) = 28.15, p<0.0001]. Post
hoc comparisons did not reveal any effect induced by ketamine at any of the time
intervals analysed when compared to respective vehicle controls [Fig. 1.2b]. Analysis of
the percentage of time spent at the edges of the open field arena over a 15 min trial
showed effects of time [F230) = 75.78, p<0.0001] and a ketamine X time interaction
[Fi230) = 2.82, p<0.05]. Post hoc comparisons revealed an anxiolytic-like effect induced
by ketamine 10 mg/kg in the central 5 min interval of the test when compared to

respective vehicle controls [Fig. 1.2c¢].
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Fig. 1.2 Effects of acute ketamine administration on anxiety related parameters in the open field test. Rats
were given ketamine (10 or 25 mg/kg, i.p.) 1 hr prior exposure to 15 min open field test. Ketamine does
not influence time spent in both the central (Fig.1.2a) and the peripherial (Fig.1.2b) zones of the arena. At
a dose of 10 mg/kg it is able to reduce time spent on the edges of the arena only in the second 5 min

interval of the test (Fig.1.2¢). Data are expressed as mean and SEM of 6 animals. *p<0.05 compared to

Vehicle control group.
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1.3.4 Effects of immobilisation stress in the FST

Analysis of immobility time of animals exposed to the adaptation session of the FST 2
hr following cessation of single or repeated immobilisation stress showed effects of
stress exposure [Fj 25 = 17.19, p<0.01]. Post hoc comparisons revealed that immobility
time was increased by both acute (single, 2 hr/day once) and chronic (repeated, 2 hr/day
for 10 days) restraint stress when compared to non stressed controls [Fig. 1.3a].
Analysis of immobility time of animals exposed to the adaptation session of the FST 24
hr following cessation of single or repeated immobilisation stress did not show effects

neither of stress exposure nor of duration of stress [Fig. 1.3b].
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Fig. 1.3 Exposure to acute and repeated restraint stress transiently increases immobility time in the FST.
Rats were exposed to acute (2 hr/day once) or chronic (2 hr/day for 10 days) restraint stress and then
exposed to the 15 min adaptation session of the FST either 2 hr (Fig. 1.3a) or 24 hr (Fig. 1.3b) after the

last stress session. Data are expressed as mean and SEM of 7-8 animals. *p<0.05 compared to

corresponding control group.
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1.3.5 Ketamine attenuates stress-induced immobility in the FST

Analysis of immobility time of animals exposed to the FST following cessation of
repeated immobilisation stress showed effects of stress exposure [r-test; t4) = 3.7,
p<0.01]. In a subsequent experiment to assess the effect of ketamine, no effect of an

identical stress regime was observed in ketamine treated animals [Fig. 1.3].
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Fig. 1.4 Effect of ketamine on immobilisation stress-induced immobility in the FST. In the first
experiment rats were exposed to repeated (2 hr/day for 10 days) immobilisation stress and subsequently
subjected to a 15 min FST adaptation session 2 hr following the cessation of stress and the FST 24 hr
later. In a second experiment the stress regime was repeated and rats were treated with ketamine (25
mg/kg, i.p.) 1 hr following the pre-FST session. Data are expressed as mean and SEM of 8-9 animals.

*p<0.05, **p<0.01 compared to vehicle control group.

124



1.3.6 5-HT depletion attenuates the antidepressant-like effects of ketamine in the

FST

ANOVA of the immobility time of animals treated with ketamine 1 hr prior to FST
showed an effect of ketamine [F(; ¢1) = 18.36, p<0.01]. Post hoc comparisons revealed
that ketamine reduced immobility time in both intact (p<0.01) and 5-HT depleted
animals (p<0.05) compared to vehicle treated controls [Fig. 1.5a]. ANOVA of cortical
5-HT concentrations showed an effect of pCPA [F(61) = 206.03, p<0.01]. Post hoc
comparisons revealed that pCPA produced a reduction in 5-HT content (70% depletion)
when compared to controls (p<0.01). Ketamine had no effect on 5-HT concentrations in

the frontal cortex [Fig. 1.5b].

ANOVA of the immobility time of animals treated with ketamine 1 hr following the
pre-FST session, 24 hr prior to FST, showed effects of ketamine [F(; ¢7) = 8.75, p<0.01]
and of 5-HT depletion [F(¢7) = 4.24, p<0.05]. Post hoc comparisons revealed that
ketamine reduced immobility time compared to vehicle treated controls in non-depleted
animals (p<0.01). 5-HT depletion did not affect immobility time when compared to
non-depleted vehicle treated controls, but attenuated the antidepressant-like effect of
ketamine (p<0.01) [Fig. 1.5¢c]. ANOVA of cortical 5-HT concentrations showed effects
of pCPA [F(167) = 198.50, p<0.01]. Post hoc comparisons revealed that pCPA produced

a reduction in 5-HT content when compared to controls (p<0.01) [Fig. 1.5d].
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Fig. 1.5 5-HT depletion attenuates the antidepressant-like activity of ketamine in the FST. Rats were
treated with pCPA (150 mg/kg i.p., once daily for 3 days). 3 days later the animals were exposed to a 15
min adaptation session of the FST and administered ketamine (25 mg/kg, i.p.) lhr (Fig. 1.5a) or 24 hr
(Fig. 1.5¢c) prior to test. Cortical 5-HT concentrations were determined immediately following the test
(Fig. 1.5b and 1.5d respectively). Data are expressed as mean and SEM of 13-18 (Fig. 1.5a and 1.5b) and
17-18 (Fig. 1.5¢ and 1.5d) animals. *p<0.05, **p<0.01 compared to vehicle control group, +p<0.05
compared to pCPA + vehicle group, ##p<0.01 compared to vehicle + ketamine administered 24 hr prior

to FST group.
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1.3.7 Combination of 5-HT depletion and repeated restraint stress induces a

persistent depressive-like state in the FST

Combination of 5-HT depletion and immobilisation stress provoked a persistent
increase in immobility time in the FST. ANOVA of immobility times recorded 48 hr
following the final stress session showed effects of 5-HT depletion [F(;39) = 4.27,
p<0.05] and restraint stress [F(; 39y = 4.58, p<0.05]. Post hoc comparisons revealed that
neither 5-HT depletion nor restraint stress alone influenced immobility time when
compared to vehicle treated controls. 5-HT depletion followed by restraint stress
provoked an increase in immobility time when compared to either stress or 5-HT
depletion alone (p<0.05) [Fig. 1.6a]. ANOVA of cortical 5-HT concentrations showed
an effect of pCPA [F(;39)= 103.83, p<0.01]. Post hoc comparisons revealed a reduction
in 5-HT concentrations in pCPA treated groups when compared to vehicle treated
controls (p<0.01) [Fig. 1.6b]. The increase in immobility time in the FST provoked by
5-HT depletion and stress was still visible when FST was performed 96 hr after the last

restraint stress session [#-test; tj5) = 3.5, p<0.01] [Fig. 1.6c¢].
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Fig. 1.6 Prolonged effects of the combination of 5S-HT depletion and restraint stress in the FST. Rats were
treated with pCPA (150 mg/kg i.p., once daily for 3 days). 2 days later the animals were exposed to
immobilisation stress (2 hr/day for 3 days). 24 hr following the last stress session, rats were subjected to a
15 min adaptation session of the FST and tested 24 hr later (Fig. 1.6a). Cortical 5S-HT concentrations were
determined following the test (Fig. 1.6b). The treatment regime of pCPA and stress was repeated.
Animals were exposed to a 15 min adaptation session of the FST 72 hr after the last stress session,
followed by the 5 min FST 24 hr later (Fig. 1.6¢). Data are expressed as mean and SEM of 7-13 animals.

*p<0.05, **p<0.01 compared to respective vehicle controls.
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In a separate experiment the effects of the combination of 5-HT depletion and restraint
stress on locomotor activity and anxiety parameters in the open field were assessed.
Analysis of distance moved and immobility time during the test failed to show any
difference between control and 5-HT depleted and stressed rats [Fig. 1.7a and 1.7b].
Analysis of percentage of time spent in the central zone and in the peripherial zone of
the open field arena over a 15 min trial highlighted anxiogenic effects of 5-HT depletion
and restraint stress [t-test; t(0) = 2.6, p<0.05 and t(0) = 2.6, p<0.05 respectively] [Fig.

1.7c and 1.7d].
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Fig.1.7 Combination of 5-HT depletion and immobilisation stress does not alter locomotor activity but
induces anxiety-like behaviour in the open field test. Rats were treated with pCPA (3 x 150 mg/kg, i.p.),
left to recover for 48 hr and then exposed to restraint stress (2 hr/day for 3 days). 24 hr after the last stress
session rats were exposed to the 15 min open field test. Locomotor activity parameters path length (Fig.
1.7a) and immobility time (Fig. 1.7b) are unaffected by combination of S5-HT depletion and
immobilisation stress. Anxiety-related parameters central zone time (Fig. 1.7c) and peripherial zone time
(Fig. 1.7d) reveal an anxiogenic-like effect of the combination of 5-HT depletion and stress in the test.

Data are expressed as mean and SEM of 6 animals. *p<0.05 compared to control group.
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1.3.8 Ketamine does not counteract the pro-depressant effects of the combination of

5-HT depletion and repeated restraint stress in the FST

Subsequent experiments were carried out to determine the effects of ketamine on
immobility induced by the combination of 5-HT depletion and stress. ANOVA of
immobility time of animals treated with ketamine 24 hr prior to FST showed a
combined effect of 5-HT depletion and restraint stress [F( 39) = 17.52, p<0.01] and an
effect of ketamine [F(; 39) = 7.65, p<0.01]. Post hoc comparisons revealed that ketamine
reduced immobility time when compared to non-depleted and non-stressed vehicle
treated controls (p<0.05). The combination of 5-HT depletion and stress provoked an
increase in immobility when compared to non-depleted non-stressed controls (p<0.05)
[Fig. 1.8a]. Ketamine failed to significantly attenuate this increase. Moreover an
increase in immobility time was apparent in 5-HT depleted and stress exposed animals
treated with ketamine when compared to the non-depleted non-stressed ketamine treated
group (p<0.05) [Fig. 1.8a]. ANOVA of cortical 5-HT concentrations showed effects of
the 5-HT depletion and restraint stress combination [F(; 39) = 104.83, p<0.01]. Post hoc
comparisons confirmed that pCPA provoked a reduction in 5-HT content when

compared to vehicle treated controls (p<0.01) [Fig. 1.8b].
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Fig. 1.8 Effect of ketamine on FST immobility induced by a combination of 5-HT depletion and stress.
Rats were treated with pCPA (150 mg/kg i.p., once daily for 3 days). 2 days later the animals were
exposed to immobilisation stress (2 hr/day for 3 days). 24 hr following the last stress session, rats were
subjected to a 15 min adaptation session of the FST were subsequently treated with ketamine (25 mg/kg,
i.p.) 24 hr prior to test (Fig. 1.8a). Cortical 5-HT concentrations were determined following the test (Fig.
1.8b). Data are expressed as mean and SEM of 7-13 animals. *p<0.05, **p<0.01 compared to vehicle

control group; #p<0.05 compared to control + ketamine treated group.
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1.4 Discussion

In the present study ketamine produced a dose dependent reduction in immobility in the
rat FST. Such an action is indicative of antidepressant activity in the test and was
obtained in the absence of drug-induced psychomotor stimulation. The response
observed following acute administration was sustained for 24 hr yet dissipated
following sub-acute administration over the same period suggestive of pharmacological
tolerance. The sustained antidepressant response was further characterised by the ability
of ketamine to attenuate a stress-related increase in immobility, considered a depression
related state, in the FST. Central 5-HT depletion attenuated the sustained, but not acute,
reduction in immobility obtained with ketamine in the FST. The ability of ketamine to
attenuate stress-induced immobility in the FST was also diminished following central 5-

HT depletion indicating a role for 5-HT in the antidepressant response.

1.4.1 The acute and sustained antidepressant response to ketamine in the FST

The results are in line with previous reports of the antidepressant activity of ketamine in
the FST. Previous investigations have shown antidepressant-like activity at doses of 10
and 15 mg/kg following acute administration of ketamine in the rat FST (Garcia et al.,
2008a; Li et al., 2010). In the current investigation a single acute dose of 10 mg/kg
reduced immobility time albeit non-significantly. Differences between reports may be
accounted for by factors such as strain, age or weight of rats tested in addition to

variations in test conditions between laboratories.
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Active doses of ketamine in the FST cannot be attributed to a psychomotor stimulant
action of the drug. In fact, ketamine reduced locomotor activity at a dose and time post
administration that displays anti-immobility effects in the FST. Interestingly many
tricyclic antidepressants also suppress locomotor activity at doses that are behaviourally
active in the FST (Borsini and Meli, 1988). Other investigators have suggested that the
motor effects of ketamine can be dissociated from its antidepressant-like effects (Engin
et al., 2009). Several antidepressants display anxiolytic-like properties in rodents
(Javelot et al., 2011; Pinheiro et al., 2008), a characteristic which was not exhibited by
ketamine in the present study. Indeed ketamine has been shown to possess anxiogenic-
like effects in rodents (da Silva et al., 2010; Silvestre et al., 1997), although reports on
the topic are rare. Anxiety-modulating properties of ketamine were not further
investigated in the presented work, as depression was the primary and main focus of the

study.

Typically antidepressants are administered on 3 occasions over a 24 hr period prior to
determining immobility time in the rat FST (Porsolt, 1978). When such a treatment
regime was used however, the antidepressant effects of ketamine dissipated indicative
of tolerance following sub-acute administration. Tolerance to ketamine has been shown
to develop after repeated administration of the drug in rats (Popik et al., 2008), even if
contrasting reports have been published (Garcia et al., 2008b). Surprisingly tolerance to
sub-anaesthetic doses of ketamine is largely unreported in pharmacological studies.
Rapid tolerance has been reported in ocular motor paradigms in macaque monkeys
(Pouget et al., 2010) and in the suppression of cortical spreading depression in rats

(Rashidy-Pour et al., 1995).

134



As sustained effects were found with a 25 mg/kg dose of ketamine, this dose was used
in subsequent experiments. Higher doses of ketamine in excess of 40 mg/kg are
questionable as they have been associated with behavioural activating effects
(Bechtholt-Gompf et al., 2011b; Yang et al., 2011) and neurotoxicity (Jevtovic-
Todorovic et al., 2001) although there are reports of antidepressant effects associated
with such doses in rats (Koike et al., 2011; Popik et al., 2008). The sustained activity of
ketamine detected in the present investigation is also in accordance with previous

reports in mice (Koike et al., 2011; Maeng et al., 2008).

1.4.2 Ketamine attenuates stress-induced immobility in the FST

To date the antidepressant related effects of ketamine have been more widely reported
in naive mice and rats and to a lesser extent in animal models showing behaviours
characteristic of depression. In this regard, as previously stated, the FST is being
increasingly used in animal models of depression where increased immobility times are
reported as characteristic of depression related behaviour in response to provocative
stimuli or genetically determined vulnerability. In the current investigation, single or
repeated daily sessions of immobilisation stress provoked an increase in immobility
time in the FST in rats. A single administration of ketamine attenuated the stress-
induced increase in immobility in the FST. Such effects are in keeping with sustained
antidepressant effects described in naive animals providing additional evidence that
ketamine produces antidepressant effects in animals where an increase in immobility is
provoked. The results are consistent with those of other investigators who report that

acute administration with ketamine rapidly ameliorate anhedonic and anxiogenic
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behaviours in rats exposed to chronic unpredictable stress (Garcia et al., 2009; Li et al.,
2011) and depression related behaviour in a nerve injury model of neuropathic pain

(Wang et al., 2011).

1.4.3 5-HT depletion attenuates the antidepressant response to ketamine

In order to test if the antidepressant effects obtained with ketamine are mediated by 5-
HT, the consequence of 5-HT depletion with the tryptophan hydroxylase inhibitor
pCPA was determined. It has previously been reported that the behavioural effects of
the SSRI fluoxetine in the FST (Page et al., 1999) and the novel antidepressant-like
properties of NO synthase inhibitors are blocked by 5-HT depletion (Harkin et al.,
2003). In the current investigation pCPA produced in excess of a 70% depletion of 5-
HT in the frontal cortex and attenuated the ketamine-induced reduction in immobility
when administered 24 hr, but not 1 hr, prior to the FST. The sustained behavioural
response to ketamine 24 hr prior to test may thus be differentiated from the immediate
response obtained 1 hr following drug administration on the basis of a dependency on
central 5-HT. 5-HT depletion did not influence baseline immobility in the current
investigation or that previously reported by Page and colleagues (1999) or Harkin and
co-workers (2003). The lack of impact of depletion on baseline behaviour may indicate
that different neurobiological mechanisms mediate immobility under baseline
conditions compared to following antidepressant treatment. Similarly, noradrenergic
lesions do not alter baseline immobility in the FST, but block the effects of

noradrenergic antidepressants (Cryan et al., 2002).
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1.4.4 Combination of 5-HT depletion and restraint stress provokes a long-term

increase in immobility in the FST

In a series of parallel tests in the laboratory it was established that repeated stress-
induced increase in immobility time in the FST is not observed in animals provided
with an interval of 24 hr between the stress exposure and the pre-FST session when
compared to non-stressed controls. Thus the stress related increase in immobility is a
transient effect from which the animals recover rapidly. When stress is preceded by 5-
HT depletion however, the stress-induced increase in immobility in the FST is
maintained for up to 72 hr following cessation of the stress. Such a persistent change in
behaviour is more akin to a depression related state as it endures over time. The
interaction observed between 5-HT depletion and stress is of interest and indicates that
the 5-HT depleted state may increase vulnerability to stress. This hypothesis is also
supported by evidence that in rats the combination of 5-HT depletion and restraint stress
selectively induces anxiogenic-like traits in the open field test. The model has construct
validity as deficits in 5S-HT transmission are associated with susceptibility to depression
in humans (Carver et al., 2008; Daniele et al., 2011) and reduced antidepressant

responsivity (Delgado, 2004; Nutt, 2002).

1.4.5 Can ketamine overcome immobility produced by a combination of 5-HT

depletion and immobilisation stress in the FST?

In light of recent clinical reports of the efficacy of ketamine in depressed patients who

failed to respond to conventional antidepressant treatments and given the role of 5-HT
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in mediating behavioural response to antidepressants, it was of interest to determine if
ketamine would produce antidepressant activity in the combined depletion and stress
exposure model developed in the laboratory. If ketamine produced significant
antidepressant activity in this model, such an outcome would indicate a likely S-HT
independent and putatively novel mechanism underlying the antidepressant response.
By contrast, if ketamine was inactive in the model, previous observations in naive
animals in line with a 5-HT dependent mechanism would be confirmed. On the one
hand, ketamine failed to significantly attenuate the increase in immobility associated
with the combination of 5-HT depletion and stress. Furthermore an increase in
immobility was observed following 5-HT depletion and stress in ketamine treated
animals when compared to non-depleted and non-stressed ketamine treated controls.
Such effects are indicative of a lack of antidepressant efficacy of ketamine in 5-HT
depleted animals and supportive of a 5-HT dependent mechanism underlying the
antidepressant response. On the other hand, immobility scores were reduced in ketamine
treated animals exposed to 5-HT depletion and stress such that there was no significant
difference in immobility time when compared to vehicle treated controls. This could be
argued as a partial antidepressant response yet given the incomplete nature of 5-HT
depletion, it is not unreasonable to suggest that residual 5-HT may be sufficient to
produce such a partial, albeit non significant, antidepressant response in the model.
When taken together the results support an interpretation that the antidepressant actions

of ketamine in the FST are 5-HT dependent.

In parallel experiments immobility time of animals treated with ketamine 1 hr prior to
each session of immobilisation stress session subsequent to the pCPA treatment regime
were determined. Here too ketamine failed to attenuate increased immobility time
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produced by the combination of 5-HT depletion and stress (data not shown). Thus
ketamine administered concurrently with stress does not affect the emergence of this

depression related behavioural phenotype.

1.4.6 Ketamine promotes molecular and cellular changes which enhance the

synaptic efficacy of central 5-HT

To date the mechanisms mediating the rapid and sustained antidepressant actions of
ketamine have been partially resolved as preclinical studies have reported that AMPA
receptor (AMPA-R) activation is required for the antidepressant behavioural response
(Koike et al., 2011; Maeng et al., 2008; Tizabi et al., 2012). Ketamine enhances AMPA-
R activity relative to NMDA-R blockade by increased expression and trafficking of
AMPA-R subunits and via the activation of the mammalian target of rapamycin
(mTOR), expression of synaptic proteins and increased density of dendritic spines in the
prefrontal cortex (PFC) (Li et al., 2010). Ketamine promotes synaptogenesis in tandem
with antidepressant responses in behavioural tests (Li et al., 2010) and has been reported
to reverse both chronic unpredictable stress (CUS)-induced behavioural deficits in rats
and reduced spine density and synaptic function of PFC neurons. It has been proposed
accordingly that ketamine reverses the atrophy of spines in the PFC associated with
stress and leads to a reconnection of neurons that underlie rapid behavioural responses
(for review see Duman and Voleti, 2012). Notably stress provoked a reduction in
amplitude as well as frequency of 5-HT induced excitatory post synaptic current
(EPSC) in tissue slices prepared from the PFC. A single dose of ketamine completely

reversed the 5-HT-induced EPSC deficit provoked by exposure to stress (Li et al.,
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2011). Such mechanisms indicate a causal relationship between morphological,
physiological and behavioural responses and suggest that a functional change in the

synaptic efficacy of 5-HT plays a role in the antidepressant effects of ketamine.

1.4.7 Conclusions

The high proportion of depressed patients not responding to conventional antidepressant
treatments leads to a necessity for new antidepressant drugs to be discovered and
developed. Animal models are critical to this process. The current investigation
characterises the antidepressant effects of ketamine in the rat FST and further indicates
that the behavioural effects are dependent on endogenous 5-HT. Furthermore, they
confirm the utility of the FST as a tool to observe stress-induced depression related
behaviour in rats and assess the role of 5-HT in the emergence of depression or

antidepressant related responses.

The use of ketamine as an antidepressant looks really promising especially for
treatment-resistant patients, however it is fundamental to highlight major
contraindications to its use in the clinics. Ketamine induces psychotomimetic and
dissociative effects, and the extensive presence of the NMDA-R in the central and
peripheral nervous systems leads to a high potential for side effects related to NMDA-R
blockade. Moreover ketamine raises concerns about its potential for abuse, as it is
illegally used as a recreational drug. To improve the safety profile of an NMDA-R-
based antidepressant treatment, it would be ideal to identify specific downstream

components of the NMDA-R signalling pathway mainly involved in the antidepressant
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effects induced by the blockade of the NMDA-R. This molecules could be used as
targets for antidepressant activity without interfering with the other signalling
components modulated by NMDA-R activation. One such molecule is the neuronal
isoform of the nitric oxide synthase (nNOS) enzyme which is bound to the intracellular
side of the NMDA-R by the post-synaptic density protein of 95 kDa (PSD-95) and its
inhibition has been shown to possess antidepressant-like properties in pre-clinical

studies (Mutlu et al., 2009; Ulak et al., 2008; Harkin et al., 1999).
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Results Chapter 2

A role for 5-HT in the antidepressant activity
of N”-Nitro-L-arginine in the
rat forced swimming test






2.1 Introduction

In the previous chapter it was described how NMDA-R blockade can induce
antidepressant-like effects in rats and how problematic this strategy can be if applied to
depressed patients. Targeting a downstream effector of the NMDA-R signalling
pathway, such as nitric oxide synthase (NOS), seems to be a more promising way to
pursue in order to reduce the side effects and improve the safety profile of
antidepressant treatments interfering with the NMDA-R.

To date a number of studies have demonstrated that inhibition of NOS produces
anxiolytic and antidepressant-like behavioural effects in a variety of animal paradigms
(da Silva et al. 2000; Harkin et al. 1999; 2003; 2004; Jefferys and Funder, 1996; Mutlu
et al., 2009; Spiacci et al., 2008; Spolidério et al., 2007; Ulak et al., 2008; Yildiz et al.
2000a,b). However, it is presently unclear whether monoaminergic systems are involved

in the antidepressant-like effects of NOS inhibitors.

The behavioural tool employed to assess the role of monoamines in antidepressant
action is the modified FST. Lucki and colleagues (Detke et al. 1995; Lucki, 1997)
adapted the original FST introduced by Porsolt and colleagues in 1978 to score distinct
active behaviours elicited by different classes of antidepressant drugs. Specifically,
selective S5-HT re-uptake inhibitors (SSRIs) and S5-HT receptor agonists provoke
swimming behaviour (Cryan and Lucki, 2000; Detke et al. 1995; Page et al. 1999),
whereas tricyclic antidepressants (TCAs) and selective noradrenaline and dopamine re-
uptake inhibitors elicit climbing behaviour in the FST (Cryan et al. 2002b; Detke et al.

1995; Page et al. 1999; Reneric and Lucki, 1998).
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A more detailed analysis of the behavioural effects of NOS inhibitors in the FST offers
clues to their potential mechanism of action which may involve monoamine
neurotransmitters. The behavioural profile of NOS inhibitors in the adapted FST for rats
parallels that obtained with the SSRI, fluoxetine. Moreover, depletion of endogenous 5-
HT blocks the antidepressant-like activity associated with NOS inhibitors in the test
(Harkin et al., 2003). From these observations it was proposed that NOS inhibitors may
elicit their antidepressant-like activity in the FST through a 5-HT dependent
mechanism. To further explore this mechanism I examined the ability of L-NA to
influence the 5-HT synthetic pathway and 5-HT metabolism in the FST. Moreover, I
examined if antagonists to 5-HT receptor subtypes could block the antidepressant-like

activity of L-NA in the paradigm.
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2.2 Materials and Methods

2.2.1 Subjects and drug treatment

Male Sprague-Dawley rats weighing 250-300 g at the beginning of the studies were
housed in groups of four. Food and water were available ad libitum.

L-NA, NSD-1015, metergoline, fluoxetine hydrochloride, GR 127935 and WAY
100635 maleate were dissolved in saline and administered intraperitoneally (i.p.) in an
injection volume of 2 ml/kg. Ketanserin tartrate and RO 430440 were dissolved in 0.5%
tween saline and administered i.p. in an injection volume of 1 ml/kg.

All experiments were in compliance with the European Community’s Council directive,
1986 (86/609/EEC). All experiments were performed using independent groups of

animals.

2.2.2 Study design

2.2.2.1 Influence of NSD-1015 on the antidepressant-like activity of L-NA in the FST

In these studies the modified version of the FST was performed, as described in the
Methods section. Rats were assigned to one of four groups: group 1: Vehicle, group 2:
L-NA (5 mg/kg), group 3: L-NA (10 mg/kg), group 4: L-NA (20 mg/kg). Immediately
prior to the last treatment of L-NA, the groups were subdivided into those receiving co-

treatment with NSD-1015 or vehicle control. Animals receiving NSD-1015 were
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euthanised immediately following the FST on test day and regional brain biogenic
amine concentrations were determined. A parallel experiment was carried out with
identical NSD-1015 treatment groups for comparison purposes, where regional brain
biogenic amine concentrations were determined in animals not subjected to the FST.

Both 5-HTP and L-DOPA usually occur as transient intermediates and are not normally
detected in brain tissue, but administration of NSD-1015 prevents the decarboxylation
step common to both compounds and thus allows them to accumulate in vivo (Carlsson
et al., 1972; Conley et al., 2007; Evans et al., 2009). The selection of this dose and time
were determined from reports indicating that NSD-1015 (100 mg/kg, i.p.) produces
optimal increases in 5-HTP and L-DOPA concentrations in rat brain 1 hour after
administration without altering behaviour and well-being of the animal (Nolan et al.,

2000).

2.2.2.2 The effect of combining sub-active doses of L-NA and fluoxetine in the FST

Rats were assigned to one of four groups: group 1: Vehicle + Control, group 2: L-NA (1
mg/kg) + Control; group 3: Fluoxetine (2.5 mg/kg) + Control; group 4: L-NA (1 mg/kg)
+ Fluoxetine (2.5 mg/kg). The selection of doses was determined from previously

reported dose response studies (Harkin et al., 2003a).
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2.2.2.3 Dose related effects of metergoline on the antidepressant-like activity of L-NA

in the FST

Metergoline is a non selective 5-HT receptor antagonist and was used at doses effective
in blocking the in vivo effects induced by 5-HT receptor agonists in rats (Golozoubova
et al., 2006; Mokler et al., 1983; Stachowicz et al., 2007). Rats were assigned to one of
eight groups: group 1: Vehicle + Control, groups 2-4: Metergoline (1, 2 and 4 mg/kg) +
Control, group 5: L-NA (20 mg/kg) + Control, groups 6-8: L-NA (20 mg/kg) +

Metergoline (1, 2 and 4 mg/kg).

2.2.2.4 The effect of ketanserin, RO-430440, WAY-100635 or GR-127935 on the

antidepressant-like activity of L-NA in the FST

In a separate series of experiments, the involvement of the 5-HT receptor subtypes in
the antidepressant-like activity of L-NA in the FST was examined. Rats were co-treated
with L-NA and ketanserin, a preferential 5-HT,4 receptor antagonist (Van Oekelen et
al., 2003), RO-430440, a selective 5-HT,c receptor antagonist [RO-430440 has been
shown to have a selectivity for 5-HT,c (pKi=7.1) over 5-HT,a (pKi=5.3) receptors
(International application published under the Patent Cooperation Treaty, Benzofuryl
derivatives and their use WO 97/42183; See also Cryan et al., 2000], WAY-100635, a
5-HT4 receptor antagonist (Fletcher et al., 1996) or GR-127935 (a 5-HTpp receptor
antagonist) (Skingle et al., 1996). In each experiment rats were assigned to one of 4
groups: group 1: Vehicle + Control, group 2: Ketanserin (5 mg/kg) or RO-430440 (5

mg/kg) or WAY-100635 (0.3 mg/kg) or GR-127935 (4 mg/kg) + Control, group 3: L-
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NA (20 mg/kg) + Control, group 4: L-NA + each antagonist outlined in group 2. A
single dose of each antagonist, obtained from the literature, was used. These doses have
previously been shown to block 5-HT receptor mediated behaviours in a range of test

paradigms in rats (Cryan et al., 2000; Hawkins et al., 2008; Martinez-Mota et al., 2002).

2.2.3 Locomotor activity

Animals were removed from their home cage and placed individually into activity
monitor cages as described in the Methods section. On the day of testing animals were
placed in one of five test chambers and their activity was monitored over a 20 minute
period. The effects of metergoline, ketanserin, RO-430440 alone and in combination
with L-NA were examined in groups of animals independent of those exposed to the

FST. The doses of drugs and the treatment regime used were as described for the FST.

2.2.4 Determination of regional biogenic amine concentrations

Immediately following the FST, animals treated with NSD 1015 were euthanised by
decapitation and the frontal cortex, striatum, hippocampus and amygdala were dissected
on an ice cold plate for biogenic amine measurements by HPLC as previously
described. 5-HT, 5-HIAA, L-DOPA, DA and NA concentrations were measured by
HPLC coupled with electrochemical detection as previously described. Final results

were expressed as ng neurotransmitter/g wet weight of tissue.
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2.2.5 Statistical analysis

Data are expressed as group mean with standard errors and were analysed using a one
factor or two factor analysis of variance (ANOVA). If any statistically significant
change was found, post hoc comparisons were performed using a Dunnett’s or Student

Newman Keuls test respectively. Data were deemed significant when p<0.05.
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2.3 Results

2.3.1 Influence of NSD-1015 on the antidepressant-like activity of L-NA in the FST

ANOVA of immobility time showed effects of L-NA [F363) = 14.84, p<0.01] and a L-
NA x NSD-1015 interaction [F363) = 3.17, p<0.05]. Post hoc comparisons revealed that
L-NA (10 and 20 mg/kg) reduced immobility time when compared to vehicle treated
controls (p<0.01 and p<0.05 respectively). L-NA (5, 10 and 20 mg/kg) also reduced
immobility time in NSD-1015-treated animals when compared to NSD-1015-treated
controls (p<0.05). NSD-1015 did not influence immobility time or the L-NA-induced
reduction in immobility time when compared to their non NSD-1015-treated
counterparts [Fig. 2.1a].

ANOVA of swimming time showed effects of L-NA [Fz63 = 9.73, p<0.01] and NSD-
1015 [Fe3) = 7.91, p<0.01]. Post hoc comparisons revealed that L-NA (10 and 20
mg/kg) increased swimming time when compared to vehicle-treated controls (p<0.01
and p<0.05 respectively). L-NA (20 mg/kg) also increased swimming time in NSD-
1015-treated animals when compared to NSD-1015-treated controls (p<0.01). NSD-
1015 did not influence swimming time when compared to vehicle-treated controls. The
L-NA (10 mg/kg)-induced increase in swimming time in NSD-1015-treated animals
was reduced when compared to their non NSD-1015-treated counterparts (p<0.01),
although co-treatment with NSD-1015 did not influence the response to L-NA (5 and 20
mg/kg) [Fig. 2.1b].

ANOVA of climbing time showed effects of NSD-1015 [F(; 63, = 7.49, p<0.01] only.

There were no effects of L-NA on the time spent climbing. Post hoc comparisons

153



revealed that NSD-1015 did not influence climbing time when compared to vehicle-

treated controls [Fig. 2.1c¢].
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Fig. 2.1 Effects of NSD-1015 pre-treatment on acute L-NA effect in the FST. Rats were exposed to a 15
min adaptation session of the FST and administered L-NA (5, 10 and 20 mg/kg, i.p.) 24 and 5 hr, and
were co-treated with NSD-1015 (100 mg/kg, i.p.) | hr, prior to test. Immobility (Fig. 2.1a), swimming
(Fig. 2.1b) and climbing (Fig. 2.1¢) times are expressed as mean and SEM of 7-10 animals. *p<0.05,

**p<0.01 compared to vehicle controls; +p<0.05 compared to vehicle + NSD-1015 group.
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2.3.2 L-NA increases regional brain 5-HTP accumulation and 5-HT metabolism

Sfollowing FST exposure

ANOVA of 5-HTP, 5-HT, 5-HIAA concentrations and the 5-HIAA:5-HT metabolism
ratio failed to show effects of L-NA in the frontal cortex or striatum. A trend towards an
increase in cortical 5-HTP concentrations following L-NA (20 mg/kg) administration
was observed when compared to vehicle-treated controls. However this failed to achieve
significance [F333)=2.55, p=0.07].

ANOVA of 5-HTP and 5-HT concentrations in the hippocampus failed to show effects
of L-NA. Significant effects were observed for 5-HIAA [F336) = 4.5, p<0.01] and 5-
HIAA:5-HT [Fi336) = 9.03, p<0.01]. Post hoc comparisons revealed that 5-HIAA
concentrations and 5-HIAA:S5-HT ratios were increased in the L-NA (5, 10 and 20
mg/kg)-treated groups when compared to vehicle-treated controls (Table 1).

ANOVA of 5-HTP concentrations in the amygdaloid cortex showed effects of L-NA
[F334) = 8.63, p<0.01]. Post hoc comparisons revealed a dose-related increase in 5-HTP
concentrations following L-NA (10 and 20 mg/kg) when compared to vehicle-treated
controls. Significant effects for 5-HIAA [Fi334) = 3.59, p<0.05] and 5-HIAA:S5-HT
[Fa34) = 6.39, p<0.01] were also observed in the amygdaloid cortex. Post hoc
comparisons revealed that 5-HIAA concentrations and 5-HIAA:5-HT ratios were
increased in the L-NA (5, 10 and 20 mg/kg)-treated groups when compared to vehicle-
treated controls (Table 1). There were no effects of L-NA observed for L-DOPA,
dopamine, its metabolites HVA and DOPAC or dopamine metabolism ratios in any of
the brain regions tested with one exception.

ANOVA of L-DOPA concentrations in the amygdaloid cortex showed effects of L-NA

[F334) = 5.6, p<0.05]. Post hoc comparisons revealed a dose-related increase (p<0.05,
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Dunnett’s test) in L-DOPA concentrations following L-NA (10 and 20 mg/kg; 373 + 18

ng/g and 408 + 22 ng/g) when compared to vehicle-treated controls (301 £+ 10 ng/g).

Table 2.1 Effects of L-NA on regional changes to 5-HTP, 5-HIAA, 5-HT and the 5-HIAA:5-

HT ratio following FST exposure in animals pre-treated with NSD-1015

Vehicle L-NA 5 mg/kg L-NA 10 mg/kg L-NA 20 mg/kg
5-HTP (ng/g) 179 + 10 22121 216 + 11 223+ 6
5-HIAA (ng/g) 108 + 6 130+ 6 118+ 8 118+5
Frontal cortex
5-HT (ng/g) 532 +28 512+ 18 530 + 20 506 + 22
5-HIAA:5-HT (a.u.) 0.207 £0.017 0.259 + 0.020 0.223 +0.011 0.235 + 0.009
5-HTP (ng/g) 364 + 37 431 + 40 398 + 28 404 + 49
5-HIAA (ng/g) 439 + 33 496 + 49 458 + 36 442 + 45
Striatum
5-HT (ng/g) 753 £42 751 £76 707 + 53 685+ 71
5-HIAA:5-HT (a.u.) 0.584 +0.034 0.671 +0.039 0.653 +0.035 0.656 +0.037
S5-HTP (ng/g) 246 £ 12 286+ 18 275+ 10 280+ 15
5-HIAA (ng/g) 183 + 16 254 + 16** 207 4L9* 233 + 14*
Hippocampus
5-HT (ng/g) 5583 +£39 SI2+:17 522+ 19 526 + 29
5-HIAA:5-HT (a.u.) 0.330+0.014 0.443 + 0.022* 0.437 £0.013* 0.446 + 0.023*
5-HTP (ng/g) 344 + 13 403 + 27 411 + 10* 465 + 16*
5-HIAA (ng/g) 172 1] 223 + 14* 200 + 8* 212+ 12
Amygdala
5-HT (ng/g) 748 + 38 743 £25 738 + 23 752+ 31
5-HIAA:5-HT (a.u.) 0.229 + 0.007 0.288 + 0.015* 0.271 + 0.008* 0.282+0.011*

Table 2.1 Dose related effects of L-NA on regional changes to 5S-HTP, 5-HT and 5-HIAA concentrations

in NSD-1015 treated animals. Rats were exposed to a 15 min adaptation session of the FST and

administered L-NA (5, 10 and 20 mg/kg, i.p.) 24 and 5 hr, and were co-treated with NSD-1015 (100

mg/kg, 1.p.) | hr prior to test. Brain regions were dissected immediately after the FST. Data are expressed

as mean and SEM of 8-10 animals. *p<0.05, **p<0.01 compared to vehicle controls. 5-HTP = 5-

hydroxytryptophan, S-HIAA = 5-hydroxyindoleacetic acid, 5-HT = S-hydroxytryptamine, a.u. = arbitrary

units.
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2.3.3 L-NA increases 5-HT metabolism in the striatum following NSD-1015

administration

ANOVA of 5-HTP, 5-HT, 5-HIAA concentrations and the 5-HIAA:5-HT metabolism
ratio failed to show effects of L-NA in the frontal or amygdaloid cortex. ANOVA of 5-
HTP, 5-HT and 5-HIAA concentrations in the striatum and hippocampus also did not
show drug effects. Significant effects were observed for the 5S-HIAA:5-HT ratio in the
striatum [F325) = 3.01, p<0.05] and there was a non significant trend in the
hippocampus [Fi326) = 2.68, p = 0.07]. Post hoc comparisons revealed that 5-HT
metabolism was increased in the striatum following L-NA (20 mg/kg) administration
when compared to vehicle-treated controls (Table 2). There were no effects of L-NA
observed for L-DOPA, dopamine, its metabolites HVA and DOPAC or dopamine

metabolism ratios in any of the brain regions tested.
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Table 2.2 Effects of L-NA on regional changes to 5-HTP, 5-HIAA, 5-HT and the 5-HIAA:5-

HT ratio in non-swimmed animals pre-treated with NSD-1015

Vehicle L-NA 5 mg/kg L-NA 10 mg/kg L-NA 20 mg/kg
S-HTP (ng/g) 158 £32 233 £51 160 + 21 184 + 22
5-HIAA (ng/g) 109 + 16 160 + 24 138 + 18 157417
Frontal cortex
5-HT (ng/g) 463 + 74 553 +£90 446 + 48 502 + 41
5-HIAA:5-HT (a.u.) 0.245 + 0.021 0.296 +0.015 0.322 + 0.045 0.318 +0.029
S-HTP (ng/g) 284+ 59 341+ 30 235+ 37 241+ 27
5-HIAA (ng/g) 434 + 84 438 + 28 340 + 36 462 + 27
Striatum
S5-HT (ng/g) 837+ 145 799 + 33 620 + 70 674 + 37
5-HIAA:S5-HT (a.u.) 0.495 +0.033 0.556 + 0.046 0.562 + 0.052 0.698 £ 0.055*
5-HTP (ng/g) 246 + 38 282 + 45 255 35 276 + 36
5-HIAA (ng/g) 202 +35 258 + 38 236 + 33 298 + 32
Hippocampus
5-HT (ng/g) 452 + 65 529 + 66 463 + 63 519+ 50
5-HIAA:5-HT (a.u.) 0.431+0.024 0.482 + 0.022 0.528 + 0.047 0.572 + 0.042
5-HTP (ng/g) 402 + 54 415 + 48 297 £17 398 + 32
5-HIAA (ng/g) 214+ 23 281 + 44 237+ 39 308 + 24
Amygdala
5-HT (ng/g) 793 + 90 862 + 80 657 + 65 875+ 63
5-HIAA:5-HT (a.u.) 0.276 + 0.017 0.326 + 0.042 0.361 + 0.038 0.359 +0.032

Table 2.2 Dose related effects of L-NA on regional changes to 5-HTP, 5-HT and 5-HIAA concentrations
in NSD-1015 treated animals. Rats were administered L-NA (5, 10 and 20 mg/kg, i.p.) 24 and 5 hr, and
were co-treated with NSD-1015 (100 mg/kg, i.p.) 1 hr prior to animal sacrifice. Brain regions were
dissected immediately. Data are expressed as mean and SEM of 7-8 animals. p<0.05 compared to vehicle
controls. 5-HTP = S5-hydroxytryptophan, 5-HIAA = S5-hydroxyindoleacetic acid, 5-HT = 5-

hydroxytryptamine, a.u. = arbitrary units.
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2.3.4 L-NA augments the activity of fluoxetine in the FST

ANOVA of immobility time showed effects of fluoxetine only [F( 36 = 4.30, p<0.05].
Post hoc comparisons revealed no significant differences between the groups.
Fluoxetine induced a small decrease in immobility time and a trend was observed for L-
NA to potentiate this effect [Fig. 2.2a].

ANOVA of swimming time showed effects of fluoxetine [F(; 35) = 4.50, p< 0.05] and a
L-NA x fluoxetine interaction approaching significance [F(; 3¢ = 3.36, p = 0.075]. Post
hoc comparisons revealed that neither L-NA nor fluoxetine had an effect on swimming
time. L-NA and fluoxetine together provoked an increase in swimming time when
compared to vehicle-treated controls and L-NA or fluoxetine treatments alone (p<0.05)
[Fig. 2.2b].

ANOVA of climbing time showed no effects of treatment [Fig. 2.2c].
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Fig. 2.2 Effects of the combination of sub-active doses of L-NA and fluoxetine in the FST. Rats were
exposed to a 15 min adaptation session of the FST and received L-NA (1 mg/kg, i.p.) and fluoxetine
(2.5mg/kg, i.p.) alone and in combination 24, 5 and 1 hr prior to test. Immobility (Fig. 2.2a), swimming
(Fig. 2.2b) and climbing (Fig. 2.2c) times are expressed as mean and SEM of 10 animals. +p<0.05

compared to vehicle controls and L-NA and fluoxetine alone-treated groups.
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2.3.5 Effects of metergoline on the antidepressant-like activity of L-NA in the FST

ANOVA of immobility time showed effects of metergoline [F70) = 6.63, p<0.01] and
L-NA [Fa.70 = 31.95, p<0.01]. Post hoc comparisons revealed that metergoline (4
mg/kg) increased immobility time when compared to vehicle-treated controls (p<0.01).
Metergoline (4 mg/kg) also increased immobility time in L-NA-treated animals when
compared to L-NA-treated controls (p<0.05). L-NA reduced immobility time when
compared to vehicle-treated controls (p<0.05) [Fig. 2.3a].

ANOVA of swimming time showed effects of metergoline [F 79y = 7.33, p<0.01] and
L-NA [F.70) = 43.27, p<0.01]. Post hoc comparisons revealed that metergoline (1, 2
and 4 mg/kg) decreased swimming time when compared to vehicle-treated controls
(p<0.05). Metergoline (4 mg/kg) also decreased swimming time in L-NA-treated
animals when compared to L-NA-treated controls (p<0.05). L-NA increased swimming
time when compared to vehicle-treated controls (p<0.05) [Fig. 2.3b].

ANOVA of climbing time showed an interaction between metergoline and L-NA [F3 70
= 2.79, p<0.05]. Post hoc comparisons revealed no significant differences between the

treatment groups [Fig. 2.3c].
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Fig. 2.3 Effects of co-treatment with metergoline on the effects of L-NA in the FST. Rats were exposed to
a 15 min adaptation session of the FST and received L-NA (20 mg/kg, i.p.) and metergoline (1, 2 and 4
mg/kg, i.p.) alone and in combination 24, 5 and 1 hr prior to test. Immobility (Fig. 2.3a), swimming (Fig.
2.3b) and climbing (Fig. 2.3¢) times are expressed as mean and SEM of 9-10 animals. *p<0.05, **p<0.01

compared to vehicle controls; +p<0.05 compared to vehicle-L.-NA group.
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2.3.6 Treatment with ketanserin and RO-430440 provoke a similar response to

metergoline in the FST attenuated by co-treatment with L-NA

ANOVA of immobility time showed effects of ketanserin [F(; 36 = 9.77, p<0.01] and L-
NA [F(136 = 40.21, p<0.01]. Post hoc comparisons revealed that ketanserin increased
immobility time when compared to vehicle-treated controls (p<0.01). There was a
reduction in immobility time following L-NA treatment when compared to vehicle-
treated controls (p<0.01) [Fig. 2.4a].

ANOVA of swimming time showed effects of ketanserin [F(; 36 = 13.46, p<0.01] and
L-NA [Fq36) = 30.31, p<0.01]. Post hoc comparisons revealed that ketanserin decreased
swimming time when compared to vehicle-treated controls (p<0.01). Ketanserin
reduced swimming time in L-NA-treated animals when compared to L-NA-treated
controls (p<0.05). There was an increase in swimming time following L-NA treatment
when compared to vehicle-treated controls (p<0.01) [Fig. 2.4b].

ANOVA of climbing time showed effects of L-NA [F(; 36 = 6.23, p<0.01]. Post hoc

comparisons revealed no differences between the treatment groups [Fig. 2.4c].
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Fig. 2.4 Effects of co-treatment with ketanserin on the effects of L-NA in the FST. Rats were exposed to
a 15 min adaptation session of the FST and received L-NA (20 mg/kg, i.p.) and ketanserin (5 mg/kg, i.p.)
alone and in combination 24, 5 and 1 hr prior to test. Immobility (Fig. 2.4a), swimming (Fig. 2.4b) and
climbing (Fig. 2.4c) times are expressed as mean and SEM of 10 animals. *p<0.05 compared to vehicle

controls; +p<0.05 compared to vehicle-L-NA group.
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ANOVA of immobility time showed effects of RO-430440 [F; 36y = 9.49, p<0.01] and
L-NA [Fu36 = 61.95, p<0.01]. Post hoc comparisons revealed that RO-430440
increased immobility time when compared to vehicle-treated controls (p<0.01). There
was a reduction in immobility time following L-NA treatment when compared to
vehicle-treated controls (p<0.01). RO-430440 failed to influence the L-NA-induced
reduction in immobility time when compared to vehicle-L-NA-treated controls [Fig.
2.5a].

ANOVA of swimming time showed effects of RO-430440 [F; 36 = 11.62, p<0.01] and
L-NA [Fu36 = 53.14, p<0.01]. Post hoc comparisons revealed that R0O-430440
decreased swimming time when compared to vehicle-treated controls (p<0.01). There
was an increase in swimming time following L-NA treatment when compared to
vehicle-treated controls (p<0.01). RO-430440 failed to influence the L-NA-induced
increase in swimming time when compared to vehicle-L-NA-treated controls [Fig.
2.5b].

ANOVA of climbing time showed effects of L-NA [F(; 35y = 10.70, p<0.01]. Post hoc

comparisons revealed no differences between the treatment groups [Fig. 2.5¢].
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Fig. 2.5 Effects of co-treatment with RO-430440 on the effects of L-NA in the FST. Rats were exposed to
a 15 min adaptation session of the FST and received L-NA (20 mg/kg, i.p.) and RO-430440 (5 mg/kg,
i.p.) alone and in combination 24, 5 and 1 hr prior to test. Immobility (Fig. 2.5a), swimming (Fig. 2.5b)
and climbing (Fig. 2.5¢) times are expressed as mean and SEM of 10 animals. *p<0.05 compared to

vehicle controls; +p<0.05 compared to vehicle-RO-430440 group.
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2.3.7 Co-treatment with WAY-100635 or GR-127935 do not influence the

antidepressant-like activity of L-NA in the FST

ANOVA of immobility time showed effects of L-NA [F(; 36y = 43.45, p<0.01]. Post hoc
comparisons revealed that L-NA reduced immobility time when compared to vehicle-
treated controls (p<0.01). WAY-100635 failed to influence immobility time or the L-
NA-induced reduction in immobility time when compared to L-NA-treated counterparts
[Fig. 2.6a].

ANOVA of swimming time showed effects of L-NA [F(; 36) = 30.99, p<0.01]. Post hoc
comparisons revealed that L-NA increased swimming time when compared to vehicle-
treated controls (p<0.01). WAY-100635 failed to influence swimming time or the L-
NA-induced increase in swimming time [Fig. 2.6b].

ANOVA of climbing time showed no effects of treatments [Fig. 2.6¢].
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Fig. 2.6 Effects of co-treatment with WAY-100635 on the effects of L-NA in the FST. Rats were exposed
to a 15 min adaptation session of the FST and received L-NA (20 mg/kg, i.p.) and WAY-100635 (0.3
mg/kg, i.p.) alone and in combination 24, 5 and 1 hr prior to test. Immobility (Fig. 2.6a), swimming (Fig.
2.6b) and climbing (Fig. 2.6¢) times are expressed as mean and SEM of 10 animals. *p<0.05 compared to

vehicle controls.
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For GR-127935, ANOVA of immobility time showed effects of L-NA [F(; 34y = 41.14,
p<0.01]. Post hoc comparisons revealed that L-NA reduced immobility time when
compared to vehicle-treated controls (p<0.01). GR-127935 failed to influence
immobility time or the L-NA-induced reduction in immobility time when compared to
L-NA-treated counterparts. Mean immobility times for each treatment group were as
follows: Vehicle + Control: 167 + 18; GR-127935 + Control: 169 + 17; Vehicle + L-
NA: 47 + 17*, GR-127935 + L-NA: 60 £+ 19 * (*p<0.05 compared to vehicle control
group).

ANOVA of swimming time showed effects of L-NA [F(; 34y = 58.56, p<0.01]. Post hoc
comparisons revealed that L-NA increased swimming time when compared to vehicle-
treated controls (p<0.01). GR-12793 failed to influence swimming time or the L-NA-
induced increase in swimming time. Mean swimming times for each treatment group
were as follows: Vehicle + Control: 65 + 13; GR-127935 + Control: 51 + 8; Vehicle +
L-NA: 181 + 14*; GR 127935 + L-NA: 152 + 20 (*p<0.05 compared to vehicle control

group).

ANOVA of climbing time showed no effects of treatments.

2.3.8 The effects of metergoline, ketanserin, RO-430440 and L-NA alone or in

combination on locomotor activity

Placement of the animals in the activity chambers resulted initially in exploratory
activity followed by a gradual acclimatisation to the novel surroundings over the 20 min
test period. ANOVA of activity counts following ketanserin or L-NA administration

alone or in combination showed effects of ketanserin [F(; 16y = 4.47, p = 0.05], L-NA
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[Fa.i6 = 14.11, p<0.01] and a ketanserin x L-NA interaction [F(; 16y = 5.43, p<0.05].
Post hoc comparisons revealed that ketanserin (2285 + 311 cnts) and L-NA (1790 + 252
cnts) reduced activity when compared to vehicle-treated controls (3622 + 381 cnts)
(p<0.05). Ketanserin failed to influence the L-NA related reduction in activity (1855 +
240 cnts) when compared to L-NA treatment alone. There were 5 animals per treatment
group. The numbers in parentheses represent mean activity counts over the 20 minute
observation period with standard error of the mean. Metergoline or RO-430440 did not
affect activity over the trial period when compared to vehicle-treated controls. Neither

metergoline nor RO-430440 influenced the response to L-NA (data not shown).
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2.4 Discussion

L-NA produced a reduction in immobility together with an increase in active swimming
behaviour without any significant change in climbing consistent with previous reports
of its antidepressant-like activity in the FST (Harkin et al., 2003). This behavioural
profile is similar to that elicited by SSRIs or serotonergic agonists (Cryan and Lucki,
2000; Detke et al., 1995, Page et al., 1999). In the present investigation, co-treatment
with NSD-1015 did not influence the antidepressant-like activity of L-NA in the FST.
With or without NSD-1015, L-NA produced a dose-dependent reduction in immobility
that occurs as a result of a selective increase in swimming behaviour. NSD-1015
inhibits the 5-HT biosynthetic pathway, although the acute treatment regime of NSD-
1015 employed was not sufficient to provoke a depletion of endogenous 5-HT. In this
regard, it has been previously shown that depletion of 5-HT, via treatment with the
tryptophan hydroxylase inhibitor p-chlorophenylalanine (pCPA), attenuates the

antidepressant-like properties of NOS inhibitors in the FST (Harkin et al., 2003).

2.4.1 L-NA increases 5-HT synthesis and metabolism

By determination of the accumulation of 5-HTP following NSD-1015 administration,
the results of the present study indicate that tryptophan hydroxylase is activated in
response to L-NA administration. L-NA provoked an increase in 5-HTP concentrations
in the amygdaloid cortex suggesting that NOS inhibitors may act in a region specific
manner. Moreover, the effects obtained were dose dependent and evident in FST

exposed animals only. Inactivation of brain tryptophan hydroxylase by NO via
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nitrosylation has been previously described (Kuhn and Arthur, 1996; 1997) and such a
mechanism may account for the increase in tryptophan hydroxylase activity observed in
the current study. Raised glutamate and nitrergic neuronal transmission in response to
exposure to a stressful stimulus such as the FST (Joca et al., 2007; Kirby et al., 2007,
Shirakawa et al., 2004) may increase NO-dependent nitrosylation of TPH leading to its
inactivation. L-NA, in turn, may reverse this process by limiting the availability of NO,
reducing the inactivation of tryptophan hydroxylase. Further experiments however are
required to verify this mechanism linking stress-induced NO to the regulation of

tryptophan hydroxlase activity.

L-NA also provoked a regional increase in S5-HIAA concentrations and 5-HT
metabolism indicative of a possible enhancement of 5-HT release, re-uptake and/or
metabolism to 5-HIAA. These effects were also largely dependent on exposure to the
FST. Consistent with this are reports that NOS inhibitors increase extracellular levels of
5-HT in the rat brain after local or systemic administration (Kiss, 2000; Smith and
Whitton, 2000; Segieth et al., 2001; Wegener et al., 2000). Inhibition by NO of 5-HT
uptake into rat brain synaptosomes (Asano et al., 1997) and the human 5-HT transporter
(Bryan-Lluka et al., 2004) has been previously described. More recently accounts of a
physical interaction between the 5-HT transporter and neuronal NOS that underlies a
reciprocal modulation of their activity provides further evidence for the regulation of 5-
HT by NO (Chanrion et al., 2007; Garthwaite, 2007). NO may also inhibit monoamine
oxidase activity (Muriel and Pérez-Rojaset, 2003) although the mechanism by which
NO inhibits monoamine oxidase remains unknown at present. There are therefore a
number of mechanisms by which NOS inhibitors may influence 5-HT metabolism.

Overall, as 5-HT function is implicated in stress related disorders such as depression, it
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is tempting to speculate that chemically reactive species like NO influence conditions
where S5-HT deficits have been identified. The current study provides evidence in
support of enhanced 5-HT synthesis and increased 5-HT metabolism indicative of
overall 5-HT activation which may account for the antidepressant-like properties of

NOS inhibitors.

2.4.2 L-NA shows characteristics typical of SSRIs

NOS inhibitors have been previously reported to augment the behavioural effects of
SSRIs and the tricyclic antidepressant imipramine in the mouse FST, but not
antidepressants affecting noradrenergic transmission (Harkin et al., 2004). In the current
study this has been extended in the rat FST where a combination of sub-active doses of
fluoxetine and L-NA produced an antidepressant response in the test. The ability of L-
NA to increase the activity of fluoxetine is consistent with the qualitative similarities
between the antidepressant-like activity of NOS inhibitors and SSRIs and the
dependency of these effects on endogenous S-HT (Harkin et al., 2003; Page et al.,
1999). Coupled to the aforementioned evidence of enhanced 5-HT synthesis and
metabolism, it is not unreasonable to suggest that NOS inhibitors may produce their
antidepressant augmenting properties by modulating the availability and release of 5-
HT. In this regard, it is also of interest to note that some antidepressants can inhibit the
activity of NOS. For example, the SSRI paroxetine inhibits NOS activity at
concentrations comparable to those achieved in clinical therapy (Finkel et al., 1996;
Wegener et al., 2003). Such studies have raised the possibility that NOS inhibition may

be a clinically relevant feature of at least some antidepressants.
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2.4.3 5-HT receptors involvement in the antidepressant-like action of L-NA in the

FST

In a separate series of experiments, the involvement of the 5-HT receptor subtypes in
the antidepressant-like activity of L-NA in the FST was studied. To this end, rats were
co-treated in turn with the non selective 5-HT receptor antagonist metergoline, the
preferential 5-HT,s receptor antagonist ketanserin, the selective 5-HT,c receptor
antagonist RO-430440, the selective 5-HT;5 receptor antagonist WAY-100635, the 5-
HT,g/p receptor antagonist GR-127935 and L-NA. Here, involvement of 5-HT receptor
subtypes in the antidepressant-like effect of L-NA is supported by the demonstration
that metergoline and ketanserin attenuate the antidepressant-like effect of L-NA and L-
NA attenuates the increase in immobility and reduction in escape oriented behaviours

induced by these 5-HT receptor antagonists in the FST.

Co-treatment with metergoline dose dependently attenuated L-NA-induced
antidepressant-like activity in the FST. Metergoline alone provoked an increase in
immobility and reduction in swimming behaviours consistent with a pro-depressant-like
action of the drug in the test. Co-treatment with L-NA reduced these behavioural
effects. In rats, metergoline can influence components of behaviour including a
suppression of rearing, sniffing and locomotion at doses of 2 mg/kg and higher (Halford
and Blundell, 1996; Mokler et al., 1983; Wilson et al., 1998). Thus the question arises,
if the ability of higher doses of metergoline to reduce locomotor and other general
behaviours might confound any conclusions regarding a reduction in the antidepressant-
like activity of L-NA. In the current investigation any effect of metergoline (4 mg/kg)

on locomotor activity was observed. It is known that active doses of L-NA in the FST
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cannot be attributed to any psychomotor stimulant action (Harkin et al., 2003), yet L-
NA attenuates the ability of metergoline to increase immobility in the FST. Taken
together with the ability of metergoline to reverse the antidepressant like actions of L-
NA, these findings are consistent with the participation of 5-HT receptors in the

antidepressant-like activity of L-NA in the FST.

Co-treatment with ketanserin produced a qualitatively similar response to that obtained
with metergoline. Ketanserin alone provoked an increase in immobility and reduction in
swimming behaviours consistent with a pro-depressant-like action and these
behavioural effects were reduced by co-treatment with L-NA. Moreover, ketanserin
attenuated L-NA-induced swimming activity in the FST. In the current investigation, by
contrast to metergoline, ketanserin reduced locomotor activity. Co-administration with
L-NA failed to influence this response suggesting that the ability of L-NA to attenuate
the actions of ketanserin in the FST are related to an inhibition of the depressive
phenotype independent of locomotor activity. Other investigators have not reported
effects of ketanserin alone in the FST but this may be related to the lower doses used
and differences in the manner in which the FST was carried out and scored (Martinez-
Mota et al., 2002; Savegnago et al., 2007). The dose of ketanserin in the present study
was selected based on the observed lack of interaction of lower doses of ketanserin with
L-NA in pilot experiments undertaken in the laboratory. Similar doses have been
employed by others where ketanserin (1-5 mg/kg) showed no effect on behavioural
measures in the open field but was sufficient to block 5-HT agonist-induced behaviours

(Hawkins et al., 2008),
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Activation of 5-HT,¢ receptors has previously been reported to provoke antidepressant-
like activity in the FST. Moreover the effects of the SSRI fluoxetine may be blocked by
pretreatment with the 5-HT,¢ receptor antagonist SB-206533 (Cryan and Lucki, 2000).
It was therefore of interest in the current study to determine if blockade of 5-HT,c
receptors might influence the antidepressant-like response to L-NA. Co-treatment with
R0O-430440 produced a similar response to that obtained with ketanserin although RO-
430440 did not significantly attenuate L-NA-induced antidepressant-like activity in the
FST. Like ketanserin, RO-430440 alone provoked an increase in immobility and
reduction in swimming behaviours consistent with a pro-depressant like action and
these behavioural effects were attenuated by co-treatment with L-NA. By contrast to
ketanserin, RO-430440 did not affect locomotor activity in the current study. The dose
of RO-430440 was selected based on observations that pretreatment with RO-430440 at
doses not less than 2.5 mg/kg can block fenfluramine-induced hypophagia and
hypothermia which have previously been reported to be mediated via the stimulation of
5-HT;¢ receptors (Cryan et al., 2000; Gibson et al., 1993).

The apparent differences between responses obtained with metergoline, ketanserin and
RO-430440 suggest that the 5-HT,o receptor is the predominant receptor subtype
involved in the attenuation of the antidepressant-like activity of L-NA and that 5-
HT,anc receptors play a role in promoting pro-depressant-like behaviours in the FST
which may be attenuated by co-treatment with L-NA. To clarify the role of 5-HT,
receptors further, treatment with the selective 5-HT;s and 5-HTg;p receptor
antagonists, WAY-100635 and GR-127935 respectively, failed to influence behaviours
in the FST either alone or in combination with L-NA. WAY-100635 is a full antagonist
at both pre- and post-synaptic 5-HT;4 receptors and doses of 0.1 mg/kg or lower are
required to block both the pre- and post-synaptic effects of 8-OH DPAT (Critchley et
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al., 1994; Forster et al., 1995; Moser and Sanger, 1999). Both agents have previously
been reported to lack activity in the FST (De Vry et al., 2004; Tatarczynska et al., 2004)
although co-treatment with WAY-100635 (0.3 mg/kg) can attenuate the effects of the
selective 5-HTa receptor agonist 8-OH-DPAT in the FST (DeVry et al., 2004; Moser
and Sanger 1999). Moreover WAY-100635 (0.3 mg/kg) has previously been reported to
partially attenuate the antidepressant activity of the SSRI fluoxetine in the rat FST.
Whilst higher doses have been reported to demonstrate a potential role of 5-HT;a
receptors in the FST, these experiments have used alternative strains (Martinez-Mota,
2002), female rats (Estrada-Camarena et al., 2006a) and/or rats which have been
ovariectomised (Estrada-Camarena, 2006b) and direct comparisons are not possible

with the present study.

Similarly, pretreatment with the 5-HT g antagonist GR-127935 (at doses up to 4 mg/kg)
attenuates the behavioural effects of 5-HTg receptor agonists in various rat behavioural
paradigms (de Boer and Koolhaas, 2005; Chaouloff et al., 1999; Tomkins and O’Neill,
2000) but could not influence the antidepressant-like effect of L-NA in the present
experiment. Given the evidence to implicate 5-HT in the antidepressant-like activity of
L-NA, it is perhaps surprising that inhibition of pre-synaptic autoreceptors by WAY-
100635 or GR-127935 did not facilitate the effects of L-NA in the FST, even if post-
synaptic 5-HT;a receptors are not involved. This outcome suggests that L-NA may
modulate synaptic 5-HT availability by mechanisms independent of pre-synaptic
autoreceptors. Support for a role of 5-HT;sn and/or 5-HT;g receptors in the
antidepressant-like effects of L-NA in the FST is currently lacking, although additional

studies with selective compounds might be worthwhile.
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2.4.4 Conclusions

In conclusion the current data further demonstrate the antidepressant-like potential of
the NOS inhibitor L-NA, and also suggest that the behavioural effects have a 5-HT
related mechanism of action due to the additive effects of low doses of L-NA and
fluoxetine and the influence of L-NA in swimming but not climbing behaviour.
Interpretation of the results obtained with the non selective and 5-HT,s receptor
antagonists must be approached with caution since the antagonists caused effects by
themselves that were still apparent following co-administration with L-NA. The
antidepressant-like effects of L-NA however were not modified by RO-430440 or
WAY-100635 suggesting that 5-HT,¢ and 5-HT) s receptors are not involved. The fact
that WAY-100635 can block both pre and post-synaptic receptors may contribute to the

lack of effects observed with this compound.

The FST in the presented investigation was carried out in naive rats in order to highlight
the ability of L-NA to work as an antidepressant, however in humans antidepressant
drugs are prescribed only after depression has developed. L-NA proved its ability to
work as a 5-HT related antidepressant in the FST, therefore it would be of interest to
test its pharmacological properties in a model of depression characterised by an induced
depressive-like state accompanied by reduced 5-HT availability, such as the
combination of 5-HT depletion and restraint stress which results in an increased

immobility time in the rat FST, as described in results chapter 1.
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Results Chapter 3

Region specific modulation of neuronal
activation associated with the antidepressant-like

properties of N°-Nitro-L-arginine in the rat FST
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3.1 Introduction

The forced swimming test (FST) is a primary tool for screening for potential
antidepressant activity of compounds. In the previous chapter it was demonstrated that
inhibition of NOS by N“-nitro-L-arginine (L-NA) produces antidepressant-like effects
in the rat FST and that this is achieved through influence on 5-HT synthesis and
metabolism. The S5-HT, receptor subtype also seems to be involved in the
antidepressant-like action of L-NA in the FST. It is yet to be established if this
compound would show similar antidepressant-like properties in rats exhibiting a
depressive-like state detectable in the FST, induced by the combination of central 5-HT

depletion and repeated restraint stress as previously described (see results chapter 1).

Immediate early gene (IEG) products are induced in response to stressful stimuli and
have been used extensively as a tool to map neuronal activation in cortical and limbic
brain centres in response to stress and modulation of the stress response by
psychotherapeutic agents (Kovacs, 1998, Miyata et al., 2005). c-FOS, the protein
product of the c-fos gene, is considered to be a marker of neuronal activation, as its
expression is induced in response to changes in afferent synaptic inputs and is often
used to delineate regional patterns of neuronal activation (Kovéacs, 2008). Previous
studies have shown that many areas of the brain, especially those involved in the
general stress response, increase their activity and c-fos expressional levels when
animals are exposed to a variety of physiological and psychological stressors (see Senba
and Ueyama, 1997 for review). Psychoactive drugs in naive animals can modulate c-fos

expression in a drug class-selective fashion (Slattery et al., 2005; Sumner et al., 2004).
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In some animal models of depression altered cellular activation in response to stress has
been reported in brain regions related to the neurobiology of the illness, and
antidepressant drugs can counteract these changes (Silva et al., 2012; Bechtholt et al.,
2008; Roche et al., 2007). Specifically in relation to the antidepressant-like properties of
NOS inhibitors, Amir and co-workers (1997) reported that treatment of rats with 7-
nitroindazole (7-NI) or N“-nitro-L-arginine methyl ester (L-NAME) blocked ¢-FOS
production in the paraventricular nucleus (PVN) of the hypothalamus 60 minutes
following exposure to immobilisation stress indicating that NO is involved in the
regulation of c-FOS in stress-activated neurons. In rats, the selective nNOS inhibitor 7-
NI has been reported to attenuate FST-induced c¢c-FOS in a number of cortical and
limbic brain regions in a similar fashion to the antidepressants fluoxetine and
venlafaxine indicating that NOS inhibitors may share common neurobiological
substrates with typical antidepressive agents (Silva et al., 2012). To further characterise
neuronal substrates involved in NO/stress interactions Salchner et al. (2004) used ¢-FOS
expression as a marker and examined the pattern of neuronal activation in response to
FST in nNOS knockout mice. Deletion of nNOS leads to an antidepressant-like
behavioural phenotype in the FST which is accompanied by increased c-FOS expression
in the medial amygdala, periventricular hypothalamic nucleus, dentate gyrus, CAl field

of the hippocampus and infralimbic cortex (Salchner et al., 2004).

Central 5-HT depletion when combined with sub-acute immobilisation stress provokes
an increase in immobility in the FST suggestive of a depressive-like state which can be
attenuated by a single administration of ketamine as previously described (Gigliucci et
al., 2013). Neither 5-HT depletion nor restraint stress alone were able to increase
immobility time in the test. Given the aforementioned role of 5-HT in mediating the
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antidepressant-like properties of NOS inhibitors, it was of interest to characterise
neuronal activation by c-FOS mapping in order to determine if any changes obtained in
c-FOS expression may depend on endogenous 5-HT. Moreover the combination of 5-
HT depletion with stress provided a model in which to identify brain regions which may
be associated with depression related immobility in addition to the antidepressant-like
properties of NOS inhibitors. In the present study the antidepressant-like effects of the
NOS inhibitor N®-Nitro-L-arginine (L-NA) were determined in naive and in the 5-HT
depleted rats which were exposed to immobilisation stress. Moreover the recruitment of
specific brain regions in the antidepressant-like actions of L-NA was assessed through
evaluation of regional neuronal activation in response to the FST by means of c-FOS

immunohistochemistry.
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3.2 Materials and Methods

3.2.1 Subjects and drug treatment

Male Sprague-Dawley rats weighing 280-320 g at the beginning of the studies were
singly housed in standard medium sized polypropylene cages (41x24 cm) after
acclimatisation to the new environment. Food and water were available ad libitum.
Fluoxetine hydrochloride was dissolved in de-ionised water to achieve a concentration
of 10 mg/ml and was administered intraperitoneally (i.p.) to deliver a dose of 20 mg/kg.
This dose of fluoxetine has been previously shown to decrease immobility counts and
increase swimming counts, both indications of antidepressant-like effect in the rat FST
(Cryan and Lucki, 2000b).

L-NA was prepared in a similar manner with the help of sonication to produce an
injectable suspension at a final concentration of 5 mg/ml. L-NA was administered i.p. in
an injection volume of 2 ml/kg to deliver a dose of 10 mg/kg. It was previously reported
that this dose of L-NA proved to be effective in the rat FST (Gigliucci et al., 2010).
DL-4-Chlorophenylalanine ethyl ester hydrochloride (pCPA) was prepared by
dissolving in saline solution to a concentration of 75 mg/ml. pCPA was administered
1.p. in an injection volume of 2 ml/kg to deliver a dose of 150 mg/kg.

All procedures were approved by the Animal Ethics Committee Trinity College Dublin

and were in accordance with the European Council Directive 1986 (86/806/EEC).
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3.2.2 Experimental design

3.2.2.1 The effects of fluoxetine and L-NA on the depressive state induced by central

5-HT depletion and restraint stress in the FST

Restraint stress and FST were performed as described in the Methods section. To
characterise the effects of fluoxetine and L-NA on the 5-HT depletion and restraint
stress-induced increase in immobility time in the FST, rats were subdivided into
controls and 5-HT depleted and stressed animals. Depletion of central 5-HT was
achieved by repeated pCPA administration as previously described, followed by 48 hr
recovery, finally followed by exposure to three sessions of 2 hr immobilisation stress
(once a day for 3 consecutive days). 24 hr after the last stress session, rats were exposed
to the 15 min adaptation session of the FST and assigned to one of six treatment groups
according to the pre-treatment received: group 1: Vehicle + Vehicle, group 2: Vehicle +
Fluoxetine (20 mg/kg), group 3: Vehicle + L-NA (10 mg/kg), group 4: pCPA/stress +
Vehicle, group 5: pCPA/stress + Fluoxetine (20 mg/kg), group 6: pCPA/stress + L-NA
(10 mg/kg). Drugs or vehicle were administered 24, 5 and 1 hr prior to test, with the

first administration being 1 hr after the adaptation session of swim.

3.2.2.2 The effects of FST, combined 5-HT depletion and restraint stress and L-NA on

brain regional neuronal activation

In a follow up experiment in a separate group of rats, mapping of c-FOS
immunolabelling was undertaken with the same protocol, where only saline or L-NA
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was administered 24, 5 and 1 hr prior to FST. To assess for basal expression of ¢-FOS a
smaller number of rats underwent the pCPA/stress protocol and were subject to the drug
administration regime but did not undergo FST. Rats were assigned to one of eight
treatment groups: group 1: Control + Vehicle No FST, group 2: Control + Vehicle FST,
group 3: Control + L-NA No FST, group 4: Control + L-NA FST, group 5: pCPA/Stress
+ Vehicle No FST, group 6: pCPA/Stress + Vehicle FST, group 7: pCPA/Stress + L-NA

No FST, group 8: pCPA/Stress + L-NA FST.

3.2.3  Determination of cortical 5-HT concentrations

Immediately following these tests the animals were euthanised in order to verify the
depletion of 5-HT induced by pCPA in the frontal cortex by HPLC. Final results were

expressed as ng neurotransmitter/g wet weight of tissue.

3.2.4 Intracardiac perfusion and c-FOS immunohistochemistry

90 minutes after the FST animals were deeply anaesthetised with an intraperitoneal
injection of urethane and intracardially perfused as described in the Methods section.
Brains were cryo-protected in sucrose, snap frozen in dry ice-cold isopentane and stored
at -80°C until sectioning. c-FOS immunohistochemistry was performed on the sections

as described in the Methods section.
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3.2.5 ¢-FOS immunolabelling analysis

c-FOS positive cells were visualised using an Olympus BXS51 microscope, and
photomicrographs were collected with an Olympus DP72 digital camera and the
Olympus Cell*D computer software. Neuroanatomical areas according to the Paxinos
and Watson (1998) rat brain atlas were identified on the sections with the help of
neuroanatomical markers such as white matter bundles and ventricle edges. The
anterior—posterior (AP) levels from bregma were as follows: prelimbic cortex (PLCx,
AP: 2.70 mm), lateral septum (LS, AP: 0.70 mm), nucleus accumbens (NAc, AP: 0.70
mm), paraventricular nucleus of the hypothalamus (PVN, AP: -1.80 mm), medial
amygdaloid nucleus (MeA, AP: -2.80 mm), basolateral amygdaloid nucleus (BLA, AP:
-2.80 mm), dorsal dentate gyrus (dDG, AP: —3.30), ventral cornu ammonis 1 of the
hippocampus (vCA1l, AP: —4.80 mm), dorsal raphe nucleus (DRN, AP: -7.64) [Fig.
4.2]. 200X magnification was used for the identification and manual quantification of c-
FOS immunoreactivity. All c-FOS positive nuclei, defined as circular spots with a dark
brown intensity, within the region of interest being analysed were counted. The total c-
FOS-like immunoreactivity (TFI) per region analysed was recorded. Each brain region
of interest was analysed in the appropriate section bilaterally, and where there was no
clear difference between the two hemispheres the average number of c¢-FOS positive

nuclei between the two hemispheres was taken as the definitive value.
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3.2.6 Statistical analysis

Data are expressed as group mean with standard error of the mean (SEM) and were
analysed by two factor, two factor repeated measure or three factor repeated measure
analysis of variance (ANOVA) where appropriate. If any statistically significant change
was found, post hoc comparisons were performed using a Student Newman-Keuls or a
Fisher’s LSD test. When only two groups were to be compared, Student’s #-test was

performed. In all cases data were deemed significant when p<0.05.
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3.3 Results

3.3.1 Antidepressant-like action of L-NA in the FST

2 way ANOVA of immobility time showed effects of L-NA [F(; 23y = 36.87, p<0.0001],
fluoxetine [F(;32) = 22.40, p<0.0001] and 5-HT depletion and restraint stress x L-NA
[F(128) = 6.34, p<0.05] and 5-HT depletion and restraint stress x fluoxetine [F 3 =
5.07, p<0.05] interactions. Post hoc comparisons revealed that immobility time was
decreased in control animals receiving L-NA when compared to vehicle controls
(p<0.05). The combination of 5-HT depletion and stress increased immobility when
compared to non-depleted non-stressed controls (p<0.01), and this effect was attenuated

by both L-NA and fluoxetine administration (p<0.01) [Fig. 3.1a and 3.1b].

3.3.2 Cortical 5-HT content

2 way ANOVA of cortical 5-HT concentrations showed an effect of 5-HT depletion and
restraint stress [F 25 = 83.46, p<0.001]. Post hoc comparisons revealed that 5-HT
content was significantly reduced in 5-HT depleted rats compared to vehicle-treated

controls (p<0.01), an effect not altered by L-NA [Fig. 3.1c] or fluoxetine [Fig. 3.1d].
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Fig. 3.1 Effect of L-NA and fluoxetine on FST immobility induced by a combination of 5-HT depletion

and stress. Rats were exposed to a 15 min adaptation session of the FST and administered L-NA (10

mg/kg, i.p.) or fluoxetine (20 mg/kg, i.p.) 24, 5 and 1 hr prior to test 24 hr after the adaptation session

(Fig. 3.1a and 3.1b respectively). Cortical 5-HT concentrations were determined immediately following

the test (Fig. 3.1c and 3.1d). Data are expressed as mean and SEM of 7-10 animals. *p<0.05, **p<0.01

compared to vehicle control group; ++p<0.01 compared to pCPA + stress + vehicle treated group.

192



3.3.3 Regional c-FOS expression

2 way ANOVA of immobility time in the FST of the group of rats dedicated to c-FOS
immunostaining analysis showed effects of the combination of 5-HT depletion and
restraint stress [F20) = 12.51, p<0.01] and L-NA [F(20) = 4.17, p=0.05]. Post hoc
comparisons revealed that the immobility time in the FST was significantly increased in
5-HT depleted stressed rats (165.7 s + 11.20) compared to non-depleted non-stressed
controls (98.00 s + 13.51) (p<0.01), and that this effect was attenuated by L-NA
administration (117.7 s £ 8.60) when compared to vehicle-treated controls (p<0.05)
(data not shown). In this study we could not replicate the effects of L-NA in reducing
immobility times in sham animals when compared to vehicle controls, as the difference

between the two groups did not achieve statistical significance.

Fig. 3.2 shows diagrams modified from Paxinos and Watson (Paxinos 1997)
representing the brain regions where c¢-FOS like immunoreactivity was analysed.
Immunoreactivity was detected in the regions analysed following FST exposure (see

Fig. 3.3 as an example).
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Fig. 3.2 Diagrams adapted from “The rat brain” Fourth Edition (Paxinos and Watson, 1998) representing
the brain regions analysed in the study (grey areas). PLLCx = prelimbic cortex; LS = lateral septum; NAc =
nucleus accumbens; PVN = paraventricular nucleus of the hypothalamus; MeA = medial amygdala; BLA
= basolateral amygdala; dDG = dorsal dentate gyrus of the hippocampus; vCA1 = ventral cornu ammonis

1; DRN = dorsal raphe nucleus.
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Fig. 3.3 Images representative of ¢c-FOS immunostaining. L-NA treatment induced increased c-FOS
expression in the PLCx (top row) and reduced c-FOS expression in the DRN (bottom row) of rats
exposed to FST. if = interhemispheric fissure; fmi = forceps minor of the corpus callosum; Aq = aqueduct

(Sylvius); mlf = medial longitudinal fasciculus.

In the prelimbic cortex [F(; 13y = 27.48, p<0.01; Fig. 3.4a] and lateral septum [F(; j9) =
34.92, p<0.01; Fig. 3.4b], L-NA enhanced c-FOS reactivity in both control and 5-HT
depleted/stressed groups when compared to vehicle treated counterparts. In the nucleus
accumbens [F( 99 = 46.14, p<0.01; Fig. 3.4c], paraventricular nucleus of the
hypothalamus [F(; 13y = 38.25, p<0.01; Fig. 3.4d], medial amygdaloid nucleus [F( 20) =
83.03. p<0.01, Fig. 3.4¢], basolateral amygdaloid nucleus [F( 20y = 27.76, p<0.01; Fig.
3.4f], dentate gyrus of the hippocampus [F( 13y = 16.06, p<0.01; Fig. 3.4g], hippocampal
CAl [Fua9) = 51.50, p<0.01; Fig. 3.4h] and dorsal raphe nucleus [F( 5 = 29.54,
p<0.01; Fig. 3.4i] L-NA attenuated c-FOS immunoreactivity in both control and 5-HT
depleted/stressed groups when compared to their vehicle treated counterparts (p<0.05).
In all regions the combination of 5-HT depletion and stress did not influence c-FOS

when compared to non-depleted non-stressed controls subjected to FST [Fig. 3.4].
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Fig. 3.4 Effects of L-NA administration on neuronal activation in cortical and subcortical regions in
control and in 5-HT depleted and stressed rats. Rats were exposed to a 15 min adaptation session of the
FST and administered L-NA (10 mg/kg, i.p.) or vehicle 24, 5 and 1 hr prior to test 24 hr after the
adaptation session. Brains were collected 90 minutes after the test and immunolabeled for c-FOS protein.
PLCx (Fig. 3.4a), LS (Fig. 3.4b), NAc (Fig. 3.4¢c), PVN (Fig. 3.4d), MeA (Fig. 3.4e), BLA (Fig. 3.4f),
dDG (Fig. 3.4g), vCA1l (Fig. 3.4h) and DRN (Fig. 3.4i) were analysed under a light microscope and c-
FOS-positive nuclei counted. Data are expressed as mean and SEM of 5-6 animals. *p<0.05, **p<0.01

compared to vehicle control group.
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3.4 Discussion

L-NA produced a characteristic antidepressant related reduction in immobility time in
the FST in line with previous reports (Harkin et al., 2003; Gigliucci et al., 2010). The
increase in immobility provoked by the combination of 5-HT depletion and stress which
has also been reported previously (Gigliucci et al., 2013) was attenuated by fluoxetine
and also by L-NA. In the present study only two rats per non-FST group were processed
for c-FOS immunoreactivity due to time limitations, thus it was not possible to conclude
if 5-HT depletion with stress and/or L-NA treatment induced changes in c-FOS in any
of the brain regions examined in non-FST exposed animals. Analysis of neuronal
activation in these animals is currently being carried out. After FST exposure c-FOS-
like immunoreactivity (FLI) was found in all the brain regions analysed: the prelimbic
cortex, the lateral septum, the nucleus accumbens, the paraventricular nucleus of the
hypothalamus, the medial and basloateral amygdala, the hippocampus (CA1 and dentate
gyrus) and the dorsal raphe nucleus. Prior 5-HT depletion and stress failed to influence
this pattern of c-FOS induction following FST exposure in any of the brain regions
examined. L-NA treatment attenuated FLI in all of the brain regions examined except
the prelimbic cortex and lateral septum where an increase in immunoreactivity was
observed. L-NA related changes in c¢-FOS were similar in rats exposed to the
combination of 5-HT depletion and stress when compared to non-depleted non-stressed

controls.
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3.4.1 Antidepressant related behaviour of L-NA in the FST

Combined 5-HT depletion and stress was used as a manipulation to promote a despair
related increase in immobility in the FST which can be attenuated by acute
administration of the glutamate NMDA receptor antagonist ketamine (Gigliucci et al.,
2013). Here these findings may be extended to include L-NA. L-NA also decreased
immobility in non stressed animals, confirming its antidepressant-like action in naive
rats in the FST as previously reported (Gigliucci et al., 2010). As NOS is a downstream
target of the NMDA receptor, the ability of L-NA to promote a ketamine-like response
in the test may indicate a common mechanism related to modulation of glutamate
NMDA-NO related signalling. Surprisingly, treatment with the typical antidepressant
fluoxetine too reduced the increase in immobility obtained following the combination of
5-HT depletion and stress characteristic of an antidepressant response in the test. In
control animals however fluoxetine tended, but not significantly achieved, to decrease
immobility time in the FST. Fluoxetine has been extensively reported to possess
antidepressant-like properties in the FST in naive animals, although a modified version
of the test is needed to better highlight these effects (Harkin et al., 2004; Cryan and
Lucki, 2000a; Detke et al., 1995). In the study presented there was no focus on escape-
oriented behaviours, as this was beyond the aim of the study to confirm that depletion of
5-HT followed by repeated restraint stress can induce a depressive-like state in the
animals in the FST and that this model might represent a putative model of SSRI-
resistent depression.

It is of interest that 5S-HT depletion failed to attenuate the antidepressant related activity
of L-NA or fluoxetine as previous reports have indicated that the actions of both agents

are 5-HT dependent in the FST (Harkin et al., 2003 and Page et al., 1999 respectively).
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It is important to point out however that the extent of cortical 5-HT depletion achieved
and reported following pCPA administration varies across the different studies reported
to date, from 85-90% depletion in the investigations of Harkin and colleagues (2003)
and Page and colleagues (1999) to a 70% depletion in cortical 5-HT in the present
investigation, at the time at which the animals were subjected to the FST. pCPA is an
irreversible inhibitor of tryptophan hydroxylase (TPH), the rate limiting enzyme in the
synthesis of 5-HT. Recovery in the activity of TPH after interruption of pCPA
administration leads towards normalisation of 5-HT levels in the brain over time, thus it
is possible that a lower availability of 5-HT compared to controls is sufficient to
promote a depression related increase in immobility on the one hand, and yet mediate a
reduction in immobility due to antidepressant treatment on the other, despite the overall
state of 5-HT depletion. Moreover it is possible that the reduction in 5-HT availability
may alter the balance between activation and/or binding properties of the different
subtypes of 5-HT receptors (Winstanley et al., 2004) which may ultimately favour the
antidepressant-like action of fluoxetine and L-NA in the FST. Further studies would be
needed to elucidate which mechanisms could be mediating the actions of fluoxetine and

L-NA on the 5-HT depletion and stress-induced increase in immobility time in the test.

3.4.2 Combination of 5-HT depletion and stress does not aiter regional c-FOS FLI

Sfollowing exposure to the FST

¢c-FOS immunostaining in brains from vehicle control rats subjected to FST revealed
neuronal activation in all the regions analysed: prelimbic cortex (PLCx), lateral septum

(LS), nucleus accumbens (NAc), medial amygdala (MeA), basolateral amygdala (BLA),
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paraventricular nucleus of the hypothalamus (PVN), dordal dentate gyrus (dDG),
ventral cornu ammonis 1 (vVCAl) and dorsal raphe nucleus (DRN). c¢-FOS
immunoreactivity induced by exposure to the FST within cortical and subcortical
regions of the limbic system was not altered in animals subjected to the combined
regime of 5-HT depletion and stress when compared to non-depleted non-stressed
counterparts. The results indicate that although antidepressant related reductions in
immobility are associated with changes in regional ¢-FOS immunoreactivity, the same
is not the case in relation to stress related increases in immobility. The outcome
however is in line with a previous report where S5-HT depletion achieved by
intracerebroventricular injection of 5,7-dihydroxytryptamine (5,7-DHT), did not alter c-
FOS expression in response to social defeat stress in most of the brain areas analysed
including the prefrontal cortex (PFC), LS, bed nucleus of the stria terminalis (BNST)
and dorsal paraventricular nucleus (dPVN) (Chung et al., 1999). In addition to this, the
lack of impact of prior exposure to immobilisation stress on the ¢-FOS response to FST
is consistent with other reports where a single swim exposure was able to induce the
same extent of c-FOS expression in several brain regions in both naive and restraint-
habituated animals (Melia et al., 1994). ¢c-FOS induction in response to the FST is
robust and likely to be close to a ceiling response in drug-free animals, so it remains
possible that the response to a milder stressor, such as a brief exposure to the “open
field”, may be influenced by the combination of 5-HT depletion and repeated restraint
stress and further experiments are necessary to confirm this. Moreover the combination
of 5-HT depletion and stress might be influencing other IEGs, such as fos B, c-jun or
zif268, when compared to control rats, thus a more extensive analysis is required before
excluding any influence of 5-HT depletion and stress on general neuronal response to
the FST.
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3.4.3 Region specific c-FOS expression associated with the antidepressant-like

properties of N”-nitro-L-arginine

The effects of L-NA on ¢-FOS FLI were apparent in animals exposed to the FST. The
response to L-NA was bi-directional and region specific whereby c¢-FOS
immunoreactivity was enhanced in the PLCx and LS and reduced in all the other
subcortical brain regions analysed. Enhanced activation within the cortex and septum
indicate that these regions may be regulated by NO under stressful conditions. The PFC
and the LS have both been implicated previously in the modulation of stress responses
(Sheehan et al., 2004; Weinberg et al., 2010). These regions are connected as the medial
PFC sends projections to the LS (Sesack et al., 1989), although it seems that the LS can
modulate some stress responses independently from the PFC (Figueiredo et al., 2003).
Rats that exhibit behavioural despair in the FST show reduced activation in the LS in
response to stress when compared to control animals (Contreras et al., 2004), although
some contrasting reports have been published (Silva et al., 2012), and rats and mice that
acquire learned helplessness present reduced activation of the LS after tail-shock
administration (Steciuk et al., 1999; Huang et al., 2004). Here, the analysis of FLI in the
LS of rats displaying a depressive behavioural profile in the FST, induced by the
combination of 5-HT depletion and restraint stress, did not highlight alterations in the
activation pattern of the LS in vehicle-treated rats. Several factors may be contributing
to these discrepancies, such as differences in the induction of the learned helplessness
(e.g. training with electrical shock vs. swim) which might activate different subtypes of
neurons in response to stress. Moreover, as previously suggested, it might be that the
interaction between serotonin depletion and stress influences other IEGs that were not

under investigation in the current study.
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However, it is of interest to note within the context of the present investigation that
fluoxetine can increase LS firing to correspond with antidepressant activity in the FST
(Contreras et al., 2001). Enhanced activation within the LS is also evident following L-
NA administration in the present investigation. Thus increased activation of the LS
seems to play an important role in appropriate stress-coping responses. Projections from
the LS extend to various regions of the limbic system including the nucleus accumbens
(NAc), the amygdala and the hypothalamus (Sheenan et al., 2004). The lateral septum is
known to relay inhibitory GABAergic fibres to the amygdaloid complex and the PVN
of the hypothalamus, therefore it can be hypothesised that if the ability of L-NA to
enhance neuronal activity in the septum, which is in keeping with the properties of other
antidepressants in this region in response to the FST, is localised to those GABAergic
neurons this could account for the reduction in ¢c-FOS immunoreactivity observed in the
amygdala and PVN. Other more selective and specific analyses, such as a dual
immunostaining approach, would be decisive to support or discard this hypothesis of

stress response modulation by the LS.

A further possibility is that L-NA-induced effects would be mediated by the modulation
of 5-HT as it has been reported that the behavioural effects induced by L-NA in the FST
are dependent on endogenous 5-HT or the blockade of 5-HT receptors (Gigliucci et al.,
2010; Harkin et al., 2003). However despite the role elucidated for 5-HT in mediating
the behavioural effects of L-NA in the FST, 5-HT depletion combined with restraint
stress had no effect on the amplitude of c-FOS response when compared to intact
animals. Even though ¢c-FOS immunostaining alone does not provide information on
which neuronal subtypes are activated in response to the FST in the different treatment
groups, the presented data may suggest that mechanisms independent of 5-HT are
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involved in the regulation of c-FOS-mediated neuronal activation following L-NA

administration.

An alternative mechanism by which L-NA promotes a reduction in neuronal activation
within these regions may relate to reduced glutamate transmission on foot of inhibiting
postsynaptic NMDA related NO production. NMDA receptors are localised on
hypothalamic neurones that express NOS (Bhat et al., 1995). Stress-induced activation
of c-FOS in the PVN has been shown to involve glutamatergic stimulation of NMDA
receptors (Wan et al., 1994). Such observations together with the finding that L-NA
reduces ¢-FOS in the PVN following FST suggest that NO may be part of the NMDA
receptor-coupled cellular mechanism responsible for stress activation of c¢-FOS
expression in the PVN. Such mechanisms have been proposed previously (Amir et al.,
1997). In the hippocampus glutamate is a prominent neurotransmitter and the ability of
L-NA to attenuate FST related neuronal activation within the hippocampus (CA1 field
and dentate gyrus) was not unexpected. A previous report has indicated that blockade of
NMDA receptors or inhibition of downstream target ERK1/2 in the granule layer of the
DG results in an attenuation of swim stress-induced c-FOS expression coupled with a
reduction in behavioural immobility in the FST (Chandramohan et al., 2008). This
study suggests that expression of c-FOS within the DG following FST is glutamate
dependent and that NMDA-mediated transmission facilitates the learned response
underlying immobility. The dorsal raphe nucleus (DRN) is known to receive
glutamatergic projections from the medial PFC (mPFC) which predominantly synapse
on GABAergic neurons (Jankowski and Sesack, 2004), thus it is not unreasonable to

suggest that interferences within the glutamate pathway following L-NA administration
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may contribute to the alterations in DRN neuronal activation found following FST

stress.

The basolateral and medial amygdala (BLA and MeA respectively) showed reduced c-
FOS induction following FST exposure after L-NA administration. These data replicate
what has been previously reported that c-FOS production in the amygdala after swim
stress can be inhibited by the traditional antidepressants fluoxetine and venlafaxine and
the selective nNOS inhibitor 7-NI (Silva et al., 2012). On the one hand this parallelism
confirms the involvement of the amygdaloid complex in the stress response induced by
the FST and its role as a target region for drugs inducing antidepressant-like effects in
the test, and on the other hand it further supports the potential for NOS inhibitors to be
used as potential antidepressant treatments in the clinic.

Antidepressant drugs influence neuronal activation of common brain regions (Slattery et
al., 2005). A single administration of the tricyclic antidepressant imipramine, as well as
the SSRI fluoxetine, the noradrenaline and 5-HT-selective mirtazapine, and the mood
stabilizer lithium chloride, increase c-fos mRNA in the central amygdala, in the anterior
insular cortex and reduce expression within the septum when compared to saline-treated
controls. There were also specific regions influenced only by one particular drug (e.g.
strong c-fos mRNA induction was noted throughout the dorsal and ventral striatum,
including the nucleus accumbens core and shell regions only after fluoxetine treatment).
Clinically such agents require chronic administration in order to elicit their
antidepressant effects and it may be that patterns of neuronal activation would differ
following repeated administration. Silva and co-workers (2012) propose that NOS
inhibitors and antidepressants share common neurobiological substrates where FST
induced c-FOS expression in a number of brain regions in rats including the medial
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prefrontal cortex, nucleus accumbens, locus coeruleus, raphe nuclei, striatum,
hypothalamic nucleus, periacqueductal grey, amygdala, habenula, paraventricular
nucleus of the hypothalamus and bed nucleus of the stria terminals. Such effects on c-
FOS were attenuated by pretreatment with the NOS inhibitor 7-NI, and the
antidepressants venlafaxine and fluoxetine showing that 7-NI produces similar neuronal

activation effects to those of typical antidperessants.

The effects of NOS inhibitors on neuronal activation in response to stress have been
examined in other paradigms. For instance, Aguiar and Guimares (2009) confirmed
previous findings that exposure of rats to a live cat induce an increase in c-FOS
expression in the dorsolateral periaqueductal gray (dIPAG), the dorsal premammillary
nucleus of hypothalamus (PMd) and the paraventricular hypothalamic nucleus (PVNp).
In addition they reported that microinjection of the NOS inhibitor N-propyl-L-arginine
(NPLA) into the dIPAG reduced defensive behavior induced by predator exposure and
at the same time reduced FOS IR (neuronal activation) in this region (for a complete
description about the role of nitric oxide in brain regions related to defensive reactions,
please refer to Guimardes et al., 2005). It is interesting that a very similar experiment
carried out by Moreira and Guimardes (2008) showed a lack of influence of the 5S-HT
re-uptake inhibitor and antidepressant clomipramine on predator stress related c-FOS
expression, corroborating also at a molecular level the possibility for NOS inhibitors to

be used as pharmacological intervention in cases of treatment-resistent depression.

In conclusion, L-NA produced antidepressant related activity in the FST accompanied
by region specific changes in c-FOS activation. These changes occurred independently
of 5-HT and prior exposure to immobilisation stress. Increased neuronal activation is
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seen in cortical regions such as the PLCx and the LS following L-NA treatment which
paralleled with reduced neuronal activation in sub-cortico-limbic structures directly or
indirectly innervated by the frontal cortex. Further work is required to address some
open questions such as: the influence of FST itself on the regional c-FOS response in
the brain (indeed brains from rats not subjected to the FST are under current analysis
and results will subsequently be compared to the results presented in this chapter); the
identification of specific neuronal subtypes expressing c-FOS after exposure to the FST
in both controls and 5-HT depleted stressed rats, and L-NA-induced changes to this
neuronal activation pattern; the influence of 5-HT depletion and restraint stress and L-
NA administration on other IEGs’ activation. Nonetheless, the results presented here
implement the knowledge of the role of NOS in the regulation of stress responses in the
brain and the potential as a novel therapeutic target for the treatment of stress related

disorders such as depression.

3.4.4 Conclusions

Inhibition of NOS by L-NA administration was able to attenuate the depressive-like
state induced in the FST by the combination of 5-HT depletion and repeated restraint
stress. This effect was comparable to the one provoked by the traditional antidepressant
fluoxetine in the same model of depression, thus supporting L-NA as valuable new
potential antidepressant drug. L-NA’s antidepressant-like action seemed to be correlated
with a 5-HT independent region specific regulation of neuronal activation in the brain in

response to the FST, as evaluated by c¢-FOS immunostaining. In particular
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hyperactivation of cortical and septal limbic regions and a concurrent hypoactivation of

sub-cortical limbic regions were detected.

The FST can be used to detect a depressive-like state and allows to observe if this state
is influenced by a test compound. However there are some limitations to its use, the
main one being that it is primarly a test for the detection of acute antidepressant-like
activity of compounds, although some reports have used it to assess the effects of
chronic antidepressant treatment (Dulawa et al., 2004; Vazquez-Palacios et al., 2004).
Other established animal models of depression such as the olfactory bulbectomised rat
present behavioural alterations which selectively respond to chronic antidepressant
treatment, a condition which best parallels the human pharmacological treatment of
depression. Therefore it would be advisable to test L-NA in such models to provide a

better evaluation of L-NA’s antidepressant-like action in vivo.
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Results Chapter 4

Antidepressant related action of
N®-Nitro-L-arginine in the olfactory
bulbectomised rat model of depression






4.1 Introduction

In Results chapters 3 and 4 it was established that NOS inhibition can produce
antidepressant-like effects in the forced swimming test (FST), in line with numerous
other reports of the antidepressant-like activity of NOS inhibitors in preclinical tests
(Doucet et al., 2013; Ghasemi et al., 2008; Harkin et al., 2003; 2004; Volke et al.,
2003). Despite their fundamental contribution to the process of assessment of potential
antidepressant-like activity of new compounds, such tests are subject to some
limitations. In particular, antidepressant activity of well known antidepressants
including tricyclic antidepressant and selective monoamine re-uptake inhibitors are
observed in the tests following acute or sub-acute treatment, in contrast to the clinical
therapeutic effects of antidepressants which are apparent following chronic treatment
only. Given the difficulties with acute tests, the present investigation examines the
effects of NOS inhibitors in the olfactory bulbectomised (OB) rat model of depression

which responds to chronic but not acute antidepressant treatment (Harkin et al., 2003b).

The OB rat has been developed as an animal model of depression. It exhibits many
behavioural alterations that are similar to depressive-like symptoms such as irritability
and agitation, reduced sexual behaviour, anhedonia and alterations in food motivated
behaviours, cognitive deficits and many ex vivo measures of endocrine and immune
function. Many of the deficits associated with the OB syndrome, in particular
hyperactivity in a novel environment such as the “open field”, are reversed by chronic,
but not acute, antidepressant treatments (reviewed by Harkin et al., 2003; Song and
Leonard, 2005). Such face similarity with the onset of antidepressant activity in the
clinics adds validity to the OB rat model. Moreover comparisons of onset of the
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antidepressant response can be drawn between test compounds and conventional
antidepressants. Traditionally this is achieved by exposing the animals to the open field
at different time points during drug treatment (Harkin et al., 1999; Cryan et al., 1998),
or repeatedly exposing the same animals to the test over time (Breuer et al., 2008; Cryan
et al., 1999). An advantage of the latter approach is that it facilitates a reduction in the
number of animals required to test a compound in the model, but is limited on account
of habituation to the open field environment which may mask the OB related

hyperactivity.

In order to develop the translational relevance of the OB rat model magnetic resonance
imaging (MRI) may be employed to investigate both structural and functional changes
in the brain associated with the OB syndrome and the antidepressant response obtained
in the model. MRI studies in depressed patients have reported alterations in the volume
of a number of brain areas such as the hippocampus (McKinnon et al., 2009; Colla et
al., 2007) and the amygdala (Kronenberg et al., 2009; Frodl et al., 2003) when
compared to non-psychiatric healthy controls. To date there is a single MRI report of
structural and tissue related changes in OB rats where ventricular enlargement and
alterations in the water content of the extracellular tissue space in the cortex,
hippocampus, caudate and amygdaloid complex were described suggestive of altered
tissue volume or tissue compression and/or damage (Wrynn et al., 2000). In light of
this, MR imaging was undertaken in the current investigation to seek neuroimaging
markers of interest alongside the behavioural responses obtained with antidepressants

and test compounds in the model.
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Although L-arginine-derived inhibitors cannot be considered isoform selective, of these
inhibitors N”-nitro-L-arginine (L-NA) has been reported to be the most selective in
inhibiting brain NO synthesis (Lambert et al., 1991; Moncada et al., 1991). It has been
demonstrated in vivo that L-NA can compete for the active sites on the NO synthase and
inhibit the generation of NO from L-arginine (Ishii et al, 1990; Moore et al., 1990). 1-
(2-trifluoro-methyl-phenyl) imidazole (TRIM) is a selective inhibitor of nNOS with
weak inhibition against the endothelial NOS (eNOS). /n vivo studies have reported anti-
nociceptive and neuroprotective properties of TRIM, without cardiovascular effects in
animal models of pain and stroke respectively (Coert et al., 2003; Haga et al., 2003;
Handy and Moore, 1998). Moreover, it has been reported that TRIM displays
antidepressant-like properties in preclinical tests predictive of antidepressant activity
(Doucet et al., 2012; Harkin et al., 2003a; Volke et al., 2003).

The aim of the present study was to assess the antidepressant potential of L-NA in
comparison to imipramine in the OB rat model of depression. Behavioural and
neuroimaging parameters were measured to further explore a role for L-NA in
producing an antidepressant related response in the model. In order to fulfil the aim,
there were a number of objectives including (1) the development of a behavioural
parameter related to OB hyperactivity which is not subject to habituation following
repeated exposure to the “open field”, enabling onset of antidepressant activity to be
determined in the same animals by repeated exposure to the test environment; (2) to
determine onset of action of L-NA in the “open field” test by comparison to the
reference antidepressant and positive control imipramine; (3) to investigate the
expressional levels of the three isoforms of the NOS enzyme to determine if
antidepressant-like effects of NOS inhibition might be related to an enhanced

expression of a specific NOS isoform induced by the OB procedure; (4) to assess the
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selective nNOS inhibitor TRIM for antidepressant activity in the model; (5) to develop
neuroimaging markers in the model using a multimodal MRI approach and (6) to

determine physiological responses to stress in the model using radiotelemetric devices.
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4.2 Materials and Methods

4.2.1 Subjects and drug treatment

Male Sprague-Dawley rats weighing 250-320 g at the beginning of the studies were
housed in groups of four. Food and water were available ad libitum.

Imipramine hydrochloride was prepared as a solution in maple syrup to a final
concentration of 20 mg/ml and administered orally in a volume of 1 ml/kg to deliver a
dose of 20 mg/kg. L-NA was also prepared in maple syrup to a final concentration of 5
mg/ml and administered orally in a volume of 2 ml/kg to deliver a dose of 10 mg/kg.

As drugs had to be administered for almost 20 days, oral administration was preferred
over daily i.p. injections.

TRIM was dissolved by sonication in saline solution to reach a final concentration of 50
mg/ml which was administered subcutaneously at 1 ml/kg in a dose of 50 mg/kg.
Imipramine and L-NA were administered once daily for 17 days. On the day of open
field tests the drugs were administered at least 20 hr prior to test on the previous day.
TRIM was administered once daily for 7 days and the open field test was carried out 24
hr following the last treatment. Doses of the drugs were chosen on the basis that they
had been previously reported to possess antidepressant-like activity in rats in the FST
and TST (Doucet et al., 2012; Koike et al, 2011; Gigliucci et al., 2010; Réus et al.,
2011; Volke et al, 2003).

All procedures were approved by the Animal Ethics Committee Trinity College Dublin

and were in accordance with the European Council Directive 1986 (86/806/EEC).
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4.2.2 Bilateral olfactory bulbectomy (OB)

The surgical removal of both the right and left olfactory bulbs was performed as
described in the methods section. Rats were given 14 days recovery prior to any further
treatment or behavioural tests and were handled daily throughout the recovery period to
eliminate any aggressiveness that would otherwise arise. Rats receiving implantation of
bioradiotelemetric devices were given 7 days recovery after OB surgery before

undergoing telemetry surgery.

4.2.3 FExperimental design

All the behavioural studies started two weeks after bulbectomy surgery. To investigate
the persistance of hyperactivity of OB rats in a regime of repeated open field testing, a
preliminary study with straight comparison between drug-free shams and OBs was
carried out. The open field was performed every 7 days from day 14 up to day 28 post-
surgery [Fig. 3.1].

In studies involving drug treatments, following the initial open field test rats in each
study were subdivided into treatment groups such that there were no differences in
activity within the sham or OB subgroups.

For the Imipramine/L-NA experiment, subgroups were as follows: group 1: Sham +
Vehicle, group 2: Sham + Imipramine (20 mg/kg), group 3: Sham + L-NA (10 mg/kg),
group 4: OB + Vehicle, group 5: OB + Imipramine (20 mg/kg), group 6: OB + L-NA
(10 mg/kg). Animals received imipramine, L-NA or vehicle orally for 17 days and once

treatment commenced the open field test was repeated every four days. On the days of
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testing, drug administration was delayed until the open field test was carried out such
that all open field testing was conducted at least 20 hr following prior drug
administration.

For the TRIM experiment, following the initial open field test animals were subdivided
into treatment groups as follows: group 1: Sham + Vehicle, group 2: Sham + TRIM (50
mg/kg), group 3: OB + Vehicle and group 4: OB + TRIM (50 mg/kg). Animals received
TRIM (s.c.) or vehicle once daily for 7 days and the open field was performed at least

20 hr following the last drug injection.

4.2.4 Open field test

Open field test was carried out as described in the Methods section. Illumination was
provided by floor lamps positioned in the room to provide an equal dispersion of light
(200-250 lux) and to avoid casting shadows in the open field as these conditions are
optimal for the determination of OB related hyperactivity (Mar et al., 2002; Kelly et al.,

1997).

Behaviour in the open field was recorded and distance moved was measured in the first
3 minutes using the Menu2020 software (HVS Image Ltd, UK). With repeated exposure
of the same animal to the open field, OB-related hyperactivity falls and habituates to the
test environment such that it is not distinguishable from the activity levels of sham-
operated controls [Fig. 3.1a]. Repeated testing with the parameter distance moved is of
limited value therefore especially where the objective of repeated testing is to determine

the onset of antidepressant activity in the same animals over time. However from
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observation, despite habituation with repeated exposure, it remains clear that
bulbectomised animals continue to behave in an agitated manner best described as
engaging in short bursts of rapid locomotion. By taking the distance of individual bursts
or bouts of activity over the observation period and calculating the speed of these
individual bouts it was possible to devise a new parameter which relates to the
hyperactive nature of the behaviour exhibited by the OB rat which does not habituate
upon repeated exposure [Fig. 3.1b].

Speed of bout was recorded by calculating the distance moved during individual bouts
of horizontal activity and dividing by the duration in seconds of the bout over the course
of the 3 minute test. A bout of movement was defined as the rat moving continuously to
a point at least 30 cm away from the starting point of origin. Activity shorter than 1
second was not scored as the software Menu2020 accepts 1 second as the minimal
accessible time unit for analysis. Speed of bout for each rat was calculated by averaging
speeds of all bouts of activity calculated during the trial. In all cases behavioural

analysis was carried out by a single investigator who was blind to the group treatments.

4.2.5 Magnetic Resonance Imaging (MRI)

MRI scans were carried out on the day following the last open field test, 20-24 hr after

the last drug treatment. The protocol used was the one described in the Methods section.

Bolus tracking arterial spin labelling (btASL) was adopted to determine if cerebral
perfusion was changed in the OB rat model and if drug treatments might affect this

measure. Mean transit time (MTT) and capillary transit time (CTT) were analysed as
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MTT is inversely proportional to CBF, while CTT is inversely proportional to CBF
squared. The analysis also included btASL signal amplitude, as it represents an
indication of CBV (see Kelly et al., 2009; 2010).

T1 and T2 relaxation time changes were evaluated as they have been proposed to be
potential markers for changes in tissue water content and possible astrocytic activation
(Cowley et al., 2012; Sibson et al., 2008). All analysis was performed using the image
sequence analysis (ISA) tool in the Bruker Paravision 4.0 Software package. Regions of
interest selected using the ROI tool included the auditory cortex, hippocampus, parietal
association cortex, retrosplenial cortex, thalamus and visual cortex bilaterally as well as
the third ventricle.

Ventricular and hippocampal volumes were assessed as well as per the protocol

previously described in the methods section.

4.2.6 Determination of cortical NOS expression

Rats were euthanised by decapitation 24 hr following the MRI scan. The brains were
rapidly removed and checked for signs of cortical damage or incomplete removal of the
olfactory bulbs. The frontal cortex was dissected on an ice cold plate and placed in
RNase-free tubes, snap frozen in liquid nitrogen and transferred to a —80 °C freezer until
further processing for total RNA extraction, cDNA synthesis and Real-Time PCR
performance as described in the Methods section. Target genes were eNOS, nNOS,
INOS, the astrocytic activation marker glial fibrillary acidic protein (GFAP) and the
microglial marker CD11b, and they were identified by FAM-labeled probes, while the

housekeeping gene of reference, f—actin, was identified by a VIC-labeled probe. At the
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end the RQ values obtained from the 7300 System Software were converted into fold

change values relative to control group.

4.2.7 Effects of TRIM in the OB rat model

An independent experiment was carried out to determine the effects of TRIM. In order
to evaluate physiological parameters all animals were implanted with radiotelemetric
transponders one week following OB surgery as described in the Methods section. The
animals were allowed to recover for an additional week following radiotransponder
implantation prior to testing in the open field. The open field test was carried out as
described above 24 hr following the 7 day treatment schedule. Body temperature and
heart rate were continuously assessed except during the open-field test, on account of a
technical limitation of the telemetric receiving devices, and an average computed at 5-
min intervals for 15 min before and 60 min following open-field exposure. For
determination of the change in temperature and heart rate, a baseline was calculated by
averaging samples collected before open-field exposure, which was subtracted from all
values to determine changes from baseline average. Data post-stressor exposure was

compared to the baseline average.

4.2.8 Statistical analysis

Data are expressed as group mean with SEM and were analysed by two factor, two
factor repeated measures or three factor repeated measure analysis of variance

(ANOVA) where appropriate. When datasets did not meet the normality criteria,
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logarithmic transformation of the data was performed before applying the appropriate
statistical test. If any statistically significant change was found, post hoc comparisons
were performed using a Fisher’s LSD test. In all cases data were deemed significant

when p<0.05. All analysis was carried out with GB-Stat v10 statistical package.

221



i

- RN
] —j!f'
F

-
=l

i
[
i

"
b

; c
s, g

_ : . 2 E‘.}Jﬁv

i L




4.3 Results

4.3.1 OB related hyperactivity in the open field test

ANOVA of the logarithmic transformation of distance moved showed effects of OB
[F(1.16)= 25.50, p<0.01] and time [F3 12)= 1.63, p<0.05]. Post hoc comparisons revealed
that OB rats moved over a greater distance when compared to sham-operated controls
on days 14 and 21 (p<0.01) but not 28 days following surgery [Fig. 4.1a]. By contrast
ANOVA of bout speed showed effects of OB [F(; 16)= 47.89, p<0.01] and time [F;12)=
6.91, p<0.01] where post hoc comparisons revealed that the average speed of activity
bout was greater in OB rats when compared to sham-operated controls at all of the time
points analysed (p<0.01) [Fig. 4.1b]. Speed of bout was not subject to habituation in a

similar fashion to distance moved in the test arena.
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Fig. 4.1 Effects of repeated open field testing on locomotor activity parameters in the bulbectomised rat
model of depression. The first 3 min the rats spent in the open field were analysed for both distance
moved (Fig. 4.1a) and average speed/bout (Fig. 4.1b). Logarithmic transformation of distance moved data
was performed to meet normality. Data are expressed as mean and SEM of 4 animals. **p<0.01

compared to Sham-operated controls.



4.3.2 The increased speed of bout in the OB rats is not determined by the alteration

of a single speed-related parameter

ANOVA of average distance per bout showed effects of OB [F(; 16 = 14.36, p<0.01] and
time [Fo12) = 3.99, p<0.05]. Post hoc comparisons revealed that OB rats covered a
greater distance for each bout of movement 14 days after surgery when compared to
sham-operated controls (p<0.01), but this parameter normalised with repeated open
field testing [Fig. 4.2a]. ANOVA of average time per bout showed effects of time only
[F.12)= 4.19, p<0.05]. Post hoc comparisons did not reveal any differences in OB rats
when compared to sham-operated controls at any of the time points analysed [Fig.
4.2b]. ANOVA of average number of bouts in 3 minutes showed no effects of neither

OB nor time [Fig. 4.2¢].
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Fig. 4.2 Characterisation of speed related parameters in the bulbectomised rat model of depression. The
first 3 min the rats spent in the open field were analysed for average distance moved (Fig. 4.2a) and
average duration (Fig. 4.2b) of each bout of movement. The average number of bouts performed over the
3 min interval was also analysed (Fig. 4.2c¢). Data are expressed as mean and SEM of 4 animals.

**¥p<0.01 compared to Sham-operated controls.
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4.3.3 L-NA attenuates the habituation of distance moved to repeated open field
testing in OB rats and the OB related increase in activity bout speed and also
shows a faster onset of action when compared to the tricyclic antidepressant

imipramine

Prior to drug treatment there was higher average distance moved (Student’s z-test; [#43)
=3.11, p<0.01]) and bout speed (Student’s r-test; [#43) = 3.83, p<0.01]) in OB rats when
compared to sham-operated controls. ANOVA of distance moved showed effects of OB
[Fa3e = 8.55, p<0.01], drug [F239) = 12.58, p<0.0001] and time [F3117) = 23.38,
p<0.0001]. Post hoc comparisons revealed no differences between any of the groups
analysed with the exception of OB rats treated with L-NA, which showed a persistent
significantly higher distance moved when compared to OB-vehicle controls (p<0.05)
[Fig. 4.3a and c].

ANOVA of bout speeds showed effects of OB [F(;40) = 40.51, p<0.0001], drug [F2.40) =
4.52, p<0.05], an OB x drug [F2.40) = 4.69, p<0.05] and a drug x time interaction [F 120
= 6.28, p<0.0001]. Post hoc comparisons revealed that speeds were increased in OB rats
compared to sham-operated controls at all the time points analysed (p<0.05) and that
imipramine attenuated the OB related effect following 16 days of treatment (p<0.01)
[Fig. 4.3b]. 16 days of imipramine treatment also decreased speed of bout in sham-
operated rats when compared to sham-operated controls (p<0.05) [Fig. 4.3b]. L-NA also
attenuated the OB related effect on speed of bout, following 12 and 16 days of treatment
(p<0.01), thus L-NA provoked an earlier onset of action when compared to imipramine

[Fig. 4.3d].
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Fig. 4.3 Effects of imipramine and L.-NA administration in the bulbectomised rat model of depression.
After the first open field test (left part of the graphs) rats were subdivided into the 6 groups and received
daily oral imipramine (Fig. 4.3a and b) or L-NA (Fig. 4.3c and d) for 16 days. The first 3 min the rats
spent in the open field were analysed for distance moved (Fig. 4.3a and c¢) and average speed/bout (Fig.
4.3b and d). Data are expressed as mean and SEM of 6-9. *p<0.05; **p<0.01 compared to Sham-vehicle
group; +p<0.05, ++p<0.01 compared to OB-vehicle group.
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4.3.4 MR neuroimaging markers in the OB rat model

Statistical analysis of MRI data was performed on the imipramine and L-NA datasets
separately, as in some cases the effects of the two drug treatments were masking each

other.

4.3.4.1 OB is associated with changes in ventricular volume

ANOVA of ventricular volume showed effects of OB [F(; 23, = 21.62, p<0.01] and an
OB x L-NA interaction [F 23 = 5.34, p<0.05]. Post hoc comparisons revealed that
ventricular volume was increased in OB-L-NA rats compared to OB-vehicle controls
only (p<0.05) [Table 4.1]. An example of enlarged ventricles provoked by OB surgery
is shown in Fig. 4.4.

Analysis of hippocampal volume did not show any difference between OB rats and

sham-operated controls and no effects of drug treatment between the groups [Table 4.1].

Fig. 4.4 Representative high resolution MRI scans depicting enlarged ventricles following bulbectomy.
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4.3.4.2 L-NA treatment is associated with regional changes in resting state blood

perfusion

ANOVA of MTT times showed effects of L-NA in right auditory cortex [F(j 24) = 6.13,
p<0.05] and right [F(124) = 8.19, p<0.01] and left [F(; 24y = 4.75, p<0.05] hippocampus.
An OB x L-NA interaction was found in the left auditory cortex [F(;24) = 5.34, p<0.05],
while OB x imipramine [F(; 27) = 4.49, p<0.05] and OB x L-NA [F( 23 = 6.21, p<0.05]
interactions were obtained in the ventricle. Post hoc comparisons revealed that MTT
time was significantly decreased by L-NA in the left auditory cortex in sham-L-NA rats
when compared to sham-vehicle controls (p<0.01) [Table 4.1]. In the ventricle, MTT
was increased by imipramine in OB rats when compared to OB-vehicle controls
(p<0.05). A similar effect in OB rats was provoked by L-NA in right and left
hippocampus when compared to OB-vehicle controls (p<0.01) [Table 4.1].

ANOVA of CTT times showed significant effects of OB in the left thalamus [F(;27) =
4.50, p<0.05], of L-NA in the right hippocampus [F(24) = 7.23, p<0.05], and OB x
imipramine [F(; 27) = 4.55, p<0.05] and OB x L-NA [F(;23) = 5.17, p<0.05] interactions
in the ventricle. Post hoc comparisons revealed that CTT time was increased by L-NA
in the right hippocampus and in the ventricle when compared to OB-vehicle controls
(p<0.05 and p<0.01 respectively) [Table 4.1].

ANOVA of amplitude showed significant effects of L-NA in the left auditory cortex
[Fa23) = 9.14, p<0.01], right [F(24) = 4.93, p<0.05] and left [F(24) = 4.96, p<0.05]
thalamus and in the ventricle [F(; 24y = 6.01, p<0.05]. Post hoc comparisons revealed that
L-NA significantly increased amplitude in the left auditory cortex in sham L-NA-treated

rats when compared to sham-vehicle controls (p<0.05), while it reduced it in the right
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and left thalamus of OB L-NA-treated rats when compared to OB-vehicle controls
(p<0.05) [Table 4.1].
A representative cerebral blood perfusion map depicting effects of L-NA treatment on

cerebral blood perfusion in OB rats can be seen in Fig. 4.5.

Fig. 4.5 Representative cerebral blood perfusion map depicting decreased cerebral blood perfusion

following [.-NA treatment in OB rats.
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Table 4.1 Regional brain volume and regional resting state blood perfusion in the OB model of depression (Continues on next page)

Sham OB
Vehicle Imipramine L-NA Vehicie Imipramine L-NA
Hippocampal volume (% of control %volume) 100.00 = 6.186 95.07 +2.606 105.20 = 3.790 99.99 +4.492 99.25 +2.284 102.90 +4.148
Ventricular volume (% of control % volume) 100.00 + 8.249 86.24 + 4.899 79.46 + 8.483 146.70 £ 15.70 200.60 +31.37 218.00 £ 37.31 +
MTT (s) 2.033+0,132 1.911+0.102 1.735 £0.117 1.938 £ 0.100 1.909 +0.098 1.678 +0.092
Right Auditory Cortex CTT (s) 1.624 +0.130 1.579 +£0.102 1.490 +0.097 1.547 £0.104 1.481 £0.109 1.430 +0.066
Amplitude (a.u.) 0.080 +0.008 0.091£0.010 0.099 + 0.002 0.086 +0.009 0.087 = 0.009 0.093 +0.004
MTT (s) 2.190 £ 0.095 1.951 £0.119 1.598 £ 0.101 ** 1.933 +0.135 1.962 + 0.080 2.013 £0.237
Left Auditory Cortex CTT (s) 1.727 £0.163 1.525 +0.094 1.391+0.203 1.518 £0.146 1.567 +0.283 1.669 +0.340
Amplitude (a.u.) 0.074 £ 0.005 0.090+0.010 0.095 £ 0.003 * 0.078 +0.008 0.081 +0.008 0.092 £ 0.006
MTT (s) 1.573 £0.068 1.523 £ 0.082 1.725 £ 0.096 1.558 £0.107 1.610 £ 0.097 2.000 £0.138 ++
Right Hippocampus CTT (s) 1.394 £ 0.065 1.398 £ 0.087 1.504 +0.089 1.416 +0.105 1.452 £ 0.098 1.841 £0.132 ++
Amplitude (a.u.) 0.095 £0.007 0.113£0.011 0.097 +0.003 0.112£0.013 0.099 +0.001 0.090 +0.054
MTT (s) 1.574 £0.074 1.567 £ 0.104 1.716 £ 0.095 1.594 £ 0.136 1.606 + 0.083 1.891 + 0.035 +
Left Hippocampus CTT (s) 1.436 +0.089 1.565 +0.132 1.486 +0.087 1.491 +0.160 1.402 £ 0.076 1.693 +0.024
Amplitude (a.u.) 0.097 +0.008 0.113+0.013 0.099 £ 0.003 0.093 £ 0.009 0.086 + 0.009 0.092 +0.004
MTT (s) 1.459 +0.087 1.408 +0.053 1.757 £ 0.190 1.482 +0.099 1.497 £ 0.082 1.491 +0.047
Right Thalamus CTT (s) 1.379+0.117 1.214 +0.087 1.428 +0.098 1.354 £ 0.096 1.312 +£0.082 1.329 +£0.054
Amplitude (a.u.) 0.115£0.010 0.129+0.013 0.104 + 0.005 0.133+0.017 0.122+0.013 0.094 +0.004 +
MTT (s) 1.600 + 0.120 1.434 £0.074 1.500 £ 0.062 1.519 +£0.089 1.712+£0.133 1.497 £ 0.063
Left Thalamus CTT (s) 1.330+0.077 1.271 £ 0.064 1.355+0.079 1.442 £0.095 1.664 +0.166 1.346 +0.053
Amplitude (a.u.) 0.113+0.010 0.125+0.013 0.099 + 0.003 0.125+0.015 0.115+0.013 0.092 +0.003 +
MTT (s) 2.070£0.172 1.870 £ 0.117 1.653 +0.158 1.689 +0.120 2.069 £0.138 + 2.150 +£0.258
Ventricle CTT (s) 1.597 £ 0.253 1.305+0.195 1.356 = 0.065 1.084 + 0.186 1.584 £ 0.121 1.656 = 0.170 +
Amplitude (a.u.) 0.143 £0.020 0.157 £0.022 0.103 £ 0.004 0.159 £0.027 0.135+£0.022 0.109 +0.002
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Table 4.1 (Continued) Regional resting state blood perfusion in the OB model of depression

Sham OB
Vehicle Imipramine L-NA Vehicle Imipramine L-NA

MTT (s) 1924 + 0.050 1748 £0.110 1.853 +0.072 1.785 £ 0.128 1.866 £ 0.072 1.892 £ 0.065
Right Visual Cortex CTT (s) 1.604 + 0.052 1453 + 0.094 1.489 = 0.166 1.661 0115 1.625 + 0.090 1.609 +0.102
Amplitude (a.u) |  0.083 +0.006 0.099 = 0.010 0.096 = 0.003 0.092 £ 0.009 0.087 £ 0.006 0.090 + 0.005
MTT (s) 2.034 +0.101 1.848 = 0.100 2.032+0.114 2.009 £ 0.153 1997  0.053 1.898 + 0.162
Left Visual Cortex CTT (s) 1710 + 0.156 1.595 +0.124 1735 £ 0.191 1.661 £ 0.147 1723 + 0.079 1.634 +0.194
Amplitude (a.u) |  0.082 % 0.006 0.096 = 0.009 0.097 = 0.003 0.082 £ 0.008 0.082 +0.007 0.097  0.009
MTT (s) 1.632 £ 0.066 1.625 = 0.090 1.635 + 0.069 1742 £ 0.052 1748 + 0.075 1.654 + 0,052
Right Pweistal CTT (s) 1462 £ 0.051 1394 +0.081 1329 +0.141 1.433 £0.053 1437 £0.053 1491 + 0.050

Association Cortex -
Amplitude (a.u) |  0.087 £0.007 0.100 + 0.010 0.103 £ 0.003 0.091 +0.008 0.088 + 0.008 0.095 + 0.004

e e MTT (s) 1,727 + 0.064 1751 £ 0.105 1.599 = 0.113 1.896 + 0.090 1.833 +0.093 1.611 £0.083 +
eft Parieta
CTT (s) 1443 £ 0.061 1479 +0.112 1302 +0.171 1.680 £ 0.113 1.502 + 0.075 1422 + 0.064
Association Cortex
Amplitude (a.u) | 0.090 = 0.007 0.094 + 0.008 0.099 0.003 0.090 = 0.008 0.084 + 0.008 0.096 + 0.006
MTT (s) 1.889 +0.136 1.835 +0.130 2.098 = 0.151 1.807£0.118 1.917 +0.126 2.095 +0.153
RIghvistrkplesiul CTT (s) 1569 £ 0.138 1.442 £ 0.094 1796 £ 0.112 1462 £0.126 1596 + 0.122 1.816+0.127
Cortex
e Amplitude (a.u) |  0.091 £0.007 0.101 £0.012 0.099 + 0,004 0.094 £ 0.010 0.091 = 0.010 0.094 + 0.004
MTT (s) 1.849 + 0.109 1.742£0.119 1.853 +0.099 1,749 £ 0.116 1.820 + 0.094 1780 + 0.074
Left Retrosplenial
. CTT (s) 1.540 £0.110 1.549 + 0.134 1.499 = 0.088 1563 % 0.164 1.574 £0.112 1.597 +0.101
ortex

Amplitude (a.u) | 0.088 +0.007 0.106 = 0.012 0.095 + 0.004 0.093 £ 0.009 0.086 + 0.009 0.092 + 0.004
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Table 4.1 Summary of MR imaging markers for regional brain volume and regional resting state blood
perfusion in the OB model of depression following chronic oral treatment with imipramine and L-NA.
MTT = mean transitory time, CTT = capillary transitory time, a.u. = arbitrary units. Data are expressed as
mean and SEM of 6-8 animals. *p<0.05, **p<0.01 compared to Sham-vehicle group, +p<0.05, ++p<0.01

compared to OB-vehicle group.

4.3.4.3 L-NA treatment is associated with changes in Tl and T2 relaxation times

ANOVA of T1 relaxation times showed a significant effect of L-NA in right visual
cortex [F(j24) = 9.63, p<0.01], right parietal association cortex [F(24) = 4.25, p=0.05],
right [F(24) = 6.10, p<0.05] and left [F(; 24y = 6.42, p<0.05] retrosplenial cortex, right
[Fi23) = 4.81, p<0.05] and left [F( 24) = 5.26, p<0.05] hippocampus and right [F 23 =
23.40, p<0.01] and left [F(24) = 9.69, p<0.01] thalamus. Moreover, an OB x L-NA
interaction was found in left visual cortex [F(;24) = 4.15, p=0.05] and left hippocampus
[Fa24y = 5.26, p<0.05]. Post hoc comparisons revealed that T1 time was increased in
sham-L-NA rats compared to sham-vehicle controls in the right parietal association
cortex and the right thalamus (p<0.05). T1 times were significantly higher in OB-L-NA
rats when compared to OB-vehicle controls in right and left visual cortex, right and left
retrosplenial cortex, right and left hippocampus and right and left thalamus (p<0.05 and
p<0.01) [Table 4.2].

ANOVA of T2 relaxation times showed a significant effect of OB surgery in right
[Fi28) = 8.57, p<0.01] and left [F(;25) = 8.84, p<0.01] visual cortex, left retrosplenial
cortex [F(128) = 9.60, p<0.01], left hippocampus [F2s) = 4.87, p<0.05] and left
thalamus [F(28) = 5.50, p<0.05]. Imipramine effect was only seen in the right
hippocampus [F(;28) = 5.27, p<0.05], while L-NA effect was seen in the right visual

cortex [F24) = 9.95, p<0.01], right retrosplenial cortex [F(;24) = 7.10, p<0.05], right
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hippocampus [F(; 23y = 15.74, p<0.01] and right [F; 23) = 4.82, p<0.05] and left [F(j 24) =
12.09, p<0.01] thalamus. An OB x imipramine interaction was found only in the right
hippocampus [F( 28y = 7.49, p<0.05], while OB x L-NA interactions were seen in left
retrosplenial cortex [F(;24) = 4.66, p<0.05], right hippocampus [F 23y = 10.74, p<0.01]
and left thalamus [F(;24) = 5.95, p<0.05]. Post hoc comparisons revealed that T2 time
was decreased in OB rats when compared to sham-vehicle controls in the right and left
visual cortex, left retrosplenial cortex and right hippocampus (p<0.05 and p<0.01). T2
times were normalised in OB rats by imipramine in the right hippocampus and by L-NA
in the right visual cortex, the right and left retrosplenial cortex and the right
hippocampus when compared to OB-vehicle controls (p<0.05 and p<0.01). Moreover L-
NA increased T2 time in OB-LNA treated animals when compared to OB vehicle-

treated controls in the right and left thalamus (p<0.01) [Table 4.2].
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Table 4.2 Regional T1 and T2 relaxation times in the OB model of depression (Continues on next page)

Sham OB
Vehicle Imipramine L-NA Vehicle Imipramine L-NA

T1 (ms) 1942.00 + 23.60 1915.00 + 28.01 2008.00 +37.25 1914.00 £ 19.27 1918.00 + 16.58 | 2069.00 + 60.66 ++
Right Visual Cortex

T2 (ms) 52.17+0.42 52.27 £0.36 52.69+0.25 51.08 £0.28 * 51.41+0.27 52.58 £0.30 ++

T1 (ms) 1967.00 + 35.68 1971.00 £ 33.37 1937.00 + 25.48 1930.00 + 24.80 2001.00 +23.73 2027.00 + 39.45 +

Left Visual Cortex
T2 (ms) 52.53+ 025 52.69 +£0.32 52.51+0.38 51.62+0.31 * 51.81+0.30 52.64 £0.92
T1 (ms) 1812.00 +21.94 1814.00 £ 20.30 1859.00 + 35.77 1793.00 + 11.66 1811.00 +20.07 1882.00 + 38.71 +
Right Retrosplenial Cortex
T2 (ms) 48.86 +0.46 48.65£0.43 49.41+0.33 47.75 +0.35 48.38 £0.27 49.33 +£0.46 +
T1 (ms) 1820.00 + 33.77 1824.00 +17.36 1839.00 +21.94 1792.00 + 11.30 1843.00 + 27.31 1899.00 + 29.84 ++
Left Retrosplenial Cortex

T2 (ms) 49.64 £0.71 48.96 +0.32 49.43 +0.51 47.65+0.27 ** 48.16 +0.43 49.82 +0.69 +

T1 (ms) 1884.00 = 16.46 1901.00 +27.64 1933.00 £ 22.59 1889.00 +20.28 1904.00 + 14.95 1988.00 + 63.98 +
Right Hippocampus

T2 (ms) 52.28£0.35 52.16+0.25 52.65+0.35 5124025 * 52,64 £0.27 ++ 55.13 £ 1.03 ++

T1 (ms) 1930.00 + 25.76 1909.00 + 16.63 1918.00 + 14.26 1893.00 +29.62 1943.00 + 23.84 2029.00 + 34.54 +
Left Hippocampus

T2 (ms) 53.51£041 53.31+0.40 53.79+£0.46 52.73+0.43 52.51+0.18 53.97+0.83

T1 (ms) 1623.00 +21.14 1623.00 + 23.75 1694.00 + 16.24 * 1601.00 £21.12 1650.00 + 21.06 1709.00 £ 12.49 ++

Right Thalamus
T2 (ms) 46.11 £0.38 46.52 +0.46 47.65+0.10 46.74 £0.57 46.37+0.26 48.09 £0.35 ++
T1 (ms) 1639.00 + 29.77 1643.00 + 14.95 1687.00 + 22.95 1610.00 £ 23.76 1663.00 + 15.69 1710.00 £ 10.15 ++
Left Thalamus
T2 (ms) 46.65 £0.29 46.83 +0.24 47.10+0.21 46.12 +0.25 46.18 +£0.23 48.03 £ 0.46 ++
. : T1 (ms) 1995.00 + 68.60 1908.00 £ 61.51 2041.00 £ 56.97 2004.00 + 32.85 2025.00 + 88.03 2066.00 + 95.54
/entricle
T2 (ms) 66.17 £2.41 65.26 +3.23 60.79 +2.98 63.53+£2.33 66.04 £3.01 64.18 +2.39




Table 4.2 (Continued) Regional T1 and T2 relaxation times in the OB model of depression

Sham OB
Vehicle Imipramine L-NA Vehicle Imipramine L-NA

Right Auditory Cortex T1 (ms) 1802.00 + 29.72 1842.00 +29.16 1856.00 + 18.88 1868.00 £ 12.61 1820.00 +23.18 1851.00 + 20.73
T2 (ms) 49.62 +0.39 50.07 +0.28 50.32+0.43 49.59 +£0.26 49.37+0.23 50.44 +0.30

Lete Auitory Cortex T1 (ms) 1824.00 + 37.34 1842.00 + 40.66 1839.00 + 23.54 1859.00 + 29.70 1844.00 +23.12 1892.00 + 33.13
T2 (ms) 50.79 +0.52 50.42 +0.37 50.93 +0.47 50.62 £ 0.55 49.55£0.24 50.46 +0.22

Right Parietal Association T1 (ms) 1839.00 + 15.56 1874.00 + 30.21 1939.00 + 33.12 * 1907.00 + 20.65 1865.00 = 18.08 1915.00 + 34.15
Cortex T2 (ms) 50.44 +0.30 50.49 +0.31 50.57+0.37 50.43 +0.30 50.61 +0.25 50.13 +£0.45

Left Parietal Association T1 (ms) 1921.00 + 37.29 1915.00 + 31.55 1904.00 + 20.78 1906.00 + 12.00 1911.00 +25.15 1895.00 + 29.15
Cortex T2 (ms) 51.06 £0.31 51.43 +0.30 50.95+0.29 51.06 + 0.34 50.68 +0.31 51.06 +0.72

Table 4.2 Summary of MR imaging markers for regional T1 and T2 relaxation times in the OB model of depression following chronic oral treatment with imipramine and L-

NA. Data are expressed as mean and SEM of 6-8 animals. *p<0.05. **p<0.01 compared to Sham-vehicle group, +p<0.05. ++p<0.01 compared to OB-vehicle group.
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4.3.5 OB is not associated with changes in cortical NOS expression

B-actin was used as the reference housekeeping gene in this study and its validity was
assessed by comparison of the cycle threshold (CT) between all the groups in the frontal
cortex. No alterations in the expression of B—actin were found (Sham-Vehicle CT =
19.74 + 0.07; Sham-Imipramine CT = 19.89 + 0.16; OB-Vehicle CT = 19.79 + 0.10;
OB-Imipramine CT = 19.63 + 0.08). No changes in the expression of n, e and iNOS
were found in the frontal cortex of OB rats when compared to sham-operated controls
[Table 4.3]. OB was associated with an up-regulation of the astrocytic marker GFAP in
the frontal cortex [F(j2s5) = 7.92, p<0.01] when compared to sham-operated controls.
Treatment with imipramine reduced the OB related increase in expression of this marker
whereas imipramine treatment alone failed to significantly influence its expression in
sham-operated controls [Table 4.3]. The expression of the microglial marker CD11b

was not affected neither by surgery nor imipramine [Table 4.3].

Table 4.3 Effects of 16 days of imipramine treatment on expression of NOS isoforms and glial

related markers in the bulbectomised rat model of depression.

Fold Change vs Sham-Vehicle controls
. Sham —Imipramine . OB —Imipramine

Target Sham-Vehicle 3} mglke OB-Vehicle 20 e

eNOS 1.000 + 0.038 1.096 + 0.082 1.004 + 0.037 0.898 + 0.051
nNOS 1.000 +0.125 1.411 +£0.161 1.033 + 0.088 1.056 £ 0.125
iINOS 1.000 + 0.155 2.144 + 0.554 2.030 + 0.350 1.911 +0.340
GFAP 1.000 +0.112 1.087 + 0.074 2.175 £ 0.471 * 1.399 £ 0.211
CDI11b 1.000 + 0.103 1.049 + 0.029 1.197 £ 0.103 0.987 + 0.106

Table 4.3 mRNA expression profile for NOS isoforms and glial related markers in the bulbectomized rat
model of depression after 16 days of imipramine treatment. mRNA expression levels were measured by
quantitative PCR in cortical samples. Data are expressed as mean and SEM of 6-9 animals. *p<0.05

compared to Sham-Vehicle group, +p<0.05 compared to OBx-Vehicle group.
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4.3.6 TRIM attenuates OB related hyperactivity in the open field but fails to

influence open field induced hyperthermia or tachycardia

Prior to drug treatment there was a higher average bout speed in OB rats when
compared to sham operated controls (Student’s t-test; 22y = 4.47, p<0.01) [Fig. 4.6a].
ANOVA of bout speed following 7 days of treatment showed effects of OB [F(j20) =
23.17, p<0.0001] and TRIM [F (i 20) = 5.79, p<0.05]. Post hoc comparisons revealed that
bout speed was increased in OB rats compared to sham-operated controls (p<0.01)
which was attenuated in the OB-TRIM treated group (p<0.05). TRIM alone failed to
influence bout speed in sham-operated controls [Fig. 4.6b].
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Fig. 4.6 Rapid behavioural effects of TRIM in the bulbectomised rat model of depression. After the first
open field test (Fig. 4.3a), rats were subdivided into the 4 groups and received daily s.c. TRIM/vehicle
administration for 7 days. 24 hr after the 7™ injection, rats were tested again in the open field (Fig. 4.3b).
The first 3 min the rats spent in the open field were analysed for average speed/bout. Data are expressed
as mean and SEM of 5-6 animals. *p<0.05, **p<0.01, ***p<0.001 compared to Sham-vehicle group;
+p<0.05 compared to OBx-vehicle group.
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To exclude any possible effect of TRIM on resting body temperature and heart rate, the
24 hr prior to the second open field exposure were observed at 1 hr intervals and no
effects of TRIM were detected on both parameters (data not shown).

ANOVA of change in body temperature following an initial drug-free open field
exposure showed effects of OB [F( ) = 11.23, p<0.01], time [Fs308y = 11.19,
p<0.0001] and an OB x time interaction [F(4308y = 5.76, p<0.0001]. Post hoc
comparisons revealed an increase in body temperature in sham animals following open
field exposure which persisted for 40 minutes when compared to baseline (p<0.05). A
similar increase was not apparent in OB rats and was significantly reduced at all the
time points analysed when compared to their sham-operated counterparts (p<0.05) [Fig.
4.7a].

ANOVA of change in body temperature in response to open field re-exposure following
7 days of TRIM administration showed effects of time [F(j4266) = 20.88, p<0.001] and
an OB x time interaction [F(j4266) = 2.00, p<0.05]. Post hoc comparisons revealed an
increase in temperature in sham-operated controls following open field exposure for 30
minutes when compared to baseline (p<0.05). A reduced temperature response was
evident in OB rats throughout when compared to sham-operated controls (p<0.05) and
this response was not affected by TRIM. TRIM also failed to influence the increase in

temperature observed in sham-operated controls [Fig. 4.7b].

ANOVA of change in heart rate following the initial open field exposure showed effects
of OB [F(122) = 9.63, p<0.01], time [Fa4308y = 11.17, p<0.0001] and an OB x time
interaction [F 14 308) = 2.63, p<0.01]. Post hoc comparisons revealed an increase in heart
rate in sham-operated controls for 25 minutes when compared to baseline (p<0.05). A

similar increase was not apparent in OB rats and heart rate was significantly lower when
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compared to sham-operated controls 10, 40 and 45 minutes following exposure to the
open field (p<0.05) [Fig. 4.7¢c].

ANOVA of change in heart rate in response to open field re-exposure following 7 days
of TRIM administration showed an effect of time only [F(14.266) = 17.64, p<0.0001]. Post
hoc comparisons revealed an increase in heart rate in sham-operated controls for 30
minutes in response to exposure to the open field when compared to baseline (p<0.05).
A reduced increase in heart rate response was evident in OB rats throughout when
compared to sham-operated controls (p<0.05) and this response was not influenced by
TRIM. TRIM also failed to influence the increase in heart rate observed in sham-

operated controls [Fig. 4.7d].
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Fig. 4.7 Physiological responses to stress in the bulbectomised rat model of depression. After the first
open field test (Fig. 4.7a and 4.7c), rats were subdivided into the 4 groups and received daily s.c.
TRIM/vehicle administration for 7 days. 24 hr after the 7" injection, rats were tested again in the open
field (Fig. 4.7b and 4.7d). Body temperature (Fig. 4.7a and 4.7b) and heart rate (Fig. 4.7c and 4.7d) were
recorded every 5 minutes for 1 hr following the end of the test. Data are expressed as mean and SEM of
5-6 animals. *p<0.05, **p<0.01 compared to respective baseline values; +p<0.05, ++p<0.01 compared to

Sham-vehicle group.
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4.4 Discussion

L-NA reduced OB related hyperactivity in the open field in a similar fashion to
imipramine treatment following 16 days of treatment, although the response was also
evident with L-NA following 12 days of treatment indicating a faster onset of action.
The selective nNOS inhibitor TRIM also proved to be effective in the model, reducing
OB-induced hyperactivity after only 7 days of administration. Attenuation of the
behavioural hyperactivity of OB rats is a property shared by a variety of typical and
atypical antidepressants (Kelly et al., 1997). To my knowledge, this is the first time that
NOS inhibitors have been tested in the OB rat model of depression. The results add
support to accumulating evidence in favour of the antidepressant related properties of
NOS inhibitors as reported in a range of acute pre-clinical paradigms to date (Ghasemi

et al., 2008; Harkin et al., 2004; 2003; Mutlu et al., 2009; Volke et al., 2003).

4.4.1 The speed per bout parameter withstands habituation to repeated open field

testing

Hyperactivity of OB rats in a novel environment compared to their sham-operated
counterparts is one of the most tested features of the OB syndrome (reviewed by Harkin
et al., 2003). Chronic antidepressant treatment consisting of a minimum of 14
consecutive days of administration is normally required for traditional antidepressants
to normalise the behavioural syndrome (Harkin et al., 1999; Cryan et al., 1998; Norman
et al., 2012; Pandey et al., 2010). To assess onset of action however it becomes

necessary to test animals at intervals leading up to 14 days which may be achieved
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either by treating different groups of animals which are tested at difference times
(Harkin et al., 1999; Cryan et al., 1998) or by treating a single group of animals and
exposing them to the test at multiple times. As shown in this chapter when evaluating
distance moved as indicator of hyperactivity, the latter strategy has proved to be less
successful on account of habituation to the test environment, although there are reports
where repeated testing in the open field have produced few signs of adaptation in either
OB or sham-operated animals (Breuer et al., 2008; Cryan et al., 1999). To illustrate the
problem a clear adaptation of distance moved in the test arena is evident when the
animals are tested once per week over a three week period (see Fig. 4.1a). Despite this
adaptation however OB rats remain behaviourally agitated in the open field with
elements of hyperactivity present to the observer. This may be best described as the
animals showing more sporadic movements, with sudden and fast bouts of random
movement rather than the more natural homogeneous and inquisitive patterns of
locomotion typically exhibited by rats in the open field. To capture this behaviour a new
hyperactivity parameter was devised based on the speed of bouts of activity rather than
distance moved representative of the average speed of the rats’ horizontal movement in
the arena independent of the number of bouts of movement performed and of the
amount of time the rats spend mobile during the test. For example, although OB rats
may spend a considerable amount of time either mobile or immobile during the test,
they move more rapidly in the test arena, a characteristic reflected by a higher bout
speed when compared to sham-operated controls. What is essential for antidepressant
screening is that bout speed does not adapt and is not subject to the same degree of
habituation when compared to the more commonly adopted distance moved parameter
(see Fig. 4.1b). As distance moved per bout habituated over time and the duration of
bouts did not show any major differences between shams and OBs and considering also
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that the number of bouts was similar between the two groups throughout all the time
points analysed, we can conclude that the increase in speed per bout exhibited by OB
rats is not determined by the alteration of one specific parameter, but rather from an

altered combination of distance moved and duration per bout (see Fig. 4.2).

4.4.2 NOS inhibitors show a faster antidepressant action compared to imipramine in

the OB model of depression

As previously described, L-NA reduced OB related hyperactivity represented as speed
of bout in the open field test. To my knowledge, this is the first time that NOS inhibitors
have been tested in the OB rat model of depression. The results add support to
accumulating evidence in favour of the antidepressant related properties of NOS
inhibitors as reported in a range of acute pre-clinical paradigms to date (Ghasemi et al.,
2008; Harkin et al., 2004; 2003; Mutlu et al., 2009; Volke et al., 2003). When looking at
distance moved, however, L-NA prevented the habituation of the OB rats to the regime
of repeated open field testing. The nitric oxide synthase inhibitor L-NAME has been
repeatedly reported to impair spatial learning and memory in healthy rats (Tanaka et al.,
2009; Bannerman et al., 1994; Chapman et al., 1992), however in this study sham
animals did not show impairments in habituating to the open field. The doses of L-
NAME used in the aforementioned reports are consistently higher (100 mg/kg and 75
mg/kg) compared to the dose of 10 mg/kg of L-NA used in the current study, and
injections were administered 1 hr prior to training/behavioural testing, while in the
current protocol L-NA was provided at least 20 hr prior to testing. These differences in

dose and time of administration might explain why sham rats behaved normally over
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time in the open field. Bulbectomy in rodents is known to induce impaired learning
(Mucignat-Caretta et al., 2006; Grecksch et al., 1997, Yamamoto et al., 1997) and this
predisposition combined with a possible learning impairment induced by L-NA
administration, even though at a very low dosage, might explain why OB-L-NA rats did
not display a rate of habituation to the open field similar to that displayed by OB control
rats. Further and more focused experiments are needed to support this hypothesis,
however this data confirm the unreliability of distance moved as a reference parameter
to evaluate the onset of antidepressant-like action of drugs in the OB model of
depression.

In support of the antidepressant related response to L-NA, sub-acute treatment with the
nNOS inhibitor TRIM also reduced OB related hyperactivity in the open field. TRIM
has been previously reported to produce a fast onset of action when compared to
fluoxetine in the chronic unpredictable mild stress paradigm in mice (Mutlu et al.,
2009), where an improvement of the coat state occurs 2 weeks earlier than that observed
in fluoxetine-treated animals.

From these results it seems that nNOS might be the target of selection for an
antidepressant-like activity over general inhibition of NOS isoforms. As no alteration in
the levels of expression of the NOS enzymes was found (see Table 4.3), it appears that
in some way eNOS and/or iNOS-derived NO might favour an antidepressant-like action
in the OB model of depression. This might be due to differences in regional and cellular
localisation of each NOS isoform, particularly the constitutive ones, in the brain thus
leading to different downstream effects of NO (Buchholzer and Kline, 2002; Kano et

al., 1998).
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4.4.3 TRIM fails to influence heart rate and body temperature responses to stress in

the OB model of depression

The present investigation also assessed OB-induced alterations in heart rate and core
body temperature and the impact of treatment with TRIM on these parameters. Heart
rate and body temperature were increased in sham-operated rats following open field
exposure, a predictable response to stress which was significantly reduced in OB rats.
Such a reduced stress response has been previously reported in the OB rat model
(Roche et al., 2007). Treatment with TRIM failed to influence the heart rate and body
temperature response in either OB or sham-operated rats. This is in contrast to the
effects reported by Roche et al. (2007) where chronic treatment with the 5-HT re-uptake
inhibitor fluoxetine attenuated all of the OB associated changes. The effects of nNOS
inhibitors on the regulation of core body temperature in response to stress have been
previously reported in rats (Soszynski, 2001; 2006) although such effects are associated
with acute inhibition and the effects of chronic NOS inhibition on this parameter are
less well characterised. The lack of effect of TRIM on heart rate despite the
antidepressant effect on behaviour in the open field may also relate to the duration of
the drug treatment schedule. Peraphs a longer treatment is required to restore
physiological responses to stress. Regardless of the absence of an attenuation of the
abnormal stress response in OB rats, the lack of effects on heart rate and body
temperature suggests that the test drug does not provoke adverse effects on these
physiological parameters and renders the drug safer to use. The combination of a
positive effect on a behavioural parameter (hyperactivity) and absence of effect on

physiological parameters (body temperature and heart rate) suggests that different
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mechanisms are associated with the regulation of these stress sensitive parameters as

proposed by Vinkers et al. (2009).

4.4.4 OB surgery does not induce the expression of NOS genes

Removal of the olfactory bulbs was not associated with a change in the expression of
any of the NOS isoforms indicating that the overproduction of NO is unlikely to be
associated with the OB syndrome, as there is no excess of NOS expression in the brain
of OB rats. However to rule out completely an involvement of NO in the OB syndrome,
an assessment of the activity rates of the NOS enzymes would be required. This is also
supported by previous reports that neither bulbectomy nor treatment with the tricyclic
antidepressant desipramine (5 mg/kg, i.p. for 21 days) influences cortical NOS activity
when compared to sham-operated or vehicle-treated controls respectively (Harkin et al.,
1999). By contrast, systemic L-NA administration (1-10 mg/kg, i.p. for 21 days)
produced a dose related reduction in cortical NOS activity (>90%) measured by the
conversion of [° H]arginine to [*H]citrulline in cortical cytosol in a pilot study carried

out in naive rats (unpublished observations).

A small increase in the expression of GFAP (2-fold higher compared to B-actin levels
used as reference) was observed in the cortex of OB rats when compared to their sham-
operated counterparts, which was attenuated following imipramine treatment. It is worth
noting that these changes, whilst modest, have been reproduced in a number of separate
experiments in the laboratory to date. The results are consistent with other reports of an

anti-inflammatory action of imipramine (Yang et al., 2010). In particular, it appears that
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imipramine is able to exert this anti-inflammatory action through inhibition of NF-kB
(Lee et al., 2012; Yang et al., 2010) which is known to be implicated in GFAP
transcription (Hwang et al., 2010). GFAP expression may be considered a marker of
astrogliosis (Eng and Ghirnikar, 1994) and may be associated with aberrant
dysregulation within the glutamatergic system given the role of astrocytes in the
regulation of synaptic glutamate. Traditionally the neurochemical abnormalities
underlying the behavioural deficits in OB rats were assumed to be mediated through the
5-HT system although there are a number of reports where central glutamate and
glycine concentrations and the binding properties of NMDA receptors are altered in the
model (Collos, 1984; Scholfield et al., 1983; Harvey et al., 1975; Dennis et al., 1994).
Moreover Redmond et al. (1996; 1997) reported that glycine, a modulator at NMDA-R,
and the use-dependent NMDA-R antagonist MK-801 exhibit antidepressant-like activity
in the OB rat. Such effects were apparent at doses that do not produce any change in
other behavioural activities or body weight. As the NMDA-R gates Ca®>* which interacts
with calmodulin to subsequently activate NOS (see Fig. 5), such a mechanism may
underlie the antidepressant related activity of NOS inhibitors in the model although

further work will be required to support this.

4.4.5 MR imaging markers in the OB model of depression

The MRI data collected in the present investigation include an analysis of regional
blood perfusion changes at rest to assess effects of the OB lesion, volumetric analysis of

the third ventricle and hippocampus and T1 and T2 relaxation times which are reported
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as potential indicators of astrocytic activation (Cowley et al., 2010). To my knowledge,

this is the first time this type of MRI data was collected in the OB rat model.

In the first instance bulbectomy failed to influence cerebral blood perfusion as assessed
by bt-ASL MRI. The lesion has been previously reported not to alter resting regional
glucose consumption, an indirect way to evaluate brain activity (Skelin et al., 2010). It
seems that a challenge with a stressor is fundamental to elicit differences in regional
neuronal activation in comparison with sham-operated animals, as bulbectomy provokes
altered neuronal activation patterns in response to the open field (Roche et al., 2007).
Despite the lack of change to resting state perfusion in OB rats, L-NA administration
produced a reduction in resting state blood perfusion to the hippocampal regions in OB
rat but not in sham-operated controls. As both nNOS and eNOS have a role in
regulating cerebrovascular tone (Koehler et al., 2009) and L-NA is a non selective
inhibitor of NOS, it is not possible to know by which mechanism L-NA exerts its action
on resting state cerebral blood perfusion. It is tempting to speculate that the reason why
L-NA provokes changes in OB rats only may relate to astrocytic activation and
dysregulated perfusion which becomes apparent when these animals are treated with L-
NA. Future imaging work may involve the use of a specific nNOS inhibitor to try to
discern if these effects on cerebrovascular tone are primarily due to the inhibition of

nNOS or eNOS.

Enlarged ventricles have previously been reported in OB rats (Wrynn et al. 2000), and
this parallels evidence of enlarged ventricles in depressed patients (Elkis et al, 1995). In
the current investigation there was a statistical trend towards increased ventricular
volume following bulbectomy (p<0.05 versus sham-operated controls #-test). Both L-
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NA and imipramine treatment resulted in a non significant increase in total ventricular
volume in OB animals when compared to their sham-operated counterparts. As this
increase is not associated with changes in hippocampal volume, it can be suggested that
alterations in perfusion or an excessive drainage within the region might account for an
excessive accumulation of cerebrospinal fluid into the ventricular cavity. Anyway a
reversal of the increase in ventricular volume is not evident following conventional or
experimental antidepressant treatment indicating that changes to ventricular volume are

of limited value in the model as a marker for detection of antidepressant activity.

Relaxometry times T1 and T2 in MRI represent the times the magnetised water protons
take to revert back to equilibrium, and they are tissue-specific. Changes in T1 relaxation
times have previously been shown to be associated with acute astrocytic activation
(Cowley et al. 2012; Sibson et al. 2008), while changes in T2 relaxation times have
been associated with microglial activation (Justicia et al., 2008). Although it provokes
an increase in GFAP expression in the frontal cortex as evaluated by Real-Time PCR
(see Table 4.3), OB surgery seems not to affect T1 relaxation times in any of the regions
analysed. Here it was shown that treatment with L-NA increases T1 relaxation times in
cortical, thalamic and limbic regions analysed compared to vehicle-treated animals and
may indicate that L-NA treatment is influencing astrocytic activity within these regions.
Astrocytes become reactive in response to neural injury or disease and are believed to
be protective for neurons and oligodendrocytes by limiting glutamate excitotoxicity
after injury, and restricting inflammatory processes to the damaged area in the brain (for
a review see Sofroniew, 2005). The anti-depressant like effects of L-NA in the OB
model of depression may be related to increased astrocytic activation relative to
microglial activation.
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OB surgery resulted in a significant decrease in T2 relaxation times in central cortical
and limbic structures analysed when compared to the sham-operated control rats. L-NA
proved to be effective in attenuating the observed decrease in T2 relaxation times in
both cortical (visual and retrosplenial cortex) and periventricular regions including the
hippocampus. Reductions in T2 relaxation time have been associated with microglial
activation (Justicia et al., 2008) and also with an increased density of brain parenchyma
indicating an increased packing of brain cells in brain regions that show normal
morphology (Ding et al., 2008). Changes in cell morphology and structural organisation
might be the factors accounting for the tendency in decreased T2 relaxation time in OB-
vehicle rats, which L-NA is able to reverse. Indeed olfactory bulbectomy has been
shown to reduce dendritic spines in the hippocampus (Norrholm and Ouimet, 2001) and
to enhance neurogenesis in the basolateral amygdala where the new cells were
selectively neuronal precursors and not glial cells (Keilhoff et al., 2006), events which

might contribute to changes in the density and structure of the parenchyma.

4.4.6 Conclusions

In conclusion L-NA produces antidepressant related activity in the OB rat model of
depression. Such effects are shared with the nNOS inhibitor TRIM and tricyclic
antidepressant imipramine. Evaluation of the onset of action of L-NA was made
possible by the introduction of a new behavioural index of hyperactivity in the open
field, namely speed of activity bout, which was used to indicate a faster onset of activity
associated with the NOS inhibitor. As neither OB nor imipramine treatment affect NOS

expression it is difficult to speculate on a role for NOS in the neurobiological
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mechanisms that underlie the behavioural abnormalities in the model despite the
antidepressant-like properties of L-NA and TRIM. It may be that the antidepressant
activity emerges from a mechanism that is somewhat different from conventional
pharmacological treatments and in this regard a role for glutamate and NMDA-R related

signalling may be implicated.

This work also reports for the first time on a series of OB and treatment related MR
neuroimaging markers. Removal of the olfactory bulbs induces an increase in
ventricular volume which is not ameliorated by drug treatment, thus limiting its value as
a marker for detection of antidepressant activity of drugs. OB is related to a decrease in
T2 relaxation times in cortical and hippocampal regions analysed, which is attenuated
by L-NA treatment. L-NA treatment is associated with an increase in T1 relaxation
times in limbic and cortical regions analysed. L-NA treatment is also shown to decrease
resting state hippocampal blood perfusion in OB animals which may be a factor in the
antidepressant action of L-NA although such a link remains to be proven. Future work
will have to be carried out to discern if this change in resting state cerebral blood

perfusion is caused primarily via inhibition of the nNOS or the eNOS isoform.
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1. The NMDA-NO pathway: a locus for antidepressant activity

The present thesis combines a number of preclinical tests, models and behavioural,
biochemical and molecular approaches to detect and characterise the antidepressant-like

actions of ketamine and the NOS inhibitor N®-nitro-L-arginine (L-NA).

1.1 Ketamine

The NMDA-R antagonist ketamine produced a characteristic antidepressant-like
reduction in immobility time in the rat FST. Depletion of 5-HT blocked this reduction in
immobility when ketamine was administered 24 hr prior FST, indicative of 5-HT
dependency. Further confirmation of a link between the antidepressant related actions of
ketamine and 5-HT was evident where ketamine failed to attenuate a depressive-like
phenotype in the FST induced by prior combination of 5-HT depletion and restraint
stress. These observations are consistent with a role for 5S-HT in mediating a sustained

antidepressant activity of ketamine in the FST (see Results chapter 1).

There are extensive interactions between glutamatergic and monoaminergic systems,
which have significant behavioural and neurochemical effects (Drago et al., 2011).
Molecular and cellular changes induced by ketamine may produce a rapid adaptation of
5-HT transmission which underlies the antidepressant response. Ketamine has been
reported to modulate 5-HT release and uptake in isolated superfused slices of rat dorsal
raphe nucleus (Tso et al., 2004), and 5-HT transmission is facilitated by acute, and even
more by prolonged, NMDA-R blockade (Amargos-Bosch, et al., 2006; Lindefors et al.,

1997). A functional synergism may exist between monoamine related antidepressants
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and NMDA-R antagonists (Hashimoto, 2011), which raises an interesting question as to
whether the glutamatergic system may be targeted to enhance the therapeutic effects of
antidepressant drugs. On the contrary, given that the acute neurochemical effects of
many antidepressants involve aminergic neurotransmission, changes in such
transmission may be important precursors of antidepressant-induced alterations to the
NMDA-R complex and overall glutamatergic neurotransmission mediating the
antidepressant action. Evidence that the NMDA-R complex may underlie the
mechanisms of action of antidepressants originally derived from observations that
chronic administration of imipramine and ECT alter the ligand binding properties of the
NMDA-R complex in both mice and rats (Paul et al., 1993). Such effects generalise
across antidepressant drug classes and are specific to drugs with antidepressant
properties (Paul et al., 1994). Moreover antidepressant-induced adaptable changes in the
ligand binding properties of the NMDA-R complex are dose-dependent requiring 10-21
days of treatment and persist for 5-10 days following cessation of treatment (Paul et al.,
1994). Further characterisation would be needed to clarify the exact mechanisms by
which modulation of the glutamatergic system can produce antidepressant actions,
however the results presented in this thesis highlight that ketamine possesses a dual
antidepressant-like action in the rat FST. This is characterised by an immediate effect
which results to be 5-HT-independent, accompanied by a prolonged effect which is 5-

HT-dependent instead.

Since NMDA-R antagonists possess antidepressant properties in humans accompanied
by several side effects, I hypothesised that an effector down-stream from the receptor
such as nNOS may represent a target for antidepressant drug action that lacks the
problems associated with direct inhibition of the receptor.
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1.2 L-NA

The non selective NOS inhibitor L-NA also produced an antidepressant-like reduction
in immobility time in the rat FST, in line with previous reports (Harkin et al., 2003). In
light of the evidence that the antidepressant-like effects of NMDA-R blockade in the
FST are dependent on endogenous 5-HT, I aimed to characterise a possible interaction
between the nitrergic and serotonergic systems. L-NA promoted an increase in regional
5-HT metabolism and it was able to attenuate the pro-depressant-like effects elicited in
the FST by 5-HT,a/c receptor blockade (see Results chapter 2). When taken together
with a previous report that the antidepressant-like actions of L-NA are dependent on
endogenous 5-HT (Harkin et al., 2003) the results provide further support for a 5-HT-

dependent mechanism underlying the antidepressant-like properties of NOS inhibitors.

As activation of the NMDA-R leads to the activation of NOS a potential role for NO in
depression and antidepressant action was originally proposed by Harvey (1996). Harvey
implicated NO as an ideal regulator of both short and long term adaptive changes as
well placed to play a role in the phenomenon of neuronal adaptation to antidepressant
drugs. Targets of NO include guanylate cyclase, G proteins, phosphodiesterase, ion
channel conductance, monoamine/neuropeptide release and 5-HT synthesis and re-
uptake (Bartus et al., 2013; Nelson et al., 2003; Hanafy et al., 2001; Kiss, 2000; Kuhn
and Arthur, 1996; 1997). NO-mediated cGMP synthesis also mediates modulation of
immediate early gene expression including c-fos, c-jun, and map2, which are implicated
in long term synaptic changes (Tegenge et al., 2009; Chan et al., 2004; Park et al.,
2000). NO producing neurons in rodent brain are activated during stress and given the
role of stress as a predisposing factor in psychiatric illness, it is not unreasonable to
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suggest that stress related NO production may play a role in the induction of depressive
symptoms.

In the presented work, the regional effects of NOS inhibition by L-NA in the FST were
mapped using c-FOS as a marker of neuronal activation. Acute L-NA treatment
attenuated c-FOS expression in the majority of the brain regions examined except the
prelimbic cortex and lateral septum, where an increased expression was observed.
Similar changes were observed in both naive and 5-HT-depleted and stressed rats
showing that L-NA provokes a 5-HT-independent region specific regulation of neuronal
activation associated with antidepressant-like behavioural effects in the FST (see
Results chapter 3). The pattern of activation following L-NA administration provides
insights into the areas of the brain involved in the response to swim stress in the
presence or absence of the NOS inhibitor, and with more specific analysis, such as the
identification of the neuronal subtypes activated within each region, the possible

neurocircuitry of L-NA’s antidepressant-like action in the FST migh be clarified.

To move away from assessing the antidepressant-like effects of acute L-NA
administration, the drug was put to test in a model of depression which selectively
requires chronic antidepressant treatment in order to achieve normalisation of the
behaviour (see Results chapter 4). Repeated administration of L-NA attenuated the OB
related behavioural hyperactivity in the open field test typical of antidepressant response
in the model. Examination of the onset of the antidepressant effect demonstrated that L-
NA reduced the behavioural hyperactivity more rapidly (following 12 days) than the
tricyclic antidepressant imipramine (following 16 days). The faster acting antidepressant
related properties of the NOS inhibitor in the model were further supported by the
additional findings of an independent study where treatment with the nNOS inhibitor 1-
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2-trifluoromethylphenyl imidazole (TRIM) also attenuated the OB related hyperactivity
in the open field following 7 days of treatment. This is the first account of the
antidepressant related properties of NOS inhibitors in the olfactory bulbectomised rat

model of depression.

Together these studies further the understanding of the role of NOS and in particular
nNOS in depression related behaviour and further its potential as a novel therapeutic
target for the treatment of stress related disorders such as depression. Very recently two
compounds that disrupt the PSD-95/nNOS interaction have been identified. IC87201 (2-
((1H-benzo [d] [1,2,3] triazol-5-ylamino) methyl)-4,6-dichlorophenol) was an effective
anti-nociceptive after intraperitoneal injection, with an ECsyp of 0.1 mg/kg. In rats,
IC87201 abolished mechanical allodynia when administered intrathecally (at 50 and
100 nmol doses) or intraperitoneally (2 mg/kg) (Florio et al., 2009). ZL006 (5-(3,5-
dichloro-2-hydroxy-benzylamino)-2-hydroxybenzoic acid) is a molecule structurally
related to 1C87201, which contains a hydrophobic ring, a hydrophilic ring with a
carboxyl group and a linker between the rings that enhance the flexibility of the
compound. ZL006 inhibits NMDA-R-dependent NO synthesis in cortical neurons with
an IC50 of 82 nM and crosses the blood brain barrier after systemic administration
(Zhou et al., 2010). Both IC87201 and ZL006, have attractive properties to investigate

the PSD-95/nNOS interface as a drug target for the treatment of depression.
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2. NO: a non-synaptic extension of glutamate

NO is a highly diffusible gas and is sufficiently small and hydrophobic to readily cross
cytoplasm, membrane and extracellular fluid, allowing it to act intracellularly or
intercellularly on other neurons, glia and vasculature (Kiss and Vizi, 2001). The half-
life of NO is a few seconds and within this period it can diffuse a few hundred
micrometers and exert an influence on the function of a large number of neurons in the
sphere surrounding the synapse and modulate presynaptic neurochemical transmission.
For instance, NO has been proposed as a non-synaptic chemical messenger in mediating
long-range interactions between glutamate and monoaminergic systems (see Kiss and

Vizi, 2001).

Low NO tissue levels appear to reduce glutamate release whereas higher endogenous
NO levels enhance its release, as NO donors enhance glutamate release and NOS
inhibitors reduce glutamate release. Both the increase and decrease in glutamate release
has been attributed to exocytotic processes mediated by cGMP (Segieth et al., 1995;
Prast and Philippu, 2001). GABA, like glutamate, is also bi-phasically regulated by
endogenous NO. Low NO concentrations reduce GABA release whereas high NO
concentration increases GABA release (Getting et al., 1996). NO-induced GABA
release is mediated by Ca2+-dependent and reverse process Na+-dependent transmitter
carrier-mediated mechanisms. Furthermore, the peroxynitrate ONOO", produced from
the reaction of one molecule of NO and one molecule of superoxide, also stimulates
Ca2+-dependent GABA release (Ohkuma et al., 1996). NO-induced release of other
transmitters including acetylcholine (Prast and Philippu, 1992, Prast and Philippu,
2001), dopamine (West and Galloway, 1998; Prast and Philippu, 2001), noradrenaline
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(Lonart et al., 1992), 5-HT (Sinner et al., 2001 ) and histamine (Prast et al., 1996)
depend on NO modulation of both glutamate and GABA release (reviewed by Prast and

Philippu, 2001).

2.1 NO and 5-HT modulation

NO produced from NMDA-R activation has been proposed to facilitate 5-HTergic
transmission by inhibition of the 5-HT transporter (SERT) in some brain areas (see Kiss
and Vizi, 2001 for review). Inhibition by NO of 5-HT uptake into rat brain
synaptosomes (Asano et al., 1997) and of the human 5-HT transporter (Bryan-Lluka et
al., 2004) has been described. NO may also inhibit monoamine oxidase activity (Muriel
and Perez-Rojas, 2003, Girgin Sagin et al., 2004) although the mechanism by which NO
inhibits this enzymes remains unknown at present. These reports seem to be in contrast
with reports of inactivation of brain tryptophan hydroxylase (TPH) by NO via
nitrosylation (Kuhn and Arthur, 1996; 1997). Pharmacological inhibition of nNOS
produces an increase in the immunoreactivities of TPH and 5-HT in the median raphe
nucleus and dentate gyrus of the hippocampus in rats (Park et al., 2004). As the median
raphe nucleus supplies the dentate gyrus with dense 5-HT innervation, these changes are
likely to provoke an enhancement of 5-HT function in the hippocampus. Consistent
with this are reports that NOS inhibitors influence 5-HT metabolism in the mouse
forebrain (Karolewicz et al., 2001) and increase the extracellular levels of 5-HT in rat
hippocampus after local or systemic administration (Segieth et al., 2001; Wegener et al.,
2000). In Results chapter 2 of this thesis it was demonstrated that inhibition of NOS by
L-NA induced TPH activity, as evidenced by the greater accumulation of the 5-HT
synthesis intermediate metabolite 5-HTP in presence of L-NA compared to vehicle
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controls (see Table 2.1). It is possible that L-NA relieves TPH from the inhibition

exerted by NO, thus boosting the 5-HT synthetic pathway in response to swim stress.

Novel protein interactions with the C-terminal PSD-95/discs large/Z0O-1 homologous
(PDZ)-like sequence of the SERT have been identified and include a physical
association with nNOS (Chanrion et al., 2007). This association leads to a reduction in
the delivery of SERT to the plasma membrane and influences maximal 5-HT uptake
(Steiner et al., 2009). SERT can also bind to Sec23A and Sec24C, which function to
recognise and bind to newly made proteins in the endoplasmic reticulum destined for
export to the plasma membrane (Dev et al., 2004). Therefore, nNOS may compete with
Sec23A-Sec24C for binding to the C-terminus of SERT, resulting in a reduction in the
export of SERT to the cell membrane. Reciprocally, 5-HT uptake induces NO
production from nNOS physically linked to membrane bound SERT, through a
calmodulin (CaM)-dependent mechanism. It has been proposed that NO formed in
association with 5-HT transport might, through ¢cGMP and ¢cGMP-dependent protein
kinase (PKG), phosphorylate SERT, increasing its activity (Garthwaite, 2007
Ramamoorthy et al., 2007). A role for the inhibitory influence of nNOS on the activity
of SERT in serotonergic terminals in the pathogenesis of psychiatric disorders including
depressive states has been proposed (Karolewicz et al., 2004). NOS inhibitors may
interfere with this regulatory system leading to an overall decrease in SERT activity. In
fact nNOS may reduce SERT uptake activity, while the reduction in NO production

prevents cGMP/PKG-mediated SERT stimulation.

There are therefore a number of mechanisms by which NOS inhibitors may influence 5-
HT metabolism. It is tempting to speculate that certain mechanisms might prevale above
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others in specific brain areas and/or neurocircuitries. Overall, as 5-HT function is
implicated in stress related disorders such as depression, modulation of chemically
reactive species like NO might be used as a strategy to influence conditions where 5-HT

alterations have been identified.

3. Ongoing development of animal models of depression

In order to test new compounds for antidepressant activity and their potential for clinical
use, animal models of depression are required. Despite some limitations, animal models
of psychological disorders can provide useful insights of the dysfunctions seen in the
disease in human and models of depression are being continuously subjected to
refinement in order to enhance their validity, applicability and usefulness. In the present
body of work the focus was placed on further innovating the chronic restraint stress and

the olfactory bulbectomised rat models, as described as follows:

[. Either single or repeated exposure to restraint stress induced a depressive-like state
in the animals subjected to the FST, however recovery was very rapid, back to
control non-stressed levels, when an interval of 24 hr was introduced between the
last stress exposure and the pre-FST session. The transient nature of the depression
related behaviour is somewhat problematic, as in humans the depressed condition
persists over time. In the experiments described in this thesis, a state of 5-HT
depletion resulted in a depressive-like phenotype in the FST which was persistent
and enduring beyond cessation of the stress regime. If such an interaction translates
to human experience, a person in a low 5-HT state leading a stressful lifestyle may

increase his/her risk of developing a depressive episode. This ties in with clinical
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II.

[1I.

evidences that in humans acute depletion of the 5S-HT precursor tryptophan reduces
5-HT availability in the brain (Nishizawa et al., 1997) and can induce a relapse of
depressive symptoms in remitting depressed patients (Moreno et al., 2000) and low

mood in persons with a familial risk for depression (Benkelfat et al., 1994).

The introduction of 5-HT depletion was also an attempt to establish a condition of
treatment resistance to conventional antidepressants in the animals. Surprisingly an
enhanced efficacy of fluoxetine was observed in 5-HT depleted stressed animals.
This evidence arguably serves to increase the predictive validity of the model,
allowing for direct comparison between commonly prescribed antidepressants and
novel test compounds. Anyway further studies involving the depletion of other
monoamines such as noradrenaline combined with repeated restraint stress will be
of interest in order to characterise the contribution of the different systems to the

depression related phenotype induced in the FST.

Animal models of depression that enable the antidepressant response to be
monitored during the course of treatment are necessary. To assess the issue of onset
of action an adaptation in the determination of hyperactivity characteristic of the
olfactory bulbectomised rat was introduced. In the presented study a clear
adaptation of the distance travelled after exposing the animals to the open field for
three consecutive times was evident. To overcome this problem a new activity
related parameter, average speed per bout of movement, was developed. As shown
in Results chapter 4 this new parameter withstanded habituation to repeated open
field exposure and proved to be more reliable than distance moved in characterising
the antidepressant-like effects of L-NA in the OB rat model of depression. If the
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IV.

predictive validity of speed per bout will be confermed by other conventional
antidepressants known to reduce hyperactivity in the model, the introduction of this
parameter as routine would help researchers to comply with legislation concerning
the welfare of laboratory animals, which require efforts to be made to reduce the
number of animals used in drug development investigations, as several time points

can be observed in one single set of animals.

Attempts were made to develop a MR neuroimaging marker related to the OB rat
syndrome and antidepressant response in the model. Structural volumes, resting-
state blood perfusion and relaxation times were assessed. Although only some of
these parameters revealed to be affected by OB surgery and/or by antidepressant
treatment, and although further neuroimaging work is required to clarify such
effects, the presented work highlights that MRI has a potential as a translational
technique which can be applied to both humans and animals in order to make
comparisons between the two species. In fact, the observed reduction in
hippocampal blood perfusion associated with L-NA treatment in OB rats is in line
with reduced hippocampal resting-state activation determined by BOLD fMRI
reported in healthy human subjects treated with SSRIs (McCabe and Mishor, 2011;
McCabe et al., 2011) and also hippocampal T2 relaxation times have been found to

be altered in MDD in humans (Cho et al., 2010).
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4. Translational perspective on the regionally-dependent effects of L-
NA

Post mortem and MRI studies to date highlight structural abnormalities occurring in the
brain of depressed patients when compared to healthy controls (reviewed in Sheline et
al., 2002). Changes in structure does not necessarily indicate altered functionality, in
fact compensatory mechanisms might develop to restore a functional level of activity in
a structurally compromised field. With the development of non invasive functional
neuroimaging researchers have focused on studying regional brain activity in resting
conditions or in response to specific stimuli in order to detect alterations in neuronal
functionality or connectivity of relevance to depression. For instance, a recent fMRI
study by Zhu and colleagues (2012) showed altered resting-state functional activation
and connectivity within the default mode network (DMN, a neuronal network involved
in self-referential activity and emotional regulation that includes a specific set of brain
regions such as prefrontal and cingulate cortices, and medial, lateral, and inferior
parietal regions) in first episode treatment-naive depressed patients. It is therefore
important to discover and understand the origin of altered connectivity associated with
depression and to know if antidepressant treatment can restore normal connectivity

pivotal to its antidepressant activity.

A first step in this direction has been undertaken in the present investigation by ¢-FOS
immunostaining to detect regional neuronal activation in response to the FST. Although
the combination of 5-HT depletion and restraint stress (inducing a depressive-like state
in the FST) did not influence the pattern of c-FOS activation in the brain, L-NA reduced

neuronal activation in subcortical regions in response to FST exposure indicating a
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different cortical-subcortical involvement in the antidepressant related effects of L-NA
in the test. Taken together these results suggest that the antidepressant action of L-NA
might be exerted through diverse yet complementary actions in different brain regions,
so that a balance in neuronal connectivity is achieved in the brain to promote the
antidepressant related response. Analysis of the expression profile of other IEGs
activated by stress exposure, such as c-jun, or the transcription factor cAMP response
element binding protein (CREB) would serve to broaden the scope of the results
generated thus far. Moreover it would be of considerable interest to identify the cell
phenotype by double-immunostaining with antibodies directed against individual

neurotransmitters including glutamate and GABA.

5. Future directions

Following from the work presented in this thesis, several studies could be performed to

further explore the potential of NOS inhibitors as antidepressants.

. Antidepressant related changes to the NMDA-R complex may underlie a common
mechanism for antidepressant drugs. In order for antidepressant-induced changes in
the ligand binding properties of the NMDA-R to be considered a neural adaptation,
it should be shown that these changes are accompanied by alterations in the
functionality of the receptor. Future studies on the effects of antidepressant
treatment on NMDA-R-stimulated subcellular cGMP and NO production would be

of interest.
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III.

With the development and availability of more selective inhibitors of various
isoforms of NOS, future studies on the effects of non-arginine derived inhibitors in
animal models should be examined. In addition, the effect of NO scavengers and
inhibitors of the production of guanylate cyclase could be explored. The post
synaptic density protein 95 (PSD-95) is a scaffolding protein that links a number of
molecules via its various domains including nNOS to NMDA-R. Disruption of the
PSD-95/nNOS interaction has been achieved with both peptide fragments and with
small-molecule inhibitors (for review see Doucet et al., 2012). As other functions of
the NMDA-R remain intact, adoption of this selective approach as a strategy to
further test the hypothesis for the development of a novel glutamatergic-based
treatment for depression can be proposed. As previously described, compounds
such as IC87201 and ZL006 look very promising, however before uncoupling of
nNOS from NMDA-R can move to further stages of development as an
antidepressant treatment the effects of these compounds on behaviour need to be

determined.

Preclinical studies have reported that AMPA-R activation is required for the
antidepressant-like actions of ketamine. Specifically the AMPA-R antagonist 2,3-
dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX) blocks the
effects of ketamine in tests predictive of antidepressant potential including the FST,
TST and learned helplessness (LH) model in rodents (Koike et al., 2011; Maeng et
al., 2008). Moreover AMPA-R is known to play a central role in cellular studies of
synaptic protein synthesis and plasticity (see Li et al., 2010) consistent with the
hypothesis that ketamine induction of synaptogenesis occurs via stimulation of

glutamate transmission via AMPA-R activation (see Li et al., 2010). More recently
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ketamine was reported to rapidly reverse both CUS-induced behavioural deficits in
rats and reduced spine density and synaptic function of PFC neurons (Li et al.,
2011; reviewed by Duman and Voleti, 2012). Together these studies indicate that
ketamine reverses the atrophy of spines in the PFC and leads to a reconnection of
neurons that underlie rapid behavioural responses. Density of dendritic spines thus
provides a morphological endpoint that is relevant to the atrophy of PFC in
depression (Drevets et al., 2008). A role for NO and cGMP-dependent protein
kinase, under the regulation of the NMDA-R, in AMPA-R trafficking and synaptic
plasticity has been reported (Serulle et al., 2008) linking the various signalling
components most likely implicated in the antidepressant activity associated with
NMDA-R antagonists. It would be therefore of interest to study and characterise the
interaction between NO and the AMPA-R and the effects that NOS inhibition might

have on AMPA-R activity and on synaptic plasticity.

Ongoing development of animal models is essential in order to enhance their
validity and improve their predictability if useful antidepressive agents are to be
developed for clinical use to address current unmet needs. Further testing of NOS
inhibitors in additional animal models such as early life deprivation, genetic inbred

rodent models of depression and chronic social defeat stress is warranted.
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VIII. Appendix

—  Solutions
Saline solution

0.89% NaCl in de-ionised H,O

Phosphate buffered saline solution (PBS) 10 mM

NaH,PO4 1.9 mM
Na,HPO4 8.1 mM
NaCl 0.89%
pH 7.4

Paraformaldehyde 4% solution

PFA 4%
NaOH pellets as needed
in PBS 10 mM

pH 7.4

Sucrose 30% solution

Sucrose 30%

in PBS 10 mM

Cryoprotectant freezing solution

Sucrose 30%

Ethylene glicole 30%
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in PBS 10 mM

Gelatine coating solution

Gelatine 0.5%
CrK(SO4), 0.05%

in de-ionised H,O

HPLC mobile phase
Citric acid 0.1 M
NaH,PO4 0.1 M
EDTA 0.1 mM

Octane-1-sulphonic acid 1.4 mM
Methanol 10%
in HPLC grade water

pH 2.8
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