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Abstract

There is evidence that dopaminergic dysfunction plays a role in the symptoms of bipolar
disorder although the precise abnormality is unclear. In addition dysregulation of corticosteroid
secretion characterised by a flattened diurnal circadian rhythm has been observed across mood
states in bipolar disorder. As a result it has been hypothesised that corticosteroid
hypersecretion underlies the dopaminergic dysfunction. Here the endocrine regulation of
mesocorticolimbic dopaminergic neurotransmission was investigated with the hope of bettering
our understanding of the pathology of bipolar disorder.

Immunocytochemical studies established that around half of dopaminergic neurones in the
ventral tegmental area (VTA) express the low affinity glucocorticoid receptor (GR), whilst all of
these neurones express the high affinity mineralocorticoid receptor (MR). This indicated that
corticosteroids can directly modulate dopaminergic neuronal function.

By administering corticosterone to rats in their drinking water a flattened circadian profile of
corticosteroid secretion similar to that seen in bipolar disorder was modelled. In situ
hybridisation histochemistry in the VTA revealed that corticosterone treatment increased the
transcription of mMRNA for tyrosine hydroxylase, the vesicular monoamine transporter and the D,

receptor, whilst decreasing expression of the 5-HT,c receptor and the GluR; subunit of the

AMPA receptor.

In vivo microdialysis in the medial prefrontal cortex demonstrated increased dopamine release
under both basal and stimulated conditions in corticosterone treated animals. This effect did not
appear to be the result of altered D, autoreceptor function or a change in the firing rate of
dopaminergic neurones. In light of the in situ hybridisation data it is hypothesised that flattening
the diurnal profile of corticosteroid secretion increases prefronto-cortical dopamine release by

upregulating dopamine synthesis and vesicular uptake.

These studies demonstrate that corticosteroid dysrhythmia of the type seen in bipolar disorder

can alter dopaminergic neurotransmission and furthermore they indicate specific aspects of
dopaminergic function which might be altered. Thus circadian rhythm abnormalities in the HPA

axis may play a role in the aetiology of bipolar disorder via dysregulation of dopaminergic

neurotransmission.
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Chapter 1

Chapter 1. Introduction

Bipolar affective disorder is an illness which has a devastating effect on the lives of those who

suffer with it. The aetiology of this disorder is poorly understood and current drug therapies, in
the most part discovered serendipitously, treat symptoms rather than targeting the underlying
pathology. A better understanding of this disease offers the possibility of developing more
effective therapies which will not only benefit individuals but reduce the burden of this chronic
llness on society as a whole.

The following thesis Is based on an integrative hypothesis of bipolar disorder which provides a
link between observed abnormalities in the hypothalamic-pituitary-adrenal axis and changes in
brain function related to dopaminergic neurotransmission. These studies have been carried out
to investigate aspects of the endocrine regulation of dopaminergic neuronal systems, and the
effect that alterations in HPA axis function have on these systems. Thus it is hoped to better our

understanding of these systems as they relate to bipolar disorder

1.1. Bipolar Disorder

1.1.1. Symptoms and diagnosis

The affective disorders, which include bipolar disorder, are a group of illnesses primarily
characterised by dysregulation of emotion. The inappropriate emotional responses
characteristic of affective disorders “do not reflect a realistic appraisal of the environment at the
time” (Feldman et al. 1997) and result in significant impairment to behavioural and cognitive
function. Compared to other psychiatric disorders, affective disorders are highly prevalent with
estimates suggesting that 5% of the UK population (~ 3.25 million people) suffer from mood
disorders (Ohayon et al. 1996), whilst 10-20% of the population of the US can expect to suffer a
significant affective episode at some point during their lives (Feldman et al. 1997).

According to current classifications (DSM-IV, American Psychiatric Association 1994),
affective disorders fall into two broad categories, unipolar depression (with major depressive

disorder as it's archetype) and bipolar disorder. Bipolar disorder is characterised by episodes of
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both elevated and depressed mood, with mood states categorised according to specific

diagnostic criteria (see table 1.1.). Different combinations of these mood states allows for the
diagnosis of a number of related disorders classified as bipolar | disorder, bipolar Il disorder,
and cyclothymia (for review see Manning et al. 1998).

It is the case however, that diagnosis in bipolar disorder is difficult due to the variability in
presenting symptoms and the reliance on accurate recall of previous affective episodes (see
Cassano et al. 1999; reviewed by Perlis 2005). High rates of comorbidity with other psychiatric
disorders (reviewed by Krishnan, 2005; Hirshfeld and Vornik, 2005; Pini et al. 2005) further
complicate the picture.

Due to the variability in presenting symptoms, and the shortcomings of making diagnoses
based on rigid criteria, in recent years there has been a trend towards viewing bipolar disorder

as a continuum of phenotypes ranging from cyclothymia to predominantly mania (Muller-
Oerlinghausen et al. 2002). Indeed some have proposed that the affective disorders as a whole
represent a continuum ranging from predominantly manic bipolar disorder to major depressive
disorder, with bipolar mixed states as a kind of halfway point between the two (Akiskal, 2002).
Such a theory suggests a common underlying pathology across DSM-IV bipolar subtypes,
however it may be the case that whilst these disorders share common symptoms they differ in

their aetiology. This uncertainty makes research into the biological basis of bipolar disorder

particularly difficult.

1.1.2. Prevalence and disease burden of bipolar disorder

The current lifetime prevalence of bipolar | disorder in the general population is thought to be
1-2% (Avissar and Schreiber, 2002; Muller-Oerlinghausen et al. 2002, Pini et al. 2005) and
affects men and women equally (Feldman et al. 1997; Pini et al. 2005). If all bipolar spectrum
disorders are included in the analysis then the prevalence increases to around 6% (Pini et al.
2005). The World Health Organisation has ranked bipolar disorder as sixth on a list of the
leading causes of disability worldwide (Avissar and Schreiber, 2002; Hirshfeld and Vornik,

2005). This can be attributed to the chronic nature of the disorder (Angst, 1978; Ten Have et al.
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~ Bipolar Il Disorder

Chapter 1

~ Cyclothymia

The patient is currently (or most recently was)
iIn a manic, mixed,

| episode.

At least one previous manic, mixed or major
depressive episode has occurred which is fits
the criteria for a mood state different to the

one the patient is currently in.

or major depressive |

l 5 Bl Bi_EoIarI Disorder K ]L 3

One or more major depressive episodes is or

has been present.

| At least one hypomanic episode is or has been

present.

The symptoms cause clinically significant
distress or impairment in social, occupational,

or other important areas of functioning.

For at least 2 years, the presence of numerous
periods with hypomanic symptoms and
numerous periods with depressive symptoms
that do not meet criteria for a Major Depressive
Episode. Note: In children and adolescents,

the duration must be at least 1 year.

During the above 2-year period (1 year in
children and adolescents), the person has not
been without the symptoms in Criterion A for

more than 2 months at a time.

No Major Depressive Episode, Manic Episode,
or Mixed Episode has been present during the

first 2 years of the disturbance

Note: After the initial 2 years (1 year in children
and adolescents) of Cyclothymic Disorder,
there may be superimposed Manic or Mixed
Episodes (in which case both Bipolar |
disorder and Cyclothymic Disorder may be
diagnosed) or Major Depressive Episodes (in
which case both Bipolar ll Disorder and

Cyclothymic Disorder may be diagnosed)

The symptoms cause clinically significant

distress or impairment in social, occupational,

or other important areas of functioning.

Table 1.2.

APA, 1994; Manning et al. 1998)

Criteria for diagnosis of bipolar disorder subtypes (adapted from DSM-IV criteria,

2003; Morgan et al. 2005) and the high comorbidity with other DSM-IV axis | disorders

(reviewed by Krishnan, 2005; Hirshfeld and Vornik, 2005; Pini et al. 2005). Furthermore the

disease carries a significant risk of mortality due to high rates of attempted and completed

suicides (Chen and Dilsaver, 1996; Baldessarini et al. 2006).

In addition to the burden for the individual, bipolar disorder represents a significant cost to

society. Direct costs resulting from emergency treatment, hospitalization, psychiatric treatment

and medication in the United States were estimated at $7 billion in 1991, whilst indirect costs

result from impaired productivity, welfare costs, and criminality associated with the disease were

estimated at $38 billion. Lost productivity due to suicide alone represented a significant

proportion of this cost at $8 billion (Hirshfeld and Vornik, 2005).
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1.1.3. Genetics of bipolar disorder

Studies have demonstrated a high degree of heritability in bipolar disorder with first degree
relatives of patients having higher rates of bipolar and unipolar disorders than the general
population (Gershon et al.1987). Further evidence comes from studies in twins where it has
been shown there is much greater concordance for bipolar disorder in monozygotic twins than
dizygotic twins (79% vs. 24% respectively) (Bertelsen et al. 1977). Interestingly the rate of
concordance in monozygotic twins is much higher than it is for unipolar depression (where the

rate of concordance is 54%) suggesting that there i1s a strong genetic predisposition to the

disorder.

1.1.4. Environmental risk factors

Whilst there is a high degree of heritability in bipolar disorder, environmental factors play a
significant role in triggering the condition. Chief amongst these factors is stress, such that
adverse life events have been associated with first onset of symptoms (see reviews by Paykel,
2003 and Tsuchiya et al. 2003) whilst a positive relationship has been shown between stress
and recurrent bipolar episodes. In one study patients with bipolar | disorder who experienced
episodes of iliness showed greater total stress levels In the preceding months than those
patients without episodes (Hammen and Gitlin, 1997). Furthermore, developmental adaptations
to stress induced by early life adversity (physical or sexual abuse in childhood or adolescence)

have been found to correlate with earlier onset of iliness, faster cycling frequencies, increased

suicide rates, more co-morbidities and greater total time ill than bipolar patients without a history

of early life adversity (Post et al. 2001).

1.1.5. Pharmacotherapy for bipolar disorder

Current UK guidelines for the pharmacological management of bipolar disorder recommend
the use of three principal classes of drug - mood stabilisers, antipsychotics and/or
antidepressants (UK NICE guidelines, 2006). The following section provides a brief introduction

to these drugs and the circumstances under which they are used.
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1.1.5.1. Mood stabilisers

The mood stabilisers are a group of drugs which include the monovalent ion lithium, and the

anticonvulsant drugs valproate, carbamazepine and lamotrigine. These drugs are the mainstay
of prophylactic treatment for bipolar disorder and are, for the most part, efficacious in the acute
treatment of mania. There is evidence to suggest that while lamotrigine has prophylactic
efficacy, it has greater utility for the treatment of acute depressive episodes than for acute
mania (Fountoulakis et al. 2007). At the present time mood stabilisers are indicated for the first-
line treatment of all phases of bipolar disorder (UK NICE guidelines, 2006).

The first drug of this class was lithium, whose mood stabilising properties were recognised
during the late 1940’s to early 1950's (Atack et al. 1995). The mechanism by which lithium alters
neuronal function to produce its mood stabilising effect is unclear, however it has been
observed that lithium is a potent inhibitor of the intracellular enzyme inositol monophophatase
(Atack et al. 1995; Lenox and Frazer, 2002; Brunello, 2004). This enzyme performs a key step
in the regeneration of phosphoinositide required for G-protein mediated signal transduction, with
the result that lithium inhibits agonist stimulated |Ps/DAG signalling. One consequence of this is
that protein kinase C (PKC) activity is reduced following long-term lithium treatment which has
the potential to alter neuronal excitability, neurotransmitter release, and produce long-term
alterations in gene expression and plasticity (Lenox and Fraser 2002; Brunello, 2004). Lithium
also modulates the cAMP signal transduction pathway by reducing the receptor-coupied

stimulation of adenylyl cyclase and increasing basal cAMP levels (Lenox and Frazer, 2002;
Brunellio, 2004; Montezinho et al. 2007). As cAMP modulates neuronal function via protein
kinase A (PKA) this is an additional means by which lithium might modulate neurotransmission.
A further property of lithium is its ability to increase Na'/K~ ATPase activity (Lenox and Frazer,
2002). This results in a decrease in intracellular sodium and, because caicium concentrations
largely parallel those of sodium, a concomitant decrease in intracellular calcium. Given that
these two ions play a critical role in neuronal excitability and neurotransmitter release, this is a
further mechanism by which lithium may regulate neuronal function.

The remaining mood stabilisers valproate, carbamazepine and lamotrigine are anticonvulsants

that inhibit sodium channels, particularly those with a high rate of activity (Ragsdale and Avaoli,
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1998). Carbamazepine and valproate have also been shown to inhibit adenylyl cyclase activity
(Montezinho et al. 2007), whilst valproate has been shown to inhibit PKC activity in a similar
fashion to that produced by lithium (Brunello, 2004). Thus it is likely that these drugs produce

their therapeutic effect via the modulation of ion permeability ad intracellular signalling pathways

in neuronal cells. Further discussion of the functional effects of these drugs on dopaminergic

cells can be found in section 1.1.6.4 (c).

1.1.5.2. Antipsycholics

Antipsychotics are efficacious for both the acute freatment of mania and long-term mood
stabilisation, with some atypical (see later) antipsychotics showing acute efficacy in the
depressive phase of the illness (Brambilla et al. 2003; Surja et al. 2006). Current UK guidelines
recommend the use of antipsychotics for the treatment of mania, although the atypical
olanzapine Is considered an option for long-term management of bipolar disorder (UK NICE
guidelines, 2006).

Antipsychotics were discovered in the late 1940's when it was noted that various substances
Including promethazine produced tranquilising properties without sedation (Stip, 2002).
Subseqguent developments based on modifications to the phenothiazine structure of these drugs
produced chiorpromazine, the antipsychotic effect of which was discovered in the early 1950's
(Stip, 2002). A defining property of these early antipsychotic drugs, including haloperidol,
thoridazine and flupenthixol, was their induction of so-called extra-pyramidal side-effects such
as dystonia, akathisia, parkinsonism and tardive dyskinesia (Meltzer, 2002; Hood and Nutt,
2004). With the subsequent development of antipsychotics which do not produce these extra-
pyramidal effects, the notion of atypical (as opposed to classical) antipsychotics was introduced.
Examples of atypical drugs are clozapine, olanzapine, riperidone and quetiapine.

By the 1960's significant steps had been made towards elucidating the mechanism of action of
the classical antipsychotics with the discovery that they antagonise dopamine receptors
(Carlsson and Lingvist, 1963). Specifically antipsychotics bind to D,-like receptors which are
expressed at presynaptic sites on dopaminergic neurones, and at postsynaptic sites (see

section 1.3.1.6.). The antipsychotic efficacy of both classical and atypical antipsychotics has
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been correlated with their binding affinity at the D, receptor (Wilson et al. 1998; Kapur and
Mamo, 2003). Whilst the lack of extra-pyramidal side-effects is the principal distinguishing
feature of atypical antipsychotics, at a pharmacological level some of these drugs, such as
olanzapine, risperidone and clozapine share a high affinity for the 5-HT,4 receptor (Stip, 2002
Meltzer, 2002). This property is not shared with the classical antipsychotic drugs and this
distinction has been proposed as a further means of defining classical vs. atypical
antipsychotics. Further discussion of the functional pharmacology of these drugs in relation to
dopaminergic hypotheses of bipolar disorder can be found in section 1.1.6.4. (c). The role of D,

receptors in the regulation of dopaminergic neurotransmission is also discussed in greater detail

In section 1.3.5.

1.1.5.3. Antidepressants

Antidepressants as a class of drugs are useful in the treatment of the depressive phase of
bipolar iliness. These drugs produce their therapeutic effect by increasing monoaminergic
neurotransmission in the CNS. This occurs via three principal mechanisms: 1) reuptake
iInhibition which has the effect of increasing synaptic monoamine concentrations and increasing

post-synaptic neuronal stimulation; 2) inhibition of monoamine neurotransmitter metabolism,
which has a similar effect to reuptake inhibition in that neurotransmitter inactivation is reduced;
and 3) presynaptic autoreceptor inhibition resulting in increased neurotransmitter release
(Artigas et al. 2002).

Some of the earliest agents to be employed as antidepressants were the tricyclic
antidepressants (TCA’s) such as imipramine and amitryptiline. These drugs potentiate
serotonergic and noradrenergic neurotransmission by blocking nerve terminal reuptake of the
neurotransmitter following release and this is thought to underlie their therapeutic efficacy
(Artigas et al. 2002; Lenox and Frazer 2002). The other principal class of antidepressants
discovered around this time were the monoamine uptake inhibitors (MAQOIs) such as iproniazid
and tranylcypromine which inhibit the oxidative metabolism of serotonin, noradrenaline, and

dopamine. Again, the potentiation of monoamine neurotransmission is thought to underlie their

therapeutic effect (Artigas et al. 2002; Lenox and Frazer 2002).



Chapter 1

The discovery of these drugs contributed greatly to the monoamine hypothesis of depression,
and subsequent refinements to this hypothesis led to the development of drugs which target
specific monoamines such as serotonin and noradrenaline. Perhaps the best example of this
would be the development during the 1970's of the selective serotonin reuptake inhibitors
(SSRIs) such as fluoxetine, paroxetine and sertraline. The principal advantage of these drugs
over the earlier TCA's is their improved side-effect profile such as fewer anticholinergic effects,
and a better safety profile (Artigas et al. 2002; Lenox and Frazer 2002). More recently
developed drugs include the selective noradrenaline reuptake inhibitors (SNRIs) such as
reboxetine, the serotonin-noradrenaline reuptake inhibitors such as venlafaxine and the
noradrenaline and dopamine reuptake Iinhibitor bupropion (DeVane 1988; Artigas et al. 2002,
Tremblay and Blier 20006).

Similar refinements have been made to drugs which inhibit monoamine oxidase such that
moclobemide, a drug which reversibly inhibits the MAO-A isoform of monoamine oxidase is
available. This has significant advantages over the traditional irreversible MAOI's in terms of
safety (Fulton and Bentield, 1996). One of the key drawbacks of monoamine oxidase inhibitors
IS the risk of a so-called ‘cheese reaction’ resulting from the inhibition of the breakdown of
dietary tyramine, the symptoms of which include severe hypertension and, potentially,
intracranial haemorrhage. Reversible inhibition of the enzyme greatly reduces the risk of this
side-effect occurring.

The final class of antidepressant, are the drugs acting directly at neurotransmitter receptors. At
the present time the only drug of this type in common clinical use Is mirtazepine, an Qq;
adrenergic receptor antagonist which increases noradrenergic neurotransmission via
presynaptic autoreceptor inhibition (Tremblay and Blier 2006).

Current UK guidelines for the treatment of bipolar disorder recommend the use of
antidepressants only in conjunction with an anti-manic drug such as a mood stabiliser (UK NICE
guidelines 2006). This is due to the risk of inducing a switch to mania in patients receiving
antidepressants alone. The guidelines also recommend the monitoring of bipolar patients for

signs of prolonged akathisia or agitation which might be indicative of the early stages of mania.

10
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1.1.6. Pathophysiology of bipolar disorder

The high degree of heritability in bipolar disorder indicates that there is some underlying
biological deficit which predisposes individuals to the condition. Despite a huge amount of

research carried out in the field of affective disorders this underlying cause is yet to be found,

although a number of biological systems are currently under investigation.

1.1.6.1. Monoamine systems in bipolar disorder

One of the most enduring hypotheses regarding the aetiology of affective disorders has been
the "monoamine hypothesis™ which was first postulated in the mid-1960's (Schildkraut, 1965).
This hypothesis was derived from the observation that drugs affecting central monoamine
function can significantly alter mood. The serendipitous discovery of the monoamine oxidase
inhibitors in the 1950's demonstrated that drugs which increase monoamine levels in the brain
have mood elevating properties, whilst drugs which deplete central monoamines such as
reserpine were found to induce depression in a manner which was, at that time, thought to be
clinically indistinct from that seen in depressed patients. Initially Schildkraut postulated that
noradrenaline was the neurotransmitter of crucial importance (1965), whilst others focused on
the role of serotonin (Coppen, 1969). Subsequently the importance of dopamine was
recognized as the clinical evidence began to be formulated into a hypothesis during the 1970's
(see for example Barbeau, 1970). The vast majority of research based on the monoamine
hypothesis has been carried out in major depressive disorder, and serotonin in particular has
been the focus of many studies. This is principally due to the fact that the majority of effective
antidepressants act on this neurotransmitter system. The study of dopamine Is perhaps more
pertinent to bipolar disorder due to its potential role in the distinguishing feature of this disorder,
mania which can be induced by drugs which increase dopaminergic transmission (reviewed by
Silverstone, 1985). In addition there has been increased interest in the role of dopamine In
emotional regulation as a result of the role of the mesolimbic dopamine system in reward and
motivational behaviour (reviewed by Willner, 1993), deficits of which may account for the

anhedonia and amotivational states present during depressive episodes. There follows a review

of the literature concerning monoamine neurotransmitter systems in bipolar disorder.

11
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1.1.6.2. Evidence for serotonergic dysfunction in bipolar disorder

Serotonin has enjoyed a central position in the monoamine hypothesis of affective disorders in
the 30 years since the discovery that selective serotonin reuptake inhibitors can be effective in

the treatment of major depressive disorder. A huge body of literature exists regarding the role of
serotonin In major depression and there is general agreement that deficits in central
serotonergic transmission play a role in this condition (Mahmood and Silverstone, 2001). As far
as the role of serotonin in bipolar disorder goes the body of evidence is much smaller with few
studies looking specifically at this disease.

Some of the earliest studies concentrated on measurements of the 5-HT metabolite 5-HIAA
(o-hydroxyindole acetic acid). These were, on the whole, inconclusive with one study
demonstrating lower CSF levels of 5-HIAA in melancholic bipolar patients than in healthy
controls (Asberg et al. 1984), a finding which a later study failed to replicate (Redmond et al.
1986). In a similar study looking at manic patients an increase in CSF 5-HIAA was found only in
female subjects (Swann et al. 1983). Despite these findings decreased levels of 5-HIAA have
been associated with increased suicide risk as evidenced by findings in post mortem brains of

bipolar depressed suicides (Traskmann et al. 1981; Young et al. 1994) providing some evidence

to support the serotonergic hypothesis.

Alterations to 5-HT transporter (5-HTT) function in bipolar patients have been demonstrated.
Thus In studies using platelet 5-HT uptake as an indicator of central 5-HT uptake, decreases in
o5-HT transport have been shown in both bipolar depression (Meltzer et al. 1983) and bipolar
mania (Marazziti et al. 1991). More recently Oquendo et al. (2007) demonstrated decreases in
5-HTT binding in various brain regions in bipolar depressives whilst post-mortem studies have
shown lower concentrations of citalopram binding in bipolar subjects who died whilst depressed
(Leake et al. 1991). These findings are challenged, however, by another recent study which
reports increased 5-HT transporter binding in the thalamus and a number of cortical regions,
and decreased binding in the midbrain in unmedicated bipolar patients (Cannon et al. 2006)
making it difficult to draw conclusions from the literature.

Changes in 5-HT receptor expression have been found in post-mortem tissue from bipolar

patients, with decreases in 5-HT;a receptor mRNA levels in the prefrontal cortex and increases

12
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in 5-HT,5 and 5-HT,x transcripts in the hippocampus (Lopez-Figueroa et al. 2004). Further
evidence for changes in the expression of the 5-HTqa receptor is provided by a PET imaging
study of 5-HT,, ligand binding in which decreases were found in the raphe and mesiotemporal
cortex of bipolar depressed patients (Drevets et al. 1999). However a study looking at post-
mortem hippocampal tissue from bipolar patients found no differences in 5-HT 4 binding (Dean
et al. 2003). Due to its easy accessibility, calcium mobilization by the platelet 5-HT,5 receptor
has been used as an indicator of receptor function in psychiatric disorders. Studies in bipolar
depressed patients have shown that calcium mobilization by serotonin is markedly elevated
compared to normal controls and subjects with unipolar diagnoses (Kusumi et al. 1994; Suzuki
et al. 2001) and in a more recent study this was associated with increased protein kinase C
activity resulting from receptor activation rather than an increase in receptor expression (Suzuki
et al. 2003). Overall there is some evidence that 5-HT receptor expression and function is

altered in bipolar disorder however further work Is required to clarify the nature of these

alterations.

The ability of mood-stabilising and antidepressant drugs to modulate the serotonergic system
provides circumstantial evidence for the involvement of this system in bipolar disorder. Lithium
has been shown to increase serotonin release in various regions of the rat brain (Treiser et al.
1981; Friedman and Wang, 1988, Baptista et al. 1990; Pei et al. 1995), whilst in bipolar patients
lithium treatment increases plasma 5-HT levels (Artigas et al. 1989). Furthermore, the use and
efficacy of selective serotonin reuptake inhibitors in combination with mood stabilisers for the
treatment of severe or treatment resistant bipolar depressive episodes (see Thase, 2005)
implies that there is a serotonergic component to these states. The ability of antidepressants to
induce a switch to mania has been reported in around 20-40% of bipolar patients and has been
reported for SSRI's as well as all other major classes of antidepressant (reviewed by Goldberg
and Truman, 2003). Serotonergic dysfunction may therefore play a role in manic states, a
hypothesis supported by the demonstrated efficacy of atypical antipsychotics with high affinities

for the 5-HT,4 receptor in treating these episodes (Cousins and Young, 2007).

13
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1.1.6.3. Evidence for noradrenergic dysfunction in bipolar disoraer

Noradrenaline was originally considered to be central to the monoamine hypothesis of mooad
disorders as postulated by Schildkraut (1965). In more recent times its position has been
supplanted by serotonin, however a limited number of studies have looked at the role of this
neurotransmitter in bipolar disorder. A number of early studies demonstrated significantly lower
urinary levels of the noradrenaline metabolite 3-methoxy-4-hydroxyphenylglycol (MHPG) in
bipolar patients compared to unipolar or control subjects (reviewed by Schatzberg and
Schildkraut, 1995), however a more recent study has failed to replicate these findings
(Grossman and Potter, 1998). Studies of plasma and urinary noradrenaline levels have shown
more consistent results with elevations of plasma NE in bipolar and unipolar depressed patients
following orthostatic challenge being greater than those seen in controls (Rudorfer et al. 1985;
reviewed by Schatzberg and Schildkraut, 1995), whilst urinary NE has been found to be greater
In unipolar and bipolar patients compared to controls (Grossman and Potter, 1999).

Changes to adrenoceptor function have not been consistently demonstrated in bipolar
disorder. Studies have shown a decrease in [(B-adrenergic receptor binding associated with
bipolar disorder (Wright et al. 1984; Wood et al. 1986) although other studies have failed to
replicate these findings (Berrettini et al. 1987; Kay et al. 1993; Young et al. 1994), whilst
decreased P-adrenoceptor function as measured by stimulated cAMP production has been
reported in lymphocytes of manic and depressed patients (Extein et al. 1979). A trend towards

iIncreased platelet a,-adrenoceptor density has also been reported in bipolar patients (Karege et

al. 1992),

The role of noradrenaline in the action of mood stabilising drugs has been investigated, and
studies have demonstrated that high doses of lithium can induce the release of NE from cortical
and hippocampal slices (Gross and Hanft, 1990) whilst in a peripheral model lithium has been
found to decrease the release of NE (Mantelli and Ledda, 1989) although this has not been
replicated (Finberg et al. 1992). Valproate has been found to have littie effect on noradrenaline
release in cortical slices (de Boer et al. 1982), however increases in NE in-vivo have been found
following valproate treatment in the rat hippocampus and brainstem with a concurrent decrease

in the hypothalamus (Baf et al. 1994a). Valproate has also been shown to increase tyrosine

14
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hydroxylase mRNA in the locus coeruleus of rats following chronic treatment (Sands et al.
2000). Elevations in NE levels have been shown in the motor cortex and cerebellum of rats
following carbamazepine treatment (Baf et al. 1994b), whilst increases in a, adrenoceptor
sensitivity have also been demonstrated (Dilsaver et al, 1993). Overall there is some evidence
that these drugs can affect noradrenergic function, but as with the rest of the literature

concerning the role of noradrenaline in bipolar disorder, there is currently not enough data to

draw any conclusions.

1.1.6.4. Evidence for dopaminergic dysfunction in bipolar disorder

The clinical evidence that dopamine plays a role in bipolar mood states began to be
recognized during the 1970's (see Barbeau, 1970) leading to the formulation of a hypothesis
implicating dopaminergic hyperfunction in mania and hypofunction in depression (Bunney and
Garland,1982). There is now compelling evidence for this hypothesis with a large body of
literature available impilicating the mesolimbic dopamine system in motivational and reward
behaviour (see later) providing a link with the anhedonic states characteristic of depression,
whilst the behaviour produced by dopamine releasing drugs implicates this system in manic
states. In addition the ability of dopamine to alter cognitive function via projections to the
prefrontal cortex (see later) suggests that neurocognitive deficits present in the disease (see

Quraishi and Frangou, 2002; Savitz et al. 2005) may be the result of dopaminergic dysfunction.

(a) Dopamine metabolites in bipolar disorder

CSF levels of the dopamine metabolite homovanillic acid (HVA) have been reported to be

elevated in manic bipolar patients (Swann et al. 1983; Gerner et al. 1984; Tandon et al. 1988),

and decreased in depressed bipolar patients (Asberg et al. 1984; Reddy et al. 1992, Bottiglieri

et al. 2000). These studies indicate that dopamine metabolite levels are a state marker for
bipolar disorder, however this may be an oversimplification. It has been suggested that CSF
HVA levels are indicative of motor activity rather than mood as a result of the dense
dopaminergic innervation of the basal ganglia and its close proximity to the ventricles (Willner et

al. 1995). Consequently these studies may not provide an accurate measure of neuronal

15



Chapter 1

function in dopaminergic systems implicated in mood and cognitive regulation such as the

mesolimbic and mesocortical systems.

(b) Bipolar symptoms and dopaminergic drugs

It has been observed that a variety of drugs which stimulate dopamine release, or directly
stimulate dopamine receptors can induce mania. Perhaps the most obvious example of this is
amphetamine which in healthy subjects produces a behavioural syndrome very similar to that
seen in mania (Silverstone, 1985) and has been shown to precipitate manic episodes in bipolar
patients (Van Kammen and Murphy, 1975; Gerner et al. 1976). Further evidence for
dopaminergic dysfunction in mania is provided by the observation that amphetamine produces
an exaggerated behavioural response in bipolar patients compared to healthy controls (Anand
et al. 2000) although the evidence for this is inconsistent (see also Nurnberger et al. 1982).
Although amphetamine induces the release of both dopamine and noradrenaline it has been
shown that dopamine antagonists are able to block its behavioural effects (Jonsson, 1972;
Silverstone et al., 1980) implicating dopamine as the mediator of its manic effects. The idea that
mania Is the result of a hyperdopaminergic state is given further support by the ability of
dopamine receptor agonists such as piribedil (Gerner et al. 1976), bromocriptine (Vlissides et al.
1978, Brook and Cookson, 1978; Kemperman and Zwanikken, 1987) pramipexole and ronpirole
(Singh et al. 2005) to induce mania. Furthermore the dopamine precursor L-DOPA has been
shown to induce mania in bipolar depressives (Goodwin et al. 1972; Murphy, 1973) whilst L-
DOPA therapy in Parkinson’'s disease has been associated with an increased incidence of
mania (Harsch et al. 1985, Black et al. 2005), an effect which Is believed to occur as result of
increased dopamine synthesis.

Reducing dopamine synthesis by dietary depletion of tyrosine (the amino acid precursor of
dopamine) has been shown to reduce the symptoms of mania in bipolar subjects (McTavish et
al. 2001), thus giving further evidence for a hyperdopaminergic state in mania. Moreover
tyrosine depletion induces disrupted affect/reward characteristics in healthy subjects which
parallel those seen in bipolar depressive states (McLean et al. 2004). This builds on earlier work

showing that reserpine induced depletion of monoamines (including dopamine) depresses
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mood, an observation which contributed to the original monoamine hypothesis of affective
disorders (Schildkraut, 1965). Later analysis of the original reserpine studies revealed that
reserpine did not actually produce true depressive states in the majority of individuals but a
‘pseudodepressive” state lacking the cognitive features of major depression (Willner et al.
1995). Despite this, there is a significant body of evidence that drugs interfering with

dopaminergic transmission can induce mood states similar to those seen in bipolar disorder.

(c) Therapeutic drug effects on dopaminergic systems

A variety of drugs with efficacy in bipolar disorder interact with dopaminergic systems in the
brain. In particular, the ability of antipsychotic drugs to treat the symptoms of mania and
potentially depression (Brambilla et al. 2003; Surja et al. 2006; Wijkstra et al. 2007) provides
good evidence for a dopaminergic mechanism in bipolar disorder. The therapeutic potency of
typical antipyschotics has been correlated with their affinity for binding at D, receptors (reviewed
by Wilson et al. 1998) and whilst atypical antipsychotics have much lower affinities for this
receptor, D, antagonism is required for therapeutic effect (Kapur and Mamo, 2003).

Whilst all antipsychotic drugs antagonise D, receptors, their exact mechanism of action is
currently unclear. Administration of these drugs to rats produces increases in dopamine release
in the nucleus accumbens and striatum (Moghaddam and Bunney, 1990; Volonte et al. 1997,
Kuroki et al. 1999; Rollema et al. 2000) an effect consistent with the blockade of presynaptic
autoreceptors, but seemingly at odds with the hyperdopaminergic hypothesis of mania.
Furthermore typical and atypical antipsychotics appear to differ in their effects on dopamine
release in the prefrontal cortex. A number of studies have found no significant effect of acute
typical antipsychotic administration on prefrontocortical dopamine release (Moghaddam and
Bunney, 1990; Volonte et al. 1997; Gessa et al. 2000; Westerink et al. 2001; Ago et al. 2005),
whilst others have found that typical antipsychotics are less efficacious at increasing dopamine
release in the prefrontal cortex than in the nucleus accumbens or striatum (Roliema et al. 2000;
Westerink et al. 2001). In contrast, acute administration of atypical antipsychotics has
consistently been shown to increase dopamine release in the prefrontal cortex, nucleus

accumbens and striatum (Volante et al. 1997; Kuroki et al. 1999, Gessa et al. 2000; Ichikawa et
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al. 2001; Jaskiw et al. 2001). Overall it is currently unclear how the regional differences relate to

therapeutic effect.

As mentioned previously, the consistent finding of increased dopamine reiease upon acute
administration of antipsychotics would appear to be at odds with a hyperdopaminergic
hypothesis of mania. One possible explanation is that blockade of postsynaptic dopamine
receptors, thereby reducing dopaminergic neurotransmission, is responsible for their therapeutic
effect. If this is the case, acute increases in dopamine release may well be anomalous as far as
the anti-manic action of these drugs is concerned.

Whilst increased dopamine release may not explain the anti-manic properties of these drugs, it
may explain the blockade of spontaneous dopaminergic cell firing in the ventral tegmental area
Induced by chronic administration of both typical and atypical antipsychotics (Bunney and
Grace, 1978, Chiodo and Bunney, 1983; White and Wang, 1983; Todorova and Dimpfel, 1994 ).
This effect i1s likely to be responsible for the decrease in dopamine release in the prefrontal
cortex, nucleus accumbens and striatum which has been found to occur following chronic
treatment with the atypical clozapine or the typical antipsychotic haloperidol (Morrow et al.
1999). Further evidence of changes to dopaminergic function with chronic administration of
antipsychotic medication is provided by the ability of clozapine to decrease tyrosine hydroxylase
(TH, the rate-limiting enzyme in dopamine synthesis) mMRNA expression in the VITA and
substantia nigra and TH protein levels in the nucleus accumbens and striatum (Tejedor-Real et
al. 2003). These data suggest that in the long-term, antipsychotics decrease dopaminergic

neurotransmission by a presynaptic mechanism, an effect which might correlate with their long-

term anti-manic efficacy.

Whilst antipsychotic drugs are particularly effective in the treatment of mania, other
dopaminergic drugs have shown efficacy as antidepressants in bipolar disorder. Early studies
reported that the D,/Dj3 receptor agonist bromocriptine is an effective antidepressant with
greater efficacy in bipolar compared to unipolar depressives (Colonna et al. 1978; Silverstone et
al. 1984). Furthermore a number of studies have shown that the D; preferring agonist
pramipexole has antidepressant efficacy In bipolar disorder (Perugi et al. 2001; Lattanzi et al.

2002: Zarate et al. 2004; Goldberg et al. 2004). The antidepressant efficacy of these agonists
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suggests that dopaminergic neurotransmission is reduced in bipolar depression, however this
interpretation may be oversimplistic. Systemic administration of pramipexole has been shown to
decrease the release of dopamine in the striatum (Crater and Muller, 1991) presumably as a
result of activating presynaptic autoreceptors. Such a mechanism of action is inconsistent with a
hypodopaminergic hypothesis of depression. Another study found, however, that bromocriptine
and pramipexole induce locomotor activity following intra-striatal administration but attenuate
the locomotor stimulating effects of a calcium channel agonist (Maruya et al. 2003). Thus under
conditions of Ilow dopamine release these drugs may potentiate dopaminergic
neurotransmission, but when dopaminergic neurotransmission is elevated, these drugs have an
anti-dopaminergic effect. Thus if bipolar depression is characterised by a hypodopaminergic
state bromocriptine and pramipexole may well augment dopamine neurotransmission to rectify
the deficit.

A major group of drugs used in the prophylactic treatment of bipolar disorder are the mood
stabilising drugs which include lithium, carbamazepine and valproate. Whiist these drugs do not
interact directly with dopamine receptors, there is evidence, although inconsistent, that they
modulate dopaminergic neurotransmission. Some studies in rats have shown that chronic
ithium treatment increases dopamine synthetic activity (Koyama et al. 1987; Gudelsky et al.
1988) and basal levels of dopamine and its metabolites in the nucleus accumbens (Koyama et
al. 1987; Baptista et al. 1993) whilst others have shown no effect on synthesis or release in this
region (Reches et al. 1984; Ferrie et al. 2006). In the study of Ferrie et al. (2006) no effect of
chronic lithium was seen on basal dopamine levels, however potassium stimulated dopamine
release was significantly attenuated in lithium treated animals.

In the prefrontal cortex two studies have found evidence for increased dopamine synthesis
following chronic lithium treatment (Koyama et al. 1987; Gudelsky et al. 1988), however
measurement of levels of dopamine and its metabolites have led to conflicting results. One
study found increased levels (Koyama et al. 1987), one study found a decrease (Baptista et al.
1993) and another found no effect (Reches et al. 1984).

In the striatum results have been more consistent with a number of groups finding increased

dopamine and dopamine metabolite levels following chronic lithium treatment (Hesketh et al
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1978; Otero-Losada and Rubio, 1985; Koyama et al. 1987; Gudelsky et al. 1988), although
again one study found no effect (Reches et al. 1984).

In a similar fashion to the effect of lithium found by Koyama et al. (1987) carbamazepine and
valproate treatment have been shown to increase prefrontocortical dopamine release (lchikawa
and Meltzer, 1999; Ichikawa et al. 2005), whilst carbamazepine has also been shown to
iIncrease dopamine release in the striatum and hippocampus (Okada et al 1997).

Whilst it 1s evident that mood-stabilisers can modulate dopaminergic neurotransmission it is
unclear how this relates to their therapeutic effect. Although the balance of evidence points to
an upregulation of basal dopaminergic activity by mood-stabilisers, it is interesting that Ferrie et
al. (2006) showed an attenuation of stimulated dopamine release by lithium treatment. If lithium
does in fact elevate basal dopamine levels when they are low but decrease dopamine levels
under stimulated conditions this may account for its mood-stabilising effect. It could thus be
speculated that mood-stabilisers attenuate the hyperdopaminergic state of bipolar mania whilst
potentiating dopamine release during the bipolar depressive phase.

An important point which relates to all classes of drugs used in the treatment of bipolar
disorder is that our knowledge regarding their mechanism of action comes largely from studies
in (presumably) healthy animals. It may be the case that the effects of these drugs on
dopaminergic function differ in bipolar disorder, thus extrapolating the mechanism of their
therapeutic action from these studies may not be possible. Despite this caveat there is

considerable evidence that modulation of dopaminergic neuronal function may underlie their

therapeutic effects.

(d) Markers of central dopaminergic function in bipolar disorder
Thus far studies investigating markers of dopaminergic function in the brain have yielded

conflicting results, however the available data provide some evidence that dopaminergic

function is altered in bipolar disorder.

An interesting finding, which relates directly to the results of this thesis, is the demonstration of
increased vesicular monoamine transporter 2 (VMATZ2) binding in the thalamus and ventral

brainstem of euthymic bipolar disorder | patients compared to schizophrenics and healthy
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controls (Zubieta et al. 2000; 2001). This suggests that vesicular dopamine content may be
increased in bipolar disorder and this may lead to an increase in dopamine release (see section
1.3.1.2.). Conflicting somewhat with this interpretation are the results of a PET imaging study
which showed that the rate constant for [18F]-DOPA uptake in the striatum is unaltered in manic
subjects, a finding which has been taken as evidence that dopamine synthesis and vesicular
uptake (of ['°F]-dopamine) is unaltered in mania (Yatham et al. 2002a). It would appear
however, that this is a rather indirect measure of vesicular uptake, given that this method only
demonstrates the accumulation of l[abelled DOPA in the region of interest.

One PET study has shown that in bipolar subjects (but not unipolar subjects) DAT binding is
unilaterally increased in the right striatum (Amsterdam and Newberg, 2007), suggesting that
post-synaptic dopaminergic function may be decreased (as a resuit of greater dopamine re-
uptake) in these patients.

In terms of dopamine receptors, one clinical PET study has shown a decrease in D4 receptor
binding in the frontal cortex of bipolar disorder subjects (Suhara et al. 1992) suggesting a down-
regulation of receptor expression in this region, however a study of Dy mRNA expression In
post-mortem hippocampal tissue found increased expression in the CA2 (but not CA1 or CA3)

region (Pantazopoulos et al. 2004). This suggests that there may be regional differences in

dopaminergic regulation in the disease.

Studies looking at the D, receptor have been similarly inconsistent. Studies have shown
increased D, receptor binding in neuroleptic-naive psychotic manic subjects but not in non-
nsychotic manic subjects (Pearlson et al. 1995; Yatham et al. 2002b), whilst a further study
found no difference in striatal D,/Ds binding between euthymic bipolar subjects (half of whom
were unmedicated) and controls (Anand et al. 2000). Somewhat in contrast to these results
however, are the findings of a study which examined D, mRNA expression in post-mortem
tissue from bipolar subjects showing a decrease in expression in the prefrontal cortex (Knable et
al. 2001) and another study which found that D3 mRNA is decreased in peripheral lymphocytes
of bipolar subjects (Vogel et al. 2004). Again, the available data on D, and Dj receptors in
bipolar disorder suggests there may be regional differences in receptor abnormalities.

Overall. it is difficult to formulate from these data a generalised hypothesis of dopaminergic
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dysfunction in bipolar disorder. Increased VMATZ2 binding in the thalamus and brainstem, and
decreased D, receptor binding and D, mRNA expression in the frontal cortex are consistent with
an upregulation of dopaminergic neurotransmission in these regions. In contrast, however,
increased DAT binding in the striatum and increased D; mRNA expression in the hippocampus
are consistent with a decrease In dopamine release in these areas. As such one could
speculate that in bipolar disorder there are fundamentally different alterations in dopaminergic

neurotransmission between brain areas.

(e) Linkage studies of genes related to dopaminergic function in bipolar disorder

Genetic linkage studies have failed as yet to produce any replicable results for candidate
genes related to bipolar disorder and dopaminergic function. Initial studies implicating the
dopamine receptor DRD2, 3 and 4 genes in bipolar disorder have not been replicated, although
association with the DRD1 gene has been shown in a number of studies (reviewed by Kato et
al. 2007). Importantly several studies have reported no linkage between the tyrosine
hydroxylase gene and bipolar disorder (reviewed by Craddock et al. 2001).

Overall there is much evidence for a dopaminergic component in the pathology of bipolar
disorder, although its exact nature remains unclear. The evidence from metabolite studies and
the effects of dopaminergic drugs on behaviour suggests a hyperdopaminergic state in mania
and a hypodopaminergic state in bipolar depression, however our knowledge of the effects of
therapeutic drugs on dopaminergic neurotransmission I1s not entirely consistent with this
hypothesis. Furthermore, clinical imaging and post-mortem studies in bipolar disorder suggest

that the nature of the dopaminergic dysfunction may differ between the various dopaminergic

projection systems and consequently a generalised hypothesis regarding dopamine is likely to

be an oversimpilification.

In more general terms there is no evidence that changes to monoamine systems are the
underlying cause of bipolar disorder. It is likely that affective disorders, and bipolar disorder in
particular, result from of a combination of genetic and environmental factors and as such

hypotheses focussing on a single neurotransmitter system are an oversimplification. Progress in
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understanding the aetiology of this condition requires a broadening of perspective to investigate

how various bodily systems interact to produce the underlying pathology.
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1.2. The HPA axis

1.2.1. Overview

The hypothalamic-pituitary-adrenal (HPA) axis is a system consisting of a number of
component tissues, the overall function of which is to provide neuronal control over the release
of endocrine signals from the adrenal cortex (see figure 1.1, also; McQuade and Young 2000).
Activation of the HPA axis produces a cascade of events, ultimately leading to the release of
corticosteroid hormones from the adrenal glands into the systemic circulation.

Corticosteroid hormones are a group of related compounds synthesized from cholesterol
which Includes the glucocorticoids cortisol and corticosterone, and the mineralocorticoid
aldosterone (see figure 1.2.). There are species differences in the secretion of glucocorticoids
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