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II. Summary

M ajor depression is a serious psychiatric disorder and a leading source of disability worldwide. 

However, the precise biological basis of depression remains elusive. Evidence suggests that 

activation of the inflammatory response system may have a pivotal role to play in the 

pathogenesis of certain subtypes of depression. Patients with severe treatment-resistant 

depression or with a history of childhood traum a are often characterised by a pro-inflammatory 

phenotype. In accordance with this, in this thesis, assessment of the circulating inflammatory 

profile in a cross-sectional cohort of severely depressed patients and additionally, in an 

independent cohort of severely depressed patients referred for ECT, revealed that both cohorts of 

depressed patients were characterised by increased circulating concentrations of the 

inflammatory cytokine IL-6 and the acute phase protein, C-reactive protein (CRP). W hile elevated 

concentrations of inflammatory mediators are often observed in depressed cohorts, a more 

targeted symptom-wise approach was employed to study the association between inflammatory 

and neuroendocrine markers and depressive symptomology in the cross-sectional cohort of 

depressed patients. Interestingly, positive correlations were revealed between specific PAXgene 

whole blood monocytic and inflammatory expression markers and the affective depressive 

symptoms, including core depression and anxiety. By contrast no association was observed 

between inflammatory markers and somatic symptom clusters. Therefore, while the onset of 

affective depressive symptoms may be associated with an activated inflammatory response 

system, alternative mechanism(s) appear to underlie the manifestation of somatic symptomology. 

In addition, the severity of childhood trauma in the depressed cohort was negatively associated 

with circulating brain derived neurotrophic factor (BDNF) concentrations and the whole blood 

mRNA expression of the glucocorticoid receptor (GR) and its co-chaperone FK506 binding protein 

5 (FKBP5), which were also found to be decreased specifically in patients who were neglected as 

children. Increased mRNA expression of IL -ip  and IL-6 were observed in depressed patients with a 

history of abuse. Taken together, these results indicate alterations in the inflammatory and 

neuroendocrine systems, which may play a role in the biological basis of major depression.

Activation of the kynurenine pathway and depletion of tryptophan for serotonin synthesis has 

been proposed as a mechanism by which inflammation can precipitate depression. Assessment of 

the inflammatory signature, tryptophan depletion and kynurenine pathway activation in the two  

independent cohorts of severely depressed patients, revealed that despite the presence of a mild 

circulating inflammatory phenotype and depleted tryptophan concentration, there was no 

evidence of peripheral kynurenine pathway activation. Despite this, further assessment in



severely depressed patients referred for ECT, revealed that isolated peripheral blood 

mononuclear cells (PBMCs) from these patients w ere capable of producing inflammatory 

cytokines and inducing kynurenine pathway activity and tryptophan depletion, in a similar manner 

to  the controls, in response to immune stimulation with anti-CD3 or LPS. In addition, adaptive 

immune cells (T cells) had a greater propensity to deplete tryptophan and induce kynurenine 

pathway activation than innate immune monocytic cells. Interestingly, a successful course of ECT 

resulted in the restoration of circulating tryptophan concentrations and an increase in 

unstimulated PBMC tryptophan concentrations, which even when subjected to secondary 

immune stimulation remained unaltered and elevated with respect to pre ECT concentrations. In 

addition, the effect of ECT or its therapeutic efficacy reduced the ability of adaptive immune cells 

to  produce inflammatory cytokines and activate the kynurenine pathway. However, the increased 

circulating inflammatory profile was unaffected by ECT.

The relative contribution of the adaptive immune system was also investigated through the 

assessment o f T-cell subset gene expression and cytokine production. The increased unstimulated 

expression of CD25 and FoxP3 in the depressed cohort prior to ECT, relative to healthy controls, 

indicated the presence of T-reg cells. In addition, PBMC stimulation with the T-cell mitogen anti- 

CD3 revealed a decreased IL-2 mRNA expression in the depressed cohort relative to controls, 

indicative of an impaired immunoproliferative response in the face of an immune challenge. 

Interestingly, successful treatm ent with ECT normalised the expression of the T-reg cell markers in 

addition to restoring IL-2 mRNA expression levels.

This thesis supports a role for a dysregulated inflammatory and stress response system in the 

aetiology of severe depression. It highlights a potential role for immunosuppressive T-reg cells in 

depression and the value of a more targeted symptom-wise approach in the search for 

biomarkers for depression, with an ultim ate goal to  develop personalised treatm ent strategies for 

patients with major depressive disorders. In addition, the findings in this thesis indicate that in the 

absence of kynurenine pathway activation, alternative mechanism(s) may be mediating the 

depleted tryptophan concentrations in idiopathic depression. Finally, this thesis presents novel 

findings which demonstrate the positive effects of ECT treatm ent on the expression of 

im munoproliferative and T-reg cell markers, along with increasing tryptophan availability, both at 

a cellular level and in circulation. These findings highlight the need for a more in-depth 

assessment of the contribution of T-cell subsets in the pathogenesis of depression and suggest 

that the effect of ECT may be mediated, in part, through its impact on inflammatory processes.
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Chapter 1

Introduction



1.1 Major Depressive Disorder

M ajor depression is a serious and disabling psychiatric disorder with a high relapse rate and a 

lifetime prevalence of 16%. Predominantly affecting women more than men in a ratio of 2:1, 

approximately 70% of depressed patients suffer from recurring episodes of which the severity and 

duration intensifies overtime (Frank and Thase, 1999). A strong genetic component also 

predisposes individuals to the onset of a depressive episode which affects 15% of women and 8% 

of men (Kessler et al., 1994). Consequently, this lifelong condition is a leading cause of illness 

worldwide and is predicted by the W orld Health Organisation (WHO) to be the second main 

contributor to the global burden of disease by 2020 (Kessler et al., 2003). In Ireland alone 

approximately 300,000 people suffer from depression with an average of 500 completed suicides 

a year (AWARE). W ithout appropriate treatm ent, a depressive episode can persist for an average 

of 9-12 months while recurrent and chronic depressive episodes can prevail for an average of 5-8 

years (Frank and Thase, 1999). The debilitating symptoms of major depression include cognitive 

and affective symptoms such as depressed mood, anhedonia, feelings of helplessness, 

hopelessness and worthlessness, guilt, anxiety and suicidal thoughts and somatic or vegetative 

symptoms such as sleep disturbance, fatigue or lack of energy, significant weight change, 

psychomotor retardation and diminished ability to concentrate. Diagnostic criteria for major 

depression outlined in the Diagnostic and Statistical Manual for M ental Disorders IV (American 

Psychiatric Association, 2000), include feelings of depressed mood and impaired functional ability 

in the presence of at least five of the above mentioned symptoms to occur consecutively over a 

prolonged period. However, to date the diagnosis of depression is not etiologically or biologically 

derived given the heterogeneity of major depression and the lack of specificity of the proposed 

biological markers (Mossner et al., 2007).

Depression severity and the degree of im pairment can be categorised as mild, m oderate or 

severe. Additionally, major depression is a highly heterogeneous condition that presents in a 

variety of sub-types. For example, reactive depression may emerge as a result of a traum atic life 

event such as bereavement while biological or chemical alterations are thought to  underlie the 

development of endogenous depression. W ithin this, clinical depression can be categorised into 

individual sub-types such as melancholic depression or atypical depression.

Melancholia is a very severe form of depression commonly resulting in hospitalisation and 

predominately affects people >40 years of age. Extreme self-reproach, manifest in feeling of 

helplessness, hopelessness and worthlessness feeds into a dread of future prospects at the 

thought of their apparent self-deficiency. O ther consistent features o f melancholia include severe 

anhedonia and loss of libido, diminished interest and un-reactive mood, insomnia, reduced
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appetite and weight loss and diurnal variation in mood with greater depression severity 

experienced in the morning (Rush and Weissenburger, 1994). In contrast, atypical early onset and 

often chronic depression, experienced by approximately 15-30% of the depressed population, is 

characterised by inverse neurovegetative symptomology evidenced by increased appetite and 

weight gain, hypersomnia and the progression of depressive symptomology severity over the 

course of the day. In contrast to melancholia, patients with atypical depression have the ability to 

respond positively to pleasurable experiences (Levitan et al., 1997, Thase, 2007).

1.2 Pharmacological therapies for Major Depression

Currently, treatm ent with selective serotonin reuptake inhibitors (SSRIs) is the first line treatm ent 

choice for m oderately severe major depression. SSRIs increase the availability of serotonin in the 

synaptic cleft and prolong stimulation of post synaptic receptors through inhibition of reuptake 

via the pre synaptic cells (Berton and Nestler, 2006). Other commonly prescribed antidepressants 

include serotonin noradrenaline reuptake inhibitors (SNRI), noradrenergic and specific 

serotonergic antidepressants (NaSSA), tetracyclic antidepressants/serotonin modulator and 

tricyclic antidepressants (TCA) all which act through monoaminergic mechanisms. The therapeutic 

efficacy of this range of antidepressants is similar. However, SSRIs as compared with first 

generation antidepressants such as the TCAs (which non-selectively inhibit the reuptake of 

multiple neurotransmitters in the brain such as dopamine noradrenaline and serotonin) are more 

tolerable with few er, less severe side effects (Ferguson, 2001).

Recent advances in antidepressant therapies have led to the development of the first 

melatonergic antidepressant treatm ent which is not dependent on monoaminergic mechanisms 

(de Bodinat et al., 2010). Rather, aglomelatine acts to  normalise the dysregulated melatonin 

output by stimulating the melantonin M l  and M 2 receptors on the pineal gland in synergy with 

antagonising serotonin (5-HT)2c receptor activation in the brain which functions to decrease 

adrenergic and dopaminergic neurotransmission (Aloyo et al., 2009). As depression has been 

associated with disrupted melatonergic output and a subsequent alteration in circadian rhythms, 

normalisation of these biological rhythms have been shown to have a positive impact on key 

depressive symptoms; mood, sleep, appetite and libido (Souetre et al., 1989, Srinivasan et a!., 

2009).
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1.3 Responsiveness to pharmacotherapy

W hile pharmacotherapy targeting monoamine neurotransmission is the first line treatm ent 

choice for major depression, rates of response to initial anti-depressant treatm ent are extremely 

poor with only 30-45% of patients achieving remission (Thase et al., 2001). Subsequent dosage 

augmentation, altered treatm ent duration, treatm ent with another class of antidepressant or 

combination treatm ent is therapeutically efficacious for some patients with remission achieved 

following multiple trials (Bauer et al., 2002). However, approximately 30% of those affected by 

chronic or severe depressive episodes do not respond to  adequate courses of antidepressant 

treatm ents while others are too severely ill or unable to tolerate the adverse side-effects of 

antidepressant medication and subsequently have been term ed medication or treatm ent- 

resistant (McCall, 2001). For these patients, electroconvulsive therapy (ECT) is an important 

treatm ent option and may be the treatm ent of choice (UK ECT Review Group, 2003).

1.4 Electroconvulsive therapy

ECT is the most effective antidepressant treatm ent available; however, despite this, it is rarely a 

first-line treatm ent for major depression. Rather, it is most often offered to treatment-resistant 

patients as a last resort (McCall, 2001). W hile the therapeutic efficacy of ECT is reduced in 

treatm ent-resistant patients relative to those without recognised treatment-resistance, studies 

have shown that approximately 60% of treatm ent-resistant patients do actually remit, while 

therapeutic efficacy for non-resistant patients is very high, with remission rates approaching 90% 

(Prudic et a!., 1996, McCall, 2001, Husain et al., 2004, Eranti et al., 2007). However, ECT is also 

associated with adverse effects on memory and executive function. Although these effects largely 

abate within weeks of completing a course of ECT (Semkovska and McLoughlin, 2010, Semkovska 

et al., 2011), these short-term cognitive alterations, coupled with the need for anaesthesia, have a 

negative impact on the perception and uptake of this treatm ent with pharmacotherapy thought 

to be a safer treatm ent choice.

ECT can be administered bilaterally (bitemporal position) or unilaterally on the right [Figure 1.1].

W hile bitemporal ECT had been found to be therapeutically more effective, right unilateral ECT

(RUL) is associated with few er cognitive side-effects (Sackeim et al., 1993). By increasing the

electrical stimulus dose at least 6 times above the seizure threshold the effectiveness of RUL ECT

can be greatly enhanced and is comparable with the effectiveness of suprathreshold bitemporal

ECT (McCall, 2001). However, increasing the electrical stimulus is also associated with a dose

dependent increase in cognitive side effects (Kellner et al., 2010). W hether or not these cognitive
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side effects are of a smaller magnitude than those induced by bitemporal ECT remains to be 

definitively elucidated. W hile the mechanism(s) by which ECT exerts its therapeutic efficacy are 

largely unknown certain hypotheses have been put forward (Wahlund and von Rosen, 2003).

Figure 1.1 Illustration showing the most frequently employed electrode configurations for administering 

ECT (Reprinted with permission from the Massachusetts Medical Society; Copyright Massachusetts 

Medical Society 2011).

1.4.1 The effect of ECT on monoamines

In addition to the therapeutic effects of pharmacological agents targeting monoaminergic 

neurotransmission, ECT is also thought to enhance the transmission of dopamine, noradrenaline 

and serotonin in particular (Yoshida et al., 1998). Specifically, preclinical evidence suggests that 

electrical stimulation of the medial prefrontal cortex induces a current-dependent increase in 

serotonin output which is not evident upon stimulation of other regions in the limbic system 

(Juckel et al., 1999). This is interesting given the clinical findings implicating alterations in 

prefrontal cortex activity in depressed patients (Soares and Mann, 1997) and may represent a 

mechanism by which ECT induces its therapeutic effect.

Bitemporal Right unilateral
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1,4.2 The effect of ECT on BDNF

Alterations in neurotrophin expression and function, particularly brain derived neurotrophic 

factor (BDNF), have been widely implicated in the pathogenesis of depression and It is thought 

that ECT may have a positive effect on the neurotrophin system and specifically BDNF. BDNF has a 

central role In neuronal proliferation, regeneration and survival, neurogenesis and synaptic 

plasticity (Tapia-Arancibia et al., 2004). However, both stress and Inflammation can disrupt the  

expression and function of BDNF (Schaaf et al., 1998, Barrientos et al., 2003). In accordance with 

this, Karege et al. (2005) have shown decreased BDNF expression In suicide victim post mortem  

hippocampal and prefrontal cortex tissue, while others have repeatedly reported reductions In 

the circulating concentration of BDNF In depressed patients (Karege et al., 2002, Cattaneo et al., 

2010). Consequently, reduced availability o f BDNF and the subsequent loss of neuronal protection 

and neurogenesis, which may have a role to  play in the pathogenesis of depression, has led to the  

neurotrophin hypothesis of depression (M artlnowich et al., 2007).

Furthermore, studies have demonstrated increased expression of BDNF following successful 

antidepressant treatm ent (Cattaneo et al., 2010), while others have demonstrated a role for BDNF 

In the metabolism and synthesis of serotonin (Siuciak et al., 1996). In accordance with this, 

preclinical evidence suggests that ECT may also have a positive impact on neurogenesis and 

increased synaptic connectivity. Specifically repeated electroconvulsive shock (ECS) has been 

shown to Increase neurogenesis and synaptic connectivity in the rodent brain and particularly In 

the dentate gyrus of the hippocampus in a dose-dependent manner (Stewart and Reid, 1993, 

Scott et al., 2000). Further to this, numerous clinical studies have shown an Increase In the 

circulating concentrations of BDNF in patients who respond therapeutically to  ECT (Okamoto et 

al., 2008, PIccinni et al., 2009). Collectively, these findings suggest that the therapeutic efficacy of 

ECT may be in part attributable to its positive effects on neurotrophins and BDNF In particular.

1.5 The monoamine hypothesis of depression

The monoamine hypothesis of depression Is the oldest and most widely accepted hypothesis of 

depression to date. Evidence In support of the monoamine hypothesis of depression arises from  

the observed mood altering effects elicited by pharmacological treatm ents that specifically target 

serotonergic and noradrenergic neurotransmission (Maes and M eltzer, 1995). The ability of TCAs 

and later SSRIs to Increase synaptic concentrations of monoamines by Inhibiting reuptake and 

metabolism in association with alleviating depressed mood was further supported by the 

discovery that serotonin depleting agents or decreased tryptophan availability for serotonin
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synthesis induced the onset of depressive symptomology (Freis, 1954, Delgado et al., 1990, 

Delgado et al., 1999). Consequently, altered or dysfunctional monoamine neurotransmission was 

proposed as a biological risk factor for the onset of a depressive disorder. However, the  

mechanism(s) which drive alterations in monoamine activity, receptor sensitivity and transporter 

function remain to be elucidated. Additionally, pharmacotherapy is only therapeutically 

efficacious in a portion of individuals, with up to 30% of depressed patients classed as non

responders to adequate antidepressant treatm ent (Thase et al., 2001). Consequently, a number of 

other theories have been postulated in an effort to  decipher the underlying biological basis of 

major depressive disorder (MDD).

1.6 The monocyte-T-iymphocyte theory of depression

The monocyte-T-lymphocyte theory of depression, devised by Smith and Maes in the early 1990's, 

proposes that increased pro-inflammatory cytokine secretion in the form of interleukin-1 beta (IL- 

Ip ), tum or necrosis factor-alpha (TNF-a), and interferon-gamma (IFN-y) is responsible for the 

initiation and maintenance of a depressive episode (Smith, 1991, Maes et a!., 1995c). In support 

of this, there is a large body of evidence implicating a dysregulated inflammatory system in the  

pathogenesis of major depression. However, before describing the evidence in support of 

inflammation associated with depression, a brief introduction to the immune system is provided 

and the mechanisms by which cytokines signal and influence brain functions are outlined.

1.7 The innate immune response

In response to stress, injury or invading pathogens the body's first line of defence is the activation 

of the non-specific innate immune response. The primary task for the hosts innate immune cells is 

to  detect pathogen and mount an immediate defensive response resulting in the activation of an 

inflammatory response followed by the initiation of a highly diverse, antigen-specific adaptive 

immune response and subsequent immunological memory (Hoffmann et al., 1999, Medzhitov, 

2001).

Cells of the myeloid lineage including neutrophils, basophils, eosinophils, macrophages and 

dendritic cells and many epithelial cells bear germ-line encoded pattern recognition receptors 

(PRR) such as the Toil-like receptors (TLRs), which are stimulated upon recognition of microbial 

pattern associated molecular pathogens (PAMPs) expressed by foreign bodies. PAMPs are highly
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conserved exogenous signals that alert the host to  the presence of invading pathogen. However, 

in response to stress, traum a, tissue damage or unplanned cell death, host cells release 

endogenous danger signals or damage associated molecular pattern molecules (DAIVlPs) which 

activate the inflammatory and complement cascade in an effort to  restore homeostasis (Bianchi, 

2007).

The bacterial endotoxin lipopolysaccharide (LPS) found on the outer cell wall of gram negative 

bacteria is an example of an exogenous danger signal and is a potent stimulus of the innate 

immune response [Figure 1.2 ]. Recognition of LPS by TLR-4 is facilitated by the association of lipid 

binding protein (LBP) and cluster of differentiation 14 (CD14). The complete complex of LPS, TLR- 

4 and M D -2 (also known as Lymphocyte antigen 96) which assists LPS binding, results in the  

recruitment of adaptor proteins and the initiation of signalling cascades (Fitzgerald et al., 2004). 

TLR-4 signals via tw o distinct pathways (Lu et al., 2008). The myeloid differentiation primary 

response gene (M yD88) dependent pathway involves the recruitment of a series of adaptor 

proteins, including TNF receptor associated factor 6 (TRAF-6), resulting in the downstream  

activation of I kappa B ( I k B) kinase and mitogen activated protein kinase (MAPK) pathways. 

Subsequent phosphorylation of the inhibitory molecule IkB by the IkB kinase (IKK) complex results 

in protein degradation and the release of the transcription factor nuclear factor kappa B (NFkB) 

which translocates from the cytosol to  the nucleus where it initiates the transcriptional expression 

of inflammatory cytokines such as IL-P, TNF-a and IL-6. Alternatively, in response to viral or 

bacterial pathogens, TLR-4 may signal via the M yD88 independent pathway otherwise known as 

the toll interleukin 1 domain containing adaptor protein inducing interferon beta (TRIF) 

dependent pathway. Activation of interferon regulatory factor 3 (IRF3) and NFkB results in the  

production of type 1 interferons and interferon-inducible genes such as interferon alpha and beta 

(IFNa/P) (Lu et al., 2008) [Figure 1.2].

1.7.1 TREM-1

LPS stimulation also induces an increased expression of triggering receptor expressed on myeloid 

cells 1 (TREM-1) [Figure 1.2]. This innate immune activating receptor is expressed by cells of the  

myeloid lineage and is thought to  synergise with TLR4, thereby amplifying the inflammatory  

response and the production of monocytic inflammatory cytokine production (Bouchon et al., 

2001). The functional ability of TREM-1 is dependent on the association of the cytoplasmic 

signalling domain and adaptor molecule DNAX activation protein of 12 kDa (DAP-12). 

Phosphorylation of the cytoplasmic tail and the recruitment of tyrosine kinases instigate the
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activation of signalling cascades culminating in transcriptional activity which potentially interacts 

with NFkB to produce a greater pro-inflammatory response (Colonna, 2003). Additionally, studies 

have shown that activation of NFkB following TLR4 stimulation may up-regulate the expression of 

TREM-1 further promoting an inflammatory state (Zeng et al., 2007). Increased expression of 

Purine-rich Box 1 (P U .l) has been shown to negatively regulate TREM-1 activity and consequently 

dampen the inflammatory response (Zeng et al., 2007).

1.7.2 The acute phase response

The acute phase response, which is a non-specific biological reaction and an integral part of the 

innate immune system, is activated in the presence of inflammation, pathogen invasion and tissue 

Injury. Activation of this early defence mechanism results in the up-regulated secretion of a range 

of acute phase proteins (Pepys and Hirschfield, 2003). Of particular interest to  depression is C 

reactive protein (CRP) which is secreted from hepatocytes in response to IL-6 stimulation. 

Consequently, circulating CRP concentrations are a useful general marker of inflammation. W ith  

regard to depression, numerous studies have reported increased circulating concentrations of 

CRP, indicating the presence of an activated inflammatory response system (Howren et al., 2009, 

Dowlati et al., 2010).
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Figure 1.2 Diagrammatic representation of TLR4 and TREM-l signalling pathways during an inflammatory 

response. LPS binds to TLR4 and signals via the MyD88-dependent pathway which results in the activation 

o f the adaptor protein TRAF6 and the subsequent phosphorylation of the inhibitory IkB complex. This 

results in the release of NFkB, which translocates to the nucleus and promotes the expression of the pro- 

inflammatory cytokines IL-ip, IL-6 and TNF-a and inflammatory mediators such as TREM-1. Upon ligand 

binding, TREM-1 complexes w ith its co-chaperone DAP-12. Phosphorylation of DAP-12 provides docking 

sites fo r SYK family protein tyrosine kinases. The subsequent recruitment of GRB2 and activation o f PI3K 

and ERK signalling pathways results in calcium (Ca2*) mobilisation and the activation o f the transcription 

factors NFkB, AP-1 and NFAT which in turn promote the expression o f pro-inflammatory cytokines. It is 

thought that TLR4 and TREM-1 work in synergy to amplify the pro-inflammatory response. Alternatively, 

viral pathogens can bind TLR4, resulting in the initiation of the MyD88-independent pathway (TRIF) which 

mediates the activation of Type I interferon genes (based on Colonna (2003) and Lu et al. (2008)). API: 

activator protein 1; ERK: extracellular-signal-regulated kinase; GRB2: growth factor receptor binding protein 

2; IkB: I kappa B; NFAT: nuclear factor of activated T- cells; PI3K: Phosphatidylinositol 3-kinase; PLC-y: 

Phospholipase C-gamma.



1.7.3 Cytokines

Cytokines are a heterogeneous group of small cell signalling molecules with a key role in growth, 

differentiation, activation of the inflammatory response and the induction and maintenance of 

the adaptive immune response (Connor and Leonard, 1998). Released from numerous cell types 

in the brain and periphery, cytokines act in synergy or antagonistically to  direct specific immune 

responses through the orchestration of immune cell trafficking and the cytokine induced 

differentiation of immune cells with roles in innate, cytotoxic, cell-mediated, humoral and auto

immunity in association with immune suppression (Borish and Steinke, 2003, Commins et al., 

2010). Broadly speaking, cytokines can be classed as pro-inflammatory, anti-inflam m atory or 

immunosuppressive/regulatory. However, the pleiotropic nature of these molecules enables 

them  to exert a range of effects, depending on the circumstance, the target cells involved and the  

stage of the inflammatory response (Borish and Steinke, 2003, Commins et al., 2010).

A large variety of cytokines are produced by the monocytic and dendritic cells of the innate 

inflammatory response. Upon encountering PAMPs, monocytic cells respond by producing a 

variety of interleukins such as IL -ip , IL-6 and IL-12 along with TNF-a. Additionally, the process of 

dendritic cell maturation and the presentation of antigen to  T-cells results in the production of 

many inflammatory cytokines and chemokines (mediate for immune cell trafficking), which 

dictate the direction of the inflammatory response (Borish and Steinke, 2003). As IL-ip , IL-6 and 

TNF-a have all been implicated in the biological basis of depression a brief description of each is 

provided.

1.7.4 Innate immune cytoi<ines 

1.7.4.1 IL-ip

IL-1(3 is produced by many immune cells which include mononuclear phagocytes, neutrophils, 

endothelial cells and microglia, the resident immune cells in the brain, in response to bacterial 

endotoxins and other pathogenic agents recognised by PRR (Dinarello, 1988). IL-1 signals via the 

type 1 IL-1 receptor ( IL -lR l), which in turn induces the signal dependent activation of NFkB and 

MAPK and transcription of IL -ip  inducible genes (Cao et al., 1996, Malinin et al., 1997). The 

production of IL -ip  has a key role to play in the induction and maintenance of the adaptive 

immune response, promoting increased expression of IL-2 receptors and IL-2 secretion, thereby 

impacting on T-cell differentiation and B cell activation (Gillis and Mizel, 1981, Kaye et al., 1984). 

IL -ip  up-regulates the expression of endothelial cell adhesion molecules, facilitating leukocyte 

adherence to vascular endothelium and cell signalling (Pober et al., 1986). Additionally, IL -ip  also
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has a critical role to  play in th e  m a n ifes ta t io n  of sickness behaviour,  a s tra teg ic  physiological 

r e sp o n se  induced  by th e  im m u n e  sys tem  in an effort  t o  conserve  ene rgy  in o rd e r  to  fight infection 

(Hart, 1988, Dantzer,  2006). S ym ptom s of  sickness behav iou r  include fever,  malaise, loss of 

a p p e t i te ,  and  fa tigue in associa tion  with  an  ac tiva ted  s tress  re sp o n se  sys tem  (Konsman e t  al., 

2002). Preclinical ev idence  suggests  t h a t  t h e  ac tions of  IL-ip in t h e  brain have  a pivotal role to  

play in th e  sickness response .  This is s u p p o r te d  by th e  m an ifes ta t ion  of sym ptom ology  and 

sickness behav iour  following an  im m u n e  challenge with  IL-3 o r  LPS, which a b a te s  in th e  p re se n ce  

o f  th e  IL-1 re c e p to r  a n tag o n is t  (IL-lRa) (see fo r  review D antzer  (2006)). IL-lRa, exp re ssed  in th e  

p re se n c e  of  n u m e ro u s  cytokines such as an t i - in f lam m atory  IL-4, IL-13 and  transfo rm ing  grow th  

f ac to r -b e ta  (TGF-P), an tag o n ises  th e  ac tions of  IL-lp, limiting t h e  d e t r im e n ta l  effects  of chronic IL- 

i p  p roduction  (Morita e t  al., 2001).

P ro longed  ac tivation of  IL-ip in associa t ion  with IL-6 and  TNF-a m ay result  in a m aladaptive  

s ickness re sp o n se  and  t h e  s u b s e q u e n t  m an ifes ta t ion  of  d ep ress ive  sy m p to m s  (Dantzer e t  al., 

2008). Additionally, o th e rs  have show n  th a t  IL-lp and  to  a lesser  e x te n t  IL-6, TNF-a and  IL-2 have 

a role to  play in th e  m odu la t ion  of n e u ro tra n s m it te r s  (Dunn, 1992, Palazzolo and  Quadri, 1992, 

Song e t  al., 1999, Zhu e t  al., 2006). U nder  s tress ,  dysregulation  of this  sys tem  and  particularly 

s e ro n o n e rg ic  neu ro transm iss ion  m ay be in pa r t  responsib le  for  t h e  a l te ra t ions  in m ood ,  em o tion  

and  cognitive processing th a t  a re  m ajo r  characteris tics  of a dep ress ive  ep isode .  Additionally, 

Reichenberg  e t  al. (2001) have  show n  th a t  hea lthy  male v o lu n te e rs  t r e a te d  with  low dose 

endo tox in  display inc reased  co n c en t ra t io n s  of  IL-lRa, IL-6 and  TNF-a which are  positively 

co r re la te d  with  em o tio n a l  and  cognitive d is tu rb a n ce s  ev idenced  by d ep re s se d  m ood ,  m em ory  

im p a irm en ts  and  anxiety.

1.7 .4 .2  IL-6

IL-6 is p roduced  by m any  cells ty p e s  such  as T and  B cells, endo the l ia l  cells and  hepa tocy tes  

a m o n g s t  o the rs ;  how ever,  th e  m a jo r  p roduce rs  o f  IL-6 are  inna te  im m u n e  m ononuc lea r  

phagocy tes  (Commins e t  al., 2010). IL-6 is a ple io tropic cytokine with bo th  pro  and  an t i

in f lam m atory  effects. It is induced  by bac teria l endo tox in  and  t h e  in f lam m atory  cytokines IL-ip 

and  TNF-a. Similar to  IL-lp, IL-6 is im p o r ta n t  fo r  im m u n e  cell g row th  an d  differentia tion, 

specifically in rela tion  to  B and  T cell d if fe ren tia t ion  and  p lasm a cell m a tu ra t io n  (Horn e t  al., 

2000). Accordingly, IL-6 in com bina t ion  with  T6F-p polarise Th-17 cell d ifferentia tion .  IL-6 is th e  

s t ro n g e s t  m e d ia to r  o f  t h e  a c u te  p h ase  re sp o n se ,  s tim ula ting  th e  re lease  of p ro te ins  such as CRP 

and  a lbum in  from  t h e  liver a long with  playing a role in im m u n e-m ed ia te d  HPA axis activation.
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p e rh a p s  via d irec t in te raction  with IL-6 r ec ep to rs  in t h e  p araven tr icu lar  nucleus of  th e  

h y p o th a lam u s  th e re b y  inducing th e  s tres s  re sp o n se  and  h y p e r th e rm ia  (Lenczowski e t  al., 1999, 

Horn e t  al., 2000). In acco rdance  with this , while  n u m e ro u s  s tud ies  implicate e lev a ted  HPA axis 

activation  in d e p re s se d  pa t ien ts ,  o th e r  rep o r ts  also sugges t  th a t  p a t ien ts  suffering from  

d ep re ss io n  have an  increased co re  body te m p e r a t u r e  (Szuba e t  al., 1997, Rausch e t  al., 2003).

IL-6 exe r ts  its effec ts  th ro u g h  in te rac t ion  with  th e  IL-6 r e c e p to r  and  t h e  s u b s e q u e n t  d im erization 

o f  t h e  cy toplasm ic g lycoprotein 130 subunit ,  s tim ula ting  t h e  ac tivation of  th e  Janus-Kinase -  

signal t r a n s d u c e r  and  ac tiva to r  of t ransc r ip tion  (JAK-STAT) signalling pa thw ay. Specifically, upon 

IL-6 r e c e p to r  dim erization , th e  IL-6 recep to r -a sso c ia ted  JAKs (JAKl and  JAK2) with  p ro te in  kinase 

activity cross p h o spho ry la te  and  ac tiva te  each  o th e r .  S u b seq u e n t  ty ros ine  phosphory la t ion  of  th e  

cytoplasm ic tail facilita tes STAT-3 binding and  phosphory la t ion  by JAKS. P hosphory la ted  STATs 

d im erise  and  t ra n s lo c a te  to  th e  nucleus w h e r e  th e y  ac tiva te  t h e  t ransc r ip tion  of  IL-6 inducible 

g en e s  (Aaronson and  Horvath, 2002). IL-6 signalling is negatively  regu la ted  by m e m b e rs  of  th e  

s u p p re s s o r  of cytokine signalling 3 (S0CS3), family which negatively regu la tes  JAK-STAT signalling. 

However, chronic p roduction  of IL-6 has b ee n  widely implicated  in m any  inflammatory , 

n e u ro d e g e n e ra t iv e  and  psychiatric d iso rders  such as depress ion .  With regard  to  th e  po ten tia l  role 

o f  IL-6 in t h e  pa th o g en e s is  o f  dep ress ive  sym ptom ology ,  W right e t  al. (2005) have  show n  th a t  

nega tive  changes  in m ood  following inoculation with a typho id  vaccine a re  co r re la te d  with 

e le v a te d  IL-6 concen tra t ions .

1.7.4.3TNF-a

TNF-a is a m ulti-functional cytokine th a t  plays a cen tra l  role in m ediat ing  hos t  d e fe n ce  aga inst 

in tracellular p a th o g e n s  and  bacteria l endo tox in  (Pfeffer, 2003). Similar to  IL-6 and  IL-ip, TNF is 

p ro d u ce d  by m any  cell types  including neutrophils ,  lym phocytes  and  endo the lia l  cells; how ever,  

t h e  m a jo r  p roduce rs  o f  TNF-a are  m o n o n u c lea r  phagocy te s  (Beutler and  Cerami, 1989). The TNF- 

a  r e c e p to r  is ex p re ssed  on  a lm o s t  all cells in th e  body. It is also found  in so lub le  fo rm  d u e  to  th e  

cleaving ac tions of  th e  m e ta l lo p ro te in a se  integrin, TNF-a convert ing  enzym e (TACE) (Black e t  al., 

1997). T here  a re  tw o  distinct fo rm s  of  t h e  TNF recep to r ;  TN F-receptor  I (p75) and  TNF-receptor  II 

(p55) bo th  of  which induce similar effects. Upon TNF re c e p to r  binding, com plex  signalling 

pa thw ays  a re  initiated resulting in t h e  r e c ru i tm en t  o f  TRAF6 and  t h e  s u b s e q u e n t  signal d e p e n d e n t  

activation  of  NFkB and  MAPK (Chen and  Goeddel,  2002). TNF-a plays a critical role in th e  

in f lam m atory  response ,  p rom oting  in flam m ation  via th e  s t im u la ted  expression  of  IL-1(3 and  IL-6 in 

associa tion  with p rom oting  lym phocyte  proliferation, how ever,  TNF-a also m ain ta ins  norm al
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immune function through the initiation of programmed cell death and the induction of cytotoxic 

immunity in response to tum or cells (Yokota et al., 1988, Fong et al., 1989, Greli et al., 1999). 

Additionally, under acute inflammatory conditions, TNF-a increases the expression of endothelial 

cell adhesion molecules, thereby assisting cell trafficking to  sites of inflammation (Pober et a!., 

1986) along with playing a role in the induction of fever and sickness behaviour as discussed in 

relation to IL -ip  (See section 1.7.4.1) (Rodriguez-Angulo et al., 2013). However, chronic low grade 

TNF-a activity has detrim ental consequences for the host, with numerous inflammatory 

conditions, such as multiple sclerosis and Crohn's disease, implicating the involvement of TNF-a in 

the pathogenic process (Hofman et al., 1989, Murch et al., 1991). Additionally, Cope and 

colleagues have reported that chronic TNF-a exposure results in decreased T-cell receptor 

responses by attenuating T-cell receptor signalling, which consequently impairs normal cell- 

mediated immune responses (Cope et al., 1994, Cope et al., 1997).

1.7.5 Adaptive immune cytol<ines

The adaptive immune cytokines IFN-y and IL-2 are the most widely implicated in the pathogenesis 

of depression.

1.7.5.1 IL-2

IL-2 has a central role to play in the generation of the immune response. Produced predominately 

by CD4^ T-cells, IL-2 can also be produced, although to a lesser extent, by CD8* T-cells and natural 

killer (NK) cells. Stimulated from naive T-cells in response to the process of antigen presentation, 

IL-2 production and the up-regulation of the IL-2 receptor are key mediators o f immune cell 

activation and T-cell proliferation. Additionally, along with activating macrophages and playing a 

central role in orchestrating cell-mediated immune activation, IL-2 is required for the growth and 

differentiation of NK cells and B-cells (Caruso et al., 1993).

The IL-2 receptor complex is composed of IL-2 receptor alpha chain (CD25), beta chain (CD122) 

and gamma chain (CD132). CD25, otherwise referred to as 'T-activated', is induced and expressed 

only after T-cells, B-cells and monocytic cells are activated and consequently is considered a 

unique marker of immune cell activation (W aldm ann, 1986, Caruso et al., 1993). CD25 has the 

highest binding affinity while CD122 is responsible for IL-2 signal transduction (W aldm ann, 1991). 

A soluble form of the alpha chain of the IL-2 receptor can also be found in circulation and is often 

used as an indicator of T-cell activation with numerous reports providing evidence in support of
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inc reased  T-cell activation in th e  pa th o g en e s is  of m any  infectious and  im m u n e  re la ted  conditions 

(Caruso e t  al., 1993).

1.7.5.2 IFN-y

IFN-y is t h e  solitary m e m b e r  of  th e  ty p e  II in te rfe ron  class and  is p redom inan t ly  p roduced  by T- 

cells and  t o  a lesser  ex ten t  by natura l  killer cells and  m a cro p h ag e s  with  a functional role in host 

res is tance  aga inst  d isease  (Young and  Hardy, 1995). Specifically, ac tiva ted  cytotoxic and  CD4^ T- 

he lper  1 (Th-1) cells a re  th e  m os t  p o te n t  p roduce rs  o f  IFN-y, t h e  express ion  of  w/hich is amplified 

grea tly  in t h e  p re se n ce  of  th e  inna te  im m u n e  cytokine IL-12 (Wu e t  al., 1993). Upon r ec ep to r  

binding, IFN-y t ran sm its  its signals via t h e  JAK-STAT signalling p a th w a y  ac t iva ted  upon  cross

phosphory la t ion  of specific JAKl and  JAK2 p ro te ins  and  t h e  s u b s e q u e n t  phosphory la t ion  and 

d im eriza tion  of  STATl, which in tu rn  t ran s lo ca te s  to  th e  nucleus and  p ro m o te s  th e  transcr ip tion  

of  IFN-inducible g e n e s  (Aaronson and  Horvath, 2002). The m a g n itu d e  and  d u ra t io n  of  IFN-y 

signalling is negatively regu la ted  by th e  inc reased  expression  of  t h e  in te rfe ron- induc ib le  SOCSl 

pro te in  w hich inhibits th e  r e c ru i tm en t  of STAT th ro u g h  t h e  inhibition of  JAK phosphory la t ion  

(Davey e t  al., 2006).

In addition  to  its anti-viral p ro p e r t ie s  as an  in te rfe ron ,  IFN-y has a d iverse s e t  o f  roles 

o rch e s tra t in g  specific im m unological re sp o n se s  and  c o n seq u e n t ly  is generally  co ns idered  m o re  of 

an in ter leukin  th a n  an in terferon . IFN-y has a cen tra l  role in t h e  d e v e lo p m e n t  and  diffe ren tia tion  

of  t h e  im m u n e  response .  It is a critical s t im ulus for  t h e  induction of  acqu ired  m a crophage  

ac tiva tion  and  diffe ren tia tion  and  p rom oting  a pro -in f lam m atory  re sp o n se  via t h e  s t im ula ted  

ac tiva tion  of  m a c ro p h ag e  cytotoxic activity, increased  in tracellular p a th o g e n  killing and  an tigen  

p re se n ta t io n  in associa tion  with th e  e lev a ted  express ion  of  th e  m a c ro p h a g e  cytokine IL-12, 

th e re b y  m ain ta in ing  IFN-y p roduction  and  th e  in flam m atory  re sp o n se  (Pace e t  al., 1983, Torrico e t  

al., 1991). IFN-y also acts  a lone  and  in synergy with  LPS to  induce inc reased  nitric oxide 

p roduction  with  cytotoxic proper tie s .  IFN-y plays a pa r t  in th e  nega tive  regula tion  of  B-cell 

d if fe ren tia t ion  (Reynolds e t  al., 1987, Ding e t  al., 1988). The pro -in f lam m atory  effec ts  of IFN-y are  

c o u n te r  balanced  by an ti- in flam m atory  cytokines IL-4, TGF-|3 and  IL-10. However, desp i te  this, 

IFN-y is im plicated in n u m e ro u s  in flam m atory  conditions,  a u to im m u n e  d iseases  and  psychiatric 

d iso rders  (Skurkovich and  Skurkovich, 2007).
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1.7.6 The adaptive immune response

The in n a te  and  ad ap t ive  im m u n e  resp o n se s  co l labora te  in a bi-directional m a n n e r  t o  m a in ta in  a 

h o m e o s ta t ic  balance  (Reiner, 2007). However, initial activation  of  lym phocytes, th e  key e f fec to r  

cells o f  t h e  adap tive  im m u n e  response ,  is highly d e p e n d e n t  on  an t igen  p re se n ta t io n ,  cytokine 

p roduc t ion  and  co-s t im ula to ry  m olecu les  from  th e  inna te  re sp o n se  sy s tem  (Hoebe e t  a!., 2004). 

Engulfed and  phagocy tised  microbial m olecu les  by im m a tu re  dendrit ic  cells in th e  first 4  hours  of 

an  im m u n e  re sp o n se  s t im u la tes  t h e  m igration  of  th e s e  cells to  periphera l  lymphoid t is sues  w h e r e  

th e y  m a tu r e  into specialised an tigen  p rese n t in g  cells (APC) and  express  th e  p rocessed  pa th o g en ic  

particles as an t igens  on t h e  cell su rface  (Banchereau  and  S te inm an , 1998). In t h e  lymph nodes ,  

in te rac t ion  b e tw e e n  th e  an t igen  p re se n t in g  m ajo r  histocompatib il i ty  com plexes (MHC) and  th e  T- 

cell r e c e p to r  CDS com plex  initiates th e  ac tivation of  naive T-cells (B anchereau  an d  S te inm an ,  

1998). Following this, t h e  in te rac t ion  b e tw e e n  CD40 and  its ligand exp ressed  on naive T-cells 

p r o m o te  th e  expression  of  th e  B7 m olecules  CD80 and  CD86 on t h e  APC and  in tu rn  com plex  with 

t h e  CD28 on T-cells, th e re b y  providing th e  co-s t im ula tory  in teraction  necessa ry  fo r  T-cell 

ac tivation  (Lenschow e t  al., 1996). The p roduction  of  in flam m atory  cytokines also has a key role to  

play in T-cell ac tivation and  polarisation (M edzhitov  and  Janew ay ,  1997, Vyas e t  al., 2008). The 

inc reased  IL-2 r e c e p to r  expression  and  secre tion  upon  T-cell activation p ro m o te s  T-cell 

p roliferation  and  d if fe ren tia tion  (M edzhitov and  Janew ay, 1997, M aes, 2011). The com plex  

a d a p tiv e  cellular im m u n e  n e tw o rk  and  T-cell d if fe ren tia t ion  results  in d irect and specific im m une  

re sp o n se s  to  various p a th o g en s  as well as offering p ro tec t ion  aga inst potentia lly  harm ful e f fec to r  

re sp o n se s  and  au to im m un ity .  The cells o f  th e  adap tive  im m u n e  re sp o n se  include,

(1) B cells which a re  essen tia l in o rches tra t ing  hum ora l  im m unity  and  im m unological m e m o ry  and 

t ra n s fo rm  into p lasm a cells th a t  p roduce  an t ibod ies ,  which neutra l ise  foreign bodies,

(2) CD8^ cytotoxic T-cells which a re  ac tiva ted  upon  MHC class I an t igen  p rese n ta t io n .  MHC class I 

m olecu les  p re se n t  in tracellular antigenic f ra g m e n ts  from  viral p a thogens ,  intracellular bac teria  o r  

cellular t ran s fo rm a t io n s  to  naive CD8* cytotoxic T-cells (Vyas e t  al., 2008). Upon activation ,  CD8"  ̂

cytotoxic T-cells exe r t  th e ir  defens ive  effec ts  via th e  d irect killing of  viral o r  p a th o g e n  infected  

cells,

(3) CD4* T -he lper  cells which a re  ac tiva ted  upon  extracellu lar an tigen ic  particle p re se n ta t io n  on 

MHC class II m olecu les  (Vyas e t  al., 2008). Activation and  diffe ren tia tion  of  t h e  various CD4^ 

he lper  T-cells results  in a varie ty  of e f fec to r  re sp o n se s  which w o rk  in associa tion  w ith  inna te  

im m u n e  cells to  c lear  p a th o g en  and  regain ho m e o s ta s is  (Reiner, 2007).

16



1.7.6.1TH-1 cells

Th-1 cells have a key role to play in protecting the host against intracellular bacterial and viral 

pathogens (Zhu et al., 2010b). While the production of IFN-y by APC is instrumental in the 

induction of Th-1 cells, IL-12 also has a critical role to  play in the differentiation of Th-1 cells. 

Released by macrophages and APCs in response to invading pathogens, IL-12 promotes the 

inflammatory response, inducing IFN-y production in association with inhibiting Th-2 cell 

development through the suppression of GATA binding protein 3 (GATA-3), the transcription 

factor that drives Th-2 cell differentiation (Reiner, 2007). IL-12 receptor binding on activated naive 

T-cell results in tyrosine phosphorylation of the cytoplasmaic domain of the IL-12 receptor and the 

subsequent activation of the JAK-STAT signalling pathway (Romagnani, 2000, Reiner, 2007). This 

in turn results in the up-regulated expression of the STAT-1 dependent Th-1 specific transcription 

factor T-bet, responsible for driving the production of T-cell derived pro-inflammatory mediators 

such as IFN-y and IL-2 and the up-regulated expression of the IL-12 receptor subunits (Zhu et al., 

2010b, Zhoii et al., 2009). The formation of IL-12 receptor complexes results in STAT-4 induced 

IFN-y production, which collectively results in Th-l-cell differentiation [Figure 1.3]. The production 

of IFN-y from Th-1 cells then promotes further activation of monocytes and macrophages 

resulting in the additional release of monocytic cytokines such as IL-1, macrophage inflammatory 

mediators such as neopterin, and interferon-inducible genes, thereby sustaining a pro

inflammation phenotype (Zhou et al., 2009, Maes, 2011). The interaction between T-cells and 

macrophages via the production of a range of inflammatory cytokines is known as cell-mediated 

immune activation and functions to stimulate and recruit new macrophages, kill infected 

macrophages and promote and maintain the inflammatory response (Maes, 2011).

1.7.6.2 Th-2 cells

Alternatively, in response to an increased presence of the anti-inflammatory cytokine IL-4 which is 

produced by mast cells, basophils and eosinophils, naive T-cells can be differentiated into Th-2 

cells. IL-4 receptor binding induces the expression of the STAT-6 dependent Th-2 specific 

transcription factor and Th-2 cell regulator GATA-3, which drives the production of IL-4, IL-5, IL-10 

and IL-13 (Romagnani, 2000). IL-4 is a potent suppressor of IL-12 as it down-regulates the 

expression of the IL-12p40 subunit, thereby polarising Th-2 cell differentiation and dampening the 

pro-inflammatory response (Romagnani, 2000). Th-2 cells have a key role in the induction of 

humoral immunity, B-cell activation and the production of Immunoglobulin E (IgE) antibody and 

IgG neutralising antibody (Romagnani, 2000).
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Figure 1.3 Th-1 cell activation. Antigen presentation on MHC class II molecules to  the TCR/CD3 complex, in 

association w ith effector cytokine release and the essential co-stimulatory interaction between the B7 

molecules on APC and CD28 receptor on T-cells, results in T-cell activation. In the case of Th-1 cells, the 

inducer cytokine IL-12 stimulates the up-regulated expression of the Th-1 specific transcription factor T-bet 

and the subsequent production of Th-1 cytokines IL-2 and IFN-y. IFN-y in turn activates macrophages via 

cell-mediated immune activation. IFN-y transmits its signal via the JAK-STAT activation pathway, inducing 

the transcription of IFN-inducible genes such as IDO. APC: Antigen presenting cell; IDO: indolamine 2,3 

dioxygenase; IFN: interferon; IL: interleukin; IP-10: interferon gamma induced protein 10; JAK-STAT: Janus 

kinase and Signal Transducer and Activator o f Transcription; MHC: major histocompatibility complex; TCR: 

T-cell receptor; SOCS: suppressor of cytokine signalling; T-bet: T-cell-specific T-box transcription factor.
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1.7.6.3 Th-17 cells

Th-17 cells, which w ere discovered only in recent years, have been shown to be induced by IL-23. 

However, it is now thought that a combination of IL-6 and TGF-(3 potentially induce the 

differentiation of Th-17 cells while IL-23 is critical in the maintenance of Th-17 cells (Bettelli et al., 

2006). The activation of the STAT-3 dependent Th-17 cell specific transcription factor, RAR-related 

orphan receptor C-y (RORC-y), results in Th-17 cell differentiation and the production of IL-17 and 

IL-22 (Chen et al., 2007). Th-17 cells are thought to be involved in acute inflammatory responses, 

orchestrating the recruitment of neutrophils to epithelial cells and promoting growth and 

integrity of epithelial barriers (Wilson et a!., 2007). Differentiation of Th-17 cells is antagonised by 

the production of IFN-y and IL-4 from Th-1 and Th-2 cells respectively (Harrington et al., 2005). Th- 

17 cells have been widely implicated in the pathogenesis of numerous diseases such as Irritable 

bowel syndrome (IBD) and arthritis. However, their contribution to the biological basis of 

psychiatric disorders and specifically major depression remains to be elucidated (Tesmer et al., 

2008).

1.7.6.4 T-reg cells

The regulatory and suppressive cells of the lymphoid lineage are known as regulatory T-cells (T- 

regs). Differentiated in the thymus in the presence of IL-2, natural T-regs with specific T-cell 

receptors for self-antigen are classically defined by the presence of the master regulator and T-reg 

cell transcription factor Forkhead box P3 (FoxP3) in association with increased expression of the 

IL-2 receptor alpha chain, CD25 (Sakaguchi et al., 2009). Activation of FoxP3 induces the 

production of the immunoregulatory mediators IL-10 and TGF-(3 which function to maintain 

immunological homeostasis protecting against autoimm unity and down-regulating T-cell 

activation and inflammatory cytokine production via NFkB inhibition (Bettelli et al., 2005).

IL-10 and TGF-P are also potent inducers of T-reg cell differentiation. TGF-(3 has been shown to  

induce T-reg cells that are suppressed in the presence of IL-6, resulting in Th-17 cell polarisation 

(Bettelli et al., 2006). However, other findings suggest that while natural T-reg cells may be 

polarised to  form Th-17 cells in the presence of IL-6, TGF-(3 induced T-reg cell expression and 

functionality are resistant to  the IL-6 conversion (Zheng et al., 2008). Additionally, the  

immunoregulatory cytokine IL-10 is also a key m ediator in the induction of T-reg cells in the  

periphery. However, studies have shown that these cytokines are not essential in all 

circumstances for normal T-reg cell function (Fontenot and Rudensky, 2005, von Boehmer, 2005). 

Further to this, in addition to direct cell to cell contact as a means of T-reg cell induction, studies
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have show/n that T-reg cell mediated immune suppression occurs via the inhibition of IL-2 

production from effector T-cells, thereby decreasing the ability of lymphocytes to proliferate 

further, which, in turn, suppresses immune responses. However, not all reports are consistent 

with this and others suggest that T-reg cell mediated IL-2 depletion is via the uptake of IL-2 by T- 

reg cells, which coupled with their inability to actively produce IL-2, culminates in decreased 

lymphocyte-proliferation and cytokine production and promotes effector cell apoptosis 

(Thornton and Shevach, 1998, Popmihajlov and Smith, 2008, Cheng et al., 2011). Furthermore, 

regulatory T-cells can also be induced under circumstances of low tryptophan availability as a 

consequence of increased IDO activity and are responsible for the maintenance of immune 

tolerance and protection against autoimm unity and immune pathology (Fallarino et al., 2006). 

W hile it is thought that the balance between Th-17 and T-reg cells may be disturbed in depressed 

patients in favour of increased pro-inflammatory Th-17 cells, no study to date has assessed the  

relative contribution of Th-17 to the pathogenesis of depression while studies investigating the 

involvement of T-reg cells are extremely limited (Haroon et al., 2012).
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Figure 1.4 CD4* T-cell subset activation. Simplified overview of the effector cytokines, the transcription 

factors and T-cell cytokine production from activated Th-1, Th-2, Th-17 and T-reg cells.



1.8 Polarised Macrophage activation

The highly d iverse  and  flexible n a tu re  of  m a c ro p h a g e s  en a b le s  th e m  to  carry o u t  m any  functions 

in add i t ion  to  hos t  d e fe n ce  and  in f lam m ation  such  as t is sue  repair ,  hum ora l  im m unity  and  

im m u n e  su p p ress io n  (M urray and  W ynn, 2011). D epend ing  on  t h e  in flam m atory  and  cytokine 

milieu, m a c ro p h a g e  ac tivation is polarised to  elicit t h e  a p p ro p r ia te  re sp o n se  co m p a ra b le  t o  th a t  

e v id en t  in t h e  T-cell subse ts .  Additionally, T-cells play a key role in t h e  induction and  m a in te n an c e  

o f  dist inct m a c ro p h a g e  ac tivation s ta te s .  Similar to  Th-1 and  Th-2 cells, m a c ro p h a g e  polarisation 

can  be def ined  by tw o  ex trem es :  M l  o r  classical ac tiva tion  and  M2 a l te rna t ive  ac tivation which in 

r e c e n t  yea rs  has been  divided fu r th e r  into various m a c ro p h a g e  su b se ts  w ith  d iverse  functionality  

(Wolfs e t  al., 2011).

1.8.1 Classical activation - M l Macrophages

M l  m a c ro p h a g e s  a re  ac tiva ted  in re sp o n se  to  im m u n e  activation  and  specifically p o te n t  

in f lam m ato ry  cues  such as IFN-y, TNF-a and  M y D 8 8 -d ep en d e n t  TLR agonis ts  (M osser  and  

Edwards, 2008). Th-1 cells a r e  p o te n t  p ro d u ce rs  of in f lam m atory  IFN-y and  TNF-a and  

c o n s e q u e n t ly  cell m e d ia ted  im m u n e  resp o n se s  have a significant role to  play in m a c ro p h ag e  

po larisa tion  (M osser,  2003). Innate  natura l killer cell der ived  IFN-y and  TNF-a cytokine production  

a re  also key inducers  o f  th e  classical m a c ro p h a g e  activation  s ta te ,  which functions to  p re se n t  

an t igen  to  p r im ed  T-cells, susta in  cellular im m unity  and  p ro d u ce  in f lam m atory  m ed ia to rs  and 

noxious ag e n ts  such as reactive oxygen sp e c ie s -a n d  nitric oxide (M osser  and  Edwards, 2008). 

W hile t h e  a c u te  production  of  in f lam m atory  m e d ia to rs  from  cells o f  t h e  in n a te  im m u n e  sys tem  

such  as NK cells p ro m o te  classical m a c ro p h ag e  ac tiva tion  this  is sh o r t  lived. Therefo re ,  th e  main 

M l  m a c ro p h a g e  ac tivation stim ulus co m es  from  t h e  a d a p tiv e  im m u n e  re sp o n se  which susta ins  

t h e  hos ts  acqu ired  pro-in f lam m atory  s ta te  in r e sp o n se  to  microbial invasion, s t res s  o r  t issue 

d a m a g e .

M l  m a c ro p h a g e s  a re  defined  by a high express ion  o f  IL-12 and  low IL-10 in associa tion  with  th e  

exp ress ion  of  inducible nitric oxide sy n th a se  (iNOS), cyc looxygenase  2 (COX-2), IDOl and  th e  

p roduc t ion  of  th e  pro -in f lam m atory  cytokines IL-1(3, IL-6, TNF-a, IL-8, and  IL-23 (M osser  and 

Edwards, 2008, M urray and  W ynn, 2011). An inc reased  p re se n ce  o f  M l  m acro p h ag e s  has been  

r e p o r te d  in n u m e ro u s  a u to im m u n e  and  in f lam m atory  d iso rders  such as rh eu m a to id  arthritis, 

m ult ip le  sclerosis and Crohn 's  d isease ,  which a re  s trongly  assoc ia ted  with m ajo r  dep ress ion  

(M urray  and  W ynn, 2011).
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1.8.2 M2 Macrophages

In contrast to the acquired pro-inflammatory state induced by M l macrophages, M2 

macrophages have diverse roles that encompass immune repair, regulation, suppression and 

antagonism of M l responses (Gordon, 2003). In 1992 Stein and colleagues reported that in the 

presence of IL-4, inflammatory macrophages undergo a phenotypic change resulting in an 

alternatively activated macrophage capable of reducing the production of M l pro-inflammatory 

cytokines and characterised by the up-regulated expression and activity of the phagocytic 

macrophage mannose receptor, a key marker of alternative immunologic macrophage activation 

(Stein et a!., 1992). Alternatively activated macrophages are also typically characterised by high IL- 

10 and low IL-12 expression (Gordon, 2003). Since then, researchers have found that there are 

distinct classes of M2 macrophages which include M2a, b and c amongst others.

1.8.3 M2a -  Alternative activation/repair and regeneration

The secretion of IL-4 and IL-13 from activated Th-2 cells in association with the initial and early 

production of IL-4 from damaged tissue and innate immune basophils and mast cells results in the 

acquired activation of M2a macrophages (Mosser, 2003, Gordon and Martinez, 2010). The M2a 

phenotype is characterised by the activation of STAT-6 and subsequent up-regulation of MHC 

class II (although restricted) and transcription of arginase, which facilitates the production of 

extracellular matrix precursors and subsequent repair and regeneration of damaged tissue (Stein 

et al., 1992, Gordon, 2002). IL-4 and IL-13 induce mannose receptor endocytic activity and 

antagonise IL-1 receptor activity. Additionally, M2a macrophages promote humoral antibody 

production, alternative inflammation and inducible T-reg cell generation, allergy and anti-parasite 

responses (Gordon, 2003, Martinez et al., 2009).

1.8.4 M2b - Immunomodulation

Distinct from other M2 macrophages, M2b macrophages retain the ability to produce adequate 

amounts of pro-inflammatory cytokines such as IL-6, TNF-a and IL-1 in association with high IL-10 

and low IL-12 and are activated in responses to  immune complexes and TLR ligands such as LPS 

and IL-1 receptor ligands. The principal function of these cells is to modulate the immune 

response and promote anti-inflammatory, Th-2 adaptive immune responses (Mosser, 2003).
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1.8.5 M2c - immune deactivation

The immunomodulatory cytokines IL-10 and TGPP and glucocorticoids are instrumental in the  

activation of M2c macrophages, which are potent suppressors of the immune response (M artinez  

et al., 2008). In contrast to  the effects of IL-4/IL-13, IL-10 down-regulates macrophage MHC-class 

II expression and the presence of macrophage co-stimulatory molecules, thereby promoting 

immune cell deactivation and suppression of inflammatory cytokine secretion (Lenschow et al., 

1996, Gordon, 2003). Additionally, following LPS stimulation, IL-10 promotes the induction of 

STAT-3, which acts to inhibit cytokine and nitric oxide production. Furthermore, IL-10 and M2c 

macrophage activation have key roles to play in tissue repair and remodelling (Perrier et al., 

2004).

W hile the study of macrophage activation states in major depression is limited, studies have 

reported the presence of a pro-inflammatory macrophage cytokine signature in patients suffering 

from bipolar depression (Padmos et al., 2008, Drexhage et al., 2011b).

1.9 Acute vs. chronic inflammation

Acute activation of the inflammatory response system (IRS) with an adaptive component is an 

essential host defence mechanism against stress and infection. Under normal physiological 

conditions this process is self-limiting with a distinct term ination. However, failure of the IRS to 

resolve, results in the subsequent development of a maladaptive, chronic low grade inflammatory 

process with detrim ental consequences. Evidence of a low grade inflammatory phenotype is 

apparent in numerous disorders such as cardiovascular diseases, obesity, type 2 diabetes, asthma 

and psychiatric disorders such as major depression. It is not clear what instigates this maladaptive 

process, although Medzhitov (2008) suggests that the emergence of chronic inflammation may be 

a consequence of impaired homeostasis and the dysfunction of physiologic systems not 

necessarily associated with the host defence or tissue regeneration, which are commonly the 

principal initiators of an inflammatory response.

Preclinical studies indicate that psychological stress increases gut permeability thereby enabling 

gut flora to access the systemic system (Bowe and Logan, 2011). In line with this observation, 

Maes et al. (2008) have reported the presence of antibodies against endotoxin from a number of 

commensal bacteria in plasma from depressed patients. Consequently, it is possible that LPS from  

commensal bacteria could stimulate a systemic low grade inflammatory response in depressed 

patients although this remains to be fully elucidated.
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1.10 Mechanisms by which peripherally produced cytokines act on the 
CNS

Over the last 30 years, great advances have been made with respect to deciphering 

communication links between the central nervous system and the periphery, and specifically 

interactions between the immune, endocrine and nervous systems. Prior to  this, the general 

consensus was that the brain was an immune privileged organ, inaccessible and isolated by the  

blood brain barrier (BBB) from peripheral immune responses (Quan and Banks, 2007). However, 

advances in establishing communication mechanisms between the brain and the periphery are 

pivotal to  our understanding of psychiatric disorders. W ith increasing evidence of an 

inflammatory response in major depression, these mechanisms of communication provide a 

means by which large peripherally produced cytokine molecules (17-51kD), unable to passively 

diffuse across the BBB due to their size and structure, can alter neuronal and glial cell function 

and behaviour via cytokine receptor activation in the CNS thereby potentially impacting on mood 

and the manifestation of depressive symptomology (Hopkins and Rothwell, 1995, Szelenyi, 2001).

1.10.1 Mechanisms of communication

Fenestrations in the capillary bed, which ordinarily contributes to the form ation of the BBB, give 

rise to permeable, highly vascularised structures known as circumventricular organs (CVOs). 

Situated around the brain's third and fourth ventricles, these leaky areas of the BBB allow  

circulating inflammatory mediators to act directly on glial cells, which, in turn, produce 

inflammatory signals such as cytokines and prostaglandins, thereby relaying the peripheral 

inflammatory message into the brain parenchyma. In support of this, Saper and Breder (1992) 

have shown that peripherally produced IL-1 acting on neurons in CVOs induce prostaglandin 

secretion and diffusion into the hypothalamic regions innervated with IL-1 containing neurons and 

thereby stimulate the release of centrally produced IL -1 .

Furthermore, there is some evidence to suggest that certain inflammatory cytokines, such as IL -la  

and TNF-a, can be actively transported into the brain via saturable transport mechanisms. 

However, as reviewed by Connor and Leonard (1998), this transport mechanism may only be 

relevant in instances of high circulating concentrations of inflammatory mediators, as it is thought 

that the concentrations of cytokines transported into the brain via this mechanism are negligible.

The neural route is another prominent mechanism by which peripherally produced cytokines can 

impact on neurotransmission in the CNS. Locally produced cytokines secreted from areas such as
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the gastrointestinal tract act on peripheral afferent nerve fibres (vagus nerve), which then relay 

inflammatory signals to their terminus in the nucleus tractus solitarius resulting in the subsequent 

activation of the hypothalamus and the HPA axis along with specific regions in the limbic system 

such as the amygdala (Roth and De Souza, 2001).

Additionally, peripheral innate immune mediators such as IL-1 and LPS have been shown to 

induce the release of inflammatory mediators in the brain through activation and crosstalk 

between perivascular macrophages and endothelial cells that line the cerebral vasculature. The 

mechanisms by which these cells of the cerebral vasculature interact to transm it the immune 

signals into the brain still remain to be fully elucidated. However, it appears that peripheral 

stimulation and subsequent activation of enzymes COX-2 and prostaglandin E synthase from the 

cells result in the central production of prostaglandin E2 (PGE2) which is fundam ental to the CNS 

immune response and the induction of fever, sickness and HPA axis activity (Saper, 2010, Serrats 

et al., 2010). A role for this pathway has been demonstrated in endotoxin induced fever responses 

(Cao et al., 1997).

1.11 Evidence in support of inflammation associated depression

In the last 25 years, the depression literature has focused on investigating the role of 

inflammation in the pathophysiology of major depression. W hile the earliest studies by Kronfol et 

al. (1983) and Schleifer et al. (1984), investigating alterations in immune function in depressed 

and stressed individuals, reported a decreased T-cell proliferative response upon mitogen 

stimulation, mucti of the research to date has largely focused on the involvement of the innate 

immune response with numerous reports highlighting an association between major depression 

and activation o f the innate immune response (Dantzer et al., 2008, M iller et al., 2009, Anisman, 

2011, Leonard and Maes, 2012). In particular, evidence suggests that depression is associated 

with increased circulating concentrations of pro-inflammatory cytokines such as IL-ip , IL-6, TNF-a 

and IFN-y in association with elevations in chemokines and the acute phase protein CRP (Maes et 

al., 1995b, Lanquillon et al., 2000, Cizza et al., 2008, Simon et al., 2008, Diniz et al., 2010, Dowlati 

et al., 2010, Howren et al., 2009, Liu et a!., 2012).

Further to this, it has also been shown that cytokine immunotherapy in the form of IL-2 and IFN-a 

for the treatm ent of Hepatitis C (Hep C) and certain types of cancer such as malignant melanoma 

can induce depression in 30-50% of these patients who are otherwise psychiatrically normal 

(Capuron et al., 2000, Capuron et al., 2001, Bonaccorso et a!., 2001). Additionally, increased 

concentrations of monocytic cytokines such as IL-6 in association with indicators of cell mediated
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immune activation and T-cell subset cytokine production have been highly associated w/ith the 

onset of depressive symptoms following IFN-a treatm ent (Bonaccorso et a!., 2001, Wichers et al., 

2007). Significant symptom overlap between idiopathic and cytokine induced depression has 

been observed (Capuron et al., 2009). Moreover, the development and progression of the 

cytokine induced depressive symptoms can be inhibited with antidepressant treatm ent, 

suggesting that the therapeutic efficacy of antidepressants may be related to im munomodulatory 

properties (Musselman et al., 2001, Raison et a!., 2005).

In accordance with this, numerous studies have reported on the anti-inflammatory properties of 

antidepressants (see review by Kenis and Maes (2002)). Specifically, Kubera et al. (2001) suggest 

that antidepressants may exert their effects via immunoregulatory mechanisms evidenced by 

elevated IL-10 concentrations and a suppressed IFN-y/IL-lO production ratio in stimulated whole 

blood from  severely depressed patients treated with antidepressants in vitro. Others have shown 

reduced whole blood TNF-a concentrations in patients who responded to a 6 week course of 

amitriptyline (Lanquillon et al., 2000), while Seidel et al. (1995) reported a normalisation of the 

elevated IFN-y and soluble IL-2 receptor (slL-2R) concentrations in the patient cohort following 

antidepressant treatm ent. Increased TNF-a plasma concentrations were reduced following a 

course of ECT (Hestad et al., 2003), while others have shown that SSRI treatm ent can reduce 

circulating CRP concentrations in the absence of therapeutic efficacy (O'Brien et al., 2006). 

Additionally, anti-inflam m atory agents have been shown to enhance the efficacy of 

antidepressant treatm ent with findings by M uller et al. (2006) showing an enhanced 

antidepressant efficacy of reboxetine when given in combination with the COX-2 inhibitor, 

celecoxib, a known inhibitor of PGE-2 and pro-inflammatory cytokines, while Raison et al. (2013) 

have shown that depressed patients with higher baseline inflammatory markers respond to  

treatm ent with the TNF-a antagonist, infliximab.

An increased prevalence of depression has also been observed in association with autoimm une  

disorders with up to 50% of multiple sclerosis patients developing clinical depression (Feinstein, 

2011). Additionally, the chronic inflammatory disorder rheumatoid arthritis is also highly 

associated with clinical depression symptoms with up to 42% of patients reporting comorbid 

depression (Bruce, 2008). Therefore, the presence of an autoimm une disease appears to put 

people at a risk 3 times greater than that posed to the general population.

Elevated T-cell stimulated inflammatory cytokine production prior to experiencing a stressful life 

event such as military deployment has recently been shown to be a risk factor for the  

development of depression (van Zuiden et al., 2011). This recent finding represents the  

emergence of a new body of literature, once again addressing the involvement of the adaptive
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immune response in tlie  pathogenesis of depression. Until recently, the depression literature has 

focused on investigating the innate immune response and with a particular interest in the pro- 

inflammatory cytokines IL-6 and TNF-a (Dowlati et al., 2010, Miller, 2010). However, of late, there  

has been a re-emergence of reports in corroboration with early theories by Smith and Maes 

suggesting the involvement of the adaptive/acquired immune response and cell mediated 

immune activation in the pathophysiology of major depression (Maes et al., 1995c). Some reports 

suggest an imbalance in T-cell subset cytokine production with elevated levels of prototypical Th- 

1 cytokines, such as IFN-y, while anti-inflammatory IL-4 and TGF-P produced by Th-2 and Th-3 

cells, respectively, have been found to be significantly lower in depressed cohorts (M yint et al., 

2005, Kim et al., 2007, Sutcigil et a!., 2007).

Additionally, in the early 1990's elevated macrophage secreted neopterin levels, which represent 

increased IFN-y mediated macrophage activation, in association with increased circulating 

concentrations of the slL-2R, were observed in depressed and melancholic patients suggesting an 

elevated presence of cell-mediated immune activation (Caruso et al., 1993, Maes, 1995). In 

support of this, recent findings by Celik et al. (2010) also suggest increased cell-mediated immune 

activity evidenced by elevated neopterin concentrations that are positively correlated with 

recurrent depression and an increased number of depressive episodes.

1.12 The kynurenine pathway

In recent years theories linking the seronotergic and cytokine hypotheses of depression have 

emerged (Maes et al., 2011, Leonard and Maes, 2012). The synthesis of serotonin in the CNS is 

dependent upon the availability of the essential dietary amino acid tryptophan in the blood 

(Russo et al., 2009). In this regard, the kynurenine pathway is the major metabolic pathway for 

tryptophan in the body, resulting in the production of kynurenine and many downstream  

metabolites [Figure 1.5]. Indoleamine 2,3 dioxygenase (IDO) is the rate-limiting, tryptophan  

degrading enzyme of the kynurenine pathway and is up-regulated in response to immune 

activation. Specifically, IFN-y is the most potent inducer of IDO activation. However, IFN-y 

independent mechanisms such as PGE2 or IL-6 in combination with TNF-a or IL -ip , are also known 

inducers of IDO activity (Carlin et al., 1989, Fujigaki et al., 2006, Zunszain et al., 2012). Therefore, 

IDO induction has been proposed as a mechanism by which inflammation can precipitate 

depression via tryptophan depletion.
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In addition to IDO, activation of the hepatic tryptophan degrading enzyme tryptophan, 2,3 

dioxygenase (TDO) in response to psychological stress, glucocorticoids or tryptophan itself, also 

results in kynurenine pathway activation in the liver (M offe tt and Namboodiri, 2003).
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Figure 1.5 Diagrammatic representation of the kynurenine pathway. As a consequence of inflammation, 

decreased tryptophan availability fo r serotonin synthesis and an imbalance in the production of 

downstream kynurenine pathway metabolites, w ith a shift towards greater production of neurotoxic 

quinolinic acid, has been proposed as a mechanism by which inflammation may precipitate depression. 

Metabolites are represented in green boxes, enzymes are represented in blue. NMDA receptor: N-methyl- 

D-aspartate receptor.

1.12.1 A role for IDO

Under normal circumstances IDO has a key role to play in immune tolerance and suppression. By 

decreasing the availability of tryptophan during an innate immune response, pathogenic protein 

synthesis can be inhibited (Taylor and Feng, 1991). IDO activity also acts to  regulate host 

responses and dampen IFN-y production via negative feedback mechanisms (M offe tt and 

Namboodiri, 2003). The combination of increased kynurenine concentrations in association with 

reduced tryptophan availability serves to down regulate lymphocyte proliferation, induce 

apoptosis and promote immune tolerance (Taylor and Feng, 1991). IDO is necessary for maternal 

tolerance during pregnancy and as a defence mechanism against autoimm unity (Munn et al., 

1998, Grohmann et al., 2002). Additionally, high levels of IDO activity and reduced tryptophan
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availability have also been found to induce T-reg cells which provides further support for the role 

of IDO in immune tolerance (Fallarino et al., 2006). However, in the presence of an increased 

inflam m atory drive, as is evident in certain subsets of depressed patients, it has been proposed 

that the increase in IDO activity may be instrumental in the pathogenesis of depression. 

Predinical studies assessing if IDO plays a causative role in the onset of depressive-like behaviour 

have shown that blockade of IDO activation following peripheral LPS administration prevents the 

developm ent of depressive-like behaviour (O'Connor et al., 2009b). Additionally, kynurenine 

administration to mice dose-dependently induces depressive-like behaviour as assessed using the  

forced swim and tail suspension tests (O'Connor et al., 2009b). M oreover, while bacille Calm ette- 

Guerin (BCG) induces inflammation, IDO activity and subsequent depressive-like behaviour in 

wild-type mice, IDO-knockout mice inoculated with BCG display an increased inflammatory profile 

in the absence of IDO activity and depressive like behaviour, thereby suggesting that IDO has a 

central role to play in the onset of depressive symptomology (O'Connor et al., 2009a).

1.12.2 Tryptophan

Reduced availability o f tryptophan for serotonin synthesis or serotonin turnover in the CNS has 

been shown to be associated with numerous symptoms of depression and have mood altering 

effects (Christmas et al., 2011, Maes et al., 2011). Studies have shown that experimental 

depletion of dietary tryptophan, via the administration of tryptophan free diets in combination 

with increased ingestion of large amino acids which compete with tryptophan to cross the BBB, 

induces an acute depressive relapse by inhibiting the therapeutic effects of SSRIs which increase 

serotonin availability in the synaptic cleft (Delgado et al., 1990, Delgado et al., 1999). M oreover, 

decreased circulating tryptophan concentrations in patients receiving cytokine immunotherapy 

fo r the treatm ent of renal cell carcinoma w ere positively associated with the severity of 

depressive symptomology such as severe weight loss, suicidal ideation and an inability to think or 

concentrate (Capuron et al., 2002b). Despite evidence for IDO activity and subsequent reductions 

in peripheral tryptophan availability in cytokine-induced depression. Raison et al. (2010) have 

shown that central tryptophan availability is unaltered following immunotherapy. However, 

Raison and colleagues have also observed decreased levels of the main serotonin m etabolite, 5- 

hydroxyindoleacetic acid (5-HIAA) following IFN-a treatm ent, indicative of alterations in serotonin 

metabolism that are associated with the onset of depressive symptomology (Raison et al., 2009). 

Yet, direct evidence in support of tryptophan depletion as a consequence of kynurenine pathway 

activation in idiopathic m ajor depression is lacking (Hughes et al., 2012).
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1.12.3 Kynurenines

In addition to tryptophan depletion as a mechanism by which kynurenine pathway activation may 

precipitate depression, an imbalance in the production of kynurenine metabolites in favour of the  

neurotoxic N-methyl-D-aspartate (NMDA) receptor agonists may result in glutamatergic 

excitotoxicity and neuronal damage and consequently a neurodegeneration hypothesis of 

depression has emerged (M yint and Kim, 2003). In support of this theory, a number of studies 

have shown altered glutamatergic neurotransmission in depressed patients and post mortem  

tissue with elevated concentrations of glutamate and altered glutamate receptor function 

associated with volumetric changes (Nowak et al., 1995, Sanacora et al., 2004, Bernard et al., 

2011). Such alterations in glutamate neurotransmission may have an impact upon normal 

processing of learning and memory, cognition and emotion (see review by Sanacora et al. (2012)). 

In addition, based on recent pre-clinical data demonstrating that kynurenine itself produces 

depressive-like behaviour in mice, a role for downstream metabolism of kynurenine in mediating 

depressive behaviours has been postulated (O'Connor et al., 2009b).

Kynurenine can cross the blood brain barrier with ease where it is converted by kynurenine 3- 

monooxygenase (KMO), an enzyme predominately expressed by microglia, into the free radical 

generator 3-hydroxykynurenine (3-HK). Downstream of this, the increased enzymatic activity of 

kynureninase results in the production 3-hydroxyanthranilic (3-HAA) and Quinolinic acid (QUIN) 

(Stone and Darlington, 2002). Given that QUIN is a powerful NMDA receptor agonist, excessive 

QUIN production may result in excitotoxic glutamate induced neuronal damage and 

neurodegeneration (Stone, 2001, Nemeth et al., 2007, Muller and Schwarz, 2007). Alternatively, 

metabolism of kynurenine via the enzymatic activity of kynurenine aminotransferase (KAT I and 

II), largely localised in astrocytes, results in the production of the neuroprotective agent kynurenic 

acid (KYNA), which acts to antagonise NMDA receptor activity (Stone and Darlington, 2002). 

Consequently, an imbalance in the production of downstream kynurenine pathway metabolites 

and a shift towards greater production of neurotoxic 3-HK and QUIN has been proposed as a 

mechanism underlying the biological basis of depressive symptomology. Specifically, Wichers et 

al. (2005) observed a positive correlation between depression severity and the neurotoxic arm of 

the kynurenine pathway in the absence of decreased tryptophan availability to  the brain in 

cytokine induced depression. Similarly, Raison et al. (2010) have shown a positive association 

between cytokine induced depressive symptomology and elevated CSF concentrations of 

kynurenine and QUIN. One study assessing kynurenine pathway activation in idiopathic 

depression has also highlighted im pairment in the neuroprotective arm of the pathway evidenced 

by decreased concentrations of KYNA (M yint et al., 2007).
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1.13 Hypothalamic-pituitary-adrenal (HPA) axis hyperactivity

An ind iv idua l's  capacity to  deal w ith  stress is la rge ly co n tro lle d  by th e  HPA axis [Figure 1.6]. A 

dysregula ted stress response system , evidenced by h yp e rac tiv ity  o f th e  HPA-axis, represents a 

vu ln e ra b ility  fa c to r fo r  m a jo r depressive d isorders and is one o f th e  m ost consisten t find ings in 

pa tien ts w ith  m a jo r depression, a lthough o the rs  suggest th a t a typ ica l depression m ay be 

characterised by HPA axis hypoactiv ity  (Parker e t al., 2003, Gold and Chrousos, 2002).

Stress
inflammation

H yp o th a la m u s

CRH

A n te r io r  p itu ita ry

Figure 1.6 Diagrammatic representation of the HPA axis. In response to  stress and inflammation the 

hypothalamus secretes CRH, which stimulates the production of ACTH from the anterior pituitary found at 

the base of the hypothalamus. Circulating ACTH acts on the adrenal cortex and stimulates the production of 

the glucocorticoid, cortisol, which acts to restore bodily homeostasis in response to stress. Cortisol also acts 

to  regulate HPA activity through negative feedback at the level of the hypothalamus and pituitary. CRH: 

corticotropin-releasing hormone; ACTH: adrenocorticotrophic hormone; +: stimulates (based on Hiller- 

Sturmhofel and Bartke (1998).
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In response to psychological or physical stress or a disrupted homeostatic balance with increased 

concentration of pro-inflammatory cytokines, the paraventricular nucleus of the hypothalamus 

secretes corticotropin-releasing hormone (CRH) into the hypothalamic-pituitary portal circulation 

which in collaboration with arginine vasopressin stimulates the production of 

adrenocorticotrophic hormone (ACTH) from the pituitary. Circulating ACTH acts on the cortex of 

the adrenal glands stimulating the production of glucocorticoids (cortisol) which have potent anti

inflammatory and inhibitory effects on NFkB inflammatory signalling pathways and function to  

restore bodily homeostasis (Owens and Nemeroff, 1991). Glucocorticoid receptors (GR) are 

widely distributed throughout the body and are found on multiple target tissues, including the  

brain and immune cells. Under normal physiological conditions, the HPA axis is self-regulatory and 

activity is curtailed via negative feedback inhibition; GR binding in the hypothalamus and the 

pituitary inhibits the activity of the HPA axis and the subsequent release of glucocorticoids. 

Additionally, while cytokines such as IL -ip  and IL-6 can directly act on the GR in the 

hypothalamus, activating the HPA axis, glucocorticoids also act to inhibit the synthesis and 

secretion of inflammatory cytokines, evidenced by the inhibition of endotoxin induced fever in 

animals treated with exogenous glucocorticoids (Coelho et al., 1992).

However, alterations in many aspects of the HPA axis have been widely reported in depressed 

patients. Specifically, depressed patients are characterised by hypercortisolemia evidenced by 

elevated circulating cortisol concentrations in plasma and urine, while increased CRH and cortisol 

concentrations have been detected in cerebrospinal fluid (CSF) (Carroll et al., 1976a, Carroll et al., 

1976b, Nem eroff et al., 1984, Pariante and Lightman, 2008). Moreover, a dysregulation of the 

diurnal pattern of cortisol secretion is observed in depressed patients with raised cortisgl 

concentrations that do not decrease in the evening as normal, thereby leading to the production 

of glucocorticoids 24 hours a day (Pariante and Lightman, 2008).

W hile prolonged elevations in cortisol may be a consequence of chronic stress, alterations in GR 

function and sensitivity are also commonly reported in depressed individuals. Evidence in support 

of decreased glucocorticoid sensitivity, commonly referred to as glucocorticoid resistance, in 

depressed patients arises from studies assessing GR response to the synthetic glucocorticoid 

dexamethasone and the dexamethasone-CRH (DEX/CRH) stimulation test with studies repeatedly 

reporting impaired glucocorticoid responsiveness and non-suppression of cortisol secretion, 

which has been shown to correlate with depression severity and age (Carroll et al., 1981, von 

Bardeleben and Holsboer, 1991, Holsboer, 2000, Pariante and M iller, 2001, Ising et al., 2007).

Further to this, it is thought that persistent inflammation, observed in subgroups of depressed 

and stressed individuals such as those exposed to early life adversity, may have a significant role

32



to  play in t h e  o n se t  and  m a in te n a n c e  of  glucocorticoid  res is tance ,  which in tu rn  m ay fuel th e  

chronic in f lam m atory  p h e n o ty p e  in a fee d  fo rw ard  cascade.  In su p p o r t  of this  th e o ry ,  a s se s s m e n t  

o f  GR express ion  on  HeLaS3 cells, following s t im ula tion  with  th e  in f lam m atory  cytokine TNF-a, 

revealed  an inc reased  expression  of  th e  inactive b e ta  (P) isoform relative to  t h e  active alpha (a) 

isoform of t h e  GR. The increased  p ro te in  exp ress ion  of  GRp, which is unab le  to  bind cortisol and  

unab le  to  s t im u la te  glucocorticoid inducible genes ,  w as  also assoc ia ted  with t h e  d e v e lo p m e n t  of 

g lucocorticoid res is tance  (W ebs te r  e t  al., 2001). Additionally, e leva ted  expression  of  GRP has 

b ee n  d e t e c te d  in p a t ien ts  w/ith in f lam m atory  cond it ions  such as ar thritis  and  a s th m a  (Chikanza, 

2002, Sousa e t  al., 2000). Furthe r  to  this, an  e lev a ted  m itogen  s t im u la ted  IL-ip and  IL-6 

p roduc tion  w as positively assoc ia ted  with  n o n -su p p re sse d  plasm a cortisol co n c en tra t io n s  

following t h e  d e x a m e th a s o n e  supp ress ion  t e s t  in a co h o r t  of d ep re s se d  pa t ien ts  (M aes e t  al., 

1993a, M aes  e t  al., 1993c). In acco rdance  with  this , P ar ian te  and  co lleagues o b se rv e d  th a t  IFN-a 

r educed  GR trans loca t ion  and  d e c re a s e d  d e x a m e th a s o n e  induced  GR-m ediated  g e n e  activity by 

nearly 50%, fu r th e r  implicating a role fo r  in f lam m ation  in th e  dysregula tion  and  hyperactivity  of 

t h e  HPA axis (Parian te  e t  al., 1999).

The GR is a ligand ac tiva ted  t ransc r ip tion  fac tor.  U pon cortisol binding, it d isassoc ia tes  from  its c o 

c h a p e r o n e  h e a t  shock  p ro te in  (hsp) com plex  in th e  cytosol and  t ra n s lo c a te s  to  t h e  nucleus. T here  

it in te r rup ts  NFkB signalling th ro u g h  in te rac t ions  with t h e  NFkB regu la to r  IkB, th e re b y  exerting  

an t i- in f lam m atory  effects  a long with p rom oting  t h e  t ransc r ip tion  of glucocorticoid inducible 

g e n e s  such as glucocorticoid induced leucine z ipper (GILZ) and  se ru m  and  glucocorticoid regu la ted  

kinase 1 (SGKl) (Raison and Miller, 2003) [Figure 1.7]. How ever,  th e  m echan ism  of  GR activation  is 

tightly regu la ted  by t h e  co -c h a p e ro n e  hsp com plex  which effectively contro ls  t h e  sensitivity of  th e  

r e c e p to r  and  conseq u e n tly  has b een  im plicated  in t h e  p a th o g en e s is  o f  m a jo r  depress ion .  

Specifically, t h e  hsp90  co -c h a p e ro n e  FK506 binding p ro te in  51 (FKBP5) u n d e r  no rm al conditions 

ac ts  to  negatively regu la te  t h e  GR. W hen  bou n d  to  GR, FKBP5 confe rs  a low cortisol binding 

affinity on  th e  recep to r .  How ever, upon  cortisol b inding and  GR activation , FKBP5 is exchanged  for 

FKBP4 perm itt ing  th e  t rans loca tion  of  t h e  GR com plex  to  th e  nucleus. This action , a long  with 

regulating  and  inducing g e n e  transc r ip tion ,  also u p -regu la tes  t h e  expression  of  FKBP5, th e re b y  

dec reas ing  t h e  sensitivity of t h e  r e c e p to r  o n ce  again (Binder, 2009) [Figure 1.7]. Interestingly, 

hea lthy  contro ls  carrying cer ta in  po lym orph ism s in t h e  FKBP5 g e n e  display an  exa g g e ra ted  

inc rease  in t h e  transcr ip tional expression  of  FKBP5 u p o n  GR activation  in re sp o n se  to  psychosocial 

s tres s ,  th e re b y  dec reas ing  t h e  sensitivity of  t h e  r e c e p to r  as ev idenced  by insufficient cortisol 

recovery  an d  t h e  pe rs is ten t  ac tivation of t h e  HPA axis (Ising e t  al., 2008). Additionally, 

Z im m erm ann  e t  al. (2011) have  show n  th a t  h o m o z y g o tes  of  th e  m inor  allele of t h e  FKBP5 g en e
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a re  m o re  vu lnerab le  to  th e  d e v e lo p m e n t  of m ajo r  d ep ress ion  in t h e  w ak e  of  severe  ad v e rse  life 

events .

Consequently ,  s tressful life e v e n ts  such as childhood t r a u m a ,  gene tics  and chronic ac tiva tion  of 

t h e  in flam m atory  re sp o n se  sys tem , a lone  or  in com binat ion ,  may negatively im pact on  norm al 

function ing  and  inhibitory contro l  of th e  s tres s  re sp o n se  sy s tem  in associa tion  w/ith al ter ing  th e  

inhibitory fee d b ack  m e ch a n ism s  of  glucocorticoids on  cytokine secre tion ,  th e re b y  inducing 

hypercortiso lem ia (or hypocortiso lem ia)  and  su b se q u e n t ly  contribu ting  fu r th e r  to  th e  

m an ifes ta t ion  of  a dysregu la ted  in flam m atory  and  n e u ro e n d o c r in e  p h e n o ty p e  [Figure 1.8]. T hese  

fac to rs  potentia lly  cu lm ina te  in t h e  m an ifes ta tion  of  t h e  behavioural and physiological a l te ra t ions  

th a t  currently  ch a rac te r ise  th e  depressive  condition. Additionally, p ro longed  e leva tions  of 

circulating cortisol levels, which are  known to  d e c re a s e  IL-2 and  lym phocyte proliferative abilities 

(Ross e t  al., 1990), m ay be responsib le  for  t h e  b lun ted  T-cell proliferative re sp o n se  to  m itogen  

st im ula tion  f requen t ly  o b se rv e d  in d e p re s se d  pat ien ts .  F u r the rm ore ,  as d iscussed by FrodI and 

O 'Keane (2013) preclinical ev idence  suggests  th a t  e lev a ted  cortisol co n c en tra t io n s  m ay have an 

excitotoxic and  neuro tox ic  im pact on  brain s tru c tu re s  s trongly associa ted  with depress ive  

sym ptom ology . However, while h ippocam pal vo lum etr ic  changes  a re  ev iden t  in d e p re sse d  

pa t ien ts  (FrodI e t  al., 2012), fu r th e r  clinical a s se s s m e n ts  a re  requ ired  to  dec ip h e r  if t h e  o b se rved  

neu rona l  a l te ra t ions  a re  a co n s e q u e n c e  o f  a dysfunctional s tress  re sp o n se  and  e lev a ted  

glucocorticoid concen tra t ions .
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Figure 1.7 Glucocorticoid receptor signalling and suppression of inflammation under normal conditions.

GR receptor activation results in the production of anti-inflammatory glucocorticoid inducible genes and the 

production of FKBP5 which acts as a negative regulator o f glucocorticoid receptor activation. 

Glucocorticoids also act to regulate inflammation via a number o f mechanisms, including the production of 

kB a which inhibits the translocation of NFkB to  the nucleus and the subsequent transcription of 

inflammatory genes. The glucocorticoid receptor can also interact directly w ith the p65 subunit, preventing 

NFkB binding and the transcription of inflammatory cytokines. FKBP; FK506 binding protein; GR: 

Glucocorticoid receptor; HSP: Heat shock protein; kBa: I kappa B alpha; NFkB: Nuclear Factor-Kappa B, 

(based on Smoak and Cidlowski (2004).
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1.14 Genetics and the serotonin transporter

Stress is thought to be a main contributing factor for the development of a depressive condition. 

However, the majority of people who experience stressful life events do not develop depression. 

Consequently, it is thought that specific genetic risk factors such as the FKBP5 polymorphism  

described above may predispose individuals to succumb to a depressive episode in the face of 

adverse life events. Alterations in the serotonin transporter (SERT), a molecule that removes 

serotonin from the synapse following its release (Benmansour et al., 1999), also appear to  pose a 

risk fo r the development of a depressive episode following a stressful life event. In accordance 

with this, a study assessing how variations in the serotonin transporter gene (5-HTT), otherwise 

known as SERT, may influence the development of depression in response to stress revealed that 

a functional polymorphism in the prom oter region of the SERT gene regulates the impact of 

adverse life conditions on depression (Caspi et al., 2003). The short (s) allele of the 5-HTT gene 

linked polymorphic region (5-HTTLPR) confers decreased transcriptional ability of the 5-HTT 

prom oter compared with the long (I) allele (Lesch et al., 1996). In light of this, Caspi et al. (2003) 

reported that indivicTuals carrying the s allele and exposed to adverse conditions in early 

adulthood displayed depressive symptomology by the age of 26. Additionally, the presence of the 

s allele predicted the occurrence of depression and suicidal ideation following stressful life events 

which was not evident in I/I homozygotes. Furthermore, early adverse life events such as 

childhood m altreatm ent also predicted the development of depression in adult s allele carriers 

(Caspi et al., 2003).

Further to  this, SERT may also represent a link between the inflammatory hypothesis and reduced 

serotonergic function in depression. In this regard, studies have demonstrated that inflammatory 

cytokines, including IL-1(3, TNF-a and IFN-a, increase SERT expression and serotonin reuptake in 

vitro (Zhu et al., 2006, Tsao et al., 2008). Additionally, a systemic inflammatory challenge with LPS 

increases SERT expression in the rodent brain (Zhu et al., 2010a). A sustained increase in CNS 

transcriptional expression of IFN-a and SERT in response to a single systemic challenge with the 

viral mimetic Poly 1C was also found to have functional significance, evidenced by an associated 

decrease in extracellular serotonin concentrations, quantified by in vivo microdialysis in the pre- 

frontal cortex of rats (Katafuchi et al., 2005). Furthermore, elevated expression of the 

inflammatory cytokines IL-ip , TNF-a, IL-6 and IFN-y on blood leukocytes from depressed patients 

was associated with an increased transcriptional expression of SERT. However, following chronic 

SSRI treatm ent decreased transcriptional expression levels of IFN-y and SERT w ere observed in 

the patient cohort (Tsao et al., 2006).
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Figure 1.8 Summary of the mechanisms by which inflammation may precipitate depression. Chronic 

activation of the inflammatory response is thought to impact negatively on many biological systems, 

potentially culminating in the manifestation of depressive symptoms. Specifically, a chronic inflammatory 

state may alter serotonergic neurotransmission via the depletion of tryptophan and increased production of 

neurotoxic and excitotoxic mediators, which in association with inflammation itself, may have a negative 

impact on the neurotrophin system and BDNF concentrations in the brain. Chronic immune activation is 

also thought to contribute to the induction of HPA axis hyperactivity and glucocorticoid resistance, thereby, 

inhibiting the potent anti-inflammatory and immunomodulatory effects of cortisol, which, in turn, 

contributes further to a dysregulated inflammatory response. Alterations in the inflammatory response 

system, monoaminergic neurotransmission, the stress response and the neurotrophic system, alone or in 

combination, may have a detrimental impact on normal brain functioning, potentially culminating in the 

manifestation of the behavioural and physiological alterations that currently characterise the depressive 

condition.
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1.15 Biomarkers for major depression

As the biological basis of depression still remains elusive, treatm ent strategies are not always 

effective and multiple trials often necessary to elicit a response. In the meantime, the patient 

remains severely depressed and at a possible increased risk of suicide. Consequently, the focus of 

attention in recent years has been on the identification of biological markers (biomarker) for 

depression. A biomarker is a measurable biological change associated with a condition which 

could aid in the diagnostic process, or provide inferences on the severity of the disorder (Mossner 

et al., 2007). Additionally, changes in specific biological markers may be used to characterise or 

distinguish depressive subtypes or may predict treatm ent response and in turn facilitate a more 

targeted and fast acting approach to treatm ent (Schmidt et al., 2011). However, while changes in 

the immune, serotonergic, glucocorticoid and neurotrophic systems are frequently reported in 

depression and represent potential biomarkers, the alterations are not specific enough to aid in 

the diagnosis of depression, given the heterogeneity in relation to severity, sub-type and genetic 

background.

Additionally, while numerous reports implicate endocrine and immune responses and the cross 

talk between these systems and the central nervous system (CNS) in the pathophysiology of major 

depression, it must be noted that depression is primarily a disorder of the CNS. However, 

alterations in the brain are difficult to study. So, many of the consistent findings in relation to 

immune and endocrine changes in depression emerge largely from the study of peripheral 

plasma/serum. Only a small proportion of research reports examine more specific CNS related 

variations in cytokine and m etabolite concentrations through the use of CSF and post mortem  

brain tissue. However, studies on post-mortem brains are limited by many factors, including: 

analysis at one tim e-point only, incomplete pre-m ortem  clinical histories, cause of death and the 

large range of depressive phenotypes which result in inaccurate associations between biological 

markers and depressive states (Tochigi et al., 2008). Other concerns include the integrity of the 

tissue, agonal states of the subjects, sample pH and storage (Lewis, 2002, Shelton et al., 2011). 

Consequently, many inconsistencies in the literature exist and we have yet to  find specific 

biomarkers which may predict those at greater risk of depression or provide insight into 

treatm ent response lending to the development of more efficient treatm ent strategies.

M ore recently the focus of attention has turned to PAXgene whole blood mRNA expression which 

is a novel approach to understanding the biological basis of depression. Emerging evidence in the  

last 10 years highlights the importance of peripheral blood as a potential diagnostic tool for many 

diseases including psychiatric disorders (Tsuang et al., 2005) and especially, as it may be used to  

assess the inflammatory signature in depressed patients. Its importance also arises from studies
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by Liew et al. (2006) who show that peripheral blood cells share approximately 80% of the 

transcriptome with nine non-blood related tissues; specifically they found 81.9% of all genes 

expressed in the brain to be co-expressed on human blood cells. M ore specifically, Sullivan et al. 

(2006) examined the transcriptional profile in 17 individual brain regions and, like Liew et al. 

(2006), discovered a similar gene expression profile in these brain regions to that evident in whole 

blood. Given that circulating blood cells respond to the macro and mirco changes occurring 

around them  and come into close contact with brain regions such as the pituitary and 

hypothalamus, it has been proposed that peripheral blood cells may act as 'surrogates for CNS 

expression' (Liew et al., 2006, Sullivan et a!., 2006). Consequently, the PAXgene system may be 

thought of as a proxy measure for mRNA expression in brain (Hepgul et a!., 2013).

W hile the use of the PAXgene system enables the analysis of total mRNA expressed by blood cells 

including erythrocytes (Sunde, 2010), isolated peripheral blood mononuclear cells (PBMCs) 

provide an insight into the profile of transcriptional expression in white blood cells which are 

easily obtained from living patients and enable links to be made between depression severity or 

clinical staging and the biological profile (Le-Niculescu et al., 2007). The use of these molecular 

biomarkers is of great interest as they may provide an opportunity to  identify predisposing risk 

factors or predict early stage disease progression with greater sub-type specificity that in the 

context of psychiatric disorders, would eradicate self-report systems and subjectivity (Bell, 2004, 

Le-Niculescu et al., 2007, Sunde, 2010).

Additionally, PBMCs are very valuable as they provide a means to assess immune cell function 

following mitogen stimulation. Immunoassays assess the presence or absence of biological 

mediators or cytokines in circulation; however, these mediators are potentially bound to  

inhibitory substances and are not necessarily biologically active. Bioassays on the other hand, 

such as PBMC stimulation, provide an index for the functional activity of the mediators under 

investigation and consequently their contribution to the inflammatory response (Kronfol and 

Remick, 2000).

Advances in neuroimaging and positron emission tomography (PET) scanning in living patients 

also hold great promise for the identification of brain specific biomarkers. Given that depression is 

primarily a disorder of the CNS, assessment of microglial activation states and brain volumetric 

changes in depressed patients in association with peripheral immune markers may provide a 

more targeted and comprehensive approach in the search for biomarkers with an ultimate goal to 

develop personalised treatm ent strategies for patients with major depressive disorders (Doorduin 

et al., 2008, van Berckel et al., 2008, FrodI et al., 2012).
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1.16 Aims and Objectives:

The aim of this project was to examine the relationship between activation of the inflammatory  

and stress response systems and activation of the kynurenine pathway and tryptophan depletion 

in the pathogenesis of depression and in the therapeutic response to ECT.

Activation of the kynurenine pathway and depletion of tryptophan for serotonin synthesis has 

been proposed as a mechanism by which inflammation can precipitate depression. In light of this, 

the aim of the first study was to determ ine if the inflammatory state observed in major 

depression was associated with activation of the kynurenine pathway and/or up-regulation of 

SERT as a mechanism to link inflammation to a serotonergic deficit in depression. Circulating 

inflammatory markers and PAXgene whole blood mRNA expression from a cross-sectional cohort 

of depressed patients and healthy control subjects were assessed.

Depression is a heterogeneous disorder defined by a range of affective and somatic symptoms. 

Therefore the aim of chapter 4 was to examine the association between inflammatory and 

glucocorticoid transcriptional markers with refined clusters of the HAM-D scale to include core 

depression, anxiety, insomnia and somatic symptoms. In addition, given the pertinent role of 

stress in the onset of depressive disorders, the impact of childhood trauma on the whole blood 

transcriptional expression of specific glucocorticoid related markers and inflammatory cytokines 

in a cross-sectional cohort of depressed patients and healthy controls was evaluated. Of particular 

interest in this study was the role of immune activation markers, T-cell subset gene expression 

and glucocorticoid inducible genes.

Following on from a cross-sectional design, the aim of chapters 5 and 6 was to assess the 

circulating inflammatory profile and the functional ability of isolated PBMCs to respond to  

immune stimuli in vitro prior to  and following therapeutic intervention with ECT. Specifically, 

chapter 5 addresses the relative contribution of innate or adaptive immune cells to induce 

inflammation, kynurenine pathway activation and tryptophan depletion, while chapter 6 focuses 

on assessing if the various T-cell subsets Th-1, Th-2, Th-17 and T-reg, are altered in depression, 

and their ability to  respond upon mitogen stimulation with anti-CD3.
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Chapter 2

Materials and Methods
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2.1 Materials 

Cell culture

9m l vacuette  sodium heparin blood tubes  

Anti-CD3

D exam ethasone hydrochloride

Dulbecco's phosphate buffered  saline (PBS) (lO X)

Cryovials (2m l)

D im ethyl sulfoxide (DM SO )

Fetal Bovine Serum  (FBS)

Ficoll-Histopaque 1077  

H aem ocyto m eter  

Lipopolysaccharide (LPS)

M r. Frosty Freezing C ontainer 

Penicillin-Streptom ycin  

Plastic Syringe (50 ml)

RPMI 1640  M ed iu m  (Gibco®)

Serological p ip ette  (10  ml)

Serological p ip e tte  (10  ml)

S terile 4 8  w/ell Nunc plates  

Sterile falcon tubes (15 ml)

S terile falcon tubes (50  ml)

S terile m icrotubes (1 .5  ml)

S terile Pasteur pipettes  

Syringe filte r  (0 .2 tim )

Trypan blue

Cruinn Diagnostics, IRL 

eBioscience, UK 

Sigma Aldrich, IRL 

Sigma Aldrich, IRL 

Nunc, USA 

Sigma Aldrich, IRL 

Invitrogen, USA 

Sigma Aldrich, IRL 

V W R  International, IRL 

Sigma Aldrich, IRL 

V W R  international, IRL 

Invitrogen, USA 

Becton Dickenson, UK 

Invitrogen, USA 

Sarstedt, IRL 

Sarstedt, IRL 

Sarstedt, IRL 

Sarstedt, IRL 

Sarstedt, IRL 

Sarstedt, IRL 

Sarstedt, IRL 

M illipo re , USA 

Sigma Aldrich, IRL
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General Laboratory Chemicals

P 'M e rc a p to e th a n o l

2 -P ro p a n o l

B ovine  S e ru m  A lb u m in  9 6 %  (BSA)

P otassium  C h lo rid e  (KCI)

Po tass iu m  P h o sp h a te  m o n o b as ic  (K H 2PO 4)

S o d iu m  C h lo rid e  (NaCL)

S o d iu m  P h o s p h a te  D ibasic  (N a 2H P 0 4 )

S o d iu m  P h o s p h a te  m o n o b as ic  m o n o h y d ra te  (N a H 2P0 4 ) 

S u lp h u ric  A cid  98 %  (H 2SO 4) 

3 ,3 ',5 ,5 '-T e tra m e th y lb e n z id in e  (T M B )

T w e e n -2 0

General Laboratory Plastics and Hardware

0 .4 5  n m  n ylo n  f i lte r

5 0 m l y e llo w  cap p ed  tubs

F96 M a x is o rp  im m u n o p la te s  fo r  ELISA

Glass Inserts

Glass V ia ls

M in i tu b e s  (0 .5 m l)

M ic ro tu b e s  (1 .5 m l)

P a ra -film  L a b o ra to ry  Rolls 

P a s te u r P ip e ttes  

P ip e tte  tips  

Plastic S yringe (1  m l)

S igm a A ld rich , IRL 

Sigm a A ld rich , IRL 

Sigm a A ld rich , IRL 

Sigm a A ld rich , IRL 

Sigm a A ld rich , IRL 

V W R  In te rn a tio n a l, IRL 

Sigm a A ld rich , IRL 

Sigm a A ld rich , IRL 

V W R  In te rn a tio n a l, IRL 

S igm a A ld rich , IRL 

S igm a A ld rich , IRL

N a lg e n e , UK  

S a rs te d t, IRL 

N u nc, USA  

L ab qu ip , IRL 

L abqu ip , IRL 

S a rs te d t, IRL 

S a rs te d t, IRL 

S a rs te d t, IRL 

S a rs te d t, IRL 

S a rs te d t, IRL 

B ecto n  D ickenson , UK
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PCR

Fast 9 6  w e ll o p tica l re a c tio n  p la tes  

F ilte r tips  (1 , 2 0 0 ,1 0 0 0  nl)

H igh c a p a c ity  cD N A  a rc h ive  kit 

M o le c u la r  g ra d e  w a te r  

M o le c u la r  g ra d e  A b so lu te  E th an o l 

O p tic a l ad h es ive  covers  

P A X gene b lo od  RNA kit 

R A l lysis b u ffe r  

R NA e x tra c tio n  kit 

R N ase Zap  W ip e s

R N a s e -fre e  1 .5  and  2 m l m ic ro fu g e  tu b e s  

R N a s e -fre e  H 2O

T aq m a n ®  Fast A d van ced  m a s te r  m ix  

T aq m a n ®  g e n e  express ion  assays

ELISA

CRP ELISA D u oset

BDNF ELISA D u oset

H u m a n  IL-6 ELISA M AX™  D e lu xe  Kit

H u m a n  T N F -a  ELISA M A X™  D e lu xe  Kit

H u m a n  IFN -y  ELISA M A X™  D e lu x e  Kit

H u m a n  IL - ip  ELISA M AX™  D e lu x e  Kit

H u m a n  IL -10  ELISA M A X™  D e lu xe  Kit

H u m a n  IL -17A  ELISA M A X™  D e lu xe  Kit

M S D ® M u lti-s p o t H u m a n  P ro ln fla m m a to ry -1 4 -P le x

U ltra -S e n s itiv e  Kit: IFN -y , IL - ip ,  IL-6, T N F -a

A p p lie d  B iosystem s, UK  

S a rs te d t, IRL 

A p p lie d  B iosystem s, UK  

Sigm a A ld rich , IRL 

Sigm a A ld rich , IRL 

A p p lie d  B iosystem s, UK 

Q ia g e n , UK

M a c h e rn e y -N a g e l, GER  

M a c h e rn e y -N a g e l, GER  

A m b io n , UK  

A m b io n , UK  

Sigm a A ld rich , IRL 

A p p lie d  B iosystem s, UK  

A p p lie d  B iosystem s, UK

R & D  system s, UK  

R & D  system s, UK  

B io leg end , UK 

B io leg end , UK 

B io leg end , UK  

B io leg end , UK 

B io leg end , UK 

B io leg end , UK

M eso sc a le D is c o v e ry , USA
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Kynurenine HPLC

3-H yd ro xyan thran ilia te Sigma Aldrich, IRL

3-H ydroxykynuren ine Sigma Aldrich, IRL

A ceton itrile Sigma Aldrich, IRL

Glacial Acetic Acid Fisher Chemicals, UK

HPLC G rade W a te r Fisher Chemicals, UK

Kynurenic Acid Sigma Aldrich, IRL

L-Kynurenine Sigma Aldrich, IRL

L-Tryptophan Sigma Aldrich, IRL

N -m eth y-5 -H T Sigma Aldrich, IRL

Perchloric Acid VW R In tern ation al, IRL

Q uinolinic Acid Sigma Aldrich, IRL

Zinc A cetate Sigma Aldrich, IRL
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Statement of Contribution

Participant recruitment, blood sampling and clinical diagnostic testing on the cross-sectional 

cohort, assessed in Chapters 3 and 4, was carried out by Prof. Thomas Frodl's clinical research 

team in St. James's University Hospital, Dublin 8. Participant recruitment, blood sampling and 

clinical diagnostic testing on the ECT group, assessed in Chapter 5 and 6, was carried out by Prof. 

Declan McLoughlin's clinical research team in St. Patrick's University Hospital, Dublin 8. I carried 

out all experimental work and sample analysis for each study in Trinity College Institute of 

Neuroscience, Trinity College Dublin.

2.2 In vitro studies 

2.2.1 Aseptic technique

All cell culture work, including the preparation of cell culture reagents, was carried out in a 

laminar flow-hood (Hera safe, category 2) and aseptic technique was utilised throughout. The 

filtered air in the laminar flow-hood prevents cell culture contamination with air-borne pathogens 

from the normal atmosphere. Prior to and following use, the interior of the laminar flow-hood 

was sprayed with 70% ethanol (EtOH) (30% double distilled water (d.d.H20) + 70% EtOH v/v) to 

maintain a sterile environment. All materials taken into the flow-hood were also sprayed with 

70% EtOH beforehand preventing the introduction of pathogens. Other aseptic techniques 

included the use of sterile disposable plastic-ware and any glassware or d.d.H2 0  used for culture 

work was sterilised prior to use by autoclaving at 121°C for 2 hours. Following use, the laminar 

flow-hood was exposed to ultraviolet (UV) light for 30 minutes. Disposable powder-free latex 

gloves were worn at all times and they were also sprayed lightly with 70% EtOH before use in the 

laminar flow-hood. Cells were kept in a Nuaire incubator at 37°C, 95% oxygen (O2), 5% carbon 

dioxide (CO2) and all items placed in the incubator were also sprayed w ith 70% EtOH to prevent 

external pathogenic contamination. Both the incubator and laminar flow-hood were cleaned 

regularly with 70% EtOH to preserve a sterile, pathogen-free environment. It is essential to 

sustain a sterile working environment fo r cell culture and to apply aseptic techniques throughout 

in order to maintain an uncontaminated environment free from bacteria, fungi and viruses which 

are known to interfere with normal cellular functions or result in cell death.
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2.2.2 Preparation of culture media and test compounds

C ulture  M ed ia : Using a 0 .2  m icrom etre  (nm ) syringe filte r, Fetal Bovine Serum  (FBS) and 

peniclllin -streptom ycin  w e re  filter-sterilised  and added to  sterile RPMI 1640  IX  containing L- 

G lutam ine and 25 m M  HEPES to  give com plete  RPMI (cRPM I). Final concentrations o f FBS and 

penicillin -streptom ycin  in th e  m edia w ere  10% and 1% respectively.

Phosphate B u ffered  S aline (PBS): 5 ml o f Dulbecco's sterile lOX PBS (100  m illim o lar (m M ) NaCI, 

80  m M  N32HP04, 2 0 m M  NaH 2P0 4 ) was added to  45  ml o f d .d .H 2 0  to  yield a IX  w orking  

concentration  o f PBS.

L ipopolysaccharide (LPS): 25  mg LPS [Escherichia coll sero type 0111:B 4] was dissolved in 1 

m illilite r (m l) d .d .H 2 0 . The solution was mixed using a vortex and w hen  fully dissolved 50 0  |il of 

this 25 m g /m l solution was added to  62 ml o f cRPMI (1 :125  d ilu tion) to  yield a 20 0  n g /m l stock 

solution w hich was th en  filter-sterilised using a 0 .2  |im  syringe filte r. This stock solution was 

divided into 1 ml aliquots and stored at -20°C. Prior to  use th e  stock solution was dilu ted to  a 

w orking  concentration  in p re-w arm ed  cRPMI.

A nti-C D 3: 0 .5  ml o f a 1 m g /m l stock solution was stored a t 2-8°C. Prior to  use th e  stock was 

d iluted to  a w orking concentration  in p re-w arm ed  cRPMI.

2.2.3 Cell culture

2 .2 .3 .1  PBM C co llection , iso lation and cryopreservation

Fasting w ho le  blood samples w ere  taken  fro m  depressed patients and healthy controls in sodium  

heparin tubes from  th e  antecub ita l fossa b etw een  07 :30am  and 09 :30am . Participant recru itm ent 

and blood sampling was carried out by Prof. Declan McLoughlin's clinical research team  in St. 

Patrick's University Hospital, Dublin. I collected and processed fresh ly -obtained  fasting blood  

samples in th e  m orning and carried out all th e  experim enta l w ork and analysis on these samples.

Bloods w ere  processed w ith in  1 hour fo llow ing blood draw . 18 ml o f blood was gently layered 1:1 

o ver 18 ml o f th e  density g rad ient cell separation m edium , Ficoll-H istopaque 1077 solution, which  

had been w arm ed  to  room  tem p e ra tu re  (RT). This was th en  centrifuged fo r 30 m inutes at 500  x g 

and 22°C w ith o u t breaks to  allow  grad ient fo rm atio n  and th e  m ononuclear cells w ere  collected  

fro m  th e  in terface b etw een  th e  plasma and Ficoll-H istopaque solution. The cells w ere  transferred  

to  a sterile 15 ml falcon tu be and centrifuged fo r  10 m inutes at 4 0 0  x g and 22°C w ith  breaks to  

fac ilita te  cell pelleting. The supernatant was discarded and th e  cells w e re  re-suspended in RPMI
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pre-w arm ed  to  37°C before centrifugation fo r 10 m inutes a t 4 0 0  x g and 22°C. This step was 

repeated  tw ice  m ore and th e  cells w ere  counted. The cell pellets w e re  then  re-suspended in 5 ml 

freezing m edia (90%  FBS + 10% DM SO ). 5 x 1 ml aliquots w ere  m ade in 2m l cryovials fo r freezing. 

To ensure th e  cell m em brane rem ained intact, th e  cells w ere  frozen  dow n slowly in a M r. Frosty 

slow freeze container placed in th e  -80°C  freezer fo r 24 hours. The cells w ere  th en  transferred  

into liquid nitrogen and stored long-term  until all participants had been recruited.

2 .23.2  PBMC thawing

To ensure viability and effic ient cell recovery th e  cells w ere  th aw ed  quickly. Following rem oval 

fro m  liquid nitrogen storage, frozen cells w ere  placed im m edia te ly  into a 37°C w a te r  bath and 

held upright fo r approxim ately  1 m inute. 1 ml o f cRPMI p re-w arm ed  to  37°C was th en  slowly  

added drop-w ise over a 30 second period into th e  cryovial, th e  slow addition o f m edia is essential 

given as cells w ith  DM SO  intercalated into th e ir m em branes are very fragile. The vials w ere  

inverted once to  mix before th e  contents o f each vial was added to  5 mis o f cRPMI at 37°C. 

Following centrifugation  a t 3 3 0  x g fo r 10 m inutes at 22°C th e  supernatant was discarded and cells 

w ere  re-suspended in 1 ml cRPMI at 37°C.

2.2.3.3 PBMC cell count and integrity

The cells w e re  counted on th e  Sysmex KX-21N C oulter counter (Kobe, Japan) and cell m em brane  

integrity was evaluated  using trypan  blue dye exclusion. One part o f 0.4%  trypan blue was mixed  

w ith  one part PBMC suspension and allow ed to  incubate fo r 1 m inute. 10 nl was th en  placed  

under a glass m icroscope coverslip on a h aem ocytom eter. A light microscope (OLYMPUS CKY41) 

was used to  count th e  unstained (viable) and stained (unviable) cells. Based on these results, th e  

PBMCs w ere  th en  equalized to  1 x 10® cells /m l in cRPMI.

2.2.3.4 PBMC stimulation

For anti-CD3 stim ulation , appropria te  wells on th e  48  w ell plates w ere  coated w ith  20 0  |il o f 0 .1  

|ig /m l anti-CD3 and incubated overnight at 4°C. Excess anti-CD3 was aspirated from  th e  wells and 

4 5 0  nl cell suspension was added. Each sam ple had tw o  wells w hich w ere  pooled w hen  

harvesting. The plates w ere  incubated fo r 48  hours at 37°C and 5% CO2 in a sterile incubator.
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For LPS stim u lation , 4 5 0  nl cell suspension was added to  th e  appropria te  wells. The cells w ere  

stim u lated  w ith  50  iil o f 1 n g /m l LPS and incubated fo r 4 8  hours at 37°C and 5% CO2 in a sterile  

incubator. Each sam ple had tw o  wells which w ere  pooled w hen  harvesting.

For th e  PBMC tim e-course and dose response studies th e  plates w ere  coated w ith  th e  appropria te  

concentrations o f anti-CD3 as outlined above and stim ulated  fo r 6, 24  and 48  hours as described  

above.

As all clinical samples w ere  stim ulated  system atically over a num ber o f w eeks, s tim ulation plates 

w e re  prepared in advance and frozen , th e re b y  elim inating  discrepancies w hich m ay arise if 

tre a tm e n ts  w ere  m ade up on a daily basis. The sam e batch o f cu lture m edia and FBS was also 

used th roughout, th ereb y  reducing potentia l variables in th e  study.

2.2.3.5 Harvesting supernatant for cytokine ELISAs and kynurenine HPLC and PBMC cells for 

mRNA analysis

Following stim ulation  and incubation fo r th e  ap propria te  tim e , th e  48  w ell plates w ere  rem oved  

fro m  th e  incubator. The culture m edia w ere  gently p ipetted  up and dow n to  rem ove adheren t 

cells fro m  th e  w ell before being transferred  into 1.5 ml m icrotubes. Each individual had tw o  wells  

per tre a tm e n t and these w e re  pooled into th e  sam e m icrotube before being centrifuged fo r 10  

m inutes a t 12 ,000  rpm at 4°C. Keeping th e  RNA pelle t on ice, th e  supernatan t was rem oved and 

aliquoted  in to  3 -4  fresh m icrotubes and stored at -80°C  until required fo r ELISA or HPLC.

The RNA pellet was then harvested fo r mRNA analysis. R A l lysis buffer containing 1% p- 

m ercap toethano l was p ipetted  o n to  th e  cells pelle t and vortexed  vigorously before freezing at - 

80°C. W hen  samples w ere  required fo r RNA extraction th ey  w ere  defrosted slowly on ice.

2.2.4 Real-Time Polymerase Chain Reaction (RT-PCR)

2.2.4.1 Total RNA isolation from cultured cells

NucleoSpin® RNA II kits (M acherey  Nagel) w ere  used as per m anufacturer's  instructions to  isolate 

to ta l RNA fro m  cultured cells. Cultured cells resuspended in lysis buffe r (350  1̂ Buffer R A l and 3.5  

Hl (3-m ercaptoethanol) w ere  defrosted on ice. The lysate was filte red  through NucleoSpin® Filter 

colum ns placed in 2 ml processing tubes by centrifugation  fo r 1 m inute  at 11 ,000  x g. To adjust 

RNA binding conditions, 35 0  nl o f 70% EtOH was added to  th e  lysate and mixed thoroughly. The  

lysate was th en  transferred  into a NucleoSpin® RNA II colum n placed in a 2 ml collection tube.
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RNA was bound to  th e  column fo llow ing  centrifugation fo r 30  seconds at 11 ,000  x g. The column  

was placed in a new  2 ml collection tu be and 35 0  nl o f m em b rane desalting b u ffe r was added and 

centrifuged fo r 1 m inute a t 11 ,000  x g to  dry th e  m em brane. To ensure com plete DNA elim ination  

fro m  th e  colum n-bound RNA, a DNase reaction m ixture containing rDNase and DNase reaction  

b uffer (10 |il and 90 pil per sam ple respectively) was prepared  and 95 nl was added directly  onto  

th e  silica m em brane and left to  incubate fo r 15 min a t room  tem p e ra tu re . The colum n was 

subsequently w ashed w ith  200  |il buffe r RA2 and centrifugation fo r 30 seconds at 11 ,000  x g to  

inactivate th e  rDNase. The colum n was placed In a new  2 ml processing tu b e  and 60 0  nl buffer 

RA3 was added to  th e  colum n and centrifuged fo r 30 seconds at 11 ,000  x g. The flow -th rou g h  was 

discarded. 250  nl o f buffer RA3 was added to  th e  colum n. This was then  centrifuged fo r 2 minutes  

at 11 ,000  X g to  dry th e  m em brane com plete ly . The colum n was placed into a 1.5 ml nuclease-free  

collection tu be and th e  RNA was elu ted  in 20 |il RNase-free H2O by centrifugation at 1 1 ,000  x g fo r 

1 m inute . This elution step was repeated  to  yield 40  l̂l to ta l RNA which was subsequently divided  

into 20  |il aliquots stored at -80°C  until required fo r quantification  and equalisation.

2.2.4.2 PAXgene whole blood collection for mRNA analysis

Blood samples w ere  taken fro m  each subject in th e  early afternoon . 2.5 ml o f blood was taken  

into p roprietary PAXgene mRNA sam ple collection tubes. RNA samples w ere  stored -20°C  fo r 48  

hours and th en  m oved to  -80°C until RNA extraction was perfo rm ed . This w ork was carried out by 

Prof. Thom as Frodl's clinical research team .

2.2.4.S Isolation of total RNA from human whole blood

Prior to  starting, th e  RNA preparation  area w as w iped  dow n using RNase Zap w ipes to  e lim inate  

contam ination  and o th e r RNases. A PAXgene Blood RNA kit was used to  isolate RNA as per 

m anufacturer's instructions. The PAXgene Blood RNA tubes w ere  rem oved fro m  th e  -80°C  freezer  

and left at room  tem p e ra tu re  fo r 4  hours to  th aw  and equ ilib rate  to  room  tem p e ra tu re  before  

being centrifuged at 3 ,000  x g fo r 10 m inutes a t 22°C. The supernatan t was discarded and 4  mis 

RNase-free w a te r  was added to  th e  pellet. The pelle t was vortexed  until visibly dissolved and  

centrifuged at 3 ,0 0 0  x g fo r 10 m inutes a t 22°C. A fte r discarding the supernatan t, 350  nl 

resuspension buffer (B R l) was added to  each p e lle t and vortexed until dissolved. To ensure  

com plete  protein  digestion, th e  sam ple was transferred  into a 1.5m l m icrocentrifuge tu be and  

3 0 0  nl binding buffer (BR2) and 4 0  |il Proteinase K was added. This was then  vortexed  quickly and
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incubated fo r 10 m inutes at 55°C in th e  shaker-incubator a t 30 0  rpm . The lysate was transferred  

directly  into a PAXgene Shredder spin colum n placed in a 2 ml processing tu b e  and centrifuged fo r 

3 m inutes a t 19 ,000  x g to  hom ogenise th e  cell lysate and rem ove residual debris. To adjust RNA 

binding conditions th e  supernatant was transferred  to  a new  1.5 m l m icrocentrifuge tu be and 35 0  

Hl 96%  EtOH was added. 700  nl o f each sam ple was transferred  into th e  PAXgene RNA spin 

colum n placed in a 2 ml processing tube and centrifuged fo r 1 m in u te  at 19 ,000  x g, enabling RNA 

binding to  th e  PAXgene silica m em brane. The flow -throu g h  was discarded and th e  process was 

repeated  w ith  th e  rem aining sam ple. To rem ove any rem ain ing contam inants, 3 5 0  pil wash buffer 

1 (BR3) was added to th e  PAXgene spin colum n and centrifuged fo r 1 m inute a t 19 ,000  x g. The  

flow -throu g h  was discarded and th e  spin colum n was placed in a new  2 ml processing tube. To 

ensure com plete  DNA elim ination  fro m  th e  co lum n-bound RNA, a stock solution containing DNase  

and DNA digestion buffer (10 |il and 70 nl per sam ple respectively) was added d irectly onto  th e  

m em b rane o f th e  PAXgene colum n and left fo r 15 m inutes. To rem ove th e  DNase, th e  column was 

w ashed w ith  350  lil wash buffer 1 (BR3), centrifuged fo r 1 m in ute  at 19 ,000  x g and th e  flo w 

through was discarded. 500  |al wash buffer 2 (BR4) was th en  added to  th e  colum n, centrifuged fo r  

1 m in ute  at 19 ,000  x g, the flow -through  was discarded. This was th en  fo llow ed  by a second 500  

nl addition o f BR4 w hich was centrifuged fo r 3 m inutes at 1 9 ,000  x g. The PAXgene RNA spin 

colum n was th en  transferred  to  new  2 ml processing tu be and centrifuged  fo r 1 m inute at 19 ,000  

X g to  com plete ly  dry th e  colum n. The PAXgene RNA spin colum n was then  placed in a 1.5 ml 

m icrocentrifuge tu b e  to  which 4 0  nl e lution buffer (BR5) was added and centrifuged fo r 1 m inute  

at 19 ,000  X g. This elution step was then  repeated  w ith  an o th er 4 0  nl BR5. The RNA was divided  

into 20 |il aliquots and subsequently stored at -80°C  until required fo r quantification and 

equalisation.

2.2.4.4 RNA quantification and equalisation

The RNA yield and quality o f each sample was quantified  based on optical density (OD) using th e  

N a n o D ro p © N D -1 0 0 0  UV-Vis sp ectro ph o tom eter [Therm o Fischer Scientific]. On blanking the  

m achine w ith  1 1̂ RNase free  w a te r o r BR5 fo r RNA isolated fro m  w ho le  blood, 1 nl o f each  

sam ple was placed on the sp ectro ph o tom eter and th e  RNA concentra tion  was m easured at 

absorbance w avelengths o f 260  nm. The quality o f th e  RNA was assessed using th e  ratio  of 

A 2 6 0 /2 8 0  (the range o f 1 .8 -2 .1  was an indication o f a good quality  RNA sam ple). To prevent 

co ntam ination , th e  sp ectro ph o tom eter was w iped  w ith  tissue pap er a fte r each individual sample. 

RNA fro m  w hole blood was equalised to  10 ng/^il w h ile  RNA isolated fro m  PBMCs was equalised  

to  2 ng/|al using RNase-free H2O as diluent.
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2.2.4.5 cDNA synthesis

cDNA synthesis was carried out using a High Capacity cDNA Reverse Transcriptase !<it (Applied  

Biosystems). A m aster mix solution was m ade up (per sam ple, 2 nl lOX RT buffer, 0 .8  1̂ 25X d'JTP 

mix 100 m M , 2 nl lO X RT random  prim ers, 1 nl Multiscribe™  Reverse Transcriptase, 4 .2  nl RNase- 

free  H2O) and 10 n! per sam ple was added to  an equal vo lum e o f RNA. The samples w ere  t ie n  

vortexed  and centrifuged briefly before being placed in th e  th erm ocyc ler [Peltier Therm al Cycler 

PTC-200] and th e  program  was set according to  protocol as follows: 25°C fo r 10 m inutes, 37°C fo r  

120 m inutes and 85°C fo r 5 seconds. The final step inactivated th e  reverse transcriptase. Upon 

com pletion , th e  samples w ere  centrifuged fo r 30 seconds, d ivided into 10 |il volum es and diluted  

1 in 5 w ith  m olecular grade w a te r before being stored at -20°C.

2.2.4.6 Multiplex RT-PCR

The StepOnePius™ Real-Tim e PCR system (Applied Biosystems) in th e  96 -w e ll fo rm at was used fo r  

q uantita tive  (Q)-PCR. To quantify  expression o f target genes o f interest Taqman® gene expression 

assay's (Applied Biosystems) w ere  used, each o f which contained a specific set o f fo rw ard  and 

reverse prim ers and a FAM -labelled  M G B probe fo r th e  ta rg e t o f interest [Table 2 .1 ]. PCR 

reactions w ere  in a duplex fo rm a t also containing a Taqm an® gene expression assay (prim er 

lim ited) containing a VIC labelled probe fo r th e  endogenous control gene glyceraldehyde-3- 

phosphatedehyrdrogenase (GAPDH). A 10 ptl vo lum e was added to  each w ell, the com ponents of 

which are as follows: 4  |il o f d ilu ted  cDNA, 0 .5  nl o f FA M -labeled  Taqman® gene expression assay 

fo r th e  targe t o f in terest, 0 .5  nl V IC-labeled Taqman® gene expression assay fo r GAPDH and 5 nl of 

Taqman®Fast Advanced M as te r M ix. Samples w ere  assayed over 4 0 -5 0  cycles using ABI's universal 

cycling conditions using a fast protocol as follows: 50°C fo r 2 m inutes, 95°C fo r 20  seconds for 

polym erase activation (holding stage), 95°C fo r 1 second fo r each cycle (denaturation) and 60°C  

fo r 20  seconds (annealing). GAPDH was chosen as an endogenous control gene in the  

am plification system fo r these analyses as it d em onstra ted  th e  least variable expression profile  

am ong blood samples re lative to  another endogenous control gene hum an acid ribosom al protein  

(HUPO). At th e  end o f th e  reaction, data analysis was perfo rm ed  w ith  th e  StepOnePius™ System  

S oftw are (Applied Biosystems) and RQ values (2 '“ '^, w h e re  CT is th e  threshold cycle) o f th e  target 

genes re lative to  th e ir  ow n endogenous control w ere  obta ined . The RQ values w e re  th en  used to  

assess d ifferences b etw een  groups or converted into fo ld  change values relative to  control group  

fo r cross-sectional analysis.
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With regard to the cycling conditions, a high temperature of 95°C for 1 second is applied initially 

to separate the target DNA strands from each other. As the temperature lowers to 60°C the 

complimentary primers and a fluorgenic probe anneal to the target sequence of interest enabling 

Taq polymerase to specifically amplify the target sequence. During extension and synthesis of the 

complimentary DNA, the 5' exonuclease activity of the Taq polymerase cleaves the probe w/ith the 

subsequent release of the reporter molecule from the quencher, resulting in a fluorescent 

emission. Consequently, at 60°C the exponential accumulation of PCR product over 40-50 cycles 

w/as measured cycle by cycle based on the fluorescent emission.

Table 2.1 List of genes used with the GenBank sequence ref numbers

Target Symbol Target Name Taqman Gene 
Assay ID

Cytokines
IL-lp Interleukin-lbeta Hs01555410_ml
TNF-a Tumor Necrosis Factor alpha Hs00174128_ml
IL-6 interleukin-6 Hs00985639_ml
IFN-y Interferon gamma Hs00989291_ml

IFN-inducible genes
IPIO Interferon gamma induced protein-10 Hs99999049_ml
SOCSl Suppressor of cytokines signalling-1 Hs00705164_sl
IDOl Indolamine 2,3 dioxygenase 1 Hs00984148_ml
ID02 Indolamine 2,3 dioxygenase 2 Hs01589373_ml

KP enzymes
KMO Kynurenine-3-monooxygenase Hs00175738_ml
KATI Kynurenine aminotransferase 1 Hs00187858_ml
KATII Kynurenine aminotransferase II Hs00212039_ml
Kynureninase Kynureninase Hs01114099_ml

SERT Serotonin transporter Hs00169010_ml

Immune activation markers
TREM-1 Triggering receptor expressed on 

myeloid cells-1
Hs00218624_ml

DAP-12 DNAX activation protein of 12 kDa Hs00182426_ml
TLR3 Toll-like receptor 3 Hs00152933_ml
TLR4 Toll-like receptor 4 Hs01061963_ml
PTX3 Pentraxin 3 Hs00173615_ml
PDE4B Phosphodiesterase 4B Hs00277080_ml
TRAF6 TNF receptor-associated factor 6 Hs00371512_gl
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Macrophage markers
M l
EGRl Early growth response protein 1 Hs00152928_ml
IL-12p40 Subunit beta of interleukin 12 Hs01011518_ml
iNOS Inducible nitric oxide synthase Hs01075529_ml
IFN-yRl Interferon gamma receptor-1 Hs00988304_ml
COX-2 Cyclooxygenase-2 Hs00153133_ml
iKBa l-kappa-B-alpha Hs00153283_ml
M2
PU.l SFFV proviral integration 1 protein Hs02786711_ml
ARGl Arginase-1 Hs00968979_ml
IL-4R Interleukin-4 receptor Hs00166237_ml
MRCl Mannose receptor-1 Hs00267207_ml
CD200R Cluster of differentiation 200 receptor Hs00793597_ml

T-cell activation
CD25 Cluster of differentiation 25 Hs00907779_ml

Th-1
IFN-y Interferon gamma Hs00989291_ml
IL-2 Interleukin-2 Hs00174114_ml
T-bet T box expressed in T cell Hs00203436_ml
Th-2
IL-4 Interleukin-4 Hs00174122_ml
IL-13 Interleukin-13 Hs99999038_ml
GATA3 GATA-binding protein 3 Hs00231122_ml
T-reg
TGF-P Transforming growth factor beta Hs00998133_ml
IL-10 Interleukin-10 Hs00961622_ml
FoxP3 Forkhead box P3 Hs01085834_ml
Th-17
IL-17A lnterleukin-17A Hs00174383_ml
IL-21 Interleukin-21 Hs00222327_ml
IL-22 Interleukin-22 Hs01574154_ml
RORC-v RAR-related orphan receptor gamma Hs00172860_ml

Glucocorticoid inducible genes 
GR
FKBP5
SGKl
GILZ

Glucocorticoid receptor 
FK506 binding protein 5 
Serum/glucocorticoid regulated kinase 1 
Glucocorticoid-induced leucine zipper

Hs00353740_ml 
Hs01561006_ml 
Hs00178612_ml 
Hs00608272 m l
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2.Z.4.7 RT-PCR analysis

The AACT method (Applied Biosystems RQ software, Applied Biosystems, UK) was used to assess 

gene expression for all real-time PCR analysis. This method is used to assess relative gene 

expression by comparing gene expression of treated/ experimental samples to a normal control 

or untreated control sample, rather than quantifying the exact copy number of the target gene. In 

this manner, the fold difference (increase or decrease) can be assessed between treated and 

control samples. The fold difference is assessed using the cycle number (CT) difference between 

samples. Briefly, a threshold for fluorescence is set, against which the CT is measured. To 

accurately assess difference between gene expression, the threshold is set when the PCR reaction 

is in the exponential phase, when the PCR reaction is optimal or 100% efficient. Thus samples with 

low CT reading demonstrate high fluorescence, indicating greater amplification and hence greater 

gene expression. When a PCR is 100% efficient a one-cycle difference between samples means a 

2-fold difference in copy number (2^), similarly a five-cycle difference is a 32-fold difference (2^).

To measure this fold-difference relative to control, the CT of the endogenous control (GAPDH) is 

subtracted from the CT of the target gene for each sample, thus accounting for any difference in 

cDNA quantity that may exist. This normalised CT value is called the (ACT). The CT difference (ACT) 

of the control is subtracted from itself to give 0, and subtracted from all other samples, this is the 

AACT value. The AACT (cycle difference corrected for GAPDH) is then converted into a fold- 

difference. As a one-cycle difference corresponds to a two-fold increase or decrease relative to 

control, 2 to the power of the AACT (difference in control and sample CT corrected for GAPDH) 

gives the fold difference in gene expression between the control and treated samples. The control 

sample always has a AACT value of 0, thus 0'^ gives a 2'*^'^ of 1, against which all other samples 

are referenced.

2.2.5 Enzyme-linked immunosorbent assay (ELISA)

2.2.5.1 Blood collection for plasma

A 10ml blood sample was taken from healthy controls and depressed patients in the early 

afternoon into a heparinised vacutainer and was centrifuged to generate plasma. This was then 

stored at -80°C until required for cytokine and HPLC analysis. This work was carried out by Prof. 

Thomas Frodl's clinical research team.
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Fasting blood samples w ere  taken  from  healthy controls and severely depressed patients prior to  

and fo llow ing  th erapeutic  in te rven tio n  w ith  ECT in K2 EDTA tubes betw een  07 :30am  and  

0 9 .30am . Samples w ere  centrifuged a t 20 00  rpm fo r 10 m inutes and stored a t -80°C  w ith in  one  

hour. This w ork was carried out by Prof. Declan McLoughlin's clinical research team .

2.2.S.2 ELISA for IL-ip, TNF-a, IL-6, IFN-y, IL-17A and IL-10

Hum an IL -ip , TN F-a, IL-6 , IFN-y, IL-17A and IL-10 w ere  quantified  by sandwich ELISA using 

BioLegend ELISA MAX™ Deluxe kits as per m anufacturer's  instructions. The capture antibodies fo r 

IL -ip , TN F-a, IL-6 , IFN-y, IL-17A and IL-10 w ere  diluted 1:200 in 1 X Coating buffer and 100 1̂ o f 

this capture antibody solution was added to  all wells on th e  96 -w e ll maxisorb ELISA plates which  

w ere  incubated overnight at 4°C. Plates w ere  th en  washed 4 tim es w ith  300  n l/w e ll PBS + 0.05%  

Tw een  20 and blocked w ith  20 0  n l/w e ll 1 X assay d iluent fo r  1 hour at RT w ith  shaking at 20 0  rpm, 

to  elim inate non-specific binding. As before, plates w ere  washed 4  tim es and 100 pil 

sam ples/standards w ere  added to  th e  ap propria te  w ells and incubated fo r 2 hours at RT w ith  

shaking.

Samples were diluted as follows:

Plasma samples fo r IL -ip , IL-6 , T N F-a, IFN-y all run neat

U nstim ulated PBMC supernatants fo r IL-6 , TN F-a, IFN-y, IL-17A, IL-10 all run neat 

Anti-CD3 stim ulated  PBMC supernatants fo r IL-6 , T N F-a and IFN-y dilu ted 1:10  

Anti-CD3 stim ulated  PBMC supernatants fo r IL-10 d ilu ted 1:2 

Anti-CD3 stim ulated  PBMC supernatants fo r IL-17A run neat

Standards w ere  prepared as per kit instructions; six tw o-fo ld  serial dilutions o f th e  50 0  p g /m l top  

standard w e re  carried out w ith  IX  assay d iluent fo r IL-6 , T N F-a and IFN-y. This was repeated  fo r  

IL -ip  w ith  a to p  standard o f 125 p g /m l and fo r IL-17A w ith  a to p  standard o f 25 0  pg/m l.

Following 4  washes, 100 [il o f detec tio n  antibody, d ilu ted  1:200 in 1 X assay d iluent, was added to  

each w ell and incubated fo r 1 hour at RT w ith  shaking. This was fo llow ed  by washes as before and 

th e  addition o f 100  n l/w e ll Avidin-Horseradish peroxidase (HRP), diluted 1 :10 ,000  in IX  assay 

diluent, which was incubated fo r  30  m inutes at RT w ith  shaking. 5 washes w ere  com pleted and  

100 nl o f freshly mixed TM B substrate solution was added to  each w ell and incubated in th e  dark

until th e  wells tu rn ed  blue in co lour (approxim ate ly 10 -20  m inutes depending on th e  ELISA). The

addition o f 100 ^ I/w e ll 2N H 2 SO4  stopped the reaction. The absorbance was read at 4 5 0  nm using
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a m icroplate reader (Sunrise Tecan, Reading, UK) and was th en  recalculated as a concentration  

(p g /m l) using standard curves derived using GraphPad Prism Softw are Version 5 .0 0  (GraphPad  

Softw are, Inc).

2 .2 .S .3  ELISA fo r CRP and BDNF

Hum an BDNF and CRP w ere  quantified  by sandwich ELISA (R&D Systems, UK). 100  |il/w e ll o f 

capture antibody diluted 1:180 in 1 X PBS was incubated at room  tem p e ra tu re  (RT) overnight. 

Following 3 washes w ith  PBS + 0 .05%  Tw een 20 th e  plates w ere  blocked fo r 1 hour a t RT w ith  300  

Hl/w ell o f 1% bovine serum  album in (BSA). A fte r 3 washes 100 nl o f sam ples/standards w ere  

added to  each w ell and incubated fo r 2 hours a t RT. Plasma samples fo r BDNF w ere  dilu ted 1:10  

w hile  plasma samples fo r CRP w ere  dilu ted 1:10 ,000 . T w o-fo ld  serial dilutions w e re  prepared  

fro m  a top  standard o f 3 ,0 00  p g /m l fo r BDNF and 1 ,0 00  p g /m l fo r CRP. This was fo llow ed  by 

washes as before and 100 n l/w e ll o f detection  antibody d ilu ted  1:180 in 1% BSA was incubated  

fo r 2 hours a t RT. 3 washes w ere  com pleted and 100 1̂ avidin-HRP, d ilu ted  1:200 in 1% BSA, was 

added to  each w ell and Incubated fo r 20  m inutes in th e  dark. Following washes, th e  plates w ere  

incubated in th e  dark fo r 20 m inutes w ith  TM B  (100  jil/w e ll) . The addition o f 100 n l/w e ll 2N H 2 SO4  

stopped th e  reaction. The absorbance was read at 4 5 0  nm using a m icrop late read er (Sunrise 

Tecan, Reading, UK) and was th en  recalculated as a concentra tion  (p g /m l fo r BDNF, m g/L fo r CRP) 

using standard curves derived using GraphPad Prism S oftw are Version 5 .0 0  (GraphPad Softw are, 

Inc).

2.2.6 MSD®MULTI-SPOT Human Pro-inflammatory 1 4-Plex Ultra-Sensitive assay

Hum an plasma IL -ip , IL-6 , T N F -a  and IFN-y concentrations w ere  m easured in a sandwich  

im m unoassay fo rm a t using an MSD® MULTI-SPOT Hum an P ro -in flam m atory 1 4-Plex kit 

(M esoScale Discovery, USA) as per m anufacturer's  instructions. Plates pre-coated w ith  capture  

antibody fo r IL -ip , IL-6 , TN F-a and IFN-y on spatially d istinct spots w ere  blocked w ith  25 n l/w e ll of 

Diluent 2 fo r 30 m inutes a t RT w ith  shaking at 30 0  rpm . A to p  standard o f 2 ,5 00  pg/m l was 

prepared and four-fo ld  serial dilutions w ere  carried o ut, using D iluent 2 as diluting agent, yielding  

an 8  point standard curve. 25 |il o f sam ples/standard w ere  added to  th e  appropria te  wells and 

incubated fo r 2 hours at RT w ith  shaking a t 30 0  rpm  to  accelerate capture. Following this 

incubation period th e  plates w ere  washed 3 tim es w ith  PBS + 0 .05%  Tw een 20. The stock 

detection  antibody blend was d ilu ted 1:50 in D iluent 3 and 25 nl o f this solution was added to
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each well and incubated for 2 hours at RT with shaking at 300 rpm. 3 washes were completed as 

before. The 4 X read buffer T was diluted 1:2 in deionised water and 150 nl of this solution was 

added to each well and the plate was read immediately on the SECTOR Imager. A reverse 

pipetting technique was employed throughout to provide greater accuracy and prevent bubble 

formation.

2.2.7 High performance liquid chromatography (HPLC)

Tryptophan and kynurenine pathway metabolites were measured by HPLC. Kynurenine was 

measured at a wavelength of 230 nm or 250 nm by PDA-UV detection (SPD-MIOAVP, Shimadzu). 

Tryptophan, kynurenic acid (KYNA) and 3-hydroxyantranillic (3-HAA) concentrations were 

measured fluorometrically (RF-lOA XL, Shimadzu) at an excitation wavelength of 254 nm and an 

emission wavelength of 404 nm.

2.2.7.1 HPLC sample and buffer preparation

Homogenisation buffer was prepared with mobile phase containing 7% perchloric acid to 

deproteinise the samples and 200ng/20nl N-methyl 5-hydroxy-tryptamine (Sigma Aldrich) as 

internal standard. The mobile phase consisted of 50 nM glacial acetic acid, 100 mM zinc acetate 

(Sigma Aldrich) and 3 % acetonitrile dissolved in double-distilled NANO-pure HPLC grade water 

(Sigma Aldrich) at pH 4.9. Plasma samples were centrifuged for 10 minutes at 12,000 rpm and 4°C 

to clean the samples. 300 [il of plasma or PBMC cell culture supernatant was added to an equal 

volume of ice cold homogenisation buffer, which was vortexed vigorously before being 

centrifuged at 12,800 rpm for 20 minutes and 4°C. The supernatants were then passed through 4 

mm syringe filters (non-sterile 0.45 |im nylon, Nalgene, UK) and transferred to new 1.5 ml tubes 

on ice. Samples were analysed immediately.

The standards used for HPLC were as follows: N-methyl 5-HT (internal standard), L-Kynurenine, L- 

Tryptophan, KYNA and 3-HAA (Sigma Aldrich). Standard stock solutions of 10 mg/lOmI were 

prepared by dissolving the standards in 10 ml of HPLC mobile phase. These solutions were stored 

at 4°C. Using the stock solutions a 10 ml standard mix containing 200 ng/20|il of each standard 

was prepared.
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2.2.7.2 Measurement of kynurenine pathway metabolites

Samples and standards were then transferred into individual 0.2 ml conical inserts (Labquip, IRL) 

which were placed in a 2 ml glass vials (Labquip, IRL) and HPLC analysis was conducted with an 

automated HPLC system (Shimadzu ADVP module). A 20 |il volume of sample was injected onto a 

reverse phase analytical column (Kinetex Core Shell Technology, Phenomenex, UK) with specific 

area of 100 mm x 4.6 mm and particle size of 2.6 |im and fitted with a guard column (Lichrosorb 

RP18, specific surface area 30 x 4 mm, Phenomenex, UK) for separation of metabolites. The flow  

rate was 0.8 m l/m in (LC-IOAT pump, Shimadzu) and the acquisition tim e was 18 minutes. A 

standard mix was injected every six samples in order to recalibrate the system and curtail 

divergences in the retention times during sample runs. The auto-sampler was also pre

programmed to self-rinse with methanol between each sample injection. CLASS-VP software 

(Shimadzu) was used for chromatographic control, data collection and processing. Retention 

times and peak heights were recorded from the chromatographs generated and together with the  

data from the standards the concentrations of the metabolites in the samples were quantified 

and expressed as ng/ml of plasma or PBMC culture supernatant.

2.2.8 Statistical analysis

Data are presented as mean with standard error of the mean (SEM) or standard deviation (SD) 

where appropriate. Categorical variables were tested using Chi-square (x^) test. All data were 

tested for normality using the Shapiro-Wilk test. Normally distributed data were analysed using 

the student's t-test or tw o-way analysis of variance (ANOVA) followed by Bonferroni post-hoc 

test, where appropriate. Non-parametric data were analysed using the M ann-W hitney U test for 

independent sample comparisons, the Wilcoxon-Signed Rank test for paired comparisons or 

Kruskal-Wallis one-way ANOVA, where appropriate. Correlational analysis was carried out using 

Spearman's rho correlation statistics. All statistical analyses w ere considered significant when 

p<0.05. Graphs and statistics were generated using GraphPad Prism Software Version 5.00  

(GraphPad software, Inc). All data were analysed using SPSS (Version 16).
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Chapter 3

Tryptophan depletion in depressed patients occurs independent 
of !<ynurenine pathway activation

The work contained in this chapter is published. (Brain Behav Immun. 2012 Aug;26(6):979-87)
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3.1 Introduction

M ajor Depressive Disorder (IVIDD) is a serious psychiatric disorder and a leading source of 

disability worldwide with a lifetime prevalence of up to 16%. Whilst the precise biological basis of 

depression still remains elusive, evidence suggests that activation of the innate immune system 

may be involved in the aetiology of depression (Dantzer et al., 2008, M iller et al., 2009, Anisman, 

2011, Leonard and Maes, 2012). Specifically, it has been reported that depression is associated 

with increased circulating concentrations of pro-inflammatory cytokines, soluble cytokine 

receptors, chemokines and acute phase proteins (Maes et al., 1995b, Lanquillon et al., 2000, Cizza 

et al., 2008, Simon et al., 2008, Diniz et al., 2010). M oreover, in the case of IL-6, IL-1, TNF-a, slL-2R 

and C reactive protein (CRP) these original findings have been supported by recent meta-analyses 

(Dowlati et al., 2010, Haroon et al., 2012, Liu et al., 2012). It is also known that cytokine 

im munotherapy can induce depressive symptoms in otherwise psychiatrically normal individuals 

(Capuron et al., 2000, Bonaccorso et a!., 2001, Capuron et al., 2001).

Whilst a functional deficit in the neurotransm itter serotonin (5-hydroxytryptamine; 5-HT) is well- 

established as a contributor to the pathogenesis of depression (Coppen and Doogan, 1988, Cryan 

and Leonard, 2000), it is only in recent years that theories have emerged to provide a mechanistic 

link between inflammation and low serotonin (Maes et al., 2011, Leonard and Maes, 2012). The 

synthesis of brain serotonin is dependent on the availability of the essential amino acid 

tryptophan in the blood (Russo et al., 2009). In this regard, the kynurenine pathway is the major 

metabolic pathway for tryptophan in the body resulting in the production of kynurenine and 

several downstream metabolites (Stone and Darlington, 2002). Induction of the of the rate 

limiting enzyme in the kynurenine pathway, indolamine 2,3-dioxygenase (IDO) is driven by the  

inflam m atory cytokines IFN-y, IL-6, TNF-a and IL -lp  (Carlin et al., 1989, Fujigaki et al., 2006, 

Zunszain et al., 2012). Consequently, IDO induction has been proposed as a mechanism by which 

inflammation can precipitate depression via tryptophan depletion (Raison et al., 2009, Christmas 

et al., 2011, Maes et al., 2011). Most particularly, activation of the kynurenine pathway and 

tryptophan depletion has been observed in depression that occurs secondary to exogenous 

administration of the cytokines IFN-y and IL-2 (Capuron and M iller, 2004, Wichers et al., 2005, 

Raison et al., 2010).

However, the role of kynurenine pathway activation in MDD has been less well studied to date, 

with one study reporting an increase in the IDO activity index (kynurenine/tryptophan (KYN/TRP) 

ratio) and an decrease in concentrations of the neuroprotective kynurenine pathway metabolite 

kynurenic acid (KYNA) in depressed patients relative to control subjects (M yint et al., 2007). Based 

on these results M yint and colleagues suggested that kynurenine was metabolised down the
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neurotoxic (3-hydroxykynurenine-quino!inic acid) arm of the l<ynurenine pathway, although to  

date neurotoxic kynurenine pathway metabolites or expression of the enzymes that drive their 

production have not been examined in depressed patients. In addition, to my knowledge no study 

to  date has measured IDO expression in either cytokine-induced depression or MDD. In this 

regard, all published assessments of IDO activity in this field have relied on measuring tryptophan  

and kynurenine concentrations.

Following its synthesis by IDO, kynurenine can be further metabolised down one of tw o pathways. 

The enzyme kynurenine-3-monooxygenase (KMO) converts kynurenine into the free radical 

generator 3-hydroxykynurenine (3-HK), which can be metabolised by kynureninase to form 3- 

hydroxyanthranilic acid (3-HAA) and ultimately 3-HAA can be further metabolised to form the 

excitotoxin quinolinic acid (QUIN) (Stone and Darlington, 2002). Alternatively, kynurenine can be 

metabolised into kynurenic acid (KYNA) by kynurenine aminotransferase enzymes (KAT I & II). 

KYNA is largely regarded as a neuroprotective compound due to its NMDA receptor antagonist 

properties (Stone and Darlington, 2002). To date, expression of enzymes responsible for 

downstream metabolism of kynurenine have not been measured in depressed patients. In this 

regard, a suggestion of an imbalance in production of downstream kynurenine pathway 

metabolites in depression formed the basis of the "neurodegeneration hypothesis of depression" 

proposed by M yint and Kim in 2003 (M yint and Kim, 2003).

A second mechanism that has been used to link inflammation to reduced serotonergic function is 

via the ability of inflammatory cytokines to induce expression of the serotonin transporter (SERT), 

a molecule that removes serotonin from the synapse following its release (Benmansour et al., 

1999). In this regard, studies have demonstrated that inflammatory cytokines including IL-ip , 

TNF-a and IFN-y increase SERT expression and serotonin reuptake in vitro (Tsao et al., 2006, Zhu 

et al., 2006) and that a systemic inflammatory challenge with bacterial lipopolysaccharide (LPS) or 

the viral mimetic Poly l:C increases SERT expression in rodent brain (Katafuchi et al., 2005, Zhu et 

al., 2010a).

The aim of this study was to determ ine if the inflammatory state observed in MDD was associated 

with activation of the kynurenine pathway and/or upregulation of SERT as mechanisms to link 

inflammation to a serotonergic deficit in depression. Specifically, circulating concentrations of the  

inflammatory cytokines IL -ip , IFN-y, TNF-a and IL-6 and the acute phase protein CRP were 

measured alongside plasma tryptophan, kynurenine, KYNA and 3-HAA concentrations, and whole 

blood IDO, KAT, KMO, Kynureninase and SERT mRNA expression in patients with MDD compared 

with healthy age- and sex-matched control subjects.
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3.2 Methods

3.2.1 Participants

The study included 39 adult patients with MDD from  the mental health services of the Adelaide 

and M eath Hospital, incorporating the National Children's Hospital, Dublin or St. James's Hospital, 

Dublin. The diagnosis of these patients with MDD was a clinical diagnosis based on Diagnostic and 

Statistical Manual for Mental Disorders IV (DSM-IV, American Psychiatric Association, 2000) 

criteria and confirmed by an independent psychiatrist using the 21-Hamilton Rating Scale for 

Depression (HAM-D 21) (Hamilton, 1960). Thirty-nine healthy control subjects were recruited 

from the local community and the groups w ere balanced for age and sex. In the depressed group, 

14 patients received mono-therapy with an SSRI and 13 with a dual acting antidepressant 

(mirtazapine or venlafaxine). Twelve were m edication-free when they were transferred to the 

service and were investigated before restarting antidepressant therapy. Antipsychotics or mood 

stabilisers w ere exclusion criteria. Other exclusion criteria w ere age <18 or >65, history of 

neurological or comorbid psychiatric disorders (Axis I or Axis II), other severe medical illness, head 

injury or substance abuse. Demographic variables, inclusion and exclusion criteria were  

documented using a standardised questionnaire and through a structured interview by a 

psychiatrist.

W ritten informed consent was obtained from all participants after being given a detailed 

description of the study which was designed and performed in accordance with the ethical 

standards laid out by the Declaration of Helsinki and was approved by the ethics com m ittee of St. 

James and the Adelaide and M eath Hospitals, Dublin.

3.2.2 The Hamilton Rating Scale for Depression

Depression severity was assessed in patients and controls using the HAM-D 21 scale (Hamilton, 

1960, Hamilton, 1969). This scale is the most frequently used, validated and standardised 

assessment for major depression and surveys the range of symptoms most commonly observed in 

depressed patients. W hile the HAM-D lists 21 items, the total score is the sum of the first 

consecutive 17 items and is indicative of global depressive burden. The rem ainder provide 

supplementary clinical information. Participants scoring between 0-7 fall within the normal range 

while scores of 8-13, 14-18, 19-24 and > than 25 are indicative of mild, m oderate, severe and very 

severe depression, respectively (Ruhe et al., 2005).
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3.2.3 Measurement of blood inflammatory markers, kynurenine pathway enzymes 

and SERT expression

A 10 ml blood sample was taken from each subject in the early afternoon into a heparinised 

vacutainer and was centrifuged to  generate plasma. Plasma was stored at -80°C until 

inflammatory markers were measured. A second blood sample (2.5 ml) was taken into a PAXgene 

blood RNA tube (Qiagen, UK) and used for whole blood RNA isolation. PAXgene tubes were stored 

at -20°C for 48 hours and then moved to -80°C until RNA extraction was performed. All blood 

samples were taken to the freezer within 1 hour after acquisition. All samples were processed in 

the same batch with respect to the following methods.

3.2.3.1 Plasma IL-6, TNF-a, IL-ip, IFN-y and CRP measurements

Plasma IL-6, TNF-a IL-1(3, and IFN-y concentrations were measured using ELISA MAX™ Deluxe kits 

(Biolegend, UK), and plasma CRP concentrations were measured using a CRP ELISA DuoSet (R&D 

systems, UK) and these immunoassays were performed according to manufacturer's instructions. 

Absorbance was read at 450 nm using a microplate reader (Sunrise Tecan, Reading, UK) and was 

then recalculated as a concentration (pg/ml for IL-6, TNF-a, IL-ip and IFN-y and mg/L for CRP) 

using standard curves derived using GraphPad Prism Software Version 5.00 (GraphPad software, 

Inc). Limits of detection for the ELISAs were 4 pg/ml fo r IL-6 and IFN-y, 2 pg/ml for TNF-a, 0.5 

pg/ml fo r IL-ip and 5 pg/ml for CRP.

3.2.3.2 Real-time PGR analysis of mRNA expression of IDOl, ID02, KMO, Kynureninase, KAT I, 
KAT II and SERT in whole blood samples

RNA isolation was performed using a PAXgene blood RNA kit (Qiagen, UK) and was followed by off 

column DNase treatment in order to  remove contaminating genomic DNA as previously described 

(see Chapter 2 section -  2.2.4). The PAXgene system has been shown to reproducibly yield high- 

quality RNA from whole blood that can be used in downstream applications such as real-time PCR 

or gene chip analysis (Chai et al., 2005). Following RNA quantification and equalisation, cDNA was 

synthesised using a cDNA archive kit (Applied Biosystems, UK).

Gene expression analysis was conducted using Real-Time PCR employing Taqman® Gene 

Expression Assays (Applied Biosystems, UK). To quantify expression of target genes of interest 

Taqman® Gene Expression Assays containing FAM-labelled probes were used (Assay IDs: IDOl: 

Hs00984148_ml; ID02:Hs01589373_ml; KMO:Hs00175738_ml; Kynureninase: Hs01114099_ml;
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KAT I: H s00187858_m l; KAT II: H s00212039_m l; SERT: H s00169010_m l; Applied Biosystems, 

UK). PCR reactions were in a duplex form at also containing a Taqman® Gene Expression assay 

(primer-lim ited) containing a VIC-labelled probe for the endogenous control gene glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) (Assay ID: 4326317E). Samples were assayed using Applied 

biosystems universal cycling conditions using a fast protocol on the StepOnePlus™ Real-time PCR 

system (Applied Biosystems, UK). Fold change in gene expression from the control group was 

calculated using the AACt method and GAPDH served as endogenous control in the amplification 

system. GAPDH was chosen as an endogenous control gene for these analyses as it demonstrated  

the least variable expression profile among blood samples relative to another endogenous control 

gene human acid ribosomal protein (HUPO). Data are expressed as fold change in gene expression 

relative to the control group.

3.2 .3 .3  M easurem ent o f tryptophan, kynurenine and kynurenine m etabolites using HPLC

Plasma tryptophan, kynurenine, KYNA and 3-hydroxyantranillic acid (3-HAA) concentrations were 

measured by HPLC. Kynurenine was measured at a wavelength of 250 nm by UV detection. 

Tryptophan, KYNA and 3-HAA concentrations were measured fluorometrically at an excitation 

wavelength of 254 nm and an emission wavelength of 404 nm.

Homogenisation buffer was prepared with mobile phase containing 6% perchloric acid and 200 

ng/20 nl of internal standard (N-methyl-serotonin) (Sigma Chemicals Co., UK). The mobile phase 

contained 50 nM glacial acetic acid, 100 m M zinc acetate and 3% acetonitrile at pH 4.9. A 1:1 ratio 

of supernatant and homogenisation buffer was centrifuged at 12,800 rpm for 20 minutes at 4 ”C 

before being passed through a 0.45 um syringe filter (Phenomenex UK). A 20 |il sample of the 

resultant filtrate was injected onto a C-18 reverse phase Kinetex core-shell technology column 

(Phenomenex, UK) fitted with a guard column for separation o f metabolites in the sample (flow  

rate 0.8 m l/m in). Retention times and peak heights w ere recorded from the chromatographs 

generated and together with the data obtained for the standards (5 ng/20 ul standard mix of 

tryptophan and kynurenine, KYNA, 3-HAA and N-methyl 5-HT), were used to calculate tryptophan 

and kynurenine concentrations expressed as ng/ml of plasma.

65



3.2.4 Statistical analysis

Data are presented as mean with standard deviation (SD) in parentheses. Differences in 

demographic variables were tested using Student's M est, Chi-square (x^) test for gender 

distribution and M ann-W hitney U test for differences in non-parametric clinical variables. 

Normality was tested using the Shapiro-Wilk test of normality. Spearman's rho correlation 

coefficients were used to  assess the relationship between plasma inflammatory markers (CRP, IL- 

6 and IFN-y) and HAM-D scores, plasma inflammatory markers and plasma tryptophan 

concentrations, HAM-D scores and plasma tryptophan concentrations and the 

kynurenine/tryptophan ratio. All statistical analyses were considered to be significant if p<0.05. 

Graphs and statistics were generated using GraphPad Prism Software Version 5.00 (GraphPad 

software, Inc). All data were analysed using SPSS (Version 16).
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3.3 Results

3.3.1 Demographic data for patients with MDD and healthy controls

Consistent with a diagnosis of depression, patients with MDD had a significantly elevated HAM-D  

21 score (p<0.001) compared to the control group (MDD: 27.7 (5.75) vs. Control: 2.7 (2.74)) (Table 

3.1). Analysis revealed that there was no significant difference in age, gender or BMI between the 

depressed cohort and the control group (p>0.05) (Table 3.1).

Table 3.1 Demographic data for patients w ith  M D D  and healthy controls. Depicted are 

demographic variables and clinical depression severity measured with the HAM-D 21 scale

Patients (n=39) Controls (n=39) Statistics (p-vaiue)
Age [years] 41.9(11.1) 37.1(12.9) t=-1.79,df=l,76, (p=0.077)
Gender (fem ale /m ale ) 23/16 22/17 X^=0.053, (p=0.819)
BMI 25.3(3.8) 23.9(3.5) t=-1.63,df=l,76, (p=0.098)
Alcohol consumption (units per w eek) 4.0 (6.1) 4.8 (3.4) t=-0.60,df=l,76, (p=0.549)
Smoking (Yes/No) 11/28 8/31 X^=0.063, (p=0.599)
Ham ilton Depression Score (H A M -D  21) 27.7(5.8) 2.7 (3.0) t=-23.9,df=l,76, (p<0.001)
Age of onset 25.7 (8.7)
Cum ulative illness duration 8.9 (9.1)
M edication (free/SSRI/dual acting) 12/14/13

Data expressed as mean with SD in parentheses and statistical analysis was performed using 
Student's t-test (Age, BMI, Alcohol consumption) and Chi squared (x^) test (Gender and Smoking).
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3.3.2 Circulating concentrations of infiammatorY cytol<ines and CRP in depressed 

patients and healthy controls

3.3.2.1 Circulating inflammatory cytokine concentrations in depressed patients compared with 

healthy controls

A M ann-W hitney U test revealed a significant increase in the circulating concentrations o f IL-6 

{Z--2A00, p=0.016) and IFN-y (Z=-2.001, p=0.045) in the depressed patients relative to  the control 

subjects [Figure 3.1b and d respectively]. There was no significant difference in the circulating 

concentrations o f IL -lp  (Z=-0.991, p=0.322) and TNF-a (Z=-0.394, p=0.694) between the 

depressed patients and healthy controls [Figure 3.1a and c respectively].

ControlControl

(c) (d)
15-

Control DepressedControl

Figure 3.1 Circulating inflammatory cytokines concentrations in depressed patients compared with 

healthy controls. Plasma concentrations of (a) IL-ip, (b) IL-6, (c) TNF-a and (d) IFN-y in depressed patients 

compared with healthy controls. Data expressed as mean with SEM (n=39 per group). *p<0.05 vs. control 

(Mann-Whitney U test).
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3.3.2 .2  Circulating CRP concentrations in depressed patients compared w ith  healthy controls

A M ann-W hitney U test revealed a significant increase in the circulating concentrations of CRP in 

the depressed cohort relative to control subjects (Z=-2.433, p=0.015) [Figure 3.2],

Control

Figure 3.2 Circulating CRP concentrations in depressed patients compared with healthy controls. Plasma 

CRP concentrations in depressed patients compared w ith healthy controls. Data expressed as mean w ith 

SEM (n=39 per group). *p<0.05 vs. control (Mann-Whitney U test).
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3.3.3 Analysis of kynurenine pathway activation in depressed patients compared with  

healthy controls

3.3.3.1 IDO mRNA expression in depressed patients compared with healthy controls

Gene expression of IDOl and ID02 was measured in whole blood from depressed patients relative 

to control subjects. Basal expression of IDOl mRNA was measured in all blood samples studied 

and the average threshold cycle (Ct) fo r IDOl in the control group was 32.4. Basal ID02 mRNA 

expression (a Ct of less than 40) was observed in 34 of the 39 control samples and 27 of the 39 

samples from depressed patients and the average Ct fo r ID02 was 34.9. The average Ct for the 

housekeeping gene GAPDH was 25, resulting in an average ACt of 7.4 fo r IDOl and 9.9 for ID02. 

Based on these data, basal ID02 expression in blood is lower than IDOl.

A Mann-Whitney U test revealed no significant difference in the whole blood transcriptional 

expression of IDOl (Z=-0.275, p=0.783) and ID02 (Z=-0.465, p=0.642) between the depressed 

patients and healthy controls [Figure 3.3a and b respectively].

Control Control Depressed

Figure 3.3 W hole blood IDO mRNA expression in depressed patients compared with healthy controls.

Relative mRNA expression for (a) IDO l and (b) ID02 in depressed patients compared with healthy controls. 

Data expressed as mean with SEM (n=39 per group), Mann-Whitney U test.
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3.3.3.2 Kynurenine pathway metabolite concentrations in depressed patients compared with 

healthy controls

A Mann-Whitney U test revealed a significant decrease in circulating tryptophan concentrations in 

the depressed cohort compared with healthy controls (Z=-2.731, p=0.006), in the absence of a 

concomitant increase in kynurenine in the patient cohort relative to controls (Z=-0.215, p=0.830) 

[Figure 3.4b and a respectively]. A Mann-Whitney U test also revealed a significant increase in the 

kynurenine/tryptophan ratio in the depressed patients relative to controls (Z=-2.847, p=0.004) 

[Figure 3.4c].

3.3.3.3 Kynurenine pathway enzyme expression in depressed patients compared with healthy 

controls

The transcriptional expression of KAT I, KAT II, KMO and Kynureninase was assessed in whole 

blood from depressed patients and healthy controls. Basal expression of KAT I mRNA was 

observed in all blood samples studied and the average Ct for KAT I in the control group was 33. In 

contrast KAT II was below the limits of detection in most samples. Basal expression of KMO and 

kynureninase mRNA was observed in all blood samples studied and the average Ct fo r KMO and 

kynureninase in the control group was 32.9 and 30.1 respectively. The average Ct for the 

housekeeping gene GAPDH was 25 resulting in an average ACt of 8.0 for KAT I, 7.9 for KMO and 

5.1 fo r kynureninase. Based on these data, the basal expression of kynureninase in blood is lower 

than KAT I and KMO.

A Mann-Whitney U test revealed no significant difference in the whole blood transcriptional 

expression of KAT I (Z=-0.695, p=0.487), KMO (Z=-0.295, p=0.768) or kynureninase (Z=-0.235, 

p=0.814) between depressed patients and controls [Figure 3.5a, b and c respectively].
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Figure 3.4 Kynurenine pathway activation profile in depressed patients compared with healthy controls.

Plasma concentrations of (a) kynurenine, (b) tryptophan and (c) kynurenine/tryptophan (KYN/TRP) ratio in 

depressed patients compared w ith healthy controls. Data expressed as mean w ith SEM (n=39 per group). 

**p<0.01 vs. control (Mann-Whitney U test).
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Figure 3.5 KAT, KMO and kynureninase mRNA expression In depressed patients compared with healthy 

controls. Relative mRNA expression fo r (a) KAT I, (b) KMO and (c) kynureninase expression in depressed 

patients compared w ith healthy controls. Data expressed as mean w ith SEM (n=39 per group). Mann- 

Whitney U test.
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3.3 .3 .4  KYNA and 3-HAA concentrations in depressed patients compared w ith  healthy controls

A Mann-Whitney U test revealed no significant difference in the concentration of the kynurenine 

metabolites KYNA (Z=-0.923, p=0.356) and 3-HAA (Z=-1.134, p=0.257) in depressed patients 

relative to healthy control subjects [Figure 3.6a and b respectively].

(a)
80 n

Control Depressed

(b)
100n

O) 60-c

Control Depressed

Figure 3.6 KYNA and 3-HAA concentrations in depressed patients compared with healthy controls. Plasma 

concentrations of (a) KYNA and (b) 3-HAA in depressed patients compared with healthy controls. Data 

expressed as mean with SEIVI (n=39 per group for 3-HAA; n=21-22 per group for KYNA), Mann-Whitney U 

test.
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3.3.4 Evaluation of the relationship between HAM-D scores, the kynurenine pathway 

and circulating inflammatory markers

3.3.4.1 The association between HAM-D scores and kynurenine, tryptophan and the KYN/TRP 

ratio

Spearman's rho correlation analysis between HAM-D scores and plasma tryptophan 

concentrations revealed a significant negative correlation (r=-0.353, p=0.002) [Figure 3.7b], This 

was accompanied by a significant positive correlation between HAM-D scores and the KYN/TRP 

ratio (r=0.254, p=0.027) [Figure 3.7c]. In contrast, no correlation exists between HAM-D scores 

and plasma kynurenine concentrations (Z=-0.049, p=0.673) [Figure 3.7a].

3.3.4.2 The association between HAM-D scores and plasma inflammatory markers CRP, IL-6 and 

IFN-y

Correlational analysis revealed a significant positive correlation between HAM-D scores and 

plasma IL-6 concentrations (r=0.325, p=0.004) [Figure 3.8b]. In contrast, there was no significant 

association between HAM-D scores and plasma CRP concentrations (r=0.194, p=0.089) or HAM-D 

scores and plasma IFN-y concentrations (r=0.206, p=0.071) [Figure 3.8a and c respectively].

3.3.4.3 The association between plasma inflammatory markers CRP, IL-6, IFN-y and plasma 

tryptophan

Spearman's rho correlational analysis revealed a significant negative association between plasma 

tryptophan concentrations and CRP (r=-0.279, p=0.015) [Figure 3.9a]. In contrast, plasma 

tryptophan concentrations were not associated with either IL-6 (r=-0.126, p=0.280) or IFN-y (r=- 

0.060, p=0.604) concentrations [Figure 3.9b and c respectively].
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Figure 3.7 Correlational analysis between HAM-D scores and plasma kynurenine, tryptophan and the 

KYN/TRP ratio, (a) No correlation exists between HAM-D scores and plasma kynurenine, (b) A significant 

negative correlation exists between HAIVl-D scores and plasma tryptophan concentrations and (c) A 

significant positive correlation exists between HAM-D scores and the plasma KYN/TRP ratio.
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Figure 3.8 Correlational analysis between HAM-D scores and plasma CRP, IL-6 and IFN-y concentrations.

(a) No correlation exists between HAM-D scores and plasma CRP concentrations, (b) A significant positive 

correlation exists between HAM-D scores and plasma IL-6 concentrations and (c) No correlation exists 

between HAM-D scores and plasma IFN-y concentrations.
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Figure 3.9 Correlational analysis between inflammatory markers (CRP, IL-6 and IFN-y) and plasma 

tryptophan concentrations, (a) No correlation exists between HAM-D scores and plasma CRP 

concentrations, (b) A significant positive correlation exists between HAM-D scores and plasma IL-6 

concentrations and (c) No correlation exists between HAM-D scores and plasma IFN-y concentrations.
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3.3.5 Analysis of SERT expression in depressed patients compared with healthy 

controls

Basal expression of SERT mRNA was observed in all whole blood samples studied and SERT mRNA 

in the control group had an average Ct of 34.4. The average Ct for the housekeeping gene GAPDH 

was 25 resulting in an average ACt of 9.4 for SERT. However, despite the presence of an 

inflammatory state in the depressed patients there was no significant difference between SERT 

expression in depressed patients and control subjects (Z=-0.495, p=0.621) [Figure 3.10].

Control

Figure 3.10 SERT mRNA expression in depressed patients compared with healthy controls.

Relative mRNA expression fo r SERT in depressed patients compared w ith healthy controls. Data expressed 

as mean with SEM (n=39 per group), Mann-Whitney U test.

79



3.3.6 The impact of medication on biological variables in depressed patients

A M ann-W hitney U test revealed that there was no significant difference in any of the biological 

variables under investigation between antidepressant-treated patients with major depression 

(n-27)  and un-medicated patients with major depression (n=12) (p>0.05).

Table 3.2 Analysis of the  im pact o f medication on biological variables in depressed patients

Biological param eter Antidepressant 
treated  patients (n=27)

Un-m edicated  
patients (n=12)

Statistics, p-value

CRP (mg/L) 2.05 (2.10) 2 .28 (1 .95 ) Z=-0.730, p=0.480
IL -ip  (pg/ml) 1 .22(1 .36) 0 .76 (1 .01 ) Z=-1.118, p=0.271
TNF-a (pg/ml) 111.0 (485.4) 186.6 (458.3) Z=-0.000, p=1.000
IFN-y (pg/ml) 11.69 (5.50) 9 .64 (3 .61 ) Z=-1.357, p=0.178
IL-6 (pg/ml) 12.81 (14.28) 9 .69 (8 .91 ) Z=-1.203, p=0.233
Kynurenine (ng/ml) 744.5 (168.8) 806.4 (193.1) Z=-0.943, p=0.358
Tryptophan (ng/ml) 10133 (2053) 10442 (2207) Z=-0.563, p=0.590
KYNA (ng/m l) ♦ 56.57 (28.66) 40.70 (13.80) Z=-1.156, p^O.275
3-HAA (ng/ml) 49.55 (31.43) 54.63 (46.57) Z=-0.365, p=0.730
ID O lm R N A 0.92 (0.80) 0 .71 (0 .27 ) Z=-0.030, p=0.988
ID 02 mRNA 1.10 (0.96) 0.68 (0.49) Z=-1.155, p=0.264
KAT 1 mRNA 0.96 (0.42) 1.00 (0.53) Z=-0.030, p=0.988
KMOm RNA 0.99 (0.49) 0.91 (0.31) Z=-0.183, p=0.869
Kynureninase mRNA 1.07 (0.61) 0.98 (0.42) Z=-0.061, p=0.964
SERTmRNA 0.89 (0.49) 0.99 (0.63) Z=-0.426, p=0.685

Data expressed as mean with SEIVI in parentheses and statistical analysis was performed using a 

M ann-W hitney U-test. *KYNA: Un-medicated patients with MDD n=5; Antidepressant-treated 

patients with MDD n=16).
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3.4 Discussion

The present study sought to  determine if an inflammatory signature in MDD patients was 

associated w ith activation o f the kynurenine pathway and/or upregulation of SERT as mechanisms 

to link inflammation to  the serotonergic deficit in depression. A mild circulating inflammatory 

phenotype, evidenced by increased concentrations of IL-6, IFN-y and CRP, was observed in the 

MDD patients relative to healthy controls. Despite this, whole blood IDO mRNA expression or 

plasma kynurenine concentrations were not different between MDD patients and controls. In 

addition, there was no difference between depressed patients and controls in concentrations of 

the kynurenine metabolites, KYNA and 3-HAA, or in the expression of enzymes KAT, KMO or 

kynureninase that drive their production. Nonetheless, a depletion in tryptophan was evident in 

the depressed patients and was correlated with HAM-D scores. In addition, whole blood SERT 

mRNA expression was not increased in MDD patients relative to controls. These data support the 

idea that a mild inflammatory signature is evident in MDD and is accompanied by reduced 

circulating tryptophan concentrations. However, we found no indication of kynurenine pathway 

activation in the depressed cohort suggesting that an alternative mechanism mediates the 

depletion of tryptophan observed.

3.4.1 The association between inflammation and plasma tryptophan concentrations

Consistent with previous findings by Maes and colleagues, a significant reduction (12%) in 

circulating tryptophan concentrations was observed in depressed patients relative to control 

subjects and this reduction in plasma tryptophan concentration was correlated with an increase in 

the HAM-D score (Maes et al., 1990c, Maes et al., 1993b). The reduction in tryptophan 

concentrations observed in the depressed cohort was accompanied by an increase in plasma 

concentrations of the pro-inflammatory cytokines IL-6 (68%) and IFN-y (20%) and the acute phase 

protein CRP (75%). Moreover, a reduced plasma tryptophan concentration was significantly 

correlated with an increase in CRP concentrations, but did not correlate with the increase in 

circulating concentrations of either IL-6 or IFN-y. These data indicate that inflammation may be a 

contributor to the reduction in circulating tryptophan concentrations in depressed patients.
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3.4.2 Kynurenine pathway activation profile in patients with MDD

Activation of the kynurenine pathway has been suggested as a nnechanism by which inflammation  

in depression could result in a decrease in tryptophan availability for serotonin synthesis (Maes et 

a!., 2011). Consequently, the transcriptional expression of IDO (ID O l and ID 02) was analysed in 

association with the plasma KYN/TRP ratio in order to assess kynurenine pathway activation. ID O l 

and ID 02 are expressed in distinct cell types suggesting they are not functionally redundant (Ball 

et al., 2009). Despite evidence of an inflammatory phenotype in the depressed cohort, and most 

particularly elevated circulating concentrations of the IDO inducing cytokines IFN-y and IL-6, 

analysis revealed no significant difference in IDO mRNA expression (either ID O l or ID 02) between  

the depressed cohort and control subjects. Of course, IDO expression is not limited to blood cells 

and therefore the possibility that IDO expression could be increased in other body tissues cannot 

be excluded.

However, HPLC analysis of plasma kynurenine concentrations revealed that there was no 

significant difference in kynurenine concentrations between depressed patients and control 

subjects and consequently kynurenine concentrations did not correlate with HAM-D scores. 

Whilst an increase in the KYN/TRP ratio, which is often used as an index of kynurenine pathway 

activation (Wichers et al., 2005, Suzuki et al., 2010), was observed in the depressed patient 

cohort, this increase was purely due to a decrease in tryptophan as opposed to any change in 

kynurenine concentrations, suggesting that the kynurenine pathway was not activated in these 

patients. As was the case for plasma tryptophan concentrations, an increase in the KYN/TRP ratio 

was correlated with an increase in HAM-D scores.

As kynurenine can undergo rapid metabolism by the enzymes KAT, KMO and kynureninase (Stone 

and Darlington, 2002), the concentrations of kynurenine metabolites KYNA and 3-HAA were  

measured as indicators of downstream activation of the neuroprotective and neurotoxic arms of 

the kynurenine pathway, respectively. However, there was no difference in the concentrations of 

KYNA or 3-HAA between the depressed patients and control subjects. Further to this, there was 

no difference in the transcriptional expression of KAT I, the enzyme that drives the 

neuroprotective arm of the kynurenine pathway, catalysing the conversion of kynurenine to  

KYNA, between depressed patients and control subjects. Moreover, the enzymes KMO and 

kynureninase which drive the neurodegenerative arm of the kynurenine pathway, catalysing the 

conversion of kynurenine into a range of downstream metabolites including 3-HK, 3-HAA and 

QUIN (Stone and Darlington, 2002), have similar expression levels between the depressed 

patients and control subjects. Taken together with IDO expression and plasma kynurenine 

concentration data, these results suggest that the kynurenine pathway was not activated in the
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depressed cohort relative to controls. Therefore, it may be suggested that an alternative 

pathway/mechanism mediates the depletion of tryptophan observed in the depressed patients.

As BMI was matched between depressed patients and healthy controls, it Is unlikely that a 

decrease in dietary tryptophan could account for the reduction in tryptophan observed in 

depressed cohort, however, as BMI does not provide any information on dietary intake this 

possibility cannot be completely ruled out. Whilst psychological stress has the propensity to 

reduce tryptophan availability via activation of the hepatic tryptophan degrading enzyme, 

tryptophan 2,3-dioxygenase (TDO) (Maes et al., 2011), one would expect to observe an increase in 

plasma kynurenine (or downstream kynurenine pathway metabolites) in parallel with a reduction 

in tryptophan if TDO were activated. As an increase in kynurenine or kynurenine pathway 

metabolites was not observed in this study, it is unlikely that the depletion in tryptophan 

observed resulted from a stress-related increase in TDO activity in these patients. Furthermore, 

antidepressant medication did not influence tryptophan concentrations (or indeed any 

inflammatory mediators) and therefore, is unlikely to account for the difference observed 

between depressed patients and control subjects. Consequently further study is required to 

determ ine the precise cause of the reduction in circulating concentrations observed in depressed 

patients.

These data indicate that the mild inflammatory phenotype observed in depressed patients is not 

sufficient to  induce IDO, KMO or kynureninase expression and this is in contrast to  the robust 

expression of these enzymes induced following exposure to inflammatory stimuli in the in vitro 

setting (Connor et al., 2008, Zunszain et al., 2012). This is an im portant finding that clearly 

differentiates idiopathic depression from depression induced by administration of exogenous 

cytokines such as IFN-a or IL-2 where kynurenine pathway activation is observed (Capuron et al., 

2002b, Raison et al., 2010, Wichers et al., 2005), despite the fact that significant symptom overlap 

is observed between idiopathic depression and cytokine induced depression (Capuron et al., 

2009).

Whilst the results presented are negative in terms of kynurenine pathway activation in depressed 

patients, it is im portant to note that the methods employed in the present study would have been 

able to  pick up activation of the kynurenine pathway should it have been present. In this regard, 

the data from  other studies, presented in Chapter 5, demonstrate a robust induction of IDO 

mRNA coupled with reduced tryptophan concentrations and increased kynurenine concentrations 

in blood cells stimulated w ith inflammatory stimuli (most particularly the T-cell activator anti- 

CD3).
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3.4.3 SERT expression in MOD patients

Based on the results of the present study, the proven ability of in vitro exposure to inflammatory 

cytokines, or exposure of rodents to an in vivo inflammatory challenge, to upregulate SERT 

expression does not translate to the clinical situation of idiopathic depression w/here a much more 

subtle inflammatory state is observed. Specifically, these results Indicate that the mild 

inflammatory state observed In depressed patients is not sufficient to upregulate expression of 

SERT.

3.4.4 The impact of a low-grade inflammatory phenotype in MDD

Overall, the data generated in this study question the biological relevance of the small magnitude 

of increase of IFN-y (Control: 9.3 pg/m l vs. Depressed: 11.1 pg/ml) and IL-6 (Control: 7.1 pg/ml vs. 

Depressed: 11.9 pg/ml) observed in depressed patients. Similarly, it should be noted that while 

the increase in mean CRP from  1.2 mg/L in the control subjects to 2.1 mg/L in the depressed 

patients Is statistically significant, both of these values are in the normal clinical range (below 6 

mg/L) and do not indicate the presence of overt inflammation per se. Nonetheless, recent studies 

indicate that even mildly elevated IL-6 and CRP concentrations Independently predict the  

subsequent development of depression over a decade or more, even in individuals with no history 

of depression at the tim e of sampling (GImeno et al., 2009, Pasco et al., 2010). Whilst further 

study Is required to provide a mechanistic basis for these findings, it is noteworthy that the lab 

has recently observed that elevated circulating IL-6 concentrations are associated with reduced 

hippocampal volumes In major depressive disorder (FrodI et al., 2012). These data may suggest 

that elevated IL-6 has the potential to impact on hippocampal neuroplastlclty. In this regard, a 

potential role for IL-6 in the pathogenesis of depression is supported by the significant positive 

correlation between plasma IL-6 concentrations and HAM-D scores observed in the present study.

3.4.5 Conclusion

These data support the idea that a mild inflammatory signature is evident in depressed patients 

and that this is accompanied by a reduction in circulating tryptophan concentrations. However, 

we found no indication of kynurenlne pathway activation in the depressed cohort suggesting that 

an alternative mechanism/pathway mediates the depletion of tryptophan observed In depressed 

patients. Taken together, these data question the ability of the mild inflammatory phenotype

84



observed in depression to induce molecules such as IDO and SERT that could negatively impact 

upon serotonergic functioning.
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Chapter 4

Inflammatory and glucocorticoid response markers and their 

association with symptom clusters and history of childhood 

trauma in Major Depressive Disorder
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4.1 Introduction

While the precise biological basis of depression remains elusive, a large body of evidence 

implicates a dysregulated endocrine and inflammatory response system in the pathogenesis of 

depression. Studies have investigated the co-occurrence of inflammation and depression with 

findings in support of an increased innate inflammatory profile in certain sub-groups of depressed 

patients evidenced by increased circulating pro-inflammatory cytokines, chemokines and acute- 

phase proteins (Maes et al., 1995b, Lanquillon et al., 2000, Cizza et al., 2008, Simon et al., 2008, 

Diniz et al., 2010, Hughes et al., 2012). Further to this, key innate immune signalling and activation 

markers have been implicated in the pathogenesis of major depression. Recent reports implicate 

the innate activating receptor triggering receptor expressed on myeloid cells 1 (TREM-1) in many 

chronic inflammatory disorders such as inflammatory bowel disease, rheumatic disease and 

cancer and more recently the psychiatric disorders, schizophrenia and bipolar disorder (Derive et 

al., 2010, W eigelt et al., 2011). W hile these findings are in support of the macrophage theory of 

depression originally proposed by Smith (1991), little attention has been paid to the role of T-cells 

and the adaptive immune response.

Until recently, the depression literature has focused on investigating the innate immune 

response, w ith a particular interest In the pro-inflammatory cytokines IL-6 and TNF-a and the 

acute phase protein, C reactive protein (CRP) (Howren et al., 2009, Dowlati et al., 2010, Liu et al., 

2012). However, of late, there has been a re-emergence of reports in corroboration with early 

theories by Smith and Maes suggesting the involvement o f the adaptive immune response and 

cell-mediated immune activation in the pathophysiology of major depression (Maes et al., 1995c, 

M iller, 2010). Some reports suggest an imbalance in T-cell subset cytokine production, with 

elevated levels of prototypical Th-1 cytokines such as IFN-y, while anti-inflam m atory IL-4 and TGF- 

P, produced by Th-2 and Th-3 cells, respectively, have been found to be significantly lower in 

depressed cohorts (M yint et al., 2005, Kim et al., 2007, Sutcigil et al., 2007). Literature directly 

assessing other T-cell subsets including T-regulatory (T-reg) cells and Th-17 cells in patients with  

major depressive disorder (M DD) is extremely limited.

Glucocorticoids have a crucial role in maintaining bodily homeostasis, a key component in the  

body's response to stress. In addition to regulating the inflammatory system in response to stress, 

glucocorticoids also have a key role in brain functioning, regulating neurogenesis and survival 

along with memory formation and the emotional appraisal of events and the volume of complex 

anatomical structures such as the hippocampus (as reviewed by Herbert et al., 2006). 

Consequently, dysregulation of this system has a crucial role to play in stress-induced disorders 

such as m ajor depression. Impaired function of the glucocorticoid receptor (GR) is a hallmark for
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glucocorticoid resistance (decreased responsiveness to glucocorticoids). This is one of the most 

widely reported and consistent findings in patients suffering from major depression with over 

80% of participants studied showing GR resistance (Pace et al., 2007).

Given the heterogeneity of MDD, not all depressed patients exhibit dysregulation of the  

inflammatory and endocrine systems; 'W here there is depression, there is inflammation... 

sometimes!' (Glassman and M iller, 2007). However, there is evidence to suggest that 

inflammation is associated with depression in certain sub-groups of patients and that those who 

have experienced stressful life events, such as childhood traum a, may be at greater risk of 

developing depression (Batten et al., 2004, Danese et al., 2008). Stress is thought to be the trigger 

for the onset of a depressive episode and early life stress has been suggested to impact upon the  

development of neurobiological systems implicated in the stress and mood responses, thereby 

increasing ones vulnerability to  stress and hence the risk of developing depression later in life, 

especially in response to secondary stress (Hammen et al., 2000, Mazure et al., 2000, Chapman et 

al., 2004, Heim and Binder, 2012). In support of this, pre-clinical research assessing the effects of 

maternal separation in adulthood have reported an altered stress response system in association 

with a pro-inflammatory phenotype similar to that evident in depressed patients (O 'Mahony et 

al., 2009). Additionally, a clinical study by Heim et al. (2008a) demonstrated hyperactive 

hypothalamic-pituitary-adrenal (HPA) axis activity in adult men with a history of childhood 

trauma.

Alterations in the concentration and expression of the brain derived neurotrophic factor (BDNF) 

have also been reported in depressed patients (Lee et al., 2007). BDNF is a neurotrophin with a 

key role in neuronal proliferation, regeneration and survival (Lewin and Barde, 1996). It also has a 

critical role in synaptic plasticity and cognitive function, which have been shown to be disrupted 

in MDD. The hippocampus is a key limbic structure, which functions to regulate mood, sleep, 

learning and memory and the HPA axis. Preclinical evidence has shown that glucocorticoids 

reduce BDNF concentrations in the hippocampus, resulting in damage and atrophy of neurons (as 

reviewed by McEwen (1999) and Duman (2004)). In accordance with this, Mondelli et al. (2011) 

reported that early life adversity and recent stressors predict decreased BDNF expression in first 

episode psychosis, which in turn predicted smaller hippocampal volumes suggesting that stress 

related biological alterations may impact upon brain structure and function via an effect on BDNF. 

Further to  this, FrodI et al. (2012) reported a decreased hippocampal volume in association with  

an altered glucocorticoid and inflammatory phenotype in depressed patients.

However, much o f the evidence to date linking dysregulated biological systems with depression 

emerges from the study of circulating plasma/serum levels of inflammatory cytokines and

88



immune markers, while a small proportion of researchers report more specific CNS related 

variations in cytokine and metabolite concentrations through the use of cerebrospinal fluid (CSF) 

and post-mortem brain tissue, both of which have many limitations. As a result, many 

inconsistencies in the literature exist and we have yet to find specific biomarkers that may predict 

those at greater risk of depression or provide insight into treatm ent response, leading to  the  

development of more efficient treatm ent strategies. However, the whole blood PAXgene system 

represents a novel approach in the search for specific biomarkers for MDD.

The primary measure of depression severity is the 21-item  Hamilton Rating Scale for Depression 

(HAM-D 21) total score which is a routinely used, validated and standardised assessment tool for 

major depression (Hamilton, 1960). However, the total score merely provides insight into the  

global depressive state (Shafer, 2006). Others have demonstrated the use of the HAM-D subscale 

approach in genetics research on MDD and in the assessment of antidepressant medication 

(Seretti et al., 1999, Yu et al., 2002). The majority o f research to date has focused on comparisons 

between depressed patients and healthy controls and correlations with total depression severity, 

however, the unidimensional scales enable the connection of biological parameters to individual 

symptom clusters of M DD, thereby assessing the contribution of each param eter to the individual 

components o f the disorder (Lee et al., 2011). As depression is a heterogeneous disorder, I sought 

to  assess specific symptoms associated with depression by examining refined clusters of the HAM- 

D scale to include core depression, anxiety, insomnia and somatic symptoms (Shafer, 2006). 

Previous studies have demonstrated that external measures have different association profiles 

with individual symptom clusters within a test (Williams and Richardson, 1993, Barefoot et al., 

2000). Further to  this. Paries et al. (2000) reported that core subscales were more efficient at 

detecting change than the HAM-D total score.

In addition, it is thought that specific types of childhood traum a may be related to the subsequent 

manifestation of particular disorders (Myers et a!., 2002), and as a result, may be defined by 

different biological profiles. Emotional neglect, resulting in acute psychological stress, may 

increase vulnerability and sensitivity to  later stressful life events, while various types of abuse are 

thought to  contribute to emotional disturbance, distorted thinking patterns and the manifestation 

of post-traumatic stress disorder (Myers et al., 2002, Bowlby, 2008). Furthermore, given that 

reports on physical health outcomes are largely drawn from  studies of abuse and not neglect, as it 

is thought that abuse represents more severe childhood traum atic events (Wegman and Stetler, 

2009, Kiecolt-Glaser et al., 2011), the assessment o f biological profiles in association with specific 

types of childhood traum a is of interest.
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In light of this, the aims of the study were to profile the whole blood transcriptional expression of 

a range of markers from  the inflammatory and glucocorticoid systems in depressed patients 

relative to control subjects. Further to this, I sought to  determ ine w hether patients characterised 

by individual symptom clusters could be distinguished on the basis of a specific inflammatory 

profile. Additionally, I sought to  evaluate the impact of childhood trauma on the whole blood 

transcriptional expression of specific glucocorticoid related markers and inflammatory cytokines 

in depressed patients and healthy controls, with a particular interest in assessing the effect of 

specific types of childhood traum a on these parameters in depressed patients with a history of 

childhood trauma relative to patients who do not.
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4.2 Methods

4.2.1 Participants

The study included 38 adult patients with MDD from  the mental health services of the Adelaide 

and M eath Hospital, incorporating the National Children's Hospital, Dublin or St. James's Hospital, 

Dublin. The diagnosis of these patients with MDD was a clinical diagnosis based on Diagnostic and 

Statistical Manual for M ental Disorders IV (DSM-IV, American Psychiatric Association, 2000) 

criteria and confirmed by an independent psychiatrist using the HAM-D 21 (Hamilton, 1960, 

Hamilton, 1969). Thirty-eight healthy control subjects w ere recruited from  the local community 

and the groups were balanced for age and sex. In the depressed group, 13 patients received 

mono-therapy with an SSRI and 13 with a dual acting antidepressant (mirtazapine or venlafaxine). 

Twelve patients were medication-free when they w ere transferred to the service and were  

investigated before restarting antidepressant therapy. Antipsychotics or mood stabilisers were 

exclusion criteria. O ther exclusion criteria were age <18 or >65, history of neurological or 

comorbid psychiatric disorders (Axis I or Axis II), other severe medical illness, head injury or 

substance abuse. Demographic variables, inclusion and exclusion criteria were documented using 

a standardised questionnaire and through a structured interview by a psychiatrist. W ritten  

informed consent was obtained from all participants after being given a detailed description of 

the study which was designed and performed in accordance with the ethical standards laid out by 

the Declaration of Helsinki and was approved by the ethics committee of St. James and the 

Adelaide and M eath Hospitals, Dublin.

4.2.2 Clinical diagnostic tests

The Hamilton Rating Scale for Depression

Depression severity was assessed in patients and controls using the HAM-D 21 scale (Hamilton, 

1960, Hamilton, 1969). This scale is the most frequently used, validated and standardised 

assessment for major depression and surveys the range of symptoms most commonly observed in 

depressed patients. W hile the HAM-D lists 21 items, the total score is the sum of the first 

consecutive 17 items and is indicative of global depressive burden. The remainder provide 

supplementary clinical information. Participants scoring between 0-7 fall within the normal range 

while scores of 8-13, 14-18, 19-24 and > than 25 are indicative of mild, moderate, severe and very 

severe depression, respectively (Ruhe et al., 2005). Depressive symptomology was assessed using 

the following sub-clusters of the HAM-D scale items.
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(1) The Bech core depression subscale is a unidimensional subscale covering the affective core 

symptoms of depression severity and is defined by the follow/ing items; depressed mood, feelings 

of guilt, work activities, psychomotor retardation, anxiety (psychological) and somatic symptoms 

(general).

(2) Insomnia or sleep difficulty is a 3 item cluster defined by insomnia early, middle and late.

(3) Anxiety is a five item cluster defined by the following items; agitation, anxiety (psychological), 

anxiety (somatic), hypochondriasis and insight.

(4) The Somatic or vegetative symptom cluster is a 4 item cluster defined by, somatic 

(gastrointestinal), somatic (general), genital symptoms and loss of weight (Shafer, 2006). A total 

score was calculated for each of the subscales with higher scores indicative of greater symptom  

severity.

(5) The anxiety/ somatisation factor is a 6 item cluster used to  define anxious depression 

(Farabaugh et al., 2010). A total score for the following items was calculated; anxiety 

(psychological), anxiety (somatic), somatic (gastrointestinal), somatic (general), hypochondriasis 

and insight. A total score of > 7 was defined as anxious depression (Fava et al., 2008).

Childhood trauma questionnaire

Early life adversity was assessed using the Childhood Trauma Questionnaire (CTQ). This is a 

standardised, 28-item  self-report instrument that assesses five types of childhood m altreatm ent: 

em otional, physical and sexual abuse and emotional and physical neglect. The total score is the  

sum of the first 25 consecutive items. The questionnaire also includes a 3 item  

minimalisation/denial scale for identifying participants who might be under reporting traum atic  

events. Each subscale has 5 items which are measured on a 5 point Likert scale, from 1 (never 

true) to  5 (very often true). The individual subscales are summed to give scores ranging from 5-25  

and each have distinct cut-off points to define no adversity, low, m oderate and severe adversity 

[Table 4.1] (Bernstein et al., 2003, Heim et al., 2009). Participants scoring in the m oderate to  

severe range in at least one of the items were classified as having a positive history of childhood 

adversity. The cut-off scores used in this study w ere as follows: emotional abuse > 13; physical 

abuse > 10; sexual abuse > 8; emotional neglect > 15; and physical neglect > 10. Reliability and 

validity of the CTQ has been established including measures of convergent and discriminative 

validity from structured interviews, stability over tim e and corroboration (Bernstein et al., 2003).
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Table 4.1 Classification range for early life adversity scores

No adversity Low M oderate Severe

Emotional abuse 5-8 9-12 13-15 16-25
Physical abuse 5-7 8-9 10-12 13-25
Sexual abuse 5 6-7 8-12 13-25
Emotional neglect 5-9 10-14 15-17 18-25
Physical neglect 5-7 8-9 10-12 13-25

Cut-offs provided by Heim et al. (2009)

4.2.3 Measurement of whole blood inflammatory marker mRNA expression and 

circulating BDNF concentrations

4.2.3.1  Blood sampling

A 10 ml blood sample was taken from each subject in the early afternoon into a heparinised 

vacutainer and was centrifuged to generate plasma. Plasma was stored at -80°C until BDNF 

concentrations were assessed. A second blood sample (2.5 ml) was taken into a PAXgene blood 

RNA tube (Qiagen, UK) and used for whole blood RNA isolation. PAXgene tubes were stored at - 

20°C for 48 hours and then moved to -80°C until RNA extraction was performed. All blood samples 

were taken to the freezer within 1 hour after acquisition and w ere stored until the full sample set 

had been collected. All samples w ere processed together in the same batch with respect to  the 

following methods.

4 .2 .3 .2  Real-Time PCR analysis o f mRNA expression o f in flam m atory markers in whole blood 

samples

RNA isolation was performed using a PAXgene blood RNA kit (Qiagen, UK) and was followed by off 

column DNase treatm ent in order to remove contaminating genomic DNA as previously described 

(see Chapter 2 section -  2.2.4). Following RNA quantification and equalisation, cDNA was 

synthesised using a cDNA archive kit (Applied Biosystems, UK).

Gene expression analysis was conducted using Real-Time PCR employing Taqman® Gene 

Expression Assays (Applied Biosystems, UK). To quantify expression of target genes of interest

Taqman®Gene Expression Assays containing FAM-labelled probes were used [Table 4.2]. PCR 

reactions w ere in a duplex form at also containing a Taqman® Gene Expression assay (primer- 

limited) containing a VIC-labelled probe for the endogenous control gene glyceraldehyde 3- 

phosphate dehydrogenase (GAPDH Assay ID: 4326317E). Samples were assayed using Applied
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Biosystems universal cycling conditions using a fast protocol on the StepOnePlus™ Real-time PCR 

system (Applied Biosystems, UK). Fold change in gene expression from the control group was 

calculated using the AACt method and GAPDH served as endogenous control in the amplification 

system. GAPDH was chosen as an endogenous control gene for these analyses as it demonstrated  

the least variable expression profile among blood samples relative to another endogenous control 

gene human acid ribosomal protein (HUPO). Data are expressed as fold change in gene expression 

relative to the control group or the depressed cohort where appropriate.

4.Z.3.3 Plasma BDNF measurements

Plasma BDNF concentrations were measured using a BDNF DuoSet (R&D systems, UK) according 

to manufacturer's instructions. Absorbance was read at 450 nm using a microplate reader 

(Sunrise Tecan, Reading, UK) and was then recalculated as a concentration (pg/ml) using a 

standard curve derived using GraphPad Prism Software Version 5.00 (GraphPad software, Inc). 

The limit of detection for the BDNF ELISA was 20 pg/ml.

4.2.4 Statistical analysis

Data are presented as mean with standard deviation (SD) in parentheses. All statistical analysis 

were considered significant when p<0.05. Differences in demographic variables w ere tested using 

Student's t-test. Chi-square (x^) test and M ann-W hitney U test for differences in non-parametric 

clinical variables. Normality was tested using the Shapiro-Wilk test of normality which is most 

suitable for smaller datasets. Kruskal-Wallis non-parametric one-way analysis of variance 

(ANOVA) followed by M ann-W hitney pair-wise comparisons were used to test differences in 

clinical variables w here appropriate. Spearman's rho correlation coefficients were used to assess 

the relationship between whole blood expression of inflammatory markers and HAM-D score and 

symptom subscales, childhood adversity and circulating BDNF concentrations. Overall, we 

assessed 5 different groups of biological targets (1. Inflammatory and immune activating; 2. T-cell; 

3. Monocytic; 4. Glucocorticoid and 5. BDNF) for a range of different comparisons. As correcting 

across many hypotheses is arguable, the adjusted p-value was set at 0 .05/5=0.01. However, given 

the novelty of this study and the exploratory nature of the correlational analyses, unadjusted p- 

values are also included throughout (Rothman, 1990, Perneger, 1998, Thompson, 1998). Graphs 

and statistics w ere generated using GraphPad Prism Software Version 5.00 (GraphPad software, 

Inc). All data w ere analysed using SPSS (version 16).
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Table 4.2 List of genes used with the GenBank sequence ref numbers

Target Symbol Target Name Taqman Gene 
Assay ID

Cytokines
IL-lp Interleukin-lbeta Hs01555410_ml
TNF-a Tumor Necrosis Factor alpha Hs00174128_ml
IL-6 Interleukin-6 Hs00985639_ml
IFN-y Interferon gamma Hs00989291_ml
IFN-inducible
IP-10 Interferon gamma induced protein-10 Hs99999049_ml
SOCS-1 Suppressor of cytokines signalling-1 Hs00705164_sl
Immune activating
TREM-1 Triggering receptor expressed on myeloid 

cells-1
Hs00218624_ml

DAP-12 DNAX activation protein of 12 kDa Hs00182426_ml
TLR3 Toll-like receptor 3 Hs00152933_ml
TLR4 Toll-like receptor 4 Hs01061963_ml
PTX3 Pentraxin 3 Hs00173615_ml
PDE4B Phosphodiesterase 4B Hs00277080_ml
TRAF6 TNF receptor-associated factor 6 Hs00371512_gl
Monocytic markers
EGRl Early growth response protein 1 Hs00152928_ml
IL-12p40 Subunit beta of interleukin 12 Hs01011518_ml
iNOS Inducible nitric oxide synthase Hs01075529_ml
IFN-yRl Interferon gamma receptor-1 Hs00988304_ml
COX-2 Cyclooxygenase-2 Hs00153133_ml
Ik B q l-kappa-B-alpha Hs00153283_ml
PU.l SFFV proviral integration 1 protein Hs02786711_ml
ARGl Arginase-1 Hs00968979_ml
IL-4R Interleukin-4 receptor Hs00166237_ml
MRCl Mannose receptor-1 Hs00267207_ml
CD200R Cluster of differentiation 200 receptor Hs00793597_ml
T-cell markers
IL-2 Interleukin-2 Hs00174114_ml
T-bet T box expressed in T cell Hs00203436_ml
IL-4 Interleukin-4 Hs00174122_ml
IL-13 Interleukin-13 Hs99999038_ml
GATA3 GATA-binding protein 3 Hs00231122_ml
TGF-P Transforming growth factor beta Hs00998133_ml
IL-10 Interleukin-10 Hs00961622_ml
FoxP3 Forkhead box P3 Hs01085834_ml
IL-17A lnterleukin-17A Hs00174383_ml
IL-21 Interleukin-21 Hs00222327_ml
IL-22 Interleukin-22 Hs01574154_ml
RORC-v RAR-related orphan receptor gamma Hs00172860_ml
Glucocorticoid markers
GR Glucocorticoid receptor Hs00353740_ml
FKBP5 FK506 binding protein 5 Hs01561006_ml
SGKl Serum/glucocorticoid regulated kinase 1. Hs00178612_ml
GILZ Glucocorticoid-induced leucine zipper Hs00608272_ml
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4.3 Results

4.3.1 Demographic data for patients with IVIDD and healthy controls

Thirty-eight severely depressed patients and 38 healthy controls were recruited. For participant 

demographic data see Table 4.3. Analysis revealed that there was no significant difference in age, 

gender or BMI, alcohol consumption or smoking between the depressed cohort and the control 

group (p>0.05) [Table 4.3].

Table 4 .3  Demographic data for patients w ith  M D D  and healthy controls. Depicted are 

demographic variables and clinical depression severity measured with the HAM-D 21 scale

Patients (n=38) Controls (n=38) Statistics (p-value)
Age [years] 41.6(10.9) 37.6(12.6) t=-1.47,df=l,74, (p=0.147)
Gender (female/male) 22/16 21/17 X^=0.05, (p=1.000)
BMI 25.3(3.8) 23.9(3.6) t=-1.63,df=l,74, (p=0.108)
Alcohol consumption (units per week) 4.1 (6.1) 4.8 (6.4) t=-0.48,df=l,74, (p=0.636)
Smoking (Yes/No) 11/27 7/31 X^=1.17, (p=0.419)
Age of onset 25.7(12.3)
Cumulative illness duration 8.9 (9.2)
Medication (free/SSRI/dual acting) 12/13/13

Data expressed as mean with SD in parentheses and statistical analysis was performed using 
Student's t-test (Age, BMI, Alcohol consumption) and Chi squared (x^) test (Gender and Smoking).
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4.3.2 Clinical Depression and symptom cluster severity

Consistent with the diagnosis of depression, patients with MDD had a significantly elevated total 

HAM-D score (p<0.001) compared to the control group (MDD: 27.7 (5.8) vs. Control: 2.4 (2.3)) 

[Table 4.4]. This pattern was also evident in each of the subscale scores with significant elevations 

in core depression, insomnia, anxiety and somatic symptomology in the depressed cohort 

(p<0.001) relative to controls. The median value for the anxiety/somatisation factor was 

significantly greater in the depressed participants (p<0.001) compared with healthy controls 

(MDD: 7.6 (1.9) vs. Control: 1.6 (1.4)) [Table 4.4],

Table 4.4 Clinical depression and symptom cluster severity for patients with MDD and healthy 
controls measured with the HAM-D 21 scale.

Depressed (n=38) Control (n=38) Statistic (p-value)

Total HAM-D 21 score 27.68 (5.82) 2.42 (2.30) Z=-7.539 (p<0.001)
HAM-D clusters
Core Depression 11.13 (2.73) 0.53 (0.98) Z=-7.670 (p<0.001)
Insomnia 3.84(1.70) 0.24 (0.59) Z=-7.239 (p<0.001)
Anxiety 5.97(1.82) 1.79(1.65) Z=-6.795 (p<0.001)
Somatic 5.18(1.80) 0.05 (0.23) Z=-7.771 (p<0.001)
Anxiety/Somatization factor 7.63(1.92) 1.68(1.40) Z=-7.452 (p<0.001)

Data expressed as mean and SD in parentheses. p<0.001 vs. control (Mann-Whitney U test).

4.3.3 W hole blood transcriptional inflam m atory and glucocorticoid profile in 

depressed patients compared with healthy control subjects

4.3.3.1 Whole blood transcriptional levels of key inflammatory cytokines, interferon-inducible 
genes and general immune activation markers in depressed patients relative to control subjects

A Mann-Whitney U test revealed no significant difference in the transcriptional profile o f key 

inflammatory cytokines IL-1|3, TNF-a and IL-6 along w ith IFN-y or its inducible genes IP-10 and 

SOCS-1 between the depressed cohort and the healthy controls (p>0.05) [Table 4.5]. Similarly, 

whole blood mRNA expression of the innate immune receptors TLR3, TLR4, TREM-1 and TREM-l's 

co-adaptor molecule DAP-12 were not found to  be significantly different between the depressed 

patients and control subjects (p>0.05) [Table 4.5]. Comparable expression levels of the general 

immune activation markers PTX3, PDE4B and TRAF6 were also observed in the depressed cohort 

and control participants [Table 4.5].
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4.3.3.2 Whole blood transcriptional expression of M l  and M2 monocytic markers in depressed 

patients relative to control subjects

A Mann-Whitney U test revealed no significant difference in the transcriptional expression of the 

M l monocytic markers EGRl, IL-12p40, iNOS, IFN-yRl, COX-2 and Ik Bq  in the depressed cohort 

compared with healthy controls (p>0.05) [Table 4.6]. Moreover, comparable expression levels of 

the M2 monocytic markers, PU.l, ARGl, IL-4Ra, MRC, and CD200R were observed in the 

depressed cohort and control participants [Table 4.6].

4.3.3.3 Whole blood T-cell subset gene expression in depressed patients relative to control 
subjects

A Mann-Whitney U test revealed no significant difference in the mRNA expression levels of the 

Th-1 cytokine IL-2 (Z=-1.189, p=0.23S) and transcription factor T-bet (Z=-0.966, p=0.339) between 

depressed patients and control subjects [Table 4.7]. However, a significant decrease in the mRNA 

expression of the Th-2 cytokine IL-4 was observed in the depressed cohort relative to controls (Z=- 

1.943, p^O.050) [Table 4.7]. While the mRNA expression of IL-13 was undetectable in the PAXgene 

samples, no significant difference was observed in the expression of the Th-2 transcription factor 

GATA3 (Z=-1.299, p=0.197) between patients with MDD and healthy controls [Table 4.7]. Analysis 

of the whole blood transcriptional profile fo r T-regulatory cells revealed no significant difference 

in the mRNA expression of TGF-P (Z=-0.457, p=0.653) and the transcription factor FoxP3 (Z=- 

0.779, p=0.441) in the depressed patients relative to the controls, however, the MDD patients did 

have a significant elevation in the expression of IL-10 (Z=-2.015, p=0.044) at the message level 

when compared with controls [Table 4.7]. Whole blood mRNA expression of the Th-17 cell 

markers IL-17A and IL-22 was undetectable, while no difference was observed in the expression of 

IL-21 (Z=-0.038, p=0.978) or the transcription factor RORC-y (Z=-0.788, p=0.443) between 

depressed patients and healthy controls [Table 4.7].

4.5.3.4 Whole blood mRNA expression of the GR and glucocorticoid-inducible genes in 

depressed patients relative to control subjects

A Mann-Whitney U test revealed no significant difference in the mRNA expression level of the GR 

or the glucocorticoid-inducible genes, FKBP5, SGKl and GILZ between depressed patients and 

control participants [Table 4.8].

98



Table 4.5 Whole blood mRNA expression of inflammatory cytokines, interferon inducible genes 

and general markers of immune activation in depressed patients relative to healthy controls

PAXgene whole blood mRNA Depressed (n=38)_______ Control (n=38)
Inflammatory cytokines
IL-ip (fold change) 1.07(0.46) 1.00(0.34)
TNF-a (fold change) 0.97(0.26) 1.00(0.31)
IL-6 (fold change) 0.94 (0.45) 1.00 (0.73)
IFN-v (fold change) 0.84 (0.63) 1.00 (0.88)

Statistic (p-value)

Z=-0.229 (p=0.824) 
Z=-0.229 (p=0.824) 
Z=-0.416 (p=0.683) 
Z=-0.769 (p=0.447)

IFN-y inducible genes
IP-10 (fold change) 0.92 (0.62) 1.00 (0.94) Z=-0.138(p=0.895)
SOCS-1 (fold change) 0.91 (0.38) 1.00 (0.47) Z=-0.675 (p=0.505)

Immune activation markers
TLR3 (fold change) 1.12 (0.94) 1.00 (0.71) Z=-0.150 (p=0.886)
TLR4 (fold change) 1.12 (0.36) 1.00 (0.31) Z=-1.340(p=0.183)
TREM-1 (fold change) 1.08 (0.39) 1.00 (0.45) Z=-0.893 (p=0.268)
DAP-12 (fold change) 0.98 (0.29) 1.00 (0.35) Z=-0.145(p=0.889)

PTX3 (fold change) 1.14 (0.51) 1.00 (0.48) Z=-1.184 (p=0.240)
PDE4B (fold change) 1.00 (0.33) 1.00 (0.28) Z=-0.14S (p=0.889)
TRAF6 (fold change) 0.98 (0.34) 1.00 (0.29) Z=-0.779 (p=0.441)

Data expressed as mean and SD in parentheses. Statistical analysis was performed using a Mann- 
W hitney U test, p<0.05 was considered significant, n=38 per group.

Table 4.6 Whole blood monocytic marker gene expression in depressed patients relative to 

healthy controls

PAXgene whole blood mRNA Depressed (n=38) Control (n=38) Statistic (p-value)
Macrophage markers
M l
EGRl (fold change) 0.98 (0.37) 1.00 (0.40) Z=-0.467 (p=0.646)
IL-12p40 (fold change)^ 1.14 (0.50) 1.00 (0.69) Z=-0.558 (p=0.606)
INOS (fold change)'’ 0.92 (0.60) 1.00 (0.78) Z=-0.023 (p=0.991)
IFN-yRl (fold change) 1.09 (0.34) 1.00 (0.22) Z=-0.561 (p=0.580)
Cox-2 (fold change) 0.99 (0.39) 1.00 (0.38) Z=-0.021 (p=0.988)
Ik B h  (fold change) 0.93 (0.27) 1.00 (0.31) Z=-0.418 (p=0.423)

M2
PU.l (fold change) 0.92 (0.69) 1.00(1.12) Z=-0.332 (p=0.745)
ARGl (fold change) 1.16 (0.73) 1.00 (0.59) Z=-0.821 (p=0.417)
IL-4Ra (fold change) 1.12 (0.55) 1.00 (0.38) Z=-0.779 (p=0.441)
MRC (fold change) 1.19 (0.98) 1.00 (0.66) Z=-0.229 (p=0.824)
CD200R (fold change) 0.90 (0.49) 1.00 (0.61) Z=-0.603 (p=0.552)

Data expressed as mean and SD in parentheses. Statistical analysis was performed using a Mann- 
W hitney U test, p<0.05 was considered significant, n=38 per group. ®IL-12p40: n = l l  per group; ‘’INOS: 
n=22 per group; "m r C; Depressed (n=33); Controls (n=37).
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Table 4.7 W hole blood T-cell subset gene expression in depressed patients relative to  healthy  
controls

PAXgene whole blood mRNA
T-cell subsets
Th-1

Depressed (n=38) Control (n=38) Statistic (p-value)

IL-2 (fold change)^ 0.88 (0.84) 1.00 (0.75) Z=-1.189(p=0.238)
T-bet (fold change) 0.95 (0.54) 1.00 (0.46) Z=-0.966(p=0.339)

Th-2
IL-4 (fold change) 0.90(1.1) 1.00 (0.57) Z=-1.943 (p=0.050)
IL-13 (fold change) Not detected Not detected —
GATA3 (fold change) 0.96 (0.44) 1.00 (0.34) Z=-1.299 (p=0.197)

T-reg
TGF-P (fold change) 1.02 (0.18) 1.00 (0.15) Z=-0.457 (p=0.653)
IL-10 (fold change) 1.25 (0.67) 1.00 (0.71) Z=-2.015 (p=0.044)
FoxP3 (fold change) 0.98 (0.53) 1.00 (0.38) Z=-0.779 (p=0.441)

Th-17
IL-17A (fold change) Not detected Not detected —
IL-21 (fold change)*’ 0.90 (0.75) 1.00(1.08) Z=-0.038(p=0.978)
IL-22 (fold change) Not detected Not detected —
RORC-y (fold change)'" 0.87 (0.55) 1.00 (0.59) Z=-0.788 (p=0.443)

Data expressed as mean and SD in parentheses. p<0.05 vs. control (M ann-W hitney U test), n=38 

per group. Significant findings do not survive correction for multiple testing, adjusted p-value: 

p<0.01. “ IL-2: Depressed (n=33); Controls (n=36). IL-21: Depressed (25); Controls (n=26).

‘̂ RORC-y: Depressed (n=23); Controls (n=18).

Table 4.8 W hole blood expression o f the GR and glucocorticoid-inducible genes in depressed 

patients relative to  healthy controls

PAXgene whole blood mRNA Depressed (n=38) Control (n=38) Statistic (p-value)
GR (fold change) 1.01(0.26) 1.00 (0.17) Z=-0.218(p=0.832)
GC inducible genes
FKBP5 (fold change) 1.18 (0.52) 1.00 (0.28) Z=-1.257 (p=0.212)
SGKl (fold change) 0.95 (0.25) 1.00 (0.24) Z=-0.790 (p=0.435)
GILZ (fold change) 0.98 (0.33) 1.00 (0.37) Z=-0.073 (p=0.946)

Data expressed as mean and SD in parentheses. Statistical analysis was performed using a M ann- 

W hitney U test, p<0.05 was considered significant, n=38 per group.
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4.3.4 Circulating BDNF concentrations in depressed patients relative to control 
subjects

As th e  grow th fac tor BDNF has been w idely  im plicated in th e  biological basis o f m a jo r depression, 

peripheral BDNF was m easured in plasma using ELISA. Despite this, circulating BDNF 

concentrations w ere  not a ltered  in patients w ith  M D D  re lative to  control subjects (Z=-0 .629, 

p=0 .533 ) [Figure 4 .1 ].
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Figure 4.1 Circulating BDNF levels in depressed patients relative to  control subjects. Plasma 

concentrations of BDNF in depressed patients relative to control subjects. Horizontal lines represent the 

median value. Statistical analysis was performed using a Mann-W hitney U test, n=38 per group.
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4.3.5 The association between HAM-D total scores and individual symptom sub-scales 

and whole blood innate and monocytic Inflammatory markers

Correlational analysis revealed that specific innate immune and monocytic markers were most 

closely associated with depression severity and symptomology. A significant positive correlation 

was observed between patient HAM-D total scores and the transcriptional expression of IL -ip  

(r=0.329, p=0.044), TREM-1 (r=0.330, p=0.043) and IFN-yRl (r=0.400, p=0.013). Further to  this, a 

significant positive relationship was observed between core depression symptoms and IL-ip  

(r=0.391, p=0.015), TREM-1 (r=0.396, p=0.014) and ARGl (r=0.406, p=0.011) at the message level, 

with a strong trend towards an association with COX-2 mRNA expression (r=0.312, p=0.057) 

[Table 4.9]. M oreover, the anxiety/somatisation factor was found to positively associate with IL- 

IP  (r=0.390, p=0.015), TREM-1 (r=0.404, p=0.012) and DAP-12 (r=0.360, p=0.027). Subsequent 

analysis revealed that the anxiety subscale alone was significantly and positively correlated with  

IL -ip  (r=0.441, p=0.006), TLR4 (r=:0.331, p=0.042), TREM-1 (r=0.491, p=0.002), DAP-12 (r=0.430, 

p=0.007), I k B q  (r=0.363, p=0.025) and IL-4R (r=0.341, p=0.036) with a strong trend towards an 

association with COX-2 whole blood mRNA expression (r=0.312, p=0.056), while no association 

was revealed between any of the inflammatory markers and somatic symptomology alone 

(p>0.05) [Table 4.9]. This was also the case for the insomnia subscale which was found not to 

correlate with any of the inflammatory markers under investigation (p>0.05) [Table 4.9]. 

Spearman's rho correlational analysis also revealed that the associations between inflammation 

and depression severity and symptomology were unique to the depressed cohort and were not 

evident in the control subjects (p>0.05, data not shown).
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Table 4.9 Correlational analysis between specific innate and monocytic inflammatory markers and HAM-D severity and symptomology in the depressed 

cohort

Biological parameter Total HAM-D Core Depression Insomnia Anxiety Somatic Anxiety/Somatisation
factor

PAXgene mRNA 
Cytokine
IL-ip r=0.329 (p=0.044) r=0.391 (p=0.015) r=-0.055 (p=0.744) r=0.441 (p=0.006)* r=0.257 (p=0.119) r=0.390 (p=0.015)

Immune activation markers
TLR4
TREM-1
DAP-12

r=0.174 (p=0.296) 
r=0.330 (p=0.043) 

r=0.282 (p=0.087)

r=0.138 (p=0.409) 
r=0.396 (p=0.014)

r=0.231 (p=0.162)

r=-0.240 (p=0.147) 
r=-0.081 (p=0.629) 
r=-0.092 (p=0.584)

r=0.331 (p=0.042) 
r=0.491 (p=0.002)* 

r=0.430 (p=0.007)*

r=0.201 (p=0.227) 
r=0.241 (p=0.144) 

r=0.320 (p=0.050)

r=0.273 (p=0.097) 
r=0.404 (p=0.012) 

r=0.360 (p=0.027)

Monocytic markers 
M l
IFN-vRl
COX-2
IkBq

r=0.400 (p=0.013)
r=0.282 (p=0.086) 
r=0.266 (p=0.106)

r=0.186 (p=0.264) 
r=0.312 (p=0.057)
r=0.271 (p=0.099)

r=0.031 (p=0.852) 
r=0.003 (p=0.985) 
r=-0.065 (p=0.699)

r=0.288 (p=0.080) 
r=0.312 (p=0.056) 
r=0.363 (p=0.025)

r=0.220 (p=0.185) 
r=0.251 (p=0.128) 
r=0.153 (p=0.360)

r=0.255 (p=0.123) 
r=0.295 (p=0.072) 
r=0.284 (p=0.084)

M2
ARGl
IL-4R

r=0.166 (p=0.318) 
r=0.109 (p=0.514)

r=0.406 (p=0.011)
r=0.122 (p=0.467)

r=-0.299 (p=0.068) 
r=-0.107 (p=0.524)

r=0.275 (p=0.095) 
r=0.341 (p=0.036)

r=0.125 (p=0.455) 
r=0.133 (p=0.427)

r=0.239 (p=0.148) 
r=0.229 (p=0.166)

Statistical analysis was performed using the Spearman rho  correlation coefficient, p<0.05 was considered significant (n=38). Bold type face represents

significant findings. Asterisks indicate significant findings following correction for multiple testing, adjusted p-value: p<0.01. No significant correlations were 

observed between HAM-D severity and symptomology and any of the other inflammatory cytokines, immune activation markers, monocytic and T-cell and 

glucocorticoid markers of interest in the depressed cohort. No significant correlations were detected between HAM-D severity and symptomology scores and 

these markers in the control group.
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4.3.6 Childhood Trauma and its association with the inflammatory and glucocorticoid 

systems and circulating BDNF concentrations

4.3.6.1 Childhood trauma and individual subscale analysis

Participants in the depressed cohort reported more childhood traumatic events (p<0.001) than 

healthy control participants (MDD: 46.4 (21.1) vs. Control: 31.2 (5.8)). Of the 38 MDD patients, 21 

reported a history of childhood trauma w/hile 9 of the 38 healthy controls reported a history of 

childhood trauma. Breaking down the CTQ total score, 11 MDD patients reported moderate to 

severe emotional abuse, while no controls had a history of emotional abuse. Eleven patients and 

3 controls reported a history of physical abuse, while 10 patients and 3 controls were sexually 

abused as children. Twelve patients and 1 control were emotionally neglected as children, while 

10 MDD patients and 3 controls reported a history of physical neglect. A Kruskal-Wallis one-way 

ANOVA revealed a significant difference between all 4 groups for each of the 5 subscales (df=3, 

p<0.001) [Table 4.10]. At the level of the CTQ subscales, the n numbers were too small to carry 

out any further analysis on the controls subjects. However, a Mann-Whitney U test revealed that 

the depressed patients with emotional, physical and sexual abuse and emotional and physical 

neglect had significantly increased scores relative to depressed patients with no childhood trauma 

history (p<0.001) [Table 4.10].

Table 4.10 Childhood trauma individual sub-type breakdown in depressed patients and healthy 

controls measured using the 28-item CTQ

Control 
without CT

n Control 
with CT

n MDD 
without CT

n MDD with CT n

CTQ sub-scales
Emotional abuse 6.29(1.75) 38 _ 0 6.78(2.30) 27 17.64(3.72)*** 11
Physical abuse 5.43 (0.95) 35 10.33 (0.58) 3 5.63(1.25) 27 15.18(5.06)*** 11
Sexual abuse 5.20 (0.53) 35 9.67(0.58) 3 5.29 (0.60) 28 16.50(6.82)*** 10
Emotional neglect 7.22(2.61) 37 16.00 (0.00) 1 8.42 (3.04) 26 18.75 (3.44)*** 12
Physical neglect 5.83(1.22) 35 10.00 (0.00) 3 6.27(1.54) 28 13.20(2.10)*** 10

Data expressed as mean and SD in parentheses. Statistical analysis was performed using a Kruskal 
Wallis one-way ANOVA followed by Mann-Whitney U tests. ***p<0.001 vs. MDD patients w ithout 

childhood trauma (CT).
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4.S.6.2 Whole blood transcriptional profile of specific markers of the inflammatory and 

glucocorticoid system in MDD patients and controls with and without childhood trauma

A Kruskal-Wallis one-way ANOVA revealed no significant effect of childhood trauma on the 

transcriptional expression of the glucocorticoid receptor or the glucocorticoid inducible genes 

FKBP5, SGKl and GILZ in IVIDD patients and healthy controls (df=3, p>0.05) [Table 4.11], A Kruskal- 

Wallis one-way ANOVA also revealed no significant effect of childhood trauma on the mRNA 

expression of the classical inflammatory cytokines IL-ip, TNF-a, IL-6 and IFN-y in IVIDD patients 

and healthy controls (df=3, p>0.05) [Table 4.11], A Kruskal-Wallis one-way ANOVA revealed no 

significant effect of childhood trauma on IL-4 mRNA expression in MDD patients and healthy 

controls (df=3, p>0.05) [Table 4.11]. However, the Kruskal-Wallis one-way ANOVA did detect a 

significant effect of childhood trauma on whole blood IL-10 expression at the message level in 

MDD patients and healthy controls (df=3, p=0.023) [Table 4.11]. To determine which groups were 

statistically different, a Mann-Whitney U test revealed a significant increase in IL-10 mRNA 

expression in controls with childhood trauma relative to controls w ithout childhood trauma (Z=- 

2.009, p=0.045). A Mann-Whitney U test also revealed a significantly elevated expression in IL-10 

mRNA in MDD patients w ithout childhood trauma relative to healthy controls w ithout childhood 

trauma (Z=2.355, p=0.019).

Table 4.11 Whole blood transcriptional profile of specific markers of the inflammatory and 

glucocorticoid systems in MDD patients and controls with and without childhood trauma

Biological parameter Control without 
childhood trauma 

(n=29)

Control with 
childhood trauma 

(n=9)

MDD without 
childhood trauma 

(n=17)

MDD with 
childhood 

trauma 
(n=21)

Cytokines
IL-ip (fold change) 1.00 (0.36) 1.03 (0.29) 0.98 (0.51) 1.16 (0.43)
TNF-a (fold change) 1.00 (0.27) 1.18 (0.45) 0.99 (0.26) 1.02 (0.28)
IL-6 (fold change) 1.00 (0.70) 1.18 (0.98) 0.97 (0.54) 0.98 (0.42)
IFN-y (fold change) 1.00 (0.91) 1.57(1.20) 0.95 (0.72) 0.96 (0.74)

Th2
IL-4 (fold change) 
T-reg

1.00 (0.60) 1.03 (0.51) 0.76 (0.64) 1.03(1.39)

IL-10 (fold change) 1.00 (0.53) 1.96(1.31)* 1.66 (0.99)* 1.43 (0.67)

GR (fold change) 
GC inducible genes

1.00 (0.18) 1.08 (0.13) 1.13(0.31) 0.95 (0.19)

FKBP5 (fold change) 1.00 (0.28) 1.14 (0.34) 1.40 (0.57) 1.07 (0.48)
SGKl (fold change) 1.00 (0.25) 0.92 (0.21) 0.97(0.25) 0.91 (0.24)
GILZ (fold change) 1.00 (0.36) 0.93 (0.40) 0.85 (0.28) 1.07 (0.33)

Data expressed as mean and SD in parentheses. Statistical analysis was performed using a Kruskal 
Wallis one-way ANOVA followed by Mann-Whitney U tests. *p<0.05 vs. controls w ithout 
childhood trauma.
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4.3.6.3 Circulating BDNF concentrations in MDD patients and controls with and without 

childhood trauma

A Kruskal-Wallis one-way ANOVA revealed a significant effect of childhood trauma on circulating 

BDNF concentrations in MDD patients and healthy controls (df=3, p=0.009) [Figure 4.2]. To 

determine which groups were statistically different a Mann-Whitney U test was carried out and 

revealed no difference in circulating BDNF levels in controls with childhood trauma relative to 

those w ithout (Z=-2.009, p=0.061). A Mann-Whitney U test revealed a significant increase in BDNF 

concentrations in MDD patients w ithout childhood trauma compared with healthy controls 

w ithout childhood trauma (Z=2.572, p=0.010), while decreased circulating BDNF levels were 

detected in MDD patients with childhood trauma relative to healthy controls w ith childhood 

trauma (Z=-2.331, p=0.019). A Mann-Whitney U test also revealed a significant decrease in BDNF 

plasma concentrations in MDD patients with childhood trauma relative to patients w ithout 

childhood trauma (Z=-2.642, p=0.007) [Figure 4.2].
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Figure 4.2 The effect of childhood trauma on circulating BDNF levels in depressed patients and healthy 

controls. Plasma concentrations of BDNF in depressed patients relative to control subjects. Data presented 

as mean with SD. Statistical analysis was performed using a Kruskal-Wallis one-way ANOVA followed by a 

Mann-Whitney U test for pair-wise analysis. **p<0.01 vs. Control without childhood trauma (CT); *p<0.05  

vs. Control with childhood trauma; ##p<0.01 vs. MDD without childhood trauma (CT). Ctl-CT (n=29); Ctl+CT 

(n=9); MDD-CT (n=17); MDD+CT (n=21).
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4.3.7 The impact of distinct childhood trauma classifications on the inflammatory, 
glucocorticoid and BDNF marker profile in MDD patients

A Mann-Whitney U test revealed a significantly decreased GR mRNA expression in emotionally 

abused MDD patients relative to MDD patients with no history of emotional abuse (Z=-1.947, 

p=0.050) [Table 4.12]. A Mann-Whitney U test also revealed an elevated transcriptional 

expression of IL-1(3 in the emotionally abused MDD patients compared with MDD patients with no 

history of emotional abuse (Z=-2.173, p=0.030) [Table 4.12]. Further to this, a Mann-Whitney U 

test revealed a very strong trend towards a significant increase in whole blood transcriptional 

levels of IL-6 in physically abused MDD patients compared with MDD patients who were not 

physically abused (Z=-1.947, p=0.052) [Table 4.12]. A Mann-Whitney U test revealed a significant 

increase in whole blood transcriptional levels of IL-6 in sexually abused MDD patients compared 

with MDD patients who were not sexually abused (Z=-2.387, p=0.016) [Table 4.12]. A Mann- 

Whitney U test revealed a significant decrease in FKBP5 mRNA expression in physically neglected 

MDD patients relative to MDD patients who were not physically neglected (Z=-2.254, p=0.023) 

[Table 4.12]. A Mann-Whitney U test revealed no significant difference in the transcriptional 

expression of the PAXgene whole blood glucocorticoid and inflammatory cytokines under 

investigation along with circulating BDNF levels in emotionally neglected MDD patients relative to 

MDD patients without a history of emotional neglect (p>0.05). The transcriptional profile of other 

markers of interest along with circulating BDNF concentrations were not found to be statistically 

different between MDD patients with and without a history of the distinct childhood trauma 

classifications (p>0.05, data not shown).

Table 4.12 The impact of distinct childhood traum a classifications on the glucocorticoid, 

in flam m atory and BDNF m arker profile in M D D  patients

Biological parameter Depressed with 
no history of

n Depressed with a 
history of

n Statistic (p-value)

IL-ip (fold change)
Emotional abuse

1.00 (0.44) 27
Emotional abuse

1.32 (0.50) 11 Z=-2.173 (p=0.030)
GR (fold change) 1.00 (0.26) 27 0.83 (0.16) 11 Z=-1.947 (p=O.OSO)

IL-6 (fold change)
Physical abuse

1.00 (0.53) 27
Physical abuse

1.37(0.48) 11 Z=-1.947 (p=0.052)

IL-6 (fold change)
Sexual abuse

1.00 (0.55) 28
Sexual abuse

1.41 (0.38) 10 Z=-2.387 (p=0.016)

FKBP5 (fold change)
Physical Neglect

1.00 (0.42) 28
Physical Neglect

0.67 (0.22) 10 Z=-2.2S4 (p=0.023)
Data expressed as mean with SD in parentheses. Statistical analysis was performed using a Mann- 

Whitney U test, p<0.05 was considered significant.
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4.3.8 Correlational analysis between CTQ total scores and individual items on the 

childhood trauma scale and markers for the inflammatory and glucocorticoid 

systems and BDNF

Sprearman's rho correlational analysis revealed a significant negative correlation between the 

whole blood transcriptional expression of GR (r=-0.357, p=0.028) and its co-chaperone FKBP5 (r=- 

0.389, p=0.016) and the CTQ total score in the depressed cohort [Table 4.13]. A negative 

association between circulating BDNF levels and the CTQ total score was also detected (r=-0.411, 

p^O.OlO) [Table 4.13]. Assessment of the individual sub-scales of the CTQ revealed a significant 

negative association between emotional abuse scores from the depressed cohort and GR (r=- 

0.321, p=0.050) [Table 4.13]. No significant associations were observed between physical abuse 

scores and the biological markers of interest in the depressed cohort [Table 4.13]. Spearman's rho 

correlational analysis revealed trends towards a negative association between sexual abuse 

scores and FKBP5 (r=-0.313, p=0.055) and BDNF (r=-0.313, p=0.056) in the depressed cohort 

[Table 4.13]. Emotional neglect was strongly negatively correlated with GR in the depressed 

cohort (r=-0.430, p=0.007) and to a lesser extent with FKBP5 (r=-0.374, p=0.021). Correlational 

analysis also revealed a negative association between BDNF and emotional neglect in MDD  

patients (r=-0.354, p=0.029) [Table 4.13]. A negative association was also detected between 

physical neglect and FKBP5 in the depressed patients (r=-0.398, p=0.013) [Table 4.13]. No 

significant correlations were observed between CTQ total scores and individual items on the  

childhood traum a scale and the inflammatory cytokines IL-1|3, TNF-a, IL-6, IFN-y, IL-4 and IL-10.
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Table 4.13 Correlational analysis between CTQ total scores and individual items on the childhood trauma scale and markers for the glucocorticoid system 

and BDNF in MDD patients

Biological parameter Total CTQ Emotional abuse Physical abuse Sexual abuse Emotional neglect Physical neglect
PAXgene mRNA
GR r=-0.357 (p=0.028) r=-0.321 (p=0.050) r=-0.053 (p=0.753) r=-0.288 (p=0.080) r=-0.430 (p=0.007)* r=-0.165 (p=0.322)
GR inducible genes
FKBP5 r=-0.389 (p=0.016) r=-0.277 (p=0.092) r=-0.283 (p=0.085) r=-0.313 (p=0.055) r=-0.374 (p=0.021) r=-0.398 (p=0.013)
SGKl r=-0.086 (p=0.606) r=0.023 (p=0.890) r=-0.092 (p=0.583) r=-0.193 (p=0.246) r=-0.172 (p=0.301) r=-0.093 (p=0.580)
GILZ r=0.290 (p=0.077) r=0.312 (p=0.057) r=0.274 (p=0.096) r=0.133 (p=0.427) r=0.158 (p=0.342) r=0.163 (p=0.329)

Plasma
BDNF (pg/mi) r=-0.411 (p=0.010)* r=-0.286 (p=0.081) r=-0.289 (p=0.078) r=-0.313 (p=0.056) r=-0.354 (p=0.029) r=-0.168 (p=0.315)

Statistical analysis was performed using the Spearman rho correlation coefficient, p<0.05 was considered significant (n=38). Bold type face represents 

significant findings. Asterisks indicate significant findings following correction for multiple testing, adjusted p-value: p<0.01. No significant correlations were 
observed between CTQ total scores and individual items on the childhood trauma scale and the specific inflammatory cytokines under investigation; IL-ip, 

TNF-a, IL-6, IFN-y, IL-4 and IL-10 in the depressed cohort.
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4.3.9 The impact of medication on biological variables in depressed patients

Antidepressant medication did not impact upon any of the biological variables found to be 

associated with major depression in the current study (p>0.05) [Table 4.14], No significant 

difference was observed between un-medicated MDD patients and antidepressant treated  

patients with MDD for any of the other biological markers of interest (p>0.05, data not shown).

Table 4.14 Analysis of the impact of medication on biological variables in depressed patients

Biological parameter Anti-depressant 
treated patients 
with MDD (n=26)

Un-medicated 
patients with MDD 

(n=12)

Statistics (p-value)

Inflammatory cytokines
IL-ip  (fold change) 0.97 (0.43) 1.00 (0.44) Z=-0.157(p=0.875)
TNF-a (fold change) 0.93 (0.24) 1.00 (0.28) Z=-0.754 (p=0.451)
IL-6 (fold change) 1.40 (0.61) 1.00 (0.54) Z=-1.947 (p=0.053)
IFN-y (fold change) 1.13 (0.91) 1.00 (0.61) Z=-0.094 (p=0.925)

Immune activation markers
TLR4 (fold change) 1.03 (0.34) 1.00 (0.30) Z=-0.345 (p=0.730)
TREM-1 (fold change) 1.18 (0.42) 1.00 (0.39) Z=-1.382(p=0.167)
DAP-12 (fold change) 1.15 (0.37) 1.00 (0.20) Z=-1.570(p=0.116)

Macrophage markers 
M l
IFN-yRl (fold change) 1.21(0.38) 1.00 (0.24) Z=-1.507 (p=0.132)
COX-2 (fold change) 0.94 (0.39) 1.00 (0.36) Z=-0.345 (p=0.730)
IkBu (fold change) 1.04 (0.31) 1.00 (0.26) Z=-0.000 (p=1.000)
M2
ARGl (fold change) 1.00 (0.56) 1.00 (0.76) Z=-0.377 (p=0.706)
IL-4Ra (fold change) 1.07 (0.55) 1.00 (0.48) Z=-0.628 (p=0.530)

T-cell subsets 
Th2
IL-4 (fold change) 1.19(1.54) 1.00(1.01) Z=-0.188(p=0.851)
T-reg
IL-10 (fold change) 0.99 (0.52) 1.00 (0.59) Z=-0.094 (p=0.925)

GR (fold change) 0.99 (0.28) 1.00 (0.21) Z=-0.408 (p=0.683)
GC Inducible genes
FKBP5 (fold change) 1.13 (0.48) 1.00 (0.50) Z=-0.754 (p=0.451)
SGKl (fold change) 0.99 (0.27) 1.00 (0.25) Z=-0.408 (p=0.683)
GIL2 (fold change) 0.84 (0.30) 1.00 (0.28) Z=-1.884 (p=0.060)

Plasma
BDNF (pg/ml) 7901 (7606) 8835 (7511) Z=-0.424(p=0.672)

Data presented as mean with SD in parentheses. Statistical analysis was performed using a M ann-

W hitney U test.
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4.4 Discussion

In the present study, I profiled the expression of specific markers from the inflammatory and 

glucocorticoid systems in a cohort of depressed patients relative to age and sex matched healthy 

control subjects. The major findings from this study are that greater depression severity and 

affective symptoms of major depression, such as mood and anxiety, are positively associated with 

an inflammatory profile. To my knowledge, this is the first study to assess the relationship 

between PAXgene whole blood transcriptional expression of inflammatory markers and individual 

symptom clusters of major depression. Further to  this, I observed that MDD patients with a 

history of childhood trauma exhibit a distinct and dysregulated biological profile relative to MDD 

patients with no history of early life stress, evident upon analysis of the individual traumatic 

subtypes of the childhood trauma questionnaire. While numerous studies have assessed the 

relationship between circulating BDNF concentrations and childhood trauma, this is the first to 

show a dysregulated inflammatory and glucocorticoid profile in depressed patients with early life 

stress using the PAXgene whole blood system.

4.4.1 PAXgene biomarker transcriptional profile in depressed patients relative to 

healthy controls

Despite previous findings presented in chapter 3, which show a mild circulating inflammatory 

phenotype in the depressed cohort relative to controls (Hughes et a!., 2012), in the present study, 

we did not find any significant differences in the PAXgene expression of the classical inflammatory 

cytokines IL-1(3, IL-6, TNF-a, IFN-y and IFN-inducible genes, IP-10 and SOCS-1 at the message level. 

In addition, whole blood gene expression of the innate immune activation markers TLR3, TLR4, 

TREM-1, DAP-12 and PU.l was not increased in the patient group relative to controls.

Whilst no changes in the transcriptional profile of cytokines and transcription factors for Th-1 and 

Th-17 cells were detected, a significantly decreased IL-4 mRNA expression was observed in the 

depressed subjects relative to the controls, indicative of decreased Th-2 cytokine expression. This 

is consistent with the literature and recent findings by Cattaneo et al. (2013) who also describe 

decreased levels of PAXgene whole blood IL-4 in a depressed population. Interestingly, we also 

identified an increased IL-10 whole blood mRNA expression in the depressed cohort relative to 

controls. This is in accordance with findings by Belzeaux et al. (2010) who show increased IL-10 

expression in patient PBMCs. In the present study, increased IL-10 expression may be suggestive 

of regulatory T-cell (T-reg) cell activity, however in the absence of any changes in the transcription 

factor and master regulator of T-reg cells, Forkhead box P3 (FoxP3), this finding should be
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interpreted with caution given that IL-10 is also produced by many cell types including monocytes 

and macrophages.

Cell-mediated immune activation relates to the interaction and cross talk between T-cells and 

monocytes (Maes, 2011). Production of pro- and anti-inflam m atory cytokines by T-cells following 

antigen stimulation results in the acquired immune activation of distinct monocytic subsets that 

have roles in inflammation (M l) ,  repair and regeneration (M 2a), immunomodulation (M 2b) and 

deactivation (M2c) (Christmann and Lafyatis, 2010, Chhor et al., 2013). As IFN-y and TNF-a, the  

inducers of M l  activation, w ere not increased in patient whole blood, it was not surprising to find 

no changes in Th-1 stimulated M l  markers. However, the decreased expression of IL-4, a potent 

inducer of alternatively activated M 2a monocytes did not appear to have any effect on the  

expression of either M l  or M 2 monocytic markers. Further to this, increased patient mRNA 

expression of IL-10, an inducer of the M 2 c / acquired monocytic deactivation state, also had no 

impact upon the expression of markers for monocytic activation. However in accordance with 

this, recent evidence by Zizzo et al. (2012) shows that IL-10 alone is unable to induce M2c 

activation and may require macrophage colony-stimulating factor (MCSF) which is also released 

by T-regs, to induce M 2c activation.

Independent of IL-10, glucocorticoids are also involved in the polarisation of monocytes and the 

induction of the M2c activation state upon GR activation (Zizzo et al., 2012). However, no 

significant difference was observed in the whole blood transcriptional expression of GR or the  

glucocorticoid inducible genes FKBP5, GILZ and SGKl.

4.4.2 Assessment of the whole blood transcriptional profile in association with 

depression severity and depressive symptomology

W hile a decreased expression of the key Th-2 anti-inflammatory cytokine IL-4 and an increased 

expression in the immune-regulatory cytokine IL-10 was observed in the depressed cohort 

relative to controls, neither of these cytokines were found to  be associated with depression 

severity or individual symptom clusters in the patient group, perhaps suggesting that these 

changes are collective of all symptoms which contrast to changes with MDD. Despite this, we did 

detect some interesting symptom-specific and depression severity correlational patterns with 

inflammatory markers from the innate and monocytic classifications. In the patient cohort alone, 

positive correlations were observed between whole blood transcriptional levels of IL -ip , TREM-1 

and IFN-yRl and total HAM-D scores (used as an indicator of depression severity), suggesting that 

amongst the depressed group, greater depression severity is associated with a pro-inflammatory

112



p h en o ty p e .  While n u m e ro u s  s tud ies  have identified an associa t ion  b e tw e e n  in f lam m ation  and 

dep ress ion ,  few  s tud ies ,  if any, have  ad d re s se d  t h e  rela tive co rre la t ion  b e tw e e n  in f lam m ation  

and  dep ress ive  sym ptom ology . C onco rdan t w ith  th e  a b o v e  findings, IL-lp, and  TREM-1 w e r e  also 

significantly positively co rre la ted  to  th e  core  d ep ress ion  cluster.  This highlights th a t  d e p re s se d  

m o o d  is a m ain  contr ibu ting  fa c to r  to  t h e  associa tion  b e tw e e n  in n a te  im m u n e  activity and 

dep re ss io n  in this particu lar  cohort .  However, th e  m o re  sensitive sy m p to m -w ise  ap p ro a ch  also 

d e t e c te d  a significant positive associa tion  b e tw e e n  co re  dep re ss io n  severity  and  ARGl. To my 

know ledge ,  th is  is th e  first rep o r t  to  show  a positive associa tion  b e tw e e n  pa t ien t  w ho le  blood 

ARGl expression  and  co re  dep re ss io n  severity. This finding is in ac co rd an c e  with an ea r l ie r  report,  

show ing  inc reased  se ra  arg inase  activity in m a jo r  d e p re s se d  sub jec ts  relative to  m inor  d e p re sse d  

p a t ien ts  (Elgun and  Kumbasar,  2000). F u rthe r  to  this , Elgun and  Kum basar  (2000) suggest  t h a t  th e  

positive associa tion  b e tw e e n  arg inase  and  dep re ss io n  severity  m ay be a contr ibu ting  fac to r  to  th e  

sym ptom ology  of depress ion .  This is highly plausible. In light o f  th e  suggestion  th a t  periphera l 

w h o le  blood cells m ay  ac t as ^ 'sentinels '  o r  as a ' s u r ro g a te  fo r  CNS express ion ',  increased  

per iphera l  expression  of  ARGl m ay reflect cen tra l  arg inase  activity (Liew e t  al., 2006, Sullivan e t  

al., 2006). The enzym atic  ac tions of  ARGl a re  well ch a rac te r ised ;  ARGl cata lyses  t h e  hydrolysis of 

L-arginine th e re b y  reducing its availability fo r  nitric oxide syn thes is  (Albina e t  a!., 1990, Mori e t  al., 

1998). The p ituitary an d  hypo tha lam us  co m e  into close c o n ta c t  with periphera l  blood. D ecreased  

produc tion  of nitric oxide in th e s e  brain regions m ay c o n t r ib u te  to  t h e  loss of regula tory  con tro l  of 

t h e  HPA axis, resulting in inc reased  co r t ico troph in -re leas ing  h o rm o n e  (CRH) p roduction  and  an 

o v e r  active cortisol response ,  o n e  of  th e  m o s t  rep roducib le  findings in d e p re s se d  p a t ien ts  

(R aad sh eer  e t  al., 1994, Bugajski e t  al., 2004, Pace e t  al., 2007). Evidently, this th e o ry  con tra s ts  

w ith  t h e  l i te ra tu re  repor ting  inc reased  levels o f  nitric oxide in d e p re s se d  p a t ien ts  which also have 

toxic effects  (Suzuki e t  al., 2001, M aes  e t  al., 2009).

The sy m p to m  clus te r  ap p roach  also revealed  th a t  anxiety  w as  closely as soc ia ted  with  an 

in f lam m atory  p h e n o ty p e  in th e  d e p re s se d  cohort .  29 of  th e  38 p a t ien ts  assessed  in t h e  p re se n t  

s tu d y  had a sco re  g r e a te r  th a n  o r  equal t o  t h e  cu t-off  sco re  7 on  t h e  anx ie ty /som at isa t ion  

subsca le  and  w e r e  classified as having anxious depress ion .  While m any  s tud ies  have used  this 

classification to  assess  t r e a tm e n t  re sp o n se  to  an t id e p re s sa n ts ,  no  s tudy  to  my know ledge ,  has 

e v e r  as se ssed  th e  re la tionsh ip  b e tw e e n  in flam m ation  and  anxious depress ion .

F u r the r  to  th e  above  findings associa ting  t h e  in flam m atory  re sp o n se  sy s tem  with co re  dep ress ion  

severity ,  it also ap p e a rs  th a t  t h e  in n a te  im m u n e  re sp o n se  has a key role to  play in th e  anxiety  

sy m p to m s  of m ajor  depress ion ,  w ith  significant positive associa tions b e tw e e n  w hole  blood 

t ransc r ip tiona l  expression  of IL-ip, TREM-1 and  its a d a p to r  m olecu le  DAP-12 and  th e
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a n x ie ty /so m at isa t io n  factor.  This is n o t  u n ex p e c ted  how ever,  as resea rch  into anxie ty  re la ted  

d iso rders  and  particularly p o s t- t rau m a tic  s tress  d iso rder  has sh o w n  an associa tion  with a 

dysregu la ted  inna te  im m u n e  re sponse ,  ev idenced  by increased  levels o f  nuclear  fac to r-k ap p a  B 

(NFkB) signalling and  circulating pro -in f lam m atory  cytokines such  as IL-ip and  IL-6 (Pace e t  a!., 

2012, Z im m erm an  e t  al., 2012).

F u rthe r  analysis and  th e  s e p a ra t io n  of anxiety  and  som a tic  fac to rs  into individual sy m p to m  

c lus te rs  revealed  th a t  this  associa tion  w as  purely driven by anxiety, with no corre la tion  b e tw e e n  

any  of  t h e  in flam m atory  m arkers  and  t h e  som atic  sy m p to m s  of  depress ion .  In fact,  s t ro n g e r  

co rre la t ions  w e re  revealed  for  IL-ip, TREM-1 and  DAP-12 w h e n  corre la ted  with t h e  anxiety  

subsca le  alone. Additionally, a significant re la tionsh ip  b e tw e e n  t h e  transcrip tional levels of th e  

m onocy tic  m arkers  Ik Bo  and  IL-4R and  anxiety  w as  o bse rved ,  while a s trong  t r e n d  for  an 

associa tion  b e tw e e n  w ho le  b lood COX-2 mRNA expression  and  anxiety  severity  also em erg ed .  

A lthough d if fe ren t  m onocytic  m arkers  w e r e  found  to  be  assoc ia ted  with various sym ptom  

c lusters,  bo th  core  d ep ress ion  and  anxiety subscales  w e re  positively assoc ia ted  with th e  

t ransc r ip tiona l levels of  th e  in f lam m atory  cytokine IL-ip and  t h e  inna te  im m u n e  activation  

r e c e p to r  TREM-1. Even following s tr in g en t  co rrec tion  for  m ultiple  tes ting ,  s t ro n g  t r e n d s  and  

significant positive associa tions w e r e  d e t e c te d  b e tw e e n  IL-ip, TREM-1 and  th e  affective sy m p to m  

clusters,  highlighting th e  im p o r ta n ce  of  th e s e  findings. The discovery th a t  bo th  co re  d ep ress ion  

and  anxiety  cluste rs  a re  as soc ia ted  with  a similar w ho le  b lood transcr ip tional  in f lam m atory  profile 

is in te res t ing  given th e  following findings. M usse lm an  e t  al. (2001) have show n  th a t  45% o f  cance r  

p a t ien ts  receiving high d o se  IFN-a t r e a tm e n t  d eve loped  clinical depress ion .  However, by p r e 

t r e a t in g  with  SSRIs, ce r ta in  cy tok ine-induced  dep ress ive  sy m p to m s  w e r e  abolished. Interestingly, 

th e y  fo u n d  th a t  SSRIs p ro te c te d  aga ins t  th e  affective sy m p to m s  of  d ep ress ion  to  include 

d e p re s s e d  m o o d  and  anxiety, signifying a link b e tw e e n  cy tok ine-induced  dep ress ive  sy m p to m s  

and  t h e  se ro ton in  system . However, p r e - t r e a tm e n t  with  SSRIs did n o t  afford p ro tec t ion  against 

t h e  som atic  and  v ege ta t ive  dep ress ive  sym ptom s,  highlighting t h e  h e te ro g en e i ty  of t h e  biological 

basis o f  d ep ress ion  and  t h e  involvem ent o f  m a n y  distinct sys tem s (Capuron e t  al., 2002a).  This is 

in ac co rd an c e  with t h e  findings in this study , which clearly assoc ia te  t h e  in flam m atory  process 

w ith  affective dep ress ive  sym ptom s,  including co re  d ep ress ion  and  anxiety. How ever, d if fe ren t  

m e ch a n ism s  a re  likely to  be involved in t h e  m an ifes ta t ion  of som a tic  sy m p to m s  and  insom nia, as 

no  co rre la t ions  w e re  o b se rv e d  b e tw e e n  any of  t h e  in f lam m atory  m arkers  and  th e s e  depress ive  

s y m p to m s  in this  p a t ien t  cohort .

While this  analysis displays m any  novel f indings in a sy s tem  th a t  m ay provide a b e t t e r  v an tag e  

po in t to  assess  t h e  m acro  and  micro ch an g es  which m ay be occurring within th e  CNS, w e  have

114



also clearly presented a case in favour of a symptom-wise approach to decipher the underpinning 

pathophysiological mechanisms of the individual symptoms that make up the heterogeneous 

disorder that is depression. This type of analysis may lend towards the discovery of biomarkers for 

depression and hence the development of a more targeted and personalised treatm ent approach.

4.4.3 The impact of early life stress upon glucocorticoid, inflammatory and BDNF 

markers in depressed patients and healthy controls

In the present study, 21 out of the 38 MDD patients and 9 healthy controls reported a history of 

childhood traum a. W hile there was no overall group difference in plasma BDNF concentrations 

between depressed patients and controls, circulating BDNF concentrations w ere increased in 

MDD patients with no history of childhood traum a relative to healthy controls with no history of 

childhood traum a. This is surprising as many reports suggest that BDNF is decreased in MDD  

patients (Lee et al., 2007, Sen et al., 2008, Satomura et al., 2011). Interestingly, MDD patients with 

a history of childhood traum a exhibited decreased circulating BDNF concentrations relative to  

MDD patients w ithout childhood traum a. Further to  this, a negative association was detected 

between BDNF and CTQ total scores in the MDD patients. It is noteworthy that all of these 

findings survive correction for multiple testing, highlighting the robust nature of these findings. 

No association was observed between BDNF and the healthy controls, perhaps suggesting that in 

the depressed population those who are exposed to  more severe traum atic events as a child have 

decreased circulating BDNF concentrations. This is very interesting in light of findings by Elzinga et 

al. (2011), who show that MDD patients w ithout a history of childhood traum a but who are 

carriers of the BDNF risk allele, Val^®Met, exhibit increased circulating BDNF levels, while those 

with the BDNF polymorphism in association with a history of childhood trauma have decreased 

serum BDNF levels relative to MDD patients carrying the normal Val/Val BDNF gene. This may 

represent a gene-stress interaction and may indicate the presence of a biologically distinct sub

group of MDD patients. Further to  this, Grassi-Oliveira et al. (2008) have also observed decreased 

plasma BDNF levels in depressed patients that w ere physically neglected as children, relative to  

MDD patients with no history of childhood traum a.

In addition and consistent with earlier findings demonstrating increased IL-10 expression in the 

depressed cohort relative to controls, the transcriptional expression of IL-10 was significantly 

increased in the depressed cohort w ithout childhood traum a relative to healthy controls with no 

history of childhood traum a. The expression of IL-10 at the message levels was also greater in 

controls with childhood trauma compared with controls w ithout childhood traum a. W hile no
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o th e r  significant ch anges  w e r e  o b se rv e d  b e tw e e n  p a t ien ts  and  contro ls  w ith  and  w ith o u t  a 

history of  childhood  t ra u m a ,  corre la tional analysis d e t e c te d  significant nega tive  corre la t ions 

b e tw e e n  t h e  MDD p a t ien ts  and  th e  GR and  its c o -c h ap e ro n e  FKBP5. This is in te res t ing  as bo th  

BDNF and  t h e  GR have  key roles in regulating  t h e  s tress  re sp o n se  a long with no rm al  brain 

functioning. T hese  findings a re  also in ac co rd an c e  with  th e  l i tera ture ,  as e x p o su re  t o  early life 

s t re s s  is o f ten  charac te r ised  by a dysregu la ted  HPA axis. Heim e t  al. (2008a) revea led  th a t  male 

MDD p a t ien ts  with a history of  childhood t r a u m a  displayed a hyperactive  HPA axis re sp o n se  to  

t h e  dexam ethasone /C R H  (Dex/CRH) t e s t  relative to  d e p re s se d  m e n  with  no history of  childhood 

t r a u m a  and  hea lthy  contro ls.  T hese  results  suggest  t h a t  MDD p a t ien ts  with a history  childhood 

t r a u m a  m ay r e p re s e n t  a biologically distinct su b ty p e  of  dep ress ion  (Heim and  Binder, 2012).

F u rthe r  to  this, MDD p a t ien ts  w e re  profiled based  on  t h e  ty p e  of childhood  t r a u m a  they  

expe r ienced ,  breaking t h e  to ta l  score  do w n  into t h e  5 ca tegories; em otiona l ,  physical and  sexual 

a b u s e  and  em o tio n a l  and  physical neglect.  MDD p a t ien ts  w ith  a history of  m o d e ra te  to  severe  

em o tio n a l  a b u s e  had significantly d e c re a s e d  w h o le  b lood transcrip tional levels of t h e  GR along 

w ith  increased  IL-lp expression  a t  t h e  m e ssag e  level, c o m p a re d  with MDD p a t ien ts  w ithou t  

em o tio n a l  abuse .  M oreover,  MDD p a t ien t  em o tiona l  a b u s e  scores  w e re  significantly negatively 

assoc ia ted  with  t h e  GR, fu r th e r  relating a d is rup ted  glucocorticoid re sp o n se  sys tem  with  severe  

early life em o tio n a l  abuse .  As a co n s e q u e n c e  of  early  life stress ,  neurobiological ch anges  such as a 

d y sreg u la ted  HPA axis a p p e a r  to  r e n d e r  individuals m o re  vu lnerab le  to  s u b s e q u e n t  stressful 

cha llenges and  p e rh a p s  a re  responsib le  for  th e  increased  expression  of th e  classical in f lam m atory  

cytokine IL-ip which m ay have in tu rn  c o n tr ib u ted  th e  d e v e lo p m e n t  of m a jo r  dep ress ion .  In 

addition ,  MDD p a t ien ts  w ith  a history of  m o d e ra te  to  se v e re  physical o r  sexual a b u s e  bo th  

express  e lev a ted  w h o le  b lood transcr ip tional  levels of IL-6 relative to  no n -ab u se d  MDD patients .  

T hese  findings a re  in ac co rd an c e  with r ec en t  f indings by o u r  g roup  show ing  an  associa tion  

b e tw e e n  childhood  m a l t r e a tm e n t  and  circulating levels of  th e  gene ra l  in f lam m atory  m a rk e r  CRP 

(FrodI e t  al., 2012). No significant d if fe rence  in th e  transcr ip tional  expression  of  t h e  ta rg e ts  of 

in te re s t  w as o b se rv e d  b e tw e e n  p a t ien ts  exposed  to  em o tio n a l  neglec t and MDD p a t ien ts  w ho 

w e r e  not. How ever, a significant nega tive  co rre la tion  w as  revealed  b e tw e e n  p a t ie n t  em otiona l  

neg lec t scores  and  BDNF, GR and  its co -c h a p e ro n e  FKBP5. FKBP5 w as  also d e c re a s e d  in MDD 

pa t ien ts  ex p o sed  to  physical neglec t c o m p a re d  with  MDD p a t ien ts  w ithou t  physical neg lec t and 

th e  d e c re a s e d  FKBP5 expression  w as  found  to  a s soc ia te  with  physical neg lec t severity  in th e  

d e p re s se d  pa t ien ts .  It is well e s tab l ished  th a t  FKBP5 is an  im p o r ta n t  regu la to r  o f  GR sensitivity 

and  can p ro m o te  nuc lea r  t rans loca tion  of  th e  inactive b e ta  (3) isoform of th e  GR th e re b y  reducing 

sensitivity (M aeng  e t  al., 2008, Zhang e t  al., 2008). However, in a g r e e m e n t  with  o u r  findings 

M enke e t  al. (2013) recently  re p o r te d  th a t  MDD p a t ien ts  w ith  an  FKBP5 polym orph ism  show  a
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d e c re a s e d  induction of GR-induced FKBP5 express ion  in parallel w ith  red u c ed  p lasm a cortisol 

su pp ress ion  following d e x a m e th a s o n e  s tim ula tion .  Only p a t ien ts  w ith  th is  po lym orphism  

exh ib ited  glucocorticoid resis tance.  C onsequent ly ,  it is possible th a t  t h e  im pact o f  early  life s tress  

on  t h e  endoc r ine  sys tem  m ay induce ep igene tics  changes  such as a ch a n g e  in t h e  transcr ip tional  

regula tion  of  FKBP5 g en e  result ing  in a biologically d istinct s u b se t  o f  d ep re s se d  p a t ien ts  w ith  a 

dysregu la ted  s tres s  re sp o n se  incapable  of  regulating  th e  in f lam m atory  re sp o n se  upon  secondary  

s tressfu l  challenges.

4.4.4 Limitations

W hile th e s e  findings a re  very  in te res t ing  and  provide a new  d im ension  to  th e  l i tera ture ,  as 

re se a rch  using t h e  PAXgene sys tem  to  s tu d y  m ajo r  d ep ress ion  is scarce , s o m e  of  th e  significant 

findings highlighted in this  s tu d y  do  n o t  survive Bonferroni correc tion  for  m ultiple  testing . 

How ever,  while this reduces  t h e  risk of ty p e  I error,  it has  t h e  p o ten tia l  to  inflate ty p e  2 error,  

t h e r e b y  increasing th e  risk of false nega tive  findings. T hese  results  a re  also limited by th e  fac t th a t  

w e  have  only a s sessed  changes  in t h e  biological profile in t h e  d e p re s se d  co h o r t  w ith  and  w ith o u t  

a history  of  distinct types  of early  life stress .  While th e s e  results  w ou ld  have b ee n  s t r e n g th e n e d  

by t h e  inclusion of a c o m p arab le  hea lthy  contro l group, this  ty p e  of  analysis w as  n o t  possible due  

to  t h e  limited n u m b e r  of par t ic ipan ts  in th e  sub-g roups  and  high variability a m o n g s t  t h e  clinical 

sa m p le s .  However, m e re  a s se s s m e n t  o f  t h e  values suggests  t h a t  with g r e a te r  participant 

n u m b e rs ,  similar findings m ay be o b se rv e d  with  increased  in flam m atory  m arkers  and  d ec re a s e d  

glucocorticoid  m arke r  mRNA expression  in t h e  MDD p a t ien ts  w ith  a history of  early  life s tress  

rela tive to  hea lthy  contro ls  also. The lack of  no ticeab le  d if fe rence  b e tw e e n  th e  d e p re s se d  pa t ien ts  

re la tive  to  th e  hea lthy  contro ls  m ay be ascribable  to  t h e  fact th a t  m ajo r  d ep ress ion  is a 

h e t e r o g e n e o u s  d iso rder  and  in o r d e r  to  d e t e c t  specific b iom arkers  a c lea n e r  p h e n o ty p e  m aybe  

requ ired .  This a rg u m e n t  is s t r e n g th e n e d  by t h e  fact th a t  w e  do  d e te c t  associa tions b e tw e e n  

biological m arkers  and  g r e a te r  d ep ress ion  severity, sy m ptom ology  and  individual childhood 

t r a u m a  subscales. Hence, fu tu re  s tud ies  should  e n d e a v o u r  to  as sess  distinct su b se ts  o f  MDD 

p a t ie n ts  with a well ch a rac te r ised  p h e n o ty p e  in associa tion  with  a m o re  sensitive sym ptom -w ise  

app ro a ch .
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4.4.5 Conclusion

In conclusion, d esp i te  th e  fac t t h a t  t h e  biological profile w as  largely unchanged  in th e  d e p re s se d  

co h o r t  c o m p a re d  with  age and  sex m a tc h e d  hea lthy  controls,  fu r th e r  a s se s s m e n t  o f  th e  

d e p re s s e d  co h o r t  b ased  on  d ep ress ion  severity  and  dep ress ive  sym ptom ology  revealed  a positive 

associa tion  b e tw e e n  t h e  inna te  in flam m atory  re sp o n se  and  g r e a te r  dep ress ion  severity. F u rthe r  

to  this, t h e  affective sy m p to m s  of  MDD such  as core  d ep ress ion  and  anxiety  w e re  also found  to  

positively co rre la te  with  th e  transcr ip tional  levels o f  th e  classical p ro -in f lam m atory  cytokine IL-ip 

and  t h e  im m u n e  activating r e c e p to r  TREM-1. A ssessm en t  o f  t h e  biological profile in associa tion  

with  d istinct t r a u m a t ic  early life ev e n ts  in t h e  d e p re sse d  co h o r t  also revealed  increased  PAXgene 

t ransc r ip tiona l  express ion  of  IL-1(3 and  IL-6 in p a t ien ts  repo rt ing  childhood a b u s e  while d e c re a s e d  

express ion  of  t h e  GR and  its regu la to r  FKBP5 w e re  assoc ia ted  with neglect. Taken to g e th e r ,  th e s e  

d a ta  s u p p o r t  previous l i te ra tu re  associa ting  th e  in f lam m atory  and  endoc r ine  sy s tem s  with m ajo r  

dep re ss io n  in certa in  sub -g roups  of  d e p re s se d  individuals.
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Chapter 5

Inflammation, kynurenine pathway activation and tryptophan 
depletion - The relative contribution of innate vs. adaptive

immune cells
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5.1 Introduction

W hile the biological basis of depression remains to be elucidated, tw o main theories on the  

pathophysiology of the illness are the serotonin hypothesis and the inflammatory hypothesis of 

depression. W ith regard to the serotonin hypothesis of depression, deficits in serotonergic 

neurotransmission have long been associated with major depression with selective serotonin 

reuptake inhibitors (SSRIs) being the first line treatm ent choice for a major depressive episode 

(Thase, 2011). In association with this numerous studies report reduced tryptophan availability for 

serotonin synthesis in depressed cohorts (D eM yer et al., 1981, Cowen et a!., 1989, Hughes et a!., 

2012). However, in accordance with the inflammatory hypothesis of depression, recent m eta

analyses suggest that pro-inflammatory cytokines may also have a pivotal role to play in the  

biological basis of major depression (Dowlati et al., 2010, Haroon et al., 2012, Liu et al., 2012).

A proposed mechanism linking the serotonergic hypothesis with the inflammatory hypothesis of 

depression is the activation of indoleamine 2,3-dioxygenase (IDO), the rate-limiting, tryptophan  

degrading enzyme of the kynurenine pathway, which is up-regulated in response to  elevated 

secretion of inflammatory cytokines, particularly IFN-y or IL-6 and TNF-a or IL-1(3 in combination 

(Leonard and Maes, 2012). Upon IDO activation, tryptophan is shunted down the kynurenine 

pathway, thereby reducing its availability for serotonin synthesis and increasing the production of 

kynurenine (M offett and Namboodiri, 2003). The ratio of kynurenine to tryptophan (KYN/TRP 

ratio) is used as a proxy measure of IDO activity (Christmas et al., 2011). Activation of the  

kynurenine pathway and subsequent tryptophan depletion has frequently been reported in 

cytokine-induced depression (Capuron et al., 2002b, Wichers et al., 2005, Raison et al., 2010). 

However, evidence to suggest activation of the kynurenine pathway in idiopathic depressed 

patients is scarce.

IDO is expressed in all organs of the body and in many cells types to include innate immune cells 

of the myeloid lineage such as monocytes and dendritic cells, along with cells from the adaptive 

immune response such as T-cells (Maes et al., 2011). However, while dysregulation o f both the  

innate and adaptive immune response have been implicated in the pathogenesis o f depression, 

the ability of innate vs. adaptive immune cells to  deplete tryptophan has never been studied.

The bacterial endotoxin lipopolysaccharide (LPS) is widely used to induce an innate immune  

response in experimental research. LPS stimulation of peripheral blood mononuclear cells 

(PBMCs) occurs via interactions with Toll-like receptors (TLRs) expressed by innate immune cells. 

Specifically, LPS complexes with TLR4 and M D -2 which initiates the activation of the M yD 88- 

dependent signal transduction pathway culminating in the activation of nuclear factor-KB (NFkB)
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which induces t h e  t ransc r ip tion  of  p ro -in f lam m atory  cytokines (Lu e t  al., 2008). T-cell activation 

and  proliferation  via anti-CD3 stim ula tion  is com m only  used  in vitro to  assess  T-cell functional 

ability. The CDS T-cell r e c e p to r  is c o m p o sed  of  a com plex  of  in tegral m e m b r a n e  p ro te in  chains to  

include g am m a, del ta ,  zeta and  epsilon. This CD3 r e c e p to r  com plexes  with CD4^ o r  CD8^ co 

recep to rs ,  which in tu rn  are  s t im u la ted  upon  recognition  of an t igen  bound  to  MHC com plexes  on 

an t igen  p re se n t in g  cells (APCs). In th e  in vitro  se tting ,  anti-CD3 has th e  ability to  bind to  th e  

eps ilon  subun it  o f  t h e  CD3 re c e p to r  which has an in tracellular signalling dom ain  an d  consequen t ly  

can induce cell ac tivation  up o n  ligand binding. The p re se n c e  of  m o n o c y te s  in cu l tu re  provides th e  

co-s t im ula tory  signal fo r  e n h a n c e d  T-cell activation.

T herefo re ,  th e  aim of  this  s tudy  w as  to  c o m p a re  in flam m atory  cytokine p roduction ,  IDO mRNA 

express ion  and t ry p to p h a n  d ep le t io n /k y n u re n in e  p roduction  in hu m a n  PBMCs 6, 24, 48  hours  

following s tim ula tion  with  th e  in n a te  im m u n e  stim ulus LPS or  th e  T-cell s tim ulus anti-CD3.

F u rthe r  to  this, I so u g h t  to  assess  if im m u n e  cells from  severely  d e p re s se d  p a t ien ts  w e re  m o re  

sensitive  to  th e  ability of in f lam m atory  stimuli to  induce p ro - in f lam m atory  cytokine production  

and  kynuren ine pa th w a y  ac tivation c o m p a re d  with  hea lthy  contro ls .  In addition ,  t h e  circulating 

co n c en tra t io n s  of  kynuren ine and  t ry p to p h a n  w e re  a ssessed  in t h e  d e p re s se d  pa t ien ts  and  

h ea l thy  controls.

S ubsequen tly ,  I so u g h t  to  assess  th e  effect o f  th e ra p e u t i c  in te rven tion  with  ECT on  s t im u la ted  

in f lam m atory  profiles and  th e  kynuren ine p a th w a y  activation  profile a long with  th e  im pact of ECT 

on  circulating m e a su re s  of  kynuren ine  pa th w a y  activity.
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5.2 Methods

5.2.1 Experimental design

C o llec t and  Iso la te  PB M C s

ELISA 

IL-6, T N F -a , IF N -y

S tim u la te d  PB M C s w ith  

A n ti-C D 3  ( O . lu g /m l)  o r LPS 

( lu g /m l )
HPLC

T ryptoph an

kyn u ren in eS u p tfn a ta j

Harvest cells

6hrs  24h rs  48h rs

In c u b a tio n  a t  3 7 'C  and  5%  CO 2

Figure 5.1 Diagrammatic representation of the experimental design 

5.2.2 Experimental Procedure

5.2.2.1 Cell culture and preparation of treatment compounds

Culture Media: Using a 0.2 micrometre (|im) syringe filter, Fetal Bovine Serum (FBS) and penicillin- 

streptomycin were filter- sterilised and added to sterile RPMI 1640 IX  containing L-Glutamine and 

25 mM HEPES to give complete RPMI (cRPMI). Final concentrations of FBS and penicillin- 

streptomycin in the media were 10% and 1% respectively.

LPS: 25 mg LPS [Escherichia coli serotype 0111:B4] was dissolved in 1 ml d.d.H20. When fully 

dissolved 500 [il o f this 25 mg/ml solution was added to  62 ml of cRPMI (1:125 dilution) to  yield a 

200 ng/ml stock solution that was then filter-sterilised using a 0.2 pim syringe filter. This stock 

solution was divided into 1 ml aliquots and stored at -20°C. Prior to  use the stock solution was 

diluted to a working concentration of 1 ng/ml in pre-warmed cRPMI.

For LPS stimulation, 450 pil of a 1 x 10® cell suspension was added to  the respective wells on a 48- 

well plate and the treated with 50 |il of 1 |ig/m l LPS. This dose was selected based on previous 

experimental work carried out in the lab (Curtin et al., 2009, O'Sullivan et al., 2009).
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Anti-CD3: 0.5 ml of a 1 mg/m l stock solution was stored at 2-8°C. Prior to use the stock was 

diluted to a working concentration in pre-warmed cRPMI.

For anti-CD3 stimulation, the treatm ent wells w ere coated with 200 nl of 0.1 |ig /m l anti-CD3 and 

incubated overnight at 4°C. Following this, the excess anti-CD3 was removed and 450 pil of a 1 x 

10® cell suspension was added to wells on a 48-w ell plate. A dose of 0.1 |ig /m l for 48 hours was 

selected based on the results from the dose response and time-course study (Figure 5.2).
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E
B) 6000-
a
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fin.

24hr

□  Unstimulated

Anti-CD3 0.1 ng/ml 

C D  Anti-CD3 0.5 |.ig/ml 

Anti-CD3 1|ag/ml 

Anti-CD3 5|jg/ml

48hr
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Li.
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□  Antl-CD3 0.1ng/ml 

Antl-CD3 0.5ng/ml

Figure 5.2 Antl-CD3 dose response over time. PBMCs isolated from healthy controls were stimulated for 6, 

24 and 48 hours with a range of doses for anti-CD3 including: 0.1, 0.5, 1 and 5 |ig/ml. (a) Anti-CD3 dose 

response over time for IFN-y cytokine production in culture supernatant, (b) Relative mRNA expression for 

the T-cell activation marker CD25 following stimulation with anti-CD3 at 0.1 or 0.5 |ig/ml. n=4 per group.
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5.2.2.2 Real-Time PCR analysis of CD25 and ID O l

Total RNA was extracted from the PBMCs with the NucleoSpin®Total RNA isolation kit (Macherey- 

Nagel, Germany) and DNase treated per kit instructions. Following RNA quantification and 

equalisation, cDNA was synthesised using a cDNA archive kit (Applied Biosystems, UK) (see 

Chapter 2 section -  2.2.4).

Gene expression analysis was conducted using Real-Time PCR employing Taqman® Gene 

Expression Assays (Applied Biosystems, UK). To quantify expression of target genes of interest, 

Taqman® Gene Expression Assays containing FAM-labelled probes were used (Assay IDs: IDO: 

Hs00984148; CD25: Hs00907779_ml). PCR reactions were in a duplex format also containing a 

Taqman®Gene Expression Assay (primer-limited) containing a VIC-labelled probe for the 

endogenous control glyceraldehyde 3-phosphate dehydrogenase (GAPDH assay ID:4326317E). 

Samples were assayed using Applied Biosystems universal cycling conditions using a fast protocol 

on the StepOnePlus™ Real-time PCR system (Applied Biosystems, UK). Fold change in gene 

expression from the unstimulated cells was calculated using the AACt method and GAPDH served 

as an endogenous control in the amplification system.

5.2.2.3 Inflammatory cytokine production in PBMC culture supernatants

PBMC supernatant concentrations of IL-6, TNF-a, IFN-y were measured using ELISA MAX™ Deluxe 

kits (Biolegend, UK) and these immune assays were performed according to manufacturer's 

instructions. Absorbance was read at 450 nm using a microplate reader (Sunrise Tecan, Reading, 

UK) and was then recalculated as a concentration (pg/ml) using standard curves derived using 

GraphPad Prism Software Version 5.00 (GraphPad software. Inc.). Limits of detection for the 

ELISAs were 4 pg/ml fo r IL-6 and IFN-y, 2 pg/ml for TNF-a.

B.2.2.4 Measurement of tryptophan and kynurenine metabolites using HPLC

Culture supernatant tryptophan and kynurenine concentrations were measured using HPLC. 

Kynurenine was measured at a wavelength of 250 nm by UV detection while tryptophan was 

measured fluorometrically at an excitation wavelength of 254 nm and an emission wavelength of 

404 nm.

Homogenisation buffer was prepared with mobile phase containing 6% perchloric acid and 

200 ng/20 |il of internal standard (N-methyl-serotonin) (Sigma Chemicals Co., UK). The mobile
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phase contained 50 nM glacial acetic acid, 100 m M  zinc acetate and 3% acetonitrile at pH 4.9. A 

1:1 ratio of supernatant and homogenisation buffer was centrifuged at 12,800 rpm for 20 min at 

4°C before being passed through a 0.45 |im syringe filter (Phenomenex UK). A 20 1̂ sample of the  

resultant filtrate was injected onto a C-18 reverse phase Kinetex core-shell technology column 

(Phenomenex, UK) fitted with a guard column for separation of metabolites in the sample (flow  

rate 0.8m l/m in). Retention times and peak heights w ere recorded from the chromatographs 

generated and together with the data obtained for the standards, (5 ng/20 ul standard mix of 

tryptophan and kynurenine and N-methyl 5-HT) were used to calculate tryptophan and 

kynurenine concentrations expressed as ng/ml of plasma.

5.2.3 Participants

The study included 16 adult in-patients with severe treatm ent-resistant depression from the 

mental health services of St. Patrick's University Hospital, Dublin, and who were being referred for 

ECT. The diagnosis of these patients with severe depression was a clinical diagnosis based on 

Diagnostic and Statistical Manual for M ental Disorders IV (DSM-IV, American Psychiatric 

Association, 2000) criteria and confirmed by an independent psychiatrist using the 24-item  

Hamilton Rating Scale for Depression (HAM-D 24) (Hamilton, 1960). Sixteen healthy controls were 

recruited from the local community and the groups were balanced for age and sex. The study was 

conducted under real-life conditions and all patients w ere receiving antidepressant medication 

when recruited to the trial. To be Included in the study, participants had to be over 18 years old, 

be referred for ECT for treatm ent of a major depressive episode as diagnosed by the Structured 

Clinical Interview for DSM-IV Axis I Disorders (First et a!., 1996) and have a pre-treatm ent HAM-D  

24 score of at least 21. Exclusion criteria w ere substance misuse in the previous 6 months, being 

medically unfit for general anaesthesia, ECT In the previous 6 months, dementia or other axis I 

diagnosis.

ECT was administered twice weekly (6-12 treatm ents on average) with hand-held electrodes, as 

previously described, using methohexitone (0 .7 5 -1 .0  mg/kg) for anaesthesia and suxamethonium  

(0 .5 -1 .0  mg/kg) as muscle relaxant (ErantI et al., 2007). The Spectrum 5000M  device (Mecta  

Corp., Oregon, USA) was used according to the manufacturer's instructions. Seizure duration was 

measured by electroencephalography (EEG) monitoring. Seizure threshold was established by a 

method of limits after which treatm ents w ere given at 1.5 times seizure threshold for bitemporal 

ECT or 6.0 times seizure threshold for right unilateral ECT. Patients were maintained on their 

usual medication during the ECT course.
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5.2.4 Clinical diagnostic test

The Hamilton Rating Scale for Depression

Depression severity was assessed in patients and controls using the HAM-D 24 (Hamilton, 1960). 

This scale is the most frequently used, validated and standardised assessment for major 

depression and surveys a range of symptoms most commonly observed in depressed patients. 

The HAM-D 24 item total score is the sum of all 24 items listed and was selected as it contains 

cognitive items which aid in the assessment of chronic major depression (Steidtmann et al., 2012) 

It is also most frequently used to assess depression severity in severely depressed patients 

receiving ECT. A HAM-D 24 rating was obtained at tw o evaluating time-points: 1-2 days before the 

first ECT treatm ent (Baseline) and 3-4 days after completing an adequate course of ECT (End of 

Treatm ent). Criteria for responders were a >60% decrease in HAM-D 24 score from baseline plus 

an end of treatm ent HAM-D score <16. Remission criteria were a >60% decrease in HAM-D 24 

score from baseline plus an end of treatm ent HAM-D score <10. There was no prescribed 

minimum or maximum number of ECT sessions.

5.2.5 Procedures

Figure 5 .3  D iagram m atic representation  o f th e  recru itm en t and blood sampling process. A baseline blood 

sample was taken on the morning of the first ECT tre a tm e n t and 3-4  days following the final ECT treatm ent. 

ECT was administered tw ice w eekly w ith an average of 6 -12  treatm ents. Age and sex matched healthy  

controls w ere assessed at one tim e point w hen a blood sample was acquired and clinical testing carried out.

/

Age and sex matched  
healthy controls at 
one tim e-po in t

Severely depressed Course of 6 -12  3-4  days post final
patients on the morning ECT treatm ents ECT treatm ent
of the 1 '̂ ECT trea tm en t

126



5.2.5.1 Blood sampling and processing

Fasting whole blood samples were  taken in sodium heparin tubes from th e  antecubital fossa 

betw een  07:30 am and 09:30 am. A 10 ml blood sample was taken from each subject into a K2 

EDTA vacutainer and centrifuged at 2000 rpm for 10 minutes to  separa te  plasma. Plasma was 

stored at -80°C until inflammatory cytokine concentrations were  assessed. A second blood sample 

was taken into tw o  9 ml heparinised vacutainers for PBMC isolation. Bloods w ere  processed 

within 1 hour following blood draw and th e  PBMCs w ere  isolated from th e  heparinised blood 

samples by Ficoll/Histopaque 1077 density gradient centrifugation. PBMCs were  washed in RPM! 

1640 medium, counted and resuspended in freezing solution (90% FBS + 10% DMSO), before 

being divided into 1 ml aliquots and cryopreserved in cryovials in liquid nitrogen storage (see 

Chapter 2 section2.2.3).

Prior to  experimental procedure, PBMCs were  thaw ed and washed in medium. Viability was 

assessed using trypan blue staining and th e  counted cells were adjusted to  a concentration of 1 x 

10® cells/ml in cRPMI (supplemented with 10% (v/v) FBS and antibiotics) prior to  stimulation (see 

Chapter 2 section2.2.3).

5 .2 .6  Statistical analysis

Normally distributed data  are presented  as mean with s tandard  error of th e  m ean (SEM). Data 

w ere  analysed using a two-way analysis of variance (ANOVA) followed by Bonferroni post-hoc 

test.  Differences in demographic and clinical variables w ere  tes ted  using s tuden t 's  f-test and Chi 

square  (x^) tes t  for gender  distribution and smoking. Normally distributed circulating kynurenine 

and tryptophan concentrations w ere  analysed using th e  s tuden t 's  f-test. Following Shapiro-Wilk 

te s t  for normality, it was revealed th a t  the  clinical PBMC data  were  not normally distributed. As 

th e re  is no equivalent non-parametric tes t  to  a two-way ANOVA, the  data were  log transformed. 

However, as this did not improve the  distribution of th e  data, statistical analysis was carried out 

using a Kruskal-Wallis one-way ANOVA followed by either  a Mann-Whitney U te s t  for 

independent sample comparisons or a Wilcoxon-Signed Rank te s t  for paired comparisons. All 

statistical analyses were considered significant w hen p<0.05. Graphs and statistics were  

genera ted  using GraphPad Prism Software Version 5.00 (GraphPad software, Inc). All data  were 

analysed using SPSS (Version 16).
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5.3 Results

5.3.1 Assessment of pro-inflammatory cytokine production in culture supernatants 
isolated from healthy human PBMCs following stimulation with LPS or anti-CD3

5.3.1.1 IL-6 production from healthy human PBMCs stimulated with LPS or anti-CDB

A tw o -w ay  ANOVA fo r IL-6 revealed a significant main effect o f tre a tm e n t [F{2 ,4 5 ) = 82 .59 , p<0.001] 

and o f tim e  [F(2 ,4 s> = 6 .290 , p<0.01] [Figure 5.4a]. Bonferroni post-hoc  analysis revealed th a t innate  

im m une stim ulation w ith  LPS induced a robust increase in IL-6 at 6, 24 and 48  hours (p<0 .001) 

re lative to  concentrations fro m  unstim ulated  cells, w hile  a significant increase in th e  anti-CD3  

stim ulated  IL-6 expression was observed at 24 (p<0 .05) and 48  hours (p <0 .01) com pared  w ith  

u nstim ulated  IL-6 concentrations. The LPS induced increase in IL-6 was significantly g rea ter than  

th a t observed fo llow ing anti-CD3 stim ulation at all th ree  tim e  points (p <0 .001) [Figure 5.4a].

5.3.1.2 TNF-a production from healthy human PBMCs stimulated with LPS or anti-CD3

A tw o -w ay  ANOVA fo r TN F-a revealed a significant tre a tm e n t x tim e  interaction [F(4 4 7 ) = 7 .889, 

p<0 .001 ] and a main effect o f tre a tm e n t [F(2 ,4 7 ) = 19 .31 , p<0.001] and tim e  [F(2 ,4 7 ) = 3 .4 9  5, p<0.05] 

[Figure 5.4b]. W hile  not statistically significant fo llow ing Bonferroni post-hoc  analysis, LPS did 

induce a 55-fo ld  increase in T N F -a  concentrations re lative to  unstim ulated levels peaking at 6 

hours and decreasing over tim e  (p>0 .05 at each tim e  point). In contrast, anti-CD3 induced a much 

m ore robust increase in TN F-a concentrations re lative to  unstim ulated levels, w hich increased in a 

tim e -d ep en d en t m anner from  24 (p <0 .001 ) to  48  hours (p <0 .001 ) [Figure 5.4b].

5.3.1.3 IFN-y production from healthy human PBMCs stimulated with LPS or anti-CD3

A tw o -w a y  ANOVA fo r IFN-y revealed a significant tre a tm e n t x tim e  interaction [F(4 ,4 7 ) = 21 .46, 

p <0 .001 ] and a m ain effect o f tre a tm e n t [F(2 ,4 7 ) = 54 .14 , p<0 .001] and o f tim e  [F(2 ,4 7 ) = 11 .55, 

p <0 .001 ] [Figure 5.4c]. W hile  Bonferroni post hoc analysis revealed no significant d ifferences in 

th e  LPS induced culture supernatant concentrations o f IFN-y (p >0 .05), a 3, 6 and 5 fo ld increase in 

LPS stim ulated IFN-y concentrations was observed at 6, 24  and 48  hours respectively. In contrast 

to  this, anti-CD3 induced a robust tim e  d ependent increase in IFN-y culture supernatant 

concentrations w ith  a highly significant 2 4 4  fold increase at 24 hours (p <0 .001 ) and a 33 5  fold  

increase at 48  hours (p <0 .001 ) re lative to  concentrations from  unstim ulated PBMCs [Figure 5.4c].
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Figure 5.4 Pro-inflammatory cytol<ine production following stimulation with LPS or anti-CD3. Healthy 

human PBMC cell culture supernatant concentrations of (a) IL-6, (b) TNF-a and (c) IFN-y at 6, 24 and 48 

hours following stimulation w ith the innate immune stimulus LPS or the T-cell stimulus antl-CD3. Data 

expressed as mean w ith SEM (n=5-7 per group). *p<0.05, **p<0.01, ***p<0.001 vs. unstimulated human 

PBMC concentrations at each time-point; +++p<0.001 vs. LPS stimulated control concentrations at each 

time-point (two-way ANOVA followed by Bonferroni post-hoc test).
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5.3.2 Assessment of IDO mRNA expression in healthy human PBMCs following 

stimulation with LPS or anti-CD3

A tw o -w a y  ANOVA fo r IDO revealed a significant tre a tm e n t x tinne interaction  [F(4 ,4 6 > = 4 .9 90 , 

p<0.01] and a m ain e ffect o f tre a tm e n t [f{2,i6) = 23 .32, p <0 .001]. H ow ever, th e  effect o f tim e  was 

not significant [F(2 ,4 6 ) = 1 .338 , p>0.05] [Figure 5 .5 ]. Bonferroni post hoc  analysis revealed th a t LPS 

stim u lated  IDO transcriptional expression was significantly e levated  w ith  respect to  unstim ulated  

IDO expression a t 6 (p <0 .01), 24  (p <0 .05) and 48  hours (p <0 .001). In contrast to  th e  sustained LPS 

stim u lated  increase in IDO mRNA expression over tim e, anti-CD3 induced an early but significant 

increase in th e  transcriptional expression in IDO mRNA at 6 hours (p <0 .001 ), which was decreased  

but rem ained  significant at 24 hours (p <0 .05) and decreased fu rth e r a t 4 8  hours to  a level th a t  

was not significantly d iffe ren t to  th a t observed in the unstim ulated  PBMCs (p>0.05) [Figure 5.5]. 

Sim ilar IDO expression levels w ere  observed fo llow ing  stim ulation  w ith  LPS and anti-C D 3 at 6 and 

24  hours. H ow ever, th e  LPS stim ulated IDO mRNA expression was significantly g rea ter at 48  hours 

than  th a t induced by m itogen stim ulation (p <0 .001 ) [Figure 5 .5 ].
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Figure 5.5 IDO mRNA expression following stimulation with LPS or anti-CD3 In healthy human PBMCs.

Relative mRNA expression for IDO l at 6, 24 and 48 hours following stimulation with the innate immune 

stimulus LPS or the T-cell stimulus anti-CD3. Data expressed as mean with SEM (n=5-7 per group). *p<0.05, 

**p<0.01, ***p <0 .001  vs. unstimulated healthy control concentrations at each time-point; +++p<0.001 vs. 

anti-CD3 stimulated control concentrations (Two-way ANOVA followed by Bonferroni post-hoc test).
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5.3.3 Assessment of the kynurenine pathway activation in healthy human PBMCs 

following stimulation with LPS or anti-CD3

5.3.3.1 Kynurenine concentrations following stimulation with LPS or anti-CD3 in healthy human 

PBMCs

A tw o -w ay  AN O VA fo r kynurenine revealed a significant tre a tm e n t x tim e  interaction [F(4 ,4 3 ) = 

7 .795 , p<0 .001 ] and a m ain e ffect o f tre a tm e n t [F(2 ,4 3 > = 17 .50, p <0 .001 ] and o f t im e  [F(2 ,4 3 ) = 17 .77 , 

p <0 .001 ] [Figure 5 .6a]. Bonferroni post-hoc  analysis revealed th a t LPS stim u lated  kynurenine  

concentrations w ere  not significantly d iffe ren t to  the unstim ulated  concentrations observed at 6, 

24  and 4 8  hours in healthy hum an PBMC culture supernatants (p>0 .05). In contrast to  this, an ti-  

CD3 induced a tim e  d ep en d e n t increase in kynurenine concentrations w ith  a m odest increase at 

24 hours (p <0 .05) and a highly significant increase at 48  hours re lative to  unstim ulated  cells 

(p <0 .001 ) [Figure 5.6a]. Anti-CDB also stim ulated  a significantly g rea ter production o f kynurenine  

in th e  PBMC culture supernatants re lative to  th a t induced by LPS at 48  hours (p <0 .001).

5.3.3.2 Tryptophan concentrations following stimulation with LPS or anti-CD3 in healthy human 

PBMCs

A tw o -w ay  ANOVA fo r tryp to p han  revealed a significant tre a tm e n t x tim e  interaction [F(2 ,4 j) = 

3 .8 7 0 , p<0 .01] and a m ain  e ffec t o f tre a tm e n t [F(2 ,4 s) = 9 .4 55 , p<0 .001] how ever, th e  effect o f t im e  

was not significant [F(2 ,4 S) = 0 .7 025 , p>0.05] [Figure 5 .6b]. Bonferroni post-hoc  analysis revealed  

th a t tre a tm e n t w ith  th e  innate im m une stimulus LPS had no e ffect on tryptophan  concentrations  

in th e  culture supernatants re lative to  unstim ulated tryp to p han  concentrations a t any o f th e  

th re e  tim e  points (p >0 .0 5 ). In contrast to  this, T-cell stim ulation  w ith  anti-CD3 induced a 

significant decrease in tryp to p h an  concentrations a t 48  hours re lative to  unstim ulated tryptophan  

concentrations (p < 0 .0 01 ). The decreased tryptophan  concentration  was also found to  be 

significantly reduced re la tive  to  th a t observed in th e  LPS stim ulated  cu lture supernatants (p<0 .01) 

[Figure 5.6b].
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S.3.3.3 Kynurenine/tryptophan ratio following stimulation with LPS or anti-CD3 in healthy 

human PBMCs

A tw o -w a y  ANOVA fo r th e  KYN/TRP ratio  revealed a significant tre a tm e n t x tim e  interaction  [F(2 ,4 3 ) 

= 7 .6 20 , p<0,001] and a m ain effect o f tre a tm e n t [F(2 ,4 3 ) = 18 .02 , p<0.001] and o f tim e  [F(2 ,4 3 ) = 

12 .39 , p<0.001] [Figure 5.6c]. Bonferroni post-hoc  analysis revealed th a t tre a tm e n t w ith  th e  

innate im m une stimulus LPS did not induce a g rea ter degree o f IDO activity com pared w ith  

u nstim ulated  IDO activity in healthy hum an PBMCs at any o f th e  3 tim e  points (p >0 .05). In 

contrast to  this, T-cell stim ulation w ith  anti-CD3 induced a significant increase in th e  KYN/TRP 

ratio  at 24  hours (p<0 .05) w hich was fu rth e r increased relative to  unstim ulated levels at 48  hours 

(p <0 .001 ). The KYN/TRP ratio  was also significantly g rea ter fo llow ing anti-CD3 stim ulation  

com pared  w ith  LPS stim ulation at 48  hours (p<0 .01) [Figure 5.6c].
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Figure 5.6 Kynurenine pathway activation profile in healthy human PBMCs following stimulation with LPS 

or anti-CD3. Healthy human PBMC cell culture supernatant concentrations of (a) kynurenine (b) tryptophan 

and (c) KYN/TRP ratio at 6, 24 and 48 hours following stimulation w ith the innate immune stimulus LPS or 

the T-cell stimulus anti-CD3. Data expressed as mean with SEM (n=5-7 per group). *p<0.05, ***p<0.001 vs. 

unstimulated human PBMC concentrations at each tim e-point; +++p<0.001 vs. LPS stimulated metabolite 

concentrations at each tim e-point (Two-way ANOVA followed by Bonferroni post-hoc test).
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Subsequently, based on these findings and using th e  sam e experim enta l approach, I sought to  

assess if severely depressed patients are m ore sensitive to  th e  ability o f in flam m atory stimuli to  

induce kynurenine pathw ay activation. Therefore , along w ith  assessing circulating plasma 

kynurenine and trypto p han  concentrations, I m easured in flam m ato ry  cytokine secretion, IDO  

mRNA expression and kynurenine production coupled w ith  trypto p han  dep le tion  in blood cells 

obta ined  from  severely depressed patients com pared to  and age and sex m atched healthy control 

subjects activated w ith  th e  innate im m une stimulus LPS or th e  T-cell stimulus anti-CD3.

5.3.4 Participant demographic data and patient treatment review

5 .3 .4 .1  D em ographic d ata  fo r severely depressed p atien ts  and h ea lth y  controls

Sixteen severely depressed patients p rior to  th erapeutic  in tervention  w ith  ECT and 16 healthy  

controls w ere  recruited . For partic ipant dem ographic data see Table 5.1. Consistent w ith  a 

diagnosis o f depression th e  depressed group had a significantly elevated H A M -D  24 score 

(p <0 .001) com pared to  th e  control group (M D D : 30 .19  (6 .34 ) vs. Control 4 .0 0  (4 .02 )). Analyses 

revealed th a t th e re  was no significant d ifference in age and gender (p>0 .05) w hile  th e  depressed  

group had a significantly higher BM I (p =0 .014) [Table 5 .1 ]. A significant d ifference was also 

revealed fo r smoking: 7 out o f 16 patients sm oked w hile  no participants in th e  control group  

sm oked. The control group consumed significantly m ore alcohol units per w eek prior re lative to  

th e  depressed patients prior to  th e ir admission to  hospital (p <0 .001) [Table 5.1].

T ab le  5 .1  D em ographic d ata  fo r severely depressed p atien ts  and h ea lth y  contro ls. Depicted are 

dem ographic variables and clinical depression severity m easured w ith  th e  H A M -D  24 scale

Control
(n=16)

Depressed
(n=16)

Statistic (p-value)

Gender (female/male) 14/2 14/2 x^=0.00, (p=1.000)
Age [years] 59.81 (10.68) 57.25 (10.05) t=0.699, d f= l,30, (p=0.490)
BMI 22.11(1 .73) 25.63 (5.08) t=-2.618, d f= l,29, (p=0.014)
Alcohol consumption (units per week) 7.5 (4.0) 0.37 (1.08) t=6.730, d f= l,29, (p=0.000)
Smoking (Yes/No) 0 /16 7/9 X =  8.96, (p=0.003)
Number of previous episodes - 7.56 (6.14) -
Length of episode (weeks) - 12.56 (8.20) -
Number of ECT treatments - 9.00 (2.25) -
Hamilton Depression Score (HAM-D 24) 4.00 (4.02) 30.19 (6.34) t=-13.961, d f= l,30, (p=0.000)

Data expressed as m ean w ith  SD in parentheses and statistical analysis was p erfo rm ed  using 

Student's t-tes t (Age, B M I, Alcohol consum ption) and Chi squared (x^) tes t (G ender and Smoking).
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S.3.4.2 Antidepressant medication review for the  severely depressed patients

As this study was carried out under real-life conditions, 15 out of the 16 patients (93.75%) were 

mediated at the time of recruitment [Table 5.2], Patients continued taking their usual medications 

during the course of ECT with little to no change in the treatment strategy over the course of ECT 

treatm ent [Table 5.2], The pharmacotherapy received by these patients is routinely used in 

clinical practice and includes a range of antidepressants, antipsychotics, mood stabilisers and 

anxiolytics [Table 5.2], None of the control participants were on any psychotropic medications 

during the course of the study.

Table 5.2 Medication review for severely depressed patients

Medication Review Depressed (n=16)
n %

Selective serotonin reuptake inhibitors 2 12.5
Serotonin-noradrenaline reuptake inhibitors 7 43.75
Tricyclic antidepressants 4 25
Melatonergic antidepressants 3 18.75
Noradrenergic and specific serotonergic antidepressants 5 31.25
Tetracyclic antidepressants 3 18.75
Any antidepressants 15 93.75
Antipsychotics 12 75
Mood stabilisers 11 68.75
Anxiolytics 12 75
Hypnotics 8 50

Mean SD
Baseline number of antidepressants 1.688 0.60
End of treatment number of antidepressants 1.625 0.62

Data expressed as the number (n) and percentage (%) of people on various classes of medication 
and the mean and SD for antidepressant treatment upon commencement of ECT treatment 
(baseline) and end of treatment.
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5.3.5 PBMC integrity and white blood cell (WBC) Count

Trypan blue staining showed that between 90.3 and 97.6% of the blood mononuclear cells were  

viable in the healthy controls with an average white blood cell count of 2.06 x 10® [Table 5.3]. 

Trypan blue staining showed that between 89.7 and 97.8% of the blood mononuclear cells were  

viable in the severely depressed patients with an average white blood cell count o f 2.75 x 10® 

[Table 5.3]. Trypan blue staining showed that between 90.9 and 99.2% of the blood mononuclear 

cells were viable in the severely depressed patients post ECT with an average w hite blood cell 

counto f 3 .56X  10® [Table 5.3].

Table 5.3 PBMC integrity and WBC count in isolated PBMC from  healthy controls, severely 

depressed patients and the patient cohort following ECT

M ean SD

Controls
Cell Viability (%) 94.83 2.50
WBC count 2.06 X 10® 1.12

Severely Depressed
Cell Viability (%) 95.35 2.26
WBC count 2.75 X 10® 1.58

Patients Post-ECT
Cell Viability (%) 95.13 2.21
WBC count 3.56 X 10® 1.85

Data expressed as mean with SD (n=16 per group)
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5.3.6 Assessment of circulating concentrations of kynurenine and tryptophan in 

severely depressed patients and healthy controls

5.3.6.1 Circulating kynurenine concentrations in severely depressed patients relative to healthy 

controls

A student's f-test revealed no significant difference in the circulating concentrations of 

kynurenine in the severely depressed patients relative to healthy controls [t=1.252, df=24, 

p=0.223] [Figure 5.7a].

5.3.6.2 Circulating tryptophan concentrations in severely depressed patients relative to healthy 

controls

A student's Mest revealed a highly significant decrease in the circulating tryptophan 

concentrations in the severely depressed patients relative to healthy controls [t=4.206, df=24, 

p<0.001] [Figure 5.7b].

5.3.6.3 Kynurenine/tryptophan ratio in severely depressed patients relative to healthy controls

A student's t-test revealed no significant difference in the KYN/TRP ratio between severely 

depressed patients and healthy controls [t=-1.046, df=24, p=0.306] [Figure 5.7c].
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Figure 5.7 Circulating kynurenine pathway activation profile in severely depressed patients relative to 

healthy controls. Plasma concentrations of (a) kynurenine, (b) tryptophan and (c) KYN/TRP ratio in severely 

depressed patients relative to healthy controls. Data expressed as mean w ith SEM (n=13 per group). 

***p<0.001 vs. control (Student's t test).
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5.3.7 Assessment of pro-inflammatory cytokine production following innate or 
adaptive immune cell stimulation in severely depressed patients and healthy 

controls

5.3.7.1 Culture supernatant IL-6 concentrations from severely depressed patients and healthy 

controls following stimulation with LPS or anti-CD3

A Krusl<al-Wallis one-way ANOVA revealed a significant difference in IL-6 culture supernatant 

concentrations from a cohort of severely depressed patients and healthy control subjects 

following stimulation with the innate immune stimulus LPS or the T-cell stimulus anti-CD3 

[x^=43.914, df=5, p<0.001] [Figure 5.8a]. Subsequent Mann-Whitney U tests revealed a robust 

increase in LPS stimulated IL-6 concentrations in the control samples (Z=-4.417, p<0.001) while 

anti-CDB induced a more modest but yet significant increase in IL-6 relative to  unstimulated 

control levels (Z=-3.422, p<0.001). The LPS induced IL-6 concentrations in the controls were 

significantly greater than that observed following anti-CDB stimulation (Z=-2.302, p=0.021). 

Similarly, in the depressed cohort, LPS (Z=-4.086, p<0.001) and anti-CD3 (Z=-2.883, p<0.001) 

induced a significant increase in IL-6 relative to unstimulated patient concentrations. However, 

the LPS stimulated IL-6 concentrations in the depressed participants were significantly greater 

than that observed following anti-CD3 stimulation (Z=-1.970, p=0.049). There was no significant 

difference in the unstimulated (Z=-0.519, p=0.604), LPS stimulated (Z=-0.104, p=0.917) and anti- 

CDB stimulated (Z=-0.5B9, p=0.590) IL-6 concentrations between the depressed cohort and the 

healthy controls [Figure 5.8a].

5.3.7.2 Culture supernatant TNF-a concentrations from severely depressed patients and healthy 

controls following stimulation with LPS or anti-CD3

A Kruskal-Wallis one-way ANOVA revealed a significant difference in TNF-a culture supernatant 

concentrations from a cohort o f severely depressed patients and healthy control subjects 

following stimulation with the innate immune stimulus LPS or the T-cell stimulus anti-CDB 

[x^=40.028, df=5, p<0.001] [Figure 5.8b]. Subsequent Mann-Whitney U tests revealed a robust 

increase in LPS stimulated TNF-a concentrations in the control samples (Z=-4.274, p<0.001) while 

stimulation with anti-CDB also induced a highly significant increase in TNF-a relative to 

unstimulated control levels (Z=-B.677, p<0.001). No significant difference was revealed between 

the LPS and anti-CDB stimulated TNF-a concentrations in the control samples (Z=-0.07B, p=0.38B). 

In the depressed cohort, stimulation with LPS (Z=-2.944, p^O.OOB) and anti-CDB (Z=-B.817, 

p<0.001) induced a robust increase in TNF-a relative to unstimulated patient concentrations. 

However, the anti-CDB stimulated TNF-a concentrations were significantly greater than those
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observed following LPS stimulation in the depressed cohort (Z=-1.976, p=0.048). There was no 

difference in the unstimulated (Z=-0.598, p=0.550), LPS stimulated (Z=-0.735, p=0.462) and anti- 

CD3 stimulated (Z=-1.011, p=0.312) TNF-a concentrations between the depressed cohort and the 

healthy controls [Figure 5.8b].

5.3.7.3 Culture supernatant IFN-y concentrations from severely depressed patients and healthy 

controls following stimulation with LPS or anti-CD3

A Kruskal-Wallis one-way ANOVA revealed a significant difference in IFN-y culture supernatant 

concentrations from a cohort of severely depressed patients and healthy controls following 

stimulation with the innate immune stimulus LPS or the T-cell stimulus anti-CD3 [x^=56.252, df=5, 

p<0.001] [Figure 5.8c]. Subsequent Mann-Whitney U tests revealed a robust increase in LPS 

stimulated IFN-y concentrations in the control samples (Z=-2.646, p<0.001) while stimulation with 

anti-CD3 also induced a highly significant increase in IFN-y concentrations relative to unstimulated 

control levels (Z=-4.487, p<0.001). The anti-CD3 induced IFN-y production was greater than that 

of LPS in the control subjects (Z=-4.229, p<0.001). In the depressed cohort, the LPS induced 

increase in IFN-y concentrations was not significantly different to that observed in the 

unstimulated depressed samples (Z=-0.783, p=0.433), while anti-CD3 stimulated a robust increase 

in IFN-y concentrations relative to unstimulated patient concentrations (Z=-4.513, p<0.001). Anti- 

CD3 induced significantly more IFN-y production in the depressed cohort relative to that induced 

by LPS (Z=-4.005, p<0.001). There was no significant difference in the unstimulated (Z=-0.256, 

p=0.798), LPS stimulated (Z=-1.591, p=0.112) and anti-CD3 stimulated (Z=-0.069, p=0.945) IFN-y 

concentrations between the depressed cohort and the healthy controls [Figure 5.8c].
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Figure 5.8 Culture supernatant pro-inflammatory cytokine profile in severely depressed patients and 

healthy controls following stimulation with LPS or anti-CD3. PBMCs isolated from severely depressed 

patients and age and sex matched healthy controls were incubated fo r 48 hours w ith the innate Immune 

stimulus LPS or the T-cell stimulus anti-CD3 and cell culture supernatant concentrations o f (a) IL-6, (b) TNF-a 

and (c) IFN-y were measured. Data expressed as mean w ith SEM (n=14-15 per group). **p<0.01, 

***p<0.001 vs. unstimulated concentrations; +p<0.05, +++p<0.001 vs. LPS stimulated concentrations 

(Kruskal-Wallis one-way ANOVA followed by Mann-Whitney L) tests).
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5.3.8 IDO mRNA expression profile following innate or adaptive immune cell 
stimulation in severely depressed patients and healthy controls

A Kruskal-Wallis one-way ANOVA revealed a differential transcriptional IDO expression in PBMCs 

isolated from a cohort of severely depressed patients and healthy control subjects following 

stimulation with the innate immune stimulus LPS or the T-cell stimulus anti-CD3 [x^=42.816, df=5, 

p<0.001] [Figure 5.9]. Subsequent M ann-W hitney U tests revealed that in the control samples, 

LPS (Z=-3.923, p<0.001) and anti-CD3 (Z=-3.051, p=0.002) induced a significant increase in IDO 

mRNA expression relative to unstimulated control levels. However, the LPS induced increase in 

IDO transcriptional expression was significantly greater than that observed following anti-CD3 

stimulation (Z=-2.590, p=0.010). In the depressed cohort, LPS (Z=-3.974, p<0.001) and anti-CD3 

(Z=-3.615, p<0.001) induced a robust increase in IDO mRNA expression relative to unstimulated 

depressed patient expression levels. However, the LPS induced increase in IDO transcriptional 

expression was significantly greater than that observed following anti-CD3 stimulation in the 

depressed cohort (Z=-2.282, p=0.022). While no significant difference in the unstimulated 

expression of IDO between the depressed patients and controls was observed (Z=-0.128, 

p=0.89B), a trend towards a significant increase in LPS stimulated IDO mRNA expression (Z=-1.769, 

p=0.077) and anti-CD3 (Z=-1.923, p=0.054) stimulated IDO mRNA expression in the healthy 

controls relative to the patient cohort was observed [Figure 5.9].
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Figure 5.9 LPS and anti-CD3 stimulated IDO mRNA expression in PBMCs from severely depressed patients 

and healthy controls. PBMCs isolated from severely depressed patients and age and sex matched healthy 

controls were incubated fo r 48 hours w ith the innate immune stimulus LPS or the T-cell stimulus anti-CD3. 

Relative mRNA expression fo r IDO was quantified. Data expressed as mean w ith SEM {n=13 per group). 

**p<0.01, ***p<0.001 vs. unstimulated IDO mRNA expression; +p<0.05, ++p<0.01 vs. anti-CD3 stimulated 

IDO mRNA expression (Kruskal-Wallis one-way ANOVA followed by Mann-Whitney U tests).
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5.3.9 Kynurenine pathway activation following innate or adaptive immune cell 
stimulation in severely depressed patients and healthy controls

5.3.9.1 Culture supernatant kynurenine concentrations from severely depressed patients and 

healthy controls following stimulation with LPS or anti-CD3

A Kruskal-Wallis one-way ANOVA revealed a significant difference in kynurenine culture 

supernatant concentrations from a cohort of severely depressed patients and healthy control 

subjects following stimulation with the innate immune stimulus LPS or the T-cell stimulus anti- 

CD3 [x^=31.383, df=5, p<0.001] [Figure 5.10a]. Subsequent Mann-Whitney U tests revealed that 

the LPS induced increase in kynurenine concentration in healthy controls was not significantly 

different from unstimulated control levels (Z=-1.732, p=0.083) while anti-CD3 induced a robust 

increase in kynurenine concentrations relative to unstimulated control levels (Z=-3.984, p<0.001). 

The LPS and anti-CD3 induced increase in kynurenine production were not significantly different 

in the healthy controls (Z=-1.674, p=0.094). In the depressed cohort, LPS did not increase the 

kynurenine concentrations relative to unstimulated concentrations from patient PBMCs (Z=- 

0.808, p=0.419); however, stimulation with anti-CD3 resulted in a robust increase in kynurenine 

production relative to unstimulated patient concentrations (Z=-3.522, p<0.001), and also in 

comparison to the LPS treated cells (Z=-2.771, p=0.006). There was no significant difference in the 

unstimulated (Z=-0.173, p=0.862), LPS stimulated (Z=-1.559, p=0.119) and anti-CD3 stimulated 

(Z=-1.386, p=0.166) kynurenine concentrations between the depressed cohort and the healthy 

controls [Figure 5.10a],

5.3.9.2 Culture supernatant tryptophan concentrations from severely depressed patients and 

healthy controls following stimulation with LPS or anti-CD3

A Kruskal-Wallis one-way ANOVA revealed a significant difference in tryptophan culture 

supernatant concentrations from a cohort of severely depressed patients and healthy control 

subjects following stimulation with the innate immune stimulus LPS or the T-cell stimulus anti- 

CD3 [x^=12.026, df=5, p=0.034] [Figure 5.10b]. Subsequent Mann-Whitney U tests revealed that 

the LPS induced decrease in tryptophan in healthy controls was not significantly different from 

unstimulated control levels (Z=-1.732, p=0.083). Stimulation with anti-CD3 did induce a significant 

decrease in tryptophan concentrations relative to unstimulated control levels (Z=-2.254, p=0.024). 

The LPS and anti-CD3 induced decrease in tryptophan concentrations were not significantly 

different in the healthy controls (Z=-1.155, p=0.248). In the depressed cohort, there was no 

significant difference between LPS stimulated and unstimulated tryptophan concentrations (Z=- 

0.520, p=0.603). However, anti-CD3 induced a decrease in tryptophan concentrations in the
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depressed cohort relative to unstimulated patient concentrations (Z=-2.021, p=0.043). There was 

no significant difference in the unstimulated (Z=-0.577, p=0.564), LPS stimulated (Z=-0.751, 

p=0.453) and anti-CD3 stimulated (Z=-0.231, p=0.817) tryptophan concentrations between the 

depressed cohort and the healthy controls [Figure 5.10b].

5.3.9.3 Culture supernatant kynurenine/tryptophan ratio levels from severely depressed 

patients and healthy controls following stimulation with LPS or anti-CD3

A Kruskal-Wallis one-way ANOVA revealed a significant difference in the KYN/TRP ratio in culture 

supernatants from a cohort of severely depressed patients and healthy control subjects following 

stimulation with the innate immune stimulus LPS or the T-cell stimulus anti-CD3 [x^=30.676, df=5, 

p<0.001] [Figure 5.10c], Subsequent Mann-Whitney U tests revealed that stimulation with LPS 

induced an increase in the KYN/TRP ratio in healthy controls (Z=-2.021, p=0.043). The KYN/TRP 

ratio was significantly increased following anti-CD3 stimulation in the healthy controls relative to 

unstimulated ratio levels (Z=-3.868, p<0.001). A weak trend towards a significant difference in the 

KYN/TRP ratio induced by LPS and anti-CD3 was revealed in the healthy controls (Z=-1.732, 

p=0.083). In the depressed cohort, there was no difference in the LPS and unstimulated KYN/TRP 

ratio levels (Z=-0.693, p=0.488). However, stimulation with anti-CD3 induced a robust increase in 

IDO activation relative to unstimulated patient levels (Z=-3.291, p=0.001) and LPS stimulated 

KYN/TRP ratio levels (Z=-2.944, p=0.003). There was no significant difference in the unstimulated 

(Z=-0.635, p=0.525), LPS stimulated (Z=-1.270, p=0.204) and anti-CD3 stimulated (Z=-1.097, 

p=0.273) IDO activity levels between the depressed cohort and the healthy controls [Figure 

5.10c].
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Figure 5.10 Culture supernatant kynurenine pathway activation profile In severely depressed patients and 

healthy controls following stimulation with LPS or anti-CD3. PBMCs isolated from severely depressed 

patients and age and sex matched healthy controls were incubated fo r 48 hours w ith the innate immune 

stimulus LPS or the T-cell stimulus anti-CD3. Cell culture supernatant concentrations fo r (a) kynurenine, (b) 

tryptophan and (c) KYN/TRP ratio were measured. Data expressed as mean w ith SEM (n=12 per group). 

*p<0.05, ***p<0.001 vs. unstimulated concentrations; ++p<0.01 vs. LPS stimulated concentrations (Kruskal- 

Wallis one-way ANOVA followed by Mann-Whitney U tests).
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5.3.10 Assessment of clinical depression severity before and after ECT treatment

A Wilcoxon-Signed Rank test revealed a robustly significant difference (Z=-4.640, p<0.001) in the 

HAM-D 24 scores of the patient cohort following therapeutic intervention with ECT relative to  

their baseline HAM-D 24 scores prior to ECT treatm ent (Pre-ECT; 30.19 (6.34) vs. Post-ECT 10.06  

(6.87)) [Table 5.4]. Further analysis revealed that 11 patients out of 16 responded to ECT 

treatm ent indicated by a >60% decrease in HAM-D 24 score from baseline plus an end of 

treatm ent HAM-D score <16 [6.18 (3.25)]. Ten of these responders were also classified as 

remitters as they had a >60% change in HAM-D 24 score from baseline and a post treatm ent score 

<10. Five of the patients did not respond to ECT treatm ent and with a mean HAM-D 24 score of 

18.6 (4.22) were still moderately depressed post treatm ent with ECT. Given the limited number of 

samples, all further analysis will focus specifically on assessing differences before and after ECT in 

the complete patient cohort.

Table 5 .4  Clinical depression severity assessed using the  HAM -D  24 scale before and after ECT

Pre ECT Post ECT n Responder n Non-responder n
HAM-D 24 score 30.19 (6.34) 10.06(6.87)*** 16 6.18(3.25) 11 18.6(4.22) 5
Data expressed as mean and SD in parentheses. * * *p < 0 .0 0 1  vs. Pre-ECT (Wilcoxon-Signed Rank 

test).
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5.3.11 Assessment of circulating concentrations of kynurenine and tryptophan in 

depressed patients before and after ECT treatm ent

5.3.11.1 Circulating kynurenine concentrations in severely depressed patients before and after 
ECT treatment

A paired Mest revealed a significant increase in circulating kynurenine concentrations in the 

patient cohort following ECT treatment compared w/ith baseline concentrations prior to ECT 

[t=2.995, df=12, p=0.011] [Figure 5.11a],

5.3.11.2 Circulating tryptophan concentrations in severely depressed patients before and after 
ECT treatment

A paired Mest revealed a significant increase in circulating tryptophan concentrations in the 

patient cohort follow/Ing ECT treatment compared with baseline concentrations prior to ECT 

[t=2.259, df=12, p=0.043] [Figure 5.11b].

5.3.11.3 Kynurenine/tryptopban ratio levels in severely depressed patients before and after ECT 
treatment

A paired Mest revealed no significant difference in the KYN/TRP ratio between depressed patients 

prior to and following therapeutic intervention with ECT [t=1.692, df=12, p=0.116] [Figure 5.11c].
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Figure 5.11 Circulating kynurenine pathway activation profile in severely depressed patients before and 

after ECT treatment. Plasma concentrations of (a) kynurenine, (b) tryptophan and (c) KYN/TRP ratio in the 

patient cohort following ECT treatm ent relative to pre ECT concentrations. Data expressed as mean w ith 

SEM (n=13 per group). *p<0.05 vs. control (Student's ttes t).
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5.3.12 Assessment of the pro-inflammatory cytokine production following innate or 

adaptive immune stimulation in severely depressed patients following 
therapeutic intervention with ECT

5.3.12.1 Culture supernatant IL-6 concentrations from depressed patients pre and post ECT 

treatm ent and following stimulation with LPS or antl-CD3

A Krusl<al-Wallis one-way ANOVA revealed a significant difference in IL-6 culture supernatant 

concentrations from the cohort of severely depressed patients pre and post ECT treatment and 

following stimulation with the innate immune stimulus LPS or the T-cell stimulus anti-CD3 

[x^=49.429, df=5, p<0.001] [Figure 5.12a]. As previously described (section 5.3.7.1), a Mann- 

Whitney U test revealed a robust increase in LPS stimulated IL-6 concentrations in the depressed 

cohort (Z=-4.086, p<0.001) while anti-CD3 induced a more modest but yet significant increase in 

IL-6 concentrations relative to unstimulated patient IL-6 concentrations (Z=-2.883, p=0.004). The 

LPS stimulated IL-6 concentrations in the depressed patients were significantly greater than that 

observed following anti-CD3 stimulation (Z=-1.970, p=0.049). Treatment with ECT did not appear 

to alter the ability of the cells to respond to immune stimuli as both LPS (Z=-4.583, p<0.001) and 

anti-CD3 (Z=-3.953, p<0.001) induced robust increases in IL-6 concentrations relative to 

unstimulated concentrations. As was evident prior to ECT treatment, the LPS induced increase in 

IL-6 was much greater than that induced by anti-CD3 (Z=-3.546, p<0.001). A Wilcoxon Signed Rank 

test for paired comparisons revealed no significant difference between the unstimulated (Z=- 

1.477, p=0.140), LPS stimulated (Z=-0.057, p=0.955) oranti-CD3 stimulated (Z=-1.647, p=0.100) IL- 

6 concentrations before and after therapeutic intervention with ECT [Figure 5.12a].

5.3.12.2 Culture supernatant TNF-a concentrations from depressed patients pre and post ECT 

treatment and following stimulation with LPS or anti-CD3

A Kruskal-Wallis one-way ANOVA revealed a significant difference in TNF-a culture supernatant 

concentrations from the cohort of severely depressed patients pre and post ECT treatment and 

following stimulation with the innate immune stimulus LPS or the T-cell stimulus anti-CD3 

[x^=36.596, df=5, p<0.001] [Figure 5.12b]. As described previously (section 5.3.7.2), subsequent 

Mann-Whitney U tests revealed that LPS induced a robust increase in TNF-a supernatant 

concentrations relative to unstimulated depressed patient concentrations (Z=-2.944, p=0.003), 

while anti-CD3 stimulated a more robust and highly significant increase in TNF-a concentrations 

relative to unstimulated patient concentrations (Z=-3.817, p<0.001). Anti-CD3 stimulated TNF-a 

concentration were significantly greater than those observed following LPS stimulation in the 

depressed cohort (Z=-1.976, p=0.048). Following successful treatment with ECT, significant
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increases in tlie  LPS (Z=-2.874, p=0.004) and anti-CD3 (Z=-3.953, p<0.001) stimulated TNF-a 

concentrations were observed relative to unstimulated TNF-a concentrations post treatment with 

ECT. The LPS and antl-CD3 induced increases were not different (Z=-1.241, p=0.215). A Wilcoxon- 

Signed Rank test fo r paired comparisons revealed that the unstimulated (Z=-0.419, p=0.675) and 

LPS (Z=-1.503, p=0.133) stimulated TNF-a concentrations were not different prior to and following 

therapeutic intervention with ECT. However, the anti-CD3 stimulated TNF-a concentrations were 

considerably less in the patient cohort after ECT treatment relative to the anti-CD3 stimulated 

concentrations observed in the depressed patients prior to  ECT treatment (Z=-2.551, p=0.010) 

[Figure 5.12b].

5.3.12.3 Culture supernatant IFN-y concentrations from depressed patients pre and post ECT 

treatm ent and following stimulation with LPS or antl-CD3

A Kruskal-Wallis one-way ANOVA revealed a significant difference in IFN-y culture supernatant 

concentrations from the cohort of severely depressed patients pre and post ECT treatment and 

following stimulation with the innate immune stimulus LPS or the T-cell stimulus anti-CD3 

[j^^=49.998, df=5, p<0.001] [Figure 5.12c]. As described previously (section 5.3.7.3), subsequent 

Mann-Whitney U tests revealed no significant effect of LPS on IFN-y concentrations in the 

depressed cohort relative to unstimulated concentrations (Z=-0.783, p=0.433), while anti-CD3 

stimulated a robust increase in IFN-y relative to unstimulated patient concentrations (Z=-4.513, 

p<0.001) and relative to LPS stimulated IFN-y patient concentrations (Z=-4.005, p<0.001). 

Similarly, LPS treatment had no significant effect on IFN-y production in the patient cohort post 

ECT relative to unstimulated post ECT concentrations (Z=-1.153, p=0.249). However, the anti-CD3 

stimulated IFN-y concentration post ECT was significantly increased relative to unstimulated post 

ECT concentrations (Z=-4.514, p<0.001) and LPS stimulated post ECT concentrations (Z=-3.869, 

p<0.001). A Wilcoxon-Signed Rank test for paired comparisons revealed that the unstimulated 

(Z=-1.690, p=0.091) and LPS (Z=-0.981, p=0.327) stimulated IFN-y concentrations were not 

different prior to and following therapeutic intervention with ECT. However, the anti-CD3 

stimulated IFN-y concentrations were decreased in the patient cohort after ECT treatment relative 

to  the anti-CD3 stimulated concentrations observed in the depressed patients prior to ECT 

treatment (Z=-2.294, p=0.022) [Figure 5.12c].
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Figure 5.12 Culture supernatant pro-inflammatory cytokine concentrations in depressed patients pre and 

post ECT treatment and following stimulation with LPS or anti-CD3. PBIVICs isolated from severely 

depressed patients before and after ECT were incubated fo r 48 hours w ith the innate immune stimulus LPS 

or the T-cell stimulus anti-CD3 and cell culture supernatant concentrations of (a) IL-6, (b) TNF-a and (c) IFN- 

V were measured. Data expressed as mean w ith SEIV1 (n=14-15 per group). **p<0.01, ***p<0.001 vs. 

unstimulated concentrations; +p<0.05, +++p<0.001 vs. LPS stimulated concentrations; #p<0.05, ##p<0.01 

vs. anti-CD3 stimulated pre ECT concentrations (Kruskal-Wallis one-way ANOVA followed by IVIann-Whitney 

U tests or Wilcoxon Signed Rank tests fo r paired comparisons).
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5.3.13 IDO mRNA expression following innate or adaptive immune cell stimulation in 

severely depressed patients prior to and following therapeutic intervention with 

ECT

A Kruskal-Wallis one-way ANOVA revealed a differential transcriptional IDO expression in PBMCs 

isolated from a cohort of severely depressed patients pre and post ECT treatm ent and following 

stimulation with the innate immune stimulus LPS or the T-cell stimulus anti-CD3 [x^=45.604, df=5, 

p<0.001] [Figure 5.13]. As described previously (section 5.3.8), subsequent M ann-W hitney U tests 

revealed that both LPS (Z=-3.974, p<0.001) and anti-CD3 (Z=-3.615, p<0.001) induced a significant 

increase in the transcriptional expression o f IDO in the depressed patients. The LPS induced 

increase in IDO transcriptional expression was significantly greater than that observed following  

anti-CD3 stimulation in the depressed cohort (Z=-2.282, p=0.022). Similarly, in the patient cohort 

post treatm ent with ECT, IDO mRNA expression was increased following LPS (Z=-4.131, p<0.001) 

and anti-CD3 (Z=-4.080, p<0.001) stimulation. However, no difference was observed between LPS 

and anti-CD3 stimulated IDO mRNA post treatm ent with ECT (Z=-1.154, p=0.249). A Wilcoxon- 

Signed Rank test revealed that the unstimulated (Z=-1.712, p=0.087), LPS stimulated (Z=-0.105, 

p=0.917) and anti-CD3 stimulated (Z=-1.433, p=0.152) IFN-y concentrations were not different 

prior to and following therapeutic intervention with ECT [Figure 5.13].
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Figure 5.13 LPS and anti-CD3 stimulated IDO mRNA expression in severely depressed patients before and 

after ECT treatm ent. PBMCs isolated from severely depressed treatment-resistant patients prior to and 

following therapeutic intervention with ECT were incubated for 48 hours with the innate immune stimulus 

LPS or the T-cell stimulus anti-CD3. Relative mRNA expression for IDO was quantified. Data expressed as 

mean with SEM (n=13 per group). ***p <0 .001  vs. unstimulated IDO mRNA expression; +p<0.05 vs. LPS 

stimulated IDO mRNA expression (Kruskal-Wallls one-way ANOVA followed by Mann-Whitney U tests or 

Wllcoxon Signed Rank tests for paired comparisons).
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5.3.14 Kynurenine pathway activation following innate or adaptive immune cell 
stimulation in severely depressed patients before and after ECT

5.3.14.1 Culture supernatant kynurenine production from depressed patients pre and post ECT 

treatm ent and following stimulation with LPS or anti-CD3

A Krusl<al-Wallis one-way ANOVA revealed a significant difference in kynurenine culture 

supernatant concentrations from a cohort of severely depressed patients pre and post ECT 

treatment and following stimulation with the innate immune stimulus LPS or the T-cell stimulus 

anti-CD3 [x^=15.483, df=5, p=0.008] [Figure 5.14a]. Subsequent Mann-Whitney U tests revealed 

that LPS did not induce a significant increase in kynurenine concentrations in the depressed 

cohort pre ECT(Z=-0.808, p=0.419) while stimulation with anti-CD3 induced a robust increase in 

kynurenine relative to unstimulated pre ECT patient concentrations (Z=-3.522, p<0.001) and 

relative to LPS stimulated pre ECT patient concentrations (Z=-2.771, p=0.006). However, in the 

patient sample post treatment with ECT, neither LPS (Z=-0.866, p=0.386) or anti-CD3 (Z=-1.270, 

p=0.204) induced a significant increase in kynurenine concentrations relative to unstimulated post 

ECT concentrations. A Wilcoxon-Signed Rank test for paired comparisons revealed that the 

unstimulated (Z=-1.712, p=0.087), LPS stimulated (Z=-0.105, p=0.917) and anti-CD3 stimulated 

(Z=-1.433, p=0.152) kynurenine production was not different prior to and following therapeutic 

intervention with ECT [Figure 5.14a].

5.3.14.2 Culture supernatant tryptophan concentrations from depressed patients pre and post 
ECT treatment and following stimulation with LPS or anti-CD3

A Kruskal-Wallis one-way ANOVA revealed a significant difference in tryptophan culture 

supernatant concentrations from a cohort of severely depressed patients pre and post ECT 

treatment and following stimulation with the innate immune stimulus LPS or the T-cell stimulus 

anti-CD3 [x^=18.066, df=5, p=0.003] [Figure 5.14b]. Subsequent Mann-Whitney U tests revealed 

no significant difference in the tryptophan concentrations between unstimulated and LPS 

stimulated PBMCs from pre ECT patients (Z=-0.520, p=0.603), while stimulation with anti-CD3 did 

induce a significant decrease in tryptophan concentrations relative to unstimulated pre ECT levels 

(Z=-2.021, p=0.043). No significant difference was detected between the LPS and anti-CD3 

stimulated tryptophan concentrations in the pre ECT cohort (Z=-1.674, p=0.094). In the patient 

sample post treatment with ECT, neither LPS (Z=-0.231, p=0.817) or anti-CD3 (Z=-1.155, p=0.248) 

induced a significant decrease in tryptophan concentrations relative to unstimulated post ECT 

levels. However, a Wilcoxon-Signed Rank test fo r paired comparisons revealed a significant 

increase in tryptophan in the patient cohort post treatment with ECT relative to depressed
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patients prior to ECT treatment under all three conditions: unstimulated (Z=-2.040, p=0.041), LPS 

stimulated (Z=-2.353, p=0.019) and anti-CD3 stimulated (Z=-2.432, p=0.015) [Figure 5.14b],

5.3.14.3 Culture supernatant KYN/TRP ratio from depressed patients pre and post ECT 

treatm ent and following stimulation with LPS or antl-CD3

A Kruskal-Wallis one-way ANOVA revealed a significant difference in the KYN/TRP ratio in culture 

supernatants from a cohort of severely depressed patients pre and post ECT treatment and 

following stimulation with the innate immune stimulus LPS or the T-cell stimulus anti-CD3 

[x^=16.763, df=5, p=0.005] [Figure 5.14c]. Subsequent Mann-Whitney U tests revealed no 

significant difference in the LPS and unstimulated IDO activity levels in the depressed pre ECT 

cohort (Z=-0.693, p=0.488), however, stimulation with anti-CD3 induced a robust increase in the 

KYN/TRP ratio relative to unstimulated pre ECT patient levels (Z=-3.291, p=0.001) and LPS 

stimulated IDO activity levels in the patient cohort pre ECT (Z=-2.944, p=0.003). In the patient 

cohort post ECT, there was no difference in the KYN/TRP ratio following LPS stimulation (Z=-0.173, 

p=0.862) or anti-CD3 stimulation (Z=-1.039, p=0.299) relative to unstimulated levels. A Wilcoxon- 

Signed Rank test fo r paired comparisons, revealed a trend towards a significant decrease in the 

KYN/TRP ratio in the patient cohort post treatment with ECT relative to pre ECT levels (Z=-1.804, 

p=0.071). The LPS stimulated (Z=-0.157, p=0.875) and anti-CD3 stimulated (Z=-1.412, p=0.158) 

IDO activity level did not differ in the patient samples before and after ECT treatment [Figure 

5.14c].
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Figure 5.14 Comparison of the culture supernatant kynurenine pathway activation in depressed patients 

pre and post ECT treatment and following stimulation with LPS or anti-CD3. PBMCs isolated from severely 

depressed patients before and after ECT were incubated fo r 48 hours w ith the innate immune stimulus LPS 

or the T-cell stimulus anti-CD3 and cell culture supernatant concentrations fo r (a) kynurenine, (b) 

tryptophan and (c) KYN/TRP ratio were measured. Data expressed as mean w ith SEM (n=12 per 

group).*p<0.05, ***p<0.001 vs. unstimulated concentrations; ++p<0.01 vs. LPS stimulated concentrations; 

#p<0.05 vs. unstimulated, LPS and anti-CD3 stimulated paired comparison (Kruskal-Wallis one-way ANOVA 

followed by Mann-Whitney U tests or Wilcoxon Signed Rank tests fo r paired comparison).
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5.3.15 Controlling for the difference in BMI, smoking and alcohol use between 

depressed patients and control subjects

As reported in Table 5.1 the average BMI score in the depressed cohort [25.63 (5.08)] was 

significantly greater than that fo r the control participants [22.11 (1.73)] (t=-2.618, df=l,29, 

(p=0.014)). To control fo r this, a cut o ff score of 27 was applied for the depressed patients and 

control subjects combined. Only 3 patients had a BMI greater than 27 and a Mann-Whitney U test 

revealed no significant difference between the patients with a BMI >27 and the rest o f the 

participants with a BMI <27 for any of the parameters under investigation (p>0.05).

As none of the control participants smoke, the effect of smoking was assessed in the depressed 

cohort alone. Depressed patients were divided into smokers (n=7) and non-smokers (n=9). A 

Mann-Whitney U test showed no significant effect of smoking on any of the parameters under 

investigation (p>0.05).

Fifteen out of 16 controls reported alcohol consumption compared with 2 patients, prior to 

starting the study and while a significant difference was observed between the number of alcohol 

units consumed a week, between controls and depressed patients, no participant consumed more 

than 14 standard units a week and therefore were all w ithin the accepted safe range.
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5.4 Discussion

In the present study, the relative ability of innate versus adaptive immune cells to induce 

kynurenine pathway activation and tryptophan depletion following stimulation with the innate 

immune stimulus LPS or the T-cell stimulus anti-CD3 was examined. The findings from this study 

revealed that activation of T-cells has a greater propensity to induce tryptophan depletion and 

kynurenine pathway activation than activation of innate immune cells. Further to this, I sought to 

assess If severely depressed patients w ere more sensitive to the ability of inflammatory stimuli to 

induce a pro-inflammatory response and kynurenine pathway activation. Interestingly, the 

stimulated production of the inflammatory cytokines IL-6, TNF-a and IFN-y and mitogen 

stimulated kynurenine pathway activation profile in the depressed cohort, was comparable to 

that evident in healthy controls. However, circulating concentrations of tryptophan in the 

depressed patients were reduced relative to controls. Despite this, the circulating concentration 

of kynurenine and the KYN/TRP ratio were unaltered and comparable to those evident in the 

healthy control subjects, suggesting that the kynurenine pathway was not activated in the patient 

cohort. Assessment of the cellular response to immune stimulation following therapeutic 

intervention with ECT revealed a diminished activation of the kynurenine pathway, evidenced by a 

non-significant increase in mitogen stimulated kynurenine production and unaltered KYN/TRP 

ratio levels coupled with an increased concentration of tryptophan in unstimulated culture 

supernatants which were unaffected by immune stimulation. In accordance with this, circulating 

tryptophan concentrations were also increased following ECT treatm ent. Therefore, while PBMCs 

isolated from depressed patients are functionally capable of inducing the kynurenine pathway 

upon stimulation of the adaptive immune response, unstimulated and circulating measures of 

kynurenine pathway activation suggest that the pathway is not activated in depressed patients. In 

addition, the effect of ECT reduces T-cell mediated activation of the kynurenine pathway in 

association with increasing tryptophan availability both at a cellular level and in circulation.

5.4.1 The relative ability of innate vs. adaptive immune cells to induce kynurenine 

pathway activation

Stimulation of human PBMCs induced robust increases in the production of the pro-inflammatory 

cytokines IL-6, TNF-a and IFN-y, with LPS being the more potent stimulus for IL-6 production while 

mitogen stimulation with anti-CD3 induced robust increases in TNF-a and IFN-y. Further to this, 

while IDO mRNA expression was induced by both LPS and anti-CD3, increased kynurenine 

production coupled with a depleted tryptophan concentration was only evident following T-cell
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stimulation. Therefore, it appears that activation of T-cells has a greater propensity to induce 

tryptophan depletion and kynurenine pathway activation than activation of innate immune cells.

The findings from this study are interesting and in accordance with reports by Maes and 

colleagues (1994; 2001) who suggest that decreased tryptophan availability in depression, 

potentially as a consequence of IDO activation, is related to T-cell mediated immune activation, 

evidenced by the detection of a significant negative correlation between decreased plasma 

tryptophan concentrations, increased stimulated IFN-y secretion and elevated neopterin plasma 

levels - two key markers of cell mediated immune activation (Maes et a!., 1994, Maes et a!., 2011).

Consequently, I sought to investigate if depressed patients were more sensitive to the ability of 

immune cells to respond to inflammatory stimuli, in association with assessing the circulating 

levels of tryptophan and kynurenine prior to and following therapeutic intervention with ECT.

5.4.2 Inflammatory cytokine production in depressed patients and healthy controls 
following immune stimulation

Stimulation of PBMCs with the innate immune stimulus LPS or the T-cell mitogen anti-CD3 

induced robust increases in IL-6, TNF-a and IFN-y concentrations in culture supernatants with 

similar patterns of stimulated cytokine production evident in the depressed cohort and healthy 

controls. While the literature in this regard is limited and varied w ith respect to stimulus, dose 

and depression severity/sub-type, these results are consistent with the findings from a number of 

previous studies. Rothermundt et al. (2001) reported no significant difference in 

phytohaemagglutinin (PHA) stimulated (48 hours) whole blood IL-ip concentrations between 

depressed patients and healthy controls. This is in accordance with earlier findings by Seidel et al. 

(1995), who also report no difference in the mitogen stimulated whole blood IL-6 and IL-lp 

concentrations. In contrast, early observations by Maes et al. (1993c) found increased mitogen 

stimulated IL-6 production in depressed patients relative to controls, but only in those suffering 

from melancholic major depression. Kim et al. (2007) also reported an increased stimulated 

production of IL-6 and TNF-a concentrations in a depressed cohort relative to control subjects, 

however, this study is not directly comparable given that the cells were stimulated with a 

combination of PHA (4 ng/ml) and LPS at a concentration of 20 ng/ml, which is considerably larger 

than the 1 ng/ml dose used in the current study.
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Therefore, in the present study it appears that the ability of severely depressed treatm ent- 

resistant patients to produce IL-6, TNF-a and IFN-y in response to both innate and adaptive 

immune stimuli Is comparable to that observed in healthy controls.

5.4.3 Kynurenine pathway activation profile in depressed patients and healthy 

controls following immune stimulation

Consistent w/ith previous findings, LPS and anti-CD3 increased the transcriptional expression of 

IDO in the healthy control participants, with LPS inducing the more robust increase compared 

with that induced by anti-CD3. A similar IDO expression pattern was also observed in the 

depressed cohort; however, the LPS induced increase in the patient cohort appeared to be 

blunted by approximately 50% on average relative to healthy control expression levels.

Further to this, assessment of kynurenine pathway activation in severely depressed patients 

revealed that, similar to the healthy controls, T-cell stimulation had the ability to  induce an 

increased concentration of the kynurenine coupled with a concomitant decrease in culture 

supernatant tryptophan concentrations which was reflected in the elevated KYN/TRP ratio.

A modest increase in the KYN/TRP ratio was evident following LPS stimulation in the control 

participants in the absence of significant changes in kynurenine and tryptophan alone. However, 

with greater participant numbers in the study, the LPS induced changes in kynurenine and 

tryptophan may reach statistical significance. W hile the effect of LPS on kynurenine pathway 

activation in the control participants is of a lower magnitude than that induced by anti-CD3, LPS 

had no effect on the kynurenine and tryptophan concentrations in the depressed cohort, which is 

reflected in the KYN/TRP ratio. This is an interesting finding given that it is stimulation with LPS 

that induced the most robust effects on IDO mRNA expression in both the depressed cohort and 

healthy controls.

Therefore, it would appear that while LPS induces a sustained increase in IDO mRNA expression in 

both the depressed patients and control subjects, the enzyme does not appear to  be bioactive. 

While little is known about the regulation of transcriptional IDO expression, this appears to  be a 

highly plausible suggestion given the following findings. During the process of dendritic cell 

maturation, induced by a cytokine maturation cocktail (TNFa, IL-6, IL -I3 and PG E2), IDO mRNA is 

increased by 100-fold (Braun et al., 2005). An investigation into the mechanisms involved in IDO 

expression and activity during dendritic cell maturation has shown that a 2-step induction process 

is necessary to activate the enzymatic activity of IDO in maturing dendritic cells (Braun et al..
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2005). While an increased  IDO transc r ip tiona l  express ion  is o b se rv e d  in t h e  p re se n c e  of  th e  

im m u n o m o d u la to ry  ag e n t  p rostag landin  E2 (PGE2 ), ac tiva tion  of  t h e  enzym e w as  only o b se rved  in 

re sp o n se  to  a se conda ry  signal th ro u g h  th e  Toll-like r e c e p to r  (TLR) or  th e  TNF re c e p to r  (TNF-R). 

LPS o r  TNF alone  did no t  induce IDO activity in th e  dendrit ic  cells (Braun e t  al., 2005). In con tras t ,  

IFN-y which is robustly  increased  following m itogen  s tim ula tion  with  anti-CD3 in bo th  th e  

d e p re s se d  p a t ien ts  an d  hea lthy  contro ls  in t h e  p re se n t  s tudy, is a know n inducer  of IDO mRNA 

expression  and  activity (Odem uyiwa e t  al., 2004).

F u rthe r  to  this, t o  my know ledge ,  only o n e  o th e r  s tudy  has a s sessed  th e  s t im u la ted  kynurenine 

p a th w a y  ac tivation profile in a d e p re s se d  c o h o r t  relative to  contro l  sub jects .  Krause e t  al. (2012) 

re p o r te d  an inc reased  LPS s t im u la ted  kynuren ine  p roduc t ion  in associa tion  w ith  a d ec reased  

t ry p to p h a n  c o n c en tra t io n  in a d e p re s se d  c o h o r t  (n=21) and  hea lthy  con tro ls  (n=38) alike. While 

th e  findings in th e  p re se n t  s tu d y  with  regard  to  t h e  hea lthy  contro ls  a re  co m p a ra b le  to  th o s e  

r e p o r te d  by Krause and  colleagues, I did no t  o b se rv e  an  LPS s t im u la ted  increased  production  of 

kynuren ine in associa tion  with  a reduced  t ry p to p h a n  c o n c en tra t io n  in severely  d ep re s se d  

pat ien ts .  The d iscrepancies  b e tw e e n  th e s e  tw o  findings m ay lie in th e  fac t th a t  t h e  d e p re sse d  

p a t ien ts  in th e  s tudy  by Krause and  co lleagues w e re  only mildly d e p re s se d  with  an av e rag e  HAM- 

D sco re  of  13.93 while t h e  severely  d e p re s se d  p a t ien ts  in th e  p re se n t  s tudy  all had  a HAM-D 24 

score  g r e a te r  th a n  21 with  an ave rag e  of 30.19. Therefo re ,  with g r e a te r  d ep ress ion  severity  th e  

functional ability o f  t h e  PBMCs to  re spond  to  st im ula tion  with  LPS a p p e a r s  t o  be  reduced .

Taken to g e th e r ,  it a p p e a rs  th a t  while th e  inna te  im m u n e  cells have  th e  ability to  induce IDO 

activity u n d e r  ce r ta in  conditions,  T-cell activation  has t h e  g r e a te r  p ropensity  to  induce kynurenine 

p a th w a y  activation  an d  t ry p to p h a n  dep le tion .  Furthe r  to  this , it a p p e a r s  th a t  d e p re s se d  pa t ien ts  

a re  no t  m o re  sensitive to  th e  ability of in f lam m atory  stimuli to  induce kynuren ine pa thw ay  

activation. The effect o f  LPS on t h e  kynuren ine  p a thw ay  m e tab o l i te s  w as  com ple te ly  abolished  in 

th e  p a t ie n t  coho r t  while a similar kynuren ine  pa th w a y  activation  profile w as  a p p a r e n t  following T- 

cell s tim ulation .
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5.4.4 The effect of therapeutic intervention with ECT on the stimulated inflammatory 

profile

Similar to  that evident prior to ECT, both LPS and anti-CD3 stimulated a robust increase in IL-6 

production. However, w/hile comparable patterns of stimulated TNF-a and IFN-y production were  

observed following ECT treatm ent, the magnitude of the anti-CD3 induced TNF-a production was 

considerably reduced compared to that observed in the depressed cohort prior to  ECT treatm ent. 

Additionally, a 14-fold decrease on average, in T-cell stimulated IFN-y production post treatm ent 

with ECT was observed, indicating that following ECT treatm ent, T-ceils have a reduced ability to 

respond to mitogen stimulation.

Studies assessing the effect of ECT on the immune or inflammatory profiles are extremely limited 

and tend to  investigate acute rather than long term  changes following a course of ECT treatm ent. 

Previous studies have assessed lymphocyte percentage and number, lymphocyte proliferative 

responses, circulating plasma/serum cytokine and molecular changes in response to ECT 

treatm ents (Albrecht et al., 1985, Fischler et al., 1992, Hestad et al., 2003, Stelzhammer et al., 

2012). Only one study, to  my knowledge, has assessed the effect of repeated ECT on the 

stimulated production of inflammatory cytokines (Fluitman et al., 2011). In this study, Fluitman 

and colleagues reported increased LPS stimulated monocytic IL-6 and TNF-a production following 

acute ECT treatm ent (n=12). However, this was merely a transient change as no difference in the 

stimulated monocytic production of IL-6 and TNF-a following repeated ECT treatm ents was 

observed. In accordance with these findings, the LPS stimulated IL-6 and TNF-a concentrations in 

the current study are not dissimilar to  those observed at baseline. However, a decreased T-cell 

stimulated TNF-a production is evident in the patient cohort following a course of ECT compared 

with that observed prior to treatm ent with ECT. Fluitman et al. (2011) also reported decreased 

mitogen stimulated IFN-y production following acute ECT only. In contrast, in the present study 

stimulated IFN-y production is decreased following repeated ECT relative to mitogen stimulated 

baseline concentrations.

Taken together, it appears that the ability of T-cells to  produce pro-inflammatory cytokines 

following immune stimulation is reduced following a successful course of ECT treatm ent relative 

to  the stimulated concentrations observed at baseline. This decreased response following 

mitogen stimulation post ECT treatm ent may be related to the stress response. Repeated 

exposure to generalised seizures over the course of the ECT treatments may be considered a 

chronic physical stress while the accompanying cognitive impairment and short term  working 

memory deficits associated with ECT may be psychologically stressful (Semkovska and 

McLoughlin, 2010). This suggestion may be plausible given the literature in clinical and preclinical
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models which report a suppression of cellular immune responses following exposure to  chronic 

stress (Segerstrom and Miller, 2004, Dhabhar and McEwen, 1997).

5.4.5 The effect of therapeutic intervention with ECT on immune stimulated 

kynurenine pathway activation

The stimulated expression of IDO at the message level was unaltered following ECT treatment. 

However, the significant increase in anti-CD3 stimulated kynurenine production observed prior to 

ECT was no longer evident following ECT treatment. Further to this, a global increase in 

tryptophan was observed in the unstimulated patient samples following ECT treatment relative to 

baseline concentrations, which was unaffected by immune stimulation. Consequently, the 

significant increase in the KYN/TRP ratio which was observed prior to ECT treatment was no 

longer evident following therapeutic intervention with ECT.

Taken together, it appears that ECT treatment reduces the ability of activated T-cells to induce 

kynurenine pathway activation in association with increasing the availability of tryptophan. The 

results from this study are noteworthy as no other study to my knowledge has assessed the 

impact of treatment with ECT on the functional ability of immune cells to induce tryptophan 

depletion and kynurenine pathway activation.

5.4.6 Circulating kynurenine and tryptophan concentrations in severely depressed 

patients and healthy controls

A deficit in serotonergic neurotransmission has long been associated with the pathogenesis of 

major depression, with numerous studies reporting decreased circulating concentrations of the 

dietary essential amino acid and serotonin precursor, tryptophan (DeMyer et al., 1981, Moller, 

1985, Cowen et al., 1989, Hughes et al., 2012). In accordance with this, a decreased circulating 

tryptophan concentration was observed in the severely depressed patients relative to the healthy 

control subjects. However, while it has been proposed that tryptophan depletion in clinically 

depressed individuals may be a consequence of increased kynurenine pathway activation, 

comparable concentrations of plasma kynurenine between the depressed cohort and healthy 

controls in tandem with unaltered KYN/TRP ratio would suggest that the kynurenine pathway was 

not activated in this particular cohort. This very interesting finding strongly supports previous 

findings presented in Chapter 3, in which a decreased plasma tryptophan concentration in the 

absence of kynurenine pathway activation, in a completely distinct cohort of clinically depressed
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pa tien ts ,  w as also o b se rved  (Hughes e t  al., 2012). While it m ight be  sugges ted  th a t  hepa tic  

t ry p to p h a n  2 ,3-dioxygenase  (TDO) activation  m ay be responsib le  for  th e  d ec re a s e d  t ry p to p h a n  

con c en tra t io n  in circulation, if th a t  w e re  th e  case  o n e  w ould  ex p e c t  to  s e e  a co n c o m itan t  increase 

in kynurenine. In addi t ion ,  as rev iew ed by M aes and  colleagues, no associa tions have b e e n  found 

b e tw e e n  reduced  p lasm a t ry p to p h a n  and  a n u m b e r  of  fac to rs  found  to  be  a l te red  in certain 

co h o r ts  of d e p re s se d  pat ien ts ,  including, ca techo lam ines ,  BMI, sex h o rm o n e  and  t h e  thyroid 

h o rm o n e  (M aes e t  al., 2011). However, M aes  d o es  suggest  th a t  chronically e leva ted  

glucocorticoid co n c en tra t io n s ,  com m only  o b se rved  in d e p re s se d  pat ien ts ,  a re  as soc ia ted  with 

inc reased  levels o f  f re e  fa t ty  acids t h a t  in tu rn  a re  significantly co rre la ted  with  d ec reased  

circulating t ry p to p h a n  co n c en tra t io n s  (M aes e t  al., 1990b).

The ev idence  in s u p p o r t  of increased  kynurenine  p a th w a y  activation  and  s u b s e q u e n t  t ry p to p h a n  

dep le t ion  in d ep ress ion  s te m s  largely from  th e  s tudy  of  cytokine induced  dep ress ion  which occurs 

in 30-50% of medically ill p a t ien ts  being t r e a te d  with IL-2 or  IFN-a fo r  cance r  and  hepatit is  C (Hep 

C) (M usse lm an e t  al., 2001, Capuron  e t  al., 2002b, Capuron  and  Miller, 2004). However, it has  also 

b ee n  sh o w n  th a t  cytokine induced dep ress ion  severity  is d o se  d e p e n d e n t ,  h ence  th e  larger th e  

d o se  o f  IFN-a, t h e  g r e a te r  t h e  dep re ss io n  severity. Therefo re ,  while th is  is s t ro n g  ev idence  in 

s u p p o r t  o f  t h e  p ro p o sed  involvem ent of th e  kynuren ine p a th w a y  in depress ion ,  idiopathic 

d ep ress ion  is largely cha rac te r ised  by a low grade  in flam m atory  p h e n o ty p e  and  it is ques t ionab le  

if th e  in flam m atory  profile o b se rved  in medically hea lthy  d e p re s se d  pa t ien ts  is ro b u s t  e n o u g h  to  

induce an e lev a ted  kynuren ine pa th w a y  ac tivation and  s u b s e q u e n t  t ry p to p h a n  deple tion .

It has also b ee n  su g g e s ted  th a t  dep ress ion  is no t  a ssoc ia ted  with  a d e c re a s e  in t ry p to p h a n  p e r  se 

bu t  r a th e r  t h e  d o w n s t r e a m  ca tabo li te s  o f  th e  kynuren ine  pa thw ay .  This th e o ry  is s u p p o r te d  by 

findings by Raison e t  al. (2010) w h e r e  th e y  show  th a t  while t ry p to p h a n  co n c en tra t io n s  are  

d e p le te d  in th e  pe r iphery  of  Hep C pa t ien ts  being t r e a te d  with IFN-a, exam ina tion  of 

ce reb rosp ina l  fluid (CSF) t ry p to p h a n  co n c en tra t io n s  revea led  t h a t  th e  co n c en tra t io n  of cen tra l 

t ry p to p h a n  w as  norm al.  However, an increased  kynuren ine  con c en tra t io n  o b se rv e d  in b o th  th e  

pe r iphery  and  CNS and  th e  assoc ia ted  e leva tions in CSF quinolinic acid (QUIN) and  kynurenic acid 

(KYNA) w e r e  found  to  co rre la te  with th e  e lev a ted  in flam m atory  profile and  dep ress ive  

sym ptom ology . Consequently ,  it a p p e a rs  th a t  while t ry p to p h a n  is m a in ta ined  in th e  CNS, th e  

d e c re a s e d  co n c en t ra t io n  in t h e  periphery  m ay be reflecting changes  in t h e  kynurenine 

m e tab o l i te s  in t h e  CNS. F u rthe r  to  this, it has b ee n  sug g e s ted  t h a t  it is th e  kynuren ines  and  

p e rh a p s  an  im ba lance  b e tw e e n  th e  neuro tox ic  (QUIN) and  n eu ro -p ro tec t iv e  (KYNA) ca tabo li te s  

t h a t  a r e  responsib le  fo r  th e  induction of  dep ress ive  sym ptom ology  (M aes e t  al., 2011).
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A Study by Capuron et al. (2009) has shown that while there is considerable symptom overlap 

between cytokine induced depression and idiopathic major depression in medically healthy 

individuals, patients with IFN-a induced depression display greater somatic symptom severity in 

the form of psychomotor retardation and weight loss relative to medically healthy depressed 

individuals. This is very interesting in light of the recent report by Maes and RIef (2012) that 

concludes that kynurenine pathway activation is more pronounced in comorbid somatisation and 

depression compared with depression alone and suggest that changes in kynurenine pathway 

metabolites (tryptophan catabolites) are more closely associated with somatic symptomology 

rather than depression per se. In support of this, literature directly associating increased 

kynurenine pathway activation and idiopathic major depression is scarce. One cross-sectional 

study by M yint et al. (2007) report an increased KYN/TRP ratio in the absence of changes in 

kynurenine and tryptophan alone, and decreased neuroprotective kynurenic acid (KYNA) 

concentrations in the depressed patients relative to controls, while Gabbay et al. (2010) also 

report an increased KYN/TRP ratio in adolescents with melancholic depression. However, as there  

was no change in kynurenine, the increase in the KYN/TRP ratio appears to be solely as a 

consequence of the significant decrease in tryptophan. Yet, increased measures of kynurenine 

neurotoxicity were associated with depression severity in the melancholic depressed patients 

(Gabbay et al., 2010). Therefore, no study to date has reported an increase in kynurenine and a 

decrease in tryptophan in a cohort of idiopathic depressed patients (Maes and Rief, 2012). 

Furthermore, in accordance with our previous findings and the results of the present study, Maes 

and colleagues recently reported that while depression and somatic disorders are both 

characterised by decreased tryptophan concentrations, they did not find any evidence in support 

of increased IDO activity in depression (Maes et al., 2011, Maes and Rief, 2012).

5.4.7 Circulating kynurenine and tryptophan concentrations in severely depressed 

patients before and after ECT

Assessment of kynurenine and tryptophan concentrations in the depressed cohort following ECT 

revealed a significant increase in the circulating concentrations of both kynurenine and 

tryptophan relative to those observed in the patient cohort prior to  ECT treatm ent. The ratio of 

kynurenine to  tryptophan indicative of IDO activity was unaffected by successful treatm ent 

suggesting that the kynurenine pathway was not activated as seen in the patient cohort prior to  

ECT treatm ent. To my knowledge, this is the first study to assess evidence for kynurenine pathway 

activation in circulation following successful treatm ent of major depressive illness. A handful of 

studies have investigated the impact of ECT on tryptophan concentrations in association with
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s o m e  o th e r  am ino  acids. However, m o s t  o f  th e s e  s tud ies  only a s sessed  th e  acu te  effec ts  o f  a 

single ECT t r e a tm e n t ,  which is unlikely to  be associa ted  with  a m ajor  th e ra p e u t ic  response .  As 

d iscussed  by Palmio e t  al. (2005) Hoekstra  and  co lleagues re p o r te d  an  increased t ry p to p h a n  

c o n c en tra t io n  in r e sp o n d e rs  to  ECT t r e a tm e n t  24  h ou r  following t r e a tm e n t  (Hoekstra e t  al., 2001). 

In ac co rd an c e  with this  Palmio e t  al. (2005), sh o w ed  th a t  o v er  a 2-24 hou r  period following a 

single ECT t r e a tm e n t ,  t ry p to p h a n  levels increased. Our findings a re  in accordance  with  this and  

co n t r ib u te  to  th e  l i te ra tu re  f u r th e r  as w e  have sh o w n  th a t  no t  only a re  th e  t ry p to p h a n  

c o n c en tra t io n s  norm alised  following a successful course  of  ECT t r e a tm e n ts ,  this inc rease  is 

e v id en t  in circulation 3-4 days p o s t  adm in is tra t ion  of th e  final ECT t r e a tm e n t ,  suggesting  t h a t  th e  

inc reased  availability o f  t ry p to p h a n  in circulation m ay be a longer lasting effect. H owever, in 

associa tion  with a norm alisa t ion  o f  t ry p to p h a n ,  kynuren ine  co n c en tra t io n s  a re  e lev a ted  in th e  

p a t ie n t  co h o r t  following ECT t r e a t m e n t  relative to  pre ECT levels. Despite this, th e  unchanged  

KYN/TRP ratio and  inc reased  t ry p to p h a n  con c en tra t io n  suggest  th a t  t h e  kynurenine p a th w a y  is 

n o t  ac tiva ted .

T herefo re ,  in acco rdance  with previous findings (C hapter  3), I have show n d ep le te d  t ry p to p h a n  

c o n c en tra t io n s  in d e p re s se d  p a t ien ts  relative to  hea lthy  contro l  sub jects  in th e  a b s e n c e  of 

kynuren ine  pa thw ay  activation. F u rthe r  to  this, successful a n t id e p re s sa n t  t r e a tm e n t  with a course  

of  ECT norm alises  t ry p to p h a n  co ncen tra t ions .

5.4.8 Limitations

Differences in sam ple  n u m b e r  b e tw e e n  variables m e a su re d  a re  a co n seq u e n ce  of  pa t ien t  

com pliance ,  sam pling and  ex pe r im en ta l  error.  C onsequently ,  this  study  is limited by t h e  small 

sa m p le  size. F u rthe r  s tud ies  shou ld  aim to  increase  t h e  n u m b e r  of study  participants,  th e re b y  

reducing  th e  high variability p re s e n t  in clinical cohorts ,  in o r d e r  to  assess associa tions b e tw e e n  

t h e  in flam m atory  changes  o b se rv e d  and  th e  th e ra p e u t i c  efficacy of ECT. The s tudy  is also limited 

by t h e  fact th a t  all p a t ien ts  a re  m e d ica te d ;  how ever,  it d o es  r e p re se n t  real-life conditions. While 

an  effec t  o f  m ed ica tion  c a n n o t  be  ruled out,  little to  no change  in pa t ien t  a n t id e p re s sa n t  

m ed ica tion  profiles w e re  m a d e  th r o u g h o u t  t h e  d u ra t ion  of  th e  s tudy. Thus, t h e  changes  o b se rv e d  

following in terven tion  with ECT a re  likely to  be as a result  of its th e ra p e u t ic  e ffec t and  efficacy. 

Additionally, fu r th e r  s tud ies  shou ld  try  to  limit con found ing  fac to rs  such as d if fe rences in BMI, 

sm oking  and  alcohol con su m p tio n  b e tw e e n  groups.  However, in this  study  th e  variability in th e s e  

fac to rs  had  no effec t on  th e  significant findings r e p o r te d  th ro u g h o u t .
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5.4.9 Conclusion

Taken to g e th e r ,  t h e  findings from  this s tudy  clearly sh o w  th a t  ac tivation of  T-cells has  a g r e a te r  

p ropens i ty  to  induce t ry p to p h a n  dep le t ion  and  kynuren ine  p a th w a y  ac tivation th a n  ac tiva tion  of 

in n a te  im m u n e  cells. Additionally, circulating c o n c en tra t io n s  of  t ry p to p h a n  are  red u c ed  in th e  

d e p re s se d  pa t ien ts  in t h e  a b s e n c e  of kynuren ine  p a th w a y  activation, suggesting  th e  involvem ent 

o f  a l te rna t ive  m e ch a n ism  to  d e p le te  t ry p to p h a n .  Interestingly, th e ra p e u t i c  in te rven tion  with  ECT 

su p p re ss e s  t h e  re sp o n se  to  m itogen  s tim ula tion  ev idenced  by dim inished activation  of  th e  

kynuren ine  p a th w a y  in associa tion  with a global increase  in t ry p to p h a n  co ncen tra t ions .  The 

inc reased  circulating t ry p to p h a n  c o n c en tra t io n s  coupled  with  an  u n a l te red  KYN/TRP ratio fu r th e r  

indicate th a t  t h e  kynuren ine  pa th w a y  is no t  ac tiva ted .  In conclusion, while  d e p re s se d  pa t ien ts  

have  th e  ability to  induce kynuren ine pa th w a y  activation  in re sp o n se  to  T-cell activation , th e r e  is 

no  ev idence  to  suggest  th a t  it is ac tiva ted  in this  particu lar  cohort .  Furthe r  to  this, ECT su p p resses  

t h e  ability of s t im u la ted  T-cells to  ac tiva te  th e  kynuren ine pa th w a y  in associa tion  with increasing 

t h e  availability o f  t ry p to p h a n .  However, th e  m echan ism  by which th e s e  changes  arise  rem a ins  to  

be  e lucida ted .

T ryp tophan  dep le t io n  has a role in T-cell regula tion  and  th e  inhibition of T-celi proliferation, which 

may, in tu rn ,  c o n t r ib u te  to  im m unodefic iency  an d  t h e  p rom otion  of  im m u n e  to le ra n c e  in 

s i tua tions  of  chronic low g ra d e  in flam m ation  (Lee e t  al., 2002). In addition ,  d ec re a s e d  T-cell 

proliferative re sp o n se s  have b ee n  re p o r te d  in d e p re s se d  co h o r ts  (Zorrilla e t  al., 2001). With this  in 

m ind and  in light o f  t h e  re -em erg ing  in te re s t  in t h e  role of th e  ad ap t ive  im m une  re sp o n se  in 

d ep ress ion ,  t h e  next c h a p te r  (C hap ter  6) a s sesses  T-cell s u b se t  ac tivation in d ep re s se d  pa t ien ts  

relative to  hea lthy  contro ls  and  following th e ra p e u t i c  in te rven tion  with  ECT.
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Chapter 6

T-cell subset activation in depression and the impact of 
intervention with ECT
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6.1 Introduction

Electroconvulsive therapy (ECT) is the most powerful antidepressant available. However, despite 

this, its mechanism of action of is largely unknown. W hile studies have tried to  address the impact 

of ECT on neurotransmitters, glucocorticoids and brain derived neurotrophic factor (BDNF) 

(Wahlund and von Rosen, 2003), little attention has been paid to  the impact of ECT on the 

inflammatory system in depression.

The consistent and reproducible finding that major depression and specifically treatm ent- 

resistant depression is accompanied by increased circulating concentrations of the pro- 

inflammatory cytokines IL-6 and TNF-a, in association with an elevated expression of the general 

immune activation marker and acute phase protein C reactive protein (CRP), has led to the belief 

that inflammation associated depression is characterised by activation of the innate immune 

response (Howren et al., 2009, Dowlati et a!., 2010). As much of the depression literature has 

centred on the above mentioned findings, little attention has been paid to the role o f T-cells and 

the adaptive immune response in major depression (M iller, 2010, Maes, 2011).

Activated T-cells are hallmarked by an increased expression of the IL-2 receptor (IL-2R) and 

specifically CD25, the IL-2 receptor alpha subunit. While not as extensively studied as the innate 

immune response, reports suggest that severely depressed patients are characterised by an 

increased activated T-cell presence evidenced by elevated numbers of CD25^ cells along with 

increased circulating concentrations of the soluble IL-2R (slL-2R) (Maes et al., 1990a, Maes et al., 

1992). Further to this and in support of an inflammatory signature in depressed patients, reports 

suggest a shift in the balance between the pro-inflammatory Th-1 cells and the anti-inflam m atory  

Th-2 cells, with a greater predominance of Th-1 cytokines such as IFN-y and IL-2 relative to the 

anti-inflammatory and immunoregulatory mediators IL-4, IL-10 and TGF-(3 in depressed patients 

relative to healthy controls (Kim et al., 2007, Song et al., 2009). Thus, it appears that the 

dysregulated expression of T-cells in favour of a pro-inflammatory phenotype may contribute 

negatively to the pathogenesis of depression.

However, in recent years, studies assessing the involvement of autoreactive and regulatory T-cells 

in both a neuro-protective and pathogenic capacity have begun to emerge (M iller, 2010, Rook et 

al., 2011). This more active role for the adaptive immune response in depression contrasts with  

early findings by Kronfol et al. (1983) and Schleifer et al. (1984) who reported that depressed 

patients exhibited an immunosuppressed and impaired adaptive immune response, with  

decreases in T-cell proliferative responses upon mitogen stimulation (Zorrilla et al., 2001, Irwin 

and Miller, 2007). W hile an immunosuppressed T-cell response in the face of immune challenge
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may appear to be in stark contrast to  the pro-inflammatory signature that severely depressed 

patients are often characterised by, it is possible that inflammation itself and a dysregulated 

glucocorticoid response may be responsible for diminished T-cells responses in major depression 

(M iller, 2010). This is a reasonable suggestion given the findings from numerous studies 

investigating the disruptive impact of chronic TNF-a exposure on T-cell function and cytokine 

production (Cope et al., 1994, Cope et al., 1997, Lee et al., 2008, Nie et al., 2013). Further to  this, 

glucocorticoid resistance, a key hallmark of major depression and thought to be a consequence of 

the chronic low grade inflammatory signature frequently observed in severely depressed patients 

may also be responsible for desensitizing T-cell responses in depressed and stressed individuals 

(Pace et al., 2007, Pariante and Miller, 2001). Despite increased levels of cortisol, T-cells may no 

longer be able to respond appropriately to neuroendocrine signals that normally function to  

mediate T-cell trafficking to the brain and in turn impart neuro-protective effects in response to  

stress (McEwen et al., 1997, M iller, 2010), thereby further contributing to the dysregulated 

inflammatory and stress response in depressed patients.

Additionally, it is thought that the immune modulating regulatory T-cells (T-reg cells) may have a 

role in suppressing the chronic inflammatory signature in major depression. T-reg cells, produced 

in the thymus but also generated from conventional CD4* cells in the periphery, are 

phenotypically described by their expression of the cell surface marker CD25 and the transcription 

factor and master regulator of T-reg cells, Forkhead box P3 (FoxPS) which is absolutely crucial to  

their development and function (Sakaguchi et al., 2009, Sakaguchi et al., 2013). W ith a key role in 

immunological defence with a potent suppressive capacity, it is thought that these cells may serve 

to protect the host from stress and inflammation via anti-inflammatory mechanisms (Miller, 

2010). However, in depressed and stressed patients alike it is thought that T-reg cell presence 

and or function may be impaired or dysfunctional, yet there is little evidence in the depression 

literature to support or refute this theory.

Further to  this, while the pro-inflammatory Th-17 cells, with effector functions similar to that of 

Th-1 cells, have a key role to play in the pathogenesis of many inflammatory disorders such as 

rheumatoid arthritis, multiple sclerosis and inflammatory bowel disease, no study to date has 

assessed if Th-17 cells have a part to  play in the biological basis of major depression (Wilson et al., 

2007, Tesmer et al., 2008, Haroon et al., 2012).

In vitro T-cell activation and proliferation is commonly assessed by stimulating T-cells through the 

use of agonistic antibodies, such as anti-CD3. Stimulation of the CD3/TCR complex, in the 

presence of monocytes and macrophages that supply the co-stimulatory signal, results in the
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initiation of  m ultiple  signalling pa thw ays  resulting in T-cell clonal expansion , up -regu la ted  

expression  of  T-cell activation  m arkers ,  T-cell d if fe ren tia t ion  an d  cytokine production .

In light of this , th e  aims of  t h e  s tudy  w e r e  to  charac te r ise  t h e  circulating in flam m atory  profile in a 

coho r t  of severely  d e p re s s e d  p a t ien ts  relative to  ag e  and  sex  m a tc h e d  hea lthy  contro ls.  Further  to  

this and  with a particu lar  in te re s t  in T-cells, I so u g h t  to  inves tiga te  th e  involvem ent o f  th e  various 

T-cells subse ts ,  Th-1, Th-2, Th-17 and  T-reg cells in dep re ss io n  th ro u g h  th e  a s se s s m e n t  of 

u n s t im u la ted  PBMC g e n e  expression  and  cytokine p roduc t ion  in cu l tu re  su p e rn a tan ts .  

Additionally, I ev a lu a ted  t h e  ability of th e s e  cells to  re sp o n d  u p o n  m itogen  st im ula tion  with anti- 

CD3. M oreover,  I so u g h t  to  as sess  po ten tia l  varia tions in t h e  circulating in f lam m atory  profile and  

T-cell su b se t  g en e  exp ress ion  and  cytokine p roduction  am o n g  p a t ien ts  at tw o  t im e  points: during 

a d ep ress ive  ep iso d e  and  following an a d e q u a te  cou rse  of  6-12 ECT t r e a tm e n ts ,  w ith  th e  h o p e  of 

identifying specific b iom arkers  th a t  re la te  to  clinical s taging and  th e ra p e u t i c  efficacy.
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6.2 Methods

A detailed description of the study participants, the ECT procedure, clinical diagnostic testing 

using the Hamilton depression rating scale and recruitment, blood sampling and processing are 

outlined in Chapter 5 - section 5.2.

6.2.1 Experimental procedures

6.2.1.1 Experimental design

Unstimulated and anti-CD3 
stimulated PBMCs 

at Ix lO V m l

Cytokine
productionSupernatant

Harvest at 48hrs

RT-PCR 
T-cell subset 

gene expression

48 hr incubation period 
at 37”C and 5% CO,

Figure 6.1 Diagrammatic representation of the experimental design

6.2.1.2 Cell culture and preparation of treatm ent compounds

Culture media and anti-CD3 were prepared as outline in Chapter 5 -  section 5.2.2.1

For anti-CD3 stimulation, the treatment wells were coated with 200 |il of 0.1 ng/ml anti-CD3 and 

incubated overnight at 4°C. Following this, the excess anti-CD3 was removed and 450 |il of a 1 x 

10® cell suspension was added to each well. The anti-CD3 concentration (0.1 |ig/ml) and 

treatment time (48 hours) used, were determined based on results from the anti-CD3 dose 

response and time-course study outlined in Chapter 5 -  section 5.2.2.1 (see Figure 5.2).

172



6.2.1.3 Real-time PCR analysis of T-cell subse t  mRNA m arkers in PBMCs

Total RNA was extracted from th e  PBMCs with the  NucleoSpin®Total RNA isolation kit (Macherey- 

Nagel, Germany) and DNase t rea ted  as per kit instructions. Following RNA quantification and 

equalisation, cDNA was synthesised using a cDNA archive kit (Applied Biosystems, UK) (see 

Chapter 2 section -  2.2.4).

Gene expression analysis was conducted using Real-Time PCR employing Taqman® Gene 

Expression Assays (Applied Biosystems, UK). To quantify expression of target genes of interest, 

Taqman® Gene Expression Assays containing FAM-labelled probes w ere  used [Table 6.1]. PCR 

reactions w ere  in a duplex form at also containing a Taqman®Gene Expression Assay (primer- 

limited) containing a VIC-labelled probe for the  endogenous control glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH assay ID:4326317E). Samples w ere  assayed using Applied Biosystems 

universal cycling conditions using a fast protocol on th e  StepOnePlus™ Real-time PCR system 

(Applied Biosystems, UK). Data w ere  analysed using relative quantification (RQ) values and 

GAPDH served as an endogenous control in the  amplification system.

Table 6.1 List of genes used with GenBank sequence  ref num bers

Target Symbol Target Name Taqm an Gene Assay ID
CD25 Interleukin-2 receptor alpha Hs00907779_ml

Th-1
IFN-y Interferon gamma Hs00989291_ml
IL-2 Interleukin-2 Hs00174114_ml
T-bet T-Box Expressed In T Cells Hs00203436_ml

Th-2
IL-4 Interleukin-4 Hs00174122_ml
IL-13 Interleukin-13 Hs99999038_ml
GATA3 GATA-binding protein 3 Hs00231122_ml

Th-17
IL-17 lnterleukin-17A Hs00174383_ml
IL-21 Interleukin-21 Hs00222327_ml
IL-22 Interleukin-22 Hs01574154_ml
RORC-y RAR-related orphan receptor gamma Hs00172860_ml

T-reg
TGF-P Transforming growth factor beta Hs00998133_ml
IL-10 Interleukin-10 Hs00961622_ml
FoxP3 Forkhead box P3 Hs01085834_ml
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6.2.1.4 Inflammatory cytokine, CRP and BDNF concentrations in plasma and PBMC culture 

supernatants

PBMC supernatant concentrations of IL-6, TNF-a, IFN-y, IL-17 and IL-10 were measured using 

ELISA MAX™ Deluxe kits (Biolegend, UK), and plasma CRP and BDNF concentrations were 

measured using ELISA DuoSet kits (R&D systems, UK); these immune assays were performed 

according to manufacturer's instructions. Absorbance was read at 450 nm using a microplate 

reader (Sunrise Tecan, Reading, UK) and was then recalculated as a concentration (pg/ml fo r IL-6, 

IFN-y, TNF-a, IL-10 and IL-17A and mg/L for CRP) using standard curves derived using GraphPad 

Prism Software Version 5.00 (GraphPad software. Inc.). Limits of detection for the ELISAs were 4 

pg/ml fo r IL-6 and IFN-y, 2 pg/ml for TNF-a, IL-10 and IL-17A, 5 pg/ml for CRP and 20pg/ml for 

BDNF.

Plasma IL-lp, IL-6, TNF-a and IFN-y concentrations were measured using the MesoScale Discovery 

(MSD) multi-spot assay system. The plates were analysed using the Sector Imager 2400 and the 

MSD Discovery workbench software (MesoScale Diagnostics, Gaitherburg, MD). Multi-plex 

systems have demonstrated good correlations with the traditional method of quantifying 

biomarkers using ELISAs (Khan et al., 2004, Elshal and McCoy, 2006, Tighe et al., 2013). 

Furthermore, multi-plex platforms have a lower limit of detection, and thus higher sensitivity, 

than mono-plex ELISAs (Fu et al., 2010, Malekzadeh et al., 2012). The limits of detection for IL-ip, 

IL-6, TNF-a and IFN-y were, 0.5 pg/ml; 0.22 pg/ml; 0.49 pg/ml and 0.4 pg/ml, respectively.

6 .2.2  Statistical analysis

Data are presented as mean with standard deviation (SD) in parentheses. All statistical analyses 

were considered significant when p<0.05. Normality was tested using the Shapiro-Wilk test of 

normality which is most suitable for smaller datasets. Differences in demographic variables were 

tested using Student's t-test. Chi-square (%̂ ) test and Mann-Whitney U test. Differences in non- 

parametric clinical variables in independent sample sets were measured using the Mann-Whitney 

U test, while the Wilcoxon Signed Rank test was employed when comparing paired samples (for 

example, depressed patients' pre and post ECT). Spearman's rho correlation coefficient was used 

to  assess the correlation between CD25 and FoxP3 mRNA expression. Graphs and statistics were 

generated using GraphPad Prism Software Version 5.00 (GraphPad software, Inc). All data were 

analysed using SPSS (Version 16).
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6.3 Results

6.3.1 Participant demographic data and patient treatm ent review

6.3.1.1 Demographic da ta  for severely dep ressed  pa tien ts  and healthy controls

As previously described (Chapter 5 -  section 5.3.4.1), 16 severely depressed patients prior to 

therapeutic  intervention with ECT and 16 healthy controls w ere  recruited. For participant 

demographic data see Table 6.2. Consistent with a diagnosis of depression th e  depressed  group 

had a significantly elevated HAM-D 24 score (p<0.001) compared to  th e  control group (MDD: 

30.19 (6.34) vs. Control 4.00 (4.02)). Analysis revealed th a t  the re  was no significant difference in 

age and sex (p>0.05) while the  depressed group had a significantly higher BMI (p=0.014) [Table 

6.2]. A significant difference was also revealed for smoking: 7 out of 16 patients w ere  smokers 

while no participants in the  control group smoked. The control group consumed significantly more 

alcohol units per week relative to  th e  depressed patients (p<0.001) [Table 6.2].

Table 6.2 Demographic data  for severely dep ressed  pa tien ts  and  healthy  controls. Depicted are 

demographic variables and clinical depression severity measured with th e  HAM-D 24 scale

Control
(n=16)

Depressed
(n=16)

Statistic (p-value)

G ender ( female/male) 14/2 14/2 x'= 0.00, (p=1.000)
Age [years] 59.81 (10.68) 57.25 (10.05) t=0.699, df=l,30, (p=0.490)
BMI 22.11 (1.73) 25.63 (5.08) t=-2.618, df=l,29, (p=0.014)
Alcohol consum ption (units per  week) 7.5 (4.0) 0.37(1.08) t=6.730, df=l,29, (p=0.000)
Smoking (Yes/No) 0/16 7/9 X^=8.96, (p=0.003)
N um ber of previous episodes - 7.56(6.14) -
Length of episode (weeks) - 12.56 (8.20) -
N um ber of ECT t re a tm en ts - 9.00 (2.25) -
Hamilton Depression Score (HAM-D 24) 4.00 (4.02) 30.19 (6.34) t=-13.961, df=l,30, (p=0.000)

Data expressed as mean with SD in paren theses  and statistical analysis was performed using 
S tudent 's  t-test (Age, BMI, Alcohol consumption) and Chi squared (x^) te s t  (Gender and Smoking).
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6.3.1.2 A ntidepressan t medication review for th e  severely dep ressed  patien ts

As previously described (Chapter 5 -  section S.3.4.2), as this study was carried out under real life 

conditions 15 out of th e  16 patients (93.75%) were  medicated at the  time of recruitment [Table 

6.3]. Patients continued their  usual medications during the  course of ECT with little to  no change 

in th e  t rea tm en t  strategy over the  course of ECT trea tm en t  [Table 6.3]. The pharmacotherapy 

received by these  patients Is routinely used In clinical practice and include a range of 

antidepressants, antipsychotics, mood stabilisers and anxiolytics [Table 6.3]. None of th e  control 

participants were on any mood altering trea tm en ts  during th e  course of the  study.

Table 6.3 Medication review for severely depressed  patien ts

M edication Review Depressed (n=16)
n %

Selective serotonin reuptake inhibitors 2 12.5
Serotonin-noradrenaline reuptake inhibitor 7 43.75
Tricyclic antidepressants 4 25
Melantonergic 3 18.75
Noradrenergic and specific serotonergic antidepressant 5 31.25
Tetracyclic antidepressants 3 18.75
Any antidepressants 15 93.75
Antipsychotic 12 75
Mood stabilisers 11 68.75
Anxiolytic 12 75
Hypnotic 8 50

Mean SD
Baseline num ber of antidepressants 1.688 0.60
End of t rea tm en t  num ber of antidepressants 1.625 0.62

Data expressed as th e  num ber (n) and percentage (%) of people on various classes of medication 

and th e  mean and SD for an tidepressant t rea tm en t upon com m encem ent of ECT trea tm en t  

(baseline) and end of t rea tm ent.
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6.3.2 Circulating inflammatory profile in severely patients and healthy controls

6.3.2.1 Circulating inflam m atory cytokine profile in severely depressed patients relative to  

healthy controls

A Mann-Whitney U test revealed a significant increase In the plasma concentrations of IL-6 (Z=- 

2.241, p=0.024) and TNF-a (Z=-2.665, p=0.008) in the severely depressed patients relative to 

healthy control participants [Figure 6.2b and 6.2c]. No significant difference in the circulating 

concentrations of IL-ip (Z=-1.598, p=0.110) and IFN-y (Z=-0.488, p=0.626) were observed between 

depressed patients and control subjects [Figure 6.2a and 6.2d].
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Figure 6.2 Plasma inflammatory cytokine profile in severely depressed patients relative to healthy 

controls. Circulating concentrations of (a) IL-1(5, (b) IL-6, (c) TNF-a and (d) IFN-y in severely depressed 

patients relative to healthy controls. Horizontal lines represent the median value fo r each group (n=13-14 

per group). *p<0.05 vs. Control (Mann-Whitney U test).
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6.3.2.2 Circulating concentrations of the acute phase protein CRP in severely depressed patients  

relative to  healthy controls

A M ann-W hitney U test revealed that the circulating concentration of CRP was significantly higher 

in the depressed cohort relative to control participants (Z=-2.390, p=0.017) [Figure 6.3].
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Figure 6.3 Circulating CRP concentrations in treatment-resistant depressed patients relative to healthy 

controls. Plasma CRP concentrations in depressed patients relative to control subjects. Horizontal lines 

represent the median value fo r each group (n=14). *p<0.05 vs. Control (Mann-Whitney U test).
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6.3.2.3 Circulating concentrations of BDNF in severely depressed patients relative to healthy 

controls

A Mann-Whitney U test revealed no significant difference in circulating BDNF concentrations 

betw/een depressed patients and control subjects (p>0.05) [Figure 6.4].
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Figure 6.4 Circulating BDNF concentrations in severely depressed patients relative to  healthy controls.

Plasma concentrations of BDNF in severely depressed patients relative to control subjects. Horizontal lines 

represent the median value for each group (n=14). Statistical analysis was performed using a IVlann- 

Whitney U test.
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6.3.3 PBMC integrity and white blood cell (WBC) Count

As previously described (Chapter 5 section -  5.3.5), trypan blue staining show/ed that between

90.3 and 97.6% of the blood mononuclear cells were viable in the healthy controls with an 

average white blood cell count of 2.06 x 10® [Table 6.4]. Trypan blue staining showed that 

between 89.7 and 97.8% of the blood mononuclear cells were viable in the severely depressed 

patients with an average white blood cell count of 2.75 x 10® [Table 6.4]. Trypan blue staining 

showed that between 90.9 and 99.2% of the blood mononuclear cells were viable in the severely 

depressed patients post ECT with an average white blood cell count of 3.56 x 10® [Table 6.4].

Table 6.4 PBMC integrity and WBC count in isolated PBMC from  healthy controls, severely 

depressed patients and the patient cohort following ECT

M ean SD

Controls
Cell Viability (%) 94.83 2.50
WBC count 2.06 X 10® 1.12

Severely Depressed
Cell Viability (%) 95.35 2.26
WBC count 2.75 X 10® 1.58

Patients Post-ECT
Cell Viability (%) 95.13 2.21
WBC count 3.56 X 10® 1.85

Data expressed as mean with SD. (n=16 per group)
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6.3.4 Unstimulated PBMC T-cell subset gene expression in severely depressed 

patients and healthy controls

A M ann-W hitney U test revealed a significant increase in unstimulated PBMC CD25 mRNA 

expression in the severely depressed patients compared with healthy controls (Z=-2.426, p=0.015) 

[Table 6.5]. No significant difference was observed in the unstimulated mRNA expression of the 

Th-1 markers, IL-2 (Z=-1.443, p=0.149), IFN-y (Z=-0.368, p=0.713) and T-bet (Z=-0.892, p=0.373), 

between severely depressed patients and healthy controls [Table 6.5]. Th-2 markers IL-4 and IL-13 

were undetected in the unstimulated sample set and no significant difference in the mRNA 

expression of GATA3 was observed between depressed patients and controls subjects (Z=-0.188, 

p=0.851) [Table 6.5]. mRNA expression of the Th-17 cell markers; IL-17, IL-21, IL-22 and RORC-y 

were undetectable in the unstimulated PBMCs. A M ann-W hitney U test revealed no significant 

difference in the unstimulated PBMC mRNA expression of T-reg cell markers, TGF-|3 (Z=-0.726, 

p=0.468) and IL-10 (Z=-0.184, p=0.854) between the depressed cohort and controls, however, a 

highly significant increase in Foxp3 was detected in the treatm ent-resistant depressed patients 

relative to healthy control subjects (Z=-2.883, p=0.004) [Table 6.5].

Table 6.5 Unstim ulated PBMC T-cell subset gene expression in severely depressed patients and 

healthy controls

Biological param eter Control Depressed n Statistic (p-value)

Activation marker
CD25 (RQ) 3.72 (2.03) 5.35 (2.37) 15 Z=-2.426 (p=0.015)

T-cell subsets 
Th-1
IL-2 (RQ) 7.44 (9.33) 3.37 (2.76) 12 Z=-1.443 (p=0.149)
IFN-y (RQ) 5.48 (4.61) 5 .91 (4 .37 ) 14 Z=-0.368 (p=0.713)
T-bet (RQ) 5.45 (6.83) 3 .76 (3 .10 ) 15 Z=-0.892 (p=0.373)

Th-2
GATA3 (RQ) 1 .90 (2 .73 ) 1 .68 (1 .73 ) 16 Z=-0.188 (p=0.851)

T-reg
TGF-P (RQ) 1.07 (0.28) 1.00 (0.28) 15 Z=-0.726 (p=0.468)
IL-10 (RQ) 1 .29 (0 .76 ) 1.27 (0.93) 14 Z=-0.184 (p=0.854)
Foxp3 (RQ) 6.17 (2.24) 10.06 (3.83) 15 Z=-2.883 (p=0.004)

Data expressed as mean and SD in parentheses. PBMCs were cultured for 48 hours. p<0.05 was 

considered significant (M ann-W hitney U test).
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6.3.5 The association between CD25 and Foxp3 mRNA expression in unstimulated 

PBIVICs from severely depressed patients

An increased expression of CD25 and FoxP3 was observed in unstimulated PBMCs from the 

patient cohort [see Table 6.5]. As CD25 and FoxP3 are expressed by activated T-reg cells, 

correlational analysis was carried to examine if the expression of these T-cell markers were 

correlated.

Spearman's rho correlational analysis revealed a significant positive association between the T- 

cell activation marker CD25 and the master regulator of T-reg cells FoxP3 in severely depressed 

patients (r=0.557, p=0.031) [Figure 6.5]. A significant association between CD25 and FoxP3 was 

not observed in the healthy controls (p>0.05, data not shown).
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Figure 6.5 Correlational analysis between CD25 and FoxP3 mRNA expression in unstimulated PBMCs from  

severely depressed patients. Unstimulated PBMCs were cultured for 48 hours. p<0.05 was considered 

significant (Spearman's rho correlation coefficient) n=15.



6.3.6 Cytokine production in unstimulated PBMC culture supernatants isolated from 

severely depressed patients and healthy controls

Inflammatory cytokine production was examined in PBMC supernatants cultured for 48 hours. A 

Mann-Whitney U test revealed no significant difference in the production of the pro- 

inflammatory cytokines IL-6 (Z=-0.519, p=0.604), TNF-a (Z=-0.598, p=0.550), IFN-y (Z=-0.256, 

p=0.798) and IL-17 (Z=-0.156, p=0.876) and the anti-inflammatory cytokine IL-10 (Z=-0.207, 

p=0.836) in the severely depressed patients compared with control subjects (p>0.05) [Table 6.6].

Table 6.6 Cytokine production in unstimulated PBMC culture supernatants from severely 

depressed patients and healthy controls

Target Control Depressed n Statistic (p-value)
Supernatants
IL-6 (pg/ml) 123.4(131.3) 102.9 (121.9) 15 Z=-0.519 (p=0.604)
TNF-a (pg/ml) 6.23 (7.03) 4.14(5.21) 14 Z=-0.598 (p=0.550)
IFN-y (pg/ml) 1.41 (1.21) 1.25 (0.75) 14 Z=-0.256 (p=0,798)
IL-17 (pg/ml) 3.07 (3.78) 2.57(1.95) 16 Z=-0.156(p=0.876)
IL-10 (pg/ml) 28.85 (37.16) 22.85 (30.37) 16 Z=-0.207 (p=0.836)

Data expressed as mean and SD in parentheses. PBMCs were cultured for 48 hours. Control vs. 

Depressed (Mann-Whitney U test).
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6.3.7 Assessment of clinical depression severity before and after ECT

As previously described (Chpater 5 -  section 5.3.10), a Wilcoxon-Signed Rank test revealed a 

robustly significant difference (Z=-4.640, p<0.001) in the HAM-D 24 scores of the patient cohort 

follow/ing therapeutic intervention with ECT relative to their baseline HAM-D 24 scores prior to 

ECT treatment (Pre-ECT: 30.19 (6.34) vs. Post-ECT 10.06 (6.87)) [Table 6.7]. Further analysis 

revealed that 11 patients out of 16 responded to ECT treatment indicated by a >60% decrease in 

HAM-D 24 score from baseline plus an end of treatment HAM-D score <16 [6.18 (3.25)]. Ten of 

these responders were also classified as remitters as they had a >60% change in HAM-D 24 score 

from baseline and a post treatment score <10. Five of the patients did not respond to ECT 

treatment and with a mean HAM-D 24 score of 18.6 (4.22) were still moderately depressed post 

treatment with ECT. Given the limited number of samples, all further analysis will focus 

specifically on assessing differences before and after ECT in the complete patient cohort.

Table 6.7 Clinical depression severity assessed using the HAM -D 24 scale before and after ECT

Pre ECT Post ECT n Responder n Non-responder n
HAM-D 24 score 30.19 (6.34) 10.06(6.87)*** 16 6.18(3.25) 11 18.6(4.22) 5
Data expressed as mean and SD in parentheses. ***p<0.001 vs. Pre-ECT (Wilcoxon-Signed Rank 
test).
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6.3.8 Assessment of the inflammatory profile prior to and following therapeutic 

intervention with ECT in severely depressed patients

W hile ECT is the most effective treatm ent available for severely depressed patients its mechanism 

of action remains elusive. Studies assessing the impact of ECT on the inflammatory profile in 

major depression are extremely limited. In the present study, following an average course of 6-12 

ECT treatm ents (twice weekly) the inflammatory profile in the patient cohort was assessed and 

compared to the signature observed prior to ECT treatm ent.

6 .3 .8 .1  The im pact o f ECT on the  circulating inflam m atory profile and BDNF in severely 

depressed patients

A Wilcoxon-Signed Rank test revealed no significant difference in the circulating concentration of 

the pro-inflammatory cytokines IL -ip  (Z=-0.524, p=0.600), IL-6 (Z=-0.722, p=0.470), TNF-a (Z=- 

0.094, p=0.925) and IFN-y (Z=-0.035, p=0.972) between severely depressed patients prior to and 

following therapeutic intervention with ECT [Table 6.8]. Further to  this, circulating concentrations 

of the acute phase protein CRP were not found to be different post-ECT relative to those 

observed in severely depressed patients prior to ECT treatm ent (Z=-1.287, p=0.198) [Table 6.8]. A 

Wilcoxon-Signed Rank test confirmed that therapeutic intervention with ECT had no effect on 

circulating BDNF concentrations in the depressed cohort (Z=-0.722, p=0.470) [Table 6.8].

Table 6.8 Circulating inflam m atory cytokine profile and BDNF concentrations in severely 

depressed patients before and a fte r ECT

Target Pre ECT Post ECT n Statistic (p-value)

Plasma
IL-1(3 (pg/ml) 0.09 (0.13) 0.10 (0.09) 14 Z=-0.524 (p=0.600)
IL-6 (pg/ml) 3.97 (8.77) 3.41 (7.18) 14 Z=-0.722 (p=0.470)
TNF-a (pg/ml) 4.12 (1.15) 4 .31 (1 .55 ) 14 Z=-0.094(p=0.925)
IFN-v (pg/m l) 0.79 (0.72) 0 .7 1 (0 .5 1 ) 13 Z=-0.035 (p=0.972)
CRP (mg/L) 0.33 (0.50) 0.46 (0.50) 14 Z=-1.287 (p=0.198)
BDNF (pg/m l) 13931 (6465) 15365 (5996) 14 Z=-0.722 (p=0.470)

Data expressed as mean and SD in parentheses. Pre ECT vs. Post ECT (Wilcoxon-Signed Rank test).
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6 .3 .8 .2  U n stim u la ted  PBMC T-cell s u b s e t  g e n e  ex p re ss io n  in se v e re ly  d e p re s se d  p a t ie n ts  b e fo re  

an d  a f te r  ECT

Relative mRNA exp ressio n  fo r th e  T-cell ac tiva tion  m arker CD25 and  th e  T-cell su b se ts , Th-1, Th-2, 

Th-17 an d  T-reg in u n stim u la ted  PBMCs iso la ted  from  severely  d ep re sse d  p a tien ts  w as assessed  

prio r to  and  follow ing th e ra p e u tic  in te rv en tio n  w ith  ECT. A W ilcoxon-Signed Rank te s t  revea led  a 

significant d e c re a se  in CD25 mRNA expression  in th e  d ep re sse d  c o h o rt follow ing ECT tr e a tm e n t 

re la tive  to  Pre-ECT exp ression  levels (Z=-1.988, p=0.047) [Table 6.9], No significant d iffe rences 

w e re  d e te c te d  in th e  mRNA exp ression  o f th e  Th-1 m arkers; IL-2 (Z=-1.255, p=0.209), IFN-y ( Z - -  

0.220 , p=0.826) an d  T -bet (Z=-1.136, p=0.256) b e tw e e n  p a tie n ts  be fo re  an d  a f te r  ECT tre a tm e n t. 

The Th-2 m arkers IL-4 and  IL-13 w e re  u n d e te c te d  in th e  u n stim u la ted  sam ple  se t and  no 

significant d iffe ren ce  w as o b se rv ed  in th e  mRNA exp ression  o f GATA3 b e tw e en  p a tien ts  befo re  

and  a f te r  ECT tr e a tm e n t  (Z=-1.551, p=0.121)) [Table 6.9]. mRNA exp ression  o f th e  Th-17 cell 

m arkers; IL-17, lL-21, IL-22 an d  RORC-y w as u n d e te c te d  in th e  u n stim u la ted  sam p le  se t. A 

W ilcoxon-Signed Rank te s t  revea led  no significant d iffe ren ce  in th e  expression  of th e  Th-2 

m arkers TGF-P (Z=-1.533, p=0.125) and  IL-10 (Z=-1.350, p=0.177) a t  th e  m essage  level, how ever, a 

significant d e c re a se  in FoxP3 w as ob se rv ed  in th e  Post ECT g ro u p  rela tive to  Pre ECT mRNA 

exp ressio n  levels (Z=-2.272, p=0.023)) [Table 6.9].

T able 6 .9  U n s tim u la ted  T-cell s u b s e t  g e n e  ex p re ss io n  in se v e re ly  d e p re s se d  p a t ie n ts  b e fo re  an d  

a f te r  ECT

Biological
p a ra m e te r

P re ECT P o st ECT n S ta tis tic  (p-value)

A ctivation  m a rk e r
CD25 (RQ) 5 .3 5 (2 .3 7 ) 4 .1 9 (2 .2 6 ) 15 Z=-1.988 (p=0.047)

Th-1
IL-2 (RQ) 3 .3 7 (2 .7 6 ) 5.59 (4.18) 12 Z=-1.255 (p=0.209)
IFN-y (RQ) 5 .9 1 (4 .3 7 ) 5 .90  (4.96) 14 Z=-0.220 (p=0.826)
T -bet (RQ) 3 .7 6 (3 .1 0 ) 6 .1 1 (7 .5 3 ) 15 Z = -1.136(p=0.256)

Th-2
GATA3 (RQ) 1 .6 8 (1 .7 3 ) 3 .70  (4.86) 16 Z=-1.551 (p=0.121)

T-reg
TGF-P (RQ) 1.00 (0.28) 1.08 (0.28) 15 Z=-1.533 (p=0.125)
IL-10 (RQ) 1.27 (0.93) 1.01 (0.56) 14 Z=-1.350 (p=0.177)
FoxP3 (RQ) 10.06 (3.83) 8 .1 1 (2 .9 3 ) 15 Z=-2.272 (p=0.023)

D ata ex p ressed  as m ean  and  SD in p a re n th e se s . PBMCs w ere  cu ltu red  fo r 48 hours. p<0.05 w as 

co n s id ered  significant (W ilcoxon-Signed Rank te s t) .
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G.3.8.3 Inflammatory cytokine production in unstim ula ted  PBMCs from severely depressed  

before and  a f te r  ECT

Inflammatorv cytokine production was examined in unstimulated PBMC superna tan ts  cultured for 

48 hours. A Wilcoxon-Signed Rank tes t  was used to  assess th e  difference in Inflammatory cytokine 

production in th e  patient cohort prior to  and following therapeutic  intervention with ECT. While 

no significant differences were  de tec ted  in th e  concentrations of the  pro-inflammatory cytokines 

IL-6 (Z=-1.477, p=0.140), TNF-a (Z=-1.456, p=0.649) and IL-17 (Z=-0.140, p=0.889), a significant 

increase in IFN-y was observed following ECT tre a tm e n t  com pared with p re - trea tm en t levels (Z=- 

1.964, p=0.050) [Table 10]. Further to  this, IL-10 was significantly decreased following ECT 

t rea tm en t  com pared with pre- trea tm ent concentrations (Z=-2.999, p=0.003)) [Table 6.10].

Table 6.10 Inflammatory cytokine production in unstim ula ted  PBMC culture sup ern a tan ts  in 

severely depressed  patien ts  before  and a f te r  ECT

Biological p a ram ete r Pre ECT Post ECT n Statistic (p-value)
Superna tan ts
IL-6 (pg/ml) 102.9 (121.9) 49.10 (75.61) 15 Z=-1.477 (p=0.140)
TNF-a (pg/ml) 4.14(5.22) 4.77 (6.90) 14 Z=-1.4S6 (p=0.649)
IFN-y (pg/ml) 1.24 (0.76) 1.84(1.17) 14 Z=-1.964 (p=0.050)
IL-17 (pg/ml) 2.57 (1.95) 2.56(1.80) 16 Z=-0.140 (p=0.889)
IL-10 (pg/ml) 22.85 (30.37) 6.57(7.70) 16 Z=-2.999 (p=0.003)

Data expressed as m ean and SD in parentheses. PBMCs were cultured for 48 hours. p<0.05 was 

considered significant (Wilcoxon-Signed Rank test).
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6.3.9 The effect of stimulation with anti-CD3 on T-cell subset gene expression and 

cytokine production in healthy controls, severely depressed patients prior to 

ECT treatment and the patient cohort post treatment with ECT

6.3.9.1 Transcriptional expression of T-cell activation marker CD25 and the T-cell subset markers 

following PBMC stimulation with anti-CD3 relative to unstimulated PBMC expression

PBMCs isolated from depressed patients before and after ECT and healthy controls were treated 

with the T-cell stimulus anti-CD3 for 48 hrs. A Wllcoxon-Signed Rank test fo r paired comparisons 

was used to assess the impact of anti-CDB stimulation relative to unstimulated mRNA expression 

in the healthy controls, severely depressed patients prior to ECT treatment and the patient cohort 

post treatment with ECT. Expression of the T-cell activation marker CD25 and markers for the T- 

cell subsets, Th-1, Th-2, Th-17 and T-reg were assessed at the message level.

A Wilcoxon-Signed Rank test revealed that anti-CD3 stimulation robustly increased the expression 

of CD25 in healthy controls and depressed patients prior to and following therapeutic 

intervention with ECT relative to unstimulated expression levels in each of the 3 groups (p<0.001) 

[Table 6.11]. Assessment of the effect of anti-CD3 on the mRNA expression of the Th-1 markers IL- 

2, IFN-y and the transcription factor T-bet in the control group, the depressed group prior to ECT 

and the patients cohort post-ECT treatment revealed a significant elevation in the expression of 

the Th-1 markers relative to unstimulated expression levels (p<0.01) [Table 6.11]. As the 

unstimulated mRNA levels of the Th-2 cytokines IL-4 and IL-13 were undetectable, assessment of 

the impact of anti-CD3 relative to unstimulated expression levels was not possible. However, a 

Wilcoxon Signed Rank test revealed that anti-CD3 stimulation for 48 hours had no significant 

effect on the expression of GATA3 in the control participants, the severely depressed patients 

prior to ECT and the patient cohort post-ECT treatment (p>0.05) [Table 6.11]. As the expression of 

the markers fo r the Th-17 cells, IL-17, IL-21, IL-22 and RORC-y were undetectable in the 

unstimulated sample set, assessment of the effect of anti-CD3 stimulation relative to 

unstimulated levels was not possible. A Wilcoxon-Signed Rank test revealed a significantly 

decreased expression in the T-reg markers TGF-P and IL-10 in all 3 groups following anti-CD3 

stimulation relative to  unstimulated mRNA expression levels (p<0.001) [Table 6.11]. However, 

while anti-CD3 induced a significant increase in the expression of FoxP3 at the message level 

relative to unstimulated transcriptional levels in the healthy controls and the patient cohort post 

ECT (p<0.01), a lack of response was observed between the unstimulated and anti-CDB stimulated 

PBMC transcriptional expression of FoxP3 in the severely depressed patients prior to  ECT 

treatment (Z=-1.193, p=0.233) [Table 6.11].
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Table 6.11 The effect of anti-CD3 on T-cell activation and T-cell subset transcriptional expression 

relative to unstimulated mRNA expression in healthy controls, severely depressed patient prior 

to ECT and the patient cohort post ECT

Biological parameter Group n Unstimulated Antl-CD3 Statistics (p-value)
Activation marker
CD25(RQ) Control 15 3.72 (2.03) 794.9 (224.9) Z=-3.408 p=0.001)
CD25(RQ) Depressed 15 5.35 (2.37) 724.9 (254.8)

00oroII
M

p=0.001)
CD25(RQ) Post-ECT 15 4.19 (2.26) 793.9 (278.3) Z=-3.408 p=0.001)

T-cell subsets 
Th-1
IL-2 (RQ) Control 12 7.44 (9.33) 50.70 (27.62) Z=-3.059 p=0.002)
IL-2 (RQ) Depressed 12 3.37(2.76) 29.14(22.89) Z=-3.059 p=0.002)
IL-2 (RQ) Post-ECT 12 5.59 (4.18) 60.78 (38.76) Z=-3.059 p=0.002)

IFN-v(RQ) Control 14 5.48 (4.61) 1496 (1440) Z=-3.296 p=0.001)
IFN-v (RQ) Depressed 14 5.91(4.37) 908 (1063) Z=-3.296 p=0.001)
IFN-v(RQ) Post-ECT 14 5.90 (4.96) 884.9 (630.9) Z=-3.296 p=0.001)

T-bet(RQ) Control 15 5.45 (4.61) 15.24 (10.48) Z=-2.726 p=0.006)
T-bet(RQ) Depressed 15 3.76 (3.10) 11.11(4.22) Z=-3.237 p=0.001)
T-bet (RQ) Post-ECT 15 6.11(7.53) 15.27 (6.19) Z=-2.897 p=0.004)

Th-2
GATA3(RQ) Control 16 1.88 (0.28) 2.65(3.88) Z=-1.138 p=0.255)
GATA3 (RQ) Depressed 16 1.68(1.73) 1.68(1.14) Z=-1.241 p=0.215)
GATA3 (RQ) Post-ECT 16 3.70 (4.86) 3.10(3.80) Z=-0.776 p=0.438)

T-reg
TGF-P (RQ) Control 15 1.07 (0.28) 0.27(0.18) Z=-3.351 p=0.001)
TGF-P (RQ) Depressed 15 1.00 (0.28) 0.24 (0.12) Z=-3.408 p=0.001)
TGF-P(RQ) Post-ECT 15 1.08 (0.28) 0.26 (0.10) Z=-3.408 p=0.001)

IL-10 (RQ) Control 14 1.29 (0.76) 0.11(0.12) Z=-3.296 *o II o b o

IL-10 (RQ) Depressed 14 1.27(0.93) 0.05 (0.42) Z=-3.233 p=0.001)
IL-10 (RQ) Post-ECT 14 1.01(0.56) 0.06 (0.05) Z=-3.296 p=0.001)

FoxP3 (RQ) Control 15 6.14(2.24) 10.93 (3.88) Z=-3.408 p=0.001)
FoxP3(RQ) Depressed 15 10.06 (3.83) 12.11(6.44) Z=-1.193 p=0.233)
FoxP3 (RQ) Post-ECT 15 8.11(2.93) 13.74 (6.71) Z=-2.726 p=0.006)

Data expressed as mean and SD in parentheses. PBMCs were cultured for 48 hours. p<0.05 was

considered significant (Wllcoxon Signed Rank test for paired comparisons).
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6.S.9.2 Inflam m atory cytokine p roduction  following PBMC stim ulation  w ith anti-CD3 relative to  

unstim u la ted  PBMC cytokine expression

A Wilcoxon-Slgned Rank te s t revealed a robustly increased production of the  inflam m atory 

cytokines IL-6, TNF-a, IFN-y, IL-17 and IL-10 in th e  PBMC culture supernatan ts  following anti-CD3 

stim ulation for 48hrs relative to  th e  unstim ulated  concentrations observed in th e  healthy 

controls, severely depressed  m edication-resistant patients prior to  ECT trea tm en t and th e  

patien ts cohort post tre a tm e n t with ECT (p<0.01) [Table 6.12],

Table 6.12 The effect o f tre a tm e n t w ith th e  T-cell stim ulus anti-CD3 on inflam m atory cytokine 

p roduction  in healthy  controls, severely  d ep ressed  p a tien t p rio r to  ECT and th e  p a tien t cohort 

post ECT tre a tm e n t

Biological
p a ram e te r

Group n U nstim ulated Anti-CD3
stim ula ted

Statistics (p-value)

S u perna tan ts
IL-6 (pg/ml) Control 15 123.4(131.3) 888.7 (776.4) Z=-3.408, (p=0.001)
lL-6 (pg/ml) D epressed 15 102.9(121.9) 827.6(985.2) Z=-3.010, (p=0.003)
IL-6 (pg/ml) Post-ECT 15 49.10 (75.61) 378.8 (569.7) Z=-3.294, (p=0.001)

TNF-a (pg/ml) Control 14 6.23 (7.03) 290.4 (447.7) Z=-3.296, (p=0.001)
TNF-a (pg/ml) Depressed 14 4.14(5 .22) 483.1 (611.7) Z=-3.233, (p=0.001)
TNF-a (pg/ml) Post-ECT 14 4.77 (6.90) 147.3 (251.7) Z=-3.233, (p=0.001)

IFN-y (pg/ml) Control 14 1.42 (1.21) 454.0(961.6) Z=-3.296, (p^O.OOl)
IFN-y (pg/ml) D epressed 14 1.24(0.76) 910.2 (1266) Z=-3.296, (p=0.001)
IFN-y (pg/ml) Post-ECT 14 1.84(1 .17) 65.46 (85.62) Z=-3.297, (p^O.OOl)

IL-17 (pg/ml) Control 16 3.07 (3.78) 120.9 (173.3) Z=-3.516, (p=0.000)
IL-17 (pg/ml) Depressed 16 2.57(1.95) 169.5 (174.0) Z=-3.516, (p^O.OOO)
IL-17 (pg/ml) Post-ECT 16 2.56(1.80) 60.31 (78.76) Z=-3.516, (p=0.000)

IL-10 (pg/ml) Control 16 28.85 (37.16) 153.2 (135.7) Z=-3.361, (p=0.001)
IL-10 (pg/ml) D epressed 16 22.85 (30.37) 153.5 (172.3) Z=-3.103, (p=0.002)
IL-10 (pg/ml) Post-ECT 16 6.57 (7.67) 75.43 (121.4) Z=-3.516, (p=0.000)

Data expressed as m ean and SD in paren theses. PBMCs w ere cultured for 48 hours. p<0.05 was

considered significant (Wilcoxon Signed Rank te s t  for paired comparisons).
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6.3.10 Anti-CD3 stimulated T-cell subset gene expression and cytokine production in 

severely depressed patients and healthy controls

6.3.10.1 Anti-CD3 stimulated PBMC T-cell subset gene expression in severely depressed patients 
and healthy controls

A M ann-W hitney U test revealed no significant difference in the stimulated expression o f the T- 

cell activation m arker CD25, betw/een the severely depressed patients and healthy controls (Z=- 

1.016, p=0.310) [Table 6.13]. However, assessment o f the Th-1 cytokine markers revealed a 

significant decrease in the mitogen stimulated pro liferation markers IL-2 in the depressed cohort 

relative to  controls (Z=-1.963, p=0.050) [Table 6.13]. No significant difference was observed in the 

transcrip tional expression o f IFN-y (Z=-0.965, p=0.335) or T-bet (Z=-1.431, p=0.152) in the 

depressed patients compared w ith  the control subjects fo llow ing M ann-W hitney U analysis [Table 

6.13]. A M ann-W hitney LI test revealed no significant difference in the anti-CD3 stim ulated mRNA 

expression o f the Th-2 markers IL-4 (Z=-1.451, p=0.147), lL-13 (Z=-0.184, p=0.854) and GATA3 (Z=- 

0.490, p=0.624) between depressed patients and healthy controls [Table 6.13]. A M ann-W hitney 

U test also revealed th a t there was no significant difference in the anti-CD3 stimulated expression 

o f the Th-17 cell markers IL-17 (Z=-0.786, p=0.432), IL-21 (Z=-1.589, p=0.112) and IL-22 (Z=-0.079, 

p=0.937) in the severely depressed patients relative to  the control participants [Table 6.13]. No 

significant d ifference was observed in the stim ulated expression o f the imm unoregulatory 

m ediator TGF-P (Z=-0.311, p=0.756) between the depressed patient and control subjects, 

however, a M ann-W hitney U test revealed a robustly decreased expression o f lL-10 in the 

depressed cohort compared w ith  control subjects (Z=-2.573, p=0.010) [Table 6.13]. A Mann- 

W hitney U test revealed no significant difference in the stimulated expression o f the T-reg cell 

master regulator FoxP3 in the severely depressed patients relative to  control participants ( Z - -  

0.104, p=0.917) [Table 6.13].

6.3.10.2 Anti-CD3 stimulated cytokine production in severely depressed patients and healthy 
controls

Mitogen stim ulated inflam m atory cytokine production was examined in PBMC supernatants 

cultured fo r  48 hours. A M ann-W hitney U test revealed no significant difference in the production 

o f the pro-in flam m atory cytokines IL-6 (Z=-0.539, p=0.590), TNF-a (Z=-1.011, p=0.312), IFN-y (Z=- 

0.069, p=0.945) and IL-17 (Z=-0.829, p=0.407) and the anti-in flam m atory cytokine IL-10 (Z=-0.452, 

p=0.651) in the severely depressed patients compared w ith  control subjects [Table 6.14].
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Table 6.13 Anti-CD3 stimulated PBMC T-cell subset gene expression in severely depressed 

patients relative to healthy controls

Biological parameter Control Depressed n Statistic (p-value)
Activation marker
CD25 (RQ) 794.9 (224.9) 724.9 (254.8) 15 Z=-1.016 (p-0.310)

T-cell subsets 
Th-1
IL-2 (RQ) 50.70(27.62) 29.14 (22.89) 12 Z=-1.963 (p=0.050)
IFN-v(RQ) 1496(1440) 908 (1063) 14 Z-0.965 (p-0.335)
T-bet (RQ) 15.24 (10.48) 11.11 (4.22) 15 Z= -̂1.431 (p=0.152)

Th-2
IL-4 (RQ) 3.61(3.50) 2.77 (3.37) 15 Z=-1.451 (p=0.147)
IL-13 (RQ) 27.90(22.22) 50.52 (69.36) 14 Z=-0.184 (p=0.854)
GATA3 (RQ) 2.65 (3.88) 1.68(1.14) 16 Z=-0.490 (p=0.624)

Th-17
IL-17 (RQ) 15.54(14.50) 13.31 (15.76) 15 Z=-0.786 (p=0.432)
IL-21 (RQ) 9.23 (7.82) 5.00(3.95) 13 Z=-1.589 (p=0.112)
IL-22 (RQ) 26.10(19.16) 36.35 (44.07) 16 Z=-0.079 (p=0.937)

T-reg
TGF-P (RQ) 0.27 (0.18) 0.24(0.12) 15 Z=-0.311 (p=0.756)
IL-10 (RQ) 0.11 (0.12) 0.05 (0.42) 14 Z=-2.573 (p=0.010)
Foxp3 (RQ) 10.93 (3.88) 12.11 (6.44) 15 Z=-0.104 (p=0.917)

Data expressed as mean and SD in parentheses. PBMCs were cultured for 48 hours. p<0.05 was

considered significant (M ann-W hitney U test).

Table 6.14 Anti-CD3 stimulated PBMC cytokine production in severely depressed patients 

relative to healthy controls

Target Control Depressed n Statistic (p-value)
Supernatants
IL-6 (pg/ml) 888.7 (776.4) 827.6(985.2) 15 Z=-0.539 (p=0.590)
TNF-a (pg/ml) 290.4 (447.7) 483.1 (611.7) 14 Z=-1.011 (p=0.312)
IFN-y (pg/ml) 454.0 (961.8) 910.2 (1266) 14 Z=-0.069 (p=0.945)
IL-17 (pg/ml) 120.9 (173.3) 169.5 (174.0) 16 Z=-0.829 (p=0.407)
IL-10 (pg/ml) 153.2 (135.7) 153.5 (172.3) 16 Z=-0.452 (p=0.651)

Data expressed as mean and SD in parentheses. PBIVICs were cultured for 48 hours. Controls vs.

Depressed (M ann-W hitney U test).
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6.3.11 Assessment of the anti-CD3 stimulated inflammatory profile in severely 

depressed patients before and after ECT

6.3.11.1 Anti-CD3 stimulated PBMC T-cell subset gene expression in severely depressed patients 

before and after ECT

Relative mRNA expression for the T-cell activation marker CD25 and the T-cell subsets, Th-1, Th-2, 

Th-17 and T-reg in mitogen stimulated PBMCs (48 hours) isolated from severely depressed 

patients before and after ECT.

A Wilcoxon-Signed Rank test revealed no significant difference in the expression of CD25 in the 

depressed cohort prior to and following therapeutic intervention with ECT (Z=-0.682, p=0.496) 

[Table 6.15]. However, upon analysis of the Th-1 cell markers, a Wilcoxon-Signed Rank test 

revealed a robust increase in the expression of mitogen stimulated IL-2 post treatment with ECT 

relative to mRNA expression levels in the patient cohort prior to ECT treatment (Z=-2.432, 

p=0.015) [Table 6.15]. No significant difference was observed in the anti-CDB stimulated mRNA 

expression of IFN-y in the patient cohort following ECT treatment relative to transcriptional 

expression levels observed prior to ECT treatment (Z=-0.220, p=0.826). However, a significant 

increase in anti-CDB stimulated T-bet mRNA expression was observed post ECT relative to pre ECT 

expression levels (Z=-2.953, p=0.003) [Table 6.15]. Further to this, a Wilcoxon-Signed Rank test 

revealed no significant difference in the expression of theTh-2 markers, IL-4 (Z=-0.966, p=0.334), 

IL-13 (Z=-0.534, p=0.594) and GATA3 (Z=-1.603, p=0.109) or the expression of the Th-17 markers, 

IL-17 (Z=-1.533, p=0.125), IL-21 (Z=-0.035, p=0,972) and IL-22 (Z=-0.103, p=0.918) between the 

patient cohort prior to and following therapeutic intervention with ECT [Table 6.15]. Additionally 

a Wilcoxon-signed Rank test revealed that the stimulated expression of the T-reg cell markers 

TGF-13 (Z=-1.079, p=0.281), IL-10 (Z=-0,847, p=0.397) and FoxP3 (Z=-0.966, p=0.334) were not 

differentially expressed prior to and following therapeutic intervention with ECT [Table 6.15].
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Table 6.15 Anti-CD3 stim ulated T-cell subset gene expression in severely depressed patients 

before and after ECT

Biological param eter Pre ECT Post ECT n Statistic (p-value)
Activation marker
CD25 (RQ) 724.9 (254.8) 793.9(278.3) 15 Z=-0.682 (p=0.496)

Th-1
IL-2 (RQ) 29.14 (22.89) 60.78 (38.76) 12 Z=-2.432 (p=0.015)
IFN-y (RQ) 908 (1063) 884.9 (630.9) 14 Z=-0.220 (p=0.826)
T-bet (RQ) 11.11 (4.22) 15.27 (6.19) 15 Z=-2.953 (p=0.003)

Th-2
IL-4 2.77 (3.37) 2.41(1.96) 15 Z=-0.966 (p=0.334)
IL-13 50.52 (69.36) 41.85 (47.48) 14 Z=-0.534 (p=0.594)
GATA3 (RQ) 1.68(1.14) 3.10(3.80) 16 Z=-1.603 (p=0.109)

Th-17
IL-17 13.31 (15.76) 7.81(10.46) 15 Z=-1.533 (p=0.125)
IL-21 5.00 (3.95) 6.22 (7.73) 13 Z=-0.035 (p=0.972)
IL-22 36.35 (44.07) 34.21 (42.06) 16 Z=-0.103 (p=0.918)

T-reg
TGF-p (RQ) 0.24(0.12) 0.26(0.10) 15 Z=-1.079 (p=0.281)
IL-10 (RQ) 0.05 (0.42) 0.06 (0.05) 14 Z=-0.847 (p=0.397)
FoxP3(RQ) 12.11 (6.44) 13.74 (6.71) 15 Z=-0.966 (p=0.334)

Data expressed as mean and SD in parentheses. PBMCs were cultured for 48 hours. p<0.05 was
considered significant (Wilcoxon-Signed Rank test for paired comparisons).
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6.3.11.2 Anti-CD3 stim ulated PBMC cytokine production in severely depressed patients prior to  

and following therapeutic intervention w ith  ECT

Mitogen stimulated inflammatorv cytokine production was examined in PBMC supernatants 

cultured for 48 hours. A Wilcoxon-Signed Rank test revealed no significant difference in the anti- 

CD3 stimulated production of IL-6 prior to and following therapeutic intervention with ECT ( Z - -  

1.647, p=0.100) [Table 6.16]. However, a Wilcoxon-Signed Rank test revealed a significant 

decrease in the stimulated cytokine production of the pro-inflammatory cytokines TNF-a (Z=- 

2.551, p^O .O ll), IFN-y (Z=-2.294, p=0.022) and IL-17 (Z=-3.124, p=0.002) in association with a 

decreased stimulated production of the anti-inflam m atory cytokine IL-10 (Z=-2.120, p=0.034) in 

the patient cohort following therapeutic intervention with ECT relative to pre ECT cytokine 

supernatant concentrations [Table 6.16].

Table 6.16 Anti-CD3 stim ulated PBMC cytokine production in severely depressed before and 

after ECT

Biological param eter Pre ECT Post ECT n Statistic (p-value)
Supernatants
IL-6 (pg/m l) 827.6 (985.2) 378.8 (569.7) 15 Z=-1.647 (p=0.100)
TNF-a (pg/ml) 483.1 (611.7) 147.3 (251.7) 14 Z=-2.551 (p=0.011)
IFN-y (pg/m l) 910.2 (1266) 65 .46 (85 .62 ) 14 Z=-2.294 (p=0.022)
IL-17 (pg/m l) 169.5 (174.0) 60 .31 (78 .76 ) 16 Z=-3.124(p=0.002)
IL-10 (pg/m l) 153.5 (172.3) 75.43 (121.4) 16 Z=-2.120(p=0.034)

Data expressed as mean and SD in parentheses. PBMCs were cultured for 48 hours. p<0.05 was 

considered significant (Wilcoxon-Signed Rank test for paired comparisons).
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6.3.12 Controlling for the difference in BMI, smoking and alcohol use between severely 

depressed patients and control subjects

As reported in Table 6.2 the average BMI score in the depressed cohort [25.63 (5.08)] was 

significantly greater than that for the controls participants [22.11 (1.73)] (t=-2.618, d f= l,29 , 

(p=0.014). To control for this a cut off score of 27 was applied for the depressed patients and 

control subjects combined. W hile only 3 patients had a BMI greater than 27, a M ann-W hitney U 

test revealed a greater increase in circulating TNF-a concentrations in the patients with a BMI >27 

[5.13 (1.452)] compared with all participants with a BMI <27 [3.34 (0.998)] (Z=-1.929, p=0.054). 

However despite this, a M ann-W hitney U test comparing the TNF-a concentration between the  

depressed cohort with a BMI <27 [3.80 (0.991)] and the control participants [3.02 (0.903)] also 

revealed an increased circulating TNF-a concentration in the patient cohort (Z=-2.108, p=0.035). 

Consequently, while BMI is associated with increased plasma TNF-a concentration, this is not a 

confounding factor as an increased circulating level of TNF-a is also observed in the depressed 

cohort independent of BMI. None of the other significant findings observed in this study were  

affected by BMI.

As none of the control participants smoke, the effect of smoking was assessed in the depressed 

cohort alone. Depressed patients were divided into smokers (n=7) and non-smokers (n=9). A 

M ann-W hitney U test revealed that anti-CD3 stimulated transcriptional expression of IL-10 was 

significantly less in the patient smokers [0.019 (0.008)] compared with patient non-smokers 

(0.075 (0.043)] (Z=-2.969, p=0.003). Additionally, a M ann-W hitney U test comparing stimulated IL- 

10 mRNA expression between depressed non-smokers [0.75 (0.043)] with healthy controls [0.110  

(0.122)] revealed no significant difference [Z=-0.522, p=0.602]. Consequently, smoking is a 

confounding factor for stimulated IL-10 production in the patient cohort.

Fifteen out of 16 controls reported alcohol consumption compared with 2 patients, prior to  

starting the study and while a significant difference was observed between the number of alcohol 

units consumed a week, between controls and depressed patients, no participant consumed more 

than 14 standard units a week and therefore are all within the accepted safe range.
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6.4 Discussion

In the present study, I sought to investigate the inflammatory profile, with a particular interest in 

T-cell subset gene expression, in a cohort of severely depressed patients relative to  age and sex 

matched healthy control participants. Additionally, I evaluated the variation in PBMC gene 

expression and cytokine production in the patient cohort at tw o tim e points: during the acute 

phase of illness and following a course of ECT treatm ent. The major findings from this study 

suggest therapeutic intervention with ECT does not alleviate the increased circulating 

concentrations of the pro-inflammatory cytokines IL-6, TNF-a and CRP in the patient cohort, 

despite, a robust decrease in HAM-D 24 scores. This is an interesting and novel finding as this is 

the first study to profile the circulating concentrations of a range of inflammatory cytokines in a 

severely depressed patient cohort following a course of ECT.

Further to  this, assessment of unstimulated PBMC transcriptional levels revealed a potential role 

for T-reg cells in severe depression. The elevated expression of T-reg cell phenotypic markers may 

be representative of a state marker for severe depression as the increased expression of CD25 

and FoxP3 observed during a depressive episode are decreased following ECT treatm ent. This is 

an extremely novel finding given the limited research concerning T-reg cells and their potential 

involvement in the biological basis o f major depression. Additionally, decreased stimulated PBMC 

transcriptional expression of IL-2 was observed, which is indicative of a reduced lymphocyte 

proliferative response. This, in association with an apparent blunted immune response upon 

mitogen stimulation in the severely depressed patients was normalised following ECT treatm ent. 

Interestingly, however, a robust decrease in the stimulated pro-inflammatory cytokine production 

in the patient group following ECT was also observed relative to the concentrations detected pre 

ECT. This is the first study to date, to characterise T-cell subset gene expression and cytokine 

production in a cohort of severely depressed patients and demonstrate that treatm ent with ECT 

has an impact upon PBMC gene expression and cytokine production.

6.4.1 The circulating inflammatory profile in severe depression

As previously discussed, major depression is associated with inflammation in certain sub-groups 

of depressed patients and those suffering from severe, treatm ent-resistant depression are often 

characterised by an increased inflammatory phenotype (Sluzewska et al., 1997, Lanquillon et al., 

2000, Fitzgerald et al., 2006). In the present study, the severely depressed patients have 

significantly elevated circulating concentrations of the pro-inflammatory cytokines IL-6 and TNF-a 

along with the acute phase protein CRP compared with healthy controls. This is in accordance
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with the findings reported in Chapter 3 in which severely depressed patients were characterised 

by a mild circulating inflammatory phenotype (Hughes et al., 2012). Further to this, meta-analyses 

by Zorrilla et al. (2001) and Dowlati et al. (2010) highlight that increased circulating 

concentrations of the innate inflammatory cytokines IL-6, TNF-a and the acute phase protein, 

CRP, are some of the most consistent and reproducible findings implicating the inflammatory 

response system in the pathogenesis of major depression (Haroon et a!., 2012). While no 

significant changes were observed in the circulating concentrations of the key inflammatory 

cytokine IL-ip, this is not surprising given that it is very difficult to detect and not always 

measureable. Moreover, similar circulating concentrations of the T-cell cytokine IFN-y were also 

observed in the severely depressed patients and healthy control subjects. However, in a recent 

review by Maes (2011), it is suggested that this is not always a reliable and sensitive measure of T- 

cell activation.

6.4.2 Unstimulated PBMC T-cell subset gene expression and cytokine production in 

severe depression

A more sensitive and widely reported marker fo r T-cell activation is the IL-2 receptor alpha 

subunit, CD25, which is expressed on the surface of activated lymphocytes and is a marker for 

cell-mediated immune activation (Maes et al., 1995a, Maes, 2011). In the present study, an 

increased expression of CD25 mRNA was observed in unstimulated PBMCs isolated from severely 

depressed patients compared with healthy controls. This is in accordance with the literature, as 

increased expression of CD25 and circulating levels of the soluble IL-2 receptor (slL-2R) are also 

thought to be a hallmark for major depression (Maes et a!., 1992, Maes et al., 1996). Subsequent 

gene expression analysis revealed no significant difference in the expression of unstimulated Th-1 

and Th-2 cell markers between depressed patients and control subjects. Additionally, given the 

limited research into Th-17 cell expression in major depression, it was disappointing to find that 

the gene expression of the Th-17 markers; IL-17, IL-21, IL-22 and the transcription factor RORC-y 

were all undetectable in the unstimulated PBMC sample set. However, some very interesting and 

novel findings did emerge upon examination of the T-reg cell markers at the message level. While 

unstimulated PBMC mRNA expression of the immunoregulatory cytokines IL-10 and TGF-[3 were 

not differentially expressed between the severely depressed patients and healthy controls, a 

surprising and robustly significant increase in the master regulator o f T-reg cell expression, FoxP3, 

was observed in the depressed cohort compared w ith control subjects. Additionally, while CD25 is 

expressed on approximately 20% of all CD4"̂  T cells when activated, high CD25 expression in 

association with the expression of the key T-reg cell regulator and phenotypic marker FoxPB, is
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indicative of  t h e  p re se n c e  of  T-reg cells (as rev iew ed by C olem an e t  al. (2007)). In ac co rd an c e  with 

this , corre la t iona l  analysis revea led  a significant positive associa tion  b e tw e e n  CD25 and  FoxP3 

express ion  in t h e  d e p re s se d  c o h o r t  a lone  p erh ap s  indicative of inc reased  T-reg cell expression  in 

t h e  severely  d e p re s se d  patien ts .

W hile th e r e  is little ev idence,  t h e  gene ra l  consensus  in t h e  l i te ra tu re  suggests  th a t  d e p re sse d  

p a t ien ts  m ay be cha rac te r ised  by a d e c re a s e d  T-reg cell expression ,  pe rhaps ,  con tr ibu ting  to  t h e  

loss of im m u n o re g u la to ry  contro l .  However, as reviewed recen tly  by H aroon e t  al. (2012), much 

of  t h e  ev idence  with  regard  to  T-reg cells and  m ajor  d ep ress ion  is b ased  on indirect eva lua tions 

w ith  s tud ies  suggesting  th a t  d e c re a s e d  circulating c o n c en tra t io n s  of  IL-10 and  TGF-P are  

r e p re se n ta t iv e  of d e c re a s e d  T-reg cell expression  and  functionality . Specifically, Sutcigil e t  al. 

(2007) r e p o r t  d e c re a s e d  TGF-p c o n c en tra t io n s  in d e p re s se d  pa t ien ts  while  D habha r  e t  al. (2009) 

o b se rv e d  an  inc reased  IL-6/IL-10 ratio  in a d e p re s se d  cohort .  T hese  results  m ay be  r ep rese n ta t iv e  

o f  d e c re a s e d  T-reg cell functional ability. However, as IL-10 and  TGF-P a re  also p roduced  by 

m o n o c y tes  and  m acrophages ,  t h e  implication of d e c re a s e d  T-reg cell expression  and  functionality  

b ased  on  th e s e  findings a lone  should  be  in te rp re te d  cautiously.

To my know ledge , a p a r t  f rom  th e  p re se n t  study, only tw o  o th e r  s tud ies  have directly as se ssed  th e  

p re se n c e  o f  T-reg cells in a d e p re s s e d  cohort .  Li e t  al. (2010) rep o r t  a d e c re a s e d  expression  of 

CD4"^CD25* T-reg cells in u n m e d ica te d ,  first ep iso d e  melancholic  m ajo r  d e p re s se d  p a t ien ts  relative 

to  hea lthy  ag e  and  sex m a tch e d  contro l  subjects.  Furthe r  to  this, Himmerich e t  al. (2010) w e r e  th e  

first t o  sh o w  th a t ,  in ac co rd an c e  with  a d ec re a s e d  expression  of  IL-1 and  IL-6 during 

a n t id e p re s s a n t  th e ra p y ,  expression  of  T-reg cells w as  inc reased  in p a t ien ts  w h o  had b ee n  

suffering f rom  a mild depress ive  ep isode ,  while a significantly larger increase  in CD4CD25hi cells 

p o s t  t r e a tm e n t  w as  ev iden t in t h e  m o re  severely  d ep re s se d  p a t ien ts  w ith  a HAM-D 21 g r e a te r  

th a n  21 a t  o n se t .  While th e s e  s tud ies  a re  in acco rd an ce  with  a d e c re a s e d  T-reg cell hypothesis  

and  a re  in co n t ra s t  t o  th e  findings in th is  p re se n t  study, th e y  are  also no t directly com parab le  

given th a t  th e  pa t ien ts  in this  s tudy  a re  severely  d ep re s se d  and  curren tly  receiving 

p h a rm a c o th e ra p y  c o m p a re d  to  mildly d e p re s se d ,  first ep isode ,  u n m e d ic a te d  pat ien ts .

Despite  t h e  p re se n ce  of  m arkers  fo r  T-reg cells a t  t h e  m e ssag e  level in t h e  severely  d e p re sse d  

pa t ien ts ,  f u r th e r  analysis and  a s se s s m e n t  o f  un s t im u la ted  cytokine p roduction  in th e  cu l tu re  

s u p e rn a ta n t s  revealed  no  significant d if fe rence  in IL-10 production  o r  in t h e  co n c en tra t io n s  of  th e  

o th e r  in f lam m atory  m arkers  IL-6, TNF-a, IFN-y and  IL-17 in t h e  severely  d e p re s se d  pa t ien ts  

rela tive t o  hea lthy  controls.  In th e  ab s e n c e  of increased  c o n c en tra t io n s  of  im m unoregu la to ry  

cytokines it is qu es t io n a b le  if T-reg cells a re  ac tivated . Interestingly, how ever,  r ec en t  stud ies  

investigating  T-cell and  m onocytic  in f lam m atory  sys tem s in b ipolar and  sch izophren ia  pa t ien ts  on
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pharmacotherapy also report an elevated presence of T-reg cells in association with a monocytic 

inflammatory signature (Drexhage et al., 2011a, Drexhage et al., 2011b). Further to  this, and in 

accordance with the findings in the present study, despite the increased occurrence of 

CD4*CD25^FoxP3 T-reg cells, the concentration of the immunoregulatory cytokine IL-10 was not 

dissimilar between bipolar patients and healthy controls (Drexhage et al., 2011b). W hile it is 

possible that antidepressant medication in the absence of therapeutic efficacy, in the severely 

depressed patients, may be contributing to the increased expression of T-reg cell markers, the 

absence of increased immunoregulatory cytokines may be attributable to the increased 

circulating levels of the pro-inflammatory cytokines, predominantly TNF-a. Earlier this year, Nie et 

al. (2013) demonstrated the disruptive effects of TNF-a on the functional suppressive ability of 

FoxPS in rheumatoid arthritis. W hile the levels of T-reg cells and expression of FoxPB were 

unaltered, a loss of T-reg suppressive function in the presence of TNF-a was observed. Further 

assessment revealed that TNF-a was responsible for decreasing the phosphorylation o f FoxPB on 

activated T-cell with a subsequent loss of suppressor activity.

In addition, it is noteworthy, that the patients in this study were chronically and severely 

depressed. Chronic depression is often associated with atypical depressive symptoms such as 

hypersomnia, increased appetite and weight gain (Thase, 2007). In the present study, the high 

BMI score observed in a portion of the depressed cohort may indicate the presence of atypical 

features. Interestingly, it has been suggested that different biological profiles may characterise 

various sub-types of depression (Gold and Chrousos, 2002, O'Keane et al., 2012). This theory is 

supported by findings by Lamers et al. (2013) who report elevated concentrations of IL-6, TNF-a 

and CRP along with higher BMI scores in patients with atypical depression relative to melancholic 

depressed patients and healthy controls. Higher circulating concentrations of TNF-a were  

observed in depressed patients with higher BMI scores in the present study. In light of this and 

the discussion above, it is possible that the increased inflammatory profile associated with  

atypical features of depression may be contributing to the manifestation of a distinct, sub-type 

specific, atypical adaptive immune response.

At first glance it appears that the severely depressed patients are characterised only by a pro- 

inflammatory phenotype and an activated innate immune response. However, further analysis 

highlighted a potential role for T-cells in an immunosuppressive capacity, suggesting that severe 

depression may be in part, a consequence of a dysregulated innate and adaptive immune 

response rather than a pro-inflammatory state.
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6.4.3 The impact of ECT on the circulating inflammatory profile in severe depression

As discussed above the severely depressed patients in the present study were characterised by a 

mild circulating inflammatory phenotype evidenced by increased plasma concentrations of IL-6, 

TNF-a and CRP. Reassessment of this inflammatory signature 3-4 days after a course of ECT 

treatment revealed that ECT had no significant impact upon the circulating concentrations of the 

inflammatory cytokines under investigation. Therefore, despite a dramatic decrease in the HAM-D 

24 score post ECT, patients still displayed elevated circulating concentrations of IL-6, TNF-a and 

CRP. While comparable studies are extremely limited, Hestad et al. (2003) have reported 

conflicting findings showing decreased TNF-a concentrations 24 hours and 1 week following a 

successful course of 6-12 ECT treatments. It should be noted however, that the 15 ECT patients 

studied had various types of depression, including a severe depressive episode, recurrent and 

dysthymic depression and bipolar depression whilst only patients with a clear and specific severe 

depressive phenotype without comorbidities were recruited fo r this study. As Hestad et al. (2003) 

did not investigate the impact of ECT on the concentrations of any other cytokines, it would 

appear that this is the first study to examine the long term impact of ECT on the circulating 

concentrations of IL-ip, IL-6, IFN-y and the acute phase protein CRP.

Additionally, further to the observed comparable BDNF concentrations between the depressed 

cohort and control subjects, no significant difference in the circulating concentration of BDNF was 

detected in the patient cohort following therapeutic intervention with ECT relative to pre ECT 

concentrations. This was surprising given the wealth of literature reporting increased BDNF in 

serum and plasma post ECT, although Stelzhammer et al. (2012) recently reported decreased 

serum BDNF following acute ECT (Bocchio-Chiavetto et a!., 2006, Okamoto et al., 2008, Piccinni et 

al., 2009). The comparable concentrations of BDNF between groups in the present study might be 

explained by the fact that all of the patients recruited to  the study were receiving antidepressant 

medication. While others have shown decreased circulating BDNF levels in a depressed cohort 

relative to controls (Karege et al., 2002), treatment with antidepressants and ECT has been shown 

to normalise or increase circulating BDNF concentrations (Sen et al., 2008, Okamoto et al., 2008, 

Piccinni et a!., 2009).

Despite the robust clinical improvement observed in the patient cohort following ECT treatment, 

the circulating inflammatory signature remained elevated. This is perhaps representative of a 

state independent marker which is not linked to the clinical stage of the disorder but perhaps an 

indicator of the condition itself. While this is a very interesting finding, it is also possible that 

decreases in the circulating inflammatory profile in accordance with clinical improvement may be 

masked by the limited sample size. Future studies should endeavour to assess the inflammatory
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profile in a larger cohort of patients who respond to antidepressant treatm ent relative to a 

matched cohort who do not respond. The limited number of participants and highly variable 

nature o f the clinical samples prohibited that type of analysis in this particular study.

6.4.4 The impact of ECT on the unstimulated inflammatory profile in severe 

depression

W hile ECT failed to alleviate the increased circulating inflammatory profile in the patient cohort, 

significant changes w ere observed in gene expression, with distinct differences in the 

unstimulated transcriptional expression of specific T-cell markers following therapeutic  

intervention with ECT. As previously mentioned, the T-cell activation marker CD25 was highly 

elevated in the severely depressed patients relative to healthy controls. Interestingly, evaluation 

of the transcriptional expression of CD25 3-4 days post treatm ent with ECT revealed a significant 

decrease and normalisation of unstimulated CD25 mRNA levels in the patient cohort. Further to 

this, the increased unstimulated expression of the master regulator of T-reg cells, FoxPS, in the  

severely depressed cohort was also decreased significantly following therapeutic intervention 

with ECT. While no other study has investigated the impact of ECT on T-cell subset gene 

expression, Drexhage et al. (2011a) do suggest that a higher T-reg cell presence at admission in 

psychiatric patients was associated with better clinical outcome at discharge. No other significant 

changes were observed in the transcriptional expression of the T-cell subset markers following 

ECT treatm ent. However despite this, the normalisation of the unstimulated expression levels of 

CD25 and FoxPS following ECT treatm ent is extremely novel and very interesting.

Additionally, assessment of the unstimulated culture supernatants from the patient cohort post 

ECT also revealed some other interesting findings. While ECT did not impact upon the  

unstimulated PBMC production of the inflammatory cytokines IL-6, TNF-a and IL-17, a surprising 

and significant increase in IFN-y was observed in the patient cohort post ECT relative to the  

observed concentrations prior to  ECT treatm ent. However, mere observational analysis of the  

data suggest that it is actually the ECT non-responders who are responsible for driving this 

significant increase in IFN-y production post ECT, while the ECT responders remained largely 

unchanged. Contrastingly, successful ECT treatm ent induced a robustly decreased production of 

the immunoregulatory cytokine IL-10 in the patient cohort which appeared to be more 

pronounced in the responders compared with the non-responders. Given that depression is 

largely associated with a pro-inflammatory profile, an increased expression of the anti

inflammatory cytokine IL-10 may be expected in association with effective antidepressant
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treatment (Dowlati et al., 2010). However, this finding may be confounded by the considerable 

number of smokers in the depressed cohort.

6.4.5 Anti-CD3 stimulated T-cell subset gene expression in severe depression

While some of the earliest findings assessing the involvement of the immune system in the 

pathogenesis of major depression report differences in the numbers of white blood cells 

(neutrophils, NK cells, T and B cells) present in circulation, these findings are questionable given 

the inconsistencies between studies and the heterogeneity of the disorder itself (Zorrilla et al., 

2001). However, early assessment of T-cell responses to mitogen stimulation in bereaved and 

severely depressed patients did reveal that stressed and depressed individuals were characterised 

by a suppressed immune-proliferative response upon mitogen stimulation in vitro (Kronfol et al., 

1983, Schleifer et al., 1983, Schleifer et al., 1984, Zorrilla et al., 2001). In the present study, the 

mitogen used to stimulate the T-cells was anti-CD3. Although commonly used in combination with 

its co-stimulatory molecule CD28, by carrying out our in vitro stimulations purely with anti-CD3 

and total PBMCs, we were dependent on monocytic antibody presentation and co-stimulation, 

which most closely represents the in vivo physiological activation process via antigen bound to 

MHC complexes on APCs (Popmihajlov and Smith, 2008).

Stimulation with anti-CD3 resulted in a robust increase in the T-cell activation marker CD25 in the 

depressed patients and control subjects. However, assessment of stimulated transcriptional 

expression of the Th-1 cytokine IL-2 between the depressed patients and control subjects 

revealed that the severely depressed patients had decreased IL-2 mRNA expression levels relative 

to the stimulated expression observed in healthy controls. As IL-2 is responsible fo r promoting 

lymphocyte proliferation, increased expression would be expected following an immune 

challenge as is evident in the healthy control participants (Blume et al., 2011). However, the 

blunted lymphocyte proliferative response observed in the depressed patients is in keeping with 

the early finding by Kronfol et al. (1983) and Schleifer et al. (1984) and is in accordance with the 

reported decrease in phytohaemagglutinin (PHA) stimulated IL-2 production from depressed 

patient culture supernatants (Anisman et al., 1999).

Additionally, anti-CD3 stimulation induced a decrease in the transcriptional expression of IL-10 

relative to unstimulated levels in both the control and depressed cohorts. A comparison o f the 

stimulated IL-10 mRNA expression between healthy controls and depressed patients revealed 

that the depressed patients displayed a greater decrease in IL-10 mRNA expression compared

203



with controls subjects. However, following correction for smoking, the stimulated decrease in IL- 

10 no longer remained significant relative to stimulated control IL-10 expression levels.

Interestingly, while stimulation with anti-CD3 induced a robust increase in FoxP3 at the message 

level in the control participants, mitogen stimulation with anti-CD3 had no impact upon 

transcriptional FoxPS expression in the depressed cohort relative to unstimulated expression 

levels. However, no significant difference was observed on comparison of the stimulated FoxPB 

mRNA expression between depressed patients and control subjects. Therefore, it is possible that 

FoxPB in the unstimulated sample set from the depressed cohort is already at a maximal 

expression level which does not respond further upon secondary stimulation with anti-CD3.

While no other significant findings were observed in the expression of the T-cell subset markers 

between the depressed patients and control subjects, a distinct pattern for the majority of 

markers was observed with a decreased inflammatory signature and blunted immune response 

following mitogen stimulation in the depressed cohort relative to healthy controls. Thus, the T- 

cells in the depressed cohort appear to be in a refractory state, potentially down-regulated or 

impaired by the chronic low grade circulating inflammatory concentrations of the pro- 

inflammatory cytokines IL-6, TNF-a and CRP.

6.4.6 The impact of ECT on the stimulated inflammatory profile in severe depression

Assessment of the stimulated inflammatory profile in the patient cohort following therapeutic 

intervention with ECT revealed some very exciting and novel findings implicating ECT or its 

positive therapeutic efficacy in the normalisation of the apparent blunted mitogen stimulated 

immune-proliferative transcriptional profile, evident in the severely depressed patients prior to 

ECT treatment. As detected in the controls and depressed cohort prior to ECT, a robust expression 

of the T-cell activation marker CD25 was observed at the message level in the depressed cohort 

following a course of ECT treatment; the expression of CD25 was comparable to that observed 

prior to ECT. Interestingly, however, successful treatment with ECT appears to have reversed the 

decreased mitogen-stimulated expression of the lymphocyte proliferation marker IL-2 in the 

patient cohort, w ith the detection of a normalised response in the patient cohort 3-4 days after 

completing a course of ECT treatments. While this is the first study to assess the long-term impact 

of ECT on the transcriptional expression of IL-2 in a severely depressed cohort, this finding is in 

accordance with an early report by Weizman et al. (1994) who also observed a restoration and 

normalisation of mitogen-stimulated IL-2 production following successful antidepressant 

treatment with clomipramine. Additionally, while not significantly different, observational analysis
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indicated that the blunted expression pattern of IFN-y and IL-4 observed in the depressed cohort 

prior to  ECT treatm ent appeared to  be normalising post treatm ent with ECT. Larger sample sizes 

with greater power, in future studies will be necessary to  confirm this. By contrast, the decreased 

stimulated mRNA expression of IL-10 in the depressed cohort relative to the healthy controls 

remained unchanged in the patient cohort post ECT. W hile this finding maybe confounded by 

smoking, the decreased stimulated expression of IL-10 in these patients, prior to, and following, 

ECT treatm ent may reflect a state phenomenon that is not related to any clinical stage. This is not 

the case however, for the T-reg cell master regulator, FoxP3, which is restored to a normal 

transcriptional expression in the unstimulated patient sample set post ECT with a robustly 

elevated transcriptional expression following antl-CD3 stimulation, similar to that observed in the 

healthy control participants.

Therefore, it would appear that successful antidepressant treatm ent with ECT restores the 

blunted mitogen stimulated response observed in the depressed patients prior to treatm ent, with 

the exception of IL-10.

However, while mitogen stimulation with anti-CD3 robustly increased the production of the  

inflammatory cytokines IL-6, TNF-a, IFN-y, IL-17 and IL-10 in culture supernatants post ECT 

relative to  unstimulated levels, on comparison of the stimulated inflammatory production from  

the depressed cohort culture supernatants pre and post ECT, a robustly significant decrease in 

TNF-a, IFN-y, IL-17 and IL-10 was observed in the clinically improved patient cohort following 

successful treatm ent with ECT. This is perhaps related to a possible normalisation of the stress 

response system and increased glucocorticoid receptor functioning, thereby inhibiting NFkB 

mediated cytokine production. However, further data analysis in this study is required to  

elucidate this fully.

6.4.7 Summary

Taken together, the unstimulated elevated transcriptional expression of CD25, indicative of T-cell 

activation, in association with an elevated expression of the master regulator of T-reg cells, FoxP3, 

may suggest the presence of an immunosuppressive T-cell subset. Further to this, secondary 

stimulation with anti-CD3 revealed a decreased expression of IL-2, indicative of decreased T-cell 

proliferative ability in the severely depressed cohort. This decreased expression of IL-2 in the face 

of an immune challenge, in association with an immunosuppressive T-cell phenotype and in the 

presence of chronic low grade circulating inflammation may be representative of a T-cell 

phenotype similar to  that of 'T-cell exhaustion'. Exhausted T-cell are primarily observed during
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chronic viral infections and cancer, the severity of which is associated with increased inhibitory 

receptors and immunoregulatory cells and cytokines, which in turn potentially prolong the 

infection and the chronic inflannmatory signature (W herry et al., 2007, W herry, 2011, 

Utzschneider et al., 2013). However, successful treatm ent with ECT appears to stabilise the 

expression of the T-reg cell markers, in association with increasing the stimulated transcriptional 

expression of IL-2, to a level comparable with that evident in the healthy controls. In essence, ECT 

appears to reboot an exhausted and dysregulated cellular immune response, perhaps as a 

consequence of a normalisation of the glucocorticoid and neurotransmitters systems in the CNS. 

However, the high relapse rate that is commonly associated with ECT may be as a consequence of 

the unresolved chronic low grade circulating inflammatory profile which appears to  be a trait 

marker in this cohort of severely depressed patients. Future longitudinal studies should 

endeavour to assess a cohort of patients over a one year tim e-fram e following successful 

therapeutic intervention with ECT, with a specific interest in changes in their inflammatory profile 

prior to  and following relapse.

6.4.8 Limitations

The findings from this study are extremely novel and provide greater insight into the involvement 

of the various T-cell subsets, specifically T-reg cells in the pathogenesis of severe depression. 

Additionally, this is the first study to assess the long-term impact of the therapeutic intervention 

with ECT on the transcriptional expression of T-cell subset markers and inflammatory cytokine 

production in parallel with a robust decrease in HAM-D 24 scores. However, this study is limited 

by the small number of participants and high variability in the clinical samples. Differences in 

sample number between variables measured are a consequence of patient compliance, sampling 

and experimental error. In future studies, with a greater number of participants, it may be 

possible to assess the inflammatory signature in patients who remit following ECT treatm ent 

relative to those who do not. Additionally, as this study was carried out under real life conditions, 

all patients were medicated. W hile an effect of mediation cannot be ruled out, little to  no change 

in patient antidepressant medication profiles w ere made throughout the duration of the study. 

Thus, the changes observed following ECT treatm ent are likely to be as a result of its therapeutic 

effect. In addition, Stelzhammer et al. (2011) report that certain proteomic inflammatory and 

biological molecules are altered by anaesthesia and muscle-relaxant pre-treatm ent and not 

specifically by ECT. As such, the possibility that this short-acting medication contributes to the  

observed biological changes post treatm ent with ECT cannot be ruled out. However, given that 

the altered cellular transcriptional profiles in depressed patients are normalised in responders to
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ECT, it is more lil<ely that these changes are related to the therapeutic effects of ECT. In addition, 

this study would have been strengthened by specifically identifying the numbers and percentages 

of the distinct T-cell subsets present in the patient and control groups. Future studies should 

consider carrying out detailed flow cytometric analysis to  define the number and percentages of 

the various T-cell subsets in the participants under investigation, as well as carrying out 

proliferation assays on the anti-CD3 stimulated PBMCs to  further examine the apparent blunted 

proliferation response. The isolation of individual cell types and subsequent assessment o f the  

unstimulated and stimulated inflammatory profile would also provide further clarity and 

specifically pinpoint the source of the inflammatory cytokines under investigation, as it is possible 

that acquired immune monocytic activation, downstream of T-cell activation, may also be 

contributing to the inflammatory profile.

However, despite this, much of the research assessing the involvement of T-cells in major 

depression is based on circulating serum and plasma cytokine measures. W hile circulating 

concentrations along with cytokine production in culture supernatants have been assessed, I have 

also characterised the transcriptional expression of the T-cell subset markers in PBMCs, which 

offer the possibility of linking specific biological observations with clinical stages of the depressive 

disorder as is particularly evident in the unstimulated mRNA expression of CD25 and FoxP3 which 

were robustly elevated in the acute phase of illness but returned to control levels following  

cessation of the course of ECT during which tim e a decrease in HAM-D scores was also apparent 

(Le-Niculescu et al., 2007). Further to  this, the comparable transcriptional expression observed 

between blood cells and the brain has led to the suggestion that PBMCs may act as sentinels for 

CNS related disorders (Gladkevich et al., 2004, Liew et al., 2006, Sullivan et al., 2006, Iga et al., 

2008). W ith this in mind and given that mRNA levels are a direct reflection of gene-environment 

interactions and environmental events regulate transcription, the use of mRNA in this ECT study is 

particularly pertinent (Belzeaux et al., 2010).

Furthermore, this study provides evidence contrary to the suggestion by Maes (2011) that 

'stimulated cytokine levels -  under standardised conditions -  reflect the basal production of those 

cytokines'. Certainly, in this study it seems more likely that the stimulated cytokine production is 

representative of cellular immune competence or the ability of the immune cells to respond in the 

face of immune challenge rather than a measure of the current inflammatory status which may be 

better represented by the unstimulated cytokine levels.
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6.4.9 Conclusion

In conclusion, severely depressed patients are characterised by a mild circulating inflammatory 

signature in association with the presence of T-reg cell markers in the absence of an 

immunosuppressive response. Stimulation with theT-cell mitogen anti-CD3 revealed an impaired 

proliferative response and a refractory immune response in the face of an immune challenge. 

However, while ECT did not reduce the elevated circulating cytokine inflammatory profile, it did 

have an impact upon the dysregulated transcriptional expression of the T-cell subset markers, 

normalising the increased unstimulated expression of CD25 and FoxP3 and restoring the blunted 

immune response to mitogen stimulation at the message level. Therefore, it may be suggested 

that severely patients are characterised by a dysregulated innate and adaptive immune response 

which at the level of gene expression is normalised by the therapeutic effects of ECT.
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Chapter 7

General Discussion and Future Directions
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The present thesis examines the relative contribution of the inflammatory and stress response 

systems and activation of the kynurenine pathway and tryptophan depletion to the biological 

basis of major depression, in an effort to identify biomarkers that may be used in the diagnostic 

process and, in turn, facilitate a more targeted and fast acting approach to treating major 

depression, and particularly depression associated with inflammation.

7.1 Inflammation associated depression and the benefits of a targeted 

symptom-wise approach

Given the highly complex and heterogeneous nature of major depression, inflammation is only 

associated with certain subtypes of the depressive condition. Specifically, numerous studies have 

highlighted a role for inflammation in the biological basis of severe or treatm ent resistant 

depression. In line with this, elevated circulating concentrations of the inflammatory cytokines IL- 

6, IFN-y and the acute phase protein CRP w ere observed in the first cohort of severely depressed 

patients under investigation (Chapter 3). Additionally, a comparable circulating pro-inflammatory 

phenotype was observed in the severely depressed patients referred for ECT (Chapter 6), 

evidenced by elevated plasma concentrations of IL-6, TNF-a and CRP. The similar pro- 

inflammatory signature observed between the tw o independent studies is in accordance with 

findings from recent meta-analyses that report increased concentrations of IL-6 and CRP as some 

of the most reproducible and consistent findings associated with depression (Howren et al., 2009, 

Dowlati et a!., 2010, Liu et al., 2012). However, given the heterogeneity and comorbid nature of 

psychiatric disorders, these markers are not specific enough to contribute to the diagnosis of 

major depression (Mossner et al., 2007). Consequently, in an effort to determine more specific 

biomarkers for depression, further assessment of a range of transcriptional whole blood 

inflammatory markers and glucocorticoid inducible genes in depressed patients, in association 

with depression severity and specific symptom clusters, revealed a positive correlation between 

the pro-inflammatory markers IL-ip , TREM-1 and IFN-yRl and depression severity. In addition, 

affective symptoms such as core depression and anxiety were both found to positively correlate 

with IL -ip  and TREM-1 mRNA expression while positive associations between the macrophage 

marker arginase-1 and core depression and between the inflammatory and monocytic markers 

IkB-a, IL-4R and TLR-4 and anxiety were also detected in the depressed cohort. This highlights an 

association between inflammation and specific symptom clusters such as core depression and 

anxiety, while no association was observed between inflammation and the somatic symptoms of 

depression. In accordance with this, Maes and Rief (2012) suggest that the manifestation of 

somatic symptomology is more closely related to  kynurenine pathway activation.
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In addition, stress is commonly associated with an increased inflammatory signature and is 

thought to be a precipitating factor for the onset of major depression in vulnerable individuals. 

Specifically, those exposed to early life adversity are thought to be at greater risk of developing 

depression later in life (Batten et al., 2004, Danese et al., 2008). Depressed patients with a history 

of childhood trauma are often characterised by an elevated inflammatory signature in association 

with glucocorticoid resistance and altered BDNF concentrations both thought to be as a 

consequence of the persistent chronic low grade inflammatory phenotype (Heim et al., 2008b, 

Mondelli et al., 2011). In accordance with this, significant negative correlations were detected 

between BDNF, the GR and its co-chaperone FKBP5 and the severity of early life adversity in the 

depressed cohort. Assessment of the biological profile in association with distinct traum atic early 

life events in the depressed cohort also revealed increased whole blood transcriptional expression 

of IL-ip  and IL-6 in patients reporting childhood abuse while decreased expression of the GR and 

its regulator FKBP5 were associated with neglect.

Taken together, these data support previous literature implicating the inflammatory and 

endocrine systems in the pathophysiology of major depression in certain sub-groups of depressed 

individuals. In addition, the study of whole blood mRNA expression is a novel method in the  

search fo r specific biological markers, in an effort to establish a more personalised treatm ent 

approach for major depressive disorders. Given the crosstalk between circulating peripheral blood 

cells and the CNS, assessment of mRNA levels which directly reflect gene-environment 

interactions may provide a better vantage point to assess the macro and micro changes that 

might be occurring within the CNS. Further to this, given the variety of symptoms that 

characterise depression and the large number of biological systems implicated in the aetiology of 

depressive disorders, the use of a more symptom-wise approach (as demonstrated in Chapter 4) 

to decipher the underpinning pathophysiological mechanisms of individual symptoms may lead 

towards the development of specific biomarkers and hence the development of a more targeted 

and personalised treatm ent approach.

7.2 Kynurenine pathway activation and tryptophan depletion - Its 

relevance to the biological basis of idiopathic major depression

Over the past number of years, a great deal of interest has centred on investigating the potential 

involvement of the kynurenine pathway in the pathogenesis of major depression and as a 

potential link between the cytokine hypothesis of depression and the serotonergic hypothesis of 

depression. In support of this, numerous preclinical reports studying animal models of depression

211



and  clinical s tud ies  assess ing cy tok ine-induced  dep ress ion  have highlighted a possible role for 

kynuren ine pathw/ay activation  in t h e  biological basis o f  dep ress ion  (O'Connor e t  al., 2009a, 

O 'C onnor e t  al., 2009b, W ichers  e t  al., 2005, Raison e t  al., 2010). However, s tud ies  directly 

assessing IDO activity and  kynuren ine p a thw ay  activation in idiopathic d e p re s se d  pa t ien ts  a re  few 

and  limited. In this regard, only tw o  s tud ies  to  d a te  have a s sessed  kynuren ine pa thw ay  activation 

in a co h o r t  o f  id iopathic d e p re s se d  pat ien ts .  Myint e t  al. (2007) re p o r te d  negative a l te ra t ions  in 

th e  n e u ro p ro tec t iv e  branch  of th e  kynuren ine pa thw ay, ref lec ted  as reduced  circulating 

co n c en tra t io n s  of kynurenic acid, while G abbay  e t  al. (2010) o b se rved  a positive association 

b e tw e e n  dep ress ion  severity  in melancholic  pa t ien ts  and  neuro tox ic  kynuren ine pa thw ay  activity 

ref lec ted  by th e  3-HAA/KYN ratio. However, desp i te  this, n e i th e r  s tudy  obse rved  direct ev idence 

of kynuren ine pa th w a y  activation d e m o n s t r a te d  by th e  ab s e n c e  of an increased  concen tra t ion  of 

kynuren ine in associa tion  with  a co n c o m itan t  d ec rease  in t ry p to p h a n  in th e  d e p re sse d  cohort.  

Consequently ,  o n e  of th e  main goals o f  this  thesis  w as  to  as sess  th e  in f lam m atory  profile in 

associa tion  with  IDO expression  and  activity, kynuren ine  pa th w a y  activation and  t ry p to p h a n  

dep le t ion  in m ajor  depress ion .  In co n t ra s t  to  th e  th e o ry  implicating a role for  kynurenine pa thw ay  

activity in th e  pa th o g en es is  o f  depress ion ,  tw o  in d e p e n d e n t  s tud ies  p re se n te d  in this thesis  

clearly d e m o n s t r a te  th a t  while p a t ien ts  with  m ajor  dep ress ion  are  cha rac ter ised  by a mild 

circulating in f lam m atory  p h e n o ty p e  and  a d e c re a s e d  con c en tra t io n  of  to ta l  p lasm a try p to p h an ,  

t h e r e  was no  ev idence  of  kynuren ine pa th w a y  activation. This w as  verified by similar w hole  blood 

t ranscr ip tiona l levels of IDO expression  in d e p re s se d  pa t ien ts  and  contro l sub jects  and  t h e  

ab s e n c e  of an  inc rease  in kynuren ine  and  th e  k y n u ren in e / t ry p to p h a n  ratio, which is th o u g h t  to  be 

indicative of IDO activation, in th e  d e p re s se d  cohort .  Whilst th e  results  from C hapters  3 and  5 a re  

nega tive  in te rm s  of  kynuren ine  pa thw ay  ac tivation in th e  d e p re sse d  pat ien ts ,  it is im por tan t  to  

n o te  th a t  th e  m e th o d s  em ployed  in th e s e  s tud ies  w ou ld  have b ee n  able to  pick up kynuren ine 

pa th w a y  activation  should  it have b een  p resen t .

The d iscrepancies  in th e  ac tivation of  t h e  kynuren ine pa th w a y  obse rved  b e tw e e n  th e  m ajo r  

d e p re s se d  p a t ien ts  u n d e r  investigation in this  thes is  and  cy tokine-induced dep ress ion  described  

in t h e  li tera ture ,  a re  m o s t  likely to  be  a t t r ib u tab le  to  th e  d ivergent in f lam m atory  profiles b e tw e e n  

th e s e  tw o  distinct conditions. A mild in f lam m atory  s igna tu re  w as  o b se rved  in bo th  of t h e  

d e p re s se d  coho r ts  u n d e r  investigation, w ith  bo th  coho r ts  displaying e leva ted  circulating 

co n c en tra t io n s  of  t h e  in f lam m atory  cytokine IL-6 and  t h e  a c u te  phase  p ro te in  CRP. However, as 

descr ibed  in C hap te r  3, a l though  key in f lam m atory  m arke rs  w e re  significantly g re a te r  relative to  

controls,  t h e  level o f  inf lam m ation in th e  d e p re s se d  cohor t  still fell within th e  norm al range. 

Consequently ,  this  low g rad e  in f lam m atory  profile ap p e a rs  to  be insufficient to  drive t h e  

periphera l ac tivation of  th e  kynuren ine p a th w a y  co m p ared  with th e  over t  inf lam m ation a n d
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c o n s e q u e n t  IDO activity o b se rved  in medically ill pa t ien ts  undergo ing  im m u n o th e ra p y  in t h e  form 

of  IL-2orlFN-a.

The die tary  am ino  acid t ry p to p h a n  is th e  essen tia l  p recu rso r  to  s e ro to n in  p roduc tion  in t h e  brain. 

As such, d e c re a s e d  circulating t ry p to p h a n  availability, com m only  o b se rved  in pa t ien ts  with 

depress ion ,  is th o u g h t  to  have a nega tive  im pact on cen tra l  se ro to n in  production ,  culm inating  in 

t h e  a l te red  regula tion  of  m ood ,  s leep ,  cognition  and  em o tio n ,  co re  sy m p to m s  th a t  f e a tu re  heavily 

in t h e  diagnosis  of m ajo r  depress ion .  C onsis ten t  w ith  t h e  l i tera ture ,  circulating t ry p to p h a n  

co n c en tra t io n s  w e re  reduced  in bo th  of  t h e  d e p re s se d  co h o r ts  u n d e r  investigation. H owever, in 

th e  ab sence  of  kynuren ine  p a th w a y  activation , th e  m echanism (s)  responsib le  for t h e  dep le tion  of 

t ry p to p h a n  in pa t ien ts  with m ajo r  d ep ress ion  rem ain  to  b e  e luc ida ted .  Interestingly, successful 

th e ra p e u t ic  in te rven tion  with ECT resu lted  in th e  re s to ra t io n  and  m a in te n a n c e  of  periphera l 

t ry p to p h a n  co n c en t ra t io n s  over  a 3-4 day period (Chapter  5). Previous findings have  sugges ted  

positive effec ts  of ECT on  n e u ro t r a n s m i t te r  sy s tem s  and  r e c e p to r  expression  and  function  bo th  in 

th e  pe r iphery  and  t h e  CNS (see  fo r  review W ahlund  and  von Rosen (2003)). In addition ,  while 

dec reased  circulating c o n c en tra t io n s  of t ry p to p h a n  have  b ee n  o b se rved  in IFN-a induced 

depress ion ,  t ry p to p h a n  co n c en tra t io n s  a re  m a in ta ined  in th e  CNS (Raison e t  al., 2010). It is 

possible th a t  t h e  reduc tions  in circulating t ry p to p h a n  co n c en t ra t io n s  reflect o r  indicate  a l te red  

processes  in t h e  CNS re la ted  to  in f lam m ation  o r  kynuren ine p a th w a y  activity, which in tu rn  may 

be positively regu la ted  following r e p e a te d  t r e a tm e n t  w ith  ECT.

Further  to  this, and  given th e  in f lam m atory  p h e n o ty p e  o f ten  as soc ia ted  with m ajo r  depress ion ,  

secondary  im m u n e  st im ula tion  m ight be e x p e c ted  to  p ro d u ce  an exa g g e ra ted  in flam m atory  

response  in associa tion  with kynuren ine  pa th w a y  activation  in t h e  d e p re s se d  cohort.  This, 

how ever,  w as  no t th e  case , with co m p arab le ,  if no t  b lun ted  p roduction  of  in flam m atory  cytokines 

obse rved  in d e p re s se d  p a t ien ts  w h e n  c o m p a re d  to  contro l subjects .  In addition ,  while isolated 

cells from  d e p re s s e d  p a t ien ts  w e re  cap ab le  of inducing kynuren ine  p a th w a y  activation, 

s tim ulation  of  T-cells had a g r e a te r  p ropensity  to  induce an  inc reased  p roduction  of  kynurenine  

and  d e p le te d  t ry p to p h a n  con c en tra t io n  in t h e  d e p re sse d  co h o r t  c o m p a re d  with in n a te  im m une  

stimulation. H ow ever,  similar to  t h e  p roduc tion  of in f lam m atory  cytokines, t h e  ability o f  pa t ien t  

cells to  induce  kynuren ine  p a th w a y  activation  w as of  a low er m ag n itu d e  relative to  th a t  obse rved  

in th e  contro l  partic ipan ts .  Interestingly, how ever,  a s se s s m e n t  of s t im u la ted  im m u n e  responses  

following ECT t r e a tm e n t  revealed  a d ec re a s e d  s t im u la ted  in f lam m atory  profile in ac co rd an c e  with 

th e  com ple te  abolition  of  IDO activity and  kynuren ine p a th w a y  activation. This suggests  th a t  th e  

effect o f  ECT has t h e  po ten tia l  ability to  regu la te  t h e  activity of t h e  kynuren ine  p a thw ay  and
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increase tryptophan concentrations, which, even when subjected to secondary immune 

stimulation, remain unaltered and elevated with respect to pre ECT concentrations.

7.3 T-cells and depression -  A role for T-reg cells?

T-cells and the adaptive immune response are responsible for orchestrating specific immune 

responses and targeted cell-mediated immune activation with a central role in immune defence. 

In addition, emerging evidence in recent years highlights an important role for T-cells in a 

neuroprotective and immunosuppressive capacity in relation to stress and inflammation (Lewitus 

and Schwartz, 2009, Lewitus et al., 2009, Rook et al., 2011). This is an interesting concept as the 

earliest reports investigating the association between inflammation and depression are in direct 

contrast to a more active T-cell role, with the suggestion that stress and severe depression 

negatively affect T-cell function with reduced responses upon mitogen stimulation (Irwin and 

Miller, 2007, Zorrilla et al., 2001). As research into acquired immune responses and particularly T- 

cell expression and function has been extremely limited in major depression (M iller, 2010), it was 

interesting to find a decreased mitogen stimulated IL-2 mRNA expression in the depressed cohort 

(Chapter 6). Given that IL-2 is essential for T-cell proliferation, decreased IL-2 mRNA expression in 

the face of an immune challenge suggests an altered T-cell response and a reduced proliferative 

capacity in depressed patients, which is in agreement with early findings from the 1980's (Kronfol 

et al., 1983, Schleifer et al., 1983, Schleifer et al., 1984). Additionally, the decreased mitogen 

stimulated IL-2 expression was also accompanied by a non-significant but apparent blunted 

inflammatory response, specifically in relation to IFN-y and IL-4 at the message level. These 

findings, are perhaps in line with the observed reduction in circulating tryptophan availability in 

the depressed cohort given its importance in normal T-cell proliferative responses and evidence 

of T-cell apoptosis during periods of tryptophan deficiency (Lee et al., 2002). Reduced T-cell 

proliferation and function may also be a consequence of the immunosuppressive effects of T-reg 

cells.

While some reports suggest alterations and an imbalance in T-cell subset cytokine production in 

depressed patients with findings in favour of an elevated presence of Th-1 cell cytokine 

production such as IFN-y, in association with a decreased production of the Th-2 cytokine IL-4 or 

immunoregulatory m ediator TGF-P, there was no difference in the unstimulated PBMC expression 

of cytokine and transcription factor markers for Th-1 or Th-2 cells or in the unstimulated 

production of pro or anti-inflam m atory cytokines in the depressed cohort.

214



However, in accordance with more recent findings highlighting a potential role for T-reg cells in a 

protective capacity, it was also interesting to discover a robust increase in the transcriptional 

expression of T-reg cell markers CD25 and FoxP3, in unstimulated PBMCs isolated from severely 

depressed patients. W hile an elevated presence of T-reg cells has been reported in bipolar and 

schizophrenia patients (Drexhage et al., 2011a, Drexhage et al., 2011b), the general consensus in 

the literature suggests that T-reg cells and their immunosuppressive capacities may be down- 

regulated in severely depressed patients which may occur in combination with an increase in the  

presence of pro-inflammatory Th-17 cells, given that severe depression is often characterised by a 

circulating pro-inflammatory phenotype. However, while Th-17 cells are highly implicated in the 

pathogenesis of numerous inflammatory and autoimm une disorders, no published report to date 

has assessed their potential contribution to the biological basis of major depression. 

Consequently, there is no direct clinical evidence to date to support or refute the imbalance of T- 

regs and Th-17 cells in major depression.

One mechanism by which T-reg cells exert their inhibitory effects is via the production of 

im munoregulatory cytokines IL-10 and TGF-p. However, elevations in the unstimulated expression 

of the immunoregulatory and anti-inflam m atory cytokines IL-10 and TGF-P were not observed in 

the depressed cohort. Alternatively, T-reg cells can also exert their immunosuppressive effects 

and alter immune cell function, through the expression of Cytotoxic T-Lymphocyte Antigen 4 

(CTLA-4) which acts to obstruct the CD28-B7 co-stimulatory pathway between antigen presenting 

cells and T-cells and in turn promote the production of IFN-y by antigen presenting cells and the 

depletion of tryptophan through the induction of the kynurenine pathway (Fallarino et al., 2003). 

However, despite the presence of T-reg cell markers, in the absence of kynurenine pathway 

activation and a lack of evidence to support immune suppression, it is questionable as to whether 

these cells expressing T-reg markers were functional. Furthermore, secondary immune 

stimulation did not increase the expression of FoxPS in the depressed cohort, with unstimulated 

mRNA expression of FoxP3 in the depressed cohort comparable with that observed in the control 

samples following anti-CD3 stimulation. Consequently, it appears that the expression of the T-reg 

cell master regulator in the depressed cohort is at a maximal expression level in the depressed 

cohort. In light of data which demonstrates T-reg cell induced immunosuppression via the 

depletion or uptake of the immunoproliferative stimulus IL-2, the decreased transcriptional 

presence of IL-2 following mitogen stimulation with anti-CD3 may be related to the presence of 

regulatory T-cells. However, there is no direct evidence in support o f functional T-reg cell activity. 

This, in association with a blunted im munoproliferative response following mitogen stimulation, 

may also be as a result of inflammation itself, considering the effects of chronic TNF-a exposure 

on T-cell proliferation, cytokine production and apoptosis and its disruptive effects on T-cell
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re c e p to r  signalling and  NFkB ac tivation, culm inating  In non -responsive  T-cells (Cope e t  al., 1994, 

Cope e t  a!., 1997, Lee e t  al., 2008, Nie e t  al., 2013). F u r the rm ore ,  chronic inf lam m ation is also 

th o u g h t  to  impair g lucocorticoid re c e p to r  expression and  function  and  th e  disruption of MARK 

signalling and  STAT-mediated GR trans loca t ion  to  th e  nucleus, in addition  to  p rom oting  a steroid  

re frac to ry  p h e n o ty p e  via t h e  expression  of  th e  inactive be ta  isoform of th e  glucocorticoid 

r e c e p to r  (Goleva e t  a!., 2002, W ang e t  a!., 2004, Schewitz e t  al., 2009). As a c o n seq u e n ce ,  it is 

th o u g h t  t h a t  T-cells a r e  no longer capab le  of  respond ing  to  vital n eu ro e n d o c r in e  trafficking signals 

and  t h e  m obilisation of T-cells to  th e  brain, w h ere ,  in t im es  of  s tress ,  th e y  im part n eu rop ro tec t ive  

effects  (Miller, 2010). Specifically, w/hile glucocorticoids act t o  d a m p e n  th e  in flam m atory  

re sponse ,  th e y  also p ro m o te  a shift in T-cell sub type ,  from  pro-in f lam m atory  Th-1 cells to  an t i

in f lam m atory  IL-4 expressing Th-2 cells (Elenkov and  Chrousos, 1999, El-Etr e t  al., 2005). Kipnis 

and  co l leagues  have highlighted a vital role for  adap tive  im m une  resp o n se s  in th e  m a in te n an c e  of 

norm al cognitive function , learning and  m e m o ry  (Kipnis e t  al., 2004), while o th e r  preclinical 

s tud ies  have d e m o n s t r a te d  t h e  im p o r ta n ce  of  t h e  adap tive  im m u n e  response  and  th e  positive 

effec ts  o f  IL-4 on cognition in m odels  of aging and  Alzheimer's d isease  (Cao e t  al., 2009, Loane et 

al., 2009). Additionally, preclinical ev idence  has d e m o n s t r a te d  se v e re  cognitive im pa irm en t in 

associa tion  with  a l te ra t ions  in BDNF co n c en tra t io n s  and  an e leva ted  pro-in f lam m atory  signature  

in th e  ab s e n c e  of  functional T-cell activity and  norm al trafficking of  IL-4+ T-cells to  th e  CNS via 

m en ingea l  spaces  and  t h e  choro id  plexus (Derecki e t  al., 2010). As such, a l te ra t ions  in T-cell 

function  and  trafficking as a c o n s e q u e n c e  of inflam m ation and  glucocorticoid resis tance m ay have 

d e t r im en ta l  co n s e q u e n c e s  and  co n t r ib u te  to  im paired  cognitive resp o n se s  com m only  o b se rv e d  in 

psychiatric and  n e u ro d e g e n e ra t iv e  d isorders.

C onsequently ,  while a deficiency in T-reg cell p re se n ce  a n d /o r  function  may con tr ibu te  to  th e  

in f lam m atory  s igna tu re  in dep re ss io n  as well as a l te ra t ions  in m onoam ine rg ic  neuro transm iss ion ,  

cu lm inating  in dep ress ive  like behav iour  as d e m o n s t r a te d  pre-clinically by Kim e t  al. (2012), an 

e lev a ted  p re se n ce  of  T-reg cells m ay also have unfavourab le  co n s e q u e n c e s  by interfering and  

supp ress ing  norm al functioning of t h e  adap tive  im m u n e  response .  This d e b a te  regarding th e  

relative contr ibu tion  of  T-reg cells to  th e  p rogression  or  p ro tec tion  of  im m une  re la ted  d iso rders  is 

also of  particular  in te re s t  in ca n ce r  research  a t  p re se n t  (Banerjee e t  al., 2013). Consequently ,  it 

a p p e a rs  t h a t  dep ress ion  and  o th e r  im m une  re la ted  conditions a re  p e rh ap s  in par t  a c o n s e q u e n c e  

of a dysregu la ted  im m u n e  re sp o n se  ra th e r  th a n  a condition  mainly typified by an a l te red  

express ion  and  p roduction  of  inna te  im m u n e  m arke rs  in favou r  of  a p ro-inflam m atory  s ignature .

In line with  this  th o u g h t ,  this  thes is  p re se n ts  d a ta  th a t  clearly d e m o n s t r a te  a norm alisat ion  of th e  

transc r ip tiona l  expression  of  im m u n e  m arkers  in p a t ien ts  w ho  respond  the rapeu tica lly  to  ECT.
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W hile t h e  m echan ism  of ECT and  its im pac t on  im m u n e  function  rem ain  largely u nknow n ,  it is 

c lea r  from  this s tudy  (C hap ter  6) th a t  th e  effect of ECT has a s t rong  positive influence, result ing in 

t h e  res to ra t ion  of  a l te red  PBMC im m u n e  function. This w as  ev idenced  by th e  re -es tab lished  

s t im u la ted  t ransc r ip tiona l  express ion  of IL-2 along with  norm alisa t ion  of t h e  un s t im u la ted  

exp ress ion  of  t h e  T-reg cell m arkers  CD25 and  FoxP3, which w h e n  s t im u la ted  with anti-CD3 post 

ECT, resp o n d  in a m a n n e r  c o m p arab le  to  th a t  o b se rved  in contro l  partic ipants.  Thus, it a p p e a rs  

t h a t  ECT has th e  ability to  r e b o o t  a refrac to ry  im m u n e  cell re sp o n se ,  t h e  effec ts  o f  which can  be 

s e e n  3-4 days following t h e  cessa tion  of  t h e  cou rse  of ECT. Despite this, th e  increased  circulating 

in f lam m atory  s igna tu re  rem ains  u n a l te red ,  which m ay r e p r e s e n t  a t ra i t  m arke r  fo r  d ep ress ion  in 

t h e s e  pa t ien ts .  It w ou ld  be  very  in te res ting  to  follow up  on th e s e  pa t ien ts  over  a o n e  y e a r  t i m e 

f ra m e  and  assess  if th is  pe rs is ten t  in flam m atory  s igna tu re  is a p red ic to r  of re lapse  in this p a t ien t  

cohort .
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Figure 7.1 Thesis summary. Inner circle: (a) Both the cross sectional cohort of severely depressed patients 

and the independent ECT cohort, under investigation in this thesis, were characterised by a mild circulating 

inflammatory phenotype and depleted tryptophan availability, but in the absence of any evidence to 

suggest tha t the kynurenine pathway was activated, (b) However, despite this, in vitro immune stimulation 

studies, in PBMCs isolated from the patient cohort prior to ECT treatment, revealed that isolated PBMCs 

from severely depressed patients were capable of inducing kynurenine production and tryptophan 

depletion, particularly following mitogen stimulation w ith anti-CD3 (T-cell stimulus), (c) Severely depressed 

patients prior to  ECT were also characterised by an elevated unstimulated PBMC expression of the T-cell 

activation marker CD25 and the master regulator fo r T-cells, FoxP3, perhaps indicating a role fo r T-reg cells? 

(d) In addition to this, the decreased anti-CD3 stimulated expression of IL-2 in the depressed cohort prior to  

ECT may be indicative of a decreased immunoproliferative response, (e) Analysis of the cross-sectional 

cohort using a more specific symptom-wise approach revealed that affective symptom clusters, such as, 

core depression and anxiety, were positively associated w ith the innate immune cytokine IL-1(3 and 

activating receptor, TREM-1. Outer circle -  assessing the effect of ECT: Despite a robust decrease in 

depression severity for ECT treatment, the circulating inflammatory measures remained elevated, perhaps 

representative of a state-independent marker. However, w ith effective ECT treatment, tryptophan 

availability, in circulation and at a cellular level, was restored, the ability of stimulated T-cells to induce 

kynurenine pathway activity was reduced and the abnormal cellular expression of adaptive immune 

markers was normalised following successful ECT treatment. ECT: electroconvulsive therapy; FoxP3: 

Forkhead box P3; IL: Interleukin; KYN; kynurenine; PBMC: peripheral blood mononuclear cell; TREM-1: 

triggering receptor expressed on myeloid cells-1; TRP: tryptophan.
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7.4 Future Directions

Alterations in the stress response system are some of the most reproducible findings observed in 

depressed populations with a large percentage of depressed patients characterised by elevated 

circulating concentrations of cortisol in association with diminished glucocorticoid receptor 

expression, sensitivity and function otherwise known as glucocorticoid resistance. Consequently, 

further investigations should assess circulating cortisol concentrations in severely depressed 

patients referred for ECT. Given that cortisol is commonly elevated in depressed populations one 

may expect to  find elevated plasma cortisol concentrations. W hile cortisol is a potent 

immunosuppressive agent that acts to restore bodily homeostasis in response to stress, to  date 

there is no direct evidence linking increased cortisol concentrations and decreased T-cell 

responses in depression. Consequently, it would be interesting to assess if increased cortisol 

concentrations were negatively associated with the diminished T-cell proliferative response 

evidenced by the decreased transcriptional expression of IL-2 in the depressed cohort prior to  ECT 

treatm ent. However, the persistent presence of chronic low grade inflammation is also thought to 

be responsible for the manifestation of an altered stress response system and glucocorticoid 

resistance. To investigate this, in vitro exposure of isolated patient PBMCs to the synthetic 

glucocorticoid dexamethasone for 24 hours would perm it the assessment of glucocorticoid 

resistance via the transcriptional expression of glucocorticoid inducible genes, with a particular 

interest in the glucocorticoid receptor and its co-chaperone FKBP5. In light of data in support of 

an altered response to dexamethasone and glucocorticoid resistance in the patient cohort, 

further assessment of the altered inhibitory effects of dexamethasone could be assessed by co- 

incubating patient PBMCs with dexamethasone and immune stimuli such as LPS or anti-CD3, with 

the expectation that the ability of dexamethasone to suppress proliferation and immune response 

would be reduced. W hile previous studies have reported data in support of this theory (Pariante 

and M iller, 2001), to my knowledge, no study has assessed the impact of ECT treatm ents on 

PBMC glucocorticoid sensitivity in severely depressed patients.

As described in the introduction (Section 1.9) preclinical studies indicate that psychological stress 

increases gut permeability thereby enabling gut flora to  access the systemic system. In line with  

this observation, Maes et al. (2008) have reported the presence of antibodies against endotoxin 

from a number of commensal bacteria in plasma from  depressed patients. Consequently, it is 

possible that LPS from  commensal bacteria could stimulate a systemic low grade inflammatory 

response in depressed patients however this remains to be fully elucidated. To investigate this 

hypothesis, future studies should measure circulating endotoxin concentrations in depressed 

patients and control subjects.

219



The adap tive  im m u n e  re sponse ,  and  specifically th e  relative contr ibu tion  of  T-cells with a 

particu lar  in te re s t  in T-reg cells and  Th-17 cells, is an  exciting area  of in te res t  in dep ress ion  and 

certainly w arra n ts  fu r th e r  investigation. While Th-17 cells have b ee n  identified as major 

con tr ibu to rs  to  th e  p a thogenes is  of m any  inf lam m atory  and  a u to im m u n e  d isorders  th e ir  p resence  

in psychiatric d iso rders  o r  th e ir  con tr ibu tion  t o  th e  biological basis o f  m ajo r  dep ress ion  rem ains to  

be  d e te rm in e d .  Future s tud ies  should  e n d e a v o u r  to  identify bo th  Th-17 and  T-reg cell populations 

using flow cy tom etr ic  analysis. The l i te ra tu re  assessing t h e  relative contr ibu tion  of T-reg cells in 

d ep ress ion  is sp a rse  and  varied  and  given t h e  complexity  of regula tory  T-cells and  the ir  diverse 

m echan ism s  of action, fu tu re  s tud ies  should  profile a g re a te r  range  of T-reg cell m arkers  and 

o th e r  FoxP3 inducible g en e s  such as CTLA-4 and  glucocorticoid-induced TNFR family re la ted  g ene  

(GITR) as well as t h e  expression  of p ro g ra m m e d  cell d e a th  p ro te in  (PD)-l and  T cell 

im m unoglobulin  mucin (Tim)-3 which a re  also found  on ex h a u s te d  T-cells and  T-reg cells. It would 

also be  of  in te res t  to  assess  t h e  p re se n ce  o r  ab sen c e  of CD127, as th e  ab sen c e  of CD127 in 

associa tion  with  increased  expression  of  CD25 and FoxP3 on im m une  cells confers p o te n t  

im m unosuppress ive  capacities.  Consequen tly ,  th e  p re se n ce  o r  ab s e n c e  of th e s e  m arkers  may 

provide  a g re a te r  indication into th e  role regula to ry  T-cells a re  playing, if any, and  su bsequen t ly  

w h e th e r  th e y  are  contr ibu ting  in a n eu ro p ro tec t iv e  or  im m unopatho log ica l  capacity.

In addition, given th a t  IL-2 is a p o te n t  inducer  o f  T-reg cells, an induction of  which has been  

o b se rv e d  following IL-2 th e ra p y  for  th e  t r e a tm e n t  o f  ca n ce r  (A hm adzadeh  and  Rosenberg, 2006), 

it w ould  be ex trem ely  in te res ting  to  assess  if th is  robust  induction of  regula tory  T-cells has a role 

to  play in th e  m an ifes ta tion  of  cytokine induced  depress ion .  This is even  m o re  p er t inen t  given 

th a t  cytokine induced d ep ress ion  is strongly  assoc ia ted  with  kynuren ine pa th w a y  activation and 

t ry p to p h a n  dep le tion ,  which is also a p o te n t  stim ulus fo r  T-reg cell expansion. In tu rn ,  increased 

expression  and  function  of  th e  inhibitory r e c e p to r  CTLA-4 m ay result in t h e  suppress ion  of T-cell 

re sp o n se s  in associa tion  with  th e  activation  of  IDO and  th e  s u b s e q u e n t  fu r th e r  dep le tion  of 

t ry p to p h a n .  C onsequent ly ,  it is possible t h a t  t h e  im m unosuppress ive  effects  of T-reg cells could 

be  a contribu ting  fac to r  to  t h e  m an ifes ta t ion  of  cytokine induced  depress ion .  This is an exciting 

a re a  of  in te res t  which w a r ra n ts  f u r th e r  investigation.

With regard  to  th e  kynuren ine pa thw ay ,  while  no d irect periphera l ev idence  indicates kynurenine 

p a th w a y  activation in idiopathic m ajo r  dep ress ion ,  no s tudy  to  d a te  has as sessed  central 

kynuren ine  pa th w a y  activation. Consequen t ly ,  fu tu re  s tud ies  should  try  to  avail of CSF from  

severely  d ep re s se d  idiopathic m ajo r  depress ives  and  in a similar m a n n e r  to  s tud ies  by Raison and 

colleagues, ev a lu a te  th e  activity of  t h e  kynurenine pa th w a y  in th e  CNS. In tu rn ,  this may shed  light 

on  th e  m echan ism s  behind  th e  dim inished periphera l  availability o f  t ry p to p h a n  o f ten  obse rved  in
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d e p re s se d  p a t ien ts  as it is possible th a t  th e  d e c re a s e d  t ry p to p h a n  co n c en t ra t io n s  a re  as soc ia ted  

w ith  a l te red  in f lam m ato ry  p rocesses .

W hile n u m e ro u s  fac e ts  o f  t h e  in f lam m atory  re sp o n se  sy s tem  have been  as sessed  in this thesis  

and  particularly a t  t h e  m e ssag e  level using th e  w ho le  b lood PAXgene sys tem  which p rese n ts  a 

novel ap p ro a ch  in t h e  sea rch  fo r  b iom arkers  o f  dep re ss io n ,  it is devoid  of  a s se s s m e n t  o f  w hole  

b lood expression  of  chem ok ines  and  th e i r  recep to rs .  Given t h e  s t rong  ev idence  implicating 

chem ok ines  in t h e  p a th o g en e s is  of d ep ress ion  (Rajagopalan e t  al., 2001, Suarez e t  a!., 2003), 

f u tu re  s tud ies  shou ld  assess  PAXgene ch e m o k in e  express ion  as a po ten tia l  b iom arker  for 

d ep ress ion  in associa tion  with t h e  a s se s s m e n t  of circulating ch e m o k in e  concen tra t ions .  Given 

th e i r  role in th e  m ed ia t io n  of  im m u n e  cell trafficking to  s ites  of in f lam m ation  o r  injury, chem ok ine  

m e d ica te d  im m u n e  cell trafficking to  th e  brain in p a t ien ts  with  m a jo r  d ep ress ion  should  be 

explored.

Given th a t  d ep re ss io n  is primarily a d iso rder  o f  th e  CNS, fu tu re  s tud ies  in this field should  

e n d e a v o u r  to  c o m b in e  t h e  advances  in imaging and  PET scanning  with  a l te ra t ions  in biological 

m arke rs  in dep re ss io n  in an effort  to  gain a m o re  c o m p re h en s iv e  view of  th e  changes  th a t  a re  

occurring in t h e  d e p re s se d  brain and  how  changes  in pe r iphera l  biological sys tem s  and  im m une  

m arkers  a re  impacting, con tr ibu ting  to ,  o r  a re  as a c o n s e q u e n c e  of, a l te red  CNS functioning in 

living pa t ien ts .  This ty p e  of  analysis would  b e  m o s t  in te resting  prior to  and  following th e ra p e u t ic  

in te rven tion  with ECT. The com bina t ion  of  th e s e  m e th o d s  m ay provide a m o re  t a rg e te d  ap p roach  

in th e  search  fo r  b iom arkers  with  an  u l t im a te  goal to  dev e lo p  persona lised  t r e a tm e n t  s tra teg ies  

fo r  p a t ien ts  with  m ajo r  dep ress ive  d isorders .
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Tryptophan depletion in depressed patients occurs independent 
of kynurenine pathway activation

Martina M. Hughes, Angela Carballedo, Declan M. McLoughlin, Francesco Amico, Andrew Harkin,
Thomas FrodI, Thomas J. Connor

The kynurenine pathway (KP) and its rate-limiting tryptophan degrading enzyme indolamine 2,3- 

dioxygenase (IDO) have been implicated in the pathogenesis of depression. IDO expression is 

driven by inflammatory cytokines, and has been suggested as the link between inflammation and 

a serotonergic deficit in depression. Studies also indicate that inflammatory cytokines upregulate 

the serotonin transporter (SERT), representing another mechanism by which inflammation could 

influence serotonin availability. Here we examined circulating concentrations of inflammatory 

cytokines (IFN-y, TNF-a, IL-lp, IL-6), and the acute phase protein CRP alongside plasma 

tryptophan, kynurenine, kynurenic acid (KYNA) and 3-hydroxyanthranilic acid (3-HAA) 

concentrations, and whole blood mRNA expression of IDO, kynurenine aminotransferases (KAT I 

and II), kynurenine-3-monooxygenase (KMO), kynureninase and SERT in patients with major 

depressive disorder (MDD) compared with age and sex-matched controls. Whilst no changes in 

TNF-a or IL-1(3 were observed, plasma concentrations of IL-6, IFN-y and CRP were increased in the 

depressed cohort. Despite this inflammatory phenotype, IDO expression or plasma kynurenine 

were not significantly different between MDD patients and controls. In addition, there was no 

difference between controls and depressives in concentrations of KYNA and 3-HAA, or in 

expression of enzymes KAT, KMO or kynureninase that drive their production. Nonetheless, a 

depletion in tryptophan was evident in depressed patients and was correlated with HAM-D 

scores. In addition, we failed to observe any difference in SERT mRNA expression in the blood cells 

from patients with MDD relative to controls. These data support the idea that a mild 

inflammatory signature is evident in MDD and is accompanied by reduced circulating tryptophan 

concentrations. However, we found no indication of KP activation in the depressed cohort 

suggesting that an alternative mechanism mediates the depletion of tryptophan observed. Taken 

together these data question the ability of the mild inflammatory phenotype observed in 

depression to induce molecules such as IDO and SERT that could negatively impact upon 

serotonergic functioning.
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Published in Translational Psychiatry, 2012 March; 2(3): e88

Reduced expression of glucocorticoid-inducible genes GILZ and SGK-1: high IL-6 levels are 
associated with reduced hippocampal volumes in major depressive disorder

T. FrodI, A. Carbaliedo, M. M. Hughes, K. Saleh, A. Fagan, N. Skokauskas, D. M. McLoughlin,
J. Meaney, V. O'Keane, and T. J. Connor

Neuroplasticity may have a core role in the pathophysiology of major depressive disorder (MDD), 

a concept supported by experimental studies that found that excessive cortisol secretion and/or 

excessive production of inflammatory cytokines impairs neuronal plasticity and neurogenesis in 

the hippocampus. The objective of this study was to examine how changes in the glucocorticoid 

and inflammatory systems may affect hippocampal volumes in MDD. A multimodal approach with 

structural neuroimaging of hippocampus and amygdala, measurement of peripheral inflammatory 

proteins interleukin (IL)-6 and C-reactive protein (CRP), glucocorticoid receptor (GR) mRNA 

expression, and expression of glucocorticoid-inducible genes (glucocorticoid-inducible genes 

Leucin Zipper (GILZ) and glucocorticoid-inducible kinase-1 (SGK-1)) was used in 40 patients with 

MDD and 43 healthy controls (HC). Patients with MDD showed smaller hippocampal volumes and 

increased inflammatory proteins IL-6 and CRP compared with HC. Childhood maltreatment was 

associated with increased CRP. Patients with MDD, who had less expression of the glucocorticoid- 

inducible genes GILZ or SGK-1 had smaller hippocampal volumes. Regression analysis showed a 

strong positive effect of GILZ and SGK-1 mRNA expression, and further inverse effects of IL-6 

concentration, on hippocampal volumes. These findings suggest that childhood maltreatment, 

peripheral inflammatory and glucocorticoid markers and hippocampal volume are interrelated 

factors in the pathophysiology of MDD. Glucocorticoid-inducible genes GILZ and SGK-1 might be 

promising candidate markers for hippocampal volume changes relevant for diseases like MDD. 

Further studies need to explore the possible clinical usefulness of such a blood biomarker, for 

example, for diagnosis or prediction of therapy response.
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