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Abstract
Despite the fact that major depressive disorder (MDD) is expected to become the
single largest cause of injury and illness in the world by 2020 little is known regarding
the underlying cause of the disease or the mechanism of action of antidepressants
although the HPA axis and neurogenesis may be of importance in both processess.
In this thesis I have attempted to further elucidate the links between the mechanism
of action of antidepressants, disruption of the HPA axis and neurogenesis with
particular focus on members of the Bcl-2 femily of pro- and anti-apoptotic proteins.
Results showed that disruption of the HPA axis in mice by elevating corticosterone
via a pellet implant method caused robust behavioural changes in the forced swim
test (FST) (following acute and 7 day administration but not 14 or 21 day
administration) and the light/dark box (following chronic but not acute administration
which was normalised following corticosterone withdrawal) indicative of a “depressed
phenotype”.

Chronic

corticosterone

treatment also

significantly

decreased

hippocampal neurogenesis (attenuated by antidepressant treatment) but failed to
alter expression of the anti- or pro-apoptotic proteins Bcl-2 and BAX respectively
indicating a role for a disrupted HPA axis in reduced hippocampal neurogenesis but
not in increased apoptosis via changes in Bcl-2 or BAX expression.
antidepressants

Conversely,

increased hippocampal neurogenesis and selectively increased

hippocampal Bcl-2 without a corresponding change in BAX. Treatment with receptor
subtype selective 5-HT antagonists indicated the involvement of the 5-HT1A and 5HT2C receptor subtypes in the effects on Bcl-2. Central administration of Bcl-2 and
BAX peptide fragments modulated monoamine systems increasing 5-HT metabolism
and produced an antidepressant effect in the FST. Taken together results suggest a
potential involvement for the Bcl-2 family of proteins in the mechanism of action of
antidepressants and further supports the suggestion that chronically disrupted HPA
axis

function

influences

hippocampal

neurogenesis.
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Chapter 1
General Introduction
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1.1 Depression and Antidpressants.
1.1.1

History and Classification of Depression

Depression has existed throughout history and has been described by many famous
philosophers and physicians. As early as 450 B.C. mental illness was described and
classed by the philosophers and healers of the time based on physical and/or
spiritual theories. One such spiritual theory was developed by Plato (427-347 B.C.)
who described man as having two souls, rational and irrational, he described excess
happiness or sadness occurring when the irrational soul became disconnected from
the rational. These spiritual theories of mental illness which were heavily influenced
by religion dominated for many centuries. It was not until the late 15‘^ and early 16‘^
century that mentally ill patients were treated with care and no longer regarded as
being beyond help. Progress in the understanding of mental illness continued with
pace until the late 18‘*^ and early 19*^ centuries when mental institutions which had
existed since medieval times underwent further reform.

It was during the late 18‘^ and early 19‘^ centuries when the notion that life events
prior to the onset of “madness” played an important causal role in the development of
mental illness was recognised. As psychiatry progressed in the 19‘^ century more
organic and scientific theories about the cause of mental illness began to emerge
from the likes of German psychiatrist Wilhelm Griesinger who emphasised the
anatomical role of the brain in psychiatric disorders, a theory which progressed into
the early 20‘^ century with researchers such as Emil Kraeplin postulating the role of
genetic and metabolic factors in the aetiology of such disease states. Kraeplin’s
classification of depression is still the fundamental basis of how we view the disease
to this day, he distinguished it from schizophrenia and described how patients could
suffer from both low and elevated mood (depression and mania).
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Progress of our understanding of depression in the first half of the 20*^ century
revolved, in the main part, around the seminal writings of Sigmund Freud who
famously in his work “Mourning and Melancholia” in 1917 described depression as
“anger turned upon the se lf and these theories lent credence to the idea that
depression was a syndrome of the brain. Since Freud's death in 1939 most progress
in the field of depression has been made with the discovery in 1938 by the Italian
clinician Lucino Bini that electroconvulsive therapy (ECT) had beneficial effects when
administered to a depressed patient. This was closely followed by the serendipitous
discovery of chemical entities that possessed antidepressant activity (see section
1.1.2.1) which have in turn lead to extensive research into their mechanisms of action
in the hope that this may shed some light on the as yet unclear cause of this
debilitating disorder and lead to the development of improved pharmacotherapies.

Progress in understanding the aetiology of depression has lead to the identification of
several subtypes of the disorder, these include major depressive disorder (MDD),
psychotic major depression (PMD) (marked by the presence of hallucinations or
delusions that occurs only coincident with the depressed mood symptoms) ,
dysthymic disorder, cyclothymic disorder, bipolar depression, adjustment disorder
with depression and unspecified depression. This project will deal in the main part
with antidepressants and any reference to depression will be mainly concerned with
MDD, although the relevance of high circulating corticosteroids to the aetiology of
PMD along with the reported success of glucocorticoid receptor antagonists in its
treatment (Belanoff et ai, 2001a) are also taken into consideration. The criteria used
today for the diagnosis of MDD are set out in the Diagnostic and Statistical Manual of
Mental Disorders (DSM IV 2000) and describe a wide range of symptoms (see table
1.1). These symptoms include depressed mood, irritability, low self esteem, feelings
of hopelessness, worthlessness and guilt, decreased ability to concentrate and think,
decreased or increased appetite, weight loss or weight gain, insomnia or

20

hypersomnia, low energy, fatigue, increased agitation, decreased interest in
pleasurable stimuli (e.g. sex, food, social interactions) and recurrent thoughts of
death and suicide clearly demonstrating the heterogeneous nature of this condition
and the associated difficulties in diagnosing such a multifaceted disorder. Research
has shown there to be both genetic and environmental influences of MDD. A recent
study (Fava and Kendler, 2000) quoted a 33% genetic risk of depression in twin
studies but despite this, genetic studies have so far failed to identify any definite
candidate genes which can be classed as high risk (Abkevich et al., 2003; Zubenko
eta!., 2003; Zill at a/., 2004). It is likely therefore that MDD involves a combination of
many genetic factors with any single gene having a relatively small influence (Sullivan
at a/., 2000). As well as these genetic factors numerous environmental factors have
been implicated in the aetiology of depression including stress, emotional trauma and
viral infection amongst others (Fava and Kendler, 2000). There have been links
made between personality and susceptibility to MDD with people who have low self
esteem, those who are overly critical and those who may be classed as perfectionists
being more likely to develop MDD. It is therefore probable that like many psychiatric
disorders, a combination of environmental events and a high risk genetic background
may lead to this disease.

It should also be noted that in addition to the previously

mentioned risk factors there are certain medications e.g. certain antihypertensives
and corticosteroids which can result in “depressive like sympoms” and that several
other central nervous system (CNS) disorders such as stroke and Parkinson’s
disease can also cause depression although this may be secondary to the illness.

Tabla 1.1 The Critaria for Diagnosis of MDD as Sat Out in Diagnostic and Statistical
Manual of Mental Disorders (DSMIV 2000).
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fable I

DSM IV Criteria for Major Depreeslve Episode
A. Five (or more) oi ihe following symptomg have been present dunng the same 2‘week peood and represent a change from previous functioning; at least one of the symptoms is ei
ther depressed mood or loss ot interest or pleasure,
Wore; Do not indude symptoms that are clearly due to a general medical conOilion, or
mocKt-incongruent delusions or hallucinalicns.
(1) Depressed mood most of the day. nearly every day, as Indicated by oilher subjeciive
report (eg. tsels sad or empty) or obsorvalion made by others (eg. appears tearful).

Noie: Children, adolescents, and genatnc patients can be in ifrilabic moods.
(2) Markedly diminished interest or pleasure in all, or almost all. activities most Of tho day,
nearty every day (as indicated by either subjcclivo aocconl or observation by others).
(3) Signilicant weight loss when not dietrng or vneiQht gain (eg, a change of more than 5%
ol body weight fo a month), or decrease or increase in appetite nearly every day.

^^otel In children, consider tailurc to make expected weight gains.
(4) Insomnia or hypersomnia nearty every day.
(5) Psychomolor agitation or retardation nearly every day (cbsenrable by others, not mere
ly s u b ^ tiv e leeüngs of restlessness or being slowed down).
(6) Fatigue or loss of energy needy every day.
(7) Feelings of worthlessness or excessive or inappropriate guilt (whic^ may be delusional)
nearly every day (not merely self-reproach (X guilt aboul being sick)
(0) Diminished ability to think or concentrate, or rodeciwveness, nearly every day (edher by
subjective account or as observed by others).
(9) Recurrent thoughts of death (not just fear ol dying), rocurront suicidal idôalion v4thou1 a
specific plan, or a suicide attempt or a specüic plan for commuting suicide.
B. The symptoms cause clinically signdlcant distress or impairment in social, occupational,
or Other important areas of functioning.

C. The symptoms are not due to tho direct physiologic elfecis of a substarx» (eg, a dtug of
abuse, a medication) or a general medical condition (eg, hypothyroidism).

AdapterJf'om American Psv<*iaif«s Asaocialion.Jiei

DSM IV • Oûryoosrir and 5 > ia tK l'C J i{ ManiJJii of M cnt^ Ofsordei^. 4|h edition.
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1.1.2

Antidepressant T reatment

It is estimated that MDD affects close to 20% of the population at one time or another
during their lifetime with as many as 15% of sufferers commiting suicide. MDD is
currently the third most expensive illness in the USA with costs of around $12.5 billion
per year (Rosenbaum et al, 1999). It should also be noted that this is the direct cost
and does not take account of indirect costs such as lost productivity etc. By the year
2020 MDD is expected to be the second major cause of injury and illness in the world
(Murray et al, 1996) but despite the magnitude of this disorder very little is known
about the underlying cause of the disease and as such very few effective
pharmacotherapies are available to sufferers. In spite of this, significant advances
have been made in the last 50 or so years since the initial discovery of the tricyclic
antidepressants (TCAs) and research continues to identify more efficacious and
better tolerated antidepressant agents and to elucidate the mechanism of action of
these therapies

1.1.2.1 Discovery of Antidepressants

The majority of currently prescribed antidepressants are agents which act directly or
indirectly via the monoaminergic systems in the brain and this has provided the basis
for the monoamine hypothesis of depression - a concept that is almost 50 years old.
The hypothesis states that MDD is a result of reduced activity of the central
monaminergic systems and was largely developed around the fact that reserpine
administered to patients to treat hypertension caused depression (Schildkraut and
Kety, 1967) and the reserpine animal model of depression (Holzbauer and U)gt,
1956). It has long been regarded that this hypothesis while having some face validity
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is too simplistic and that the real underlying disease process involves a more
complex interaction between many systems (Altar, 1999) not least due to the fact that
stimulants such as amphetamine inhibit monoamine uptake and enhance monoamine
availability but are not clinically antidepressant. It is however still the case that most
prescribed antidepressants exert their primary action through the monoamine
systems with selective serotonin reuptake inhibitors (SSRI) e.g. fluoxetine and
paroxetine and tricyclic antidepressants (TCA) e.g. amitriptyline and imipramine being
among the most commonly prescribed with noradrenaline selective reuptake
inhibitors (NSRI) e.g. reboxetine and monoamine oxidase (MAO) inhibitors including
moclobemide being less frequently prescribed.

Figure 1.1 shows the primary

molecular target of most currently prescribed antidepressants with 0 marking the
point at which antidepressants prevent either the breakdown or reuptake of
monoamines at the level of the synapse although there are obviously further
downstream events that occur due to drug treatment after this initial interaction.
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Figure 1.1 Schematic Representation of Currently Prescribed Antidepressant Drugs
Acting Via the Monoamine Systems.
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Prior to the 1950’s most patients suffering from depression were treated by non
pharmacological methods with mixed success. This stemmed from the previously
mentioned landmark finding in 1938 by the Italian physician Lucino Bini that ECT had
beneficial effects in depressed patients (ECT replaced the previously used insulin
shock introduced by Manfred Sakel in 1933 whereby insulin was used to decrease
blood sugar to the extent where coma and convulsion occurred).

This initially

traumatic and dangerous procedure which involves a small electrical current being
administered to the brain through electrodes on the scalp inducing a seizure, was
refined and became the first line treatment for depressed patients and this remained
the case until the serendipitous discovery by John Cade in 1949 that Ithium relieved
some of the symptoms of patients suffering from bipolar disorder (or manic
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depression) which is distinguished from MDD by characteristic high and low mood
swings ie depression and mania.

Further significant progress in pharmaceutical intervention in MDD occurred when
attempts to improve the anti-tuberculous action of commonly used agents led to the
synthesis of iproniazid. Its introduction as the first modern antidepressant was based
on three unexpected actions of the drug: MAO-inhibition, reversal of reserpineinduced sedation and the presence of psychostimulation as a clinical side effect in
man (Deverteuil and Lehmann, 1958; Scanlon and White, 1958). This revolutionised
the potential for pharmacological intervention in MDD, hitial clinical trials proved
promising and some 4000 prescriptions for the drug were issued in the U.S. in it’s first
year (by comparison almost 65 million prescriptions are issued for antidepressants
today). Unfortunately as with most early antidepressants the compound was flawed
by serious side effects and many patients treated with iproniazid developed jaundice
and the drug was withdrawn. This setback in the search for a therapy for depression
was solved in 1958 when Ronald Kuhn tested imipramine, following research on the
development of histamine antagonists in cough syrup, in depressed patients with
success (Kuhn, 1958). This agent defined the tricyclic antidepressant (TCA) class
which also includes desipramine and amitriptyline and was the first major class of
antidepressants to be discovered and developed for widespread use. Real
breakthroughs in the elucidation of the mechanism of action of these agents came in
the mid to late sixties when seminal work by Iversen, Carlsson and colleagues
revealed that TCA’s blocked noradrenaline and serotonin reuptake respectively
(Iversen, 1965; Carlsson et al., 1968). These compounds along with the monoamine
oxidase inhibitors (MAOIs) were the mainstay of antidepressant therapy for the next
20 or so years.
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The next major advance came in the 1980’s with the introduction of the selective
serotonin reuptake inhibitors (SSRIs), e.g. fluoxetine - first described in 1974 (Wong
et al., 1974). These compounds specifically targeted the serotonergic system rather
than the TCA’s and MAOI’s which have both serotonergic and noradrenergic
components.

Interestingly numerous clinical studies have shown that such

compounds while not offering any greater efficacy against the symptoms of
depression offered fewer unwanted side effects (see section 1.1.2.2), although they
are not side effect free. Indeed two of the first SSRI’s to be developed, zimelidine
and indalpine were subsequently withdrawn due to their side effect liabilities.
Fluoxetine had a comparable onset of action to the existing TCA’s but importantly it
was also found to be non lethal on overdose (Sommi et a/., 1987). SSRI’s were
revolutionary and indeed fluoxetine (Prozac) became the best selling psychiatric drug
of all time.

Further developments resulted in noradrenaline selective reuptake

inhibitors (NSRI) such as reboxetine and dual uptake (serotonin and noradrenaline)
inhibitors such as venlafaxine which along with dopamine reuptake inhibitors such as
bupropion offer a much greater degree of selectivity over TCA’s and MAOI’s over
cholinergic and histaminergic receptors.

1.1.2.2 Adverse Events with Current Antidepressant Therapies.
The initial discovery of TCA’s demonstrated that these agents offered some benefit to
depressed patients but suffered from unwanted side effects, largely attributed to
interactions with the cholinergic, histaminergic and adrenergic systems. Among the
more problematic of these side effects were increased sweating, dizziness, urinary
retention, nausea and increased heart rate and most worryingly as previously
mentioned they were also liable to be lethal on overdose (Amsterdam et a/., 1980).
Despite these faults this class of drug is still prescribed to this day due to excellent
efficacy (although generally they are not the first choice therapy).

27

The advent of the SSRI’s improved compliance and while fewer side effects were
seen there are still issues with unwanted effects (Sommi et al., 1987) such as
nausea, sexual dysfunction and in some cases the appearance of “serotonin
syndrome", a serious condition which represents a hyperserotonergic state and is
characterised by, amongst other things, sustained rapid eye movement, over reaction
of the reflexes, feeling drunk and dizzy, rigidity, high body temperature, shivering,
diarrhoea, loss of consciousness and potentially death. It is therefore recommended
that SSRI’s are not used concurrently with other serotonergic drugs such as
pethidine, tramadol or buspirone. There have also been reports in recent years of
increased risk of suicide in patients taking SSRI’s (Cullberg, 1997) although this area
still remains controversial (Ham, 2003). Other agents such as the MAOIs and SNRIs
offer improved side effect liabilities over TCA’s but are also still flawed by adverse
effects such as interactions with tyramine rich foods (causing hypertensive crisis),
light headedness, weakness and constipation in the case of the MAOI s such as
tranylcypramine and sweating, constipation and dry mouth in the case of SNRIs such
as reboxetine

While major advances in the development of improved antidepressant medication
have been made and the majority of depressed patients derive significant clinical
benefit from such treatment, approximately 30% of patients do not respond to any
type of antidepressant treatment and are still treated as a last resort with ECT (and
also more recently by the less severe transcranial magnetic stimulation (TMS)
whereby a stimulating coil is placed close to the scalp producing electric currents that
increase or decrease neuronal activity, based on the settings. The mechanism(s) of
treatment resistance (when two monotherapies from distinct pharmacological classes
fail to elicit a therapeutic effect) is not understood and it is hoped that new non
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monoaminergic approaches may address the phenomenon of treatment resistant
depression.

Furthermore, regardless of the class of antidepressant used all appear to show a
delay of around 46 weeks before significant clinical benefit is achieved. This is
obviously an issue for depressed patients and their compliance as this lag phase is
often too long for some patients to wait to see a significant benefit in their symptoms
and hence they discontinue therapy. This delay in onset of action also identifies a
more fundamental problem and that is the immediate effects of these drugs on their
specific molecular targets eg the 5-HT transporter is insufficient to explain therapeutic
benefit and chronic adaptive mechanisms have been sought to explain such
observations.

This presents the possibility of modulating this adaptive change

directly (rather than indirectly via manipulation of monoaminergic systems) and hence
eliminate or at least shorten the therapeutic lag phase that plagues this class of
compounds by eliminating the upstream processes that must take place before the
final common endpoint of antidepressant action occurs.

Despite these many apparent issues with antidepressant medication it should not be
forgotten that before the advent of these antidepressants many patients were
institutionalised and the only treatment available was ECT. It should also be noted
that ECT is still used to this day, to treat the most severe forms of drug resistant
depression and PMD. The procedure has been improved by the use of a general
anaesthetic and neuromuscular blockers to prevent injury to the patient which has
now made the procedure less dangerous.

However, due to the fact that ECT

requires repeated treatments in a hospital environment by a team of trained
physicians the expense is considerable.

1.1.2.3 Novel Strategies for Antidepressant Treatment.
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It has become apparent in recent years that adopting non monoaminergic
approaches to treating MDD may be a viable option (Skolnick, 2002). As such there
has been interest in several targets with a view to developing a new generation of
antidepressant including Tachykinin NK1 receptor antagonists (Rupniak and Kramer,
1999), glucocorticoid receptor antagonists (Murphy, 1997) (particularly for the
treatment of PMD), Vasopressin 1b (V ib) receptor antagonists (Griebel et al., 2002)
and Melanin Concentrating Hormone-1 (MCH-1) antagonists (Borowsky et a!., 2002)
to name but a few. These targets have been chosen based on receptor localization
studies, extensive preclinical animal model validation and in some cases clinical
trials. Despite this, with the exception of mifepristone the GR/progesterone receptor
antagonist which is available for the treatment of PMD (Krishnan et a/., 1992), none
of these newer antidepressant strategies has yielded a compound which has made it
to the clinic with NK1 receptor antagonists being the only class to have been fully
evaluated in clinical trials and failing to show a positive outcome over placebo. It
should also be noted that mifepristone has shown promising results in a small trial for
PMD but not in MDD (Flores et al., 2005).

1.1.3

Possible Mechanism(s) of Action of Antidepressants

in the late 1980’s and early 1990’s much research focused on non monoamine based
post-synaptic receptor changes and how these could form a coherent theory of
antidepressant action (Skolnick, 1999). This said however, there was still extensive
investigation into monoaminergic agents and many selective as well as dual and
triple reuptake inhibiting agents e.g. bupropion, venlafaxine and DOV 21,947 were
discovered during this time (Pacher and Kecskemeti, 2004).

Two initial, non

monoaminergic, areas of investigation were how antidepressants affected adenyl
cyclase and associated intracellular signaling pathways (Nibuya et a/., 1995; Nibuya
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et al., 1996) and also how the ISI-methyl-D-aspartate (NMDA) receptor was involved
(Trullas and Skolnick, 1990; Papp and Moryl, 1994).

1.1.3.1 Direct and Indirect Modulation of Monoaminergic Systems

The monoamines serotonin and noradrenaline were identified as neurotransmitters in
1949 and 1946 respectively by Page and Euler.

Serotonin , a substance first

identified as a powerful vasoconstrictor, is synthesised from tryptophan which is
converted by tryptophan dehydroxylase into 5-hydroxytryptophan, which is in turn
converted to Shydroxytryptamine (5-HT) by aromatic amino acid decarboxylase.
Serotonin is taken up into storage vesicles by the vesicular monoamine transporter
(VMAT) until changes in calcium result in its release into the synapse. Following its
release into the synapse serotonin is eventually taken back up into presynaptic
terminal by the serotonin transporter where it is metabolised by MAO-A and then
further metabolised by aldehyde dehydrogenase to 5-hydroxyindole acetic acid (5HIAA) (Frazer and Hensler, 1990). Noradrenaline is synthesised from tyrosine which
is first oxidised by tyrosine hydroxylase into dihydroxyphenylalanine (DOPA) which in
turn is decarboxylated by aromatic amino acid decarboxylase into dopamine (a
neurotransmitter in it's own right). Dopamine undergoes p-oxidation by dopamine p
hydroxylase to form noradrenaline.

Like serotonin, noradrenaline is taken up into

vesicles by VMAT and following release its reuptake into the synapse is via the
noradrenaline transporter where it is also metabolised by MAO and Catechol-0Methyltransferase (COMT) to vanillylmandelic acid (VMA) and

3-methoxy-4-

hydroxyphenylglycol (MHPG) (Smith etal., 1972).

As previously mentioned the currently available antidepressant agents have
mechanisms based almost exclusively on manipulation of monoaminergic systems.
These direct effects broadly revolve around either inhibiting the breakdown of either
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monoamines or increasing the synaptic levels of these neurotransmitters by targetting
monoamine transporters.

Given the therapeutic lag phase mentioned in section

1.1.2.2 the antidepressant effects of these agents may be due to downstream
adaptive changes as their effects on synaptic monoamine levels occur acutely.
There have been many adaptive changes reported in rodents following chronic
antidepressant treatment and several of these receptor and protein changes have
been investigated with a view to finding common endpoints in the mechanism of
action of antidepressants and developing a faster acting antidepressant.

The apparent “indirect” effect of antidepressants, i.e. the fact that the acute increase
in synaptic levels of serotonin and/or noradrenaline or dopamine is clearly not directly
responsible for the antidepressant action of these compounds has lead to much
research into the effects of antidepressant agents on pre and post synaptic
noradrenergic, dopaminergic and serotonergic receptors and how these two systems
interact. The data from these various studies has unraveled an incredibly complex
interaction between reuptake mechanisms, pre and postsynaptic, auto- and hetero
receptors (Launay etal., 1994). This intricate network can be summarised as follows:
compounds acting primarily on the serotonergic system act principally via a group of
serotonergic neurones the cell bodies of which are located in the Raphe nucleus and
project extensively to the forebrain (Jacobs and Azmitia, 1992). A wide range of 5HT receptor subtypes (5-HT
5 -HT5 ,

5-HTib> 5-HTio. 5-HT2A, 5-HT26 , 5-HT2c, 5-HTg, 5 -HT4 ,

5-HTe and 5-HT?), some of which are inhibitory and some of which are

excitatory, exist on postsynaptic neurones (Raymond et a/., 2001) and the synaptic
levels of serotonin which act on these receptors are determined by a number of
control mechanisms, primarily reuptake and negative feedback. Reuptake into the
presynaptic neurone is via the serotonin transporter and negative feedback is via
auto-receptor controlled inhibition of neuronal firing. In the case of the serotonergic
system this auto-receptor feedback is determined by two subtypes of the 5-HTi
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receptor family, the 5-HTia receptor (on the cell body of serotonergic neurones) and
the 5-HTib receptor (on the nerve terminals) (Raymond et al., 2001). In the case of
an SSRI like fluoxetine the drug will result in a reduced reuptake of 5-HT and hence
an increased concentration in the synapse but this in turn will lead to activation of
somatodendritic 5-HTia receptors which inhibit cell firing and decrease 5-HT
synthesis and release (Le Poul et a!., 1995). Upon chronic administration however
firing rates increase which has been suggested to be caused by a desensitization of
the inhibitory 5-HTia receptors and indeed this adaption mechanism has been
proposed as one reason for the therapeutic lag phase seen with agents acting via the
serotonergic system (Blier etal., 1997).

The situation is very similar for the noradrenergic system. In this case cell bodies in
the Locus Coeruleus once again largely project to the forebrain where postsynaptic
tti, « 2 , Pi and p2 adrenoceptors are stimulated by released noradrenaline and similar
reuptake and negative feedback control mechanisms exist as for serotonin (Garcia et
al., 2004).

In the case of noradrenaline the reuptake is via the noradrenaline

transporter and auto-receptor mediated inhibition of neuronal firing is via

«2

auto

receptors located on both the cell bodies and nerve terminals (Elhwuegi, 2004).
Correspondingly as 5-HTia receptors have been suggested to desensitize on chronic
administration of SSRI’s so have

«2

auto-receptors on chronic treatment with

noradrenergic agents (Elhwuegi, 2004). The suggestion that the desensitization of
auto-receptor function may have a role in the therapeutic lag phase seen with
antidepressants has lead to investigations into the possible adjunctive use of either 5HTia or tt 2 receptor antagonists such as pindolol or mianserin respectively along with
currently used antidepressants to achieve a quicker onset of therapeutic effect and
certainly animal and some clinical studies indicate that this may well be possible
(Dennis etal., 1987; Arborelius etal., 1996; Artigas etal., 1996; Blier ef a/., 1997).
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To further complicate the already convoluted roles of serotonin and noradrenaline the
two systems interact to regulate feedback and release with noradrenergic neurones
synapsing onto serotonergic neurones in the Raphe causing excitation through
receptors (Aghajanian, 1985) and conversely az receptors on 5-HT terminals exert an
inhibitory effect on 5-HT release. Similarly serotonin exerts an inhibitory effect on
noradrenergic cell bodies in the Locus Coeruleus by acting on local 5-HT2 receptors
(Aghajanian, 1980).

Other early studies to determine adaptive changes to the noradrenergic and
serotonergic systems were focused on brain (3 adrenoceptors.

Banerjee and

colleagues (Banerjee et a/., 1977) initially showed that chronic treatment of rats with
the antidepressants desipramine and iprindole resulted in marked changes in the
binding density of the (3 adrenoceptors labelled with the antagonist fH ]dihydroalprenolol to rat forebrain, a discovery that has since been extended to other
antidepressants such as paroxetine, clorgyline and amitriptyline (Dennis at ai, 1994;
Vetulani and Nalepa, 1996). This idea of adaptive changes to monoamine receptor
systems was further extended by Peroutka and Snyder (Peroutka and Snyder, 1980)
when they demonstrated that several antidepressants down regulated the number of
5 -HT2A

binding sites (as determined by fH] spiperone binding) after chronic but not

acute dosing.

These studies showing that chronic but not acute treatment with

antidepressant drugs caused a downregulation of these receptor subtypes led to
speculation that these receptor changes may be the basis for antidepressant efficacy
and that perhaps a subtype selective antagonist for these receptors may provide a
more efficacious or faster acting antidepressant. However, not all antidepressants
have these adaptive effects on monoaminergic receptors (for review see Paul et al.,
1994) and there is no evidence for antidepressant efficacy of (3 adrenergic
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antagonists. This approach along with other evidence, described below, lead to a
vibrant period of research into the potential roles of glutamate and intracellular
mechanisms in the role of antidepressant action.
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1.1.3.2 Adaption of Glutamatergic Transmission

Glutamate is the major excitatory neurotransmitter in the mammalian CNS consisting
of four receptor families, the NMDA, AMPA, kainate and the metabotropic glutamate
receptors (Ozawa et al., 1998). The NMDA receptor is an ionotropic receptor along
with AMPA and kainate and is probably the most extensively characterised due to
the availability of a wide variety of ligands acting at the receptor (Heresco-Levy and
Javitt, 1998).

In addition to the agonist site for glutamate ihe receptor complex is

comprised of several modulatory domains including those for the co-agonist glycine,
phencyclidine (PCP) , polyamines, zinc and protons see Ozawa et al., 1998 for
review . There is a proposed role for NMDA receptors in various neuropsychiatrie
disorders including cerebral ischaemia (Albers, 1990), schizophrenia (Heresco-Levy
and Javitt, 1998), pain (Wiesenfeld-Hallin, 1998) and Parkinson’s disease (Blandini et
a/., 1996) as well as MDD (Paul and Skolnick, 2003).

The potential role of the NMDA receptor in depression was the subject of
considerable research in the late 1980’s/ early 1990’s primarily focusing on the
similarity of NMDA receptor antagonists to antidepressants in behavioural assays
predictive of antidepresent activity such as the forced swim test and chronic mild
stress (Trullas and Skolnick, 1990; Papp and Moryl, 1994) but this had been reported
as early as the mid 1970’s when Sofia and Harakal (Sofia and Harakal, 1975)
reported that ketamine exhibited antidepressant like activity in mice and rats albeit to
a lesser extent than imipramine.

There were also extensive reports of NMDA

receptor adaptation following antidepressant treatment (Paul et a/., 1993; Nowak et
a/., 1993).

In these initial experiments the authors used radioligand binding

techniques to determine changes in the NMDA receptor complex following acute and
chronic treatment with the TCA imipramine. Specifically, animals dosed with vehicle
or imipramine showed a 2.5 fold reduction in the potency of glycine to inhibit [^H] 5,7-
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dicholorokynurenic acid (5,7 DCKA) binding to the glycine co-agonist binding site
following chronic treatment with imipramine with no effect being seen with acute
treatment.

These early findings lead to the hypothesis that NMDA receptor adaptation may be
the final common pathway in the mechanism of action of antidepressants as all
compounds tested, with diverse mechanisms, resulted in a dampening of NMDA
receptor function (Skolnick, 1999) (see figure 1.2 for diagram). Human post mortem
evidence of a role for NMDA receptor antagonists in the pathophysiology of
depression has however been limited and conflicting, hitial reports from studies on
drug free suicide brains showed no effect on NMDA receptor density as determined
by fh ] MK-801 binding (Holemans et al., 1993) leading the investigators to suggest
that there was no role for NMDA receptors in the pathophysiology of MDD.
Subsequently however another group showed significant changes in NMDA receptors
in the frontal cortex of depressed suicide victims (Nowak et a/., 1995) providing
evidence for a role of glutamatergic dysfunction in MDD.

These theories of the

NMDA receptor being the endpoint in a common pathway of antidepressant action
were eloquently summarised by Skolnick (1999) who postulated that alterations in the
adenylyl cyclase system, induced by increased availability of monoamines at their
respective receptors, affected cAMP-response element binding (CREB) and brain
derived neurotrophic factor (BDNF) expression leading to decreased NMDA receptor
function or receptor density.

Skolnick also suggested that this effect could be

achieved more rapidly with NMDA receptor antagonist treatment than with
conventional antidepressants;

a theory which has limited clinical support based on

the effectiveness of ketamine, a non competitive antagonist at the NMDA receptor, in
a small clinical trial (Berman et a/., 2000).

This has left this area of research

somewhat open to question and until well tolerated subtype selective antagonists
become available, which do not exhibit the psychotomimetic side effects seen with
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non-competetive antagonists such as ketamine and PCP, these questions seem
likely to remain unanswered. However the pioneering work of the likes of Skolnick,
Paul and Nowak should not be underestimated in terms of elucidating the mechanism
of action of antidepressants.

Figure 1.2 Schematic Representation of the Action of Antidepressants on Intracellular
Signalling and Glutamatergic Receptors, (reproduced from Skolnick et al., 2001)
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1.1.3.3 Intracellular Adaptive Mechanisms
In the late 1980’s it was shown that chronic antidepressant treatment resulted in
alterations of proteins including cyclic adenosine monophosphate (cAMP) and Protein
Kinase A (PKA) (Ozawa and Rasenick, 1989; Nestler et al., 1989) suggesting this
pathway as a potential target for the required adaptive changes involved in
antidepressant activity.

cAMP is an intracellular

second messenger which can

influence metabolism, cell shape and gene transcription (via reversible protein
phosphorylation - one of the most important intracellular regulatory mechanisms)
(Popoli et al., 2000). cAMP is produced from ATP and adenylate cyclase (AC) in
response to a variety of extracellular signals such as hormones, growth factors and
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neurotransmitters and one of the main targets for cAMP action within the cell is PKA
(Walsh etal., 1968) and CREB (De Cesare etal., 1999).

In the mid-late 1990’s attention was focussed on the effect of antidepressants on the
transcription factor cyclic AMP response element binding protein (CREB), the
expression of which was increased in hippocampus following chronic but not acute
antidepressant treatment (Nibuya et a!., 1996) CREB, is a nuclear transcription factor
and it was suggested that certain target genes such as the neurotrophins may be
subsequently affected following chronic antidepressant treatment.

The neurotrophin family (which consists of four proteins - nerve growth factor (NGF),
brain derived neurotrophic factor (BDNF), neurotrophin 3 (NT-3), and neurotrophin 4
(NT-4) ) as the name suggests can promote the survival and fate of neurones in the
CNS by binding to either protein tyrosine kinase receptors (Trk receptors - NGF
binds to TrkA, BDNF and NT-4 bind to TrkB and NT-3 binds to TrkC, and to a lesser
extent to TrkA and TrkB- all of which have discrete distributions.) or the p75 low
affinity NGF receptor ( to which all four neurotrophins bind with similar affinity) on
target neurones (for review see (Ibanez, 1995)) .

One such protein under the

transcriptional control of CREB is BDNF and the same laboratory that had identified
increased CREB expression following antidepressant treatment also showed
increases in hippocampal BDNF mRNA expression following chronic but not acute
antidepressant

(tranylcypromine,

sertraline,

administration (Nibuya et a!., 1995).

desipramine,

and

mianserin)

BDNF and its receptor TrkB are widely

expressed in the adult mammalian CNS with particularly dense expression in the
hippocampus and certain cortical sub regions (Conner et a!., 1997) and mice with
disrupted BDNF gene expression are severely compromised in terms of the number
of sensory neurones but not brain structure (Jones et a!., 1994) as are TrkB receptor
knockout mice (Klein etal., 1993).
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The evidence for the involvement of CREB and BDNF in the pathophysiology of MDD
has been more consistent than that for NMDA receptors including postmortem
studies showing altered cAMP regulation in the frontal cortex of MDD sufferers,
increased CREB and BDNF expression in the cortex and hippocampus respectively
of patients treated with antidepressants (Cowbum et ai, 1994; Dowlatshahi et ai,
1998). Interestingly an antidepressant like effect of BDNF was demonstrated in
assays predictive of antidepressant activity such as the forced swim test (FST) and
learned helplessness (Siuciak et ai, 1997; Shirayama et ai, 2002). This was taken a
stage further in 2003 when Saarelainen and colleagues at the University of Kuopio
carried out experiments using a combination of TrkB.TI (truncated form of the
receptor) transgenic mice and heterozygous BDNF and NT-3 knockout mice (BDNF
+/- and NT-3 +/-) (Saarelainen et ai, 2003). This study showed that the TrkB.TI and
BDNF +/- mice were non responsive to the effects of antidepressants in the FST, in
contrast NT-3 +/- mice behaved similarly to wild type mice, showing a decreased
immobility time in the assay.

Intriguingly, the TrkB.TI mice showed the same

increase in cortical 5-HT levels as wild type mice in response to fluoxetine
administration. This clearly demonstrated that TrkB signalling and specifically TrkB
signalling via BDNF was required for antidepressant activity in this animal model and
lent further weight to the argument that the mechanism of action of antidepressants is
dependent on BDNF and TrkB signalling. In contrast, a year earlier Conti et al.(Conti
et ai, 2002) had carried out similar experiments using CREB deficient mice and
showed that while they failed to show a desipramine induced upregulation of BDNF
mRNA they still exhibited an antidepressant like phenotype in the FST implying that
this phenotype may be a BDNF independent effect. The conflicting evidence for a
role of BDNF clearly warrants further investigation although it should be remembered
that these animal assays are designed to predict antidepressant activity and are not

40

in any way meant to replicate the clinical situation, this is discussed in greater detail
in section 1.2.3.

1.2 The Hypothalamic Pituitary Adrenal Axis and the Stress Response
1.2.1 Role of the Hypothalamic Pituitary Adrenal Axis Axis in Stress and Depression

It has been recognised for many years that a strong link exists between chronic
stress and depression (for review see Holsboer 2000).

One of the major

characteristics of the stress response in mammals is a rapid and marked increase in
circulating levels of glucocorticoids such as cortisol in humans (or corticosterone in
rodents) (Elias and Redgate, 1975). Corticosteroids are involved in a wide range of
physiological responses including stress and immune responses and regulation of
inflammation, carbohydrate metabolism, protein catabolism and blood electrolyte
levels (Dallman et al., 1994). The stress response of the glucocorticoids is under the
control of a system known as the hypothalamic pituitary adrenal axis (MPA axis)
which forms a finely balanced feedback system between its three components - the
hypothalamus, the anterior pituitary gland and the cortices of the adrenal glands and
is illustrated in figure 1.3. The function of the MPA axis can be summarised as
follows:- following the synthesis, by the paraventricular nucleus of the hypothalamus,
of corticotrophin releasing hormone (CRH) and vasopressin (AVP) which in turn
stimulate the synthesis and release of adrenocorticotrophic hormone (ACTH) from
the anterior pituitary gland.

ACTH is transported in the blood and causes the

synthesis (from cholesterol) of glucocorticoids from the adrenal cortices which then
enter the circulation having multiple actions (see above). To avoid the deleterious
effects of chronic exposure to glucocorticoids the negative feedback mechanisms of
the HPA axis are activated.

This is initiated following activation of central

mineralocorticoid (MR) and glucocorticoid (GR) receptors in the hippocampus (where
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both subtypes are particularly enriched), hypothalamus and pituitary gland which
inhibits further HPA axis activation by one or both of two mechanisms of self
regulation. This is achieved by either a fast mechanism where secretion of CRH and
AVP are reduced or a slower mechanism whereby activation of GR reduces
expression of genes such as pro-opiomelanocortin (POMC) which are required for
synthesis of ACTH secretion (de Kloet, 2000). Of the two types of glucocorticoid
receptor the MR are more sensitive to endogenous glucocorticoids (corticosterone Kd
= 0.5nM (ReuI and de Kloet, 1985)) and are thought to maintain homeostasis during
basal conditions whereas the less sensitive GR (corticosterone Kd = 2.5-5nM (ReuI
and de Kloet, 1985)) are thought to be involved during periods of excess
glucocorticoid secretion such as during stressful episodes.

The GR and MR

receptors are ligand activated transcription factors which reside in an inactive state in
the cytoplasm where they are coupled to heat shock proteins (HSP) (which is critical
for their binding affinity) until such a time as they come into contact with
glucocorticoids, the HSP receptor complex dissociates increasing the affinity of the
receptor for DMA whereby they are translocated to the nucleus

and influence

transcriptional processes (Nishi et al., 2001) e.g. enhancing POMC expression. This
natural feedback system is designed to allow organisms to cope with changing
environments and stressful situations without any adverse physiological effects,
however in certain situations such as prolonged or chronic stress or in more
susceptible individuals this feedback mechanism may become dysregulated leading
to maladaptive processes that are detremental to that individual (Wolkowitz et a!.,
2001) (see section 1.2.2 for more detail).
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Figure 1.3 The HPA Axis and Glucocorticoid Feedback, (reproduced from Matthews
2002)
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Many patients suffering from MDD show a disturbed HPA axis which has lead to a
corticosteroid hypothesis of depression.

The disturbance of the HPA axis most

commonly manifests itself as an elevated blood cortisol level and/or a dysregulated
circadian rhythm of cortisol secretion (Rubin et a!., 1987a; Rubin et a!., 1987b).
These factors can be measured in patients using a battery of tests such as the
dexamethasone suppression test whereby normal individuals show a suppression of
cortisol

secretion

following

administration

of

the

glucocorticoid

agonist

dexamethasone (Yerevanian et a!., 2004). Importantly though not all patients with
MDD exhibit this dysregulation of the HPA axis and indeed not all patients suffering
from Cushing’s syndrome who have highly elevated cortisol exhibit MDD co morbidity
although a large number suffer from mood disorders (Gorelick and Feldman, 1979).
Despite these caveats there is a line of thinking that antidepressants may act to
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normalise the HPA axis and hence influence the effects of cortisol on the CNS,
(Pariante et al., 2004).

One of the main findings in recent years supporting this

suggestion was the fact that depressed patients have reduced GR function which is
normalised following chronic antidepressant treatment (McQuade and Young, 2000).
Furthermore, it has been shown in vitro that antidepressants act to inhibit membrane
steroid transporters (Pariante et ai., 1997) and this has lead to speculation that
antidepressants may act on p-glycoprotein (a product of the MDR gene which is
thought to act as a drug efflux pump) and thus increase the access of glucocorticoids
to the brain resulting in increased GR mediated negative feedback.

Another clear link between the HPA axis and depression is the interaction between
the serotonergic system and the HPA axis (Meaney et ai., 1994; Farisse et ai., 1999;
Semont et ai., 1999; Erdeijan et ai., 2001). As mentioned in section 1.1.3.1 there is a
clear role for serotonin in MDD and indeed in the mechanism of action of some
antidepressants.

It has been shown that the Raphe nucleus which contains cell

bodies of serotonergic neurones that project to the amygdala and nucleus
accumbens forming a pathway which may be adaptive in situations of panic
controlling the response to this situation via the limbic system (Tafet and Bernardini,
2003). Serotonergic neurones in the Raphe nucleus also project to the hippocampus,
a pathway which is thought to be involved in the tolerance to chronic unavoidable
stress meaning that acute stress responses become attenuated following repeated
exposure (van Praag, 1996). It has been reported that dysfunction of the Rapheamygdala pathway can result in generalised anxiety disorder while the dysfunction of
the Raphe-hippocampal projection may be associated with MDD (Herman and
Cullinan, 1997).

It has also been reported that lesioning the hippocampus (a

structure reported to atrophy in depressed patients (Sheline et ai., 1996; Sapolsky,
2001)) results in an elevation of circulating levels of glucocorticoids (Feldman and
Conforti, 1980).

These

factors along with findings such as the serotonergic
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innervation of CRH neurones in the hypothalamus imply a significant role for the HPA
axis in the phenomenon of chronic stress and the subsequent manifestation of MDD.

1.2.2 Chronic stress

As previously stated the risk of developing MDD is probably a combination of both
genetic and environmental risk factors with no one factor being the sole reason for
the disease. Despite this, several risk factors for the lifetime occurrence of a major
depressive episode stand out as being more prevalent than others and perhaps the
most obvious of these is chronic stress as a result, for instance, from traumatic life
events (Tafet and Bernardini, 2003). The stress response in humans and animals is,
as mentioned in section 1.2.1, a well conserved, evolutionary phenomenon that
allows adaptation to our constantly changing environment whether that be from
intrinsic or extrinsic challenges. This natural equilibrium permits rapid adjustment in
response to dangerous or unfamiliar stimuli in the form of psychological or physical
stressors. It should be stated that minor and transient stressors are often harmless in
normal individuals and indeed some people thrive on such challenges and it could be
argued that these experiences promote positive developmental changes.

It is

however, when these stressors are severe uncontrolled and prolonged that the
adaptive changes become harmful to the individual and some individuals are indeed
more susceptible than others.

The normal response to stress, as described above, culminates in the activation of
the HPA axis and the release of cortisol which in turn results in negative feedback of
the HPA system and homeostasis is restored.

The response to stress can be

described as two distinct reactions and these are known as the active and passive
modes (Olff, 1999; Veenema et al., 2003) . In the active mode there is a defensive
reaction to the stressor and via the release of adrenaline fom the adrenal glands the
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individual reacts, deals with and copes with the insult. Conversely, in the passive
mode the response is one of defeat whereby the individual has a sensation of loss of
control and helplessness resulting in prolonged activation of the HPA axis, disturbed
feedback of the system and hence prolonged elevated levels of cortisol.

In this

situation the normal circadian variation in cortisol (morning peak and evening low) is
altered and instead there is a constant elevated level of circulating cortisol (Grossi et
al., 1998).

This inability to regulate the response and the resultant elevation in

glucocorticoids will inevitably lead to pathophysiological changes and maladaptive
responses which may manifest themselves as MDD.

1.2.3.Behavioural Models of Chronic Stress and Depression

All of the models described below are expected to meet the same basic criteria to be
fully accepted as useful models of chronic stress and depression (Willner and
Mitchell, 2002). The three main criteria are a) predictive validity b) face validity and c)
construct validity.

Predictive validity can be described as responsiveness to

antidepressants i.e. whatever behavioural or biochemical change that has been
induced in the test group should be normalised by treatment with antidepressants and preferably following chronic administration. For face validity the model should, in
as many ways possible reflect the clinical situation. For some disease models such
as for instance those for Alzheimer’s disease this is fairly straightforward,
unfortunately this is most certainly not the case for depression. As outlined in section
1.1.1. the DSM-IV criteria for MDD are not only in many cases subjective (i.e.
impossible to assess in rodents) but in others can be contradictory i.e. decreased or
increased appetite, weight loss or weight gain. This makes assessment of true face
validity difficult and in many cases evaluation can only focus on anhedonia, sleep
architecture, the inability to cope with stress or neuroendocrine effects and these
correlates are illustrated in table 1.2. Finally construct validity i.e. the model should
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replicate the aetiology of the disorder in as much as there should be corresponding
neurochemical, physiological, neuroanatomical or biochemical markers of the clinical
situation that are also evident in the animal model. These concepts of validity in
relation to a number of animal models of depression are described in an articulate
and coherent review by Willner and Mitchell (Willner and Mitchell, 2002).
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Table 1.2. Correlates of DSM IV Criteria in Animal Models.
DSM-IV Criteria for Major Depressive
Episode
Depressed mood most of the day
Diminished interest or pleasure in all
activities
Significant weight loss when not dieting
or weight gain

Effects in Rodents
Decreased locomotor activity
Reduced sucrose preference

Inappropriate body weight gain

Insomnia or hypersomnia, altered REM

Altered circadian rhythms, Altered REM.

Psychomotor agitation or retardation

Decreased locomotor activity

Fatigue or loss of energy

Decreased locomotor activity

Diminished ability to think or concentrate

Not tested

Feelings of worthlessness or excessive

Not applicable

or inappropriate guilt
Recurrent thoughts of death

Not applicable

The rationale for using an animal model of a psychiatric disorder is to further
understand the disease process and hence develop effective therapies.

It should

therefore be noted that the concept of acurately modelling depression in laboratory
animals is a difficult if not impossible one. This aside many models of anxiety and
depression exist and are routinely used (with noted caveats) to predict antidepressant
or anxiolytic activity.

These assays can be divided into acute or chronic animal

models and the main paradigms used are as follows:- acute assays 1) The forced
swim test (FST) which was first developed by Porsolt and colleagues in the mid
1970’s (Porsolt etal., 1977a) and involves placing rats or mice into a cylinder of water
too deep for them to touch the bottom and tall enough not to permit escape.
Following a period of swimming and escape behaviours the animals enter a state of
“behavioural despair" and consequently become immobile, this period of immobility
can be reduced while the latency to immobility is increased by clinically effective
antidepressants.

Despite it’s simple nature this test is still the most widely used

preclinical screen for antidepressant activity. 2) The tail suspension test - is based
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on a very similar principle to the FST and was first described in the 1980’s (Steru et
al., 1985). Mice are suspended above a bench by their tails and as with the FST the
latency to and/or duration of immobility are measured with antidepressants reducing
time spent immobile while increasing latency to immobility. 3) Maternal separation
(Molewijk et a/., 1996) in which pups (typically guinea pig or rat) are separated from
their mothers and the ultrasonic vocalisations by the pups (indicating the distress of
the offspring) are measured and are reduced following treatment with antidepressant
drugs. 4) The resident-intruder paradigm in which an animal in it’s home cage has a
non-resident introduced to the cage, the latency for the resident to attack the intruder
is measured and this latency can be reduced by pretreatment with antidepressant
drugs (Sanchez et a!., 1993). All of the aforementioned assays are commonly run
with a single dose of test compound.

These assays while being well established and validated preclinical screens for
antidepressant drugs have some serious limitations. Firstly and most obviously they
bear little or no resemblence to the human situation they are attempting to model. It
may be argued that they represent aspects of hopelessness or stressful life events
but ultimately the link between these acute rodent models and MDD or chronic stress
in humans is at best a tenuous one. Secondly, they are flawed by the possibility of
confounding results giving rise to either false positives or negatives. For instance the
FST, while not identifying anxiolytics or antipsychotics, will indicate that any
compound which significantly increases locomotor activity are antidepressant due to
the animals increased tendency to swim/attempt escape as will the tail suspension
test (Duncan et a/., 1985). The acute maternal separation model s also flawed in
that it shows positive results for anxiolytics (Fish et a/., 2000) which may not
necessarily be surprising given the acute stressful procedure being induced.
Perhaps the most telling piece of evidence against these assays is that they indicate
antidepressant activity following acute administration and this is in contrast to the
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clinical use of antidepressants which require several weeks to show symptomatic
relief.

However these behavioural paradigms clearly have some value to identify

potentially useful antidepressant agents and this can be seen with drugs from several
pharmacological classes and not just compounds acting via the monoaminergic
systems although as these non-monoaminergic classes have not progressed beyond
early clinical trials i is not yet clear if they are truly efficacious. It should also be
stated that at this point in time there are no better validated alternatives to these
assays.

Of greatest value for a model of chronic stress or depression is one which, like the
clinical situation, is only normalised by chronic treatment with antidepressant agents
rather than acute treatment. This would also be preferable from the point of view that
the majority of clinical evidence points to MOD being the result of prolonged stressful
situations. With this in mind there have been many models developed over the last
30 or more years that have taken such aspects into consideration resulting in several
commonly used assays which model either possible developmental stressors or
repeated environmental stressors akin to those seen in the human situation. These
have given rise to paradigms which have more face validity than the acute models
previously mentioned.

The most commonly reported models used are 1) chronic mild stress (CMS) (Willner
et al., 1987) whereby animals are exposed to several mild and varied stressors
including wet bedding, cage tilting, alteration of the light dark cycle and introduction of
brief bursts of noise. None of these stressors alone would be sufficient to induce
anhedonia ( ie a decrease in pleasure) but in combination and when introduced in a
randomised and hence unpredictable way result in marked anhedonia in the animal
as measured by the decrease in a preferred activity such as sucrose consumption. 2)
Psychosocial stress -whereby a rat or mouse is placed in a cage with a dominant
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aggressive litter mate and a hostile encounter occurs. This is then followed by the
two animals being separated by a partition allowing constant visual, auditory and
olfactory communication between the subordinate and the dominant resulting in the
former being in a constant state of fear and anxiety manifesting itself in amongst
other things as an anxious phenotype in behavioural paradigms such as the elevated
plus maze or light/dark box (Keeney and Hogg, 1999). 3) Learned helplessness
whereby a despair like state is induced by subjecting the animal to repeated
inescapable shocks resulting in a loss of escape learning which can be reversed by
treatment with antidepressant drugs (Eisenstein and Carlson, 1997). 4) Olfactory
bulbectomy - a model in which, as the name suggests, rodents have their olfactory
bulbs surgically removed. This causes a severe alteration in the limbic-HPA system
leading to “depressive behaviours” such as deficits in passive avoidance as well as
elevated corticosterone levels. The phenotype induced by this procedure is once
again reversible by treatment with antidepressant drugs (Leonard, 1984). 5) Chronic
glucocorticoid treatment (Fone and Topham, 2002), a model which seeks to mimic
the dysregulation of the HPA axis by the administration of exogenous corticosterone
and hence blunt the natural rhythm of corticosterone thereby interupting the
homeostasis of the system. Decreased hippocampal neurogenesis (see section 1.3
for relevance to depression) has been reported in these animals which can be
reversed by antidepressant treatment (Hellsten et al., 2002). However, this is a less
well characterised animal model of chronic stress and depression.

Along with these chemical/behavioural manipulations there are several genetic
models which have been extensively characterised.

The Flinders Sensitive Line

(FSL) of rats were bred as being sensitive to cholinergic agonist induced hypothermia
(reports exist of cholinergic hypersensitivity in depressed patients) and were found to
show increased rapid eye movement (REM) sleep, increased immobility in the FST
and a greater vulnerability to CMS (Overstreet, 1993). Another such model is the
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congenital learned helpless (cLH) strain of rats (King et al., 1993), selectively bred for
their shock response. In this particular case the animals appear to be similar to the
control strain apart from their response to inescapable shock in which case they are
more susceptible to develop learned helplessness a feature which can be reversed
following antidepressant treatment.

To summarise there is no gold standard model of chronic stress or depression and
the best that can be hoped for is one which models the core features e.g. anhedonia
or at least some causative or risk factor for the condition, manifests itself as a
“depressive or anxious” behaviour, preferably with an accompanying biochemical or
anatomical change and perhaps most importantly should be responsive to chronic
treatment with standard antidepressant drugs if possible from two distinct therapeutic
classes.
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1.3 Cell Birth and Cell Death in Depression and the Mechanism of Action of
Antidepressants
1.3.1 The Role of Cell Birth and Cell Death.

In all organisms there is both cell birth and cell death, these occur through
development and into adulthood (Gould and McEwen, 1993; Gilmore et al., 2000).
The balance between the two is finely regulated and is used to form and determine
the size of organs and tissues during development and to match and regulate cell
populations throughout life. The two diametrically opposite phenomena are often
thought to compensate for each other. The balance between cell birth and cell death
can take one of three forms a) increased proliferation and decreased death, resulting
in sufficient cell numbers b) increased proliferation and increased death which
maintains the ideal cell number and c) decreased proliferation and increased cell
death which fine tunes organ size by “pruning” cell populations (Jaklevic and Su,
2003). This, perhaps oversimplified, summary of the balance between cell birth and
death can be seen in every mammalian organ system. The birth of new neurones, or
neurogenesis, has received much attention in the last 5-10 years (Fuchs and Gould,
2000) and until relatively recently was thought to be a process which did not occur in
the adult CNS. It was believed that neurogenesis only occurred during development
and that by adulthood, mammals had a finite number of neurones which if lost
through disease or injury were not replaced. This opinion however changed with the
discovery in the hippocampus and olfactory bulb of newly born neurones in the adult
rodent (Altman and Das, 1965) and the discovery of two germinal zones in the adult
brain (the sub ventricular zone (SVZ) and the subgranular zone in the granule cell
layer (GCL) of the dentate gyrus within the hippocampus) (Poulsen at a/., 2003). This
finding has been confirmed in other species including primates and humans
(Eriksson eta!., 1998; Gould eta!., 1998).
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Cell birth in the CNS occurs via adult stem cells (i.e. cells which can divide indefinitely
giving rise to a copy of themselves and another differentiated cell) and progenitor
cells (which have a finite number of divisions) (Kukekov et al., 1999). Stem cells
undergo a sequence of lineage restrictions to produce committed neuronal or glial
progenitors which in turn may generate different types of neurones and glia (see
figure 1.4) (Marshall at a!., 2003).

It is as yet unclear whether stem cells from

different brain regions are pre-programmed to follow a certain lineage or whether this
fate is determined at the time of division by the local environment (Hitoshi at a!.,
2002). However, this lineage committment seems to be controlled by large numbers
of transcription factors (for review see Anderson (1994)).

These processes of

neurogenesis and gliogenesis (the birth of new glial cells) require careful coordination
of proliferation, migration, differentiation and cell death.
Figura 1.4 Schematic Representation of CNS Stem Ceii Lineage Determination.

PN

MB

PG

S= stem cell, PN = committed neuronal progenitor, PG = committed glial progenitor
NA/NB = subtypes of neurone, A=astrocyte, 0=oligodendrocyte.
In the CNS, programmed cell death or apoptosis is a crucial process and is
intrinsically involved in the development of matching neuronal populations to target
size which is essential for a plastic system to allow the elimination of damaged.
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infected or superfluous cells and the birth and integration of new functional cells
(Humlova, 2002).

As such this is a tightly synchronized response which occurs

following both intrinsic and extrinsic signalling subsequently shaping and maintaining
the homeostasis of neuronal populations as well as protecting against pathogens.
The process of necrosis whereby cell lysis occurs and an inflammatory reaction
results (Raza et al., 2002) is clearly defined from apoptosis where, after a series of
complex “death signals", there

is nuclear shrinkage and

in most cases

endonucleases are activated and chromosomal DMA is degraded (Lossi and Merighi,
2003).

There then follows plasma membrane “blebbing” and the formation of

membrane bound bodies which are subsequently phagocytosed by macrophages.
This procedure is initiated by a wide range of survival and distress signals which are
integrated to make the final live or die decision for that particular cell.

The ultimate executioners in this apoptotic process are the proteases of the caspase
family which are very tightly controlled so as not to initiate accidental cell suicide
(Troy and Salvesen, 2002). To facilitate this they are synthesised as relatively benign
precursors and cleavage to the active form is required for apoptosis to occur.
Upstream caspases process the effector caspases but the final caspases in this
pathway must self activate which is aided by scaffold proteins such as Apaf-1 which
aid multimerization (Troy and Salvesen, 2002).

This caspase/scaffold protein

complex is itself under the control of a family of regulatory proteins known as the Bcl2 family (see section 1.3.3) which determine whether this complex (known as an
apoptosome) can form.

These Bcl-2 family members are not the only regulators

however as there are proteins such as inhibitor of apoptosis (lAP) and Diablo as well
as the CD95 receptor which act downstream of the Bcl-2 proteins to directly modulate
caspase activity (Bratton and Cohen, 2003). It was initially believed that apoptosis
was reserved for post mitotic differentiated cells only, this has now been conclusively
shown not to be the case (de la Rosa and de Pablo, 2000) and indeed there is
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substantial cell death in proliferating neural precursors and neuroblasts further
emphasising the role of apoptosis in the organisation of the developing nervous
system.

These

discoveries

have

opened

up

a

whole

new

avenue

of

antidepressant/depression research away from tie more traditional neurotransmitter
based CNS studies by moving the focus to the “rewiring” of neuronal pathways,
manipulating stem and progenitor cells and their resulting maturation and integration
into existing networks (Carlen et ai, 2002) also by influencing cell fate determination
of multipotent stem cells to drive them towards a neuronal lineage.

In the

hippocampus, these newborn migrated cells can be seen to extend processes into
the hilus and along mossy fiber tracts to structures such as the CA3 region (Hastings
and Gould, 1999; Hastings et ai, 2002) although a much smaller number of cells
survive (approximately half die within the first month after cell birth) than are actually
born, making cell death and survival important factors for consideration.

1.3.2. Neurogenesis and Disease.

Predictably the discovery of adult neurogenesis has opened up an exciting and
vibrant field of research looking at the possibilities of neural stem cell manipulation to
treat neurological and psychiatric disorders (Fuchs and Gould, 2000). There seems
to be a potential role for neurogenesis in all major CNS disorders whether it be as
part of the aetiology of the disease or as a means of relieving the symptoms of the
disease and in some cases both. Due to the well documented decline in growth
factor expression with age as well as reduced metabolic activity and increased
oxidative damage, degenerative conditions have been an obvious target for the
manipulation of neurogenesis. One of the earliest CNS disorders to demonstrate a
role for neurogenesis was Parkinson’s disease (PD) which is characterised by
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discrete neuronal loss acompanied by various changes such as reduced growth
factors and increased oxidative stress.

Theories of reduced dopaminergic

neurogenesis during development have emerged (Barzilai and Melamed, 2003) as
well as some very interesting studies from the laboratory of Jonas Frisen
demonstrating the existence of neurogenesis in the adult substantia nigra (Zhao et
al., 2003). Another neurodegenerative condition which has received a great deal of
attention from the point of view of the role of neurogenesis is Alzheimer’s disease
(AD). It has been demonstrated that various manipulations of p-amyloid (a protein
thought to be one of the major causes of AD) causes marked changes in
neurogenesis (Hayashi at a!., 1994; Bondolfi at a!., 2002; Haughey at a/., 2002).
There have also been reports of changes in neurogenesis in acute neurological
disorders such as stroke and epilepsy. It has been reported that stroke and epilepsy
both result in increased neurogenesis. In animal models of epilepsy it has been well
documented that there are marked increases in hippocampal neurogenesis following
seizures (Bengzon at a/., 1997; Parent at a/., 1997; Rad ley and Jacobs, 2003).
Similarly animal models of stroke have shown a marked increase in neurogenesis
following cerebral ischaemia (Zhang at a!., 2001; Arvidsson at a!., 2002; Parent at a/.,
2002; Zhang at a!., 2004).

There have also been a large number of reports on the potential role of neurogenesis
in the pathology and treatment of two psychiatric disorders - schizophrenia and
MDD. The discovery that atypical neuroleptics increased neurogenesis in the SVZ
but not the dentate gyrus (Wakade at a/., 2002) has stimulated interest in the
potential role that neurogenesis may play in the mechanism of action of antipsychotic
medications and indeed what role it may play in the aetiology of the disease. It is not
insignificant that many of the neurodevelopmental models of schizophrenia involve
disruption of developmental neurogenesis at a time of critical cortical development
(Talamini at a/., 1998) and several of these models show atrophy of neurogenic
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structures in adulthood (Talamini et al., 1998; Borrell et al., 2002). A recent study
also showed that the gene Disrupted in Schizophrenia-1 (DISC-1) is present in the
dentate gyrus of the mouse throughout development (Austin et al., 2004) leading the
authors to suggest a potential role for disrupted neurogenesis in the development of
schizophrenia. This idea has been taken a step further with the exciting publication
of a methodology utilising the mitotic index of olfactory neural cells as a possible
diagnostic for schizophrenics (Feron et al., 1999).

Despite all of the above evidence of a role for neurogenesis in the various CNS
disorders listed it is without a doubt the area of MDD that has received the most
attention in this area (Jacobs et al., 2000; Jacobs, 2002; Kempermann, 2002; Henn
and Vollmayr, 2004; Sapolsky, 2004).

Research into the mechanism of action of

antidepressants is clearly being driven by the field of neurogenesis following several
years of groundbreaking work from the laboratories of Duman, Gould and Manji.
Hippocampal neurogenesis is frequently used as an endpoint in assays predicting
antidepressant activity as well as a determinant of the validity of new and established
animal models of depression. The topic of neurogenesis in MDD and the mechanism
of action of antidepressants is outlined in more detail in section 1.3.4.

1.3.3. The Bcl-2 Family of Proteins.

Bcl-2 and its related cytoplasmic family of proteins are key regulators of apoptosis
(Adams and Cory, 1998). The identification of the bcl-2 gene came subsequent to
work carried out on c. elegans which had identified the genes ced-3, ced-4 and ced9 as being involved in the initiation and prevention of cell death (Hengartner and
Horvitz, 1994). The bcl-2 gene was the first of such regulators to be identified in
mammals and it was discovered as a gene activated by chromosomal translocation in
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human follicular lymphoma (Tsujimoto et al., 1984) and indeed Bcl-2 and ced-9 have
been shown to be functional homologues. The Bcl-2 family of proteins have been
described as arbiters of cell survival due to their apparent ability to determine a
variety of types of intracellular damage and to integrate competing signals to
determine whether a cell should be allowed to live or die (Merry and Korsmeyer,
1997).

The Bcl-2 family consists of around 30 proteins all of which contain at least one of 4
conserved motifs known as Bcl-2 homology domains or BH domains (designated
BH1-BH4) (Borner, 2003). The family can further be subdivided into pro and antiapoptotic proteins with those anti-apoptotic members (such as Bcl-2) most commonly
containing at least one BH1 and/or BH2 domains and those with the most similarity to
Bcl-2 having all four BH domains. There is also a further sub-division within the proapoptotic sub family with one group containing BH1, 2 and 3 this being most closely
related to Bcl-2 (the group includes Bax and is often referred to as the Bax subfamily)
and the other group containing only the BH3 domain (this group includes BAD and is
referred to as the BH3 subfamily).

The members of the Bcl-2 family can

heterodimerize and in doing so influence the functions of other family members (Yang
et a!., 1995; Yin et a!., 1995; St Clair et a!., 1997). It has been shown that the BH1, 2
and 3 domains influence this dimerization by forming a hydrophobic groove in the
proteins structure which seems to confer anti-apoptotic activity within the Bcl-2
subfamily (Yin et a/., 1994). Following dimerization the final decision on whether the
cell will live or die is generally governed by the relative abundance of the various Bcl2 family members intracellularly and there has been evidence of a wide intracellular
distribution of Bcl-2 family proteins ranging from cytosol and mitochondria to multiple
intracellular membranes such as the endoplasmic reticulum (Krajewski et a!., 1993).
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The anti-apoptotic members of the Bcl-2 family can prevent the formation of an
apoptosome following the processing of cell death signals.

This is achieved by

sequestering crucial death proteins e.g. Bax resulting in a block of the perforation of
the mitochondrial membrane, formation of a transition pore and the release of
cytochrome c (Cheng et al., 2001).

Cytochrome c which along with Apaf-1 and

caspase 9 results in allosteric amplification of caspase 9 activity culminating in the
cleavage of caspases 3 and 7.
mitochondrial membrane potential.

On cleavage of caspase 3 there is a fall in
Prevention of cytochrome c release and thus

preclusion of the formation of the mitochondrial pore seems to be a mammalian
specific phenomenon as in c.elegans the Bcl-2 homolog CED-9 acts to sequester the
Apaf-1 homolog CED4 to the mitochondrial membrane thus rendering it inactive
(Conus eta!., 2000).

The Bax family of proteins exhibit a different conformational structure to those of the
Bcl-2 pro-survival protein family. In the Bax protein the C-terminus is folded back on
itself and this is thought to be at the heart of it’s apoptotic potential.

It has been

suggested (Nechushtan et a!., 1999) that the unfolding of this C-terminus results in
mitochondrial targetting and the enhanced binding to other apoptotic factors. The
Bax like proteins act to increase the permeability of the mitochondrial membrane
however the exact mechanism by which this occurs is still under debate. It may be
that Bax forms its own ion channel on the mitochondrial membrane or possibly
interacts with existing channels, evidence is at this point unclear.

In contrast to the Bcl-2 and Bax families the BH3 only proteins are normally kept in an
inactive state and are only activated following an apoptotic signal. It is thought that
this activation is by either transcriptional induction, post translational phosphorylation,
proteolysis or cytoskeletal sequestration (Borner, 2003). Once in this activated state
it is possible for the BH3 only proteins to integrate death signals at both Bcl-2 and
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Bax family proteins by interaction with the previously mentioned hydrophobic pocket.
It has been shown that the BH3 only proteins do not induce apoptosis in cells
deficient for Bax family proteins (Cheng et al., 2001) indicating that this may be their
mechanism of action, however it is unclear at this stage whether this is by inducing a
necessary conformational change in the Bax family proteins or by interacting with the
Bcl-2 family proteins and releasing bound Bax.

As already stated there are over 30 members of the Bcl-2 family (see figure 1.5) and
as such this thesis will focus on just two of these proteins - Bcl-2 and Bax. These
were two of the first family members to be discovered and described and have been
the subject of extensive research. A brief outline of the opposing effects of the two is
given below.

Bcl-2 itself was the first member of this family to be described and is widely
expressed in the developing brain with it’s CNS expression decreasing rapidly
postnatally (Abe Dohmae at a/., 1993) with a relatively high expression still being
found in the adult peripheral nervous system (PNS) (Merry at a/., 1994).

Mice

overexpressing Bcl-2 have an increased number of neurones in certain areas of the
brain (Farlie at a!., 1995). This was postulated to be caused by inhibiting the naturally
occuring apoptosis in these animals. Interestingly, manipulation of the Bcl-2 gene in
the other direction by disruption of the bcl-2 gene has yielded some surprising results.
Bcl-2 knockout mice, while having marked loss of motorneurones and symapthetic
neurones show little disruption of CNS development and do not appear to exhibit
increased CNS apoptosis (Michaelidis at a/., 1996). It has been suggested that due
to the fact that Bcl-2 disruption results in the apoptosis of these peripheral neurones
after the normal apoptotic peak that Bcl-2 plays a prominent role in mediating survival
rather than regulating their death (Akhtar at a/., 2004) although there may be
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associated upregulation of other pro-survival memebrs of the Bcl-2 family as a
compensatory control for the lack of Bcl-2.

Figure

1.5
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Figure 1.5 The Members of the Bcl-2 Family of Anti and Pro-apoptotic Proteins.
(Reproduced from Borner 2003).
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Bax, which was originally identified as a protein that could bind to Bcl-2 (Oltvai et al.,
1993), has been shown to be present in both the embryonic and adult brain. Its role
as a pro-apoptotic protein is thought to be mainly via its role in forming the
mitochondrial transition pore and the subsequent release of cytochrome c
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(Jurgensmeier et al., 1998) and this role is neutralised as described above by the
binding and hence inactivation of Bax by the anti-apoptotic family members.

In

contrast to the Bcl-2 deficient mice there is a marked CNS effect in Bax deficient
mice. In these mutant mice cell death is significantly reduced resulting in a large
increase of neuronal numbers in various brain regions, although no gross anatomical
abnormalities exist. It is curious to note that there are many atrophied neurones in
these regions implying that they are abnormal following rescue from apoptosis (White
et a!., 1998). It is also interesting that there have been reports that the anti-apoptotic
members of the Bcl-2 family can be converted into members of the Bax family by
proteolytic cleavage of the BH4 domain, a phenomenon that can occur following
apoptotic stimuli (Cheng eta!., 1997).

It should at this point be stressed that there are two mechanisms of apoptosis in
mammalian cells.

The first is described above and the second is via the death

receptor mediated pathway whereby ligands of the tumour necrosis factor (INF)
superfamily initiate a cascade by binding to death receptors such as TNFR or CD95
resulting in the generation of trimers (Schulze-Osthoff et a/., 1998). The trimerised
receptor attracts adaptor proteins and the two form a death induced signalling
complex with caspase 8 which becomes activated and in turn cleaves and activates
the downstream caspases 3,6 and 7. This pathway can be inactivated by lAP but not
by the Bcl-2 like anti-apoptotic proteins, it has been suggested that this lack of
protection by the Bcl-2 proteins may be due to a lack of binding affinity for the adaptor
proteins involved in the death receptor mediated apoptotic pathway (Yin, 2000).

1.3.4. Possible Role of Cell Birth and Cell Death in the Mechanism of Action of
Antidepressants.
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It has been established for several years that BDNF, a trophic factor, both increased
adult neurogenesis (Zigova et al., 1998) and acted in a neuroprotective manner, at
least towards serotonergic neurones (Frechilla at a!., 2000).

The discovery that

lithium (as previously mentioned, a drug used to treat bipolar disorder) increased
neurogenesis in rodents (Chen at a!., 2000) and that manipulations of the
serotonergic system also altered neurogenesis (Gould, 1999) lead investigators to
examine

the

effects

of chronic

antidepressant

treatment

on

hippocampal

neurogenesis as a potential novel mechanism of action.

Studies from several laboratories have shown that chronic but not acute treatment
with antidepressants increased hippocampal neurogenesis (Malberg at a!., 2000) and
that chronic psychosocial stress (Czeh at a/., 2001) and chronic corticosterone
treatment (Hellsten at a/., 2002) caused deficits in hippocampal neurogenesis which
were reversed by antidepressant or electroconvulsive therapy (EOT). This molecular
and cellular theory of antidepressant action has developed over the last 5 years
(implicating various factors such as BDNF, NT3, CREB, ERK, MARK amongst others)
and there now seems to be a strong case for the manipulation of cell birth/survival in
the mechanism of antidepressant action and possibly in the underlying disease
process of MDD. It has also been recently shown that disrupting hippocampal but not
SVZ neurogenesis blocked the behavioural effects of antidepressants in several
rodent models (Santarelli at a/., 2003). The authors demonstrated this in an elegant
way using an adapted version of the novelty suppressed feeding paradigm a
behavioural assay which identifies antidepressants on chronic dosing. They found
that by irradiating the area of the skull above the dentate gyrus they could ablate all
hippocampal neurogenesis which rendered the mice insensitive to the antidepressant
like effects of fluoxetine, however if the SVZ was irradiated then no difference was
seen as compared to non irradiated mice. This work was seminal in that it provided a
crucial link between hippocampal neurogenesis and behaviour in rodents and

65

showed that small
consequence.

manipulations in cell

numbers may have a functional

In a recent review, Duman (Duman, 2004) summarised studies

looking at various stressors and/or aitidepressant treatments and how they affect
hippocampal neurogenesis and this can be seen in table 1.3.

This summary

illustrates a strong case for a role of hippocampal neurogenesis in the aetiology of
depression and also in the mechanism of action of antidepressants, however it
should be noted that NK1 receptor antagonists are included in the summary which
since the publication of Duman’s article have failed to show a beneficial effect in
depressed patients.
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Table 1.3 Summary of Studies Demonstrating the influence of Stress and/or
Antidepressants on Hippocampal Neurogenesis (reproduced from Duman et ai 2004).
Treatment

Effect

Species

Reference

Stress
Social/subordination

Decrease

Marmoset

Gould et al 1998

Social/subordination

Decrease

Tree Shrews

Czeh et al 2001 ; Gou Id et a ll 997;
Van der Hart et al 2002

Soclal/subordlnatlon
Predator odor
Restraint
immobilization

Decrease
Decrease
Decrease
Decrease

Czeh e ta 12002
Tanapatetal2001
Pham et al 2003
Vollmayr et al 2003

Footshock
Footshock
Chronic mild stress
Prenatal stress
Prenatal stress
Corticosterone
Adrenalectomy
An tid e pressa nt Trea tme nt
Fluoxetine
Fluoxetine

Decrease
Decrease

Rat
Rat
Rat
Rat
Rat
Rat
Mouse
Rat
Rhesus
Rat
Rat
Rat
Mouse
Mouse
Rat
Rat
Rat
Rat
Rat
Rat
Rat

Malberg etal 2000; Manev et a 12001
Santarellletal 2003
Santarellietal 2003
Malberg etal 2000
Madsen et al 2000; Malberg etal 2000
Malberg etal 2000
Nakagawa etal 2002a
Czeh etal 2002
Tanapatetal 1999
Karlshmaand Herbert 2002
van Praag etal 1999

Imipramine
Tranylcypromine
ECS
Reboxetine
Rolipram
TMS
Estrogen
DHEA
Exercise/Running
Antidepressant Blockade of
Stress Effects
Tianeptlne
NKl-R antagonist
Clorimipramine
Fluoxetine
CRF-R1 antagonist
AVPlb
Fluoxetine
Fluoxetine

Decrease
Decrease
Decrease
Decrease
increase
increase
increase
increase
increase
increase
increase
Increase
No Effect
Increase
Increase
Increase

Blocks-Social
Blocks-Social
Blocks-Social
Blocks-lnescap
Blocks-Chr Mild
Blocks-Chr Mild
Blocks-Chr Mild
Blocks-Mat Sep

Mouse

Tree Shrew
Tree Shrew
Tree Shrew
Rat
Mouse
Mouse
Mouse
Rat

Malberg and Duman 2003
Vollmayr et al 2003
Alonso etal 2004
Le ma Ire etal 2000
Coe et al 2003
Cameron et al 1998; Gould et al 1992
Cameron and McKay 1999

Czeh etal 2001
van der Hartet 312002
v a n d e rH a rte ta l2 0 0 2
Malberg and Duman 2003
Alonso etal 2004
Alonso etal 2004
Alonso etal 2004
Lee et al 2001

ECS, electroconvulsive seizures; TiMS, transcranial magnetic stimulation; DHEA, dehydroepiandrosterone; NK1-R,
neurokini n1 -receptor; CRF-R1, cortlootrophin releasing hormone receptor 1;AVP1 b, arginine vasopressin receptor 1b;
inescap, inescapable footshock stress; Chr Mild, chronic mild stress; Mat Sep, maternal separation stress.

The suggestion that neurogenesis is pivotal to antidepressant action and possibly
being involved in chronic stress situations is also in agreement with the long
established findings of hippocampal (amongst other regions including the amygdala)
atrophy in patients suffering from MDD (Sheline et ai., 1996; Sapolsky, 2001). It is
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possible that volume changes observed in some patients, may be a result of an
imbalance between apoptosis and neurogenesis.

One possible source of this imbalance may be caused by a change in the expression
of pro and anti-apoptotic factors such as the members of the Bcl-2 family of proteins
(Manji and Chen, 2002). One such event that can trigger apoptosis is the lack of
neurotrophic factor support (e.g. BDNF) due to the fact that neurotrophic factors
secreted by cells in the target field protect the neurones from apoptosis and only
those neurones that receive sufficient neurotrophins survive (Lehwalder et al., 1989;
Seniuk, 1992; Houle and Ye, 1999). The neurotrophins, as previously mentioned,
have been implicated in the mechanism of action of antidepressants and possibly the
development of MDD (Duman at a!., 2000). As such there is the possibility that this
natural process may, in pathological conditions such as MDD, occur in a less
regulated fashion and result in neuronal populations becoming less well maintained
thus resulting in an imbalanced system.

Consistent with this suggestion of a role for the Bcl-2 family in the action of
antidepressants and involvement in the development of MDD, a small non significant
decrease in Bcl-2 protein expression was observed in the temporal cortex of patients
suffering from MDD (Jarskog at a/., 2000). In addition mice overexpressing Bcl-2 with
a neurone specific promoter show brain hypertrophy consistent with increased cell
birth and survival (Martinou at a/., 1994) and mice overexpressing Bcl-2 in neurones
showed a significantly less anxious behavioural phenotype (Rondi-Reig at a!., 1997).
Subsequent to these studies it was also reported that lithium significantly increased
Bcl-2 protein expression in the hippocampus of rats (Chen at a/., 1999b).
Additionally, it has also been shown that Bcl-2 has trophic effects in vitro as shown by
its ability to increase the generation and sprouting of retinal axons (Chen at ai., 1997)
however whether this property of Bcl-2 is relevant to CNS neurones in vivo is
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unknown. It is apparent however that despite much attention given to the effects of
cell birth on the mechanism of action of antidepresssants and/or the aetiology of
MDD that much less emphasis has been put on the role of cell death and that this
gap in the literature needs to be addressed.

1.4 Aims of this Proiect.
The aim of this project was to investigate the role of Bcl-2 and Bax in the mechanism
of action of aitidepressants and to determine how these findings would relate to
animal models of chronic stress. The models were validated both behaviourally and
neurochemically and the effects of the stressors on the pro and anti-apoptotic
proteins compared to those found when dosing non-stressed healthy mice with
antidepressants.

The endpoints used to this end include the quantification of

hippocampal neurogenesis and volumetric changes,

Bcl-2 and Bax protein

expression as determined by Western blotting, the changes in monoamine
metabolism in distinct brain regions using high performance liquid chromatography
(HPLC). The effects of fragments of the Bcl-2 and Bax proteins and classical
antidepressants and stress in assays predictive of antidepressant and anxiolytic
activity such as the forced swim test and the black/white box were also examined.

Due to the relative ease of using mice in neurogenesis studies as compared with rats
it was decided to use mice for all studies. The chronic stress model also needed to
be established and validated using chronic administration of corticosterone. It was
decided to use a novel method of corticosterone administration - subcutaneous pellet
implantation rather than repeated dosing.

This decision was taken principally

because the use of a subcutaneous pellet implant would maintain constant elevated
levels of corticosterone rather than giving a large, once daily pulse as is the case with
a systemic injection, thus more closely mimicking the clinical situation, t was also
necessary to establish the antidepressant induced changes of neurogenesis in mice.

69

The majority of the literature on this phenomenon of antidepressant induced
increases of hippocampal neurogenesis has been carried out in rats and what limited
amount of work that has been done in mice has not been carried out in the strain of
mice that are used here, it was therefore important given the reported (Kempermann
et al., 1997) strain dependent differences in neurogenesis to re-establish this effect in
this strain.
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Chapter 2
General Methods.
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2.1 Biochemical Methods
2.1.1 Western Blotting.
The process of Western blotting (also termed immunoblotting) was first introduced by
Towbin et al. (1979) and is one of the most widely used methods for protein
identification. The procedure involves the transfer (blot) of protein from a gel to a
membrane and the subsequent detection of this protein using an antibody raised to
that particular protein. Antibody specificity allows the single protein to be identified
from a protein mixture assuming the amino acid sequence to which the antibody is
raised is not shared with any other proteins in the sample. Western blotting allows
qualitative and semi quantitative analysis of proteins of interest with a relatively high
throughput and a low level of complexity.

The process first involves separating the proteins electrophoretically (the transport of
proteins through a solvent by means of an electrical field) on a gel. The speed at
which the proteins move through the gel is determined by the strength of the electric
field, the net charge, the size of the molecule, the ionic strength, viscosity, and
temperature of the medium in which the proteins are moving. The most common
types of gels used for electrophoresis are agarose and polyacrylamide, each has ifs
own characteristics but in broad terms agarose has a larger pore size and is therefore
used to separate only larger proteins and protein complexes whereas the smaller
polyacrylamide pore size is suited to the separation of most proteins. All blots carried
out in this thesis were carried out using polyacrylamide gel electrophoresis (PAGE).
Following electophoresis of the gels the proteins are then transferred to a membrane
(most commonly nitrocellulose) once again by electrophoretic transfer. Following this
transfer the membranes are incubated with a blocking buffer (usually a milk solution,
serum or a purified protein solution) to prevent non specific binding of antibodies to
the membrane and other proteins, this enhances the sensitivity of the technique by
reducing background signal. The next stage is to incubate the membrane with a
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solution containing the antibody to the protein of interest (primary antibody) after
which the membrane is incubated with a secondary antibody which recognises the
primary antibody and is typically conjugated to an enzyme. Next a substrate is added
resulting in a signal which can be quantified. This quantification is most commonly
achieved by means of chemiluminescence and the blot is quantified by exposure of
this reaction to film. This theory is illustrated in figure 2.1

In this thesis I have used a more sensitive, quantifiable and robust system for the
visualisation of proteins on Western blots than the chemiluminescence method. The
system is the Li-Cor Odyssey infrared imaging system and the procedure is as
outlined above with the exception that the secondary antibody is tagged with an
infrared dye which can then be scanned using an infrared imager and allows the
simultaneous quantification of two proteins on one gel using different infrared dyes
detectable at two separate wavelengths. This system also offers the advantage of a
reduced background signal as well as a much improved stability of the secondary
antibody signal which is typically stable for up to two years as opposed to a matter of
minutes to hours with most chemiluminescence systems.
Figure 2.1 Principle of protein detection by Western blotting.
^ E izym e

IR Dye

Left - traditional HRP chemiluminescence, right - Odyssey IR method. • = antigen, ?
= primary antibody, ? = secondary antibody.

The protocol listed below was optimised for protein concentration and antibody
dilutions, results from optimisation studies can be found in Appendix ii.
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Quantification of Bcl-2 and BAX Protein Levels in Mouse Brain Regions.
Tissue Preparation
Tissue was weighed and then homogenised in 10 volumes of 1x cell lysis buffer (20
mM Tris-HCI (pH 7.5), 150 mM NaCI, 1 mM Na2 EDTA, 1 mM EGTA, 1% Triton, 2.5
mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na3 V0 4 , 1 pg/ml
leupeptin) (Cell Signalling Technology catalogue number 9803) containing InM
aminoethyl benzenesulfonyl fluoride (ABSF) to inhibit proteases. Homogenates were
then centrifuged at 11144 r.c.f. for 10 minutes and supernatant was removed and
assayed for protein content using the Pierce BOA protein assay kit (see section
2.1.6). Samples were normalised for protein to contain 2mg/ml protein. An equal
volume of 2x Nu-Page LDS sample buffer (Invitrogen) containing 1x sample reducing
agent (Invitrogen) was added so that each sample had a final protein concentration of
1mg/ml.

Samples were heated at 90°C for 5 minutes and allowed to cool before

running. This sample buffer and reducing agent reliably provide complete reduction
of disulfides under mild conditions and avoids protein cleavage during sample
preparation

Western Blotting
20pg of protein (20pl of sample) was loaded to each well of a 4-12% Bis-Tris gel
(Invitrogen). The Invitrogen Bis-Tris gels provide excellent separation and resolution
of small- to medium-sized proteins by utilizing a neutral pH environment which
minimizes protein modifications during gel running,

fech gel included a rainbow

marker to allow accurate estimation of molecular weight of identified proteins. The
gels were run using 4-Morpholinepropanesulfonic acid hemisodium salt (MOPS)
running buffer (Invitrogen) under reducing conditions (centre chamber contains
MOPS buffer + antioxidant).
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Samples were run for 50 minutes at 200v constant voltage, gels removed and wet
transferred onto nitrocellulose membranes using Invitrogen gel tanks and Invitrogen
transfer buffer at 30v constant voltage for 1h.

Membranes were washed twice in

phosphate buffered saline (PBS) before being blocked for non specific binding with
Odyssey blocking buffer (Li-Cor), 10ml of blocking buffer was added to each
membrane and membranes were shaken for 1h. Blocking buffer was then decanted
and fresh buffer containing antibodies was added.

Each membrane had 10ml of

buffer containing 1:200 dilution of either rabbit anti-Bcl-2 or rabbit anti-BAX antibody
(Abeam, catalogue numbers ab7973 and ab7977 respectively, for detailed antibody
description see below) as well as 1:15,000 dilution of mouse anti- glyceraldehyde-3phosphate dehydrogenase (GAPDH) (Chemicon catalogue number MAB374) to act
as a housekeeping protein thus ensuring even and consistent protein loading - this
protein is a ubiquitous glycolytic enzyme present in reasonably high levels in almost
all tissues. Membranes were incubated at 4°C overnight with shaking. The following
day membranes were washed five times in PBS before addition of 10ml of Odyssey
blocking buffer containing 1:10,000 dilution of anti mouse and anti rabbit secondary
antibodies. Secondary antibodies were tagged with IR dye detectable in either the
700 or 800nm range, membranes were incubated with secondary antibodies for 1h at
room temperature. Following incubation with secondary antibodies the membranes
were washed five times in PBS. Bands were imaged and quantified on the Li-Cor
Odyssey infra red imager and quantified using Odyssey software.
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Antibody Details
The anti Bcl-2 antibody was a rabbit polyclonal antibody raised against the N terminal
of the synthetic human peptide, the sequence of the epitope to which it was raised
was AGRTGYDNREIVMKYIHY and is reported by the manufacturer to cross react
with human, rat and mouse Bcl-2.

The anti BAX antibody was also a rabbit

polyclonal antibody raised against the N terminal of the synthetic human peptide, it's
epitope sequence was GGPTSSEQIMKTGALLLQGF and is reported by the
manufacturer to cross react with human, rat and mouse BAX. Anti GAPDH antibody
was

a

mouse

monoclonal

antibody

raised

to

glyceraldehyde-3-phosphate

dehydrogenase from rabbit muscle and it is reported by the manufacturer to cross
react with cat, chicken, fish, frog, human, mouse, rabbit, goat and yeast GAPDH.

Statistical Analysis
All data were calculated as a percentage of yehicle or placebo control and expressed
as mean ± s.e.m.. Analysis in the case of two or more treatment groups with different
treatment durations was by two way AN OVA to determine the effects of treatment
and time. For between group analysis Fisher’s LSD post hoc test was applied where
appropriate. Separate analyses were carried out for each brain region due to the
unbalanced nature of the data sets precluding the use of multiway ANOVA. For two
treatment groups at a single time point a Student’s t-test was used, again with each
brain region being analysed separately. Statistical significance was determined as p=
0.05.

Analysis was carried out using GraphPad Prism (yersion 3.03, GraphPad

software limited) or Statistica software (yersion 6.1, StatSoft limited).

2.1.2 ELISA Assays.
Like Western blotting. Enzyme Linked ImmunoSorbent Assays (ELISAs) are
designed for detecting and quantifying proteins and are based around the use of
antibodies to do so. Unlike Western blotting in an ELISA assay an antibody must be
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immobilized to a solid surface. The antigen is then complexed with an antibody and
linked to an enzyme. Detection is accomplished by incubating this enzyme-complex
with a substrate that produces a detectable product most commonly a colour change.
The ELISA method used here for the detection of BDNF was the “sandwich ELISA”.
The sandwich ELISA as the name suggests involves the antigen being bound
between two antibodies- the capture antibody and the detection antibody.
sandwich format is used because it is sensitive and robust

The

This principle is

illustrated in figure 2.2.

Figure 2.2 The Sandwich ELISA Principle.

Substrate
^— Enzyme
Secondary Antibody

Primary Antibody 1

__
A

Primary Antibody 2
— Antigen

-L

The Promega Emax ELISA for BDNF
The chosen ELISA assay was the Promega BDNF Emax ELISA kit.

96 well plates

were coated with anti-BDNF monoclonal antibody (mAb) to bind soluble BDNF this
was done by mixing 10pl of antibody with 9.9ml of carbonate coating buffer (pFI 9.7)
and adding 100pl to each well and leaving overnight at 4°C. The coating buffer was
then decanted and the wells washed with PBS.

Next the wells were coated with

200pl block and sample buffer which was incubated at room temperature for one
hour, this served to block non specific binding.

A BDNF standard curve was

prepared (concentration range 7.8-500pg/ml) and 100pl of standard was added to
standard wells in duplicate. Supernatants from tissue samples (prepared as detailed
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in section 2.1.1) were also pipetted in duplicate into wells (lOOpl/well). The samples
were incubated with shaking at room temperature for 2h to allow the capture of any
BDNF in the sample. The plate was then washed five times with PBS. Anti human
BDNF polyclonal antibody was prepared and added to each well and incubated for 2h
at room temperature. The plate was washed five times with PBS, after which anti-lgY
antibody conjugated to horseradish peroxidase, as a tertiary reactant, was added to
each well and incubated at room temperature for 1h followed by five PBS washes.
Finally a chromogenic substrate 3,3',5,5-tetramethylbenzidine (lOOpI) was added to
each well and incubated at room temperature for 10 minutes before the reaction was
stopped by the addition of lOOpI of 1M HCI, colour change was measured by reading
absorbance at 450nm on a 96 well plate reader. The concentration of BDNF in the
test solution was proportional to the colour generated in the oxidation-reduction
reaction. Samples were quantified relative to the standard curve obtained.

2.1.3 Immunohistochemistrv
Immunohistochemistry was first reported in 1942 when Coons et al., used
Fluorescein isothiocyanate labeled antibodies to localize pneumococcal antigens in
infected tissues. Since then improvements have been made in protein conjugation,
tissue

fixation

methods,

detection

labels

immunohistochemistry a routine procedure.

and

microscopes,

making

Immunohistochemistry allows the

visualisation of the distribution and localisation of proteins within cells or tissues.
Most commonly used visualisation methods include detection with enzyme-antibody
and fluorophore-antibody conjugates. The immunohistochemical assay in this project
utilises enzyme-antibody conjugate which when reacted with a substrate (in this case
diaminobenzidine (DAB)) causes a colour change.

The principle of immunohistochemistry is the same for most applications and
essentially involves - fixation of the tissue that is to be stained, this ensures that the
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morphology of the cells is retained and should ensure that the appropriate antigen is
available to the antibody. Fixation prevents diffusion of soluble tissue components,
halts enzyme activity and protects the tissue from the processes involved in the
immunohistochemical protocol.

The type of fixative chosen for a given tissue is

important in that certain epitopes can be destroyed following fixation. In some cases
depending on the location of the antigen of interest antigen retrieval techniques may
be required to sufficiently expose the epitope of the antigen to the antibody. Other
confounding factors exist such as interfering endogenous materials in the sample,
including the presence of endogenous peroxidases. These can interfere with the
DAB detection method giving false positives or high non specific staining, and need
to be accounted for and in the case of peroxidases can be dealt with by exposure to
hydrogen peroxide. Once all of the appropriate steps have been taken to ensure that
the tissue is sufficiently fixed and any confounding endogenous factors have been
dealt with the tissue is then blocked for non specific binding of the antibody. This
blocking of unreactive sites on the tissue is essential for accurate visualisation of the
target protein. The most commonly used method of blocking these sites is by the use
of serum. Following blocking the tissue is incubated with the primary antibody - most
commonly at 4°C overnight. This is then followed by incubation with a conjugated
secondary antibody (in the BrdU protocol used here the secondary antibody is
conjugated to biotin). An amplification system is then commonly used to amplify the
staining intensity and one such system is the avidin-biotin complex (ABC) system.
The ABC methodology utilises the fact that there are multiple binding sites between
the tetravalent avidin and the biotinylated secondary antibody. The ABC method
involves a biotinylated enzyme being incubated with avidin which forms a complex
that can then be incubated along with the sample containing biotinylated antibody.
Remaining biotin binding sites on the avidin complex bind to the biotinylated
secondary antibody resulting in a greater enzyme concentration at the antigenic site
leading to a more intense signal. This principle is illustrated in figure 2.3.
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Figure 2.3. The principle of the ABC method of signal amplification for the
immunohistochemical detection of proteins.

Substrate
\

-O
Signal

Key - Ag - antigen, B- biotin, A-avidin, E- enzyme.

The protocol chosen for the detection of BrdU positive nuclei was essentially that
described in the literature by Malberg et al., (2000) with modifications. The procedure
was as follows:-
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BrdU Dosing and Tissue Preparation
On the last 5 days of dosing all animals also received an i.p. dose of 50mg/kg BrdU
(Sigma catalogue number B9285-1G) at a concentration of 5mg/ml in PBS dosed at
10ml/kg. 24h after the last injection of BrdU animals were terminally anaesthetised
using Euthatal (10ml/kg i.p.) and were perfused transcardially with PBS followed by
cold 4% paraformaldehyde in PBS (pH 7.4). The procedure was the same for acute
dosing studies except that a single dose of BrdU (50mg/kg i.p.) was administered and
animals were culled 2h later.

These two protocols show different baseline cell

numbers due to the different survival times for newborn cells with the two hour period
being subject to fewer labelled cells but more likely to exhibit greater levels of survival
than the 5 x daily dosing paradigm. Following this brains were removed and placed
into 4% paraformaldeheyde in PBS (pH 7.4) for post fixing (1day at 4°C). Following
post-fixing

in paraformaldehyde, brains were transferred to 30% sucrose in

paraformaldehyde and kept at 4°C until brains no longer floated in the solution, this
step removes water and prevents ice crystals forming when sectioning thus retaining
the cellular morphology.

Forty micron thick coronal brain sections were cut on a

freezing microtome (Leica). Every section was collected through the hippocampus
and placed in a separate well of a 96 well plate containing Walter’s Antifreeze and
samples were stored at -20°C until ready for analysis.

Every fourth section was

transferred to staining baskets and assayed for BrdU positive cells.

Every fourth

section was assayed to ensure that the same neurone will not be counted in two
consecutive sections.

Immunohistochemical Procedure
Following four PBS rinses to remove all traces of antifreeze, sections were first
incubated in 50% formamide/SSC at 65 °C for 2h (to denature DMA) followed by four
PBS rinses and then transferred to 2M HCI at room temperature for 30 minutes. The
sections were then incubated in borax wash (0.05M boric acid, 0.0125M sodium
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borate, pH8.5 with 0.6ml Tween 20 per 200ml) solution for 10 minutes followed by
four PBS rinses. Sections were then placed in 3% hydrogen peroxide for 30 minutes
to remove any endogenous peroxidases followed by four PBS rinses. Next sections
were placed in blocking solution (5% normal rabbit serum (MRS)) for ti.

The

sections were incubated with rat anti-BrdU primary antibody (Oxford Biotechnology
1:200 dilution in 5% MRS) overnight at 4°C with shaking. Sections were then washed
four times in PBS and incubated with a biotinylated secondary anti-rat IgG secondary
antibody in 5% MRS (Vector laboratories 1:200) for 1h. Following incubation in ABC
solution for 1h, immunoreactive nuclei were visualized by incubation in DAB solution
for 5 minutes followed by a rinse in de-ionized water. Sections were counterstained
in 0.01% cresyl violet for 10 seconds followed by 2 rinses in de-ionized water to allow
the denate gyrus to be identified more easily.

BrdU Quantification
BrdU positive nuclei were quantified using light microscopy (40x magnification) and
stereological analysis. A modified unbiased stereology protocol was used that has
been reported to successfully quantitate BrdU labeling.

To ensure that all BrdU

positive cells in the dentate gyrus were able to be quantified, sections were collected
starting at the level of the fimbria hippocampus (Bregma -0.80mm) and 40pm
sections collected through to the dorsal hippocampal commisure (Bregma -4.80mm)
which resulted in the collection of approximately 100 sections, the start and end
points for collection can be seen in figure 2.4.

Two major considerations in

stereological analyses are that no BrdU-labeled cells be counted twice and that the
area counted be consistent in each section. All BrdU-labeled cells in the dentate
gyrus (subgranular zone (SGZ) of the granule cell layer) were counted in each
section blinded to the study code, this was achieved by giving fixed brains to a third
party who assigned a random study code which was unknown until after cells had
been counted. To distinguish single cells within clusters, all counts were performed
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at 40x magnification. A cell was counted as being in the SGZ of the dentate gyrus if it
was touching or in the SGZ. Cells that were located more than two cells away from
the SGZ were classified as hilar. The total number of BrdU-labeled cells per section
was determined and multiplied by 4 to obtain the total number of cells per dentate
gyrus.
Volumetric Analysis
In an attempt to correlate any changes seen in hippocampal neurogenesis with
volumetric changes, sections used to stain for BrdU positive cells were also used to
estimate GCL and hippocampal volumes. This was achieved by using Cavalieri's
Principle which states that î, in two solids of equal altitude, the sections made by
planes parallel to and at the same distance from their respective bases are always
equal, then the volumes of the two solids are equal (Kern and Bland 1948). This is a
principle which has been adapted into stereology as a method of volume estimation
and has been used by several groups (Michel and Cruz-0 rive 1988, Savnick et al.,
2002). The method involved capturing digital images of all sections and drawing
round either the whole hippocampus or by highlighting the GCL. This allowed the
software package (AIS 6.0 Image Analysis Software, Imaging Research Inc.) to give
an estimated 3D volume based on a set section thickness and set section interval.
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Figure 2.4

Illustration of start and end points for collection of sections for

quantification of BrdU positive cells.

Bregma -4.80
Interaural -0.80

Bregma -0.80 ^
Interaural -3.00
A - fimbria hippocampus

B- dorsal hippocampal commisure

Statistical Analysis
The absolute number of BrdU positive cells were compared to the appropriate vehicle
or placebo control and expressed as mean ± s.e.m.. Analysis in the case of two
treatment groups with different treatment durations was by two way ANOVA to
determine the effects of treatment and time. For between group analysis Fisher’s
LSD post hoc test was applied where appropriate.

For three or more treatment

groups at a single time point a one way ANOVA was carried out with Dunnett’s post
hoc test carried out as appropriate. For two treatment groups at a single time point a
Student’s t-test was used, again with each brain region being analysed separately.
Statistical significance was determined as p= 0.05.

For effects on volumetric

changes data were calculated in mm^ and then normalised to percentage of the
appropriate vehicle control. Analysis of data was by two way ANOVA to determine
the effects of treatment and time on volume with the GCL and whole hippocampus
being treated separately. For between group analysis Fisher’s LSD post hoc test was
applied where appropriate.
2.1.4 High Performance Liquid Chromatography with Electrochemical Detection
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High Performance Liquid Chromatography (HPLC) is an analytical or preparative
technique for the separation and/or quantification of components in a liquid sample.
In this thesis the technique is purely used as an analytical methodology.

The

technique involves a liquid chromatographic process whereby a sample flows through
a porous solid stationary phase and elutes the components at different rates (based
on hydrophobicity and molecular weight) which then pass through an electrochemical
detector at different time points and an oxidation current is measured, digitised and
sent to a computer for integration.

The stationary phase is in the form of small-

diameter particles, packed into a cylindrical column, length and diameter are chosen
based on the sample to be separated. The mobile phase (the liquid that carries the
sample through the column) is most commonly organic solvent (methanol) containing
buffer.

In these studies isocratic HPLC methodology was used, this involves the

solvent conditions being held constant rather than gradient elution whereby the
amount of organic solvent in the mobile phase is varied over the time of the sample
run. The composition of the mobile phase is chosen based upon the sample to be
separated. The basic HPLC system consists of a mobile phase, a pump, a sampler,
a column, a detector and a computer, such a system is illustrated in figure 2.5.
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Figure 2.5 A Basic HPLC System Setup.
D

0000

A- mobile phase, B- pump, C - sampler, D- column, E- detector, F - computer

Methodology for the Separation and Quantification of Monoamines.
Tissue Preparation
Brain regions which had been dissected and frozen at -80°C were weighed and
homogenised in 10 volumes of homogenising buffer (0.4 M perchloric acid, 0.1%
cysteine, 0.1% sodium metabisulphite, 0.01% Na-EDTA) and centrifuged at 10,000xg
for 10 min, supernatants were collected and analysed by HPLC with electrochemical
detection (Hutson et a!., 1991).

HPLC System
The HPLC system comprised a Jasco PU-980 pump, a Waters 717 plus autosampler,
a Waters Spherisorb CDS column (2 mm^lOO mm) and an Antec Intro
electrochemical detector with the glassy carbon working electrode set at +0.75 V
relative to a silver/silver chloride reference electrode. The mobile phase consisted of
0.07 M KH2PO4 , 0.0035% NazEDTA, 0.03% octyl sodium sulphate and 10%
methanol, pH 2.75 at a flow rate of 0.3ml/min. Samples were analysed using the
Chromperfect software package (Justice Innovations) and integrated peak areas
were related to standards containing lOOng/ml each of noradrenaline, DO PAC,
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dopamine, HVA, 5-HIAA and 5-HT diluted in tissue homogenising buffer. A sample
HPLC trace can be seen in figure 2.6.

Statistical Analysis
Data were calculated as ng/g wet weight tissue and expressed as mean ± s.e.m.,
values were compared to vehicle treated controls. Analysis in the case of three
treatment groups with different treatment durations was by two way ANOVA to
determine the effects of treatment and time. For between group analysis Fisher’s
LSD post hoc test was applied where appropriate. For three treatment groups at a
single time point a one way ANOVA was carried out with Dunnett’s post hoc test
being carried out as appropriate. Analysis was carried out using GraphPad Prism
(version 3.03, GraphPad software limited) or Statistica software (version 6.1, StatSoft
limited).

Figure 2.6. A representative HPLC trace showing a standard mixture of monoamines
and metabolites.
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2.1.5 Radioimmunoassay
The radioimmunoassay (RIA) technique was introduced in 1960 by Berson and
Yalow as an assay for the concentration of insulin in plasma. It represented the first
time that hormone levels in the blood could be detected by an in vitro assay. The
technique is based on the use of radioactive antigen (the radioactive isotope ^^^1 is
often used due to the ease with which iodine atoms can be introduced into tyrosine
residues in a protein) along with antibodies against that antigen. The RIA utilised in
this project was the Coat-a-Count RIA for corticosterone from DPC products
(catalogue number TKRC-01 ).

The Coat-A-Count RIA
The Coat-A-Count procedure is a solid-phase radioimmunoassay, wherein
labeled corticosterone competes for a fixed time with corticosterone in the sample for
antibody sites. Because the antibody is immobilized to the wall of a polypropylene
tube, decanting the supernatant is sufficient to terminate the competition and to
isolate the antibody-bound fraction of the radiolabeled corticosterone. Counting the
tube in a gamma counter then yields a number of disintegrations per minute (dpm),
which is converted by way of a calibration curve to a measure of corticosterone
concentration in the plasma sample.

The assay involved the preparation of a standard curve over the range of 202000ng/ml. The standards along with the samples were added (50pl) to the antibody
coated tubes in duplicate. 1ml of ^^®l labelled corticosterone was then added to each
tube and the mixture was incubated at room temperature for two hours. After this
period the liquid was decanted and the tubes turned upside down on a paper towel to
allow excess liquid to drain for approxiamtely 15 minutes. Tubes were placed in a
gamma counter and counted for 1 minute. Maximum binding was determined by the
inclusion of a tube containing 1ml of ^^®l labelled corticosterone and non specific

binding (NSB) was determined by the inclusion of a non antibody coated tube which
contained 1ml of

labelled corticosterone for two hours before being decanted.

Corticosterone levels were calculated as follows. Net counts were determined by
subtracting mean NSB counts from the average sample/standard counts.

The

percentage bound was then calculated by dividing net counts by maximum binding
counts and multiplying by 100. These values were plotted on a graph to create the
standard curve and unknown values were determined from this graph.

Statistical Analysis
Data were calculated as ng/ml and expressed as mean ± s.e.m., values were
compared to placebo treated animals. Statistical analysis of two treatment groups
over a range of treatment times was by two way ANOVA to determine the effects of
treatment and time.

For between group analysis Fisher’s LSD post hoc test was

applied where appropriate. In the case of two treatment groups at a single time point
analysis was by Student’s t-test. Statistical significance was determined by p= 0.05.
Analysis was carried out using GraphPad Prism software (version 3.03, GraphPad
software limited) or Statistica software (version 6.1, StatSoft limited).

2.1.6 Protein Assays
Protein assays were carried out using the Pierce micro BOA protein assay kit (Pierce
catalogue number 23225). The assay is based around the bicinchoninic acid (BCA)
protein assay which allows fast and robust measurement of protein concentrations in
biological samples. The method is quicker than the Lowry method and can also be
miniaturised to 96 well plate format (Hinson and Webber 1988).

The protein

detection works based on the reduction of Cu^^ to Cu^^ by protein in an alkaline
medium (the biuret reaction) with the highly sensitive and selective colourimetric
detection of Cu^^ using a reagent containing bicinchoninic acid. The purple reaction
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product of this assay is formed by the chelation of two molecules of BCA with one
cuprous ion.
Standards of bovine serum albumin (BSA) were prepared over a range of 0.1-1 mg/ml
in cell lysis buffer as described in section 2..1.1.

Supernatants from the tissue

preparation were diluted 1 in 50 in cell lysis buffer to ensure that the protein content
was within the BSA standard curve. lOpI of standard or sample was added to a 96
well plate in duplicate, 90pl of HPLC grade water was added to each well. Next BCA
reagents were prepared as follows;- 25 parts of Micro BCA Reagent MA (sodium
carbonate, sodium bicarbonate and sodium tartrate in 0.2 N NaOH) was mixed with
24 parts Reagent MB (4% bicinchoninic acid in water) with 1 part of Reagent MC (4%
cupric sulfate, pentahydrate in water). lOOpI of the reagent mixture was then added
to every well, the plate was briefly shaken on a plate shaker and placed in a water
bath at 65°C for 1h. The absorbance of the samples was then measured at or near
562nm on a plate reader.

A standard curve was constructed and protein

concentrations were determined from this standard curve.

2.2 Behavioural Assavs
2.2.1 Animal Studies
Animal experiments were carried out in accordance with the U.K. Animals (Scientific
Procedures) Act, 1986 and associated guidelines.

Animal work was carried out

under Merck Sharp and Dohme project licences 80/1800 (Brain Biochemistry and
CMS Drug Development) and 80/1818 (Pharmacological Investigation of Psychiatric
and Neurological Disorders). All experiments were carried out on male GDI mice
(Charles River, U.K.). All animals were group housed in solid bottomed perspex
cages in groups of 45 in a temperature and humidity controlled room (lights on
07:00-19:00) with food and water available ad libitum. As well as approval by the
Home Office, all techniques carried out in this thesis have been reviewed through the
local Ethical Review Process (ERP). All applications are drafted in consultation with
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the Senior Veterinary Surgeon. At the end of all experiments animals were humanely
killed to minimize any suffering.

2.2.2 The Light Dark Box
The light dark box (also sometimes called the black white box) was described by
Crawley in 1981. The assay is thought to be a measure of rodent anxiety based on
the natural aversion of rats or mice to open brightly lit spaces.

The apparatus

consists of an opened top box with a white side and a black side. The white side is
brightly lit and is naturally aversive for the animals. Crawley showed that the assay
was sensitive to anxiolytic compounds such as clonazepam, diazepam, flurazepam,
chlordiazepoxide and meprobamate but not the peripheral benzodiazepine agonist
R05-4864. The assay was also shown to detect an anxious phenotype in mice which
had

undergone social

defeat,

a feature which was

partially reversed

by

antidepressant treatment (Keeney and Hogg 1999).

Following the relevant dosing regimen mice were placed in an open top test box (45 x
27 X 27cm) that was divided by a partition. The smaller chamber (15 x 27 x 27cm)
was coloured black and the larger chamber (30 x 27 x 27cm) white. Between the two
was a partition with a 7.5 x 7.5cm central opening that allowed mice to move between
compartments.

The

white

compartment was

illuminated

by

lamps,

giving

approximately 450 lux on the light side while the dark side was illuminated by red light
(light intensity 7 lux) to facilitate tracking with an infrared camera. Mice were placed
individually into the white area, facing away from the black section and the time spent
in the white section observed by remote video recording for 5 minutes. Time spent in
each compartment were recorded using HVS Image VP200 tracker boxes (sampling
rate 0.1s) and HVS Field software, a graphical representation of the setup can be
seen in figure 2.7. The HVS tracker system works by detecting colour contrast i.e.
black on white or vice versa, the system could easily detect the white mice in the dark
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section of the box but was unable to detect the white mice in the light side so a small
black mark was placed on the animals back using a marker pen just before testing.
The test box was cleaned using tap water between each test.

Statistical Analysis
Seconds spent in the light side of the box were expressed as mean ± s.e.m. and
values were compared to vehicle or placebo treated controls. In the case of testing
every 4 days, analysis was by repeated measures ANOVA to determine the effects of
treatment and time with Dunnett’s post hoc analysis where appropriate. In the case
of once weekly testing analysis was by was by two way ANOVA to determine the
effects of treatment and time. For acute studies with two treatment groups analysis
was by Student’s t-test. Statistical significance was determined by p= 0.05. Analysis
was carried out using Statistica software (version 6.1, StatSoft limited).
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Figure 2.7 - Representation of the light dark box.

c

D

y

\
□□□□

27cm

27cm
30cm

7 ...........

\

□□□□

A-infrared camera, B-normal camera, C - red light source, D- bright white light
source, E HVS tracker boxes, F- light dark box.

2.2.3 The Forced Swim Test
As mentioned in section 1.2.3 the forced swim test (often referred to as the Porsolt
test) was first developed by Porsolt and colleagues in the mid 1970’s (Porsolt et al.,
1977). When mice are forced to swim in a cylinder from which no escape is possible
they eventually adopt an immobile posture and make no further attempts to escape
except for minimum effort to remain afloat. This immobility is considered by some to
be indicative of a “depressed” phenotype and most importantly to the validity of this
assay the immobility is reversed or attenuated by a range of antidepressants.

Mice were tested by placing in a glass cylinder (height = 25cm diameter = 10cm)
containing water (24-25°C) to a depth of 14cm.

Swim, escape and immobility

behaviours were monitored for a 5 minute period using be Videotrack tracking
system. The Videotrack system is based on video image analysis. The system
comprised various items including an infrared-sensitive camera with appropriate
lenses, a computer unit equipped with special hardware, and effective software that
enables animal movement to be quantified (such a system is illustrated in figure 2.8).
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The user defines parameters to distinguish swimming (legs and tail move enough to
propel mouse round the cylinder in an exploratoty fashion without making obvious
attempts at escape), escape (frantic movement particularly of front legs which “claw”
at cylinder in an attempt to escape) and immobility (defined as minimal/no movement
- any movement is purely enough to keep animal afloat) behaviours, a curve is
generated for each animal in proportion to the general animal activity. At the end of
an experiment, the count and duration of each type of movement was calculated.

Statistical Analysis
Immobility, escape or swim time in seconds were expressed as mean ± s.e.m..
Analysis in the case of three or more treatment groups was by one way ANOVA with
Dunnett’s post hoc analysis as appropriate. For two treatment groups with different
treatment durations was by two way ANOVA to determine the effects of treatment
and time. For between group analysis Fisher’s LSD post hoc test was applied where
appropriate. In the case of two treatment groups at a single time point analysis was
by Student’s t-test. Statistical significance was determined by p= 0.05. Analysis was
carried out using GraphPad Prism software (version 3.03, GraphPad software limited)
or Statistica software (version 6.1, StatSoft limited).
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Figure 2.8 - Automated forced swim test setup using Videotrack software.

A

n

A - cylinders of water, B- video camera, C - computer with Videotrack software

2.2.4 Locomotor Activity
Mice were placed in transparent polycarbonate cages (46cm x 26cm x 20cm) with
minimal sawdust bedding and wire lids. The boxes had ten infrared beams running
along the sides and 8 beams running from front to back. The beam pattern was
present at two heights, one to record general locomotor activity along the cage floor
while the other registered rearing behaviour (not measured here). Spontaneous
locomotor activity (ie with no habituation period) was recorded using an activity
monitor (Benwick AM 1250) and AM Logger software v1.220 for up to two hours (data
was recorded in 2 minute time bins). Time spent mobile was defined as time spent
breaking two consecutive infrared beams 50mm apart. A diagramatic representation
of the setup is shown in figure 2.9.
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Figure 2.9. Typical system for measurement o f locomotor activity.

A
B
C
A - activity boxes (up to 32 in system) connected to B - computer with Amlogger
software. C - layout of infrared beams from above.

Statistical Analysis
Seconds spent mobile were expressed as mean ± s.e.m. and values compared to
vehicle or placebo treated controls. Analysis was by repeated measures analysis of
variance with Dunnett’s post hoc analysis where appropriate and by Student’s t-test
on cummulative data over several time bins. Statistical significance was determined
by p= 0.05. Analysis was carried out using Statistica software (version 6.1, StatSoft
limited).
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2.3 Drugs
2.3.1 Drugs Used
Selective serotonin reuptake inhibitors
Fluoxetine (N-Methyl-?-[4-(trifluoromethyI) phenoxy]benzenepropanamine)),
hydrochloride salt. - medicinal chemistry department, Terlings Park.
Citalopram (1-[3-(Dimethylamino) propyl]-1-(4-fluorophenyl)-1,3-dihydro-5isobenzofurancarbonitrile) hydrobromide salt - extracted from Cipramil tablets
(Lundbeck)
Tricyclic antidepressants
Imipramine (10,11-Dihydro-N,N-dimethyl-5H-dibenz[b,f]azepine-5-propanamine)
hydrochloride salt - Sigma
Amitriptyline (3-(10,11-Dihydro-5H-dibenzo[a,d]cyclohepten-5-ylidene)-N,N-dimethyl1-propanamine) hydrochloride salt - Sigma
Serotonin receptor antagonists
5-HTia - WAY100635 (N-[2-[4-(2-Methoxyphenyl)-1-piperazinyl]ethyl]-N-2pyridinylcyclohexanecarboxamide) - medicinal chemistry department, Terlings Park.

5

-HT2A- MDL100,907 (R(+)-alpha-(2, 3-dimethoxyphenyl)-1-[2-(4-fluorophenylethyl)]-

4-piperidine-methanol) - medicinal chemistry department, Terlings Park.

5

-HT2C- SB221284 (1 H-indole-1-carboxamide, 2,3-dihydro-5-(methyIthio)-N-3-

pyridinyl-6-(trifluoro-methyl)) - medicinal chemistry department, Terlings Park.
5 -HT7

- Compound A ((R)-3,N-Dimethyl-N-[1-methyl-3-(4-methylpiperidin-1yl) propyl]

benzenesulfonamide) - medicinal chemistry department, Terlings Park. This
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compound has an affinity of 12nM at the human 5-HT? receptor and greater than 400
fold selectivity against the other 5-HT receptor subtypes. The compound is brain
penetrant as determined by the ability to completely block 5-CT induced hypothermia
at 20mg/kg i.p.
Selective lesioning agents
Serotonergic - p-chloramphetamine - Sigma
noradrenergic - DSP-4(N-(2-chloroethyl)-N-ethyl 2-bromobenzylamine) - Sigma

Glucocorticoids
Corticosterone pellets and placebo pellets (21 day release formula) - Innovative
Research of America
Corticosterone - Sigma

Dosing vehicles.
All compounds were dosed in either sterile saline (0.9%) or 0.5% carboxy methyl
cellulose. All compounds were given intraperitonealy with the exception of chronic
citalopram which was given orally due to previous experience leading to concerns of
peritonitis. All compounds were given in a dose volume of lOml/kg. Slow release
pellets were administered subcutaneously.
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Chapter 3
The Effects of Glucocorticoids on Hippocampal Neuroqenesis
and Behaviour.
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3.1 Introduction

The experiments in this chapter set out to investigate the biochemical and
behavioural effects of acute and chronic administration of glucocorticoids to mice.

As mentioned in Chapter 1 there is a close link between the incidence of MDD and a
dysregulated HPA axis (Rubin et al., 1987a; Rubin et a!., 1987b; Holsboer and
Barden, 1996; van Praag, 1996; Gold et a!., 2002). Many patients who suffer from
MDD show an elevation in circulating cortisol (Rubin et a!., 1987a) and a
dysregulation of the circadian rhythm of cortisol secretion (Peeters et a!., 2004).
Such observations in conjunction with the fact that prolonged stress (characterised by
activation of the HPA axis) is a major risk factor for the development of MDD (Shores
et a!., 1992) has lead to a great deal of research into the HPA axis and the
mechanisms by which it’s dysregulation may influence depressive disorders. HPA
axis dysregulation in MDD has been postulated to be due to persistent glucocorticoid
elevation causing a reduction in hippocampal GR density. This impacts on the ability
of the limbic system to regulate the HPA axis, which in turn further elevates plasma
glucocorticoid levels and thus additional hippocampal GR reduction which, if
continuous, may result in the death of hippocampal neurones and the cycle becomes
irreversible (Sapolsky et a/., 1986). As such, much research has been carried out
into the use of corticosteroid administration to characterise aspects of this clinical
situation in animal models and to investigate how antidepressants may affect the
HPA axis in this abnormal state (Arbel et a/., 1994; Rowe eta!., 1997; Cameron et a/.,
1998; Budziszewska eta!., 2000; Fone and Topham, 2002; Hellsten eta!., 2002).

Such studies have lead to a corticosteroid hypothesis of depression (Holsboer, 2000)
and have also given rise to several potential antidepressant targets based around
manipulation of the HPA axis.

These targets include GRP receptor antagonists

100

(O'Brien et al., 2001; Kehne and De Lombaert, 2002; Alonso et a!., 2004; Overstreet
and Griebel, 2004; Chaki eta!., 2004), vasopressin V Ib receptor antagonists (Griebel
et a!., 2002; Serradeil-Le Gal et a!., 2003; Griebel et a!., 2003), GR receptor
antagonists (Murphy, 1997; Schatzberg, 2003; Young et a!., 2004) and possibly even
inhibitors of llp-hydroxysteroid dehydrogenase (Raven and Taylor, 1998; Wei berg et
a!., 2000) as possible points of intervention.

Most of the commonly used animal models of depression have been shown to result
in elevated circulating levels of plasma corticosterone (Elias and Redgate, 1975;
Tanapat et a!., 2001; Rittenhouse et a!., 2002; Czeh et a!., 2002; Harvey et a/., 2003).
Correspondingly, exogenous administration of high doses of corticosterone have
been shown to result in changes in behaviour, neurochemistry and brain anatomy
which may be indicative of a depressive like phenotype such as alterations in forced
swim behaviour and hippocampal neurogenesis (Baez and Volosin, 1994; Cameron
et a!., 1998; Hellsten et a/., 2002; Hill et a/., 2003) some of which could be argued to
be correlates of the clinical situation in man (see chapter 1, table 1.2).

The use of exogenously administered corticosterone has some validity as a model to
study chronic stress or conditioned fear in animals based on several published
findings including comparable effects on hippocampal neurogenesis (Karishma and
Herbert, 2002; Hellsten et a/., 2002; Pham et a/., 2003; Alonso et a/., 2004) , brain
monoamine metabolism (Goldstein et a/., 1996; Inoue and Koyama, 1996) and
enhancement of depression like behaviours in assays such as the forced swim test
(Baez and Volosin, 1994; Hellsten et a/., 2002; Hill et a/., 2003) Interestingly, the
changes in medial prefrontal cortex monoamine metabolism reported following
corticosterone administration and those seen following psychological stress have
been associated with an anxiety like state (Inoue and Koyama, 1996) providing yet
another link between monoamines, the HPA axis and anxiety/depression like
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behaviour. In the same study these changes were suggested to be due to changes
in MR function due to the lack of effect of dexamethasone (dexamethasone having
selectivity for GR rather than MR unlike corticosterone which shows the opposite
binding selectivity). This is particularly interesting as historically more attention has
focussed on GR adaptation in stress/depression models and in the mechanistic
studies to determine the mode of action of antidepressants.

There are a number of similarities between features of depression and chronic
glucocorticoid administration in laboratory animals. It has been reported that chronic
exposure to corticosterone results in ventricular enlargement and a reduced
hippocampal volume (Sapolsky, 1985; Sapolsky, 2001) a phenomenon which has
also been reported in patients suffering from MDD (Sheline et al., 1996).
Interestingly, in patients with Cushing’s syndrome (a relatively rare hormonal disorder
characterised by hypercortisolaemia) a reduction in hippocampal volume is also
frequently seen (Starkman at a/., 1992) and is normalised following the reduction in
circulating cortisol levels (Starkman at a!., 1999). It should be noted however that a
recent study from the laboratory of Schwabb suggested that the reduction in
hippocampal volumes seen in depressed patients was not due to hippocampal
damage via apoptosis (although apoptosis was demonstrated) but was in fact due to
a redistribution of water balance in the affected area (Lucassen at a!., 2001). The
same group repeated the findings showing no major morphological changes but did
see subtle changes in markers of reactive astrogliosis and synaptic reorganisation in
MDD patients as well as steroid treated patients (Muller at ai., 2001 ). Treatment with
glucocorticoids has also been shown to reduce glucose transport into the
hippocampus

(de Leon at a/., 1997) which has additionally been reported in

depressed patients (Saxena at a/., 2001) and there have been clear links between
the administration of glucocorticoids and reduced cognitive ability (Lupien at a/..
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1994), a trend seen in some depressed patients (Rubinow et al., 1984; Belanoff et al.,
2001c).

Cognitive processes are many and varied but it has been suggested that a persistent
stress response or the development of depressive disorder may be due to an
abnormal adaptive cognitive response to the stressor (Belanoff et al., 2001b). This
learned information about stressors is not consolidated such that upon the next
presentation there is no suppression or adaption of the response. There have been
specific roles proposed for GR and MR with regards to memory. Thus MR plays a
role in behavioural reactivity (described as approaching and investigating) whereas
GR is more involved with consolidating learned information (de Kloetef a/., 1999) and
that the interplay between the two types of receptors is essential for efficient memory
formation.

This is exemplified by the fact that corticosterone is released during

memory formation and indeed memory formation is enhanced if preceded by brief
periods of stress (Roozendaal, 2002), demonstrating that glucocorticoid secretion is
an essential part of the cognitive process. This role for glucocorticoids is effectively
inverted if the secretion is elevated chronically, a phenomenon that is well illustrated
in the clinical situation where patients suffering from PMD appear to have greater
incidence of elevated cortisol than MDD patients (Schatzberg, 2003) and show more
prominent cognitive dysfunction (Belanoff etal., 2001b).

An important consideration for the work in this chapter was the selection of a dosing
regime for the administration of corticosterone, due to the relative roles of MR and
GR in the regulation of the HPA axis, in mediating the stress repense and in the
formation of memory. As such it was decided to select a dose of corticosterone for
these studies based on the most commonly used doses from literature studies on
stress and depression models which are usually within the range of 10-50mg/kg per
day.

Of particular interest to this project were the effects of glucocorticoid
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administration on cell birth and cell death and as such it was decided to initially
choose a dose of corticosterone that would significantly reduce hippocampal
neurogenesis. Another factor was the means of administration of corticosterone, the
pre-requisite with respect to this was that the chosen method would best reflect the
dysregulation of cortisol secretion in depressed patients whereby the circadian
variation in cortisol is blunted and there is a much less rhythmic fluctuation
throughout the day. Therefore a subcutaneous pellet implant was used rather than a
daily systemic injection, thus guaranteeing a sustained and constant release of
corticosterone which should result in a steady elevated plasma glucocorticoid level.
This method of pellet implant has been successfully described elsewhere (Fone and
Topham, 2002) and for the purpose of these studies a commercial pellet preparation
was chosen to reduce the need to manufacture the pellets and ensure increased
consistency in corticosterone delivery, to this end the 21 day release pellets
manufactured by Innovative Research of America were chosen.

These pellets

consisted of corticosterone in a proprietory matrix of cholesterol, lactose, celluloses,
phosphates, and stearates to facilitate a continous and sustained release,
corresponding

placebo pellets consisted of the same matrix.

For acute

corticosterone dosing studies it was decided to use the same dose equivalent as the
daily release formulation ie. 40mg/kg.

Comparable doses of corticosterone have

also been used in rodent studies of cognition (Pavlides et al., 1993) as well as
neurochhemical studies (Inoue and Koyama, 1996).

The use of adrenalectomised animals in these studies was also considered but it was
decided that to best mirror the blunting of the circadian rhythm of cortisol seen in
depressed patients that it was more appropriate to use mice with intact adrenal
glands.

This in combination with the slow release pellets which will significantly

elevate corticosterone to a lesser extent but over a longer period than a daily bolus
injection

seemed

to

best

serve

this

purpose.
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3.2 Methods
Animals
Male CD1 mice (Charles River U.K.) weighing 22-24g at the start of the experiment
were used for all studies. All animals were group housed in solid bottomed perspex
cages in groups of 45 in a temperature and humidity controlled room (lights on
07:00-19:00) with food and water available ad libitum.

3.2.1 Studies Following Acute Corticosterone Administration.

Animal Studies
All animal studies were carried out between 8a.m. and 11a.m. to avoid any
confounding results that may have been obtained due to running experiments during
the hours when rodent plasma corticosterone rises sharply (usually between 12p.m.
and 8p.m.). In all studies 6-8 mice were used per treatment group.

Drug Formulation
For all acute corticosterone dosing studies corticosterone was prepared by dissolving
corticosterone in ethanol at a concentration of 40mg/ml by sonicating using a sonic
probe. The solution was then diluted to 4mg/ml with the addition of sesame oil
(Sigma). The resulting solution was sonicated for approximately 1h in a sonicating
water bath to ensure all corticosterone was in solution, this method was as described
in the literature (Karishma and Herbert 2002). Vehicle treated animals received the
same 10% ethanol in sesame oil preparation as was used to prepare the
corticosterone. Mice received the treatments in a dose volume of lOml/kg.
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Adrenal Gland Weights
On completion of studies animals were humanely killed and adrenal glands were
removed, frozen on dry ice and stored at -80°C until ready for analysis.

Determination of Plasma Corticosterone Concentration.
Mice were dosed intraperitoneally (i.p.) with corticosterone (40mg/kg) or vehicle (10%
ethanol in sesame oil) and humanely killed one or two hours post dosing. Trunk
blood was collected into heparinised tubes (Beckton Dickinson), spun at 1003 r.c.f.
for 10 minutes and plasma collected and frozen at -80°C until ready for analysis.
Samples were analysed using the Coat-a-Count corticosterone RIA kit (DPC
products) as outlined in section 2.1.5.

Effects of Acute Corticosterone Administration on Spontaneous Locomotor Activitv.
Mice were dosed i.p. with either corticosterone (40mg/kg) or vehicle (10% ethanol in
sesame oil) and immediately placed into individual activity monitoring cages (Benwick
Ltd.). Locomotor activity (time spent mobile) was monitored for 2h in 2 minute time
bins as outlined in section 2.2.3.

Effects of Acute Corticosterone Administration on Performance in the Forced Swim
Test.
Mice were dosed i.p. with either corticosterone (40mg/kg) or vehicle (10% ethanol in
sesame oil) and returned to home cages for 1h before testing. This 1h pretreatment
time was based on a point whereby near peak plasma corticosterone was achieved
without enhanced locomotor activity, which may have confounded results. Animals
were subjected to the forced swim test (Porsolt et al., 1977b) for 5 minutes as
outlined in section 2.2.3, with 4 animals being tested simultaneously.

Effects of Acute Corticosterone Administration on Performance in the Light Dark Box
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Mice were dosed i.p. with either corticosterone (40mg/kg) or vehicle (10% ethanol in
sesame oil) and returned to home cages for 1h before testing. Animals were placed
one at a time into the light side of the light dark box facing away from the opening.
Activity in the light dark box (time spent in the light side and speed) was recorded as
described in section 2.2.2.

Effects of Acute Corticosterone Administration on Hippocampal Neuroaenesis
Mice were dosed i.p. with either corticosterone (40mg/kg) or vehicle (10% ethanol in
sesame oil) and returned to their home cage for 24h. After this period all animals
were given a single i.p. injection of BrdU (50mg/kg) and returned to their home cage.
Two hours following BrdU injection animals were terminally anaesthetised, perfused
and tissue processed for quantification of BrdU positive cells as outlined in section
2.1.3.

3.2.2 Studies Following Chronic Corticosterone Administration
Implantation of Corticosterone Pellets
Male GDI mice weighing 23-25g at the start of the experiment were briefly
anaesthetised using isofluorane.

Animals were implanted with 1, 2 or 4 x 5mg

corticosterone pellets (Innovative Research of America) or the corresponding number
of placebo pellets giving the equivalent of 10, 20 or 40 mg/kg/day of corticosterone
respectively. Following initial experiments on hippocampal neurogenesis a dose of
40mg/kg/day (4 pellets) was chosen for subsequent studies, and is consistent with
literature reports using daily injections of 40mg/kg/day of corticosterone for chronic
dosing (Karishma and Herbert 2002;

Hellsten et. al, 2002) to inhibit neurogenesis.

This regimen gave robust effects on hippocampal neurogenesis without requiring
excessively high numbers of mice per group. Pellets were implanted using a trochar
supplied by the manufacturer which was modified by Terlings Park Research
Engineering department to allow up to 4 pellets to be held in one trochar thus
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requiring only one injection per animal. The pellet was implanted either in the lateral
side of the neck between the ear and the shoulder or over the rear haunches (both
areas having maximal space between the skin and the muscle) with the latter
allowing repeated scruffing (for the purposes of daily obsing) without the risk of
disruption of the pellet, no stitching or wound clipping was required when using this
technique. The use of a second implant sites was introduced following the discovery
that placing pellets between the shoulder blades increased the risk of disrupting the
pellet on daily dosing, 21 day treated mice were implanted in the rear haunches and
showed similar plasma corticosterone levels to those mice implanted between the
shoulders (meants.e.m.; 138 ± 46 ng/ml and 151 ± 23ng/ml for 14 and 21 day
implants respectively), see figure 3.12. Animals were returned to the home cage and
allowed to recover.

Effects of Chronic Corticosterone Administration on Spontaneous Locomotor Activitv.
Mice were implanted with either corticosterone or placebo pellets as described above
(40mg/kg/day dose) and returned to their home cage to recover. On days 7, 14 and
21 following implant, animals were placed into individual activity monitoring cages
(Benwick Ltd.) for repeated testing.

Locomotor activity (time spent mobile) was

monitored for 2h in 2 minute time bins as outlined in section 2.2.3. In each locomotor
assay all animals were monitored simultaneously to obviate the need to account for
differences in circadian levels of corticosterone which may have occurred if animals
were tested sequentially.
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Effects of Chronic Corticosterone Administration on Performance in the Forced Swim
Test.
Mice were implanted with either corticosterone or placebo pellets as described above
(40mg/kg/day) and returned to their home cage to recover. Animals were subjected
to the forced swim test (Porsolt et al., 1977b), on either 7,14 or 21 days following
pellet implant, for 5 minutes as outlined in section 2.2.3, with 4 animals being tested
simultaneously. Each animal was tested in this paradigm only once and at the end of
each experiment was humanely killed. A different set of mice were used for each
timepoint to comply with Home Office licence restrictions. This also eliminated the
possibility of any habituation to the forced swim test apparatus.

Effects of Chronic Corticosterone Administration on Performance in the Light Dark
Box
Weekly Testing
Mice were implanted with either corticosterone or placebo pellets as described above
(40mg/kg/day) and returned to their home cage to recover. On days 7,14 or 21 days
following pellet implant, animals were placed one at a time into the light side of the
light dark box facing away from the opening. Activity in the light dark box (time spent
in the light side and speed) was recorded as described in section 2.2.2. The same
set of animals were used for each timepoint allowing the effects of time and elevated
corticosterone to be correlated with performance in this test. All studies were carried
out between 8a.m. and 11a.m. to minimise the influence of endogenous
corticosterone levels in the mice.

Testing Every Four Days
Prior to pellet implant mice were introduced to the light dark box as outlined in section
2.2.2. Following light dark box testing Mice were implanted with either corticosterone
or placebo pellets as described above (40mg/kg/day) and returned to their home
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cage to recover.

The same mice were then tested every 4 days for 28 days

(representing 7 days after cessation of corticosterone release for the final test) in the
light dark box as described in section 2.2.2.

Effects of Chronic Corticosterone Administration on Hippocampal Neuroaenesis and
Hippocampal Volume.
Chronic Corticosterone Effects.

Mice were implanted with either corticosterone or placebo pellets as described above
(40mg/kg/day) and returned to their home cage to recover for either 7, 14, 21 or 28
days (the final timepoint representing a 7 day washout following corticosterone). On
the last 5 days of each implant period mice were given a single daily 50mg/kg i.p.
dose of BrdU.

24h later animals were terminally anaesthetised and brains were

analysed for BrdU positive cells and hippocampal volume measurements as outlined
in section 2.1.3.

The Effects of Repeated Antidepressant Treatment on Hippocampal Neuroaenesis
and Hippocampal Volume.
Mice were dosed daily for 14 days with either saline (lOml/kg i.p.), imipramine
(lOmg/kg i.p.) or fluoxetine (lOmg/kg i.p.). On days 10-14 mice were given a single
daily 50mg/kg i.p. dose of BrdU. 24h later animals were terminally anaesthetised and
brains were analysed for BrdU positive cells and hippocampal volume measurements
as outlined in section 2.1.3.

no

The Effects of Repeated Antidepressant Treatment on Chronic Corticosterone
Induced Changes in Hippocampal Neuroaenesis and Hippocampal Volume.
Mice were implanted with either corticosterone or placebo pellets as described above
(40mg/kg/day) and returned to their home cage to recover.

24 hours after pellet

implant mice were dosed with either saline (10ml/kg i.p.), imipramine (10mg/kg i.p.) or
fluoxetine (10mg/kg i.p.), this was repeated daily for the duration of the experiment.
On days 10-14 mice were given a single daily 50mg/kg i.p. dose of BrdU. 24 hours
later animals were terminally anaesthetised and brains were analysed for BrdU
positive cells and hippocampal volume measurements as outlined in section 2.1.3.
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3.3 Results
For all results normal probability plots of the data indicated that there was no
deviation from standard statistical assumptions of normality (see appendix iii for
examples).

3.3.1 The Effects of Chronic Corticosterone Administration on Hippocampal
Neuroaenesis and Volume.
Quantification of the number of BrdU positive nuclei (figure 3.1) showed there was no
significant effect of 14 day corticosterone treatment (10mg/kg/day) on hippocampal
neurogenesis (p=0.29, Student’s ttest).

In a second study to compare 20 and

40mg/kg/day for 14 days there was a significant effect of corticosterone treatment
(F(2,i 4)=24.94, p=0.00002).

Post hoc analysis of the data using Fisher’s LSD test

revealed that 20mg/kg/day failed to affect neurogenesis (p=0.54) but by contrast the
administration of 40mg/kg/day gave a robust and significant 50% reduction
(meants.e.m., 3642+279 positive cells for placebo treated mice versus 1808±88
positive cells for corticosterone treated, p=0.0002) of hippocampal neurogenesis, and
therefore this dosing regime was selected for further studies. A time course looking
at the number of BrdU positive cells following 7, 14, 21 and 28 days of pellet implant
revealed that neurogenesis was reduced by approximately 50% at all time points
examined (figure 3.2). Statistical analysis of this data revealed a significant effect of
both treatment (F(i,49)=116.31, p<0.00001) and of time (F(3.49)=4.62, p=0.006) on
hippocampal neurogenesis but no significant interaction between treatment and time
(F(3,49)=0.36, p=0.78). Further analysis of the data was carried out for each of the
timepoints, not taking into account multiple comparisons, using individual t-test
analysis and revealed that 7,14 and 21 days of corticosterone treatment had
significantly reduced hippocampal neurogenesis (all p<0.001) compared to their time
matched placebo controls. The 28 day timepoint represented an additional 7 days
without corticosterone release based on the manufacturers guarantee of 21 day
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release formulation and was verified by taking terminal plasma samples at this
timepoint for analysis of corticosterone levels although it cannot be certain when
plasma levels of corticosterone decreased.

There was no significant difference

(p=0.53, Student’s t-test) of number of BrdU positive cells following an acute dose of
40mg/kg corticosterone (figure 3.3) at 24 hours.

Illustrative sections through the

dentate gyrus of mice treated with placebo or corticosterone can be seen in figure
3.4.

Chronic treatment with the antidepressants fluoxetine and imipramine (both 10mg/kg
i.p. for 14 days) confirmed literature reports that chronic antidepressant treatment
increased hippocampal neurogenesis (F(2.17)=10.19, p=0.001). In this particular case,
using Dunnett’s post hoc analysis, it was found that imipramine significantly
increased neurogenesis by 58% (p=0.0006) while fluoxetine increased neurogenesis
by 31% (p=0.047) (figure 3.5). Accordingly these doses were selected for a study to
determine if repeated dosing with antidepressants could reverse corticosterone
induced deficits in neurogenesis.

Illustrative sections showing the effects of

imipramine on hippocampal neurogenesis can be seen in figure 3.6.

In the study to reverse the corticosterone induced deficits in hippocampal
neurogenesis the

numbers of BrdU

positive cells

in placebo/vehicle and

corticosterone/vehicle treated animals were comparable with previous studies with an
overall significant effect of treatment (F(3,24)=3.24, p=0.039) as determined by one
way AN OVA. The corticosterone treated animals showed a 40% decrease in BrdU
positive cells (p=0.007, Fisher’s LSD post hoc analysis).

Coadministration of

imipramine and fluoxetine (both lOmg/kg i.p.) prevented the corticosterone induced
decrease with 13% and 4% reductions in BrdU positive cells which were not
statistically significant from placebo/vehicle treated animals (p=0.32 and 0.86
respectively, Fisher’s LSD post hoc analysis) but were significantly different from
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corticosterone/vehicle treated animals (p=0.03 and 0.05 respectively, Fisher’s LSD
post hoc analysis) (figure 3.7).

Analysis of hippocampal and GCL volumes by multiway AN OVA using animal
number as random predictor, treatment and time as between animal factors and
region as a within animal factor proved unachievable using the Statistica software
due to the uneven samples size between time point groups. As such hippocampus
and GCL data were treated separately and analysed by two way ANOVA.
Hippocampal volume measurements demonstrated there was no significant effect of
treatment (F(i.49)=0.52, p=0.82) or time (F(3,49)= 2.49, p=0.07) and no significant
interaction between treatment and time (F(3,49)= 2.49, p=0.07). Further analysis of the
individual timepoint data, not taking into account multiple comparisons, using
individual Students t-test revealed that at 14

but not 21 days of corticosterone

treatment there was a significant reduction in hippocampal volume (p=0.04) as
compared to placebo treated animals.

GCL data was also analysed by two way

ANCVA to examine the effects of treatment and time.

Analysis confirmed a

significant effect of treatment (F(i,49)=21.59, p=0.00003), time (F(3.49)=5.97, p=0.0015)
and an interaction between treatment and time (F(3,49)=5.97, p=0.0015). Post hoc
analysis using Fisher’s LSD test revealed a significant effect of corticosterone at 14
(p=0.000007) and 21 |)=0.004) days following implantation. At 28 days following
pellet implantation there were no significant differences in GCL volume in the mice
which had been treated with corticosterone (p=0.29) as compared to placebo treated
mice, this time point represented a 7 day wash out and indicates that the
normalisation of corticosterone levels had resulted in a return to baseline GCL
volume (figure 3.8).
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There was no significant effect of acute corticosterone treatment (40mg/kg i.p.) on
hippocampal or GCL volumes (p=0.99 and 0.92 respectively) as determined by
Student's t-test (figure 3.9).

Co-administration of antidepressants with corticosterone showed a significant effect
of treatment on both hippocampal (F(3,26)=4.02, p=0.02) and GCL volumes
(F(3.26)=3.58, p=0.02) as determined by one way ANOVA. Post hoc analysis of the
data using Fisher’s LSD test ilustrated that the hippocampal volume following
corticosterone/vehicle treatment was significantly lower (15%) than in placebo/vehicle
treated animals (p=0.03) (figure 3.10). Co-administration of fluoxetine or imipramine
prevented this volume deficit (p=0.002 and 0.02 respectively as compared to
corticosterone/vehicle treated animals, determined by Fisher’s LSD post hoc
analysis).

Similar results were obtained for GCL volumes, again showing a

significant decrease (16%) in volume following corticosterone/vehicle treatment
(p=0.03) which was prevented by co-administration of fluoxetine (p=0.006) or
imipramine (p=0.01) as determined by Fisher’s LSD post hoc analysis.

Illustrations of hippocampal and GCL volume measurements using A.I.S. image
software are shown in figure 3.11.
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Figure 3.1 Effect o f Chronic Corticosterone Pellet Implantation on Hippocampal
Neurogenesis.
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Hippocampal neurogenesis was quantified using BrdU immunohistochemistry
following 14 day implant of placebo or corticosterone pellets releasing an equivalent
of either 10, 20 or 40mg/kg/day of corticosterone. ** p<0.01 as determined by one
way ANOVA followed by Dunnett’s post hoc test relative to placebo treated animals.
Results shown are mean ± s.e.m. with n=6 mice per treatment group.
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Figure 3.2 Time Course o f 40mg/kg/day Corticosterone Treatment on Hippocampal
Neurogenesis.
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Hippocampal neurogenesis was quantified using BrdU immunohistochemistry
following 7, 14, 21 or 28 day implant of placebo or corticosterone pellets releasing an
equivalent of 40mg/kg/day (P) placebo, (C) corticosterone, ( 0 ) no exogenous
corticosterone released.

*** p<0.001 as determined by Student’s ttest relative to

appropriate placebo control. Results shown are mean ± s.e.m. with n=6-8 mice per
treatment group.
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Figure 3.3 Effects o f Acute 40mg/kg Corticosterone Treatment on Hippocampal
Neurogenesis.
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Hippocampal neurogenesis was quantified using BrdU immunohistochemistry 24
hours following vehicle or corticosterone (40mg/kg i.p) (V) vehicle, (C) corticosterone.
Results shown are mean ± s.e.m. with n=8 mice per treatment group.
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Figure 3.4

Illustrative Sections Through Mouse Dentate Gyrus o f Placebo or

Corticosterone Treated Mice.

Figure 36
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Photomicrographs showing the dentate gyrus (blue) of mice treated with placebo (A)
or corticosterone (40mg/kg/day) (B) for 14 days. BrdU positive nuclei appear stained
dark brown. Scale bar corresponds to 100pm. Mouse brain atlas shows reference to
the level at which photomicrograph was taken (C). Box corresponds to area shown.
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Figure 3.5 The Effects of 14 Day Treatment with Fluoxetine or Imipramine on
Hippocampal Neurogenesis.
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Hippocampal neurogenesis was quantified using BrdU immunohistochemistry
following 14 day treatment with either saline, fluoxetine (10mg/kg i.p.) or imipramine
(10mg/kg i.p.). * p<0.05, *** p<0.001 as determined by one way ANOVA with
Dunnett’s post hoc test relative to vehicle control. Results shown are mean ± s.e.m.
with n=6-8 mice per treatment group
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Figure 3.6 Illustrative Sections Through Mouse Dentate Gyrus o f Vehicle or
Imipramine Treated Mice.
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Photomicrographs showing the dentate gyrus (blue) of mice treated with saline (A) or
imipramine (10mg/kg) (B) for 14 days. BrdU positive nuclei appear stained dark
brown. Scale bar corresponds to 100pm. Mouse brain atlas shows reference to the
level at which photomicrograph was taken (C). Box corresponds to area shown.
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Figure 3.7 The Effects of 14 Day Treatment with Fluoxetine or Imipramine on
Decreased Hippocampal Neurogenesis Induced by Chronic Corticosterone
Administration.
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Hippocampal neurogenesis was quantified using BrdU immunihistochemistry
following 14 day treatment with either saline, fluoxetine (lOmg/kg i.p.) or imipramine
(lOmg/kg i.p.) in animals implanted with either placebo or corticosterone
(40mg/kg/day) pellets (p) placebo, (c) corticosterone, (v) vehicle, (i) imipramine, (f)
fluoxetine. * p<0.05 relative to placebo/vehicle, + p<0.05 relative to
corticosterone/vehicle as determined by one way ANOVA with Fisher’s LSD post hoc
test. Results shown are mean ± s.e.m. with n=6-8 mice per treatment group
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Figure 3.8 The Effects o f Chronic Corticosterone Administration on Hippocampal and
GCL Volume.
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(A) Hippocampal and (B) GCL volumes were measured using Cavalieri’s principle as
described in section 2.1.3. *p<0.05 as determined by Student’s ttest relative to
placebo control, **p<0.01, ***p<0.001 as determined by 2 way ANOVA of GCL data
with Fisher’s LSD post hoc analysis relative to appropriate placebo control (p)
placebo (c) corticosterone (0 ) no exogenous corticosterone released. Results shown
are mean ± s.e.m. with n=6-8 mice per treatment group. The mean ± s.e.m. volumes
for placebo animals were 11.8±0.4mm^ and 0.48±0.02mm^ for hippocampus and
GCL respectively.
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Figure 3.9 Effects o f Acute 40mg/kg Corticosterone Treatment on Hippocampal and
GCL Volume.

Hippocampal Volume

A)
150

u

^
0)
E
3
g

100

50-

V eh icle

C o rtico ste ro n e

Treatment

GCL Volume

B)
150i
0)

Ü

ic

g
0)
E
3

100 -

50-

g
V eh icle

C o rtico ste ro n e

Treatment

(A) Hippocampal and (B) GCL volumes were measured using Cavalieri’s principle as
described in section 2.1.3.. Results shown are mean ± s.e.m. with n=8 mice per
treatment group. The mean ± s.e.m. volumes for vehicle animals were 16.0±0.8mm^
and 0.56±0.04mm^ for hippocampus and GCL respectively
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Figure 3.10 The Effects of 14 Day Treatment with Antidepressants on Decreased
Hippocampal and GCL Volume Induced by Chronic Corticosterone Administration.
Hippocampal Volume

A)
1201

++

100 -

80 -

0)

60-

3

40

E

> .4

Treatment

GCL Volume

B)
120i
2

100 -

rR

80-

++

c

&

&

Treatment

(A) Hippocampal and (B) GCL volumes were measured using Cavalieri’s principle as
described in section 2.1.3. *p<0.05 relative to placebo/vehicle, -»-p<0.05, -t-»-p<0.01 as
compared to corticosterone/vehicle. Significance determined by 1 way AN OVA of
data with Fisher’s LSD post hoc analysis, (p) placebo (c) corticosterone (v) vehicle (f)
fluoxetine (i) imipramine . Results shown are mean ± s.e.m. with n=7-8 mice per
treatment group. The mean ± s.e.m. volumes for placebo/vehicle animals were
11.61±0.3mm^ and 0.43+0.01 mm^ for hippocampus and GCL respectively.
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Figure

3.11

Representative

Illustration

of GCL

and Hippocampal

Volume

Measurement in 40pm Thick Coronal Mouse Brain Section.

A

B

Representative images of hippocampal (A) and GCL (B) volume measurements using
the AIS 6.0 Image Analysis Software. Hippocampal volumes were hand traced while
GCL measurements used the software’s contrast function to accurately define the
GCL.
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3.3.2 The Effects of Corticosterone on Plasma Corticosterone Concentration and
Adrenal Gland Weight.
Determination of plasma corticosterone concentration by RIA revealed that following
an acute 40mg/kg dose of corticosterone, plasma levels were approximately 850 and
1700ng/ml, 1 and 2h following administration respectively as compared to 100ng/ml
in vehicle treated animals.

In animals implanted with corticosterone or placebo

pellets it was found that plasma corticosterone levels were between 20 and 50ng/ml
for placebo treated animals and between 110 to 150ng/ml for mice treated for 7,14 or
21 days with corticosterone. Mice implanted for 28 days (i.e. with a 7 day washout
period) showed a plasma corticosterone concentration of approximately 50ng/ml i.e.
levels had returned to baseline. Statistical analysis of the data showed a significant
effect of treatment (F(i.49)=21.02, p=0.00003) and a significant interaction between
treatment and time of treatment (F(3.49)=3.40, p=0.02)

Post hoc analysis using

Fisher's LSD test revealed that 7,14 and 21 day corticosterone treatments resulted in
statistically significant increases in plasma corticosterone concentration (p=0.0004,
0.026 and 0.0008 respectively) while the 28 day group was not statistically significant
from placebo control (p=0.74) (figure 3.12).
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Figure 3.12 The Effects o f Acute and Chronic Corticosterone Administration on
Plasma Corticosterone Concentration.
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Plasma corticosterone levels were determined by RIA either (A) 1 or 2i after i.p.
administration of 40mg/kg corticosterone or (B) following 7, 14, 21 or 28 days of pellet
implantation.

The 28 day timepoint represents 7 days with no significant

corticosterone release from implanted pellets, (p) placebo (c) corticosterone (0) no
exogenous corticosterone released.
curve.

Values were extrapolated from a standard

Results shown are mean ± s.e.m. with n=6-8 mice per treatment

group.*p<0.05, **p<0.01, ***p<0.001 as determined by two way ANOVA with Fisher’s
LSD post hoc analysis (chronic studies) or one way ANOVA with Dunnett’s post hoc
analysis (acute studies). Note different y-axis scales.
Adrenal gland weights were significantly affected by both treatment (F(i.52)=51.7,
p<0.00001) and time (F(3,52)=3.61, p=0.019) and there was a significant interaction
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between treatment and time (F(3.52)=3.01, p=0.038). Post hoc analysis using Fisher’s
LSD test showed that animals implanted for 7,1 4 and 21 days with corticosterone
pellets showed a significant 23% (p=0.05), 47% (p=0.001) and 53% (p=0.00001)
reduction in adrenal gland weights respectively as compared to placebo controls
while mice implanted for 28 days showed no significant reduction in adrenal gland
weight as compared to placebo controls (p=0.20) , consistent with a lack of
corticosterone being released for the last 7 days of implant resulting in a restoration
of the natural secretion of corticosterone from the adrenals (figure 3.13 ).
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Figure 3.13 The Effects of Chronic Corticosterone Administration on Adrenal Gland
Weights.
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Adrenal glands were removed, frozen and weighed to determine the effects of
chronic corticosterone administration on the natural synthesis and release of
corticosterone by the adrenal glands, (p) placebo, (c) corticosterone (0 ) no
exogenous corticosterone.

*p<0.05, **p<0.01, ***p<0.001 as determined by

Student’s t-test relative to appropriate time matched placebo control. Results shown
are mean ± s.e.m. with n=6-8 mice per treatment group.
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3.3.3 The Effects of Corticosterone Administration on Locomotor Activity.
Following acute systemic administration of 40mg/kg corticosterone, analysis of
spontaneous locomotor activity revealed a significant increase in locomotor activity in
animals treated with corticosterone after 1h (p=0.007 , Student’s t-test) there was no
appreciable effect of corticosterone before this time (figure 3.14). In contrast, animals
which had been implanted for 7,14 and 21 days demonstrated a significant effect of
treatment (F(i,4i)=9.98, p=0.003) and time (F(2.4i)=3.84, p=0.03) but no interaction
between treatment and time (F(2,4d=0.07, p=0.93) as determined by two way ANOVA.
Further analysis of the individual timepoint data, not taking hto account multiple
comparisons, using individual t-tests revealed that at 21 days mice treated with
corticosterone had decreased locomotor activity compared with time matched
placebo controls (p=0.007). Based on this information in conjunction with the above
plasma corticosterone data allowed selection of the appropriate dosing regime for
acute behavioural studies ensuring that locomotor effects would not be a contributory
factor if corticosterone was given 1h before testing. The results also provided useful
data with regards to any locomotor involvement that may have been seen in
experiments following chronic implant of corticosterone pellets (figure 3.15).
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Figure 3.14 The Effects of Acute Corticosterone Treatment on Spontaneous
Locomotor Activity.
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The effects on spontaneous locomotor activity of corticosterone following acute
corticosterone treatment were determined using Benwick activity monitor boxes raw
data (A) and cumulative data (B) are shown. (?) vehicle (?) corticosterone **p<0.01,
as determined by Student’s Ltest relative to appropriate placebo or vehicle control.
Results shown are mean ± s.e.m. with n=8 mice per treatment group.
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Figure 3.15 The Effects of Chronic Corticosterone Treatment on Spontaneous
Locomotor Activity.
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The effects on spontaneous locomotor activity of chronic corticosterone treatment
were determined using Benwick activity monitor boxes cummulative data (A) and all
data (B) over the full 120 minute test period are shown. (?/p) placebo (?/c)
corticosterone . *p<0.05, as determined by Student’s t-test relative to appropriate
placebo or vehicle control. Results shown are mean ± s.e.m. with n=8 mice per
treatment group.
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3.3.4 The Effects of Corticosterone Administration on Performance in the Forced
Swim Test.
A single acute dose of corticosterone (40mg/kg i.p.) 1h before testing in the FST
produced a markedly “depressed” phenotype characterised by an increased
immobility time (p=0.009, Student’s t-test) which was also accompanied by
significantly reduced escape behaviour (p=0.008, Student’s t-test) and a trend
towards decreased swimming behaviour (p=0.07, Student’s t-test). Chronic treatment
with corticosterone revealed a significant effect of treatment on immobility
0 .0 0 2 )

and escape time (F(i.39)=10.7, p=0.002) but not on swim time

(F(i,39)=0.79, p=0.38).

There was no significant effect of time or any interaction

( F ( i .3 9 )= 1 1 -3 ,

p=

between treatment and time on the three parameters measured. Further analysis of
the individual timepoint data, not taking into account multiple comparisons, using
individual Student’s t-test revealed that at 7 days post corticosterone pellet implant
mice showed a “depressed” phenotype with significant changes in immobility
(p=0.002) and escape (p=0.004) behaviours similar to that seen after acute
administration.

Interestingly, at 14 and 21 days post pellet implant corticosterone

animals showed no significant differences in behaviour as compared to placebo
controls.

The antidepressant desipramine (20mg/kg i.p. with a 30 minute

pretreatment time) included as an acute positive control in a separate group of mice
produced the expected reduction (p<0.05) in time spent immobile. These results are
summarised in figure 3.16.
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Figure 3.16 The Effects of Corticosterone Administration in the Forced Swim Test.
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Activity in the forced swim test was monitored using videotrack software following (A)
acute or (B) chronic administration of corticosterone (40mg/kg) (P) placebo, (C)
corticosterone, (DMI) desipramine (20mg/kg i.p.). * p<0.05, **p<0.01 as determined
by Student’s t-test relative to appropriate vehicle or placebo control. Results shown
are mean ± s.e.m. with n=8 mice per treatment group.
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3.3.5 The Effects of Corticosterone on Performance in the Light Dark Box.
A single 40mg/kg injection given one hour before testing in the light dark box did not
significantly effect time spent in the light side of the box (p=0.40, Student’s t-test) or
on speed in the light side of the box (p=1.00, Student’s t-test) as compared to vehicle
treated controls.

Mice implanted with corticosterone or placebo pellets and then

tested 7,14 or 21 days after pellet implant showed no significant effects on
performance in the light dark box as a result of treatment (F(i.40)=0.15, p=0.69)
although there was a significant effect of time (F(2,40)=7.07, p=0.002) with animals at
21 days spending more time in the light side of the box as compared to 7 and 14
days (without taking treatment into account) which may have signified habituation to
the test.

There was no significant interaction between treatment and time (F(2 ,

40)=2.82, p=0.07). In contrast, animals which were tested in the light dark box every 4
days showed a very different pattern of behaviour. Pre-implant testing revealed that
both groups of animals displayed similar amounts of time spent in the light side of the
box, however at 4 , 8 , 1 2 and 16 days post implantation the corticosterone treated
mice spent a significantly shorter time in the light side of the box (p= 0.04, 0.004,
0.006 and 0.03 respectively as determined by Dunnett’s post hoc analysis following
repeated measures ANOVA). This appeared to be due to the placebo mice spending
more time in the light side compared to day 0 and the corticosterone animals
spending the same or slightly less time in the light side as compared to day 0.
Interestingly, at days 24 and 28 there were no significant effects of corticosterone on
performance in the light dark box with the two groups spending a very similar amount
of time spent in the light side of the box. These two points represent time points
where no exogenous corticosterone would have been expected to be present and
plasma should have returned to physiological levels as the pellets were 21 day
release formulation (figure 3.17)
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Figure 3.17 The Effects of Corticosterone Administration on Performance in the Light
Dark Box.
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Performance in the light dark box was measured following acute corticosterone
treatment (40mg/kg i.p.) (A) and ( B);

weekly following implant of corticosterone

pellets (40mg/kg/day) for 21 days (C) and (D) or every 4 days following implant of
corticosterone pellets (40mg/kg/day) for 28 days (E) and (F). (?/p) placebo (?/c)
corticosterone . *p<0.05, **p<0.01 as determined by repeated measures ANOVA
with Dunnett’s post hoc test. Results shown are mean ± s.e.m. with n=8 mice per
treatment group.

3.4 Discussion
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The initial experiments in this chapter set out to determine the optimal dosing
paradigm for corticosterone based on a desire to reduce hippocampal neurogenesis.
It can be seen that with 10 and 20mg/kg/day for 14 days there was no effect on
neurogenesis however at 40mg/kg/day there was a marked decrease of around 50%.
It is interesting that the lower doses showed no effects on neurogenesis as these
doses have been shown to elicit effects on other biochemical and behavioural
paradigms indicative of a “depressed-like” phenotype (Baez and Volosin, 1994;
Dachir et al., 1995; Inoue and Koyama, 1996; Marinelli at a!., 1997; Brotto at a!.,
2001). The most commonly used dose of corticosterone to reduce hippocampal
neurogenesis in the literature is 40mg/kg and indeed that dose produced a robust
decrease in the current studies. Interestingly, the observed reduction in hippocampal
neurogenesis was somewhat smaller than the typical reduction reported in the
literature (Karishma and Herbert, 2002; Hellsten at a!., 2002) which was of the order
of 75% of control. The current paradigm produced a consistent 50% reduction at 7,
14, 21 and 28 days following pellet implantation which could be for several reasons.
It may be that because the slow release formulation produced a lower concentration
over a longer time that the apparent impact on cell proliferation is ameliorated
compared to a large single bolus injection due to the short half life of BrdU
(approximately 15 minutes in vivo) or secondly it could be because the larger bolus
injection restricted blood brain barrier (BBB) permeability (it has been suggested that
glucocorticoids regulate BBB permeability to some degree (Long and Holaday, 1985))
and thus less BrdU entered the brain creating the impression of an even greater
reduction in cell proliferation. The plasma levels of corticosterone obtained for the
acute injections and chronic pellet implantation compared favourably with published
values for similar dosing regimes (Inoue and Koyama, 1996) and the reduced adrenal
gland weights seen at 7,14 and 21 days also confirmed a constant corticosterone
elevation resulting in a reduction of endogenous corticosterone production.
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One point of particular interest is that by using 21 day release pellets and allowing
animals to survive for 28 days after implantation permitted the examination of how the
HPA axis adapts on withdrawal of exogenous corticosterone. What can be observed
is that while at 28 days there is clearly no exogenous corticosterone being released,
that adrenal gland weights return to normal (indicating the endogenous production of
corticosterone has resumed) and circulating plasma corticosterone levels have
returned to baseline there is still a significant (54%) reduction in hippocampal
neurogenesis at this time point. This implies that even when plasma corticosterone
levels are normalised there is still an inhibition of hippocampal cell birth which may
represent the need to reverse some adaptive change that has occured following
chronic corticosterone elevation and this may take more than 7 days to occur or it
may imply that the reduction in cell birth in the hippocampus is irreversible following
chronic glucocorticoid treatment. These results therefore confirm that this treatment
protocol reduced hippocampal neurogenesis to a similar extent to those protocols
described in the literature (Cameron et al., 1998). It is interesting to note that the
GCL volume did not follow the time course of neurogenesis changes as one might
expect if the GCL volume reduction was due to a decrease in newborn cells. The fact
that neurogenesis is reduced at all four timepoints examined including the timepoint
one week following the cessation of corticosterone release while the GCL volume
change was only significant at 14 and 21 days may support the theory of Lucassen et
al (2001) that the volume changes seen in MDD may be caused by a redistribution of
water balance in the hippocampus and that in this model the elevated corticosterone
may be independently influencing hippocampal neurogenesis to alter the GCL
volume by reducing hippocampal water content It would therefore it be of interest to
monitor water intake and blood electrolyte levels in mice treated with this implant
paradigm as it has been reported that alterations in HPA axis activity which would
elevate glucocorticoids affects water balance via a hypothalamic mechanism (Kellner
et a!., 1995).

It may however be that the reductions in volumes seen following
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corticosterone treatment are indicative of dendritic pruning which has been reported
following chronic exposure to glucocorticoids. (Bisagno et al., 2000; Wellman, 2001).
Further studies could be carried out to examine if this model shows increased
apoptosis at the 14 and 21 day timepoints which may be an alternative mechanism
by

which

the

corticosterone

would

result

in

a

reduced

GCL

volume.

Immunohistochemical investigation of dendritic morphology may also shed further
light on the mechanism behind these volume reductions.

The dosing of mice for 14 days with the antidepressants imipramine and fluoxetine
confirmed previous literature findings that chronic treatment with antidepressants
increased hippocampal neurogenesis (Malberg at al., 2000; Duman at a/., 2001;
Santarelli at a!., 2003). Given that most work in this field has been carried out in rats
it was important to confirm that this effect could be reproduced in mice and in this
particular strain of mouse.

The results showed an increase in neurogenesis with

imipramine and fluoxetine of 31 and 58% respectively. The study to reverse the
effects

of

chronic

corticosterone

on

neurogeneisis

with

these

doses

of

antidepressants showed that both compounds blocked the corticosterone induced
decrease in hippocampal neurogenesis. As was seen with the 14 day corticosterone
pellet implant alone, this study co-administering antidepressants showed a reduction
in hippocampal and GCL volumes in mice treated with corticosterone. The blockade
of these corticosterone induced volume changes by both fluoxetine and imipramine is
worthy of note and may again point to the source of this volume reduction being
altered dendritic morphology which can be blocked/reversed by antidepressant
treatment as this has been reported in animal models of depression following chronic
treatment with antidepressants (Luo and Tan, 2001; Norrholm and Ouimet, 2001). It
should be noted that there was slightly greater variation in levels of neurogenesis in
the animals in the antidepressant/corticosterone co-administration study, as
compared to all other BrdU studies in this thesis. The probable reason for this was
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the poor choice of pellet placement in these animals. Pellets were placed between
the shoulder blades meaning that the implant area was squeezed on a daily basis
when the animals were scruffed prior to dosing. The resultant pellet disruption may
have produced variable corticosterone release although in the absence of terminal
plasma samples from these animals this could not be confirmed.

This had the

outcome that mice showed marked swelling around the implant which could have
introduced another potential variable into the experiment.

It has been shown that

inducing inflammation has a marked effect on neurogenesis (Ekdahl et al., 2003)
making this a plausible explanation for the variation and may account for the
apparent outlier animals in the antidepressant dosed groups. This swelling was seen
to a lesser extent in some animals not scruffed daily.

It was noted that animals

implanted for 14-28 days showed progressively greater swelling and a slight drop in
baseline levels of neurogenesis in the placebo treated animals at these time points as
compared to the 7 day animals (figure 3.2) which may have been a result of
prolonged elevation of inflammatory cytokines which are known to reduce
hippocampal neurogenesis (Monje et a!., 2003). An important follow up study would
be to repeat this study with corticosterone pellets being placed over the rear quarters
where the effects of scruffing would be negligible thus reducing inflammation and
removing the influence of inflammatory cytokines etc. on baseline hippocampal
neurogenesis.

The mechanism behind this reversal of the corticosterone deficit

cannot be concluded unequivocally but may be due to one or more of several
mechanisms. It may be that antidepressants act to normalise glucocorticoid balance
an effect suggested to be due to their influence over membrane steroid transporters
resulting in increased negative feedback (Pariante et al., 1997) although in this case
it would be difficult to reconcile this argument due to the continuous and substantial
amounts of exogenous corticosterone released in this paradigm. The large reduction
in adrenal gland weight would also imply that endogenous corticosterone production
had all but ceased thus minimising any influence on HPA axis release.

It may
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therefore be more likely that antidepressants counteract the glucocorticoid effects by
increasing the birth of new cells or decreasing the death of these newborn cells by
glucocorticoid independent mechanisms by for instance increasing the amounts of
growth factors present in the hippocampus or by influencing pro and anti-apoptotic
factors such as Bcl-2 and Bax (Nibuya et al., 1995; Chen at a!., 2001a; Xu at a!.,
2003). It would also be of interest to attempt to block the corticosterone induced
deficits with acute antidepressant treatment to determine if this block is caused by a
post receptor adaptive change or if merely manipulating monoamine levels acutely or
temporarily altering glucocorticoid entry to the brain is sufficient to prevent the
deleterious effects on hippocampal neurogenesis.

The influence of the HPA axis on neurogenesis has been well documented with
adrenalectomy (ie removal of endogenous corticosterone) being shown to increase
neurogenesis (Cameron at a!., 1998; Montaron at a!., 1999) and as previously stated
exogenous administration of corticosterone significantly decreased neurogenesis
(Karishma and Herbert, 2002; Hellsten at a!., 2002).

Corticosterone induced

decrease in neurogenesis may be a result of reducing the expression of neurotrophic
factors such as BDNF (thought to be critical factors for neurogenesis (Maisonpierre at
al., 1990)), which occurs both in vitro and in vivo (Hansson at al., 2000; Hansson at
al., 2003; Yu at al., 2004) since both GR and MR control BDNF transcription (Schaaf
at al., 2000) despite a lack of response element for these receptors in the BDNF
promoter region. It has also been reported that corticosterone inhibits cell growth by
interfering with cell cycle machinery while not necessarily increasing apoptosis (Jiang
at al., 2002) a process which is thought to be mediated via GR receptors. Indeed
studies have shown that corticosterone can protect against apoptosis caused by
adrenalectomy (Hassan at al., 1996; Cardenas at al., 2002). These findings clearly
make the current model useful to study the potential influence of glucocorticoids on
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neuronal birth and death and how this may be involved in the aetiology of MDD and
the mechanism of action of antidepressants.

The effects of corticosterone on locomotor activity were also important initial
investigations.

The correlation of plasma corticosterone levels with effects on

locomotor activity following acute treatment with corticosterone allowed the selection
of a one hour pretreatment time for acute behavioural studies, with this time point
there were elevated plasma corticosterone levels but not increased locomotor activity
which may have been a confounding factor. Increased locomotor activity on acute
corticosterone administration has been previously reported (Sandi et al., 1996)
particularly with regards to locomotor activity in a novel environment and has been
reported to be insensitive to blockade by either MR or GR antagonists leading to the
authors assumption that the effect was non genomic and mediated at the level of
steroid-membrane interactions.

There have also been reports linking increased

locomotor activity subsequent to elevated corticosterone to enhanced dopamine
function.

Thus it has been shown that adrenalectomising rats attenuated the

locomotor response to amphetamine (a dopamine mediated event) and that by
replacing corticosterone, locomotor activity was restored while treatment with high
doses of corticosterone potentiated the locomotor response to amphetamine (Cador
et a!., 1993).

Several other studies have strengthened this link by examining the

effects of corticosterone on amphetamine induced locomotor activity (Jones et a/.,
1989; Pauly et a/., 1993; Diaz eta!., 1995) However, perhaps more interestingly from
the point of view of this thesis was the finding that amphetamine induced increase in
corticosterone was

blocked

by depleting the serotonergic system with

p-

chloroamphetamine or by pretreatment with the 5-HT antagonist methysergide
(Knych and Eisenberg, 1979) indicating a potential role for the serotonergic system in
this locomotor response. Results in the current study show that although there is an
increase in locomotor activity following acute corticosterone administration the
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opposite seems to be true following chronic treatment. Thus the data clearly showed
a gradual decrease in locomotor activity over time becoming statistically significant at
21 days.

These apparently opposite effects of acute and chronic treatment with

glucocorticoids may be due to the constantly elevated corticosterone in pelleted
animals resulting in a more anxious phenotype in those mice. An anxious phenotype
may have the effect of reducing the exploration of a novel environment being
manifest as an apparent reduced locomotor activity.

Increased anxiety following

chronic corticosterone treatment has previously been reported to be due to increased
amygdala related fear conditioning (Conrad et al., 2004) and is probably based on
reports showing there is no overall effect on motor activity following chronic
corticosterone treatment in other paradigms such as open field behaviour (Ehlers et
a!., 1992; Brotto et a!., 2001).

However, several reports indicate that chronic

corticosterone treatment resulted in decreased motor activity (White-Gbadebo and
Hamm, 1993; Fernandes et a!., 1997). One point to note from the studies in this
thesis is that when looking at the individual time bin data for acute and chronic
corticosterone treatment there is a clear difference in the immediate behaviour of the
animals when placed in the box.

The implanted animals show an initial high

locomotor activity which declines to a steady level after several minutes whereas the
acutely injected animals show a much lower initial level of activity. One possible
explanation may be that the acutely treated animals received an i.p. injection of 10%
ethanol in sesame oil, this seemed to result in the animals becoming initially subdued
and grooming the injection site thus spending less time exploring the activity box.

Corticosterone induced effects on locomotor activity also have relevance to the
neurogenesis studies. Literature reports showed that increased locomotor activity as
a result of free access to running wheels caused a marked increase in hippocampal
neurogenesis (van Praag et a/., 1999) and neurotrophic factors which have been
linked to cell birth and survival (Russo Neustadt et a/., 1999). This presented the
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possibility that corticosterone induced decreases in locomotor activity may have been
a causative factor in the decreased hippocampal neurogenesis seen in this thesis.
However, further examination of the data and literature reports would imply that this is
unlikely. Firstly, the amount of increased activity in mice with free access to running
wheels is vast and not comparable with the relatively small decreases in locomotor
activity observed following corticosterone implantation here (van Praag et al., 1999).
Secondly, exercise alone is not the cause of increased neurogenesis since, if this is
not voluntary exercise, the opposite effects on hippocampal morphology are seen
(Arida et a!., 2004). Finally, on closer examination of the raw locomotor activity data
it can be seen that the decreased locomotion occured almost entirely in the first 30
minutes after introduction to the activity monitor illustrating that the locomotor
differences most likely related to less time spent exploring the novel environment. It
would have been of value to investigate the locomotor effects in habituated animals
using

pellet implantation to determine if effects seen in the described protocol

reflected alterations in anxiety levels when presented with a novel envoronment
rather than a simple motor effect

The results from the forced swim studies again show differing effects of
corticosterone dependent on the duration of treatment, however it should also be
noted that the two delivery methods (i.p. compared to s.c. implant) resulted in quite
different exposure rates of corticosterone. It can be seen that both acute injection
and 7 day pellet implant resulted in a “depressed” phenotype as demonstrated by an
increased immobility time and reduced escape behaviour. Animals treated for 14 and
21 days however showed no change in behaviour. If, as in the locomotor activity
assay, there was a possibility that chronic corticosterone treatment gradually resulted
in reduced locomotor activity it may be expected that this would manifest itself as a
“depressed” phenotype at the later but not earlier timepoints in the forced swim test,
which is clearly not the case. Results imply that an adaptive change has occurred
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following chronic corticosterone treatment which has resulted in a loss of the
“depressed” phenotype seen at the earlier two timepoints. The fact that all animals
were only exposed to the assay once eliminates the possibility that habituation to the
test has occurred as might have been suspected if the animals had been repeatedly
tested. Any influence of corticosterone on locomotor activity can also be discounted
as the 1 hour pretreatment in the case of the acute test was before any locomotor
effects are manifest.

Furthermore, since the effect of acute corticosterone

administration was to increase locomotor activity it would be expected that the
corticosterone treated animals would exhibit an “antidepressant” like phenotype
rather than the “depressed” phenotype that clearly was observed.

Similarly

locomotor effects are unlikely to confound the 14 and 21 day results as there seemed
to be a tendency to decrease locomotor activity at 21 days which would only serve to
potentiate any depressed behaviour by falsely increasing immobility time and
reducing swim and escape behaviour. Additionally, it is improbable that the effects of
acute and 7 day corticosterone are purely due to circulating levels of corticosterone
as the plasma levels of the hormone remain elevated in pelleted animals at 7,14 and
21 days. These facts taken together endorse the possibility of an adaptive change
following exposure to corticosterone for greater than 7 days. There have been many
biochemical changes reported following chronic exposure to glucocorticoids (Duman
et al., 1989; Goujon at a/., 1995; Iredale and Duman, 1997; Ni et al., 1999; Schaaf et
al., 2000) as well as repeated exposure to stress (which would be accompanied by
elevations h corticosterone). Perhaps most relevant to the findings regarding the
forced swim test here is that chronic (10 day) stress, and presumably concomitant
increased corticosterone, resulted in increased hippocampal TrkB mRNA expression
(Nibuya et al., 1999) a phenomenon which does not occur following acute stress.
This is worthy of note because it has been shown that mice which overexpress a
truncated

(and

therefore

inactive)

form

of TrkB

are

non

responders

to

antidepressants in the forced swim test (Saarelainen et al., 2003) leading the authors
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to suggest a crucial role for TrkB and its ligand BDNF in the forced swim test. It may
therefore be that the “depressed” phenotype seen with acute and 7 day
antidepressant treatment is attenuated by an upregulation of TrkB receptors (thought
to be a compensation for decreased levels of BDNF) resulting in an increase in
antidepresssant like behaviour which masks the initialy “depressed” phenotype seen
at the early timepoints.

This further serves to emphasise the importance of

neurotrophins in stress and depression and also substantiates Saarelainen’s
assertion that the forced swim test in particular is dependent on affecting TrkB
signalling (Saarelainen et al., 2003). Another possibility may be that the effects in the
forced swim test are under the influence of GR and that following chronic
administration of corticosterone GR receptors are downregulated, an occurrence
which has previously been reported both in v/Vo and in vitro (Vallee et ai., 1999;
Bisagno et ai., 2000; Erdeljan et ai., 2001; Hugin-Flores et ai., 2004), resulting in a
loss of “depressed” phenotype in this assay.

This may be as a direct result of

reduced GR related gene transcription an event that has been shown to be blocked
by antidepressant administration (Budziszewska et ai., 2000) another possible link to
activity in the forced swim test. These two possible mechanisms behind the apparent
opposing effects of acute and sub-chronic administration of glucocorticoids in the
forced swim test as compared to chronic administration would be an interesting
avenue of further investigation by, for instance, determining the expression of BDNF,
TrkB, GR and MR in an attempt to correlate any changes in these proteins with the
loss of “depressed” phenotype in the forced swim test. It should not be forgotten
however that the forced swim test is a behavioural assay specifically designed to
identify antidepressant activity and not to identify a “depressed” phenotype, as such
the studies here to detect “depressed” behaviours may be at the limit of detection of
the assay or indeed may be an inappropriate interpretation of the data obtained.
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The effects seen in the forced swim test are quite different to those observed in the
light dark box which seem to manifest with time rather than diminish as seen in the
forced swim test. Whilst the light dark box assay has traditionally been used to
measure anxiolytic activity (Crawley, 1981; Bourin and Hascoet, 2003) it has also
been shown to be sensitive to chronic antidepressant treatment (Keeney and Hogg,
1999) whereas acute antidepressant treatment has given equivocal results (Bourin
and Hascoet, 2003).

With this in mind this test was used to look for an

“anxious/depressed” phenotype in corticosterone treated mice. Initial studies using
the light dark box to test the mice at the same timepoints used to investigate effects
in the forced swim test showed no significant effect of elevated glucocorticoid levels
at any of the timepoints tested, which probably suggests that purely elevating
corticosterone levels is not sufficient to elicit a response in this assay.

It was

subsequently decided to modify the testing protocol to better reflect the paradigm
used by Keeney and Hogg (1999) by testing before corticosterone implant and then
testing every 4 days for the duration of exogenous corticosterone release and then a
further two timepoints following the cesation of exogenous corticosterone release
representing a 7 day washout period.

The results from this paradigm showed markedly different effects to the weekly
testing paradigm with placebo and corticosterone treated mice showing a similar level
of exploratory activity in both compartments prior to corticosterone implantation but a
clear “anxious/depressed” phenotype emerging with time in the corticosterone treated
animals.

Further examination of the data revealed that the result may not be a

straightforward change in anxiety state. It can be seen that while the placebo treated
animals appear to increase the amount of time spent in the light side of the box
(presumably representing habituation following repeated exposure to the box)
whereby the mice learn that the light side of the box is not as aversive as perceived
on first exposure. This adaptation to the light dark box has been previously reported
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(Onaivi and Martin, 1989) however in that particular report the habituation was not
quite so marked and required more presentations to the box, although it should be
noted that a different strain of mice was used (a variable which has been purported to
be a factor impacting performance in this test (Bourin and Hascoet, 2003). Unlike the
placebo treated animals the corticosterone pelleted animals do not show an increase
in time spent in the light side of the box on the fourth day of treatment and in fact
begin to decrease the amount of time spent in the light side between days 4 and 20
therefore the significance of corticosterone treatment and time in this paradigm is
partly due to less time spent in the light side by the corticosterone treated animals but
is also due to the increased time spent in the light side by the placebo treated
animals. On days 24 and 28 of testing the increase of time spent in the light side of
the box by animals implanted with corticosterone pellets coincided with the cessation
of corticosterone release by the 21 day pellets demonstrating that the increased
anxiety/lack of habituation in these mice is dependent on elevated circulating
corticosterone and is normalised on withdrawal of exogenous glucocorticoids.

Repeated testing data obtained in the present study suggest there may be a cognitive
element involved in the performance of the placebo treated animals in this paradigm
and it would appear that this aspect may be reduced or absent in the corticosterone
treated animals. This would be a plausible explanation for this outcome given the
extensive reports of the involvement of glucocorticoids in cognitive processing in both
man and laboratory animals (White-Gbadebo and Hamm, 1993; Arbel et al., 1994;
Newcomer et al., 1994). It is of particular relevance to note reports of corticosterone
treatment impairing habituation to a novel environment such as the light dark box
(Dachir et al., 1995) with the effect being reported to be calcium channel dependent.
The fact that this lack of habituation to the light dark box seems to track plasma
corticosterone levels implies a direct effect of corticosterone on the cognitive
processing involved in this habituation.

As previously mentioned it has been
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suggested that hippocampal GR receptors are involved in memory consolidation and
also that these receptors are downregulated following chronic corticosterone
administration.

This leads to the possibility that downregulation of GR by

corticosterone leaves the glucocorticoid treated mice unable to consolidate the
information that the open field of the light side is not aversive.

The concept of

excessive glucocorticoid induced hippocampal damage resulting in a deficit in
cognitive adaptation to repeated presentation of a mild stressor may also compliment
the suggestion that serotonergic projections from the medial raphe nucleus to the
hippocampus influences adaptive behaviour in the face of aversive stimuli via 5-HTia
receptors and that these receptors are downregulated following chronic stress
(Harvey et al., 2003) possibly resulting in a lack of adaptive behaviour. A relationship
between 5-HTia receptors and corticosterone has been established for some years
whereby it has been shown that chronic corticosterone treatment decreased both
binding density of 5-HTia receptors (Fernandes eta!., 1997) and functional responses
elicited by 5-HTia receptors (Fone and Topham, 2002) again illustrating the possibility
that chronic corticosterone interferes with the natural adaptive response to a mild
stressor. It is not clear which corticosteroid receptor (MR, GR or possibly both) is
involved in this adaptive process to aversive stimuli but it is known that acute
occupation of MR and GR have opposing effects on 5-HTia mediated effects (Meijer
et a!., 1998).

Due to this it would be interesting to investigate the effects of co

administration of MR, GR and 5-HTia receptor antagonists in this paradigm in an
attempt to more comprehensively determine the exact mechanism of this
glucocorticoid induced behavioural change. Also, as previously mentioned, since it
has been shown that mild stress and the concordant brief increase in corticosterone
enhanced memory formation, it would be instructive to use one of the lower dose
corticosterone pellet regimes such as the 10 or 20mg/kg/day paradigm which proved
ineffective in reducing hippocampal neurogenesis to determine if this lower
exogenous glucocorticoid administration resulted in any difference in behaviour in the
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light dark box perhaps showing an enhanced or more rapid habituation to the box.
This study would also provide information on the role of hippocampal neurogenesis in
this adaptive response as well as clarifying the role of high dose corticosterone.

The results from this chapter describe the effects of glucocorticoids on hippocampal
cell birth and the influence of antidepressants. It is also apparent that chronic and
acute glucocorticoid administration can influence “anxious” and “depressive”
behaviours in mice as well as more fundamental behaviours such as locomotor
activity. These effects either manifested with chronic treatment in the case of anxiety
like behaviours in the light dark box or diminished in the case of the forced swim test
illustrating that these behaviours are mediated by adaptions of the glucocorticoid
receptors warranting further work into the relative expressions of MR and GR
receptors at the various timepoints after corticosterone expression as well as perhaps
some fundamental tests of HPA axis reactivity such as the dexamethasone
su pression test. The use of selective antagonists for the GR and MR receptor in
conjunction with the experiments described here would also make informative future
studies and may clarify to what extent the effects described in the assays presented
here are a result of blockade of these two receptor subtypes and which are a result of
adaptive changes to receptor signalling. The results also further strengthen the role
for corticosterone in the adaptive cognitive response to stress.
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Chapter 4
The Interaction of Bcl-2 and Bax with Antidepressants, 5 -HT
Receptor Antagonists and Glucocorticoids.
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4.1 Introduction

In this chapter the experiments were designed to determine the role of Bcl-2 and Bax
(members of the Bcl-2 family of pro and anti-apoptotic proteins) in the mechanism of
action of antidepressants and whether opposing effects are seen with corticosterone
treatment. Also due to the widely established involvement of the serotonergic system
in the actions of both antidepressants and glucocorticoids he experiments also
sought to establish if particular serotonin receptor subtypes may be influencing these
proteins.

The role of intracellular signalling in the mechanism of action of antidepressants has
been one of the most vibrant areas of depression research in the last decade (Nestler
et al., 1989; Nibuya et al., 1995; Owens, 1996; Nibuya et al., 1996; Dowlatshahi et
al., 1998; Popoli et al., 2000; Budziszewska et al., 2000; Shelton, 2000; Chen et al.,
2001b; Williams et al., 2002; Altar et al., 2003; Dias et al., 2003; Laifenfeld et al.,
2004).

The research from many laboratories during this time has further

strengthened the case for a post receptor adaptive change playing a critical role in
the mode of action of antidepressants and also as perhaps being involved in the
therapeutic lag phase seen following antidepressant treatment (Asakura and
Tsukamoto, 1985). The intracellular signalling components suggested to play a part
in the mechanism of action of antidepressants are many and varied and include
CREB (Nibuya etal., 1996), BDNF (Nibuya et al., 1995), neurotrophin 3 (NT3) (Smith
et al., 1995), glial derived neurotrophic factor (GDNF) (Hisaoka et al., 2001),
extracellular signal regulated kinase (ERK) (Mercier et al., 2004), mitogen activated
protein (MAP) kinase (Mercier et al., 2004), PKA (Mori et al., 2001), PKC (Li and
Hrdina, 1997) and glycogen synthase kinase 3 (GSK3) (Roh et al., 2005) amongst
others. Reports have also shown that some of these intracellular proteins are also
altered in brain tissue of patients suffering from affective disorders (Coull et al., 2000;
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Odagaki et al., 2001; Shimizu et al., 2003) and also of particular relevance to this
thesis several of these molecules have been shown to be altered by glucocorticoid
treatment (Schaaf et al., 1998; Li, 2001; Qiu et al., 2001; Birt et al., 2001; Yu et al.,
2004).

Figure 4.1 shows a proposed schematic of opposing effects of

antidepressants and glucocorticoids on intracellular signalling events (Manji et al.,
2001 ).

Figure 4.1 -
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One of the most studied of these intracellular signalling molecules is cAMP response
element binding protein (CREB), which is a transcription factor controlling the
transcription of genes by binding to cAMP-response elements within the promoters of
cAMP-responsive genes.

CREB

becomes transcriptionally active following

phosphorylation by the cAMP dependent protein kinase - protein kinase A (PKA)

.57

(Karin and Smeal, 1992) and conversely it becomes transcriptionally inactive
following dephosphorylation (Hagiwara et al., 1992). PKA however is not the only
kinase which leads to the phosphorylation of CREB, other putative routes of
phosphorylation involve calcium-calmodulin dependent kinase IV (CAMK IV), ERK
and phosphatidylinositol-3-kinase (PI-3K) for review see (De Cesare et a!., 1999)
some of which have been implicated in the aetiology of depression and the
mechanism of action of antidepressants as mentioned above. Phosphorylated CREB
(p-CREB) has been shown to be increased by a range of antidepressants from
different classes (Tiraboschi et a!., 2004) which is perhaps not surprising given the
common

monoaminergic

mechanism

by

which

all

currently

prescribed

antidepressants act. It may be more pertinent to the elucidation of the mechanism of
action of antidepressants to look for a common protein change subsequent to CREB
induced changes in gene transcription.

As previously mentioned CREB is a

transcription factor for many genes but of particular significance to the mechanism of
action of antidepressants are the effects on neurotrophins such as BDNF, NGF and
NT-3 which are all influenced by CREB. The hypothesis that antidepressants may be
acting by increasing cell birth/survival or by reducing cell death in areas of the brain
such as the hippocampus (Duman, 2004) makes these particular downstream effects
of CREB of specific interest due to their well established role in cell birth and cell
survival (Altar, 1999; Nakagawa etal., 2002).

Another class of compounds which have been studied with regards to intracellular
adaptive mechanisms are mood stabilisers such as lithium and valproate (Stoll and
Severus, 1996; Harwood and Agam, 2003). These compounds are commonly used
to treat patients suffering from bipolar disorder and like antidepressants their
mechanism of action is poorly understood although lithium's actions were initially
attributed to it’s inhibition of inositol monophosphatase (Allison and Stewart, 1971)
and valproate was shown to inhibit GABA transaminase (Fowler et al., 1975). It has

158

been shown in recent years however that these compounds have multiple
mechanisms of action and like antidepressants, mood stabilisers have been shown to
have effects on CREB (Colin et ai, 1991; Ozaki and Chuang, 1997; Chen at si,
1999a; Grimes and Jope, 2001), neurotrophic factors (Fukumoto at ai, 2001;
Hashimoto at ai, 2004) and neurogenesis (Chen at ai, 2000) suggesting a possible
common mechanism of action shared with antidepressants involving cell birth and/or
survival. Lithium has also been shown to affect various other intracellular signalling
molecules which are purported to be involved in the mechanism of antidepressant
action e.g. CREB, ERK, GSK3 and phosphatidyl inositol (Grimes and Jope, 2001;
Williams at ai, 2002; Li at a i, 2003; Roh at ai, 2005).

An area of research which has been established for mood stabilisers but is less well
explored for antidepressants is the role of pro and anti-apoptotic factors in the
mechanism of action of these drugs.

It has been known for several years that

members of the Bcl-2 family of pro and anti-apoptotic proteins, several of which are
under the transcriptional control of CREB, are affected by both lithium and valproate
(Chen at ai, 1999b; Ghribi at ai, 2002; Li at ai, 2003; Huang at ai, 2003; Corson at
ai, 2004; Hiroi at ai, 2005) and in a small post mortem study a decrease (although
not statistically significant) was seen in Bcl-2 protein levels in the temporal cortex of
patients suffering from MOD (Jarskog at ai, 2000).

As mentioned in Chapter 1, the Bcl-2 family of proteins are cytoplasmic regulators of
cell death consisting of both pro and anti-apoptotic members.

The interactions

between these two subfamilies have a major role in determining whether or not
apoptosis occurs (Borner, 2003). The anti-apoptotic protein Bcl-2 has been shown to
be highly expressed in the murine brain during neurogenesis (Abe Dohmae at ai,
1993) and experiments in primates have shown that almost all newborn neurones in
the rostral migratory stream (a pathway of migrating newborn cells from the
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neurogenic SVZ to the olfactory bulbs) express Bcl-2 (Bedard et al., 2002) leading
the authors to suggest a key role for Bcl-2 in the survival and perhaps differentiation
of newborn neurones. Interestingly, a similar role for Bcl-2 in the SVZ of humans has
also been suggested (Bernier et a!., 2000). These results were perhaps unsurprising
given that several years previously it had been shown that overexpression of the Bcl2 gene (under the control of a neuronal promoter) resulted in increased survival of
neurones and allowed neuronal growth in the absence of normally crucial growth
factors (Farlie et a!., 1995).

These studies along with others have bad to the

suggestion that Bcl-2 as well as being anti-apoptotic may also have neurotrophic
actions (Moore et a/., 2000; Huang et a/., 2003). Pharmacological manipulation of
Bcl-2 may therefore have potential in treating CNS disorders via a dual effect of
reducing apoptosis while promoting neurogenesis and differentiation thus increasing
survial (Akhtar et a/., 2004). The alleged neurotrophic actions of Bcl-2 would certainly
concur with the suggestion that mood stabilisers act via altering the neurotrophic
environment in certain brain regions (Ibanez, 1995; Altar, 1999) and if Bcl-2 is crucial
to newborn neurones and their survival this would provide another clear link to the
hypothesis that maintaining neurogenesis is a pivotal part of the mechanism of action
of these drugs and possibly antidepressants.

This chapter investigated whether the increases in Bcl-2 expression seen with mood
stabilisers are also observed with commonly prescribed antidepressants such as
SSRI’s and TCA’s. Changes in the pro-apoptotic protein Bax were also measured to
determine if changes in Bcl-2 would be associated with a corresponding change of
pro-apoptotic factors such as Bax. Since there have also been recent reports of
alterations in the mRNA of Bcl-2 family members following manipulation of
glucocorticoid levels by either exogenous administration of glucocorticoids or by
adrenalectomy (Greiner et a/., 2001; Cardenas et a/., 2002) the corticosterone model
described in chapter 3 was used to determine the effects of high dose corticosterone
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on Bcl-2 and Bax protein levels in various brain regions relevant to the mechanism of
action of antidepressants and to the aetiology of MOD. This was of particular interest
because of the effects of corticosterone on apoptosis. Thus removing corticosterone
by adrenalectomy increased apoptosis in the CNS (with corresponding changes in
mRNA levels of Bcl-2 family members) (Greiner etal., 2001) while increased levels of
corticosterone can induce apoptosis in the periphery (Tarcic etal., 1998).

Since transgenic overexpression of the Bcl-2 gene reduced anxiety like behaviours
(Rondi-Reig et al., 1997), indicating a further possible role for the protein in mood
disorders, the forced swim test outlined in chapters 2 and 3 was used to determine if
central administration of Bcl-2 and Bax peptide fragments could induce similar effects
in an assay predictive of antidepressant like activity. Antidepressant like effects have
been reported following central administration of BDNF (Siuciak et al., 1997;
Shirayama et al., 2002). There have also been several links between Bcl-2 family
members and serotonin, for example methamphetamine (a neurotoxin that causes
damage to serotonin and dopamine nerve terminals) was found to be ineffective in
Bcl-2 overexpressing cell lines (Cadet et al., 1997) and the same laboratory
demonstrated changes in levels of Bcl-2 family proteins in mouse brain following
methamphetamine treatment (Jayanthi et al., 2001).

Some MAO inhibitors are

neuroprotective, an effect which has been attributed to an increase in anti-apoptotic
members of the Bcl-2 family and a decrease in pro-apoptotic family members
(Youdim et al., 2005) while in vitro it has been shown that increased serotonin levels
can drive apoptosis and this can be blocked by forced overexpression of Bcl-2
(Serafeim et al., 2002; Serafeim et al., 2003).

Together these studies provide

evidence of a close relationship between serotonin and Bcl-2 similar to that
demonstrated for BDNF (Mamounas et al., 1995; Celada et al., 1996; Frechilla et al.,
2000).

In order to determine if behavioural effects of Bcl-2 were mediated by

changes in monoamine levels (and in an attempt to further establish the link between
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Bcl-2 and monoamine systems) brains from mice treated with Bcl-2 and Bax peptide
fragments were analysed for effects on monoamine metabolism by HPLC. This again
was a phenomenon that had previously been reported following BDNF infusion
showing significant changes in serotonin metabolism in various brain regions (Siuciak
etal., 1996).
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4.2 Methods
4.2.1 General Methods
Animals
Male CD1 mice (Charles River U.K.) weighing 22-24g at the start of the experiment
were used for all studies. All animals were housed in solid bottomed perspex cages
in groups of 45 in a temperature and humidity controlled room (lights on 07:0019:00) with food and water available ad libitum.

Drug Formulation
All doses were formulated based on free base equivalent of all test compounds.

Formulation of antidepressant drugs was as follows - fluoxetine, imipramine and
amitriptyline were dissolved in sterile saline (0.9%) while citalopram was formulated
by grinding Cipramil tablets (each containing 40mg of citalopram) with a mortar and
pestle and suspending in 0.5% carboxy methyl cellulose solution with sonication. All
solutions were formulated in lOml/kg dosing volumes. Doses chosen were 10 and
20mg/kg for fluoxetine, lOmg/kg for imipramine and 20mg/kg for both amitriptyline
and citalopram. Doses were chosen based on literature findings showing behavioural
or biochemical changes relevant to antidepressant activity (Papp and Moryl, 1994;
Invernizzi etal., 1996; Overstreet etal., 2004; Ceglia etal., 2004; Tatarczynska etal.,
2004), the doses chosen were verified for antidepressant activity in the forced swim
test. All antidepressants with the exception of citalopram were administered i.p. while
citalopram was dosed orally due to concerns regarding peritonitis upon repeated i.p.
administration.

Receptor subtype selective serotonin antagonists were formulated as follows - all
drugs were disolved in sterile saline solution (0.9%) and were dosed at 10mI/kg of
body weight. Doses chosen (based on ability to elicit biochemical and/or behavioural
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effects) were as follows - 5-HTia receptor antagonist WAY 100,635 (0.3mg/kg)
(Hervas et al., 2001), the 5 -HT2A receptor antagonist M100,907 (1 mg/kg) (Murray et
al., 1998), the

5 -HT2C receptor

antagonist SB221284 (1 mg/kg) (Hutson et al., 2000)

and the SHT? receptor antagonist Compound A (lOmg/kg), this dose was chosen
based on in-house unpublished data (see pi 00).

p-Chloroamphetamine (PGA) and N-(2-chloroethyl)-N-ethyl 2-bromobenzylamine
(DSP-4) which were used to deplete serotonin and noradrenaline respectively were
both dissolved in sterile saline (0.9%). PGA was dosed at 15mg/kg x 2 and DSP-4
was dosed at 50mg/kg, both compounds were dosed i.p. in a dose volume of
lOml/kg.

Bcl-2 and Bax peptide fragments (Oncogene cat. no.’s PP52 and PP51 respectively)
were dissolved in PBS at a concentration of 4pg/pl and dosed i.c.v. in a 5pl volume to
give a final dose of 20pg. PP52 corresponds to amino acids 20-34 of human Bcl-2
protein:- His-Tyr-Lys-Leu-Ser-Gln-Arg-Gly-Tyr-Glu-Trp-Asp-Ala-Gly-Asp while PP51
corresponds to amino acids 150-165 of human Bax protein:- Gly-Trp-lle-Gln-Asp-GlnGly-Gly-Trp-As|>Gly-Leu-Leu-Ser-Tyr-Phe. This dose was chosen empirically based
on doses of BDNF used to elicit antidepressant behavioural effects (Siuciak et al.,
1997).
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4.2.2 Animal Studies
Acute Drug Administration.

As described in chapter 3 all animal studies were carried out between 8a.m. and
11a.m. to avoid any confounding results that may have been obtained due to running
experiments during the hours when rodent plasma corticosterone rises (usually
between 12p.m. and 8p.m.). In all studies 6-8 mice were used per treatment group.

Acute dosing studies with antidepressants,

5-HT receptor antagonists and

corticosterone were all carried out by dosing animals once intraperitoneally with test
compound, 24h later animals were humanely killed, brains were removed and cortex,
hippocampus and hypothalamus were dissected, frozen on dry ice and stored at 80°C until ready for analysis.

For studies involving the intracerebroventricular (i.c.v.) administration of Bcl-2 and
Bax peptide fragments animals were briefly anaesthetised using isofluorane and
placed on a face mask to maintain anaesthesia. The scalp was incised and a 23G
needle with a 3mm depth stop was inserted freehand into the ventricle at bregma.
Either vehicle or peptide fragment solution was then administered in a dose volume
of 5pl and the needle was held in place for a further 30 seconds to prevent the
peptide solution travelling back up the needle track. The incision was stapled and
mice were returned to their home cage for between 4 and 24h at which point they
were humanely killed, brains removed and cortex, hippocampus and hypothalamus
were dissected, frozen on dry ice and stored at -80°C until ready for analysis. In a
separate set of experiments treated mice were tested in the forced swim test.
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Chronic Drug Administration
For chronic treatment with antidepressants and 5-HT receptor antagonists mice were
dosed once daily for 14 days. Twenty four hours after the last injection animals were
humanely killed, brains were removed and cortex, hippocampus and hypothalamus
were dissected, frozen on dry ice and stored at -80°C until ready for analysis.

Lesionina Studies
To examine the effects of the selective monoamine lesioning agents PGA and DSP-4,
mice were injected once i.p. with 50mg/kg DSP-4 or twice with PGA 15mg/kg 8 h
apart. Both of these dosing paradigms have previously been shown to robustly
deplete brain noradrenaline and 5-HT respectively in mice (Fornai et ai, 2001; Itzhak
et ai, 2004).

Mice were humanely killed 72h after the first injection and cortex

samples were analysed for noradrenaline and 5-HT concentration by HPLG as
described in chapter 2.

Gorticosterone Administration
Gorticosterone implant methods were exactly as described in section 3.2.1. As with
antidepressant and subtype selective 5-HT receptor antagonists 24h after the
predetermined dosing period animals were humanely killed, brains were removed
and cortex, hippocampus and hypothalamus were dissected, frozen on dry ice and
stored at -80°G until ready for analysis.

4.2.3 Biochemical and Behavioural Methods
ELISA Determination of BDNF Expression.
ELISA assays were carried out as described in section 2.1.2.

Western Blot Analvsis of Bcl-2 and Bax Protein Expression.
Western blotting was carried out as described in section 2.1.1.
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HPLC Analvsis of Monoamine

Levels

Following

Bcl-2 and

Bax

Fragment

Administration.
HPLC analysis was carried out as described in section 2.1.4.

Performance in the Forced Swim Test Following Antidepressant or Bcl-2/Bax
Fragment Administration.
The forced swim test was carried out as described in section 2.2.3.
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4.3 Results
For all results normal probability plots of the data indicated that there was no
deviation from standard statistical assumptions of normality (see appendix iii for
examples).

4.3.1 The Effects of Antidepressant Treatment on Hippocampal BDNF Protein
Expression
Attempts to measure BDNF protein expression following antidepressant treatment
and to subsequently correlate this with alterations in Bcl-2 and Bax expression failed
to yield any results. Initial validation of the ELISA assay suggested that the assay
was unsuitable in it’s supplied form for the quantification of the protein in tissue
lysates. The validation experiments which lead to this conclusion can be found in
Appendix 1.

4.3.2 The Effects of Acute and Chronic Treatment with Antidepressants on Regional
Bcl-2 and Bax Protein Expression

Effects on Regional Bcl-2 Expression
Two way AN OVA of antidepressant treatment in mice on Bcl-2 protein expression in
the hippocampus showed an overall significant effect of treatment (F(4,62)=4.94,
p=0.0016), time (F(i 62)=30.8G, p<0.00001) and a significant interaction between
treatment and time (F(4,68)=5.99, p=0.00035).

Post hoc analysis of results (using Fisher’s LSD test) showed that acute treatment
with the antidepressants failed to alter the level of Bcl-2 expression in the
hippocampus, cortex or hypothalamus. Post Hoc analysis of the effects of 14 day
administration of these same antidepressants showed that mipramine, amitriptyline
and citalopram significantly increased Bcl-2 in the hippocampus (48%, p=0.00002;
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42%, p=0.0001 and 59%, p<0.00001 respectively) but not in the cortex or
hypothalamus while fluoxetine (10mg/kg) failed to exert an effect on Bcl-2 in any of
the brain regions examined.

The fact that fluoxetine (14days, 10mg/kg) failed to elicit any change in Bcl-2
expression in the hippocampus while all other antidepressants tested increased Bcl-2
protein levels was somewhat surprising, as previous studies in rats (Murray et al
2001) found that fluoxetine increased hippocampal Bcl-2 protein expression, and may
represent a species difference with respect to the response to fluoxetine. As such it
was decided to confirm antidepressant efficacy of these chosen doses in a classical
behavioural paradigm predictive of antidepressant activity - the forced swim test.
The results from these studies are described in section 4.3.3. The apparent lack of
efficacy of fluoxetine was surprising given the effects in rats and also the increased
neurogenesis seen with this dosing paradigm (see chapter 3). Based on the results
from the forced swim test it was decided to test a higher dose of fluoxetine, 20mg/kg
i.p. for 14 days. This higher dose showed no significant effects on either Bcl-2 or Bax
in any of the brain regions examined (figure 4.5). The effect of fluoxetine in rats but
not mice may relate to the fact that the compound was administered by minipump in
the rat study (Murray et al 2001) and that the dosing period was for 21 days rather
than 14 or it may represent a difference in pharmacokinetics of fluoxetine between
rats and mice.

Effects on Regional Bax Expression
Analysis of the same treatments on Bax expression in the hippocampus revealed a
significant effect of treatment (F(4.69)=3.72, p=0.008) but not of treatment duration

(F(i .69)=3.308, p=0.073), there was however a significant interaction between
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treatment and treatment duration (F(4,69)=2.62, p=0.042). There were no significant
effects on Bax expression in the cortex or hypothalamus.

Acute treatment with imipramine caused a small but significant increase in
hippocampal Bax expression (24%, p=0.026 ) as determined by post hoc analysis of
results (using Fisher’s LSD test). 14 day treatment with amitriptyline (32%, p=0.001)
and imipramine (29%, p=0.01) increased hippocampal Bax, there were no significant
effects of either SSRI.

The results from these acute and chronic studies with antidepressants can be seen in
figures 4.2-4.4 and summarised in table 4.1.
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Table 4.1 - The Effects o f Antidepressant Treatment on Bcl-2 and Bax Expression in
Various Mouse Brain Regions.

Hippocampus

Drug
Treatment

Dose

Treatment
Time

Imipramine

10

Fluoxetine

Bd-2

Cortex

P

BAX

P

24h

-

t2 4 %

0.02

10

24h

-

-

-

-

-

-

Amitriptyline

20

24h

-

-

-

-

-

-

Citaiopram

20

24h

->

-

-

-

-

-

-

Imipramine

10

14 d

t4 8 %

0.0001

0.01

-

-

-

-

Fluoxetine

10

14 d

-

-

-

-

-

-

Fluoxetine

20

14d

->

-

-

-

-

-

-

Amitriptyline

20

14 d

t4 2 %

0.0004

0.001

-

-

-

-

Citaiopram

20

14 d

t5 9 %

<0.0001

-

-

-

-

f2 8 %

t3 4 %

-

Bcl-2

Hypothalamus

->

P

BAX

P

Bcl-2

->

BAX

P

p values for between groups analysis of effects of treatment on Bcl-2 and Bax
expression in various mouse brain regions. Values calculated using Fisher’s LSD
post hoc test,

increase above placebo, 4/ decrease below placebo,

no change.

Values are % change of placebo.

171

P

Figure 4.2 - The Effects o f Antidepressant Administration on Bcl-2 and Bax
Expression in the Mouse Hippocampus.
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Effects of acute (graphs (A) and (C)) and chronic (graphs (B) and (D)) treatment with
fluoxetine, imipramine, (lOmg/kg i.p.) citalopram and amitriptyline (20mg/kg i.p.) on
hippocampal Bcl-2 and Bax protein expression as measured by Western blotting 24
hours after drug administration.

* p<0.05, **p<0.01 as determined by two way

AN OVA with Fisher’s LSD post hoc test. Data shown are mean ± s.e.m. as a % of
appropriate vehicle treated animals. n=6-8 per group.
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Figure 4.3 - The Effects o f Acute and Chronic Antidepressant Administration on Bcl-2
and Bax Expression in Mouse Cortex.
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Effects of acute (graphs (A) and (C)) and chronic (graphs (B) and (D)) treatment with
fluoxetine, imipramine, (10mg/kg i.p.) citalopram and amitriptyline (20mg/kg i.p.) on
cortical Bcl-2 and Bax protein expression as measured by Western blotting 24 hours
after drug administration.

Data shown are mean ± s.e.m. as a % of appropriate

vehicle treated animals. n=6-8 per group.
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Figure 4.4 - The Effects o f Acute and Chronic Antidepressant Administration on Bcl-2
and Bax Expression in Mouse Hypothalamus.
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Effects of acute (graphs (A) and (C)) and chronic (graphs (B) and (D)) treatment with
fluoxetine, imipramine, (10mg/kg i.p.) citalopram and amitriptyline (20mg/kg i.p.) on
hypothalamic Bcl-2 and Bax protein expression as measured by Western blotting 24
hours after drug administration. Data shown are mean ± s.e.m. as a % of appropriate
vehicle treated animals. n= 8 per group.
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Figure 4.5 - The Effects o f 14 Day Fluoxetine (20mg/kg) Administration on Bci-2 and
Bax Expression in Various Mouse Brain Regions
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Effects of 14 day treatment with fluoxetine (20mg/kg i.p.) Bcl-2 and Bax protein
expression in the hippocampus (A), cortex (B) and hypothalamus (C) as measured by
Western blotting 24 hours after final drug administration. Data shown are mean ±
s.e.m. as a % of vehicle treated animals. n= 6-8 per group.
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4.3.3 The Effects of Treatment with Antidepressants on Performance in the Forced
Swim Test.
As mentioned above to ensure that the chosen doses of antidepressants for the
biochemistry studies were in a range that would elicit an antidepressant like effect all
antidepressants were tested in the forced swim test, an assay which is considered to
be the gold standard for predicting potential antidepressants (Porsolt et al., 1977b).
Results showed that in both forced swim test studies there was a significant effect of
treatment on all 3 parameters measured (one experiment with fluoxetine and
imipramine and a second to determine the effects of citalopram and amitriptyline). F
values for each of these studies are summarised in table 4.2. Post hoc analysis with
Dunnett’s test showed that imipramine and amitriptyline (both TCA's) significantly
increased escape behaviour (p=0.0003 and p= 0.001 respectively) and swim time
(p=0.003 and p= 0.0001 respectively) and decreased immobility time (p=0.0003 and
p= 0.0001 respectively). The SSRI’s fluoxetine and citalopram appeared to be less
effective in the forced swim test significantly reducing immobility time (p=0.03 and p=
0.04 respectively) and escape time (p=0.05 and p= 0.05 respectively) but failing to
significantly affect swim time (p=0.08 and p= 0.21 respectively)

In all studies

desipramine, the positive control, gave the expected antidepressant effects. These
results may indicate that the initial studies using fluoxetine were carried out at a sub
optimal dose, however they may also indicate a lack of sensitivity for SSRI’s in the
forced swim test (Borsini, 1995). The results from the forced swim studies are shown
in figure 4.6 and 4.7.
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Table 4.2 Statistical Analysis o f Performance in the Forced Swim Test

Experiment

Fluoxetine/lmipramine

Citalopram/Amitriptyline

Parameter
Immobile

Swim

Escape

F(2,2ip10.94,

F(2,2ip6.30,

F(2.21)“ 10-38,

p=0.001

p=0.01

p=0.001

F(2.2ip14.52,

F(2,21)^13.97,

F(2.2ip8.40,

p=0.0001

p=0.0001

p=0.002

F and p values for analysis of effects of treatment on performance in the forced swim
test. Values calculated using two way ANOVA.

Data represents statistical data

carried out on two separate experiments (one consisiting of vehicle, fluoxetine and
imipramine and one consisting of vehicle, citalopram and amitriptyline).

F and p

values correspond to an overall effect of drug treatment on behavioural parameters.
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Figure 4.6 The Effects o f Imipramine and Fluoxetine in the Forced Swim Test.
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42,
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Activity in the forced swim test was monitored using videotrack software following
acute administration of imipramine, fluoxetine (10mg/kg i.p.) or desipramine (20mg/kg
i.p.).

*p<0.05, **p<0.01, ***p<0.001 as determined by one way ANOVA with

Dunnett’s post hoc test. Results shown are mean ± s.e.m. n=8 mice per group with
the exception of desipramine groups (n=4).
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Figure 4.7 The Effects o f Citalopram and Amitriptyline in the Forced Swim Test.
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Activity in the forced swim test was monitored using videotrack software following
acute administration of citalopram, amitriptyline or desipramine (20mg/kg i.p.).
*p<0.05, **p<0.01, ***p<0.001 as determined by one way ANOVA with Dunnett’s post
hoc test. Results shown are mean ± s.e.m. n=8 mice per group.
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4.3.4 The Effects of Acute and Chronic Treatment with Selective 5-HT Receptor
Antagonists on Regional Bcl-2 and Bax Expression.

Effects on Regional Bcl-2 Expression
The administration of subtype selective 5-HT receptor antagonists to mice revealed
that for hippocampal Bcl-2 expression there was a significant effect of treatment
(F (4 ,5 4 )= 5 .2 4 .

p

= 0 .0 0 1 2 )

but not of time (F(i,54)=2.35, p=0.13), there was however a

significant interaction between treatment and time (F(4.54)=5.67, p=0.0007).

In the

hypothalamus there was a significant effect of time (F(i,43)=6.0862, p=0.018) but not
treatment (F(4.43)=1-93, p=0.12) and in the cortex there was no effect on either
treatment (F(4,60)=0.33, p=0.85) or time (F(i.60)=1.29, p=0.26).

Post hoc analysis of the results using Fisher’s LSD test revealed that chronic
administration of the S-HTzA and 5-HT? receptor antagonists M100907 (1 mg/kg) and
Compound A (10mg/kg) failed to elicit any change in the protein expression of either
Bcl-2 or Bax in any of the brain regions examined following either acute or chronic
administration. A significant increase in Bcl-2 in the hippocampus was observed with
the

5 -HT2C

receptor antagonist SB221284 (52%, p=0.016) and with the 5-HTia

receptor antagonist WAY100,635 (95%, p=0.0002).

One way ANOVA of the

hypothalamus data at the 14 day time point showed that WAY100,635 also increased
Bcl-2 expression in the hypothalamus (79%, p=0.004) but not in the cortex.

Effects on Regional Bax Expression
There were no statistically significant effects on Bax with the exception of
hippocampal Bax where a significant effect of time was observed (F(i.59)=8.84,
p=0.004) indicating greater Bax expression following 14 day treatment as compared
to 24 hour treatment, treatment did not result in a significant change in Bax levels

(F(4.59)=0.97,

p=0.43).

There were no effects on Bax expression in any of the
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treatment groups or regions examined compared to vehicle control as determined by
Fisher’s LSD post hoc analysis test.

These results are summarised in figures 4.8-4.10 and in table 4.3 below.

Table 4.3 - The Effects of 5-HT Receptor Antagonist Treatment on Bcl-2 and Bax
Expression in Various Mouse Brain Regions.

Hippocampus
Drug
Treatment

Dose

Treatment
Time

WAY100635

0.3

24h

M100907

1

SB221284

1

Compound A

Bch2

Hypothalamus

Cortex
Bcl-2

P

Bch2

P

-

-

->

-

-

-

-

24h

-

-

-

-

-

-

24h

-

-

-

-

-

-

10

24h

-

-

-

-

-

-

WAY100635

0.3

14 d

-

-

-

0.004

-

M l00907

1

14 d

-

-

-

-

-

SB221284

1

14d

-

-

-

-

-

Compound A

10

14 d

-

-

-

-

-

t95%

P

0.0001

Bax

->

t5 2 %

0.02
-

->

Bax

P

t7 9 %

P

Bax

p values for between groups analysis of effects of treatment on Bcl-2 and Bax
expression in various mouse brain regions. Values calculated using Fisher’s LSD
post hoc test. 4^ increase above placebo, \l/ decrease below placebo, -> no change.
Values are % change of placebo.

181

P

Figure 4.8 - The Effects o f Acute and Chronic 5-HT Receptor Antagonist Treatment
on Bcl-2 and Bax Expression in Mouse Hippocampus.
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Effects of acute (graphs (A) and (C)) and chronic (graphs (B) and (D)) treatment with
WAY100,635 (0.3mg/kg), M100907 (1 mg/kg), SB221284 (1 mg/kg) and Compound A
(10mg/kg) on hippocampal Bcl-2 and Bax protein expression as measured by
Western blotting 24h after drug administration. **p<0.01 as determined by one way
ANOVA with Dunnett’s post hoc test.

Data shown are mean ± s.e.m. as a % of

vehicle treated animals. n= 6 per group.
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Figure 4.9 - The Effects o f Acute and Chronic 5-HT Receptor Antagonist Treatment
on Bcl-2 and Bax Expression in Mouse Cortex.
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Effects of acute (graphs (A) and (C)) and chronic (graphs (B) and (D)) treatment with
WAY100,635 (0.3mg/kg), M100907 (1 mg/kg), SB221284 (1 mg/kg) and Compound A
(10mg/kg) on cortex Bcl-2 and Bax protein expression as measured by Western
blotting 24h after drug administration.

Data shown are mean ± s.e.m. as a % of

vehicle treated animals. n= 6 per group.

83

Figure 4.10 - The Effects of Acute and Chronic 5-HT Receptor Antagonist Treatment
on Bcl-2 and Bax Expression in Mouse Hypothalamus.
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Effects of acute (graphs (A) and (C)) and chronic (graphs (B) and (D)) treatment with
WAY100,635 (0.3mg/kg), M l00907 (1 mg/kg), SB221284 (1 mg/kg) and Compound A
(lOmg/kg) on hypothalamus Bcl-2 and Bax protein expression as measured by
Western blotting 24h after drug administration. **p<0.01 as determined by one way
ANOVA with Dunnett’s post hoc test.

Data shown are mean ± s.e.m. as a % of

vehicle treated animals. n= 6 per group.
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4.3.5 The Effects of Treatment with Selective 5-HT and Noradrenaline Toxins on Bcl2 and Bax Expression.

Three days after treatment with either PCA (2 x 15mg/kg) or DSP-4 (50mg/kg) to
selectively lesion the serotonergic or noradrenergic systems mice were found to have
significantly depleted cortical levels of 5-HT (F(2,20)=45.698, p<0.00001) and
noradrenaline (F(2.20)=72.564, p<0.00001).

PCA (2 x 15mg/kg) induced a 53%

(p=0.000006) reduction in cortical 5-HT as compared to vehicle control while DSP-4
treated animals showed no effect on 5-HT (p=0.91).

Mice treated with DSP-4

(50mg/kg) had an 88% (p=0.000006) reduction in cortical noradrenaline levels while
PCA treated animals showed a small but significant 18% (p=0.038) reduction. This
small but significant reduction in noradrenaline levels following PCA treatment may
be as a result of the moderate affinity of PCA for the noradrenaline transporter
resulting in a limited uptake into noradrenergic neurones which may have
subsequently been lost (Sanders-Bush and Steranka, 1978). The results from the
monoamine level studies can be seen in figure 4.11.

Analysis of the hippocampus, cortex and hypothalamus from these mice for changes
in Bcl-2 and Bax results revealed protein changes in the different brain regions
examined. There was no effect on Bcl-2 (F(2.15)=0.22, p=0.80) or Bax (F(2,18)=0.71,
p=0.51 ) in the cortex of either group of treated mice while there was a trend towards
decreased Bcl-2 levels (F(2,18)=2.73, p=0.09) in the hippocampus of both treatment
groups with a 26% reduction in the PCA group and a 38% reduction in the DSP-4
group, these values were not statistically significantly different from vehicle. There
was no significant effect of treatment on hippocampal Bax expression (F(2.20)=0.92,
p=0.42). The hypothalamus however showed a robust significant reduction in Bcl-2
(F(2,i6)= 6.69, p=0.007) in both treatment groups - 43% in PCA treated mice and 32%
in DSP-4 treated mice (p=0.01 and 0.02 respectively as calculated by Dunnett’s post
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hoc test compared with vehicle control). There were no significant effects on Bax
expression in the hypothalamus (F(2,16)=168, p=0.22). These results are illustrated in
figure

4.12.
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Figure 4.11. Effect of the Lesioning of the Serotonin and Noradrenergic Systems by
the Selective Toxins PCA and DSP-4 on Cortical Monoamine Levels.
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Cortical levels of 5-HT and noradrenaline 72h after injection of either PCA (2 x
15mg/kg i.p.) or DSP-4 (50mg/kg i.p.) as measured by HPLC with electrochemical
detection. Data presented are mean ± s.e.m. n=8 per group. *p<0.05, **p<0.01 as
determined by one way ANOVA with Dunnett’s post hoc test compared to vehicle.
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Figure 4.12.

The Effects of Selective Lesioning of the Serotonergic and

Noradrenergic Systems on Bcl-2 and Bax Expression in Mouse Hippocampus, Cortex
and Hypothalamus..
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Changes in protein expression of Bcl-2 and Bax protein in the mouse hippocampus
(A & B), cortex (C & D) and hypothalamus (E & F) 72h after injection of either PCA (2
X 15mg/kg i.p.) or DSP-4 (50mg/kg i.p.) as measured by Western blotting. *p<0.05,
**p<0.01 as determined by one way ANOVA with Dunnett’s post hoc test.

Data

presented are mean ± s.e.m. as a % of vehicle treated animals n=6-8 per group.
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4.3.6 The Effects of Acute and Chronic Corticosterone Administration on Regional
Bcl-2 and Bax Expression.

The chronic administration of corticosterone (40mg/kg/day for 7,14 or 21 days) to
mice revealed no significant effects of either treatment or time on Bcl-2 or Bax protein
levels in any of the brain regions examined as determined by two way ANOVA.
Similarly acute treatment with a single dose of corticosterone failed to elicit an effect
on Bcl-2 or Bax expression in any of the three brain regions when compared to
vehicle treated controls as determined by Student’s t-test. These statistical results
are summarised in table 4.4 and 4.5 below and in figures 4.13 and 4.14.
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Table 4.4 The Effects of Acute and Chronic Corticosterone Administration on Bci-2
and Bax Expression - Effects o f Treatment.

Cortex

Hippocampus
Drug
T reatment

Dose

Corticosterone

40mg/kg

Treatment
Time

Bcl-2

24h
Corticosterone

40 mg/kg

7,14,21 d

P

BAX

0,11

F=0.005

0.94

Bcl-2

P

0.36

F=1.86

0.18

Hypothalamus

BAX

P

0.48

Bcl-2

0.64

0.77

F=0.52

P

F=0.90

0.35

P

BAX

0.35

F=0.80

0.38

0

F=0.32

0

F and p values for statistical analysis of effects of treatment on Bcl-2 and Bax
expression in various mouse brain regions. Values calculated using Student’s t-test
(acute) and two way ANOVA (chronic).

Table 4.5 The Effects of Chronic Corticosterone Administration on Bci-2 and Bax
Expression - Effects of Time

Cortex

Hippocampus

Hypothalamus

Drug
Treatment

Dose

Treatment
Time

Bcl-2

P

BAX

P

Bcl-2

P

BAX

P

Bcl-2

P

BAX

Corticosterone

40mg/kg

7,14,21 d

F=0.08

0.92

F=0.19

0.83

F=0.63

0.54

F=0.35

0.71

F=0.44

0.65

F=1.22

F and p values for statistical analysis of the effects of time on Bcl-2 and Bax
expression in various mouse brain regions.

Values calculated using two way

ANOVA.
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Figure 4.13

The Effects o f Corticosterone Administration on Bcl-2 and Bax

Expression in the Mouse Hippocampus, Cortex and Hypothalamus.

Bcl-2
A)

BAX
B)

150-1

150n

E
g 100-J

I

K
o
50-

50H

P-7

C-7

P-14

C-14

P-21

C)

P-7

C-21

Treatment

D)
150-1

® 10O

® 10O

C-7

P-14

C-14

P-21

P-14

C-14

P-21

C-21

P-21

C-21

P-21

C-21

T reatment

150-1

P-7

C-7

C-21

P-7

C-7

P-14

C-14

Treatment

Treatment

F)

E)

15Ch

150-1

o
g 100H

fl> 10O

X

E
o
sS

P-7

C-7

P-14

C-14

Treatment

P-21

C-21

I

j:

50-

P-7

C-7

P-14

C-14

Treatment

Changes in protein levels of Bcl-2 and Bax protein in the hippocampus (A & B),
cortex (0 & D) and hypothalamus (E & F) following 7, 14 or 21 day implantation with
placebo or corticosterone (40mg/kg/day) as measured by Western blotting.

Data

presented are mean ± s.e.m. as a % of vehicle treated animals n=6 - 8 per group.
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Figure 4.14 The Effects o f Acute Corticosterone Administration on Bci-2 and Bax
Expression in the Mouse Hippocampus, Cortex and Hypothalamus..
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Changes in protein levels of Bcl-2 and Bax protein in the mouse hippocampus (A &
B), cortex (C & D) and hypothalamus (E & F) 24h after treatment with placebo or
corticosterone (40mg/kg) as measured by Western blotting.

Data presented are

mean ± s.e.m. as a % of vehicle treated animals n= 8 per group.
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4.3.7 The Effects of Central Injection of Bcl-2 and Bax Peptide Fragments on Brain
Monoamine Levels.

There was a significant effect of treatment (F(2.58)=4.18, p=0.02) and time (F(3,58)=16.2,
p<0.00001) on cortical 5-HT metabolism (as defined by the ratio of 5-HIAA:5-HT)
following central injection of 20pg of Bcl-2 and Bax fragments, there was also a
significant interaction between treatment and time (F(6,58)=2.55, p=0.03) (figure 4.15).
Post hoc analysis revealed that there was a significant increase in 5-HT metabolism
following injection of both Bcl-2 and Bax fragment

8

h after injection (p=0.004 and

0.04 respectively) as determined by Fisher’s LSD test compared to the time matched
vehicle control. No other time points showed any significant difference to vehicle.

There was a significant effect of time (F(3.52)=6 .8 , p=0.0006) on cortical dopamine
metabolism (as defined by the ratio of DOPAC+HVA:Dopamine). Post hoc analysis
using Fisher’s LSD test indicated that dopamine metabolism at 16h post injection was
significantly different from all other time points. One way ANOVA of the 16h time
point failed to show any significant effect of treatment. The data from these studies is
shown in figure 4.15 and in table 4.6.

In the hippocampus, two way ANOVA revealed no significant differences between
groups with respect to either treatment (F(2,52)=0.94, p=0.39) or time (F(3.52)=0.35,
p=0.79) with respect to 5-HT metabolism. Levels of hippocampal dopamine and it’s
metabolites were below the limits of detection and hence were not quantified. The
effects of central injection of peptide fragments on hippocampal 5-HT metabolism can
be seen in figure 4.16 and in table 4.7.
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Figure 4.15 The Effects of Central Injection o f Bcl-2 and Bax Peptide Fragments on
Cortical 5-HT and Dopamine Metabolism
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Changes in monoamine metabolism in the cortex following central injection of Bcl-2
and Bax peptide fragments as measured by HPLC.

Data presented are mean ±

s.e.m. n=5-6 per group. *p<0.05, **p<0.01 as determined by two way ANOVA with
Fisher’s LSD post hoc test.
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Table 4.6

The Effects o f Central Injection o f Bcl-2 and Bax Peptide Fragments on

Cortical 5-HT and Dopamine Metabolism.
DOPAC

HVA

DOPAMINE

5-HIAA

5-HT

(ng/g)

(ng/g)

(ng/g)

(ng/g)

(ng/g)

262 ± 28

326 ± 31

1425 ±246

303 ± 24

626 ± 18

223 ± 27

341 ± 22

1684 ± 7 3

261 ± 16

690 ± 25

Bax

256 ± 25

334 ± 32

1870 ± 158

264 ± 7

708 ± 50

Vehicle

288 ± 16

375 ± 23

1852 ± 191

260 ± 10

615 ± 35

261 ± 42

329 ± 32

1298 ± 126

295 ± 6

588 ± 49

Bax

254 ± 29

350 ± 32

1424 ± 189

271 ± 18

550 ± 34

Vehicle

326 ± 40

339 ± 27

1309± 124

322 ± 14

510 ± 9

399 ± 28

377 ± 23

1351 ± 190

366 ± 14

484 ± 42

Bax

426 ± 34

435 ± 56

1640 ±51

271 ± 7

478 ± 6

Vehicle

403 ± 25

389 ± 27

1897 ± 101

310± 17

584 ± 33

267 ± 31

330 ± 25

1371 ±209

272 ± 13

510 ± 19

272 ± 32

336 ± 40

1799 ± 197

258 ± 11

569 ± 27

Treatment

Time

Vehicle
Bcl-2

Bcl-2

Bcl-2

Bcl-2
Bax

4hr

8hr

16hr

24hr

Changes in monoamine metabolism in the cortex following central injection of Bcl-2
and Bax peptide fragments as measured by HPLC.

Data presented are ng/g (as

compared to calibration standard) mean ± s.e.m. n=5-6 per group
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Figure 4.16 The Effects o f Central Injection o f Bcl-2 and Bax Peptide Fragments on

Hippocampal 5-HT Metabolism
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Changes in 5-HT metabolism in the hippocampus following central injection of Bcl-2
and Bax peptide fragments as measured by HPLC.

Data presented are mean ±

s.e.m. n=5-6 per group.
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Table 4.7 The Effects o f Central Injection o f Bcl-2 and Bax Peptide Fragments on

Hippocampal 5-HT Metabolism.
5-HIAA (ng/g)

5-HT (ng/g)

406±40

414±31

388±41

367±56

Bax

421±34

449±34

Vehicle

345±49

408±52

428±12

365±32

Bax

395±25

453±17

Vehicle

395±27

450±52

487+21

523±24

Bax

301±50

372±54

Vehicle

367±39

481±49

387±21

538±25

366±58

463±59

Treatment

Time

Vehicle
Bcl-2

Bcl-2

Bcl-2

Bcl-2
Bax

4hr

8hr

16hr

24hr

Changes in 5-HT metabolism in the hippocampus following central injection of Bcl-2
and Bax peptide fragments as measured by HPLC.

Data presented are ng/g (as

compared to calibration standard) mean ± s.e.m. n=5-6 per group
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4.3.8 The Effects of Central Injection of Bcl-2 and Bax Peptide Fragments on
Performance in the Forced Swim Test

Data was expressed in seconds spent immobile, swimming or attempting escape.
Two way analysis of the data revealed that there was a significant effect of treatment
on immobility (F(2.52)=5.04, p=0.01), swim time (F(2,s2)=3.35, p=0.04) and escape time
(F(2,52)=4.90, p=0.01) and post hoc analysis using Fisher’s LSD test revealed that Bcl2 peptide fragment injection significantly reduced immobility (p=0.006) while
increasing swim time (p=0.03) and escape time (p=0.01) all as compared to vehicle
treated controls while Bax peptide fragment injection had no significant effect on any
of these behavioural measures. There was no significant effect of time on any of the
parameters tested.

One way ANOVA of each time point showed a significant effect of treatment on
immobility at 24 hrs (F(2,n)=7.8, p=0.01) and post hoc analysis using Dunnett’s test
revealed that Bcl-2 peptide fragment significantly reduced the immobility time at this
time point (p=0.005) while Bax peptide fragment had no effect (p=0.45). Using the
same analysis there was a significant effect of treatment on swim time at the Sh
timepoint (F(2.14)=4.2, p=0.04) where once again Bcl-2 peptide fragment had a
significant effect on increasing swim time (p=0.002) while Bax peptide fragment had
no effect (p=0.15). As with time spent immobile, escape time was significantly altered
by treatment at the 24h timepoint (F(2.n)=9.45, p=0.004) and post hoc analysis using
Dunnett’s test showed a significant effect of Bcl-2 peptide fragment (p=0.007) but not
Bax peptide fragment (p=0.99). Desipramine (20mg/kg i.p.) and saline (10ml/kg i.p.)
with a 30 minute pretreatment time was used as a positive control for the assay with
n=2 for each treatment being included at each timepoint tested giving a total n=8 for
each group. Desipramine gave a highly significant (p<0.001) effect on all parameters
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and it should be noted that the magnitude of this effect was far greater than the
effects seen following Bcl-2 peptide fragment injection (figure 4.17).
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Figure 4.17 The Effects o f Central Injection o f Bcl-2 and Bax Peptide Fragments on
Performance in the Forced Swim Test.
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Activity in the forced swim test was monitored using videotrack software following
administration of Bcl-2 or Bax peptide fragments (20pg, i.c.v.) or DMI (20mg/kg i.p.)
*p<0.05, **p<0.01, ***p<0.001 as determined by one way ANOVA with Dunnett’s post
hoc test. Results shown are mean ± s.e.m. with n=5-6 mice per treatment group with
the exception of DMI and vehicle (i.p.) groups (n=8).

200

4.4 Discussion

The significant increase in hippocampal Bcl-2 expression observed following chronic
but not acute antidepressant treatment confirms results in the rat (Murray et al 2001)
and also extends the findings that have been reported for mood stabilisers (Chen et
al., 1999b; Manji et a!., 2000) to antidepressants. The effect of antidepressants is
clearly region specific as there was no significant change in Bcl-2 expression in either
the cortex or the hypothalamus which coincides with antidepressants selectively
increasing hippocampal neurogenesis while not affecting SVZ neurogenesis and may
indicate a link between increased Bcl-2 levels and increased cell birth. Such regional
specificity is not observed with the mood stabiliser lithium which increases Bcl-2 in
both the hippocampus and frontal cortex (Li et a!., 2003).

This effect of

antidepressants may be via the anti-apoptotic actions of Bcl-2 thus resulting in
increased survival of these newborn cells or it may represent a trophic role for Bcl-2
in the hippocampus such as that for BDNF (Nibuya et a!., 1995) providing increased
protection from the deleterious actions of chronic stress on the structure and function
of the hippocampus.

It may be that the link between hippocampal neurogenesis and Bcl-2 expression is
less compelling due to the fact that fluoxetine (both 10 and 20mg/kg for 14 days)
failed to alter the expression of Bcl-2 in the hippocampus despite showing a
significant increase in hippocampal neurogenesis following 14 days of lOmgkg
treatment (see chapter 3). When drawing such conclusions though it should be noted
that simple BrdU studies merely quantify cell proliferation and to further investigate
cell fate determination of these newborn cells may further clarify the role of these
antidepressants on neurogenesis specifically allowing a correlation between this and
Bcl-2 expression. It has been suggested that BcL2 is highly expressed in newborn
migrating neurones and that this increased Bcl-2 expression represents the
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chaperoning of newborn cells to their ultimate destination, ensuring that they do not
yield to apoptosis before they can reach and become integrated into the neuronal
circuitry of this target region (Bernier et al., 2000).

As previously mentioned a

previous study showed that chronic treatment with fluoxetine in rats upregulated Bcl-2
protein expression in the hippocampus (Murray et al 2001), this was however after 28
days of treatment and therefore it may be that for Bcl-2 expression to be elevated in
mice would also require 28 days of fluoxetine treatment. The fact that citalopram
robustly increased hippocampal Bcl-2 verifies that SSRI treatment in mice can
increase Bcl-2 protein expression and is not a TCA specific effect The positive effect
of citalopram may point to an even higher dose of fluoxetine than 20mg/kg being
required as citalopram has been reported to have a significantly higher affinity for the
serotonin transporter than fluoxetine (Shank et a/., 1988; Owens et a/., 1997).
Citalopram has also been reported to have a significantly geater effect on 5-HT
efflux as measured by microdialysis (Felton et a/., 2003).

In the hippocampus this

difference in the ability to increase extracellular 5-HT is particularly marked (Invernizzi
eta!., 1995; Scorza eta!., 1999) which may have a particular relevance to the results
seen here. There is also the possibility that in mice fluoxetine exerts a “survival
effect” via another anti-apoptotic member of the Bcl-2 family such as BcI-Xl which has
been shown to be modulated by MAOIs - another class of antidepressant (Youdim et
a/., 2005).

An area for further work would be to carry out more detailed dose

response curves to all four compounds to determine relative EDso’s for increasing
Bcl-2 which may clarify the reason why fluoxetine has no significant effect in the
studies performed in this thesis. It would also be valuable to carry out analysis of
samples to determine the effects of these treatments on other members of the Bcl-2
family of proteins as this may reveal an effect of fluoxetine on another anti-apoptotic
protein such as BcI-Xl or Bcl-w.
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In addition to affecting Bcl-2 protein expression some of the treatments also caused
changes in Bax expression .

As with Bcl-2 this effect was confined to the

hippocampus and occured following chronic imipramine and amitriptyline treatment
but not following citalopram or fluoxetine administration. There was also a significant
increase in Bax expression in the hippocampus following acute dosing with
imipramine. These results suggest several possibilities, firstly it may be that marked
increases in Bcl-2 following imipramine and amitriptyline are due to a compensatory
increase in Bax to regulate the anti-apoptotic effect of Bcl-2. Apoptosis is normally a
well controlled process involved in maintaining neuronal populations within target
sizes and also in the removal of damaged and unhealthy cells implying that reducing
apoptosis by too great an extent would be deleterious to the organism. Given the
lack of effect on Bax of other treatments in this thesis which increased Bcl-2 (to a
greater extent than imipramine and amitriptyline) this seems unlikely. Perhaps more
plausible is that at the doses used in these studies there is actually some neuronal
cell death as a result of high brain levels of drug.

It has been reported that

antidepressants (both TCA’s and SSRI’s) result in increased levels of apoptosis in
vitro (Koch et al., 2003). In Jurkat cell lines (a human T-cell leukaemia line) it was
found that both fluoxetine and imipramine increased levels of phosphorylated CREB
(a potential mechanism for antidepressant action) and significantly increased
apoptosis in these cells (Koch et al., 2003). It was also previously shown that while
both imipramine and citalopram increased apoptosis, in lymphocytes in vitro, that
approximately 4 fold higher concentrations of citalopram were required to elicit this
effect compared with imipramine (Xia et al., 1997) which may explain why there were
no significant effects of citalopram on Bax ©(pression despite an increase in Bck2.
The apoptosis in these in vitro studies has been attributed to both caspase activation,
following reactive oxygen species generation, and decreased survival factors under
the transcriptional control of CREB. The exact mechanism by which these changes
occur are unclear although it has been reported that Jurkat cells carry readily
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detectable immunoreactive serotonin trasporter (unpublished observations, Serafeim,
2001).

This lack of consistency between the antidepressants tested here may

indicate a serotonin specific effect on Bcl-2 and a more noradrenergic influence over
Bax expression given the relative noradrenergic selectivity of of imipramine and
amitriptyline.

The possibility could be explored using more specific blockers of

noradrenaline reuptake such as reboxetine in conjunction with subtype selective
adrenoceptor antagonists as well as looking in transgenic mice with genetic knockout
of the serotonin (Bengel et al., 1998) or noradrenaline (Xu at ai, 2000) transporters.

Experiments using subtype selective 5-HT receptor antagonists showed a lack of
effect on Bcl-2 and Bax following acute or chronic treatment with 5-HT2a or 5-HT?
receptor specific compounds implying that the antidepressant induced increases in
Bcl-2 and Bax were not related to adaptation of these receptor systems. On the other
hand chronic treatment with both 5-HTiA and 5 -HT2C receptor antagonists caused a
marked increase in Bcl-2 expression in the hippocampus (in excess of the increase
seen following antidepressant treatments). There was also an effect of chronic 5HTia receptor antagonist administration on hypothalamic Bcl-2 expression.

As previously stated there is a long established link between antidepressant
treatment and adaptation of the 5-HTia receptor (Le Poul at ai, 1995; Arborelius at
ai, 1996; Artigas at ai, 1996; Blier at ai, 1997). The theory revolves mainly around
desensitisation of somatodendritic 5-HT1A auto-receptors

being

required for

antidepressant action, with the potential to combine antidepressants with 5-HTia
antagonists to accelerate the onset of clinical benefit. This presents the possibility,
when applied to the data presented here, that the antidepressant induced increases
in

hippocampal

Bcl-2

expression

are

subsequent to

5-HT 1A auto-receptor

desensitisation and that chronic blockade of these receptors with WAY100635 has
the same net result of dampening 5-HTia function and thus increasing Bcl-2. There
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are a number of caveats to this however, it has been shown that chronic treatment
with WAY100635 does not alter the functional sensitivity of 5-HTia receptors and
there is no effect on the binding density of these receptors in the raphe nucleus
(Hervas et al., 2001). This would therefore make it unlikely that WAY100635 was
acting by chronic adaptation of either 5-HTia auto-receptor sensitivity or by
downregulating these receptors. It is possible however that long term antagonism of
these receptors (regardless of the lack of effect on receptor number or affinity) is
sufficient to have a similar effect to chronic antidepressant treatment on Bcl-2
expression i.e. to remove a 5-HTia receptor mediated control over it’s expression.
There is also the possibility that the 5-HTia receptors involved in the hippocampal
and hypothalamic effects on Bcl-2 are in fact not the presynaptic auto-receptors but
instead the postsynaptic 5-HTia receptors located in both the hippocampus and
hypothalamus (Larsson eta!., 1990).

Despite the large body of evidence to suggest that WAY100635 does not cause
adaptive responses of 5-HT1A receptors there are clearly some post receptor adaptive
changes which occur on chronic administration of WAY100635. Thus tolerance to
the anxiolytic effects of WAY100635 develop following chronic administration (Cao
and Rodgers, 1998) and it may be that this adaptation (perhaps at the intracellular
level) accounts for the changes in Bcl-2 levels seen here. There is also the possibility
that the regional effects following WAY100635 administration are mediated by distinct
pathways as it has been shown that despite being able to block fluoxetine
desensitisation of the 80H-DPAT (5-HTia receptor agonist) induced decrease in
extracellular 5HT in the cortex WAY100635 failed to do so in the hypothalamus
(Newman et a/., 2004) indicating the two regions may be under different regulatory
control or at the very least that chronic WAY100635 administration has region
specific adaptive effects.
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Several findings imply that blockade of the 5-HTia receptor would be unlikely to
increase Bcl-2. These include the fact that 5-HTia receptor antagonist administration
decreases hippocampal neurogenesis (Radley and Jacobs, 2002) (although this
could result in a compensatory increase in Bcl-2 to ensure survival of existing cells),
5-HTia

receptor activation prevents apoptosis in vitro (Schaper et al., 2000;

Madhavan et al., 2003), 5-HTia receptor agonists increase ERK phosphorylation
(Sullivan et a!., 2005) (a step that could lead to increased Bcl-2) and perhaps most
compellingly 5-HTia receptor agonists have been found to increase Bcl-2 in an in vivo
ischaemia model (Kukley et a!., 2001). It should be noted however that all of these
studies only investigate acute administration of 5-HTia agents, thus still presenting
the possibility of an adaptive change following chronic administration. Indeed it has
been shown that chronic administration of WAY100635 at the same dose tested in
this thesis potentiated the exercise induced increase of BDNF in rats (Ivy etal., 2003)
supporting a link between Bcl-2 and BDNF levels showing that the two
growth/survival factors can influence each other (Almeida etal., 2005; Perez-Navarro
et al., 2005). One potential objective of this thesis was to be able to compare and
contrast antidepressant effects on Bcl-2 and BDNF, however as previously stated the
available ELISA assays for BDNF proved inadequate for quantification of the protein
in these studies. It would therefore be pertinent (pending the availability of suitable
tools) to further investigate the relationship between Bcl-2 and BDNF with particular
reference to antidepressant and 5-HTia receptor antagonist administration. A third
and probably less likely possibility exists for the mechanism of action of WAY100635
in terms of elevating Bcl-2 levels and this is via non 5-HTia receptor systems.
WAY100635 has been reported to have weak affinities for D2 and D3 dopamine
receptors (Mos et a!., 1997) as well as a^ adrenoceptors (Corradetti et a!., 2005), it
also has weak affinity for the 5 -HT2C receptor (Mos et al., 1997). This final possibility
is the least probable, due to the extremely high affinity for the 5-HTia receptor
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compared to these other receptor subtypes and the relatively low dose used in the
current study.

SB221284, the selective

5 -HT2C

receptor antagonist, also increased hippocampal

Bcl-2 expression albeit to a lesser extent than WAY100635 (52% as compared to
95%) although this may represent different in vivo efficacy of the two chosen doses
and as with the antidepressants studies the 5-HT receptor antagonist studies would
benefit from a more extensive study using a range of doses of each compound. The
role of 5 -HT2C receptors in the mechanism of action of antidepressants is less well
defined than that of the 5-HTia receptor however there is considerable evidence that
would support antagonism of this receptor subtype as a means of increasing Bcl-2
and thus affecting neuronal birth/survival. There has been a recent report that 5 -HT2C
receptor antagonists, although having no effects alone on 5-HT efflux or in
behavioural tests predictive of antidepressant activity, when combined with an SSRI
enhanced 5-HT release and potentiated the effect of SSRI's in the tail suspension
test (an assay similar to the forced swim test described in this thesis). Similar results
have been shown in 5 -HT2C knockout mice (Cremers et al., 2004) while these effects
on neurochemistry and behaviour were not observed when using the 5 -HT2 A receptor
antagonist M100907.
whereby

5 -HT2C

Furthermore

5 -HT2C

receptors influence dopamine release

receptor downregulation (which occurs following chronic SSRI

treatment) results in disinhibition of mesolimbic dopamine systems leading the
authors to postulate that 5 -HT2C receptors may be involved in anhedonia (Serretti and
Artioli, 2004).

Antagonists selective for the

5

-HT2C receptor are also known to

downregulate the receptor following chronic administration (as do antidepressants)
(Serretti at a/., 2004) which may provide a link to chronic treatment with the
antidepressants used in this thesis and chronic treatment with the

5 -HT2C receptor

antagonist SB221284 sharing this common adaptive mechanism.
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Studies have demonstrated that administration of a 5-HT2c receptor agonist causes a
marked decrease in hippocampal neuronal firing activity and that a 5-liT2c receptor
antagonist not only reversed this but also caused an increase in firing in naive
animals (Hajos et al., 2003). This is particularly interesting as it has been shown that
stimulating neuronal activity either by ECS (Hellsten at a!., 2002) or by inducing
epileptic seizures (Bengzon at a!., 1997) results in increased hippocampal
neurogenesis and that ECS also causes a reduction in 5-HÏ2c receptor mediated
behaviours (Mitchell at a!., 2003).

These results imply that manipulations which

cause increased cell birth also downregulate

5 -HT2C

receptors, a fact which may

point to a possible mechanism by which antidepressants increase Bcl-2 protein
expression. Similar to treatment with a 5-HTia receptor agonist (Vaidya at a!., 2001)
it has been shown that a mixed

5

-HT2A/2C receptor agonist decreased hippocampal

BDNF (Vaidya at al., 1997). If this effect were down to the 5 -HT2C component of the
compound this may be a possible reason why a 5 -HT2C antagonist would result in
increased Bcl-2 given the previously mentioned link between the two factors.
Whatever the mechanism by which these 5-HT receptor subtype selective
antagonists are affecting Bcl-2 expression it is clearly not by acute block of the
receptor as there is no significant effect of acute administration once again pointing to
an adaptive change being necessary.

Lesioning the serotonergic and noradrenergic systems (by approximately 50 and 90%
respectively, in the cortex) by the use of toxins PCA and DSP-4 resulted in a
decrease in Bcl-2 levels in the hypothalamus and the hippocampus (although the
decrease of Bcl-2 in this region was not statistically significant) with no effects on Bax
in any region tested.

This result provides further evidence for a pivotal role for

monoamines in the regulation of Bcl-2 which may be attributable to actions of these
neurotransmitters on certain subtypes of serotonergic and catecholamine receptors a
possibility supported by the fact that Bcl-2 has been shown to protect against
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serotonin mediated apoptosis in Burkitt’s Lymphoma cells in vitro (Serafeim et al.,
2002) and that noradrenaline causes apoptosis in rat endothelial cells by
downregulation of Bcl-2 (Fu et al., 2004). This change in Bcl-2 may be attributed to
the death of these particular neurones and the associated release of vesicular stores
of neurotransmitter directly resulting in a downregulation of Bcl-2 but further work is
required to clarify the exact mechanism of this interaction between Bcl-2 and the two
neurotransmitter systems. There is also the possibility that by increasing the levels of
Bcl-2 that noradrenergic and serotonergic neurones may be protected from PCA and
DSP-4 induced toxicity. The administration of a variety of compounds that are known
to elevate Bcl-2 such as lithium and valproate as well as the compounds tested here
may go some way to answering this question. It may also be possible to pretreat with
Bcl-2 peptide fragment or an inhibitor of Bcl-2 (such as HA14-1) and subsequently
monitor neuronal loss or recovery of monoamine content to determine whether more
or less Bcl-2 would influence the actions of these toxins. These studies may also
elucidate the possibility of an in vivo neurotrophic role for Bcl-2 and may even
associate this with serotonergic or noradrenergic neurones in particular.

It is

important to note however that it is assumed that the depletion of serotonin and
noradrenaline seen in the cortex is reflected in the hippocampus and hypothalamus.
In the absence of quantification of this depletion it may be presumptuous to assume
that the Bcl-2 changes observed are due to depleted monoamine levels.

Given the opposing effects of glucocorticoids and antidepressants on hippocampal
neurogenesis (Cameron and Gould, 1994; Duman et al., 2001) and the proposed
upregulation of Bcl-2 in neurogenic brain regions (Bedard et al., 2002) it was
particularly interesting to note that none cf the corticosterone treatment durations
affected Bcl-2 or Bax expression. Despite a decrease of around 50% in hippocampal
neurogenesis at the 7 , 1 4 and 21 day treatment times (based on the findings in
chapter 3) it may have been expected that there would be either a decrease in Bcl-2

209

expression or that increased Bax would be observed. It may also be expected that
since chronic corticosterone administration has been reported to decrease the
binding density of 5-HTia receptors (Fernandes et al., 1997) and that chronic
blockade of these receptors causes an increase in Bcl-2 that there may be a
cancelling out of the expected drop in Bcl-2 by the corresponding reduction in 5-HTia
receptor number.
change

in the

It should be noted however that other research has shown no
functional

response

of 5-HTia receptors following

chronic

corticosterone administration (Gur et a!., 2001) implying that if receptor numbers are
reduced then the remaining receptors presumably exhibit increased sensitivity.
Increased corticosterone while reducing the number of newborn cells may simply not
affect the survival of existing neurones.

The lack of effect of corticosterone on Bcl-2 and Bax expression is particularly difficult
to interpret due to the opposing effects of corticosterone on cell birth/death depending
on the concentrations present (Hassan et al., 1996; Jiang et al., 2002).

It has

however been reported that corticosterone can cause apoptosis in vitro (Li and Luo,
2002) which may imply that at higher circulating levels, such as those achieved in this
thesis, that a corresponding increase in cell death would occur. Studies have shown
that high dose corticosterone results in changes of Bcl-2 (downregulation) and Bax
(upregulation) in cartilage and bone cells (Mocetti et al., 2001).

Furthermore,

adrenalectomy and subsequent corticosterone replacement have been shown to alter
Bcl-2 and Bax mRNA levels in the hippocampus (Cardenas et al., 2002) although it is
pertinent to note that the changes were only in a particular subfield of the dentate
gyrus and therefore may not have been detected in a Western blotting study of the
whole hippocampus. Indeed the reported changes were only at the message level
which does not necessarily translate into changes at the protein level. The synthetic
glucocorticoid dexamethasone is known to decrease hippocampal neurogenesis and
has recently been shown to do so without any effect on Bcl-2 or BDNF (despite
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significantly decreasing ERK expression) (Kim et ai, 2004).

It is therefore not

unreasonable to assume that a similar bck of effect on Bcl-2 and BAX would be
expected in the corticosterone pellet model described here. Immunohistochemical
studies to examine more anatomically discrete areas may shed more light on the
exact mechanism of the results obtained in these studies.

It is also important to

consider the possibility that corticosterone may induce apoptosis via other members
of the Bcl-2 family of proteins or indeed via a non Bcl-2 dependent mechanism.
Treatment

with

corticosterone

as

well

as

co-administration

of

antidepressants/receptor subtype selective 5-HT antagonists would be useful in
delineating the processes involved, these could be analysed using double and triple
labelling strategies to correlate changes in cell birth and cell.

Further investigation of the link between Bcl-2 and serotonin was explored in the
studies to determine the effects of central injection of Bcl-2 and Bax fragments and
how this affected hippocampal and cortical serotonin metabolism. The fragments
were chosen rather than the full length peptides due to the latter not being readily
commercially available. There was a significant effect of Bcl-2 peptide fragment on
cortical 5-HT metabolism and a smaller effect of the Bax fragment 8h after central
injection. This was initially a surprising result as it had been thought that the two may
have had opposing effects.

Further investigation however revealed that the Bax

fragment consists of amino acids 150-165 of the full length peptide, which
corresponds to the BH2 domain of Bax and it may be that the extensive homology
with Bcl-2 in this region is sufficient for it to elicit a Bcl-2 like effect The doses were
chosen empirically and despite this fairly arbitrary choice Bcl-2 peptide fragment
response on cortical 5-HT metabolism is very similar in magnitude to that reported for
BDNF (39% for Bcl-2 peptide fragment shown here compared to 30% reported for
BDNF).

Comparable doses of BDNF also elicited antidepressant like behavioural

effects following central injection (Siuciak et ai, 1997) and interestingly the same

211

group had previously shown that this dose of BDNF could elicit an increase in
hippocampal, as well as cortical, 5-HT metabolism (Siuciak et al., 1996).

This

increased 5-HT metabolism was maximal 8h post injection and although a similar
pattern was observed for dopamine metabolism (again the same effect was reported
for BDNF) this did not reach statistical significance perhaps implying a preferential
effect of Bcl-2 peptide fragment on serotonergic systems.

Using the same experimental protocol it was found that the Bcl-2 fragment also
resulted in an antidepressant like effect in the forced swim test with decreases in
immobility being apparent at all time points from 8h onwards although only reaching
statistical significance at the 24h timepoint. When compared to the reported data for
BDNF in the same paradigm Bcl-2 peptide fragment caused a much smaller
reduction in immobility time of around 20% compared with that reported for BDNF of
around 66% despite apparently similar effects on monoamine metabolism, although it
is worthy of note that this effect of BDNF is greater than that reported for many
currently prescribed antidepressants in this test. There are a number of possibilities
that would explain this, firstly it may be that the timing of the Bcl-2 peptide fragment
study is not optimal (the BDNF behavioural studies were carried out 72h after
injection) and this warrants further investigation. Clearly the effects are not simply
due to manipulation of cortical or hippocampal serotonin levels and it may be likely,
as has been suggested in recent years that the forced swim test is primarily
influenced by post receptor adaptive changes to the TrkB receptor (Saarelainen at
a/., 2003). This explanation could possibly clarify the apparent differences in efficacy
in the FST between Bcl-2 peptide fragment and BDNF (being an endogenous ligand
for TrkB) being much more likely to cause phosphorylation of the receptor and hence
result in an antidepressant like effect. It may therefore imply that central injection of
Bcl-2 peptide fragment may result in a corresponding increase in BDNF (as
mentioned above) which in turn results in TrkB phosphorylation (to a much lesser
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degree due to lower BDNF levels) and results in a decrease in immobility time. The
mismatch in the timings of effects on 5-HT metabolism and effects in the FST would
imply that Bcl-2 peptide fragment’s ability to affect 5-HT metabolism is either not
related directly to it’s weak antidepressant like effect or there is a downstream effect
subsequent to elevation of 5-HT metabolism. These findings would however benefit
from more detailed time course data which could be correlated with changes of the
phosphorylation of TrkB to clarify any link with Bcl-2 and this receptor system.
Another important consideration with the central injection of peptides is the unknown
kinetics of the peptide following injection. The assumption is that the peptide will
diffuse freely from the injection site and easily reach any target tissue however this is
not known.

It may therefore be appropriate to carry out immunostaining for the

particular fragments on brain sections of mice which have had the fragment
administered i.c.v. and monitor the extent of diffusion. This may lead to a more
optimised delivery regime. There is also the important caveat that the dose of Bcl-2
peptide fragment was chosen empirically, and this may not be optimal, this coupled
with the unknown metabolic stability of the peptide fragments following central
injection may also influence the outcome of the experiments described here. As such
it would be prudent to at least carry out further studies to determine a dose response
relationship for central Bcl-2 peptide fragment injection.

Taken together the present results suggest a relationship between Bcl-2 and both the
mechanism of action of antidepressants and the ability to manipulate serotonin
systems specifically. It seems that elevated glucocorticoids do not play a role in the
levels of Bcl-2 and Bax expressed in the hippocampus and thus it is unlikely that this
family of proteins has a role in the glucocorticoid induced reduction in hippocampal
neurogenesis.

A potentially exciting link is also suggested , in the published

literature, between BDNF and Bcl-2 whereby the two may influence each others
expression via crosstalk and may be linked to increased birth and/or survival of
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newborn cells, possibly via CREB their common transcription factor. This warrants
further investigation and may shed more light on the theory that as well as being an
anti-apoptotic factor that Bcl-2 is also trophic - perhaps preferentially for serotonergic
neurones as has been suggested for BDNF (Mamounas et al., 1995). This theory
could be readily tested by combining the central injection regime with the lesion
studies described here and using specific antibodies for serotonergic and
noradrenergic neurones to quantify increased survival/sprouting.
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Chapter 5
Summary. Conclusions and Further Work.
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5.1 Summary
The results obtained from experiments using the chronic corticosterone implant
model demonstrated that a 40mg/kg/day release rate in mice resulted in a significant
(approximately 50%) reduction in hippocampal neurogenesis at 7,14,21 and 28 days
after implant.

Hippocampal neurogenesis was reduced at the 28 day timepoint

despite a 7 day washout period from exogenous corticosterone (verified by plasma
corticosterone measurements and adrenal gland weights) which implies that the
reduction in neurogenesis seen in this model is not solely due to elevated circulating
plasma corticosterone levels and indeed may represent an adaptive change which
occurs following long term occupation of MR and/or GR receptors. The decreased
hippocampal neurogenesis observed 14 days after implant was accompanied by
significant reductions in hippocampal and GCL volume and it was shown that co
administration of either fluoxetine or imipramine (both lOmg/kg) for 14 days
prevented the reduction in both hippocampal and GCL volumes as well as the
corticosterone induced decrease in hippocampal neurogenesis.

These data show for the first time that the exogenous corticosterone induced
decrease in hippocampal neurogenesis and hippocampal volume can be blocked by
repeated administration of commonly prescribed antidepressants, supporting data
from comparable studies which have reported similar effects in animal models of
chronic stress (Czeh et al., 2001; van der Hart et a/., 2002). These data provide an
association between elevated glucocorticoids and reduced hippocampal volumes and
demonstrate the possibility of preventing this phenomenon by treatment with TCA’s
or SSRI’s, a hypothesis which has been suggested in relation to clinical studies in
patients suffering from MDD (Neumeister et a!., 2005) and indeed a relation has been
specifically proposed for the effects of cortisol on hippocampal volume and memory
deficits in MDD patients (Vythilingam et a!., 2004) whereby hippocampal memory
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deficits were shown to be normalised following SSRI treatment while results relating
to hippocampal volumes were equivocal.

Data presented in this thesis may offer a further link between elevated glucocorticoids
and the possibility of reduced hippocampal cognitive function which has been
suggested to be influenced by hippocampal neurogenesis (Rola et al., 2004; Bizon
and Gallagher, 2005). Data from the light dark box paradigm, traditionally used as an
assay to detect aniolytic/anxiogenic activity, showed a marked change in behaviour
following chronic corticosterone treatment which may represent a glucocorticoid
induced effect on memory consolidation. Thus corticosterone treated mice failed to
habituate to the test and therefore appeared to exhibit an anxious phenotype, this
seems to normalise on withdrawal of exogenous corticosterone.

This may be

analogous to the phenomenon of altered cognitive performance reported in Cushing’s
syndrome patients which normalises following restoration of normal circulating
cortisol levels (Starkman etal., 2003).

The effects on hippocampal neurogenesis, hippocampal volume and performance in
the light dark box seem to be dependent at least partly on chronic exposure of the
mice to glucocorticoids, however in contrast to this, the effects of corticosterone in the
forced swim test appear to be most marked following acute exposure. As such it was
observed that a “depression-like” phenotype was manifest following acute and 7 day
treatment with corticosterone but at 14 and 21 days there were no significant
differences between placebo and corticosterone treated mice. This is interesting as it
presents the possibility of an adaptive change causing a reduction in depression like
behaviours following chronic elevated glucocorticoid levels unlike the results for the
previously mentioned studies.
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Biochemical studies on brains from corticosterone treated mice to determine effects
on Bcl-2 and Bax protein expression imply that none of the effects described above
are a result of an imbalance in the normal apoptotic processes that occur in the CNS
since corticosterone treatment failed to alter Bcl-2 or Bax protein expression. These
data confirmed and extended literature reports which had investigated Bcl-2 protein
expression following administration of the synthetic glucocorticoid dexamethasone
(Kim et al., 2004). The caveat to this conclusion is however that corticosterone could
be causing increased apoptosis via a non Bcl-2 mediated pathway.

Despite the lack of effect on Bcl-2 expression of corticosterone treatment there were
marked increases in Bcl-2 protein expression following both chronic antidepressant
and 5-HT receptor subtype selective antagonist treatments. These changes were
observed following chronic treatment with imipramine, amitriptyline, citalopram,
WAY100635 and SB221284 and were in the main part specific to the hippocampus.
This is in contrast to reports on mood stabiliser induced changes in Bcl-2 which have
been observed in the hippocampus and cortex (Chen et a/., 1999b; Li et a/., 2003).
The inference from these results is that antidepressant induced changes in Bcl-2
protein expression may be mediated by alterations to the 5-HTia and

5 -HT2C

receptors. The fact that corticosterone treatment is well known to decrease 5-HTia
receptor function (Laaris et a/., 1995; Fairchild et a/., 2003) but did not affect Bcl-2
may therefore seem surprising however it has been suggested that glucocorticoid
and antidepressant induced changes in 5-HTia receptor function may be via distinct
mechanisms (Le Poul etal., 1997).

Several literature reports have linked increased Bcl-2 expression and increased
neurogenesis (Abe Dohmae et al., 1993; Chen et al., 2000) however results
presented in this thesis seem to cast doubt on the idea that Bcl-2 expression is
altered in situations where neurogenesis is manipulated, given the effects of
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fluoxetine and corticosterone on hippocampal neurogenesis but lack of effects on Bcl2 expression. It may however be that the increased expression of Bcl-2 is restricted
to newborn cells and hence Western blotting studies do not have sufficient sensitivity
to detect subfield specific effects, this could be confirmed using double antibody
labelling techniques.

The chronic antidepressant and 5-HT receptor antagonist mediated effects on Bcl-2
seem to be consistent with reported adaptations to 5-HTia and 5-HT2C receptors
following chronic antidepressant treatments whereby either desensitisation or
downregulation of these receptors has been reported (Le Poul etal., 1995; Serretti et
a/., 2004).

Simply blocking these receptors is not the cause of Bcl-2 protein

expression changes as shown by the lack of effect of acute administration of 5-HTia
and

5 -HT2C

adaptive

receptor selective antagonists, pointing perhaps to an intracellular

change

following

repeated

blockade

by

antagonists

or

by

desensitisation/downregulation by chronic antidepressant treatment.

The antidepressant/Bcl-2 link is made even more intriguing by the fact that central
injection of Bcl-2 peptide fragments resulted in an “antidepressant-like” phenotype in
the forced swim test albeit to a much lesser degree than with most currently
prescribed antidepressants.

This result demonstrates for the first time that

manipulating Bcl-2 levels pharmacologically rather than genetically can directly
influence behaviour in mice and provides further evidence that increasing Bcl-2 levels
may have beneficial effects in the treatment of affective disorders. It should be noted
that the concentrations of Bcl-2 administered are unlikely to be physiologically
relevant and as such may not be achieved in a clinical situation. The mechanism by
which this occurs is unclear but may be as a result of modulating serotonergic
transmission as evidenced by the increased cortical 5-HT metabolism following Bcl-2
peptide

fragment

administration.
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5.2 Further Work
Given the decreased neurogenesis following 7 day corticosterone washout it would
be important to carry out a study whereby a cohort of animals were treated for 28
days with corticosterone and to treat a subgroup of these animals with fluoxetine or
imipramine to determine whether the levels of hippocampal neurogenesis return to
baseline more quickly following antidepressant versus vehicle treatment. Another
worthwhile study would be to extend the washout period to 14 or 21 days after
cessation of corticosterone release to determine exactly how long it would take
before levels of neurogenesis naturally returned to baseline (if at all). None of the
data presented here provides any definitive answer to the exact mechanism of this
corticosterone induced change and as such the use of receptor selective antagonists
for MR and GR receptors such as spironolactone and mifepristone in combination
with the methods described here may further elucidate a specific receptor type
involved. Furthermore, given the apparent antidepressant like response to centrally
administered Bcl-2 peptide fragments in the FST combining central peptide
administration with the corticosterone and antidepressant regimes described in the
neurogenesis studies in chapter 3 could reveal useful information concerning the
potential role of Bcl-2 in depression and the interaction between corticosterone,
neurogenesis and antidepressants.

Due to the apparent lack of influence of glucocorticoids on apoptotic factors (Bek
2/Bax) the effects of corticosterone on hippocampal volumes would appear to be
more likely due to dendritic pruning (which has been reported following corticosterone
treatment (Wellman, 2001)).

For these and the other neurogenesis experiments

discussed here there would be value in further investigating the integration of these
newborn cells into existing neuronal circuitry as newborn cells which do not form
functional synapses are unlikely to exert any influence over brain function.

The

questions of synaptic connectivity and dendritic morphology could be investigated
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simultaneously by combining BrdU labelling with a marker for synaptic connectivity
such as synapsin and also using a dendritic marker such as MAP2 to determine the
extent of dendritic arborisation. In a similar fashion, triple labelling techniques could
be utilised to verify the ultimate lineage of these BrdU positive cells using NeuN as a
neuronal marker and GFAP to label glial cells.

The lack of effect of chronic

corticosterone administration on Bcl-2 and Bax expression would also benefit from
further investigation by extending the studies presented here to measure changes in
protein expression of other Bcl-2 protein family members which may reveal a different
mechanism for glucocorticoid influence over apoptosis.

Although region and time dependent increases in Bcl-2 expression were observed
following antidepressant treatment, the fact that fluoxetine failed to elicit an effect
presents a number of unanswered questions about the relevance of this change. As
previously stated the fluoxetine finding may warrant a detailed dose response
analysis for each of the antidepressants tested as well as a more comprehensive
timecourse to determine the minimum dosing time required to increase hippocampal
Bcl-2 expression. Transgenic mouse lines would also provide an ideal mechanism to
study these effects on Bcl-2 and the use of serotonin transporter, 5-HTia and 5 -HT2C
knockout mice would be valuable tools. Extending the studies to other classes of
antidepressant would also be a worthwhile exercise. Including an NSRI and a MAOl
would provide information on the relative importance of the serotonergic and
noradrenergic systems and using double and triple reuptake inhibitors would further
extend these findings. The fact that certain subtypes of 5-HT receptor seem to have
greater involvement than others could also be further explored.

Investigating the

relative roles of pre and post synaptic 5-HTia receptors could be carried out by using
focal injection techniques to administer agonist or antagonist at the level of
serotonergic cell bodies or terminal regions. While the data presented here do not
explore the possibility of specific adrenoceptor subtypes having a role in the Bcl-2
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response, acute and chronic dosing studies with receptor subtype selective
antagonists at the various adrenoceptors would help to clarify this role.

One particular shortfall of the Western blotting technique described here to determine
the levels of Bcl-2 and Bax is that it is at best semi-quantitative. The ability to more
accurately quantify the levels of Bcl-2 and Bax protein expression and therefore look
at relative ratios of the two would be particularly useful. There are now commercially
available ELISA assay kits which may allow this sort of quantification and their use
would give a much more accurate picture of the effects of the treatments described in
this thesis on pro and apoptotic factors. Similarly the use of Western blotting on large
brain regions such as those described here also presents the possibility of more
subtle

regional

effects

being

missed

which

could

be

elucidated

using

immunohistochemical techniques to look at Bcl-2 immunoreactivity on brain sections
of mice treated with the compounds described in this thesis.

Neurochemical and behavioural studies following central injection of Bcl-2 peptide
fragments revealed a significant effect on both 5-HT metabolism and on behaviour,
this was only carried out at a single dose of peptide and a more comprehensive dose
response curve to the Bcl-2 peptide fragment would be an essential part of any future
work (although the cost of such a study may be prohibitive). Experiments to extend
the studies to other assays used to predict antidepressant activity e.g. the chronic
mild stress paradigm, or maternal separation induced pup vocalisation would confirm
that this result is not an artefact of the forced swim test paradigm, in particular the
light dark box paradigm described here. Combining Bcl-2 peptide fragment injection
with the corticosterone pellet implant model to determine if the “anxious” or
“depressed” phenotypes could be reversed following Bcl-2 injection would further
strengthen the case for an antidepressant-like effect of Bcl-2. The central injection
paradigm could also be used to investigate the effects of Bcl-2 on hippocampal
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neurogenesis and as with the behavioural studies suggested above could be
combined with the corticosterone pellet implant model to determine if neurogenesis
deficits could be reversed. The question as to whether Bcl-2 has trophic activity in
vivo still remains unknown and could be investigated by extending the monoamine
lesioning studies described here to determine if Bcl-2 affects the recovery of 5-HT or
noradrenaline containing neurones. Finally the availability of inhibitors of Bcl-2 such
as HA14-1 present the possibility of verifying some of the effects observed in this
thesis as being Bcl-2 specific. These inhibitors have to date only been tested in vitro
(Wang et al., 2000) and therefore several characterisation studies would be required
to determine dosing routes, doses and timings to develop suitable in vivo studies.
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5.3 Conclusions
Taken together the results presented in this thesis illustrate that the chronic
corticosterone pellet implant model described may be a valuable tool for inducing
pharmacologically

reversible

hippocampal

neurogenesis/volume

deficits

and

investigating anxiety and depression behaviours in mice. These studies may be of
particular value when used to investigate putative antidepressant therapies and may
have specific relevance in relation to conditions such as PMD where HPA axis
imbalance seems to have a more significant role.

Further investigation of the model may provide insight into it’s potential utility to study
cognitive deficits with a view to modelling these for affective dsorders or perhaps
even other psychiatric disorders such as schizophrenia and bipolar disorder which
have reports of both disrupted HPA axis (Muck-Seler et al., 1999) and cognitive
deficits (Flashman and Green, 2004).

There is also strong evidence from the data presented here that manipulation of Bcl-2
protein expression may be an important step in the mechanism of action of
antidepressant therapies. The fact that this seems to be hippocampal specific and
only manifests itself after repeated administration may indicate that acutely increasing
Bcl-2 levels would provide a more rapid onset of antidepressant action. The effects
on the serotonergic system following central administration of Bcl-2 fragments may
indicate a level of crosstalk between the serotonergic system and the Bcl-2 family of
proteins and this could possibly be exploited to further elucidate the mechanism of
action of antidepressant therapies. The scope to develop a modulator of Bcl-2 as a
potential novel antidepressant may be limited due to the potential tumour risk of
inhibiting apoptosis in man, however there are limited research efforts to develop
gene therapies to potentiate Bcl-2 with a view to treating both spinal nerve injury
(Neuro-Genesis in collaboration with M.I.T.) and for the treatment of a variety of
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disorders including stroke and peripheral nerve injury (Idun in collaboration with
Selective Genetics) although both efforts have been halted.

The data in this thesis in conjunction with previously published literature provides
additional

evidence strengthening the

relationships

between glucocorticoids,

antidepressants and pro/anti-apoptotic proteins with regards to depression and the
mechanism of action of antidepressants, and are summarised in diagramatic form in
figure 5.1.

Figure 5.1 Possible Interactions Between Antidepressants, Glucocorticoids and Bcl-2.
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Diagram of potential interactions suggested by data presented in this thesis and
published literature data.
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Appendix i - Validation of BDNF Protein Quantification by ELISA.

All experiments were carried out as described in section 2.1.2.

Initial experiments revealed no change in hippocampal BDNF protein expression
following 14 day treatment with fluoxetine or imipramine (F=1.06, p=0.38) (figure A1).
Given the extensive literature demonstrating increased BDNF mRNA and protein
expression following chronic antidepressant treatment (albeit the majority of this is in
the rat rather than the mouse) this seemed surprising. The lack of effect prompted a
series of experiments to validate the assay. Standard curves were as expected from
the manufacturers protocol (figure A2).

Figure A 1 The Effects of 14 Day Antidepressant Treatment on BDNF Levels in
Mouse Hippocampus.
BDNF

C 40

o

-30

Veh

Im ip ra m in e

F luoxetine

Treatment

Effects of 14 day treatment with fluoxetine or imipramine (lOmg/kg i.p.) on BDNF
protein expression in the hippocampus.. Data shown are mean ± s.e.m. with n= 5-6
per group.
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Figure A2 A Representative Standard Curve from the Promega ELISA Kit.

Standard Curve
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BDNF (pg/ml)
Representative standard curve constructed from BDNF assay standard. Data are
meant s.e.m. expressed as relative optical density (ROD). n=3 per concentration.

Samples were prepared in two different ways, firstly neat tissue homogenate as
described in section 2.1.2 was prepared.

An aliquot of this homogenate was

removed and centrifuged at 14,000 rpm for 10 minutes at 4C, supernatant was
removed and stored on wet ice until ready for analysis.

Crude homogenate and

supernatant were then diluted to varying concentrations (1 in 10,1 in 50 and 1 in 100)
with each sample being aliquoted into two samples with one sample being spiked
with a known (50ng/ml final concentration) amount of BDNF standard.

Results

showed that there was no dilution dependent decrease in BDNF concentration in
either the homogenate or supernatant samples with the exception of the 1 in 100
diluted samples (figure A3). Given this strange result the experiment was repeated
on supernatant using a more extensive range of spiking concentrations (50-200pg/ml
final concentration).

Once again there was no concentration dependent effect of

spiking (figure A4). As with the first study results failed to show a concentration
dependent increase in BDNF levels in accordance with with the level of spiked
standard.
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Figure A3 Dilution and Spiking Experiments to Determine Optimal Protein
Concentration.
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1\10 1\50 1\100

Spiked-------

Treatment
Effects of dilution (1/10-1/100), centrifugation (homogenate and supernatant) and
spiking (50ng/ml) on BDNF protein detection in the hippocampus as measured by
ELISA. Data shown are mean values as interpolated from a standard curve. n= 2 per
group.
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Figure A4 Repeat Spiking Experiment to Determine BDNF Concentration in
Hippocampal Supernatants.

Hippocampal Supernatant
30i

20 -

G)
Q.
10 -

1\100

1\100+50

1M 00+100

1\ 100+200

Sample conditions
Effects of spiking (50-200ng/ml) on BDNF protein detection in hippocampal
supernatants (diluted 1/100) as measured by ELISA. Data shown are mean values
as interpolated from a standard curve. n= 2 per group. 1\100+50 = supernatant
diluted 1 in 100 and spiked with a final concentration of 50pg/ml of BDNF protein
standard.

Finally to determine if there may be an issue with detection of non specific proteins
due to antibody cross reactivity, hippocampal samples were prepared for Western
blotting and probed with the ELISA kit capture antibody. Results showed extensive
cross reactivity with a range of proteins of varying molecular weights (figure A5) with
no clear band at the expected position for BDNF (13kDa). At this point it was decided
not to continue with BDNF protein quantification.
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Figure A 5 Western Blot of Hippocampal Supernatants with ELISA Kit Primary
Capture Antibody for BDNF.

2 5kD a
15kD a

Western blot showing extensive cross reactivity of BDNF ELISA antibody with a large
number of non specific proteins.
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Appendix ii - Optimisation of Western Blotting Conditions

Examples of Western blots to determine optimal protein and antibody concentrations
for the detection of Bcl-2 and BAX in tissue lysates are shown below. Conditions
were chosen based on the ability to robustly detect both increases and decreases in
protein expression. This was determined by ensuring the repense was within the
linear part of the dynamic range of the Odyssey infrared imaging system. Antibody
concentrations for the GAPDH housekeeping protein were chosen based on literature
reports and in house experience.

Figure A6 Optimisation of protein and antibody concentration for Bcl-2
A
# #

B

C

.

35kDa 000

W

30kDa m y , fBP.
25kDa
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"#15kDa
1

2
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3

4

1

2
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4

Blots illustrating various protein concentrations (Lane 1-50pg, Lane 2-20pg, Lane 35pg) and Bcl-2 antibody dilutions (1:100-panel A, 1:200-panel B, T.400-panel C).
Lane 4 represents rainbow marker sample indicating marker band molecular weights.
Protein band of interest indicated by {<-). Samples shown are cortical lysates which
showed two non specific bands in the vicinity of the Bcl-2 band not seen in
hypothalamus or hippocampus.
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Figure A7 Optimisation o f protein and antibody concentration for Bax
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Blots illustrating various protein concentrations (Lane 1-50pg, Lane 2-20pg, Lane 35pg) and Bax antibody dilutions (1:100-panel A, 1:200-panel B, 1:400-panel C).
Lane 4 represents rainbow marker sample indicating marker band molecular weights.
Protein band of interest indicated by (<-). Samples shown are cortical lysates.

From the above studies a protein concentration of 20pg/lane was chosen and an
antibody dilution of 1:200. These conditions were used for all studies presented.
Representative blots of drug treated samples are shown in figures A8-11 below.
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Figure A8 Illustrative Western Blot o f Hippocampal Lysates Blotted for Bcl-2 Protein.

25kDa
Western blot for Bcl-2 following 14 day treatment with receptor subtype selective 5HT antagonists. Lane 1- Compound A, Lane 2- Vehicle, Lane 3-M I00907, Lane 4WAY100635, Lane 5- SB221284, Lane 6- rainbow marker. Samples were loaded in
random order to avoid bias as a result of uneven protein transfer. 20pg protein
loaded per well, 1;200 dilution of Bcl-2 antibody. {->) indicates band of interest.
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Figure A9 Illustrative Western Blot o f Hippocampal Lysates Blotted for Bax Protein.

25kDa

Western blot for Bax following acute treatment with corticosterone (40mg/kg).
Lane 1- vehicle, Lane 2- corticosterone, Lane 3-vehicle, Lane 4- corticosterone. Lane
5- Bax positive control. Lane 6- rainbow marker. Samples were loaded in alternating
groups to avoid bias as a result of uneven protein transfer. 20pg protein loaded per
well, 1:200 dilution of Bax antibody. ( ^ ) indicates band of interest.
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Figure A10 Illustrative Western Blot of Hippocampal Lysates Blotted for GAPDH
Housekeeping Protein.
1

2
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4

5

6

35kDa

Western blot for GAPDH following acute treatment with corticosterone (40mg/kg).
Lane 1- vehicle, Lane 2- corticosterone, Lane 3-vehicle, Lane 4- corticosterone. Lane
5- BAX positive control, Lane 6- rainbow marker. Sample were loaded alternating
groups to avoid bias as a result of uneven protein transfer. 20pg protein loaded per
well, 1:10000 dilution of GAPDH antibody. Note rainbow markers do not emit in the
channel used to visualise GAPDH (800nm) therefore marker position taken from
alternate channel (700nm) (see fig A ll) .
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Figure A11 - Actual Image from Odyssey Imaging System Illustrating Simultaneous
Quantification of Two Proteins.

50kDa
35kDa

25kDa
15kDa

Blots from figures A4 and A5 above shown as simultaneous Odyssey quantification.
Red bands detected in 700nm channel, green bands detected in 800nm channel.
Samples loaded as described above.
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Appendix iii - Sample Data from Standard Curves. Protein Assays and Illustrations of
Statistical Normality.

Representative Standard Curves
Figure A12 Sample Standard Curve from Corticosterone Plasma Determination by
RIA.
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Figure A 13 Sample Standard Curve from BOA Protein Assay
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Standard curve of BSA protein concentration (x axis) against optical density (y axis)..
Standard concentration range was 0-1 mg/ml.

Data represents mean, n=2 per

concentration.
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Table A1 Representative Data from Protein Assay from Tissue Lysates Prepared for
Western Blotting.

Sample
1
2
3
4
5
6
7
8
9
10
11
12

mg/ml
protein
0.155
0.147
0.148
0.143
0.161
0.145
0.149
0.151
0.145
0.151
0.177
0.140

Sample
13
14
15
16
17
18
19
20
21
22
23
24

mg/ml
protein
0.167
0.146
0.142
0.159
0.165
0.134
0.147
0.142
0.160
0.159
0.158
0.160

Sample protein determinations for tissue lysates expressed as mg/ml. Data shown
are for hippocampal supernatants, diluted 1:50 prior to protein assay.
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Figure A14 Example Plot of Statistical Normality for Determination of Antidepressant
Induced Changes In Bcl-2 Protein Expression.
Normal Prob. Plot; Raw Residuals
Dependent variable: bcl2
(Analysis sample)
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Sample data for expected vs residual values for Western blotting studies.

Data

-40

-30

-20

-10

30

40

Residual

shown are hippocampal Bcl-2 protein levels following antidepressant treatment. Data
normalised as a % of vehicle treated control. Normal probability plots generated by
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Figure A15 Example Plot of Statistical Normality for Determination of Glucocorticoid
Induced Changes In Hippocampal Neurogenesis.
Norm al Prob. Plot; R a w R esiduals
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Sample data for expected vs residual values for BrdU immunohistochemical studies.
Data shown are BrdU positive cell number following corticosterone treatment.
Normal probability plots generated by Statistica software.
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Figure A16 Example Plot of Statistical Normality for Determination of Glucocorticoid
Induced Changes In Locomotor Activity.
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Sample data for expected vs residual values for spontaneous locomotor activity
studies. Data shown are mobile time in seconds following corticosterone treatment.
Normal probability plots generated by Statistica software.
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Figure A17 Example Plot of Statistical Normality for Determination of Antidepressant
Induced Changes In Immobility Time In the Forced Swim Test.
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Figure A18 Example Plot o f Statistical Normality for Determination o f Bcl-2 and Bax
Peptide Fragment Induced Changes In Cortical 5-HT Metabolism.
Normal Prob. Plot; Raw Residuals
Dependent variable: response
(Analysis sample)
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