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Overview 

 

Depression is a leading cause of disability. The World Health Organisation 

estimates that over 320 million people around the world are affected by 

depression. To date, scientists and clinicians are still finding ways to better 

understand and treat depression. One hypothesis suggests that depression 

is a disorder of the inflammatory system, and that treatment will involve 

modulating the immunoinflammatory response. This thesis will delve into 

whether specific inflammatory insults are associated with depression, and 

whether the treatment of depression is immunomodulatory in nature. 

 

The first chapter examined the relationship between depression and 

episodes of infection and injury, using data from a large population database 

and hospital-linked records. It also examined the relationship between 

depression and the use of anti-inflammatory agents. The second chapter 

examined whether the treatment of depression with a potent and rapid-

acting antidepressant drug, ketamine, was associated with 

immunomodulatory changes in rodents. This chapter also examined the 

role of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) in 

mediating ketamine’s antidepressant effect. 



 

Hospitalisation for either infection or injury was associated with higher 

odds of recurrent depression. The consumption of fish oil supplements was 

associated with lower odds of recurrent depression, but the use of non-

steroidal anti-inflammatory drugs was associated with higher odds of 

recurrent depression. In rodent models of depression, ketamine treatment 

altered the morphology of microglia as well as the messenger ribonucleic 

acid expressions of microglial activity. Further experiments determined that 

the AMPA pathway was crucial to ketamine’s antidepressant effect. 

 

Key findings in this thesis support the immunoinflammatory hypothesis of 

depression. Future research should place emphasis on identifying 

inflammatory risk factors for depression and developing novel treatment 

approaches that target inflammation signalling pathways.     
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Chapter I 

Depression as a model of immunoinflammatory disease 

 

A) Introduction 

 

Depression 

Major depressive disorder (MDD) is a leading contributor to global 

burden of disease. It is estimated that over 350 million people 

worldwide suffer from depression1,2. MDD is not merely transient low 

mood in response to life’s challenges but a mental disorder that can be 

chronic, debilitating and life-threatening.  

 

The standardised diagnostic criteria in the International Statistical 

Classification of Diseases and Related Health Problems (ICD)3 or 

Diagnostic and Statistical Manual of Mental Disorders (DSM)4 can be 

used to diagnose MDD. A major depressive episode is characterised by 

core symptoms of persistent low mood and/or anhedonia, accompanied 

by other symptoms such as changes to appetite and  sleep, behavioural 
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activation, fatigue, impaired cognition, feelings of excessive guilt or 

worthlessness, and suicidality. MDD, or clinical depression, differs from 

temporary feelings of sadness that one might experience at some point 

in life. In MDD, this sadness is more intense and prolonged, and co-

occurs with many of the other depressive symptoms mentioned above, 

resulting in significant distress and functional impairment.   

 

A patient with MDD may have one or more major depressive episodes 

in their lifetime, and each episode can last from weeks, months to even 

years5,6. Recurrent depression is defined as having two or more lifetime 

episodes of major depression. In community samples, 35-76% have a 

subsequent major depressive episode after the first episode7,8, while up 

to 85% in clinical settings experience a recurrent episode after recovery 

from the index episode9. The hallmark of a recurrent pattern is cycle 

acceleration, where with each new episode of depression, the next 

episode tends to occur sooner and have a more severe course than the 

preceding episode10. After the first lifetime episode of MDD, 

approximately 60% of patients suffer a second episode; 75% of those 

with a second episode will suffer a third, and 90% of those with three or 

more episodes will experience further recurrences11. In a landmark 
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longitudinal study, the median time to the first recurrence was 150 

weeks, following that 83 weeks to the second recurrence, 77 weeks to 

the third, 68 weeks to the fourth, and 57 weeks to the fifth episode12. 

Compared to single episode/non-recurrent depression, recurrent 

depression is associated with higher suicide risk, more psychiatric 

comorbidities, lower social and occupational function, greater loss of 

personal productivity, and increased healthcare costs13-16. 

 

Urgent strategies are needed to mitigate depression recurrence. A 

thorough understanding of factors that contribute to the recurrence of 

depression is paramount to the development of effective interventions. 

The following discourse will focus on an area that has been gaining 

increasing attention and research – inflammation.    

 

Inflammation and Behaviour 

Inflammation can be broadly understood as a body’s innate biological 

response to harmful stimuli. It is a self-protective mechanism that aims 

to remove or neutralise the injurious stimuli and promote tissue healing. 

The inflammatory response involves complex changes to immune cells, 
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cellular mediators, blood vessels and tissues. When the immune system 

senses invading pathogens or damaged tissues, immune molecules are 

produced to direct the inflammatory process towards the area of 

damage. These changes are aimed at resisting the pathogens, removing 

cell debris and facilitating wound recovery17. Infection and physical injury, 

among others causes, are the most common precipitants of 

inflammation.  

 

Inflammation, through pro-inflammatory molecules like cytokines, 

activates behavioural responses that are collectively known as sickness 

behaviour. Sickness behaviour includes symptoms such as lethargy, 

depression, anorexia, loss of interest in activities and body care, social 

withdrawal, disturbed sleep, hyperalgesia and impaired cognition18-20. 

Hart18 conceptualised sickness behaviour as a coordinated and adaptive 

response to enhance survival. He hypothesised that this behaviour 

helped conserve energy in order to meet the metabolic demands of 

fever and inflammation. Lethargy, reduced mobility and increased sleep 

would encourage rest and reduce energy consumption. Increased 

sensitivity to pain could help prevent further damage to sensitive tissues 

or organs. Decreased appetite and food intake are believed to reduce 
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iron consumption, which deprives certain infective pathogens of an 

essential growth nutrient. Fatigue, increased sleep, and the lack of social 

and sexual interest could all act to limit physical contact. This could help 

reduce the risk of disease transmission or prevent the contracting of 

new infections. The decreased motivation to forage for food or search 

for a mate could protect a weakened individual from further injury by 

reducing exposure to the elements. From an evolutionary perspective, 

sickness behaviour may have conferred a form of defence against 

infections in early man.   

 

Infectious diseases have been the biggest causes of death throughout 

history. Hundreds of millions worldwide perished from pandemics like 

the plague, smallpox, influenza and cholera. Up till the early 20th century, 

the leading causes of death were still infections. In 1900, the top three 

causes of death in the United States were pneumonia/influenza, 

tuberculosis and gastrointestinal infections21. As recent as 2015, lower 

respiratory tract infections, tuberculosis and diarrhoeal diseases were 

still among the top 10 causes of death globally22.  

 



 6 

Death from injury may come in any way, shape or form. Humans though 

the ages have succumbed to war, violence, accidents and natural 

disasters. Today, road injury ranks among the top 10 causes of death 

globally – 1.3 million people died from road accidents in 2015 alone22. In 

the United States, unintentional injury is the number one cause of death 

among people aged one to 4423. Injuries are common - approximately 

one-third of all emergency department admissions are due to injury, and 

an estimated 10% of the population will require an emergency 

department visit for injury24-25.   

 

Infection and injury, through inflammation, may have shaped the 

evolution of sickness behaviour over time. Sickness behaviour, like the 

fight or flight response, has been viewed as a physiological behaviour that 

enhances survival in critical situations. However, in the same way 

prolonged fear and anxiety are detrimental to health, excessive sickness 

behaviour can be debilitating. Could major depressive disorder, as we 

know today, be a form of sickness behaviour that is protracted and 

maladaptive? 

 



 7 

Depression - An Inflammatory Model of Illness 

There are striking similarities between clinical depression and sickness 

behaviour. Common to both are vegetative symptoms that affect 

appetite, sleep and energy levels. Cognitively, both can present with 

deficits such as impaired concentration. Functionally, both can lead to 

lower physical activity and social withdrawal. Could they possibly share a 

common inflammatory aetiology? 

 

When an infection or injury occurs, our immune system acutely reacts 

by releasing molecular mediators from immune cells to coordinate an 

inflammatory response against the threat. These mediators, such as 

interleukin-1β (IL-1β), interleukin-6 (IL-6) and tumour necrosis factor-α 

(TNF-α), are known as pro-inflammatory cytokines. These cytokines can 

act directly or indirectly on the brain to effect behavioural changes. 

Many animal experiments have shown that sickness behaviour can be 

directly elicited through peripheral or central administration of IL-1β26-30 

or TNF-α29-31. These cytokines can dose-dependently cause lower 

locomotor activity, fewer explorations of their environment, poorer 

grooming and self-care, lesser food and water intake, and greater 
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impairment in learning and memory26-35. IL-6 on its own triggers a febrile 

response, but when combined with IL-1β and TNF-α they act 

synergistically to produce the above behaviours36-38.  

 

In humans, meta-analyses of multiple cross-sectional studies have 

consistently shown elevated plasma levels of pro-inflammatory cytokines 

(especially IL-6 and TNF-α) in depressed patients relative to controls39-42. 

A meta-analysis of prospective intervention studies has also shown that 

antidepressant medications lower plasma levels of IL-6 and TNF-α43. 

Even with these associations, one would still question whether pro-

inflammatory cytokines are a direct cause of depressive symptoms in 

humans. Fortunately, the use of interferon-alpha (IFN-α) in the 

treatment of various forms of cancer and hepatitis has given us the 

opportunity to examine this relationship.  

 

IFN-α is an endogenous cytokine that can potently activate other 

cytokines in the cytokine network. It has been shown to increase 

expressions of IL-1, IL-6, and TNF-α in cell cultures and in vivo44. 

Patients given IFN-α therapy have acutely elevated plasma levels of IL-6 
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and TNF-α45-48. Studies have further shown positive correlations 

between increased depression severity scores and higher IL-6/TNF-α 

plasma levels47-49. Investigators have sought to analyse the temporal 

sequence of symptom emergence with progressive IFN-α use. A course 

of IFN-α treatment typically involves multiple injections per week for 

three to six months, depending on the indication. Neurovegetative 

symptoms (fatigue, appetite loss, sleep disturbance, psychomotor 

slowing) appear at their highest frequencies within the first one to two 

weeks of treatment, while depressive symptoms (depressed 

mood/sadness, anhedonia, guilt, suicidal thoughts) significantly increase at 

week eight and peak by week 12 of treatment50-53. Antidepressant use 

during IFN-α treatment had no effect on early onset vegetative 

symptoms but could diminish vegetative symptoms from week eight 

onwards50. Unlike the phased treatment effects on vegetative symptoms, 

antidepressant medications (selective serotonin reuptake inhibitors) 

were able to reduce depressive symptoms throughout the length of IFN-

α therapy, relative to no treatment50,54. This interesting observation 

implies that early onset vegetative symptoms induced by cytokines were 

likely sickness / flu-like symptoms, not clinical depression symptoms, as 

they were not amenable to antidepressant treatment. It was only from 
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eight weeks onwards, when vegetative and depressive symptoms 

combined to form the whole clinical depression construct, that both 

symptom clusters responded to antidepressants. This gives supporting 

evidence that cytokines may induce sickness symptoms initially, but 

when protracted, these symptoms develop into a depressive disorder. 

 

Depressive symptoms are commonly experienced during IFN-α therapy, 

with some reporting frequencies of up to 96% during active IFN-α 

treatment55. Recent systematic reviews and meta-analyses of hepatitis C 

studies indicate that 28% to 35% of patients, without depression at 

baseline, go on to develop a full major depressive episode (MDE) that 

meets DSM/ICD criteria by the end of an IFN-α treatment course56,57. 

The frequency and severity of IFN-associated depression is significantly 

increased with higher induction doses of IFN-α58. Long-term follow-up of 

post-treatment patients showed no statistically significant difference in 

the risk of recurrent depression after an index IFN-α induced depressive 

episode versus the risk of recurrent depression after first-episode 

depression in the general population59. Using IFN-α as an inflammatory 

model of depression, we learn that the direct administration of a pro-

inflammation cytokine could 1) induce major depressive symptoms, 2) 
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dose-dependently increase depression frequency and severity, 3) induce 

depressive symptoms that respond to conventional antidepressant drug 

therapy, 4) give rise to a longitudinal course of depressive illness that is 

similar to de novo recurrent major depressive disorder.  

 

Inflammation is a two-edged sword – what is meant to be a protective 

mechanism may turn destructive if unbridled. Major depressive illness 

could be the result of a maladaptive inflammatory response in vulnerable 

individuals, where a chronic waxing and waning inflammation persists 

beyond the initial insult. Indeed, there is evidence of persistent low-

grade inflammation in the form of elevated blood levels of pro-

inflammatory cytokines39-42 and C-reactive protein (CRP)60,61 in 

depressed patients. But what might have triggered this? 

  

Sources of inflammation are often encountered early in life. Infections 

that require hospitalisation during childhood increases the risk of 

subsequent behavioural and emotional disorders [Hazard Risk Ratio 

(HRR)=2.03; 95% Confidence Interval (CI)=1.80 to 2.30]; even less 

severe infections treated in primary care increases this risk (HRR=1.46; 
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95% CI=1.30 to 1.63)62. The association between childhood infection and 

subsequent emotional disorder could be mediated by pro-inflammatory 

cytokines. In longitudinal cohort studies, children with higher IL-6 levels 

measured during childhood were more likely to have persistent 

depressive symptoms as adolescents and young adults63,64. Similarly, 

childhood maltreatment also leaves a pro-inflammatory mark that 

persists into adulthood. A meta-analysis of retrospective and prospective 

studies found that those who suffered childhood trauma were more 

likely to have elevated pro-inflammatory markers (CRP, IL-6 and TNF-α) 

in adulthood65. 

 

Stress to the body, whether physical or psychological, presents an 

immunoinflammatory challenge to the hypothalamic-pituitary-adrenal 

(HPA) axis. The HPA axis is a potent modulator of inflammation in the 

body. Stress induces hypothalamic secretion of corticotropin-releasing 

hormone (CRH), which suppresses immune responses through the 

release of glucocorticoids from the adrenal glands to bring about 

homeostasis66. The HPA axis is a neuroendocrine system that is highly 

sensitive to environmental stressors and could become dysfunctional 

when exposed to repeated adversity. Chronic and repeated episodes of 
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stress could cause HPA axis dysregulation in many ways: depletion of 

cortisol, impaired CRH function, glucocorticoid receptor resistance or 

down-regulation, increased affinity for mineralocorticoid receptors, or 

hypersensitivity of the negative feedback system67-68. The end result, 

through one or all the mechanisms above, is a blunted cortisol (anti-

inflammatory) response to stress66. With an impaired HPA axis, the 

body’s inflammatory response becomes unmodulated when faced with 

further stress. The ensuing release of pro-inflammatory cytokines could 

be heightened and protracted with cumulative episodes of stress, 

consequently precipitating or perpetuating symptoms of depression.  

 

The central focus of this chapter is to investigate whether episodes of 

inflammatory stress are associated with clinical depression, and more 

specifically, whether multiple episodes of inflammation are associated 

with a recurrent form of depression. As described earlier, infection and 

injury are potent triggers of inflammation, therefore hospitalisations for 

infection or injury will be used as markers of severe inflammation. 
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Few large epidemiological studies have reliably examined the role of 

infection in major depressive disorder. Various small studies have 

examined the relationship between specific infections and depression, 

but their methodologies and findings have been inconsistent69. Larger 

studies used national health records that contained a broad base of 

infection diagnoses identified through clinic/hospital visits, and 

depression diagnoses were identified through psychiatric records. The 

longitudinal Danish cohort study (n=29,194) used data from the Danish 

Psychiatric Central Research Register and Danish National Hospital 

Registry. Subjects aged 16 to 65 with at least one hospital contact for 

infection were followed up until they had a mood disorder (including 

bipolar disorder, depressive disorder, other unspecified mood disorders) 

diagnosed by a psychiatrist. A history of hospitalisation for infection 

increased the risk of mood disorders [Incidence Rate Ratio (IRR)=1.62, 

95% CI=1.60-1.64]70. The risk of mood disorders increased with the 

number of hospitalisations for infections70. A more recent longitudinal 

cohort study (n=63,597) used data from the Taiwan National Health 

Insurance Research Database. Subjects aged 18 to 50 with repeated low-

grade upper respiratory infections were followed up until they had 

major depression diagnosed by a psychiatrist (bipolar disorders and 

affective psychoses were excluded). Those with frequent low-grade 
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upper respiratory infections had increased risk of MDD [Hazard Ratio 

(HR)=1.37, 95% CI=1.19-1.58 for Cohort 2002; HR=1.91, 95% CI=1.53-

2.39 for Cohort 2004]71. These two studies however did not examine 

which class of infective agents were associated depression. They also did 

not examine whether different depressive subtypes were associated with 

infection.  

 

With regards to injury, even fewer studies have sought to determine the 

relationship between physical injury and depression, and existing data is 

conflicting. In the Canadian National Population Health Survey (NPHS), 

analysis of prospective data on self-reported injury revealed an increased 

risk of developing a major depressive episode after injury (HR=1.4, 95% 

CI 1.1-1.8)72. In a better designed study that used hospital data instead of 

self-report, patients hospitalised for physical injury had a low mean 

depression symptom score [3.7 (3.1-4.3)] on the Hospital Anxiety and 

Depression Scale (HADS) upon hospital discharge. At 12 months post-

discharge, the mean depression score [2.8 (2.2-3.4)] remained well 

below the cut-off score (>8) for clinical depression73. The latter study 

suggests that hospitalisation for injury may not be that psychologically 

distressing as to cause depression, therefore hospitalisation for injury 
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could be used as a marker of inflammatory load in this chapter’s study, 

as the psychological effects of hospitalisation would probably not 

confound the association between inflammation and depression.   

 

While hospitalisation for either infection or injury marks a definite 

episode of inflammation, there are instances when inflammatory events 

do not require hospitalisation. Non-steroidal anti-inflammatory drugs 

(NSAIDs) are commonly used in the community to alleviate body pain 

or fever, symptoms which often indicate underlying tissue inflammation. 

NSAIDs work by inhibiting the enzyme cyclo-oxygenase, which reduces 

the production of prostaglandins – a class of secondary messenger 

molecules that are integral to the inflammation process74. NSAIDs like 

aspirin and ibuprofen are widely available in pharmacies as over-the-

counter drugs. Aspirin is also used as an antithrombotic agent75 to 

reduce the risk of recurrent ischemic stroke or myocardial infarction - 

both these diseases involve intravascular inflammation76,77. In general, 

NSAIDs are used only when there is some indication of prior or ongoing 

inflammation. Its use helps to reduce inflammation, but it does not 

eradicate the inflammatory process. Hence in this study, use of NSAIDs 
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will be considered a surrogate marker of inflammation, and will be 

examined as a risk factor for depression.  

 

Dietary supplements are often taken to promote good health, as 

opposed to drugs which are taken in response to illness or disease. Fish 

oil is a commonly consumed dietary supplement that has anti-

inflammatory properties. They are often consumed even when there are 

no active symptoms of inflammation, as a protective measure against ill-

health. Fish oils contain two important omega-3 fatty acids – 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). EPA and 

DHA have inflammation-lowering properties through several 

mechanisms. They decrease the production of inflammatory eicosanoids 

that are derived from arachidonic acid (AA). EPA and DHA compete 

with AA for incorporation into membrane phospholipids, thereby 

lowering cellular and plasma availability of AA. EPA also competes with 

AA for the cyclo-oxygenase enzyme, thus inhibiting AA’s downstream 

metabolism into inflammatory eicosanoids78. DHA and EPA both reduce 

the release of pro-inflammatory cytokines through directly inhibiting 

eicosanoid release79. In observational studies, individuals who had higher 

dietary EPA and DHA intake experienced less inflammation as they 
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aged80-83. In a meta-analysis of randomised controlled clinical trials, 

omega-3 fatty acid use was associated with lower levels of inflammation 

in cardiovascular and other diseases84. To further investigate the 

relationship between an anti-inflammatory supplement and depression, 

this chapter will explore whether the regular use of fish oil has 

protective effects against depression.     

 

In summary, the main study aims of this chapter are to determine: 

1) whether hospitalisation for infection is associated with 

single/recurrent episode major depression 

2) whether hospitalisation for injury is associated with 

single/recurrent episode major depression 

3) whether NSAIDs use is associated with single/recurrent episode 

major depression 

4) whether hospitalisation for infection, hospitalisation for injury and 

NSAIDs use have cumulative effects on single/recurrent episode 

major depression 

5) whether fish oil use is associated with single/recurrent episode 

major depression 
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The main hypothesis posits that depression is associated with 

inflammation – the more recurrent the type of depression, the stronger 

the association with inflammation. Specifically, it is hypothesised that 

hospitalisation for infection, hospitalisation for injury, and regular use of 

NSAIDs will each be associated with recurrent major depression, while 

such associations will be weaker with single episode major depression. It 

is further hypothesised that when more than one instance of 

inflammation is present, the association with recurrent major depression 

will be stronger. Lastly, it is hypothesised that regular fish oil 

supplementation will be associated with recurrent major depression, and 

the association will be weaker with single episode major depression. 

 

The exploratory aims of the study are to investigate whether a specific 

class of infective agent or a particular type of injury is associated with 

recurrent major depression. These findings will help generate 

hypotheses for future studies. 
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Epidemiological data from the UK Biobank is used in this study. The UK 

Biobank is an open-access general health resource that aims to improve 

the prevention, diagnosis and treatment of diseases through research85. 

Funding is provided primarily by the Wellcome charity trust and the 

Medical Research Council, UK (https://www.ukbiobank.ac.uk/wp-

content/uploads/2018/10/ Funding-UK-Biobank-summary.pdf). A large 

population-based cohort was recruited from across the UK and 

longitudinal follow-up is being planned85. The design of UK Biobank 

offers the opportunity to examine a wide range of risk factors and 

outcomes in a sample large enough to detect relatively small effects, 

making UK Biobank a highly efficient resource for epidemiological 

studies.  

  

B) Methodology 

This study used baseline data from the UK Biobank for analysis 

(http://www.ukbiobank.ac.uk)85,86. The Research Ethics Committee 

approval reference for UK Biobank is 11/NW/0382. The UK Biobank 

investigators sent postal invitations to approximately 9.2 million 

individuals, having been identified through the National Health Service 
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(NHS) register. These invitations targeted individuals aged 40–69 years 

who lived within 25 miles of a UK Biobank assessment centre located 

throughout England, Wales, and Scotland. Recruitment was conducted 

from 2006 to 2010. Responders were required to visit their nearest UK 

Biobank assessment centre, where written informed consent for 

participation was obtained. They then gave background information on 

their demographics, lifestyle and medical history; underwent cognitive, 

physical and psychosocial assessments; and provided biological samples 

for future analysis85,86. All data extracted were deidentified for analysis. 

 

Defining Major Depressive Disorder 

UK Biobank used the following questions on the touchscreen 

questionnaire to assess depression: (1) Ever felt depressed for a whole 

week; (2) Ever felt disinterested or unenthusiastic for a whole week; (3) 

Only one episode; (4) Two or more episodes; (5) Episode lasted at least 

two weeks; (6) Ever seen a GP for nerves, anxiety, tension or 

depression; (7) Ever seen a psychiatrist for nerves, anxiety, tension or 

depression. Each question prompted a response of either ‘Yes’, ‘No’, 

‘Do not know’ or ‘Prefer not to answer’. The latter two responses were 
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excluded from analysis. Data were collected from participants during 

their visit to one of the UK Biobank assessment centres at Stockport, 

Manchester, Oxford, Glasgow, Cardiff, Edinburgh, Stoke, Bury, 

Newcastle, Leeds, Reading, Bristol, Nottingham, Barts, Liverpool, 

Middlesborough, Hounslow, Sheffield, Croydon, Birmingham, Swansea, 

Wrexham and Cheadle.  

 

UK Biobank used the following criteria groups to define Major 

Depressive Disorder (MDD): A) Probable MDD: [(1) or (2)] and (3) and 

(5) and [(6) or (7)] + [(1) or (2)] and (4) and (5) and [(6) or (7)]; B) 

Probable single episode MDD [(1) or (2)] and (3) and (5) and [(6) or 

(7)]; C) Probable severe recurrent episode MDD  [(1) or (2)] and (4) 

and (5) and (7). The above definitions combined the core MDD 

diagnostic features based on the DSM-IV criteria4 together with data on 

accessing professional mental health care. These definitions have been 

used to biologically phenotype MDD in previous studies87,88. For this 

study, lifetime MDD was coded positive if definition A) was met; lifetime 

single episode MDD was coded positive if definition B) was met; lifetime 

recurrent episode MDD was coded positive if definition C) was met. 

Subjects in single and recurrent episode depression groups were 
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mutually exclusive. It should be noted the questions that were used to 

ask about depression at baseline were only added to the assessment at 

later stages of recruitment, therefore only a quarter of the cohort 

underwent screening for depression at UK Biobank assessment centres. 

 

Participants with schizophrenia and bipolar disorder were excluded from 

analysis. Subjects were excluded if there was a self-reported lifetime 

diagnosis of schizophrenia or bipolar disorder recorded on the 

touchscreen questionnaire, or during verbal interview at UK Biobank 

assessment centres.  

 

Biodata 

Sociodemographic information such as age, sex, ethnicity, education, 

employment status and household income were obtained from data 

collected at UK Biobank assessment centres using touchscreen 

questionnaires. Psychosocial, lifestyle, dietary and over-the-counter drug 

information were also obtained through touchscreen questionnaires 

administered at these centres. Social isolation was identified through a 

question on frequent feelings of loneliness. Tobacco smoking status was 
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given a binary outcome of  ‘Yes=Ever smoked in the past or present’ and 

‘No=Never smoked before’. Alcohol drinking status was given a binary 

outcome of ‘Yes=Ever consumed alcohol in the past or present’ and 

‘No=Never consumed alcohol’. Chronic illness and disability were 

identified by the question: “Do you have any long-standing illness, 

disability or infirmity?”, followed by a ‘yes/no’ choice. Use of NSAIDs 

was identified by the question: “Do you regularly take any of the 

following?”, followed by a list of drugs to choose from, which included 

aspirin and ibuprofen. Fish oil consumption was identified by the 

question: "Do you regularly take any of the following?”, followed by a list 

of dietary supplements to choose from, which included fish oil. These 

questions for NSAIDs and fish oil did not distinguish between past or 

present use, and details on dose, frequency and duration were not 

captured as the design of those data fields allowed only a ‘yes/no’ 

response. 

 

Hospital data  

Inpatient hospital admissions for infection or injury were obtained 

through UK Biobank’s data linkage to the National Health Service 
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(NHS), which contain hospitalisation data from the Health Episodes 

Statistics, Scottish Morbidity Record and Patient Episode Database for 

Wales. These records-based systems respectively cover all NHS 

hospitals in England, Scotland and Wales. Clinical codes based on ICD 

10th Revision (ICD-10) were standardised across these datasets. 

Inpatient primary diagnoses of infection and injury were extracted using 

ICD-10 codes. Below are examples of causative agents that were 

classified under these codes.  

 

Bacterial infections were identified by ICD codes A00-A05.9 (Vibrio 

cholerae/parahaemolyticus, Salmonella sp, Shigella sp, Escherichia coli, 

Campylobacter sp, Yersinia enterocolitica, Staphylococcal spp, Clostridium 

difficile/botulinum/perfringens/tetani, Bacillus cereus); A15-A59.9 

(Mycobacterium spp, Yersinia pestis/enterocolitica, Francisella tularensis, 

Bacillus anthracis, Brucella spp, Burkholderia mallei, Spirillum minus, 

Streptobacillus moniliformis, Erysipelothrix rhusiopathiae, Leptospira spp, 

Pasteurella spp, Bartonella spp, Listeria monocytogenes, Corynebacterium 

diphtheriae, Bordetella  pertussis/parapertussis, Streptococcal spp, Neisseria 

meningitidis/gonorrhoeae, Actinomyces spp, Nocardia spp, Legionella spp, 

Haemophilus influenzae/aegyptius/ducreyi, Treponema pallidum, Chlamydia 
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trachomatis, Klebsiella granulomatis, Trichomonas vaginalis); A65-A79 

(Treponema pallidum pertenue/endemicum/carateum, Borrelia spp, Prevotella 

intermedia, Fusobacterium nucleatum/necrophorum, Peptostreptococcus spp, 

Selenomonas spp, Brachyspira spp, Chlamydophilia spp, Rickettsia spp); B90-

B90.9;B94.0 (bacterial infection sequelae); B95-B96.8;B98 (other 

bacterial infections).  

 

Viral infections had ICD codes A08-A08.5 (Rotavirus, Norwalk virus, 

Adenovirus, other viral enteritis); A60-A63 (Herpes simplex virus; Molluscum 

contagiosum virus, Human papillomavirus spp); A80-B34.9 (Poliovirus, 

Lyssavirus, Arthropod-borne viruses, Haemorrhagic fever viruses, Enterovirus 

spp, Adenovirus spp, Lymphocytic choriomeningitis virus, Varicella-zoster and 

other Human Herpesvirus spp, Poxviruses/Parapoxviruses, Measles virus, 

Rubella virus, Mumps virus, Parvovirus B19, Hepatitis viruses, Human 

immunodeficiency virus, Coronavirus spp, Human polyomavirus spp); B94.1-

94.2 (viral infection sequelae); B97-B97.8 (other viral infections).  

 

Parasitic infections had ICD codes A06-A07.9 (Entamoeba histolytica, 

Balantidium coli, Giardia lamblia, Cryptosporidium parvum, Isospora belli, 
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Trichomonas spp, Sarcocystis spp); B50-B88.9 (Plasmodium spp, Leishmania 

spp, Trypanosoma spp, Toxoplasma gondii, Pneumocystis spp, Babesia spp,  

Acanthamoeba spp, Naegleria fowleri, Microsporidia spp, Schistosoma spp, 

Clonorchis sinensis, Opisthorchis viverrini/felineus, Dicrocoelium dendriticum, 

Fasciola spp, Paragonimus spp, Fasciolopsis buski, Echinostoma spp, 

Heterophyes, Metagonimus spp, Nanophyetus spp, Watsonius watsoni, 

Echinococcus spp, Taenia spp, Diphyllobothrium spp, Spirometra spp, 

Hymenolepis spp, Dipylidium caninum, Dracunculus medinensis, Onchocerca 

volvulus, Wuchereria bancrofti, Brugia spp, Loa, Mansonella spp, Dirofilaria 

spp, Trichinella spp, Ancylostoma spp, Necator americanus, Ascaris 

lumbricoides, Strongyloides spp, Trichuris trichiura, Enterobius vermicularis, 

Anisakis spp, Capillaria philippinensis, Trichostrongylus spp, Angiostrongylus 

spp, Oesophagostomum spp, Ternidens deminutus, Toxocara spp, 

Gnathostoma spp, Mammomonogamus spp, Macracanthorhynchus 

hirudinaceous Moniliformis, Bolbosoma spp, Gongylonema spp, Metastrongylus 

spp, Capillaria hepatica, Thelazia spp, Pediculosis spp, Sarcoptes scabiei, 

Myiasis/Acariasis/Scarabiasis/ Hirudiniasis infestations, Tunga penetrans, 

Vandellia cirrhosa, Linguatula serrata, Porocephalus crotali, Armillifer 

moniliformis). 
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Fungal infection had ICD codes B35-B49 (Epidermophyton spp, 

Microsporum spp, Trichophyton spp,, Malassezia spp, Hortaea werneckii, 

Trichosporon spp, Piedraia hortae, Candida spp, Coccidioides spp, Histoplasma 

spp, Blastomyces dermatitidis, Paracoccidioides brasiliensis, Sporothrix 

schenckii, Dematiaceous fungi, Aspergillus spp, Cryptococcus spp, Zygomycetes 

fungi, Eumycetes fungi, Lacazia loboi, Rhinosporidium seeberi, Pseudallescheria 

boydii, Geotrichum candidum, Penicillium marneffei, Emmonsia 

crescens/parva). 

 

Injuries from external causes were identified by ICD codes S00-S09 

(head); S20-S39 (torso); S40-S69 (upper limb) and S70-S99 (lower limb). 

 

Statistical Analysis 

Chi-square test or t-test were used to identify differences in categorical 

or continuous baseline characteristics respectively. Multivariate logistic 

regression was used to examine for associations between depression 

and variables of interest. Adjustment for covariates like age, education, 

race, employment, income, social isolation, smoking status and chronic 

illness/disability was performed during regression analysis. Sensitivity 
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analysis was performed by stratification of covariates. Multicollinearity of 

covariates in regression models was examined using collinearity 

diagnostics in SPSS. All statistical analyses were performed using R-

statistics and SPSS software version 2489. The size of the UK Biobank 

cohort was based on conventional power calculations for nested case-

control studies, showing that 5,000–10,000 cases of any condition with 

5-10% prevalence will have approximately 80% power to detect 

minimum main effect odds ratios (ORs) of 1.13 to 1.2685. 

 

 

C) Results 

A total of 502,655 community-dwelling adults aged 37 to 73 years 

consented to participate in this study. Of these, 121,053 subjects were 

screened for depression at UK Biobank assessment centres via the 

DSM-IV based questions on the touchscreen questionnaire. Among 

them, 31,586 met the case definition of lifetime major depression; 7909 

had single episode major depression and 23,677 had recurrent episode 

major depression. Figure 1 summarises the flow of participants in this 

study.  
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The characteristics of study participants are summarised in Table 1, 

which compared major depression subjects with non-depressed 

controls. The depressed group had younger mean age and 

proportionately more females and whites. Although they had a greater 

proportion with college/university education and employment, they also 

had below median total household income (<£31,000). A higher 

percentage of those depression experienced social isolation and chronic 

illness/disability. There were also more tobacco smokers and alcohol 
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drinkers in the depressed group. The depressed group had higher 

percentages of hospitalisation for infection/injury and NSAIDs use, but a 

lower percentage of fish oil supplementation. Characteristics with 

statistically significant difference between groups are labelled in Table 1. 

 

Table 1. Characteristics of study participants   

 

  
       

     Characteristics 
Control  
(n=89467) 

 

Depressed  
(n=31586) 

 

Age (years)* 

(mean ± SD) 

n=89467 

 
57.4 ± 8.1 

 

n=31586 

 
55.7 ± 8.0 

 

Gender (%)* 

Male/Female 
 

n=89467 

 

50.1/49.9 

n=31586 

 

35.4/64.6 

 

Ethnicity (%)* 

White 

Black/Asian/Others 
 

n=81509 

 

91.5 

8.5 

n=31475 

 

94.5 

5.5 

 

Education (%)* 

College/University 

O/A Levels 

Vocational/Others 

 

n=74294 

 

39.9 

45.7 

14.4 

n=27423 

 

40.8 

45.8 

13.4 

 

 

Employment (%)* 

No 
Yes 

 

n=88590 

 

44.0 

56.0 

n=31306 

 

42.8 

57.2 

 

Total Household Income (%)* 

Below median (< £ 31,000) 
Above median (≥ £ 31,000) 

 

n=76148 

 

46.3 

38.8 

n=28338 

 

49.8 

50.2 
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    NSAID, Non-steroidal anti-inflammatory drug. *p<0.01.  

 

 

Social Isolation (%)* 

No 

Yes 

 

n=88436 

 

88.2 

11.8 

 

n=31108 

 

70.7 

29.3 

 

 

Chronic Illness/Disability (%)* 

No 

Yes 

 

n=87708 

 

71.8 

28.2 

n=30924 

 

58.2 

41.8 

 

Smoker (%)* 

No 

Yes 

 

n=89126 

 

42.6 

57.0 

n=31515 

 

35.4 

64.4 

 

Alcohol drinker (%)* 

No 

Yes 

n=89421 

 

5.1 

94.9 

n=31570 

 

3.9 

96.1 

 

 

Hospitalisation for Infection (%) 

No 

Yes 

 

n=67108 

 
97.9 

2.1 

n=25990 

 
97.3 

2.7 

 

 

Hospitalisation for Injury (%) 

No 

Yes 

 

n=67108 
 

90.3 

9.7 

n=25990 
 

89.4 

10.6 

       

    NSAID Use (%)* 

No 

Yes 

 

n=88538 

 

75.6 

24.4 

n=31312 

 

70.7 

29.2 

 

 

Fish Oil Use (%)* 

No 

Yes 

 

n=89282 

 

84.3 

15.7 

n=31538 

 

86.0 

14.0 
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Tables 2a and 2b summarise the associations between inflammatory 

episodes (hospitalisation for infection, hospitalisation for injury, and use 

of NSAIDs) and the types of major depression (single episode and 

recurrent episode). A positive history of hospitalisation for infection was 

associated with higher odds of recurrent major depression (OR=1.38, 

95% CI=1.25-1.52; adjusted OR=1.25, 95% CI=1.09-1.42). A positive 

history of hospitalisation for injury was associated with higher odds of 

recurrent major depression in the unadjusted model (OR=1.14, 95% 

CI=1.08-1.20). Regular use of NSAIDs was associated with both higher 

odds of single episode major depression (OR=1.12, 95% CI=1.06-1.18; 

adjusted OR=1.09, 95% CI=1.03-1.16), and higher odds of recurrent 

major depression (OR=1.33, 95% CI=1.29-1.38; adjusted OR=1.23, 95% 

CI=1.18-1.28), with a stronger association in the latter.  By contrast, 

regular use of fish oil supplement was associated with lower odds of 

recurrent major depression (OR=0.87, 95% CI=0.83-0.90; adjusted 

OR=0.93, 95% CI=0.88-0.97). 
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Table 2a. Associations between inflammatory/anti-inflammatory variables 

and single/recurrent episode major depression 

 
Category  Control 

(n=89467) 

Single episode major 

depression 

(n=7909) 

Recurrent episode 

major depression 

(n=23677) 

     OR 95% CI   OR 95% CI 

Hospitalised for 

Infection (%) 

          

  No  97.9       98.1 1.00 Reference  97.1 1.00 Reference 

  Yes  2.1       1.9 0.90 0.74-1.08  2.9 1.38 1.25-1.52* 

Hospitalised for 

Injury (%) 

          

  No  90.3       90.6 1.00 Reference  89.1 1.00 Reference 

  Yes  9.7       9.4 0.97 0.89-1.06  1.9 1.14 1.08-1.20* 

NSAID Use (%)           

  No   75.6       73.5 1.00 Reference  69.9 1.00 Reference 

  Yes   24.4       26.5 1.12 1.06-1.18*  30.1 1.33 1.29-1.38* 

Fish Oil Use (%)           

  No   84.3       85.6 1.00 Reference  86.1 1.00 Reference 

  Yes   15.7       14.4 0.91 0.85-0.97*  13.9 0.87 0.83-0.90* 

 

OR, Odds Ratio; CI, Confidence Interval. *p<0.01. 

 

 

 

Table 2b. Associations between inflammatory/anti-inflammatory variables 

and single/recurrent episode major depression (adjusted model) 

 
Category  Control 

(n=89467) 

Single episode major 

depression 

(n=7909) 

Recurrent episode 

major depression 

(n=23677) 

     OR 95% CI  OR 95% CI 

Hospitalised for 

Infection (%) 

          

  No  97.9  98.1 1.00 Reference 97.1 1.00 Reference 

  Yes  2.1  1.9 0.95 0.76-1.18 2.9 1.25 1.09-1.42* 

Hospitalised for 

Injury (%) 

         

  No  90.3  90.6 1.00 Reference 89.1 1.00 Reference 

  Yes  9.7  9.4 0.94 0.85-1.04 1.9 1.06 1.00-1.13 

NSAID Use (%)          

  No   75.6  73.5 1.00 Reference 69.9 1.00 Reference 

  Yes   24.4  26.5 1.09 1.03-1.16* 30.1 1.23 1.18-1.28* 

Fish Oil Use (%)          

  No   84.3  85.6 1.00 Reference 86.1 1.00 Reference 

  Yes   15.7  14.4 0.96 0.89-1.03 13.9 0.93 0.88-0.97* 

 
 

OR, Odds Ratio; CI, Confidence Interval. Regression model adjusted for age, education, ethnicity, 

income, employment, smoking and alcohol status, social isolation, chronic illness/disability. *p<0.01. 
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Tables 3a and 3b show the association between cumulative inflammatory 

load and lifetime experience of major depression. Hospitalisation for 

infection, hospitalisation for injury and use of NSAIDs each represented 

a marker of inflammation. Increasing the number of inflammatory 

markers did not appear to be associated with higher odds of single 

episode major depression. But for recurrent depression, the greater the 

number of inflammatory markers, the higher the odds of recurrent 

episode major depression. There was a positive trend between the level 

of inflammation and odds of recurrent major depression (p-value for 

linear trend <0.01). Subanalysis was performed for class of infective 

pathogen and type of injury diagnosed during hospitalisation. As the 

purpose was to identify whether a certain class of pathogen or injury 

type was associated with depression, those with mixed infections or 

injuries were not analysed. For infections, the two most common classes 

of pathogens were virus and bacteria. Parasite and fungal infection 

numbers were both relatively small, thus they were grouped as “other 

infections” for more meaningful statistical analysis. Viral infection was 

associated with recurrent major depression (OR=1.65, 95% CI=1.43-

1.90; adjusted OR=1.42, 95% CI=1.18-1.71), but not the other 

infections.  Head injury and torso injury were both associated with 

recurrent major depression (OR=1.33, 95% CI=1.18-1.49 and OR=1.28, 
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95% CI=1.08-1.51 respectively), but not in the adjusted model. 

Sensitivity analysis was performed by stratifying covariates individually 

for each analysis, and no significant impact on the main findings was 

found. For all regression analyses, multicollinearity was examined for in 

each model. The variable inflation factors for independent variables were 

all <2.5 (tolerance value >0.4), suggesting that multicollinearity was not 

an issue in the models used. 

 

 

Table 3a. Associations between inflammation levels and single/recurrent 

episode major depression  

 
Category Control 

 

Single episode major 

depression 

Recurrent episode major 

depression  

  n  n OR 95% CI  n OR 95% CI 

Levels           

0  43281  4085 1.00 Reference  11674 1.00 Reference 

1  25388  2418 1.00 0.96-1.06  7950 1.16 1.12-1.19* 

2  2048  186 0.96 0.83-1.21  876 1.59 1.46-1.72* 

3  34  5 1.56 0.61-3.99  26 2.84 1.70-4.72* 

*p<0.01. 
 

Definition of levels: 

Level 0: No Hospitalisation for Injury, No Hospitalisation for Infection & No NSAIDs Use 

Level 1: 1 out of Hospitalisation for Injury, Hospitalisation for Infection or NSAIDs Use 

Level 2: 2 out of Hospitalisation for Injury, Hospitalisation for Infection or NSAIDs Use 

Level 3: Hospitalisation for Injury & Hospitalisation for Infection & NSAIDs Use 
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Table 3b. Associations between inflammation levels and single/recurrent 

episode major depression (adjusted model) 

 
Category Control 

 

Single episode major 

depression 

     Recurrent episode major  

depression  

  n  n OR 95% CI  n OR 95% CI 

Levels           

0  43281  4085 1.00 Reference  11674 1.00 Reference 

1  25388  2418 1.02 0.95-1.08  7950 1.09 1.05-1.13* 

2  2048  186  0.91 0.76-1.10  876 1.36 1.23-1.51* 

3  34  5 2.10 0.68-6.47  26 2.63 1.32-5.27* 

OR, Odds Ratio; CI, Confidence Interval. Regression model adjusted for age, education, ethnicity, 

income, employment, smoking and alcohol status, social isolation, chronic illness/disability. *p<0.01. 

 

Definition of levels: 

Level 0: No Hospitalisation for Injury, No Hospitalisation for Infection & No NSAIDs Use 

Level 1: 1 out of Hospitalisation for Injury, Hospitalisation for Infection or NSAIDs Use 

Level 2: 2 out of Hospitalisation for Injury, Hospitalisation for Infection or NSAIDs Use 

Level 3: Hospitalisation for Injury & Hospitalisation for Infection & NSAIDs Use 

 
 

 

Table 4a. Associations between hospital infection/injury subtype and 

recurrent episode major depression 

 
Category   Control 

 

  Recurrent episode major 

depression 

    n    n OR 95% CI 

Infection Type        

  No Infection   65680  19038 1.00 Reference 

  Viral Infection  597  286 1.65 1.43-1.90* 

  Bacterial Infection   658  220 1.15 0.99-1.34 

  Other Infections 

  

 173  65 1.30 0.97-1.72 

Injury Type        

  No Injury  60568  17466 1.00 Reference 

  Head Injury  991  380 1.33 1.18-1.49* 

  Torso Injury  529  195 1.28 1.08-1.51* 

  Upper Limb Injury  2653  789 1.03 0.95-1.11 

  Lower Limb Injury  1923  598 1.08 0.98-1.18 

 

OR, Odds Ratio; CI, Confidence Interval. *p<0.01. 
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Table 4b. Associations between hospital infection/injury subtype and 

recurrent episode major depression (adjusted model) 

 
Category   Control 

 

  Recurrent episode major 

depression 

    n    n OR 95% CI 

Infection Type        

  No Infection   65680  19038 1.00 Reference 

  Viral Infection  597  286 1.42 1.18-1.71* 

  Bacterial Infection   658  220 1.05 0.86-1.28 

  Other Infections 

  

 173  65 1.30 0.90-1.88 

Injury Type        

  No Injury  60568  17466 1.00 Reference 

  Head Injury  991  380 1.11 0.96-1.30 

  Torso Injury  529  195 1.19 0.96-1.47 

  Upper Limb Injury  2653  789 1.08 0.98-1.19 

  Lower Limb Injury  1923  598 0.99 0.88-1.11 

       

OR, Odds Ratio; CI, Confidence Interval. Regression model adjusted for age, education, ethnicity, 

income, employment, smoking and alcohol status, social isolation, chronic illness/disability. *p<0.01. 

 

 

 

D) Discussion 

In this UK Biobank (UKB) study, the lifetime prevalence of major 

depression was 26%. In the 2014 Health Survey for England (HSE)90, 19% 

reported that they were ever diagnosed with depression by a healthcare 

professional. Considering only older adults aged 35-64 in the HSE, the 

lifetime prevalence of depression was 21-25%90, which is comparable to 

UKB’s prevalence of major depression. In the United States, a large 

nationwide study which used the DSM-V structured clinical interview for 

diagnosis found that 20.6% of the adult population had a lifetime 
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diagnosis of major depression91. Adults aged 30-64 had a lifetime 

prevalence of 22-23%91, which is again comparable to those similarly 

aged in the UKB cohort.  

 

There are some differences in sociodemographic and health-related 

characteristics between the UKB cohort and the general population of 

the same age. For example, comparisons made with data from the UK 

Census and Health Survey of England found that UKB participants were 

more likely to own property, were taller and leaner, had fewer current 

smokers, and had lower total cancer incidence rates92. There is some 

evidence of a “healthy volunteer” selection bias in the UKB sample. 

Although these differences exist, when investigating an association 

between exposure and disease, experts argue that it is more important 

that the sample is large and has good internal validity, than for the 

participants to be nationally representative93. The UKB may not be 

suited for generating national disease prevalence and incidence rates, but 

its large size and variety of exposures offer invaluable data for studying 

exposure and disease relationships.  
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The exposure of interest in this study was inflammation. Hospitalisation 

for infection and injury were two markers chosen to represent severe 

episodes of inflammation, while regular use of NSAIDs was chosen to 

represent more common but less severe inflammation in the community 

setting. The outcome of interest was major depression. The temporal 

relationship between exposure and disease could not be firmly 

established because the time periods of major depressive episodes were 

not captured in the UKB. Although causality could not be ascertained, 

this study did allow exploration into whether there was a ‘dose-

response’ relationship between exposure and disease, and whether the 

observations were reproducible, coherent and biological plausible, as per 

Hill’s criteria for causal inference94.   

  

It was shown that increasing levels of inflammation was associated with 

progressively higher odds of recurrent major depression. With two 

instances of inflammation, the odds of recurrent major depression 

increased by 130% and with three instances the odds increased by 240%.  

To our knowledge no epidemiological study has shown a dose-response 

relationship with this combination of variables. There was a previous 

study that affirmed this dose-dependent relationship between 
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inflammatory load and mood disorder, but it used a different set of 

variables. The longitudinal Danish study showed that autoimmune 

disease and hospitalisation for infection together increased the 

subsequent risk of mood disorder by 1.5 fold (IRR=2.35, 95% CI=2.25-

2.46), compared to having either autoimmune disease (IRR=1.45, 95% 

CI=1.39-1.52) or hospitalisation for infection (IRR=1.62, 95% CI=1.60-

1.64) alone70. The Danish results supported the findings of our UKB 

study – it added temporality to the dose-response association through 

prospective analysis. Both the UKB and Danish study observed a similar 

dose-response association, but through different inflammation variables 

and different cohorts, which adds reproducibility and consistency to the 

finding.  

 

A strength of the UKB study was that it used an outcome variable that 

was more specific to major depression, and further distinguished single 

episode from recurrent episode major depression, whereas the Danish 

study used a non-specific group of mood disorders as a collective 

outcome. Having two forms of depression helped create another 

biological gradient, which added depth to analysis. The above results 

showed that as the level of inflammation rose, the odds of major 
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depression increased. However, the results also revealed that at each 

level of inflammation, the association with recurrent major depression 

was stronger than with single episode depression (which had mostly 

trace to no association). This suggests that recurrent major depression 

has an inflammatory aetiology, whereas single episode depression may 

have a more heterogeneous aetiology. If this is true, then taking 

products with anti-inflammatory properties should protect against 

recurrent major depression.  

 

In this study, regular fish oil consumption was indeed associated with 

lower odds of recurrent major depression but had no association with 

single episode depression. These findings suggest that taking fish oil, 

which is anti-inflammatory, may be protective against an inflammatory 

type of depression (recurrent major depression), but not a non-

inflammatory type of depression (single episode depression). The 

inability to resolve temporal relationships in this study also applies here 

but having an additional association that suggest that lowering 

inflammation benefits depression adds coherence to the other results 

and strengthens the biological plausibility of the inflammation hypothesis. 

NSAIDs did not show a protective effect as expected. This is because 
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NSAIDs are taken in response to underlying acute or chronic 

inflammation, and even when taken they do not eradicate the 

inflammatory processes entirely. They are also not taken on a long-term 

basis when not indicated because of common gastrointestinal adverse 

effects as well as other adverse effects95. Conversely, fish oil is a dietary 

supplement that is often taken regularly in good health and not in 

response to active symptoms of inflammation. It can also be taken over a 

long period with negligible adverse effects when taken in moderation96. 

Hence compared to NSAIDs, fish oil consumption is more likely to be 

used over the long term while in good health for it to confer 

prophylactic protective effects.   

 

Thus far, the associations between exposure and outcome appear to 

support the inflammatory hypothesis of depression. But as with all 

epidemiological studies, confounding may exist. Not all sources of 

inflammation were included in the investigation model, for example less 

severe infections and injuries that did not require hospitalisation but 

were treated by general practitioners (GPs) in the outpatient setting, or 

infections and injuries that did not present to the healthcare system. 

Psychological stress or trauma from childhood to adult life, which is 
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known to also trigger inflammatory responses, were not accounted for 

in this study. These potential confounders could be controlled for by 

including them in the study in the future, when the data becomes 

available. The UKB piloted primary care data linkage for a subset of 

participants in 2016 and are in the process of expanding primary care 

linkage to the entire cohort (https://www.ukbiobank.ac.uk/wp-

content/uploads/2018/11/EMIS.pdf). This would allow us to examine the 

impact of infections and injuries that are treated in primary care (likely 

markers of moderate inflammation) on major depression. For mild 

infections and injuries that do not require medical attention, the 

inflammatory load is probably low and may not produce associations 

that are strong enough to be observed. With regards to psychological 

stress, the UKB Mental Health Consortium devised a web-based 

questionnaire that was sent to existing UKB participants in 2017. This 

online questionnaire contained questions about childhood trauma and 

past psychological distress that impaired function. This additional data 

would allow us to adjust for the effects of major psychological stress in 

future which is currently absent in our regression model. Data from the 

online mental health questionnaire was still being accrued at the time of 

writing. As for known sociodemographic and lifestyle confounders, they 

were identified and adjusted for statistically with multivariate regression 

https://www.ukbiobank.ac.uk/wp-content/uploads/2018/11/EMIS
https://www.ukbiobank.ac.uk/wp-content/uploads/2018/11/EMIS
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analysis. All results were presented in crude and adjusted values for 

comparison. 

 

Misclassification of the outcome may bias inferences drawn from the 

data. The UKB steering committee decided early on that it was 

prohibitively expensive and impractical to use the Structured Clinical 

Interview for DSM (SCID) as the ‘gold standard’ to diagnose major 

depression. Hence, the UKB used two core major depression symptoms 

instead of the full DSM criteria for case definition. This approach is akin 

to using the Patient Health Questionnaire-2 (PHQ-2), a widely validated 

screening instrument that targets the same core MDD symptoms96. The 

UKB case definition of MDD in this study is similar to scoring ≥3 on the 

PHQ-2, which has a test sensitivity of 0.83 and specificity of 0.9097. 

Besides symptoms, the UKB definition of MDD also require a past visit 

to a mental health professional for depression, which improved 

ecological validity for case definition. The caseness of recurrent episode 

MDD in UKB is arguably stronger than just using the DSM symptom 

criteria alone, because an individual is more likely to remember how 

many times he/she visited a psychiatrist for depression, than the number, 

frequency and severity of each symptom that fulfilled DSM criteria in 
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past depressive episodes (i.e. less prone to recall bias). The UKB case 

definition of MDD have been used to phenotype MDD in previous 

studies87,88. In the newer UKB online mental health questionnaire, the 

Composite International Diagnostic Interview Short Form (CIDI-SF)98 is 

used for MDD diagnosis. The CIDI-SF has been validated against the 

SCID and showed good concordance (AUC 0.75-0.87)99. It remains to 

be seen whether the CIDI-SF will outperform the original method, and 

whether the findings of this study will differ. 

 

In observational studies, though causality cannot be established, causal 

inference may still be exercised to explore the possible meanings behind 

the association. The introduction has described much evidence for 

forward causality, so here the evidence for reverse causality will be 

discussed. The questions to ask in relation to reverse causality would be 

whether recurrent major depression is likely to cause hospitalisation for 

infection, hospitalisation for injury, and regular use of NSAIDs. Few 

studies have reliably examined whether depression will lead to 

subsequent infection100-102. One large (n=976,398) prospective study 

reported that depression increased the risk of having any type of 

infection (IRR=1.61, 95% CI=1.49–1.74)102. The authors reasoned that 
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depression would chronically activate the neuroendocrine stress-

signalling and neuro-immunological pathways, which over time could 

alter immunological gene expressions, thus increasing the susceptibility 

to infection103-105. Oddly, this study did not find a linear dose-dependent 

relationship; the risk of infection decreased for the second depressive 

episode (IRR=1.49, 95% CI=1.21–1.83) and by the third depressive 

episode there was no statistically significant risk of infection102. These 

findings displayed a level of incoherence, which casts doubt on whether 

depression could lead to infection. In terms of depression elevating the 

risk of physical injury, both negative and positive associations have been 

reported106-110. It is plausible that a depressed individual may engage in 

deliberate self-harm in response to suicidal thoughts or be involved in 

unintentional injury due to depressive symptoms like impaired attention, 

fatigue and poor sleep. But as it stands with current literature, the 

evidence for reverse causality is limited and unclear. Lastly, for NSAIDs 

in this study, it was used as a marker of inflammation. So, for reverse 

causality, the question would be whether depression could cause 

inflammation.  Meta-analyses of longitudinal studies have consistently 

found that raised inflammatory markers (IL-6, CRP) preceded the 

development of depressive symptoms111,112, and prospective clinical 

studies also found that inflammatory conditions preceded the onset of 
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depression70,71. Therefore in light of these findings, reverse causality 

would appear less likely. 

 

Taking into account the above study limitations and assuming the 

associations hold true, what then are the biological underpinnings for the 

association between inflammation and recurrent major depression? 

Recurrent major depression is a chronic illness characterised by 

repeated episodes of severe exacerbations and lower-grade symptoms 

between exacerbations. This waxing and waning characteristic is 

common to other chronic inflammatory diseases. Chronic inflammatory 

disease may be the result of a poorly controlled host 

immune/inflammatory response to environmental stressors. Infection is 

one example of an environmental stressors. Microbes can cause chronic 

inflammation through persistent infection. They can continue to live in 

the host by evading immune surveillance through antigenic 

mutation/variation (e.g. Human immunodeficiency virus), coating 

themselves with host proteins (e.g. Treponema pallidum), living within 

host cells (e.g. Viruses, Mycobacteria tuberculosis), or residing in 

immunologic sanctuaries within the central nervous system (e.g. human 

herpesviruses)113. Viruses are particularly adept at surviving in the host 
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through various mechanisms of subverting the host’s immune system. 

Viruses have three main patterns of persistence113: 1) Viruses can 

continue to actively replicate in high titres by being noncytocidal or by 

invading target cells that are rapidly replaced by cellular proliferation 

(e.g. Hepatitis B virus); 2) Viruses can become latent and the viral 

genome goes into non-replicating mode or is integrated into the host 

genome, allowing for intermittent activations when host conditions are 

optimal (e.g. Herpes simplex virus, Varicella-zoster virus); 3) Viruses can 

continue to be infective with low level replication and cell-to-cell 

transmission (e.g. Paramyxoviruses, Lentiviruses). In the above examples, 

the primary pathogen fails to get eliminated and the host continues to 

mount a low-grade or intermittent inflammatory response towards the 

agent.  

 

Our UKB results appear to support this pathoaetiology. Hospitalisation 

for infection was associated with recurrent major depression, and in the 

subanalysis, viral infection was the only class of infection that had a 

significant association with recurrent major depression. Further 

supporting this observation is a meta-analysis of case-control studies that 

examined the relationship between microbial (viral, bacterial, fungal and 
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parasitic) infections and depression69. Of all the infective agents, only five 

had statistically significant associations with depression and four of them 

were viruses (Epstein-Barr virus, Herpes simplex virus-1, Varicella zoster 

virus and Borna disease virus)69. These infectious agents typically cause 

diseases that can be managed in the outpatient setting. It is interesting 

that in our study, viral infections in the inpatient setting were also 

associated with depression. Viruses that lead to acute hospitalisations 

are frequently respiratory and gastrointestinal infections and they 

typically have causative agents that are different from the ones identified 

in the above meta-analysis. In our study, due to sample size limitations, it 

was not possible to further stratify analysis for individual viruses and 

depression.  

 

Now that we have identified a source of inflammation, how does 

inflammation affect mood? Inflammatory cytokines can alter the 

monoamine neurotransmitter pathways and influence the balance of 

serotonin, norepinephrine and dopamine in the brain. These 

neurotransmitter pathways have been the target of antidepressant drugs 

since the 1950s. Tryptophan is an amino acid used for the synthesis of 

serotonin. Tryptophan is metabolised through one of two competing 
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pathways – the serotonin pathway or the kynurenine pathway. 

Tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-dioxygenase 

(IDO) are major enzymes in the kynurenine pathway. IDO activity is 

increased by pro-inflammatory cytokines such as IFN-α and TNF-α. 

TDO activity is increased by cortisol, which is released when cytokines 

activate the hypothalamic–pituitary-adrenal axis. More tryptophan gets 

metabolised though the kynurenine pathway activity and thus less 

tryptophan becomes available for serotonin synthesis through the 

serotonin pathway114. Cytokines like IL-6 and TNF-α also induce the 

subsequent enzymatic metabolism of serotonin115,116. Serotonin reuptake 

back into the neuron is increased by IL1-β, TNF-α and IFN-α through 

increased synthesis serotonin transporters117. Dopamine levels are 

lowered by IL-6, IL-2, and TNF-α118,119 and IL-1β increases dopamine 

turnover in the hippocampus and hypothalamus120,121. The net effect of 

pro-inflammatory cytokine activity is reduced monoaminergic 

neurotransmission, and this may precipitate or prolong a depressive 

episode in vulnerable individuals. Glutamatergic neurotransmission has 

also been implicated in major depression, where overactivity is viewed 

as pathological122. Inflammation raises IDO expression and shunts 

tryptophan to the kynurenine pathway, increasing downstream 
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metabolites like kynurenic acid (KA) and quinolinic acid (QA) in the 

process123. KA is an antagonist while QA is an agonist of glutamate 

receptors.  Inflammatory cytokines and QA together increase glutamate 

release and decrease glutamate reuptake124,125, while KA also decreases 

glutamate reuptake126. Therefore, the net effect of inflammation on 

glutamatergic neurotransmission is still considered stimulatory122,123. 

Figure 2 summarises the inflammation-mediated pathways that have been 

implicated in depression.  

 

Brain-derived neurotrophic factor (BDNF) is involved in neurogenesis 

and neuroplasticity. It is thought that BDNF plays a protective role in 

depression. Inflammatory cytokines reduce BDNF release and affects 

BDNF receptor phosphorylation127,128. However, BDNF is also increased 

by TH2-related cytokines, which underlines the complex relationship 

between cytokines and BDNF129. In the clinical setting, IFN-α 

administration has been shown to decrease BDNF levels128 and having 

the Methionine allele of the BDNF gene (as opposed to the higher 

expressing Valine/Valine genotype) increases vulnerability to depression 

during IFN-α treatment130. BDNF Val66Met polymorphism highlights the 

fact that there are genetic variations which may confer either resilience 
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or susceptibility to depression, hence not everyone will respond 

similarly when stressed by inflammation.   

 

The hypothalamic–pituitary-adrenal (HPA) axis exerts profound effects 

on the brain. Through glucocorticoids, it can regulate neuronal survival, 

neurogenesis, the formation of new memories and the emotional 
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appraisal of events. There is HPA dysfunction in depressed patients, with 

excess cortisol and dexamethasone test non-suppression being the most 

frequently reported131,132. Pro-inflammatory cytokines have stimulatory 

effects on HPA axis hormones133 and can disrupt glucocorticoid 

receptor signalling to alter glucocorticoid-mediated feedback 

regulation134, further enhancing pro-inflammatory cytokine release. The 

HPA axis is highly responsive to psychosocial stress and these stressors 

may activate the HPA axis in a similar way to inflammatory stress, 

eliciting similar neuro-immuno-endocrine effects135. It is likely that 

through this pathway, inflammatory processes and psychological factors 

interact to influence both cognitive and affective symptoms of 

depression. 

 

Cytokines are usually expressed at very low levels in a healthy brain, but 

an infectious or inflammatory stimulus could rapidly increase its levels. 

Cytokines can gain access to the brain through various pathways. One 

way involves macrophage­like cells that are found in circumventricular 

organs and the choroid plexus. These choroid plexus macrophages 

surveil circulating pathogens and will respond to them by releasing 

inflammatory mediators that activate choroid plexus epithelial cells to 
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express trafficking molecules, and these molecules may leak cytokines to 

the cerebral spinal fluid136. Another way of gaining access is through 

areas of the blood brain barrier that are more permeable (e.g. the 

organum vasculosum laminae terminalis) or where there are active 

transport mechanisms137. Lastly, the integrity of the blood brain barrier 

may be compromised during pathological states (e.g. seizure)138. In 

addition to peripheral infiltration, cytokines are also centrally expressed 

at brain regions such as the circumventricular regions, hypothalamus, 

hippocampus, cerebellum and forebrain. They may be activated when 

there are severe systemic or central infections or when there is a brain 

injury or seizure. Cytokines can bind to neuronal receptors, modulate 

ion channels and activate intracellular second messenger systems139. 

Neurotransmitter function and vascular changes within the brain can 

also be effected140. 

 

Proving that neuroinflammation exists in the brain of actively depressed 

patients has been difficult. Obtaining brain tissue or cerebral spinal fluid 

from actively depressed patients is intrinsically challenging. But recent 

advances in neuroimaging has finally allowed us to investigate this more 

convincingly. Positron emission tomography (PET) may now be applied 
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to measure translocator protein (TSPO) binding in vivo. TPSO is a 

protein that is located on the outer mitochondrial membranes in 

microglia. TPSO expression is increased when microglia are activated 

during neuroinflammation. Therefore, higher measures of TSPO implies 

greater neuroinflammation. Patients in an active major depression 

episode, relative to matched controls, showed higher TSPO density in all 

brain regions measured (including the prefrontal cortex, anterior 

cingulate and insula)141. This finding was replicated in a later study142. In 

the last study, researchers found that patients with longer duration of 

depression had higher levels of TSPO relative to patients with a shorter 

duration of depression and to controls143. These findings support our 

observation that the recurrent depression group is associated with more 

inflammation that the single depression episode group. 

  

There seems to be a plausible biological relationship between infection 

and depression through an immunoinflammatory link. What about 

injury? In this study, hospitalisation for injury had an association with 

recurrent depression in the unadjusted model. Results were adjusted for 

chronic disability and the association was lost. This implied that it might 

have been the loss of function after injury that was associated with 
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recurrent depression, not the acute injury itself. Both infection and 

injury are common precipitants of an inflammatory response, but from 

what has been discussed, infections seem more capable of perpetuating a 

prolonged inflammatory course and hence resulted in a stronger 

association with chronic recurrent depression. 

 

Regular fish oil supplementation showed a protective effect against 

recurrent major depression, a form of depression that appears to have a 

stronger  inflammatory aetiology. The anti-inflammatory mechanisms of 

action of fish oil (omega-3 fatty acid) were explained in the introduction. 

Studies have attempted to quantify omega-3 fatty acids in depressed 

individuals. Depressed subjects, compared with healthy controls, had 

lower serum concentrations of omega-3 fatty acids and higher omega-6 

fatty acids to omega-3 fatty acids ratio144,145, which seems to suggest that 

low dietary fish oil may contribute towards depression. In our UKB 

study, the dose, duration and frequency of fish oil supplementation was 

not captured, and the temporality of its use in relation to depression 

could not be established. Even if those information were available, the 

efficacy of fish oil supplementation will still need to be determined in a 

randomised clinical trial. Two recent meta-analyses on the adjuvant use 
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of omega-3 fatty acids in clinical trials found it had only small-moderate 

treatment effects in MDD146,147. Where our UKB results may help would 

be to guide the selection of participants. Since our results indicate that 

fish oil supplementation only protected against recurrent major 

depression, future trials may evaluate whether including only patients 

with recurrent episode major depression might result in bigger 

treatment effects. 

 

This chapter used an epidemiological approach to study the relationship 

between inflammation and depression. The associations derived prompt 

further thought into the role of inflammation and the course of illness, 

and how manipulating our body’s inflammatory response might change 

the course of illness. The next chapter will complement this chapter by 

investigating whether a novel and rapid acting antidepressant agent is 

able to alter the morphology and function of inflammation regulating 

microglial cells, and whether the antidepressant mechanism of action 

involve receptors that are located on immune cells.     
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E) Summary   

Findings in this chapter showed that recurrent major depression was 

more strongly associated with inflammation-causing conditions than 

single episode depression. There was a significant dose-response 

relationship between the number of inflammatory events and the odds 

of recurrent major depression. Of the infective events, viral infection 

showed the most significant association with recurrent depression. 

Regular fish oil supplementation may be protective against the recurrent  

depression.  
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Chapter 2 

Ketamine’s antidepressant effect and the roles of microglial 

cells and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid receptors 

 

A) Introduction 

 

Major depressive disorder (MDD) is a debilitating mental illness that affects 

millions of individuals worldwide, and has harmful effects on our general health 

and the economy1,2. However, studies show that current antidepressant 

medications only provide remission for less than one-third of MDD patients, 

even after three to four months of treatment3,4. Remission in patients often 

required more than six months of treatment and multiple antidepressant 

trials4. Standard antidepressants also have the inherent issue of delayed 

therapeutic onset and this continues to be a major bane for patients. The 

situation becomes more critical in depressed patients who have suicidal 

ideations, as treatment delays increase the risk of suicide5,6.   
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Current antidepressants mainly target the monoamine neurotransmitter 

system. The key therapeutic effect is believed to be the increase of 

monoamines (serotonin, norepinephrine, dopamine) in brain synapses. The 

delayed therapeutic onset suggests that longer-term effects downstream of 

monoamine signaling are of greater importance7, though it remains unclear 

which mechanisms are responsible for treatment efficacy. Clinicians are still 

using these relatively inefficacious medications for depression because there 

has been a lack of major breakthroughs in drug development.  

 

Ketamine is emerging as a prototype for a new class of rapid-acting 

antidepressants. The fact that ketamine could induce an antidepressant 

response within hours of administration8,9 took psychiatrists by surprise. 

Ketamine is an old drug that anaesthesiologists use for anaesthesia. Its use in 

psychiatry is spurring new research into the glutamatergic neurotransmission 

system, which is a departure from the long-held monoamine-based system. 

The following subsection details the pharmacological properties of ketamine. 
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Ketamine – a brief history 

Ketamine was first synthesised in 1962 at Parke-Davis laboratories, Michigan. 

It was developed for use as a fast-acting general anaesthetic. Following United 

States FDA approval in 1972, doctors began to use it in the battlefield during 

the Vietnam War. Unfortunately, socio-recreational use of ketamine increased 

in the late 1970s through to the 1980s and 1990s. Ketamine users widely 

experienced its dissociative and hallucinatory effects. The mounting illicit use 

of ketamine in the United States led to its Schedule III classification under the 

Controlled Substance Act in August 1999. In the United Kingdom, it was 

labeled a Class C drug under the Misuse of Drugs Act in January 2006. 

Ketamine is nevertheless valued as an efficacious anaesthetic with minimal 

cardiovascular and respiratory side effects. It is still commonly used for 

anaesthesia in hospitals around the world. 

 

Pharmacokinetics of ketamine 

Ketamine (C13H16CINO) is an arylcyclohexylamine drug with two active 

enantiomers: S(+) and R(-) ketamine. Being both lipid soluble and partially 

water soluble, it can be absorbed through intravenous, intramuscular, 

intranasal, oral and topical routes. Ketamine rapidly crosses the blood-brain 
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barrier because it has low molecular weight (237.7 Da), low ionisation at 

physiologic pH (pKa 7.5), and high lipid solubility. Peak plasma concentration 

and maximal effect can be reached within one minute of intravenous infusion. 

Ketamine has a half-life of two to three hours. It undergoes hepatic 

metabolism to form norketamine and dehydronorketamine through the 

cytochrome P450 enzyme system. Norketamine is the main metabolite which 

has approximately one-third the potency of ketamine. Metabolites of ketamine 

are conjugated and mostly eliminated via renal excretion (90%) and fecal 

excretion (5%), with about 4% being excreted unchanged in urine. 

 

Pharmacodynamics of ketamine 

Ketamine is a non-competitive antagonist of the N-methyl-d-aspartate 

(NMDA) receptor. It has a binding site within the receptor’s ion channel. 

Activation of the NMDA receptor causes Ca2+ and Na+ influx and the neuron 

depolarises. Intracellular Ca2+ also activates various calcium-dependent 

signaling cascades. The NMDA receptor is a complex modulator of glutamate 

neurotransmission. NMDA blockade is thought to increase glutamate 

neurotransmission through the preferential inhibition of γ-amino butyric acid 

(GABA) interneurons, which in turn disinhibits excitatory neurons, leading to 
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increased glutamatergic firing10,11. NMDA antagonism could also reduce the 

activity of calcium-dependent nitric oxide synthase, leading to lower levels of 

nitric oxide (NO) in the neuron. As NO acts as a retrograde messenger to 

presynaptic neurons, reduced NO signaling could ultimately lead to decreased 

presynaptic glutamate release12,13. NMDA is an ionotropic glutamate receptor 

that is widely distributed in the brain. Together with α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) and kainate receptors, they mediate 

virtually all the fast-glutamatergic excitatory signals. Glutamate is the most 

abundant excitatory neurotransmitter in the human brain. It is an essential 

neurotransmitter for normal cognitive function. It is also a mediator of 

synaptic plasticity and neuronal cell death14. Glutamate is synthesised in the 

cytoplasm and stored in synaptic vesicles. After release into the synaptic cleft, 

it is taken up by astrocytes and is oxidatively degraded or converted to 

glutamine by glutamine synthetase. Glutamine is in turn released from the 

astrocytes, accumulated by neurons, and converted back to glutamate by 

glutaminase. Extracellular glutamate concentrations are usually maintained at 

low levels to prevent neuronal excitotoxicity. The NMDA receptor mediates 

sensory input from the spinal level up to the subcortical and cortical levels. 

Ketamine, an NMDA antagonist, blocks or interferes with sensory input to 

higher centres of the central nervous system (CNS). It also affects emotional 
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responses to stimuli and the processes of learning and memory15. Clinical 

effects of ketamine at intravenous doses greater than 2mg/kg are anaesthetic 

and analgesic in nature16. At subanaesthetic doses, psychomimetic effects can 

be predominant and are reportedly similar to symptoms of schizophrenia17,18. 

It is at even lower doses of around 0.5mg/kg that antidepressant effects are 

experienced, and these are the doses that have been reported in clinical trials 

for depression8,9. More randomised controlled trials have been conducted 

since the two pivotal studies8,9, Several meta-analyses have confirmed the 

rapidity and short-term efficacy of intravenous low-dose ketamine in the 

treatment of MDD19-21.  

 

The first part of this chapter will focus on whether ketamine has any 

immunomodulatory effect on microglial cells at its antidepressant dose. About 

10% of all brain cells are microglia. These macrophage-like cells are crucial in 

regulating both protective and toxic processes in the brain. Non-activated 

microglia constantly monitor the cerebral environment for threats and when 

there is a disturbance in brain homeostasis, microglia become activated and 

changes in morphology and function22. Microglia may be activated into two 

distinct or “classical” types22, though other subtypes have been described23. In 
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M1 activation, microglial cells may become hyper-ramified or amoeboid. They 

may release pro-inflammatory cytokines, glutamate and free radicals in this 

cytotoxic mode against pathogens. In M2 activation, microglia cells release 

anti-inflammatory cytokines and neurotrophic factors, and function mainly to 

heal and repair tissue. Although the M1/M2 phenotype has been classically 

described, not all experts agree that there’s such a rigid dichotomy. Some of 

the reasons24-26 that have been put forth include: 1) more the two activation 

states have been observed; 2) different cell lines may respond differently to 

the same stimulus; 3) the background environment can affect polarization; 4) 

induced phenotypes in vitro may not be representative of in vivo phenotypes 

due to complexity of stimuli; 5) microglia can control their own polarization 

through paracrine and autocrine processes. The jury is still out on whether a 

new classification in future will be universally accepted, given the present 

diversity of opinions. For this study, the focus will not be on classifying 

microglia, but to describe the observed changes in morphology and functional 

expression.    

 

In depression, acute stress and cortisol release could induce pro-inflammatory 

and proliferative responses in microglia27, leading to neuroinflammation28,29. 
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Microglia are also sensitive to adverse stimuli like infections and injuries30,31, 

and in response to these noxious stimuli they become hyperactive and release 

even more pro-inflammatory cytokines32,33. An overexpression of pro-

inflammatory cytokines could increase the production of reactive oxygen 

species in the brain, leading to oxidative damage and neuronal death34. 

Prolonged activation of microglia could also suppress hippocampal 

neurogenesis and neuroplasticity35,36. Under inflammatory conditions, microglia 

could induce apoptosis of hippocampal neuroblast through IL-6 or TNF-α35,36.  

It could also inhibit GluR1 (AMPAR) phosphorylation, which is required for 

synaptic plasticity and spatial memory37. As the brain ages, amyloid and 

tauopathy sets in and through complement-mediated mechanisms, microglia 

could cause synaptic engulfment and synaptic loss38.   

 

In depressed patients, postmortem studies of microglia have been 

inconclusive. Some studies observed activated microglia in depressed patients, 

while other studies found no difference between those depressed and not 

depressed39-42. In vivo positron emission tomography (PET) imaging of 

microglia has yielded more consistent results. In brief, PET imaging uses 

radioactive ligands that bind to the translocator protein (TSPO). TSPOs are 
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located primarily on the outer mitochondrial membranes of microglia. Its 

expression is relatively specific to microglia in the brain and when there is a 

neuroinflammatory insult, its expression becomes rapidly upregulated. The 

first PET-TSPO study43 failed to identify any difference between depressed 

patients and controls, but following that, three additional studies44,45 observed 

higher TSPO signals in MDD patients relative to controls. This provided in 

vivo evidence of neuroinflammation and highlighted microglia’s role in 

depression. Although PET-TSPO imaging has been a major advancement, it is 

not without its limitations. Current PET-TSPO imaging is able to distinguish 

active from inactive microglial but is still unable to show whether the activated 

microglia are pro-inflammatory or anti-inflammatory46.  

 

Pre-clinical studies are still useful for elucidating the pathological states of 

microglia and in identifying microglia’s response to drugs. Antidepressants like 

tricyclic antidepressants (TCAs), monoamine oxidase inhibitors (MAOIs) and 

selective serotonin reuptake inhibitors (SSRIs) are drugs that target the 

monoamine (serotonin, norepinephrine, dopamine) neurotransmitter system. 

It was previously thought that they did not have any anti-inflammatory 

mechanism of action, but there is now pre-clinical evidence that SSRIs and 
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other antidepressants can inhibit pro-inflammatory cytokine (IL-1β and TNF-

α) release from lipopolysaccharide (LPS)-activated microglial cells47-51. 

Antidepressants can also attenuate microglial activation and inhibit its 

production of free radical nitric oxides52,53.  However in vitro studies have no 

behavioural correlates and the use of drug concentrations may not be 

physiologically representative, therefore in vivo studies are needed. Chronic 

stress can induce both depressive-like symptoms and microglia activation in 

rodents. Rats chronically restrained for up to 21 days exhibit depressive 

behaviour and microglial change [e.g. increased cell numbers, hyper-

ramification, expression of activation markers]54-58. Chronic unpredictable 

stress in rats could also activate microglia and increase pro-inflammatory 

cytokine production (e.g. IL-1β)58. 

 

This study aims are to explore whether ketamine’s antidepressant effect has 

an immunomodulatory mechanism of action, and to investigate whether 

ketamine’s antidepressant effect is solely due to NMDA receptor (NMDAR) 

antagonism. Multiple lines of evidence are leading scientists to question 

NMDAR’s role in treating depression. Molecules that are also NMDAR 

antagonists, such as memantine, AZD6765, CP-101 606, Ro25–6981 and even 
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MK-801 which binds to the same receptor site as ketamine, have failed to 

replicate ketamine’s robust antidepressant effects59-62. Surprisingly, 

experiments with other glutamate receptors, such as AMPA receptor 

(AMPAR), have led to the discovery that AMPAR may be crucial for ketamine 

to exert its antidepressant effect. 2,3-dihydroxy-6-nitro-7-sulfamoyl-

benzoquinoxaline-2,3-dione (NBQX) is both an AMPAR and kainate receptor 

antagonist. In animal studies, when NBQX is administered minutes to hours 

after ketamine injection, ketamine’s antidepressant effect becomes negated62,63. 

It is unclear whether the nullification of ketamine’s effect was due to AMPAR 

or kainite receptor blockade. An interesting point to note is that AMPAR-type 

receptors are also present on microglia and these receptors regulate pro-

inflammatory release from microglia. The work in this chapter will aim to 

elucidate AMPAR’s role in depression treatment more clearly by using a 

selective AMPAR antagonist and AMPAR potentiator. 

 

Research questions 

1) Can ketamine alter the morphology of microglia in depression? 

2) Can ketamine alter the expression of inflammatory markers in 

depression? 
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3) Are there other glutamate receptors involved in ketamine’s 

antidepressant effect? 

 

This chapter aims to determine: 1) whether a single antidepressant dose of 

ketamine (versus vehicle) at the end of a chronic stress period is able to 

attenuate microglial morphology; 2) whether a single antidepressant dose of 

ketamine (versus vehicle) at the end of the chronic stress period is able to 

change mRNA and protein markers of inflammation in microglia (including 

cytokines, chemokines and neurotrophic factors); 3) whether ketamine’s 

antidepressant effect will be influenced by selective AMPAR antagonism and 

potentiation. 

 

The first hypothesis is that three weeks chronic stress will induce changes in 

microglia and depressive-like symptoms in rats. Ketamine when given at the 

end of three weeks will change the morphology of activated microglia to a less 

activated state and produce antidepressant behavioural effects. The second 

hypothesis is that three weeks of chronic stress will increase the expression of 

pro-inflammatory markers in rats. Ketamine when given at the end of three 

weeks will reduce the expression of pro-inflammatory markers. The third 
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hypothesis is that a selective AMPAR blocker will negate ketamine’s 

antidepressant effect while an AMPA potentiator with enhance its effect. 

 

B) Materials and Methods 

Study Overview 

For the first two study aims, 24 rats were randomly assigned into one of four 

groups: 

1) Stress + Vehicle  

2) Stress + Ketamine 

3) No Stress + Vehicle 

4) No Stress + Ketamine 

For three weeks, eight rats underwent chronic mild stress while the other 

eight were not stressed. At the end of three weeks, a single administration of 

intraperitoneal (i/p) 10mg/kg ketamine was given to rat groups 2) and 4) while 

rat groups 1) and 3) received the i/p vehicle (placebo). Ketamine 10mg/kg was 

chosen as the optimal antidepressant dose from prior dose testing 

(supplementary Fig.S1) which was consistent with the antidepressant dose 
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used in other studies63,64.  All rats were put through the forced swim test 

(FST) 24 hours post-injection. Rats were then sacrificed, and brain tissues 

were harvested for further experiments. 

 

For the third study aim, 6-8 rats were assigned into each drug comparison 

group. Perampanel, a selective AMPAR antagonist, was administered i/p 10-15 

minutes before ketamine 10mg/kg was given and FST was conducted 24 hours 

later. Doses at 2.5mg/kg, 5mg/kg and 10mg/kg were investigated. Piracetam, an 

AMPAR potentiator, was administered i/p 10-15 minutes before ketamine 

10mg/kg was given and FST was conducted 24 hours later. Doses at 75mg/kg, 

150mg/kg and 300mg/kg were investigated. The dosages of perampanel and 

piracetam in this study have been previously used to investigate CNS effects in 

rodents65-67.  

 

Animals 

Six-week-old male Murine Pathogen FreeTM NTac: Sprague-Dawley rats were 

purchased from InVivos (Singapore). The animals were housed in pairs within 

polycarbonate cages upon arrival and were allowed to acclimatise for one 
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week before any experimental manipulation. Food and water were available ad 

libitum. All animals’ related procedures were approved by the Institutional 

Animal Care and Use Committee (IACUC), National University of Singapore, 

and were carried out in compliance to animal handling guidelines developed by 

the National Advisory Committee for Laboratory Animal Research, Singapore.  

 

Chronic Unpredictable Mild Stress (CMS) 

The CMS procedure conducted was adapted and modified from the CMS 

model of depression by Willner et al68. The CMS schedule (supplementary 

Table S1) comprises of a variety of unpredictable mild stressors including 

white noise at 85db for one hour, isolation housing overnight, elevated stress 

for 30 minutes, food or water deprivation (16 hours), rotation on a shaker for 

one hour, damp and dirty bedding, 45 degree cage tilt for one hour, 

confinement to space for one hour, light/dark lighting reversals and 

stroboscopic lighting (300 flashes/minute) for one hour. A semi-variable 

schedule of two stressors per day was repeated for three consecutive weeks. 

The non-stressed control animals were housed in normal conditions. After 

three weeks of CMS, all animals underwent behavioural testing. 
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Forced swim test 

The overall experimental design was counterbalanced (rats from each 

treatment groups was represented in each session). Camera and dividers were 

well-positioned to obtain the best possible resolution of the rats. Water tanks 

were filled with room temperature tap water (23 to 25°C) up to the 

determined level. Water temperature was checked with the thermometer. 

Prior to starting the test, a white noise generator was started. The level of 

white noise was sufficient to mask out external noises. Rats were brought into 

the room and given at least one hour to acclimatise. Video recording 

commenced before rats were placed into the water tanks. Rats were held by 

their tails, and gently and slowly placed in the water. When the rat was in the 

water, its tail was slowly released. Once all rats were in their respective tanks, 

countdown on the stopwatch began. The test length was six minutes. The 

experimenter was at a reasonable distance from the animals to prevent any 

noticeable/distracting movements. After six minutes, the recording stopped. 

Prior to stopping, a note containing the ID/subject number of the rat was 

shown to the camera. The rat will be removed from the water by its tail in the 

same order that they were put in. The rat will then be gently dried with the 

drying paper and heated lamp and placed back into its home cage. 
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Tissue processing  

Within seven days of drug treatment, 13-week-old rats were deeply 

anaesthetised by an intraperitoneal injection with Pentobarbitone (0.5 ml/kg). 

Animals were transcardially perfused with phosphate-buffer saline (PBS) 

followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB). Brains were 

harvested and post-fixed for two days at 4 °C. After post-fixation, brains were 

saturated in 30% (w/v) sucrose in PBS and the right hemisphere was subjected 

to cryosection at 30μm thickness with a cryostat (Leica, Germany). Sections 

were stored in PBS until fluorescent immunohistochemistry staining was 

performed. 

 

Fluorescent immunohistochemistry 

Immunohistochemistry staining was performed using the standard free-floating 

method. Three coronal sections (one in series of five) per animal from the 

hippocampus and prefrontal cortex were used. Briefly, free-floating sections 

were washed twice with PBS and permeabilised with PBS containing 0.1% Tx-

100 (PBS-Tx).  Following this, they were pre-incubated for two hours in 

blocking solution (5% Donkey serum) at room temperature. Thereafter, the 

sections were incubated at 4oC overnight with rabbit anti-IBA1 (Wako, Osaka, 
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Jp, 1:500 in blocking solution). On the next morning, sections were washed 

and incubated in the Donkey Anti-Rabbit Alexa Fluor® 488 secondary 

antibody (Invitrogen, Oregon, USA, 1:500 in blocking solution) at room 

temperature for two hours. Subsequently, sections were washed and 

incubated for 10 minutes with DAPI stain (Invitrogen, Oregon, USA, 1:50000 

in PBS-TX). Next, sections were washed, dehydrated before mounting with 

homemade 2.5% PVA/DABCO mountant.  

 

Fluorescence images showing IBA1 immunoreactivity and DAPI stain were 

captured using Zeiss LSM710 confocal laser scanning microscope for microglia 

cell counting and for quantifying morphological changes, at 20x and 40x 

magnification respectively. The anatomical location of the region of interest 

was identified using a rat brain atlas. The hippocampus and prefrontal cortex 

were chosen because these brain regions have been implicated in depression 

and prior studies have reported chronic mild stress effects on these regions69. 

One image per section covering the dentate gyrus of the hippocampus while 

three images per section covering the anterior cingulate cortex (AcG), 

infralimbic (IL), prelimbic (PL) medial prefrontal cortex were imaged pseudo 

randomly (n=3 or 4). Z stack images of 20 slices were taken to detect 
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microglia throughout the entire thickness of each section. For comparison, the 

parameters (contrast, brightness and pinhole) for each confocal scan were 

kept the same.  Images were rendered into a two-dimensional diagram with 

Imaris software, before the numbers of microglia were counted manually with 

Image J software. To analyse the morphological changes in microglia, z-stack 

images were used for three-dimensional reconstruction of the microglia. 

Surface rendering was performed on each microglia before applying filament 

tracer to trace their processes. The following parameters were used to 

analyse the morphological changes: volume, surface area, total process length, 

branch point, branch depth and number of terminal points. All parameters are 

mean values of a single microglial cell. Only cells with entire processes shown 

with DAPI stained nuclei were selected for analysis.  

 

Real-time polymerase chain reaction (RT-PCR) 

Tissue: Rat brain tissues rats were stored in RNA latter solution at -80 ºC 

until analysis. Real Time (RT) PCR was done to detect the mRNA expression 

level of various chemo and cytokines in the hippocampus and PFC. As a first 

step, the hippocampus and PFC stored in RNA latter solution were extracted 

using the RNA extraction kit from Qiagen (RNeasy Plus Mini Kit, Qiagen). 
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Tissue was homogenised using lysis buffer provided in the kit. RNA was 

extracted according to the protocol of the manufacturer. RNA purity and 

concentration were determined using NanoDrop One (Thermo Scientific). 

Four hundred nanograms of RNA was converted to cDNA using RevertAid 

First Strand cDNA Synthesis Kit, (Thermo Scientific) according to the 

protocol of the manufacturer. All RT-PCR Primers were obtained from the 

publications and validated using NCBI primer blast. The list of primers and 

validation details are attached with the SOP for RT-PCR. PowerUp™ SYBR™ 

Green Master Mix Applied Biosystems was used for PCR reactions. Applied 

Biosystems Vii a 7 real time PCR system was used for the reactions.  

 

Protein Milliplex Assay 

Rat brain tissues were frozen with liquid nitrogen and stored at -80 ºC until 

analysis. Ice cold phosphate buffered saline with protease inhibitors was used 

to homogenise around 30 milligrams of brain hippocampus tissue. Clear 

supernatant was used for the assay to estimate the protein concentrations of 

cytokines in an ELISA based assay (MILLIPLEX MAP Rat Cytokine/Chemokine 

Magnetic Bead Panel, Milliplex, RECYTMAG-65K-10) Assay protocol was 

followed from the manufacturer instructions. Milliplex MAGPIX® System was 

used for the quantification assay. 
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Statistical Analysis 

Analysis of variance (ANOVA) was used to test for group differences. Main 

and interaction effects were reported when two-way ANOVA was used to 

analyse the effects of two independent variables on one dependent variable. 

Post-hoc analysis (Tukey) was performed when one-way ANOVA was used. 

SPSS software version 24 was used. Based on our preliminary test results 

using ketamine and the forced swim test, a minimum of 4 animals per group 

was needed to detect an effect size of 1.9, with 80 % power and 0.05 alpha.   

 

C) Results 

 

Ketamine had different effects on microglia, which depended on the state of 

microglia before ketamine was given. In the prefrontal cortex, ketamine 

reduced the level of ramification in microglia when they were hyper-ramified 

under stress (Fig. 1). In the hippocampus, ketamine increased the level of 

ramification in both resting and hypo-ramified microglia (Fig. 2). Detailed 

analyses were performed to quantify these visual observations (Fig. 3 & Fig. 4).   
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Figure 1. Morphology of microglia in the prefrontal cortex. Representative images showing 
processes tracing of IBA-1 labelled microglia from (i) Control (ii) CMS (iii) Control + Ket10 (iv) CMS 
+ Ket10 groups by (A) surface rendering and using (B) filament tracer in Imaris (red for branch 
points, blue for point of origin). Scale bar = 10um.  

i ii 

iii iv 

i ii 

iii iv 

A 

B 



 

 112 

 

       
 

       
 

        
 

      
 
 

Figure 2. Morphology of microglia in the hippocampus. Representative images showing processes 
tracing of IBA-1 labelled microglia from (i) Control (ii) CMS (iii) Control + Ket10 (iv) CMS + Ket10 
groups by (A) surface rendering and using (B) filament tracer in Imaris (red for branch points, blue for 
point of origin). Scale bar = 10um. 
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Figure 3. Bar graphs depicting the detailed morphological characteristics of microglia in the 
prefrontal cortex. (A) Volume, (B) Surface area, (C) Total process length, (D) Branch points, (E) 
Branch depth, (F) Terminal points. Mean values with standard error bars shown. CMS, Chronic mild 
stress; Ket, Ketamine; Veh, Vehicle. 
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Figure 4. Bar graphs depicting the detailed morphological characteristics of microglia in the 
hippocampus. (A) Volume, (B) Surface area, (C) Total process length, (D) Branch points, (E) Branch 
depth, (F) Terminal points. Mean values with standard error bars shown. CMS, Chronic mild stress; 
Ket, Ketamine; Veh, Vehicle. 
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In the prefrontal cortex, there was significant interaction between CMS and 

ketamine (Table 1). Interaction effects altered microglial volume, surface area, 

total process length, branch points, branch depth and terminal points. CMS 

increased ramification of microglia in the prefrontal cortex (Fig. 3, Table 1). 

Ketamine decreased microglial volume [F (1,743)=24.33, p<0.001], surface 

area [F (1,743)=13.74, p<0.001], total process length [F (1,746)=12.71, 

p<0.001], branch points [F (1,746)=22.77, p<0.001], branch depth [F 

(1,745)=27.22, p<0.001] and terminal points [F (1,746)=22.91, p<0.001] in 

CMS rats, but had no effect on these measures in non-CMS rats.    

 

In the hippocampus, there were significant main effects for both CMS and 

ketamine (Table 2). Interaction effects were not present. CMS induced 

decreased ramification of microglia in the hippocampus (Fig. 4). Stressed rats 

had decreased microglial volume [F (1,573)=9.06, p<0.01], surface area [F 

(1,573)=7.49, p<0.01], total process length [F (1,574)=7.29, p<0.01], branch 

points [F (1,574)=7.29, p<0.01], branch depth [F (1,227)=5.96, p<0.05] and 

terminal points [F (1,574)=7.04, p<0.01] relative to non-stressed rats. Rats 

given ketamine had increased microglial volume [F (1,573)=82.38, p<0.001], 
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surface area [F (1,573)=41.31, p<0.001], total process length [F (1,574)=35.08, 

p<0.001], branch points [F (1,574)=42.86, p<0.001], branch depth [F 

(1,227)=18.46, p<0.001] and terminal points [F (1,574)=42.16, p<0.001] 

compared to rats not given ketamine.  

 

CMS and ketamine had no significant effect on the number of microglia in both 

the prefrontal cortex and hippocampus.  
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Table 1. Morphological characteristics of microglia in the prefrontal cortex. 

 Category 
  

Control  
+ Vehicle 

Control  
+ Ketamine 

CMS  
+ Vehicle 

CMS  
+ Ketamine 

Main effect 
CMS 

Main effect 
Ketamine 

Interaction 

Volume (µm3) 2598.6 (109.9) 2697.9 (116.0) 4224.5 (134.4) 3455.8 (105.4) 
 

<0.001 
 

<0.01 
 

<0.001 

Surface area (µm2) 3395.6 (136.7) 3445.3 (148.6) 4994.1 (163.0) 4277.2 (131.5) 
 

<0.001 
 

<0.05 
 

<0.05 

Total process length (µm) 449.4 (20.0) 435.6 (19.6) 636.8 (22.8) 540.6 (18.5) 
 

<0.001 
 

<0.01 
 

<0.05 

Branch points 33.7 (1.7) 31.3 (1.6) 51.8 (2.1) 40.5 (1.6) 
 

<0.001 
 

<0.001 
 

<0.05 

Branch depth 9.8 (0.3) 9.5 (0.3) 12.9 (0.3) 10.8 (0.3) 
 

<0.001 
 

<0.001 
 

<0.01 

Terminal points 
  

36.9 (1.7) 
  

34.5 (1.6) 
  

55.9 (2.2) 
  

44.1 (1.7) 
  

 
<0.001 

 
<0.001 

 
<0.05 

 
 
 
 
Table 2. Morphological characteristics of microglia in the hippocampus. 
 
Category 
  

Control  
+ Vehicle 

Control  
+ Ketamine 

CMS 
+ Vehicle 

CMS 
+ Ketamine 

Main effect 
CMS 

Main effect 
Ketamine 

Interaction 

Volume (µm3) 2795.2 (160.8) 3978.4 (217.0) 2175.5 (129.7) 3311.5 (188.6) 
 

<0.01 
 

<0.001 
 

0.706 

Surface area (µm2) 3664.7 (203.2) 4660.6 (253.5) 2942.2 (166.5) 3902.0 (237.3) 
 

<0.01 
 

<0.001 
 

0.414 

Total process length (um) 466.2 (30.2) 629.9 (38.8) 388.5 (23.2) 516.6 (34.4) 
 

<0.01 
 

<0.001 
 

0.203 

Branch points 34.1 (2.5) 51.1 (3.8) 27.5 (2.0) 40.3 (3.1) 
 

<0.01 
 

<0.001 
 

0.155 

Branch depth 10.7 (0.6) 13.1 (0.7) 9.1 (0.4) 11.8 (0.7) 
 

<0.05 
 

<0.001 
 

0.774 

Terminal points 
  

37.1 (2.6) 
  

55.2 (4.0) 
  

30.6(2.1) 
  

43.7 (3.2) 
  

 
<0.01 

 
<0.001 

 
0.126 
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RT-PCR was performed to identify differential mRNA expressions of 

cytokines [tumor necrosis factor alpha (TNF-α), interleukin-1 beta (IL- 1β), IL-

4, IL-6, IL-10, granulocyte macrophage-colony stimulating factor (GM-CSF), 

transforming growth factor beta (TGF-β)], chemokines [fractalkine/fractalkine 

receptor, monocyte chemotactic protein (MCP), macrophage inflammatory 

protein-1alpha (MIP-1α)], neurotropic factors [brain derived neurotropic 

factor (BDNF)], and microglia activation markers [mannose receptor C-type1 

(MRC1), ionized calcium-binding adaptor molecule 1 (IBA-1), cluster of 

differentiation 68 (CD68)].  

 

Of the cytokines, TNF-α, IL-1β, IL-6 and GM-CSF are pro-inflammatory, and 

IL-4, IL-10 and TGF-β are anti-inflammatory. MCP and MIP-1α are pro-

inflammatory chemokines. BDNF is a neuronal growth factor. Fractalkine 

receptors (CX3CR1) are exclusively expressed by microglia and fractalkine 

(CX3CL1) is a signalling molecule produced by neurons; this forms a signalling 

pathway that has immunomodulatory effects on microglia70. MRC-1 is a 

marker of microglial immunoregulatory activation70. IBA-1 and CD68 are 

cytoplasmic and lysosomal markers of microglial activation respectively71.  
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In the prefrontal cortex (Fig. 5), ketamine had significant main effects on TGF-

β, MRC-1 and CD68, such that rats given ketamine had lower expressions of 

TGF-β [F (1,21)=7.92, p<0.05], MRC-1 [F (1,21)=6.30, p<0.05] and CD68 [F 

(1,21)=5.62, p<0.05] than rats that were given vehicle. CMS had no significant 

main effect on any of the biomarkers (Table 3). For fractalkine, there was a 

significant interaction effect between ketamine and CMS [F (1,21)=5.78, 

p<0.05]. Ketamine significantly lowered fractalkine expressions in non-CMS 

rats (p<0.01) but had no effect on fractalkine in CMS rats.  

 

In the hippocampus, the main effect of ketamine on IL-1β was significant, such 

that IL-1β levels were lower in rats given ketamine [F (1,10)=7.88, p<0.05] 

than in rats given vehicle. (Fig. 6). CMS had no significant main effect on IL-1β 

expression and there was no interaction between CMS and ketamine. For the 

other PCR measures, ketamine and CMS had no main effects and there were 

no interaction effects.  

 

Neither CMS nor ketamine had main effects on protein markers which 

included fractalkine, MRC-1, MIP-1α, IL-1β, IL-6, TNF-α, IL-4 and IL-10.
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Figure 5. Real-time PCR quantification of biomarkers in the prefrontal cortex.  
Ket, Ketamine; CMS, Chronic mild stress; TGF-β, transforming growth factor beta; CD68, cluster of differentiation 68; MRC1, 

mannose receptor C-type1. 
 
 
 
 

 
 

Figure 6. Real-time PCR quantification of biomarkers in the hippocampus. 
Ket, Ketamine; CMS, Chronic mild stress; IL- 1β, interleukin-1 beta. 



 

 121 

 
Table 3. Real-time PCR quantification of biomarkers in the prefrontal cortex. 

 
Category Control + 

Vehicle 
Control + 
Ketamine 

Stress + 
Vehicle 

Stress + 
Ketamine 

Main effect 
Stress 

Main effect 
Ketamine 

Interaction 

Fractalkine 1.05 (0.11) 0.55 (0.06) 0.68 (0.06) 0.70 (0.06) 0.342 <0.05 <0.05 

Fractalkine 
receptor 

1.04 (0.09) 0.80 (0.15) 0.77 (0.13) 0.61 (0.11) 0.095 0.150 0.752 

TNF-α 1.11 (0.18) 0.59 (0.09) 0.85 (0.14) 0.80 (0.10) 0.879 0.143 0.219 

IL-6 3.60 (2.36) 2.85 (1.32) 1.62 (0.37) 0.84 (0.22) 0.171 0.588 0.992 

TGF-β 1.10 (0.15) 0.45 (0.08) 0.67 (0.12) 0.43 (0.06) 0.165 <0.05 0.223 

IL-1β 1.26 (0.31) 0.66 (0.19) 1.17 (0.19) 1.14 (015) 0.551 0.323 0.375 

BDNF 1.07 (0.13) 0.63 (0.09) 0.82 (0.09) 0.78 (0.12) 0.748 0.095 0.154 

IBA-1 1.14 (0.18) 0.70 (0.14) 0.80 (0.19) 0.40 (0.06) 0.127 0.053 0.945 

CD68 1.22 (0.26) 0.25 (0.08) 0.53 (0.08) 0.37 (0.06) 0.241 <0.05 0.105 

MRC-1 1.18 (0.23) 0.23 (0.02) 0.69 (0.25) 0.35 (0.05) 0.478 <0.05 0.256 
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The CMS procedure induced depressive-like behaviour (Fig. 7) as exemplified 

by increased immobility time relative to controls during the forced swim test 

(FST). Ketamine 10mg/kg, when administered 24 hours before FST, conferred 

an antidepressant effect by decreasing immobility time. There was a significant 

interaction effect [F (1,20)=5.02, p<0.05] between CMS and ketamine. Rats 

which underwent CMS had significantly increased immobility time (p<0.01) 

relative to rats without CMS, but CMS had no effect on immobility time when 

ketamine was given before FST (Fig. 7).   

 

 
 

Figure 7. Ketamine effects on FST in stressed and non-stressed rats.  
Veh, Vehicle; Ket, Ketamine. 
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In the AMPAR analysis, PML began to block ketamine’s effect on FST at 

5mg/kg and by PML 10mg/kg its blocking effect had maximised. In the 

experiment, there was a significant difference [F (4,31)=6.46, p<0.01] in 

immobility time between groups (Fig. 8). Post-hoc analysis showed that group 

(vehicle + ketamine 10mg/kg) and group (PML 2.5mg/kg + ketamine 10mg/kg) 

both had significantly lower immobility times (p<0.01) than control (vehicle + 

vehicle). This indicated that PML 2.5mg/kg was insufficient to block ketamine’s 

effect. Both group (PML 5mg/kg + ketamine 10mg/kg) and group (PML 

10mg/kg + ketamine 10mg/kg) did not have statistically different immobility 

times compared with control (vehicle + vehicle), which indicated that at higher 

PML doses, ketamine’s antidepressant effect was fully blocked. There was no 

difference in immobility times between group (PML 5mg/kg + ketamine 

10mg/kg) and group (PML 10mg/kg + ketamine 10mg/kg). 

 

PCT doses from 75mg/kg to 300mg/kg produced no significant enhancement 

of ketamine’s (10mg/kg) antidepressant effect on FST. It was possible that a 

ceiling effect had been reached. However, when ketamine was given at a lower 

dose of 5mg/kg, PCT augmentation was able to enhance ketamine’s effect. 

This was achieved in the absence increased locomotor activity. In the 
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experiment, there was a significant difference [F (4,43)=19.46, p<0.001] in 

immobility time between groups (Fig. 9). Post-hoc analysis showed that group 

(vehicle + ketamine 5mg/kg) had significantly  lower (p<0.05) immobility time 

than control (vehicle + vehicle), and all other groups (Fig. 9) also had 

significantly lower (p<0.001) immobility time than control (vehicle + vehicle). 

Compared with group (vehicle + ketamine 5mg/kg), the addition of PCT to 

ketamine in groups (PCT 150mg/kg + ketamine 5mg/kg) and (PCT 300mg/kg + 

ketamine 5mg/kg) both lowered immobility time further (p<0.01). The 

immobility times of (PCT 150mg/kg + ketamine 5mg/kg) and (PCT 300mg/kg + 

ketamine 5mg/kg) did not significantly differ from (vehicle + ketamine 

10mg/kg). These results indicated that PCT augmentation at 150mg/kg and 

300mg/kg enhanced ketamine’s 5mg/kg effect to the equivalent of ketamine 

10mg/kg.  
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Figure 8. Ketamine’s effect on FST with PML pre-treatment.  
Veh, Vehicle; Ket, Ketamine; PML, Perampanel.  

 
 
 
 

 
 

 
Figure 9. Ketamine’s effect on FST with PCT pre-treatment.  

Veh, Vehicle; Ket, Ketamine; PCT, Piracetam. 
 



 

 126 

 
D) Discussion 

Morphological changes to microglia were observed when there was exposure 

to chronic stress. With CMS, microglia became hyper-ramified in the 

prefrontal cortex and de-ramified in the hippocampus. Different changes in 

response to chronic stress in these two brain regions have previously been 

described54,72. Hyper-ramification in the prefrontal cortex may represent 

microglial activation54 and de-ramification in the hippocampus could signify 

microglial dystrophy72. It is increasingly being recognised that the form and 

function of microglia is not homogenous throughout brain73,74, and microglia’s 

response to adverse stimuli could be different due to region-specific signals 

and interactions in the surrounding microenvironment75,76. Surprisingly, 

ketamine reversed both forms of stress-induced change – hyper-ramified 

microglia became less ramified and de-ramified microglia became more 

ramified. To our knowledge, these effects of ketamine have not been 

previously reported and they support our hypothesis that ketamine could 

induce morphological change in microglia.  

 

Few studies have examined the effects of antidepressants on microglial 

morphology. Imipramine, a tricyclic antidepressant (TCA), was shown to 
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prevent chronic stress-induced microglial dystrophy after 5 weeks of daily oral 

imipramine77. Venlafaxine, a serotonin and norepinephrine reuptake inhibitor 

(SNRI) antidepressant, ameliorated chronic stress-induced hyper-ramification 

of microglia after 30 days of daily intraperitoneal venlafaxine78. A point to note 

is that these studies required chronic administration of a standard 

antidepressant to change microglial morphology and to achieve behavioural 

response. Ketamine was able to elicit similar effects, but in a much shorter 

time, and with just a single dose of the drug. The rate of change in microglial 

morphology appears commensurate with the rate of antidepressant response.  

These observations suggest that there is a biological link between microglial 

morphology and depressive symptoms, but is microglial change a cause or an 

effect of the change in depressive symptomatology? Minocycline, an inhibitor 

of microglial activity, prevented the onset of depressive-like symptoms when 

prophylactically administered to rodents before LPS or interferon-α 

challenge79,80, and reversed depressive symptoms when administered after the 

onset of learned helplessness depression81. These additional lines of evidence 

appear to suggest that it is microglial function/dysfunction that influences 

depressive symptoms.  
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While morphological changes in microglia could be directly observed, the 

interpretation of its function and relation to associated biomarkers is less 

straightforward. In the prefrontal cortex, stress-induced hyper-ramification of 

microglia was not associated with higher mRNA expressions of activation or 

inflammation, in contrast to the injury/inflammation model where expressions 

of inflammation would be expected82-84. Recent investigations that used 

chronic stress to induce morphological and functional changes in microglia 

have reported that hyper-ramification could occur without elevated mRNA 

expressions of activation or inflammation54,56,78. The hyper-ramified form of 

microglia is still not well understood. It may represent a primed, surveillant 

form of microglia that is between resting and activated states – meaning it 

could become reactive and phagocytic when there is further pathological 

stimulus, or it could revert back to the resting state when there is no longer 

any CNS distress83. Ketamine’s ability to reduce ramification in these hyper-

ramified cells under stress conditions may be related to its action on 

NMDARs. Glutamate acts on NMDARs to trigger adenosine triphosphate 

(ATP) release from neuronal dendrites, which stimulates outgrowth of 

microglial processes85-87. When stressed, corticosterone is released and acts 

on glucocorticoid receptors in neurons. With increased glucocorticoid 

stimulation, prefrontal cortex neurons selectively upregulate post-synaptic 
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surface expressions of NMDAR, leading to an increase in NMDAR activation 

and ATP release88. Ketamine, an NMDAR antagonist, could have blocked 

excessive postsynaptic NMDAR activation, which effectively cut down the 

ATP signal to microglia for ramification. This blocking effect of ketamine may 

have been evident only when glutamate transmission was high, but not when 

glutamatergic transmission was at its basal physiological rate, as ketamine did 

not reduce microglial ramification in non-stress conditions. Ketamine’s binding 

to NMDAR requires the removal of a voltage dependent Mg2+ channel block, 

therefore the greater the depolarization and firing rate of neurons, the greater 

the number of NMDAR channels ketamine could bind to89.      

 

In the hippocampus, the stress-induced de-ramification/dystrophy of microglia 

observed was in accordance with previous studies72,77. Those previous studies 

additionally reported loss in hippocampal microglial numbers, which was not 

observed in our study, possibly because the animals in those studies were 

exposed to longer chronic stress paradigms. Hippocampal microglia may have 

responded to stress and corticosterone more vigorously than prefrontal 

cortex microglia because glucocorticoid receptors are more abundantly 

expressed in hippocampal microglia90. The combination of prolonged 
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corticosterone stimulation from chronic stress and a high glucocorticoid to 

mineralocorticoid receptor ratio might have led to overactivation dystrophy in 

hippocampal microglia91. Ketamine’s ability to elicit trophic ramification of 

microglia in the hippocampus appeared independent of stress, because both 

stressed and non-stressed microglia showed robust response to ketamine in 

that regard. In the hippocampus, low dose ketamine preferentially blocks 

NMDARs on inhibitory GABAergic interneurons, which reduces tonic 

inhibition on excitatory pyramidal neurons92. This resultant net increase in 

basal glutamatergic transmission activates postsynaptic NMDARs, which in 

turn triggers ATP release and stimulates ATP-mediated microglial 

ramification85,86. Compared to stressed conditions in the prefrontal cortex, 

there was probably less concomitant NMDAR blockade with ketamine, 

because chronic stress-induced upregulation of NMDAR activity is not a 

feature of hippocampal neurons93. In non-stressed conditions, microglia in the 

prefrontal cortex did not show increased ramification in response to 

ketamine. This may be because ketamine reduced fractalkine in the prefrontal 

cortex but not the hippocampus. Fractalkine from neurons sends a tonic signal 

to microglia to regulate activation; in pathological conditions this signal comes 

off and microglia assumes a neurotoxic state94. Under physiological conditions, 

fractalkine signaling regulates process branching and motility in microglia to 
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continuously survey their environment94. Microglial morphology responds 

rapidly to fractalkine signals. Ex vivo microglia increase in process branches 

and terminal points when exposed to exogenous fractalkine, but readily 

reverse those changes when fractalkine is removed95. Thus ketamine, in 

lowering fractalkine, may have prevented the ramification process in the 

prefrontal cortex. The mechanisms through which ketamine acts on neurons 

to effect change in fractalkine is unclear and will need further investigation. 

 

Findings from mRNA and protein analyses in general indicated that the 

morphological changes observed in microglia were not associated with a pro-

inflammatory background and classical markers of microglial activation were 

also not elevated. Instead, the only consistent pattern observed was that 

ketamine lowered mRNA expressions of microglial immunological activity, 

irrespective of chronic stress. Overall, ketamine reduced expressions of pro-

inflammatory (IL-1β) and anti-inflammatory (TGF-β) cytokines, and markers of 

microglial activity (MRC-1, CD68). These findings do suggest that ketamine 

has immunomodulatory effects, and these effects may have been polarised if 

there was a strong inflammatory stimulus (e.g. LPS)96. Nonetheless, ketamine’s 

effect in this study suggests it lowered microglial activation. There is evidence 
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that this effect is through direct antagonism of NMDAR on microglia. One of 

the early studies reported that NMDAR antagonism (with MK801), under 

hypoxic conditions, downregulated IL-1β, TNF-α, inducible nitric oxide 

synthase (iNOS) and nitric oxide (NO) expressions in microglia97. A following 

study later confirmed that stimulation of microglial NMDAR with NMDA in 

vitro released both pro-inflammatory (IL-1β, TNF-α, GM-CSF, MCP) and anti-

inflammatory (IL-4, IL-10, IL13) cytokines/chemokines, and pre-treatment with 

MK801 reduced the release of these molecules98.  

 

With regards to CMS, it had no significant main effect on mRNA expressions, 

though trend decreases in some markers were observed. It is possible that 

there may have been a difference if the duration of CMS was longer, but it is 

also known that CMS can yield variable results on inflammatory markers, with 

some studies reporting elevated cytokines64,99, some reporting deceased 

levels100 and yet others reporting no effect of chronic stress on inflammatory 

cytokines levels101,102. These inconsistencies may be due to varying chronic 

stress procedures, the ambient environment, animal handling, innate resilience, 

and batch and strain differences. Nonetheless, this study allowed us to 

observe states of microglia that are rarely reported with CMS. Hyper-ramified 
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microglia are surveillant and pre-activated forms that could turn either pro- or 

anti-inflammatory83. Dystrophic/de-ramified microglia are pre-apoptotic and 

could be dysfunctional or immunoparalysed77. The non-polarised mRNA 

expressions observed in this study may have well represented these 

morphological forms. 

 

The next important finding in this study is the confirmation that AMPAR 

function is essential for ketamine to exert its antidepressant effect. Previous 

studies103,104 reported that NBQX was able to block ketamine’s antidepressant 

effect, but it was unclear whether it was because it antagonised AMPA 

receptors or kainate receptors because NBQX is an antagonist to both. A 

selective AMPA receptor antagonist was in this study to ensure it was AMPAR 

antagonism and not kainite antagonism that blocked ketamine’s antidepressant 

effect. An AMPAR potentiator was also used in this study to determine 

whether AMPAR potentiation was synergistic to ketamine’s antidepressant 

effect. The hypothesised mechanism behind this is that ketamine will first 

trigger pre-synaptic neurons to release glutamate, glutamate then activates 

post-synaptic AMPAR105,106 while post-synaptic NMDAR remains blocked; this 

way all available extracellular glutamate will get shunted to stimulate AMPAR.  
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The study findings support the hypothesis that AMPAR activation is crucial to 

ketamine’s antidepressant effect. PML dose dependently blocked ketamine’s 

antidepressant effect on the FST, while PCT dose dependently enhanced 

ketamine’s antidepressant effect on the FST. The significance of these findings 

is twofold: 1) Novel therapeutic drugs that target AMPAR could be developed. 

2) Existing use of ketamine could be augmented with AMPAR agents for 

treatment efficacy without the risk of using higher ketamine doses. There are 

compelling reasons to pursue therapeutic development in these directions. 

Despite the huge potential and promise of ketamine, it is important to note 

that even at subanaesthetic doses, ketamine use is associated with 

psychotomimetic, dissociative and cognitive disturbances107. There are also 

cardiovascular risks of tachycardia and hypertension108. Prolonged use bears 

the additional risk of drug abuse109, neurotoxicity110,111 and urological 

toxicity112,113. It is hoped that a better understanding of ketamine’s mechanism 

of action will drive further development of novel antidepressants that are 

rapid-acting but without the adverse features that currently limit ketamine’s 

wider clinical use. 
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Beyond the therapeutic efficacy of alleviating depressive symptoms, it is also 

imperative to address the neuroinflammation that is associated with 

depression, because prolonged inflammation could contribute towards 

depression recurrence and chronicity114. This study found that AMPARs are 

crucial to ketamine’s antidepressant effect. Future research into AMPAR-

based antidepressants should also explore whether they possess 

immunomodulatory properties. Several AMPA-type (GluR1–GluR4) receptors 

that have been identified in microglia115,116. Preliminary findings suggest that 

AMPAR allows microglia to receive glutamate signals directly, and when 

exposed to pathological conditions, they trigger the release of TNF-α and IL-

1β117. Another study showed that treatment with an AMPAR antagonist 

reduced microglial activation post-infection118. It remains to be studied 

whether ketamine’s immunomodulatory effect on microglia is also medicated 

by AMPAR. Research into AMPAR-based therapeutics is gaining increasing 

attention. The goal will be to ultimately develop an antidepressant that could 

not only relieve symptoms rapidly but could also prevent future recurrences 

effectively.    
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Limitations 

Although CMS is a widely used and validated rodent model of depression, the 

behavioural phenotype induced could still be variable for reasons noted above. 

Experiments could be repeated using different models of depression (e.g. 

social defeat and learned helplessness paradigms) to increase validity, but that 

will come at additional cost which may not be feasible for all investigators.  

 

Examining the biological process from cellular stimuli to cellular response is 

essential for the understanding of treatment and disease, but it is a 

multilayered process that is fraught with variability. In the context of this 

study, animals were presented with a similar stimulus, but not all microglia 

would have responded to the stimuli. For those that did, the response may 

have been at different rates, and may vary according to other accompanying 

signals in the microenvironment. mRNA expressions can correlate poorly with 

protein expressions due to variations in transcription rates, translation 

modulations, post-transcription regulatory processes, delays in protein 

synthesis and transport, and autophagy of proteins119. Correlations between 

mRNA expressions and secreted cytokines vary from r=0.9 to no correlation 
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at all120. Different approaches have been developed to improve mRNA-protein 

coupling. Some have used automated single cell microscopy, mRNA and 

protein analysis systems that allow simultaneously analysis of different 

cytokines over progressive time points121. Others have opted for high 

throughput RNA-sequencing and high-resolution mass spectroscopy with 

nanoflow cytometry to improve fidelity of data. Despite these advances, 

discordance of data still exists. The methods used in this study are still widely 

used and reported, but one should be mindful of the limitations when 

interpreting the results.  

 

In the AMPAR segment, although receptor blockade and potentiation 

correlated with behavioural response, the degree of blockade/potentiation and 

cross-reactivity with other glutamate ionotropic receptors was not 

determined. To assess this, whole-cell voltage clamp methods could be used 

to examine individual AMPA, NMDA and kainite excitatory post-synaptic 

currents (EPSCs), by sequentially using their respective receptor antagonists 

and analysing their EPSC ratios.    
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E) Summary 

This study found that ketamine had immunomodulatory and morphological 

effects on microglia, which are core immune cells that regulate the neuro-

immune system in the brain. The results suggest that ketamine may have the 

potential to rapidly moderate neuroinflammation, in addition to being a rapid-

acting antidepressant. This chapter also examined AMPARs’ role in ketamine’s 

mechanism of action and conclude that they are essential for ketamine to 

produce an antidepressant effect. Future studies should investigate whether 

ketamine’s immunomodulatory function is also mediated by AMPAR.  
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E. Supplementary data 

 

 

Figure S1. Effects of ketamine on FST (5mg/kg, 10mg/kg, Veh=Vehicle) 
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Table S1. Chronic mild stress schedule  

 
Day 
1 

Day 
2 

Day 
3  

Day 
4 

Day 
5 

Day 
6 

Day 
7 

Day 
8 

Day 
9 

Day 
10 

Day  
11 

Day  
12 

Day  
13 

Day  
14 

Day  
15 

Day  
16 

Day  
17 

Day  
18 

Day  
19 

Day  
20 

 1. Lights on (overnight) x                 x             x     x 

2. 30-degree cage tilt 
(3h) x         x         x             x     

3. Food deprivation 
(16h)   x       x           x                 

4. Confined space (1h)   x         x           x           x   

5. Damp bedding 
overnight     x       x       x     x             

6. Lights off (10am to 
1pm)     x         x       x     x         x 

7. Water deprivation 
(16h)       x       x         x     x   x     

8. Rotation on shaker 
(1h)       x         x         x     x       

9. Isolation housing 
overnight         x       x           x       x   

10. Elevated stress         x         x           x         
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Chapter III  

Conclusion and future directions 

 

Immunoinflammatory function plays a major role in depression. This thesis 

endeavored to illustrate that challenges to the immunoinflammatory system 

could affect the severity of depression, and that the treatment of depression 

may involve immunomodulation.   

 

The first chapter highlighted the relationship between inflammation and 

depression. Inflammatory events were associated with recurrent depression, 

which is a more severe form depression, but had no association with single 

episode depression. The odds of recurrent depression got higher as the 

number of inflammatory events increased. In addition, the consumption of an 

anti-inflammatory supplement (fish oil) showed a protective effect against 

recurrent depression but had no association with single episode depression. 

These findings suggest that cumulative inflammatory stress over time might 

lead to a more protracted course of depression, and efforts to reduce the 

inflammatory load might prevent illness recurrence. Based on these initial 
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findings, future studies could examine this concept further with more data 

points, by incorporating more inflammatory diseases, psychosocial 

stressors/trauma, drug treatments, dietary and lifestyle choices that influence 

the level of inflammation, and details on depression onset, severity and 

duration in relation to the above factors. These results could have important 

clinical implications on disease modification.  

 

As described earlier in the chapter, recurrent depression is associated with 

the highest morbidity and mortality, but there is a striking dearth of modifiable 

risk factors for recurrent depression. In a recent comprehensive meta-review, 

prognostic risk factors for recurrence with the strongest evidence included 

childhood maltreatment, history of prior depressive episodes, and residual 

symptoms of depression1. Although these factors influence the risk of 

recurrence, they are not ‘modifiable’ risk factors in the traditional sense. 

Successful identification and modification of risk factors like hypertension, 

hyperlipidemia, obesity, smoking and physical inactivity have been applied to 

medical conditions like heart disease and stroke. Similar preventive measures 

have not been strongly advocated for clinical depression because the 

identification of risks and the effects of risk modification on long-term 
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outcomes are not well established yet. Our study supports the notion that 

inflammation could be a modifiable risk factor for recurrent depression. This 

could be in the form of dietary change or supplementation. As our results 

suggest, fish oil consumption might protect against recurrent depression. The 

mechanisms for this have been described earlier. Physical exercise could also 

be recommended as it has been shown to both improve depression and lower 

levels of inflammation2-4. By modifying the inflammation risk in recurrent 

depression, the risk of comorbid diseases with chronic inflammation, such as 

coronary heart disease and diabetes, might also be mitigated5.  

 

In terms of therapeutics, there is currently no anti-inflammatory drug that is 

approved for treating clinical depression. Existing antidepressant drugs that 

have approved clinical indication for depression mainly target the 

monoaminergic system. The most recent antidepressant, esketamine, was 

approved by the US FDA in February 2019. Unlike previous antidepressants, it 

is the first in its class to target the glutamatergic system, and the only one that 

is rapid-acting. In the second chapter, ketamine was studied to determine 

whether it had immunomodulatory effects in the brain, and to glean insight 

into whether its effects on neuroimmune cells were also rapid-acting. 
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Microglia was chosen as the cell to study as it is a core immune cell in the 

brain and the first line of defense against injury or pathogens. Ketamine 

altered the morphology of microglia significantly within 24 hours of drug 

administration. Its effects on morphology seemed immunoregulatory and 

homeostatic. Correspondingly, ketamine lowered mRNA expressions of 

microglial activation, but showed no distinct polarization of its inflammatory 

markers. 

 

In recent years, increasing attention has been paid to the study of microglial 

function in depressed patients with suicidal thoughts and in patients who had 

completed suicide. Suicide is the most concerning outcome of depression. 

One postmortem study found an increased primed to resting microglia ratio 

and higher mRNA expressions of MCP in depressed victims of suicide 

compared to controls who died without psychiatric, neurological or 

inflammatory illnesses6. Another postmortem study reported lower microglial 

reaction in non-suicide depressed patients versus depressed patients who 

committed suicide7. In living subjects, PET imaging of microglial activity 

(marked by TSPO) revealed significantly higher TSPO in depressed patients 

with suicidal thoughts than in depressed patients without8. Intriguingly, 
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ketamine, which we found to rapidly modulate microglia, has robust effects 

against suicidal ideations. A recent meta-analysis of clinical trials showed that 

intravenous ketamine could specifically reduce suicidal ideations within 1 day 

of drug administration (Cohen’s d=0.85, 95% CI=0.53–1.17)9. It is postulated 

that microglia’s pathomechanism is mediated by the tryptophan-kynurenine 

pathway (TKP). Activated microglia produce several neurotoxic metabolites in 

this pathway [e.g. 3-hydroxykynurenine (3-HK), quinolinic acid (QA)]10. 3-HK 

is an oxidative stressor while QA is both an excitotoxic NMDAR agonist and 

oxidative stressor. When activated, microglia also release cytokines that 

induce indoleamine 2,3-dioxygenase activity in the TKP, which depletes 

tryptophan and reduces serotonin in the brain11. By lowering microglial 

activation and blocking NMDAR, ketamine could acutely reduce neurotoxins 

and restore serotonin levels, which might be important mechanisms in 

diminishing suicidality.     

 

There is evidence to suggest that anti-inflammatory agents may influence 

depressive symptoms. In a meta-analysis of randomized placebo-controlled 

trials, the pooled estimate for cytokine inhibitors (etanercept, adalimumab, 

ustekinumab, infliximab) and NSAIDs (celecoxib, ibuprofen, naproxen) 
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indicated that these agents could reduce depressive symptoms (SMD=−0.34, 

95% CI; −0.57 to −0.11, I2 = 90%) in the short-term12. It should be noted that 

almost all the trials did not measure levels of inflammation; many trials were 

tested in patient groups that had symptomatic comorbidities like 

osteoarthritis or psoriasis and most patients were not diagnosed with major 

depressive disorder. These patients might have felt better because their 

comorbid inflammation was treated.  For a clearer understanding of whether 

anti-inflammatory drugs could be used to treat major depression, future trials 

should test them on patients who are diagnosed with major depression and 

without confounding comorbidities. Even if antidepressant effects were 

established, there are still concerns over the long-term use of anti-

inflammatory drugs. NSAIDs are associated with gastrointestinal and 

cardiovascular adverse effects, and cytokine inhibitors might increase the risk 

of infections. Newer trials have investigated the adjunct use of minocycline, a 

microglia inhibitor, to treat major depressive disorder. Results have been 

mixed; one study showed a large treatment effect (standardised effect size = 

1.21)13 while another showed no significant difference from placebo14. This 

calls to attention the need for better identification of patients to suit certain 

treatments, because neither our patients nor our treatments are 

homogenous.  
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Information from prior chapters highlight the potential of precision medicine. 

In the first chapter, it was shown that patients with recurrent depression have 

a higher inflammatory load and a risk score based on biodata could be used to 

delineate the level of inflammation. This could be further refined by using a 

more inclusive model as noted above. Blood biomarkers of inflammation 

could additionally be used to identify patients for anti-inflammatory treatment. 

For example, a study showed that depressed patients with low levels of C-

reactive protein (CRP) failed to have any antidepressant response to 

infliximab, while patients with high levels of CRP responded15. Another study 

noted that depressed patients with high levels of IL-1ra, IL-6, CRP and leptin 

had significantly better antidepressant response to omega-3 fatty acid 

(eicosapentaenoic acid) than those with low levels16.  A panel of inflammatory 

blood markers, in the form of a high sensitivity test kit, may be developed in 

future to characterise a patient’s inflammatory profile. As new anti-

inflammatory therapeutics are being developed, existing anti-depressant drugs 

could also be examined for anti-inflammatory properties. A research group 

demonstrated that the anti-inflammatory effects of SSRIs and SNRIs could be 

quantified by measuring the level of pro-inflammatory cytokine production in 

LPS-stimulated microglia, and discovered that antidepressants had different 



 

 167 

anti-inflammatory capabilities, even for antidepressants that belonged to the 

same class17. By matching patients’ level of inflammation to the anti-

inflammatory strength of antidepressants, the potential of personalised 

medicine may soon be truly realised and used to improve treatment 

outcomes. 
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