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Abstract 
Major depressive disorder (MDD) is a common mental disorder affecting millions of 

people worldwide. Antidepressant drug therapy (ADT) is the most frequently used 

treatment for MDD, however approximately 60% of patients do not respond to first trials 

of ADT. Research has implicated epigenetic mechanisms as a biomarker for ADT 

response, but this work uses peripheral tissue, bringing into question the relevance of 

findings in the context of psychiatry. Exosomes, which are small extracellular vesicles 

enriched in miRNA, are important regulators of cellular communication in the brain, and 

can cross the blood-brain barrier bi-directionally. MiRNA from neuronal-derived 

exosomes (NDEs) that can be accessed in plasma may bridge the gap between an easily 

accessible biomarker and psychiatric phenotypes. 

 This thesis uses a pilot study cohort of MDD patients who were either responders, 

or non-responders to escitalopram after an eight-week trial.  This exploratory work 

sought to prove that miRNA cargo from NDE isolated from plasma could be used to 

identify predictor biomarkers of ADT response. Together, results suggest that NDEs can 

be successfully isolated from plasma, and both exosome size and contents are interesting 

avenues for future biomarker work. Collectively, this thesis contributes to the 

understanding of miRNA biomarkers in ADT response, and supports the role of NDEs in 

future biomarker studies.  
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Résumé 
Le trouble de dépression majeure (TDM) est le trouble de l’humeur le plus commun et 

affecte des millions de personnes dans le monde. Le traitement antidépresseur (TA) est le 

traitement le plus fréquemment utilisé pour le TDM. Cependant, environ 60% des 

patients ne répondent pas aux premiers essais avec le TA. Certaines études ont 

investiguer des mécanismes épigénétiques comme biomarqueurs de la réponse au TA, 

mais ces travaux utilisent des tissus périphériques, ce qui remet en question la pertinence 

des résultats dans le contexte de la psychiatrie. Les exosomes, des petites vésicules 

extracellulaires enrichies en micro-ARNs, sont d'importants régulateurs de la 

communication cellulaire dans le cerveau, et ils peuvent traverser la barrière hémato-

encéphalique dans les deux directions. Les micro-ARNs encapsulés dans les exosomes 

dérivés de neurones (NDE) sont présents dans le plasma et pourraient faire le lien entre 

un biomarqueur facilement accessible et des phénotypes psychiatriques. 

Cette thèse utilise une cohorte pilote de patients atteints de TDM qui ont répondu 

ou n’ont pas répondu à l’escitalopram après un essai de huit semaines. Ce travail 

exploratoire visait à prouver que les micro-ARNs des NDE isolés du plasma pouvait être 

utilisés pour identifier des biomarqueurs prédicteurs de la réponse à la TA. Dans 

l’ensemble, les résultats montrent que les NDE peuvent être isolées du plasma, et que la 

taille et le contenu de des NDE sont des critères prometteurs pour des travaux futurs sur 

l’identification de biomarqueurs. Pour conclure, cette thèse contribue à la compréhension 

des biomarqueurs microARNs dans la réponse au TA et soutient l’inclusion des NDE 

dans les études futures sur les biomarqueurs. 
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Preface to the Introduction 
Section 1A. discusses some of the neurobiological systems commonly investigated in 

MDD, as well as antidepressant treatments. It then goes into detail about biomarkers for 

ADT response, with a highlight on current research implicating miRNAs as a biomarker. 

This section is followed by section 1B. which is a manuscript we published in 

Translational Psychiatry (1) that highlights the role of exosomes in the brain, and 

introduces their potential implications in mental disorders. The section ends off 

demonstrating the biomarker potential of exosomes and provides rational for why 

exosomes may be an interesting candidate biomarker for major depressive disorder and 

antidepressant drug response. Section 1C. ties both above sections together to provide the 

rational for this project. 
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Chapter 1: Introduction 

1A. Current knowledge of Major Depressive Disorder (MDD) & 

Antidepressant Drug Therapy (ADT) Response 

I. Major Depressive Disorder (MDD) 

Major depressive disorder (MDD) is a severe mental disorder, affecting over 300 million 

people worldwide.(2) Although MDD was predicted to be the second leading cause of 

global disability by 2020, in 2017 The World Health Organization announced it was in 

fact the leading cause.(2) According to the Government of Canada, 11% of Canadian 

adults have identified symptoms that met the criteria for depression at some point during 

their lives.(3) Per the Diagnostic and Statistical Manual of Mental Disorders-V (DSM-V), 

major depressive disorder is diagnosed in people that show five or more symptoms during 

a two-week period with one of the symptoms being depressed mood, or loss of interest 

and/or pleasure.(4) Additional symptoms include significant weight loss or gain, changes 

in appetite, fatigue or energy loss, feelings of worthlessness, indecisiveness, and recurrent 

thoughts of death or suicide.(4) At its worst, depression can result in suicide, with MDD 

patients being twenty times more likely to die by suicide compared to the general 

population.(5) Aside from suicide, patient’s mortality is often linked life style, 

medications, and chronic diseases that are associated with the onset of MDD.(6) 

Although depression is widely prevalent, research has been overall unsuccessful 

in pinpointing an underlying pathophysiological mechanism of MDD. This is likely 

because MDD is highly complex, and it is a mix of biological and environmental factors 

that play a role in MDD occurrence.(7) In terms of identifying a genetic basis, research 

points towards genes contributing to the onset of MDD, as twin and adoption studies 

suggests that the heritability of depression is approximately 40-50%.(8) However, genetic 

studies have been unable to identify one “susceptibility gene” and it is likely that one 

genetic variation only contributes to a very small increase in risk. (8, 9) Additionally, the 

role of environmental factors influencing gene expression in MDD pathogenesis is not 

widely understood. In addition to a lack of understanding of the genetic basis of MDD, 

questions remain about the biological processes involved in its pathogenesis.  Although 
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there are some promising results repeatedly implicating the same systems and pathways 

in MDD, results are often not replicated, and conflicting findings have been reported. 

Furthermore, much of the evidence found using animal models for depression have not 

been successfully replicated in humans. It remains clear that much more research is 

needed to further understand the biological basis of MDD. 

To provide a review of current hypotheses surrounding MDD pathogenesis, this 

section of the thesis will provide a detailed background of some of the neurobiological 

systems commonly implicated in MDD. These include: the monoamine pathway, 

hypothalamic-pituitary-adrenal (HPA) axis dysfunction, structural changes in the brain, 

and the inflammatory response pathway. It is important to note however, that many more 

processes have been implicated in MDD other than those listed and described here. For 

example, studies have implicated cell type specific roles in MDD, and gene-environment 

interactions. The most likely explanation of MDD occurrence is the interplay of these 

systems together. 

 

Monoamine system deficiencies 

Monoamines are the most commonly investigated molecules in MDD, and the 

“monoamine hypothesis” of depression is the most widely established.(10) Monoamines 

are a type of neurotransmitter that are characterized by a single amino group attached to 

an aromatic ring. Neurotransmitters act as chemical messengers that are released from 

synaptic vesicles within the presynaptic neuron, into the synaptic cleft. They are received 

by receptors on the postsynaptic neuron where they influence either the inhibitory or 

excitatory action of the cell.(11) The monoamines most commonly implicated in 

depression include serotonin, norepinephrine, and dopamine. Indeed, the monoamine 

hypothesis of depression suggests an overall depletion of these three neurotransmitters in 

the brain.(12)  

Interestingly, monoamines were first implicated in MDD with the coincidental 

finding that reserpine, which is used to treat hypertension, was found to induce 

depression symptoms in patients.(13) This drug was shown to cause a depletion of 

presynaptic stores of monoamine neurotransmitters.(13) In contrast to this, excitability 

and exhilaration was observed in patients given iproniazid for the treatment of 
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tuberculosis.(14) This drug effectively increased brain concentrations of norepinephrine 

and serotonin via the inhibition of monoamine oxidase. It was those early studies that 

supported the implication of a depletion of monoamines in depressed mood. Indeed, 

multiple studies have identified an overall decrease of monoamines in depressed 

patients.(12) Furthermore, tryptophan, which is involved in serotonin synthesis, and the 

main metabolite of serotonin, 5-hydroxy-indole acetic acid (5-HIAA) is also decreased in 

some MDD patients.(15, 16) The monoamine hypothesis of MDD is further supported by 

the use of antidepressant drugs that target the monoamine pathway, with treatment 

increasing monoamine concentrations in the brain.(12) 

On a genetic level, studies investigating genetic polymorphisms in MDD have 

repeatedly implicated genes involved in the monoamine pathway. Some of the most 

repeatedly studied candidate genes for depression and treatment response are the 

serotonin transporter (SLC6A4) and serotonin receptor 2A (HTR2A).(17) A 44-base pair 

repeat polymorphism in SLC6A4 has been most famously implicated in MDD, with the 

short version of the allele correlating with an increase in depressive symptoms.(18) 

However, results implicating this repeat have been mixed, as not all studies show a 

significant effect of this allele.(19) Within the HTR2A gene, variants within the promoter 

region have been associated with depressive symptoms.(20) Additionally, an isoform of 

tryptophan hydroxylate (TPH2) which is an enzyme involved in brain serotonin synthesis 

has also been associated with MDD, again with mixed results that are difficult to 

replicate.(21)  

Although the monoamine system is the most widely studied, it cannot explain 

total MDD pathophysiology as monoamine depletion in healthy individuals does not 

induce a depressive phenotype.(12) Additionally, not all patients respond to 

antidepressants (22), suggesting there are other contributing factors underlying MDD 

onset. 

 

HPA-axis dysregulation 

In addition to the monoamine hypothesis, the hypothalamic-pituitary-adrenal (HPA) axis, 

which is the central stress response system in the body, has been repeatedly implicated in 

MDD.(23) The HPA-axis regulates many central functions including neuronal survival, 
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neurogenesis, emotions, and memory. It is comprised of the hypothalamus, and anterior 

pituitary gland in the brain and the adrenal cortex above the kidneys.(24) Upon exposure 

to a physical or emotional stressor, corticotrophin-releasing hormone (CRH) and arginine 

vasopressin (AVP) are released by the hypothalamus. This then stimulates the release of 

adrenocorticotropic hormone (ACTH) from the anterior pituitary glands. ACTH is 

released into the blood, and interacts with the adrenal cortex, stimulating the production 

and release of the glucocorticoid hormone cortisol, which is the main stress hormone 

secreted in humans.(24) The HPA-axis is regulated in a negative feedback loop manner, 

and in healthy individuals, the release of cortisol inhibits the release of CRH and 

ACTH.(24) Currently, there is literature to support the HPA-axis hypothesis of MDD that 

suggests patients show an increase in HPA-axis activity, and this is largely due to the 

impairment of glucocorticoid-mediated feedback inhibition.(23)  

 Using rodents as an animal model it was shown that chronic glucocorticoid 

treatment induces depression and anxiety-like behaviour.(25) The increased concentration 

of glucocorticoids induces neural cell death and overall reduction of neurogenesis.(26) In 

humans, MDD patients have elevated levels of CRH in cerebral spinal fluid (CSF), and 

interestingly this was exclusive to MDD patients when compared to patients with other 

mental disorders.(27, 28) Increased levels of CRH in depressed individuals can be 

detected in plasma.(29, 30) Furthermore, MDD patients have increased cortisol levels 

that can be detected in biofluids.(31) Higher cortisol levels, a function of the 

dysregulation of the HPA-axis, may partially explain some of the cognitive impairments 

seen in MDD patients. In addition to basal measurements of hormones involved in the 

HPA axis, there is an entire field of study that uses the dexamethasone suppression test 

(DST) to further understand the dysregulation of this system in MDD. Dexamethasone is 

a synthetic steroid that is similar to cortisol, and in healthy subjects, dexamethasone 

supresses plasma cortisol levels.(32) However, depressed patients fail to supress plasma 

cortisol to the same extent as healthy individuals, further demonstrating a lack of 

feedback inhibition of the HPA axis.(32) Since the DST, more tests including a CRH test 

to measure cortisol and ACTH response, and the prednisolone suppression test have been 

used to measure HPA axis dysregulation in MDD.(32)Although all of these tests are 
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promising, the sensitivity of the test is low, and specify is approximately 70%, therefore 

using these as a sole diagnostic test for MDD is not possible.(32) 

As the HPA-axis is the body’s response to environmental stress, this is one of the 

most robust human systems that implicates a mix of biological and environmental effects 

to MDD. One of the best predictors for an increased risk of MDD is early life adversity 

(ELA). Indeed, physical, emotional, or sexual abuse as a child, as well as neglect and 

bullying has been linked with increased vulnerability for developing psychiatric disorders 

such as MDD later in life. (34)  Furthermore, if ELA occurs during crucial development 

periods, this dysregulation may have more long-term effects. In a developing brain, early 

life adversity can promote abnormal development of stress response pathways.(35) 

Elevated adrenal response to adversity and increased cortisol, are observed in victims of 

childhood abuse and in patients with MDD.(34)  

Studies have also implicated genes involved in the HPA-axis with depression.  

For example, variations in the corticotrophin releasing hormone receptor 1 (CRHR1) gene 

have been associated with susceptibility of suicidal behavior (36), as well as 

antidepressant treatment response.(37) This receptor in the pituitary gland is the first step 

in activating the release of ACTH, and is integral to proper HPA axis function.  

 

Structural alterations in the brain 

Adult hippocampal neurogenesis (AHN), which is the process of producing new granule 

cells in the dentate gyrus of the hippocampus, also been implicated in MDD and other 

mood disorders. (38) However, it is important to note that this process is still widely 

debated within the field of neuroscience, as scientists are not certain that AHN even 

occurs.(39, 40) Therefore, results of these studies and implications of AHN in MDD 

should be considered cautiously.  

 The AHN hypothesis of depression suggests alterations in the rate of 

neurogenesis in the subgranular zone of the dentate gyrus plays a fundamental role in the 

pathology and treatment of MDD.(38, 41) Magnetic resonance imaging (MRI) studies 

have shown a reduction in hippocampal volume in depressed patients.(41) Frequency and 

duration of depressive episodes have also been correlated with the magnitude of 

reduction in hippocampal volume.(41, 42) Additionally, antidepressant treatment has 
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shown to positively influence hippocampal neurogenesis.(43) Brain derived neurotrophic 

factor (BDNF), which is very commonly implicated in depression, is involved in the 

promotion of neuronal survival and growth. In the event of stress, or depression, BDNF 

expression is decreased in the hippocampus(45). In addition to the brain, BDNF transcript 

expression is also decreased in blood of patients with depression, with antidepressant 

drug treatment increasing its expression(46-48).  

In addition to neurogenesis, synaptic plasticity has been reported to be 

dysregulated in MDD patients. Synaptic plasticity is the ability of neural circuits and 

connections to adaptively respond to stimulus including injury, stress, and emotion. This 

process is critical for proper brain function, and is regulated by complex interactions of 

signaling pathways. The synaptic plasticity hypothesis of depression suggests that MDD 

is caused by the disruption of connections within neural circuits that underlie the 

regulation of mood and emotion.(49) Indeed, disruption of prefrontal cortex networks 

have been implicated in changes in emotional regulation and reward responsiveness, 

which are commonly altered in patients.(49) Furthermore, multiple MDD studies have 

suggested that there is reduced functional connectivity between the amygdala and the 

medial prefrontal cortex.(49) Studies in post-mortem human brain show that depressed 

individuals have decreased expression of synapse-related genes, and a loss of synapses. 

(50) Additionally, a reduction of BDNF is involved in structural alterations observed in 

MDD patients as BDNF is required for the maintenance of synaptic connections. (51, 52)  

Glutamate, which is an amino acid that acts a neurotransmitter in major excitatory 

pathways in the brain, has drawn considerable interest in MDD as evidence suggest that 

dysregulation of this system, and subsequent effects on plasticity, may play a critical role 

in MDD. Results from animal studies have demonstrated that stress enhances glutamate 

transmission and exerts structural effects including dendritic remodeling, and a reduction 

of synapses.(53) Increasing evidence in humans also shows that abnormal glutamatergic 

signaling is associated with maladaptive changes in the structure as well as function of 

excitatory circuits.(53) Most recently, a surge of interest in this system has come from the 

recent finding that drugs targeting this system provide rapid antidepressant effects. 

Ketamine, which is a glutamatergic N-methyl-D aspartate (NMDA) receptor antagonist, 

produces an antidepressant response in patients that is rapid and lasts up to two weeks. 
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Although the mechanism of action of ketamine is not yet clear, it is hypothesized to block 

excitatory glutamatergic neurotransmission preferentially on GABAergic interneurons, 

which are inhibitory neurons in the nervous system. (49, 54) This leads to a decrease in 

inhibition, and therefore tilts the balance of synaptic transmission towards excitation. It is 

hypothesized that glutamate bursts stimulate a cascade of signalling events leading to the 

increased expression of proteins involved in synapse maturation and formation. (55) 

 

Immune system regulation 

Lastly, immune system regulation has been repeatedly implicated in MDD. The basis for 

this implication is that some MDD patients have an altered peripheral immune system, 

lower T-cell counts, and increased levels of pro inflammatory cytokines.(56-58) 

Cytokines have been shown to influence CNS processes including neurotransmitter 

metabolism and neural plasticity. (59) Many patients with depression show increases in 

pro-inflammatory cytokines in blood and cerebral spinal fluid (CSF).(60, 61) 

Specifically, in the blood, gene expression profiles demonstrate an increase in cytokine 

levels, particularly interlukin-6 (IL-6) (60, 62), interlukin-1-beta (IL-1-β) (63), and tumor 

necrosis factor (TNF)-α.(64, 65) Interestingly, increases in cytokine levels may be 

involved in the onset of MDD symptoms, as when healthy individuals were injected with 

cytokines they reported an increase in depressive symptoms. (66)  

A more permeable blood-brain barrier (BBB), which has been reported in MDD, 

would allow more cytokines to cross the BBB and explain higher levels of 

neuroinflammation observed in MDD patients.(67) Cytokines that infiltrate the CNS can 

further stimulate microglia, the brains innate immune cells, which in turn produce more 

cytokines in a positive feedback loop mechanism. In addition to increases in 

neuroinflammation, microglial activation has been found to be enhanced in MDD patients 

and individuals who died by suicide.(68, 69) The increases in activated microglia are 

thought to induce synaptic pruning, which can lead to neuronal death and improper 

neuronal circuits.(70) Although research in this field is promising, this does remain a 

theory, as not all studies have found associations between inflammation and MDD. (59) 

Additionally, intervention studies targeting inflammation have been rather disappointing. 
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II. Antidepressants and biomarkers for antidepressant drug therapy (ADT) 

response  

	
Treatment for major depressive disorder (MDD) 

Treatment for clinical depression can very broadly be placed into three main categories: 

antidepressant drug therapy (ADT), neurostimulation, and psychotherapy. First line 

treatment for depression is typically ADT, with other methods of treatment often used as 

adjunct therapies to prescription drugs. Currently, there are several different classes of 

antidepressant drugs that act on the monoamine neurotransmitter pathways including: 

selective serotonin reuptake inhibitors (SSRIs), serotonin-norepinephrine reuptake 

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

(MAOIs).  

SSRIs are some of the most commonly prescribed due to the advantages in 

tolerability compared to other types of ADT. (72) They function by blocking the 

reabsorption of serotonin in the brain.(71) Specifically, they increase postsynaptic 

serotonin receptor activity by inhibiting presynaptic reuptake of serotonin and increasing 

serotonin concentrations in the synaptic cleft.(71) They have very little to no binding 

affinity to dopamine or norepinephrine receptors, contributing to its minimal side-

effects.(71) Paroxetine, sertraline, and escitalopram, all of which are classified as SSRIs, 

are some of the most widely prescribed ADT.(72) SNRIs are similar to SSRIs, however 

the block the reuptake of both serotonin and norepinephrine.(71) TCAs, which are 

arguably the most effective, but can have harsh side effects, also block the reabsorption 

of serotonin and norepinephrine back into nerve cells from the synapse.(71)  However, 

unlike SSRIs that inhibit presynaptic reuptake, TCAs also blocks some neurotransmitters 

from binding with their receptors on postsynaptic neurons, allowing for buildup in the 

synaptic cleft.(73) MAOIs block the effects of monoamine oxidase, which is the enzyme 

that breaks down serotonin, norepinephrine, and dopamine.(74) 

A recent landmark study by Cirpiani et al (75) compared the efficacy and 

acceptability of 21 different antidepressant drugs for treatment of adults with MDD. The 

results from this meta-analysis demonstrated that all antidepressants tested were more 

effective than placebo for treating MDD. The most effective drug was amitriptyline, a 
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TCA.(75) Other more effective antidepressants include venlafaxine (SNRI) and 

escitalopram (SSRI).(75) In terms of acceptability, clomipramine (TCA) had more 

dropouts than placebo groups, suggesting that this drug had harsh side effects. (75) 

Results from this study suggest that while antidepressant drugs are an effective drug 

therapy for MDD, some are more effective than others, and some are more tolerable for 

patients. Therefore, physicians should take great care and attention when prescribing 

ADT to patients. With over 30 different ADTs that can be prescribed to patients, 

predicting whether a drug will be effective for a patient can be difficult. Unfortunately, 

60% of patients do not respond to the first ADT they are prescribed, and 20-30% still do 

not respond after multiple attempts with ADT.(22) It is likely that the heterogeneous 

nature of MDD contributes to the low response rate of ADT. Because of this, there is no 

one treatment that will work for everyone, and a biomarker would be a valuable tool in 

the field of psychiatry. Having a marker could enable physicians to take a more 

personalized medicine approach when prescribing ADT, as it would support the decision-

making process in prescribing medication on an individual level.    

 

Biomarkers for antidepressant drug response 

A biomarker is any measurable characteristic that can identify a specific physiological 

state of an organism.(76) Predictor biomarkers are baseline characteristics that can 

predict response to treatment. Mediator biomarkers are events or changes during the 

treatment period that can be used to monitor treatment response. And finally, moderator 

biomarkers are baseline characteristics that predict differential response for differential 

treatment.(76) To date, research has not been conclusive in identifying a biomarker for 

ADT response. Currently, most research in biomarker discovery for ADT response is 

limited to peripheral tissues. Blood is the most commonly used peripheral tissue in 

biomarker studies since sampling methods are more standardized in clinical settings. 

Although this is useful in the context of biomarkers work, using peripheral tissues does 

leave questions in terms of the context of mental disorders. CSF provides a more accurate 

assessment of brain tissue; however, this is not optimal for clinical use.(77) 

 Because MDD, and ADT response, are likely determined by a mix of biological 

predispositions and environmental influence, much of the promising work in search for a 
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biomarker studies the “epigenome”.  Epigenetic mechanisms, which are marks that 

interact with DNA without changing the underlying sequence, are heritable regulators of 

gene expression. These marks are dynamic, tissue and cell type- specific, and are 

influenced by the environment and stress.(78) Therefore, epigenetic mechanisms may be 

the key to understanding MDD, as epigenetics may be possible mediators of 

environmental effects on the genetic component of this mental disorder. Importantly, 

because epigenetic mechanisms are influenced by stimuli, including medications, 

epigenetic marks may be an intriguing biomarker for ADT response.  

 

Epigenetic mechanisms as a biomarker for antidepressant drug response 

DNA methylation, which consists of the addition of a methyl group on a cytosine base 

within a CpG dinucleotide is one of the most well studied epigenetic mechanisms. The 

addition of a methyl group to a CpG dinucleotide, or a group of dinucleotides (a CpG 

island), is typically a repressive mark, effectively reducing expression of the underlying 

gene.(78) These CpG islands are typically found in promoter regions of the gene, 

therefore this epigenetic mechanism blocks the ability for transcription factors or 

activators to bind. In terms of ADT response, decreases in methylation of SLC6A4 in 

MDD patients was associated with lower response rates to escitalopram.(79) In fact, an 

increase in methylation of SLC6A4 has been implicated with improved ADT response. 

(80) Another study identified decreased methylation in interleukin-11 (IL11) at CpG 

position five was associated with better response to antidepressants. However, higher 

levels of DNA methylation at CpG position four of the same gene was associated with 

better response to escitalopram. (81) Additionally, increased methylation at CpG position 

87 in BDNF at baseline was able to predict antidepressant drug response.(82)  

Chromatin remodeling, another form of epigenetic mark, that alters the 

confirmation of DNA, has also been implicated in ADT response. Simply put, DNA is 

held and compacted in the nucleus of the cell as chromatin to form chromosomes. Three 

billion base pairs of DNA are tightly wound and packaged in the nucleus with the help of 

histone proteins. Modifications to histones can allow access to this condensed DNA 

structure, which promotes gene expression by allowing transcriptional activators to 

access. Alternatively, modifications to histones can promote the tightly bound complex of 
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DNA and histone proteins, effectively reducing the gene expression by not allowing 

proteins required for transcription to bind. (83) Lopez et al., found that reduced H3 lysine 

27 trimethlyation (H3K27me3) at BDNF exon 4 significantly correlated with 

improvement in depressive symptoms and peripheral blood BDNF mRNA levels. (84) 

Furthermore, an antidepressant-induced increase in H3K4 methylation and H3 

aceyletation, which are both markers for transcriptional activation, was observed in the 

hippocampus. Interestingly, tranylcypromine (an MAOI) is a much stronger inhibitor of 

histone H3K4 demethylase (KMT1A).(85)  This suggests that the antidepressant 

properties may be in part due to the inhibition of KMTIA, rather than the inhibition of the 

monoamine oxidases. Chronic imipramine treatment increases histone acetylation at 

BDNF promoters, and promotes gene silencing.(86) This hyper acetylation was 

associated with the downregulation of histone deacetylate 5 (HDAC5). Interestingly, 

overexpression of HDAC5 blocked the antidepressant effects of imipramine, suggesting 

that the antidepressant action was dependent on the downregulation of HDAC5 and 

subsequent hyper acetylation. (86) 

 

III. Current evidence of miRNA in MDD and ADT response  

In addition to those epigenetic marks touched on above, non-coding RNA have been 

found to be interesting biomarkers for ADT response. Like epigenetic mechanisms, these 

RNA species, including: long non-coding RNA, piwi-interacting RNA, circular RNA, 

and microRNA, regulate gene expression. Out of all the non-coding RNA molecules, 

microRNA (miRNA) are the most widely studied and understood.  

MiRNA have demonstrated that they have a clear role and are important 

regulators of gene expression. They are small (18-22nt) noncoding RNA molecules that 

can impact gene expression by binding to the 3’ untranslated region of its mRNA target. 

Typically, miRNA binding is a repressive process, where this interaction is followed by a 

decrease of mRNA target expression. MiRNAs are intriguing candidate biomarkers for 

ADT response, as they are functional in the brain and have been implicated in MDD and 

other psychiatric phenotypes.(87) Furthermore, they are relatively stable molecules and 

they are easily measurable with a diverse range of techniques and can be accessed in 

peripheral tissues, making them good candidates for biomarker research.  
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Using post-mortem brain tissue from MDD patients has been instrumental in 

discovering how miRNA are involved in the depressed brain. One of the first studies to 

investigate miRNA in the context of MDD and suicide in humans used prefrontal context 

to look at global miRNA expression. (88) Overall, a 17% global downregulation of 

miRNA was reported in depressed patients who died by suicide compared to controls. 

(88) Targets of these miRNA included mRNA transcripts that had been associated with 

depression.(88) MiR-1202, a brain-enriched miRNA is also downregulated in the 

prefrontal cortex of depressed patients. (89) Additionally, using human post-mortem 

brain tissue, neuron-specific miR-124-3p was found to be dysregulated. (90) 

Complementary analysis in blood showed dysregulation of this miRNA in MDD subjects.  

In another study using serum, patients showed increased levels of miR-132 and miR-182, 

both of which target BDNF. (91)  

Despite the growing interest of miRNA in depression, miRNA as biomarkers for 

ADT is still a novel field, with only a few studies investigating this so far. The study that 

identified a downregulation of miR-1202 in depression used an independent sample to 

study its involvement in ADT response. Interestingly, they identified that antidepressant 

treatment increased levels of miR-1202.(89) This regulates glutamate metabotropic 

receptor 4 (GRM4), a class of glutamatergic receptor that is a proposed target for 

antidepressant development. Most recently Lopez et al (92) used blood samples from 

MDD patients to identify miRNA 14a/b-5, 425-3p, and 24-3p to be markers of duloxetine 

response. These results were further validated in the post-mortem human brain. These 

miRNAs were found to regulate key genes in the MAPK/Wnt-system.  

The research discussed above suggests that miRNA not only play a role in MDD, 

but they are interesting candidates for biomarkers of MDD and ADT response. To be an 

effective biomarker that can be easily used in the clinic, it is important that the biomarker 

can be accessed peripherally. As alluded to above, it becomes difficult to relate peripheral 

biomarkers in the context of psychiatric disorders. To date, there is still a lot of work to 

be done in terms of biomarker research for MDD and ADT response. Currently, research 

in epigenetic peripheral biomarkers for ADT response and MDD have provided 

interesting candidate biomarkers, but it has yet to be replicated. Additionally, more 
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follow-up on this type of research would be needed to understand if there is biological 

relationship between the biomarkers and the phenotype in question.  

Interestingly, a large portion of miRNA accessed in plasma are held within 

extracellular vesicles. A new intriguing opportunity has come to light in bridging the gap 

between the biomarker and psychiatric disorders. Targeting the exploration of miRNA to 

those from neuronal-derived extracellular vesicles may be intriguing candidates of 

exploration for biomarkers of MDD and ADT response. Since ADT targets receptors on 

neurons, targeting biomarker search to active miRNA within neurons may be the key to 

relating biomarkers to mechanisms of ADT drug action and response. Furthermore, 

neuronal-derived extracellular vesicles provide a unique opportunity to retrieve this 

brain-derived information from a peripheral source. 

 

1.B The emerging role of exosomes in mental disorders 

I. Introduction to extracellular vesicles 

There has been growing interest in the development of personalized approaches in 

psychiatry over the last decade. Part of this drive is based on the fact that mental 

disorders are etiologically heterogeneous, and treatments, while effective, are helpful 

only in a portion of patients.(22) Additionally, patient treatment response is difficult to 

predict.  As a result, there has been much interest in the discovery of biomarkers, which, 

if successful, could assist clinicians in the determination of personalized treatment 

strategies. Biomarker research is largely based on the investigation of peripheral tissues, 

particularly when focused on the study of molecular markers. The relationship of 

peripheral findings to events taking place in the central nervous system (CNS) is an 

important limitation of these studies. Thus, much enthusiasm has been generated by 

advances in exosome research. These small extracellular vesicles are released by cells, 

carry molecular signals, and are involved in cellular communication.(93, 94) 

Additionally, they can cross the blood brain barrier (BBB), and can be detected 

peripherally, making them intriguing candidates in mental health biomarker 

discovery.(93, 95) 
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The term “extracellular vesicles” (EVs) encompasses a group of cell-derived 

vesicles produced by most, if not all cell types, that are released to the extracellular 

environment.(94) Growing evidence suggests that these vesicles have a functional impact 

on physiological processes, and are especially vital in cell-to-cell communication.(93, 94) 

Since the EV field has grown, different types of vesicles have been described, which 

differ in their properties, as well as their biogenesis (Fig. 1.1.).(94) The three main types 

are: apoptotic bodies (500-2000nm), microvesicles (50-1000nm), and exosomes (40-

200nm).(96) Apoptotic bodies are EVs that bud off the membrane of cells undergoing 

apoptosis, and are typically engulfed by macrophages.(94)  Microvesicles directly bud off 

the plasma membrane and contain a range of cargo that is delivered to neighbouring 

cells.(94) Exosomes, which are the smallest class of extracellular vesicles, first develop 

as intraluminal vesicles (ILV) through the inward budding of the multivesicular body 

(MVB).(94, 97) The MVB has two potential fates; it can either fuse with the lysosome, 

leading to the degradation of its contents, or fuse with the plasma membrane, and release 

its ILV contents as exosomes into the extracellular space.(94) In terms of cargo, 

exosomes contain a variety of biological materials including proteins, lipids, and nucleic 

acids.(94) 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Extracellular vesicle biogenesis. Apoptotic bodies, the largest of the EVs, 

“bleb” off the cell membrane and contain material from cells undergoing apoptosis to 

signal to macrophages. Microvesicles bud off the plasma membrane and contain cargo 
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that can facilitate signaling to recipient cells. Exosomes are the smallest of the 

vesicles, and are first made as a population of heterogeneous intraluminal vesicles in 

the multivesicular body (MVB). The MVB has two fates, either fusing with the 

lysosome, or fusing with the plasma membrane where they are released as exosomes. 

Exosomes can be taken up by other cells either by endocytosis, micropinocytosis, or 

phagocytosis where its contents can effectively influence cellular processes. Contents 

can be involved in transcriptional regulation, or mRNA cargo can be transcribed in 

recipient cells. (1) 

 

 Notably, compared to plasma, saliva, or other biological fluids exosomes are 

highly enriched in microRNA (miRNA).(96, 98) The majority of miRNA that can be 

accessed from serum or saliva are contained in exosomes, and some miRNA appear to be 

dependent on exosomes go undetected as free floating molecules in biofluids.(98)  

Although there is currently no concrete evidence to show there is a miRNA sorting 

mechanism for exosomes, there is evidence to suggest that this is a possibility. MiRNA 

profiles of exosomes do not always match the profiles of parent cells, and observations of 

miRNA enrichment in exosomes further suggests a mechanism of selective miRNA 

export.(99, 100) Additionally, miRNA expression in exosomes can be altered based on 

physiological changes such as disease state, making the miRNA cargo intriguing 

candidates for investigation. To date, there is evidence of altered exosomal cargo in 

disease development and progression in pathologies such as cancer (101) and 

neurodegenerative diseases.(102, 103) However, to date there is only one study that has 

investigated exosomal miRNA cargo alterations in mental disorders.(104) Banigan and 

colleagues (104) used exosomes from frozen postmortem prefrontal cortex to study 

miRNA alterations in schizophrenia and bipolar disorder.(104)They found that miR-497 

in schizophrenia patients and miR-29c in bipolar patients to be upregulated compared to 

controls.(104) This early work opens up interesting possibilities for the study of 

exosomes in mental disorders, demonstrating that miRNA cargo may be interesting to 

investigate in these phenotypes. Indeed, miRNAs have already been implicated in several 

mental disorders such as depression, schizophrenia, anxiety and bipolar disorder, 
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including being implicated as candidate peripheral biomarkers for disease development 

and treatment response.(105-108)  

In recent years, efforts to characterize exosomal release and uptake have had 

important implication for their role in the CNS. Previous studies have demonstrated that 

exosomes and their cargo play a role in normal communication in the CNS, as well as: 

nerve regeneration, synaptic function, plasticity, and immune response.(109-111) In 

addition to their critical role in normal brain function, exosomes have also been 

implicated in propagation of neurodegenerative diseases.(103, 112) Given exosomes’ role 

in normal brain physiology, and their contribution to other CNS disease states such 

Parkinson’s (103), and Alzheimer’s (112) it is reasonable to hypothesize exosomes may 

play a significant role in the pathogenesis of mental disorders. Exosomes have been 

found to play a role in processes that have long been hypothesized to be involved in 

psychopathology of mental disorders, such as neuroinflammation (113), neurogenesis 

(114), plasticity (115, 116), and epigenetic regulation.(117) Additionally, their ability to 

cross the blood-brain barrier (BBB) suggests that exosome content in the CSF and plasma 

may reflect ongoing neural processes.(118) Therefore, information from neural-derived 

exosomes found in peripheral sources might be able to provide relatively non-invasive 

markers of clinical utility for mental disorders.   

 

II. Cell communication via exosomes in the brain 
Exosomes play important roles in cell communication in the CNS, acting on both 

neighbouring and distal cells (Fig.1.2.).(119) These vesicles can act as important vehicles 

of communication both within a cell type, and between different cell types.  Evidence 

from multiple studies demonstrates that exosome release from cells in the CNS is a 

highly regulated process, with release regulated by synaptic glutamatergic activity and 

calcium influx.(109, 120)  Neuronal exosome release is triggered by Ca2+ entry through 

N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid (AMPA) receptors at glutamatergic synapses, suggesting that exosome release may 

be part of normal synaptic physiology.(109) Additionally, the controlled subcellular 

location of release of exosome has been documented in neurons, however the mechanism 

is unclear.(121) MVBs are approximately 50 times more represented in soma or dendrite 
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compartments compared to axons.(121)  Although the mechanism for preferred 

compartmentalization is unknown, these areas of specific enrichment further support 

both, a role for exosomes at synapses, and their highly regulated release.  

Serotonin (5-HT) has also been implicated in the release of exosomes from non-neuronal 

cells types in the brain.  Serotonin can increase cytosolic levels of calcium, which in turn, 

stimulates the release of exosomes from primary microglial cells.(120) Dysregulation in 

serotonin pathways has been implicated in depression, anxiety, bipolar disorder, and 

schizophrenia, with its receptors being targets of some of the most commonly prescribed 

drugs.(122-125) Given that microglial release of exosomes can be regulated by serotonin, 

and serotonin is often found to be altered in mental disorders, it follows that microglial 

exosome release may also be modified in these disorders. Both neurotransmitter release 

and cell communication are important factors in psychopathology.(126) It will therefore 

be important to understand the role exosomes may play in the etiopathogenesis of mental 

disorders given their prominence in the regulation of cell communication, and their 

regulation via neurotransmitters. 

Basic neuron-to-neuron communication can occur through exosome release and 

uptake.(127) Strikingly, it was demonstrated that a subpopulation of neuron-internalized 

exosomes can be re-secreted along with the recipient neuron’s endogenous exosomes, 

seemingly to facilitate long-distance interactions.(127) While the eventual fate of these 

exosomes remains undetermined, these findings demonstrate the ability of exosomes to 

mediate communication within a cell type and the potential for widespread 

signaling.(127) Additionally, neuron-to-neuron signalling via exosomes has found to be 

involved in important processes including synaptic plasticity (Fig.1.2.).(128) 

 Exosomes are also important mediators of cellular communication between cell 

types, with evidence of glial-to-neuron communication.(129) In a feedback loop-like 

manner, neurotransmitter release can stimulate oligodendrocyte exosome secretion, while 

neurons are able to internalize oligodendrocyte exosomes and utilize their cargo.(130) 

The internalization of oligodendrocyte-derived exosomes by neurons can result in greater 

tolerance to stress and increased viability resulting in a form of cellular protection 

(Fig.1.2.).(130) Additionally, neuron to microglial communication also occurs via 

exosomes (Fig.1.2.). When neurons were co-cultured with microglial cells, neuron-
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derived exosomes were internalized by the microglial cells.(110) This internalization 

resulted in an enhancement of the cells removing degenerative neurites.(110)  

Although knowledge regarding astrocyte-neuron communication via exosomes 

remains scarce, there is evidence to suggest that it does occur, and this method of 

communication is important for neuronal cell survival (Fig.1.2.). Prion protein (PrP) is an 

important protective protein against oxidative stress. Protection of neurons via astrocyte-

derived exosomes was dependent on astrocyte-derived exosomal PrP transportation into 

neurons.(131) Considering all of these reports together, cell communication via exosomes 

is emerging as an important regulator of neuron protection and synaptic plasticity 

(Fig.1.2.),and their dysregulation has been implicated in the pathophysiology of mental 

disorders such as bipolar disorder, major depressive disorder, and schizophrenia.(49, 132-

134) Neuroprotective signaling is required for proper growth and survival of neurons, and 

alterations in the number neurons, glia and neuropils have previously been reported in 

mental disorders.(49, 133)  

After release into the extracellular space, exosomes can be internalized by 

recipient cells via several mechanisms including phagocytosis, micropinocytosis, 

endocytosis, and plasma membrane fusion (Fig.1.1.). (135) Most investigations of 

exosomes in the CNS report endocytosis-based uptake (136, 137) but, there is also 

evidence to suggest that uptake depends on the recipient cell type. Specifically, it was 

found that exosomes released from neuroblastoma cells are preferentially endocytosed by 

glial cells, whereas exosomes released from cortical neurons are selectively endocytosed 

by other neurons.(138)  

Once exosomes have been internalized by recipient cells, their exosome cargo 

may elicit an effect on the cell (Fig.1.1.).(100) One of the first studies to demonstrate 

functional exosome cargo transfer to recipient cells was done by Valadi and colleagues in 

2007.(100) After incubation and transfer of mouse exosomes to human cells, three new 

mouse proteins were found in recipient human cells, therefore providing evidence that 

transferred exosome mRNA can be translated in recipient cells.(100) 

Since the original discovery that exosome cargo transfer displays functional 

effects in the recipient cell, there have been several studies investigating this mechanism 

as a means of cellular communication in both disease and healthy states. For example, an 
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exosome’s ability to spread cargo and elicit an effect on recipient cells has been identified 

as a potential pathway involved in cancer development and progression. Exosomes 

isolated from colon cancer cells expressing a mutant form of the protein K-RAS (KRAS) 

contain the mutant KRAS along with numerous proteins that have the ability to promote 

tumor progression.(139) These exosomes, which can be internalized by wild-type colon 

cells, can transfer the mutant protein to healthy cells, effectively leading to enhanced 

growth of these cells.(139) In the brain, communication via exosomes has been found to 

play a role in Alzheimer’s disease progression by neuron-to neuron transport of 

misfolded amyloid-beta oligomers.(140) Using an in vitro model, exosome formation and 

secretion was blocked via the siRNA knockdown of proteins required for these functions; 

and the spread of the oligomers was in turn also blocked.  Although there are clear 

phenotypic and mechanistic differences between cancer, Alzheimer’s, and mental 

disorders, and given the continuum in which mental disorders lie, we would expect 

quantitative and not dichotomous changes in this phenotype. Nonetheless, results from 

the studies above show that exosomes can propagate disease spreading through cargo 

transfer. Since miRNAs have previously been implicated mental disorders (105-108), it is 

possible that exosome miRNA transfer is contributing to the progression of phenotype, as 

well as individual symptoms. It would be of interest to investigate whether miRNA 

associated with psychiatric phenotypes are packed into exosomes, and whether these 

exosomal miRNA profiles are altered in mental disorders.   
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Figure 1.2. Exosomes in the brain. Exosome signaling is involved in many 

physiological brain processes. Changes in many of these processes have been 

previously associated in mental disorders. For example, activated monocytes release 

exosomes that can influence BBB permeability. A leaky BBB is associated with 

neuroinflammation, and has been previously implicated in schizophrenia, bipolar 

disorder, and major depressive disorder. Additionally, exosomes carry markers from 

parent cells that may help them be distinguishable in biofluids.(1) 

 

III. The ability of exosomes to cross the blood-brain barrier (BBB) 

The BBB lies at the interface of the peripheral circulatory system and the CNS, acting as 

a highly selective membrane that protects the brain’s microenvironment and preserves 

homeostasis.(141) The BBB is mainly comprised of brain macrovascular endothelial cells 

(BMECs) and tight junctions to prevent the transfer of potentially toxic compounds 

between the blood and the brain.(142) Besides transmembrane diffusion of small (<400 

Da) lipid soluble molecules, the BBB allows for selective transport of some compounds 

into and out of the brain.(142) Transport of material across the BBB can be either 

transcellular through BMECs, or paracellular through junctions between BMECs.(143) 

 The findings that exosomes can cross the BBB, and that its contents remain 

active, have been instrumental in biomarker research with exosomes and their use as a 

drug delivery system. Alvarez-Erviti and colleagues demonstrated effective delivery of 

siRNA to the brain via systemic injection of exosomes in mice.(117) They engineered 

dendritic cells to express lysosome-associated membrane protein 2 (Lamp2b), an 

exosomal membrane protein.(117) By fusing Lamp2b to a rabies virus glycoprotein 

(RVG) peptide that is specific to the CNS, the exosomes were targeted exclusively to the 

brain.(117) These exosomes delivered GAPDH siRNA which resulted in specific gene 

knockdown exclusively in the brain.(117) Later studies have been successful in 

delivering exosomes via intranasal injection in mice to the brain.(144) Most recently, a 

study using rats identified that a fluorescently tagged protein expressed selectively in 

brain tissue could be recovered in exosomes (those with the same characteristics as 

exosomes) in their blood. (95)This study provides evidence of communication via 
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exosomes from the brain to the rest of the body. (95) Evidence from these studies support 

the notion that exosomes cross the BBB in a bidirectional manner; however, their exact 

method of crossing remains unclear. 

 Much of the current research examining how exosomes can cross the BBB points 

to the transcellular method of transport through BMECs via the different mechanisms of 

endocytosis. The transfer of EVs derived from human erythrocytes in an in vitro BBB 

model, was dependent on the adsorptive-mediated transcytosis method of transport.(145) 

Although the EVs did cross under healthy and inflammatory conditions, EVs movement 

across the BBB was significantly higher after the peripheral administration of 

lipopolysaccharide.(145) Another study by Chen et al. (143) demonstrated exosomes 

crossing a BBB model using transcellular BMEC endocytosis in healthy and stroke-like 

condition, suggesting that exosomes retain their ability to cross during stressful states. 

(143) This group demonstrated that exosomes are internalized through endocytosis, and 

accumulate in endosomes. After MVB formation, the exosomes are then released on the 

other side of the BMEC monolayer. The data suggests that exosomes derived from 

human embryonic kidney cells could cross using multiple pathways of endocytosis.(143) 

Using an inhibitor for clathrin-dependent endocytosis, chlorpromazine (CPZ), which 

transfers clathrin from the surface of cells to intracellular endosomes (146), there was a 

decrease in exosome transcellular migration.(143) This suggests that clathrin-dependent 

endocytosis may be involved in transportation of exosomes across the BBB. (143) 

Additionally, methyl-b-cyclodextrin (MβCD), which removes cholesterol from the 

plasma membrane (146), and filipin III, which binds to cholesterol (146), also 

significantly reduced exosomes crossing the BBB. (143) This result suggests that 

caveolae-dependent endocytosis is another possible route of migration.  It is rather likely 

that uptake of exosomes in BMEC will depend on specific ligand receptors or lipid rafts, 

additionally mechanisms of uptake may depend on the cell of origin of the exosomes. 

Exosomes from different cells may have different cargo including protein and lipids, 

potentially altering their method of crossing the BBB.(147) Furthermore, disease state 

may impact the method used to cross the BBB, as cargo can change upon disease state. 

(104, 147) 
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In addition to crossing, recent studies have elucidated a role for exosomes in 

increased permeability of vascular barriers of the BBB. For example, exosomes secreted 

from breast cancer cells uniquely express miR-105, which directly targets the tight 

junction protein ZO-1.(148) This exosome transfer of miR-105 destroys tight junctions 

and the integrity of the BBB.(148) In addition, claudin-5 (Cldn5) has been found to be 

encapsulated in exosomes, which is a tight junction protein present in the BBB.(149) 

When Cldn5 is knocked out in mice, it results in the loosening of the BBB (150), 

suggesting that exosomes carrying Cldn5 may play a role in BBB integrity. Interestingly, 

decreased Cldn5 is sufficient to induce depressive-like behaviors in these mice, and 

treatment with antidepressants increases Cldn5 levels and promotes disease 

resilience.(151) A leaky BBB is associated with neuroinflammation — a prominent 

theory of mental disorders.(152, 153) Therefore, the possibility of exosomes influencing 

the integrity of the BBB may also suggest a role for exosomes in neuroinflammation and 

the pathogenesis of mental disorders.(153) Taking it one step further, a leaky BBB state 

in mental disorders may be initiated by exosomes released from cells being influenced by 

this disease state. 

Crossing the BBB allows for communication between the periphery and the CNS, 

therefore communication via exosomes may account for some of the systemic changes 

observed in several mental disorders. For example, the bi-directional communication 

between the gut microbiome and the brain has previously been associated with mental 

disorders, with most attention focusing on its link to depression.(154, 155)  Additionally, 

dysregulation of systemic immune response has been well documented in mental 

disorders including depression, schizophrenia, and bipolar disorder.(156) It is possible 

that cells responding to a psychiatric state may release exosomes that, in turn, affect the 

peripheral inflammatory response or the gut microbiome. In addition to exosomes being a 

link between the CNS and periphery in mental disorders, peripheral access to CNS-

derived vesicles make them ideal carriers of potential biomarkers. These vesicles are 

better suited to providing insight into changing mechanisms in the CNS of affected 

individuals.  

Since the discovery of exosomes’ ability to cross the BBB, there has been 

increasing interest in their ability to act as a drug delivery system to the brain. They have 
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been found to be a promising vehicle for drug delivery in many types of cancers, both in 

vivo and in vitro (157) showing they are able to deliver drugs across the BBB. In cancer, 

reports have shown that delivery of drugs across the BBB resulted in decreased markers 

for brain tumor growth.(158)  Other than cancer, exosomes have been found to be an 

effective drug delivery system for other diseases. A formulation of catalase, a promising 

treatment for Parkinson’s disease, can be loaded into exosomes and reach target neurons 

where the drug then accumulates.(159) In a study by Liu et al., exosomes expressing 

neuron-specific rabies viral glycoprotein (RVG) peptide were used to deliver opioid 

receptor mu (MOR) siRNA into the brain to treat morphine addiction.(160) The 

exosomes efficiently delivered the MOR siRNA into the mouse brain and reduced MOR, 

resulting in the inhibition of morphine relapse.(160) Their role as a drug delivery system 

seems extremely promising, and this could be an interesting line of research for further 

investigation, as there are many advantages to implementing targeted treatment in mental 

disorders. Using nanotechnology for drug delivery to the brain has the potential to 

alleviate some of the peripheral symptoms in mental disorders, as well as solve the 

problem of delivery across the BBB and drug solubility.(161) 

 

IV. Exosome biogenesis in disease states 

Exosomes were once thought to be a rather homogenous population of vesicles; however 

more recently, studies have found that they are rather diverse.(162) Exosome biogenesis 

appears to be a more dynamic process, with heterogeneous populations of exosomes 

being produced. A study by Willms et al.(162) identified a large (75-200nm in size) and 

small (most <100nm) population of exosomes from the same cell type.(162) They 

repeated this experiment with different cell types, as well as plasma, and found similar 

results.(162) Results suggested that the two different populations had distinct protein and 

RNA profiles.(162) In the smaller exosomes they identified less individual proteins (110 

proteins compared to 254 in larger vesicles), suggesting the smaller vesicles had more 

specific types of protein cargo.(162) Additionally, the smaller vesicles were enriched in 

smaller RNA molecules compared to the larger vesicles.(162) Although currently there is 

no evidence for roles of the different sized exosomes, it would not be surprising if smaller 

exosomes contained less, or smaller material as briefly eluded above.(162) This study 
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used nanoparticle tracking analysis (NTA) to characterize exosomes by size, however 

there are multiple technologies that can be used for this measurement.  Particle size 

profiling and/or quantification can also be measured using technologies including tunable 

resistive pulse sensing (163), high resolution flow cytometry (164), and optical disc 

technology. (165) Consistencies in technologies is imperative as each technology may 

yield different results from the same sample.(166) 

 Although there is not much evidence in changes in size given a disease state, there 

is evidence to suggest that biogenesis is affected in disease states as exosome quantity 

may be altered. Because the field of exosomes in mental disorders is in its infancy, 

changes in exosome biogenesis have yet to be studied thoroughly. Exosome biogenesis 

seems to be enhanced in cancer, with tumor cells secrete more exosomes than non-tumor 

cells, and exosome levels of cancer patients are often elevated.(167) In one specific 

investigation, quantification of exosomes from plasma showed that esophageal cancer 

patients expressed higher exosome levels compared to patients with a non-malignant 

tumour.(168) Another study used plasma from patients with ovarian cancer and found 

similar results.(169) Subjects with malignant tumours had more exosomes than those 

with benign.(169) And subjects in the malignant and benign groups had more exosomes 

than healthy controls.(169) Escalating amounts of exosomes may result in an increase in 

signalling between cells. Additionally, altered cargo in these vesicles may aid in tumor 

and disease progression. 

Although most of the research on changes in exosome biogenesis has been 

conducted in cancer, this is some evidence to show that these changes may occur in other 

disease states affecting the brain. Enriched exosome secretion is documented in brains of 

individuals with Down syndrome, and a knockdown of exosome secretion resulted in 

worsening endosomal pathology in fibroblasts from these patients.(170) Additionally, an 

increase in EV-associated protein, suggesting an increase in EVs, was observed in serum 

from subjects with autism spectrum disorder (ASD).(171) Results from a study in 2017 

showed that individuals with HIV had less exosomes in plasma than healthy 

controls.(172) Neurological deficits, HIV-associated neurocognitive disorder (HANDS), 

develops in a portion of adults with human immunodeficiency virus (HIV).(172) Patients 

that were neuropsychologically impaired had fewer neuron-derived exosomes than 
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patients who were neuropsychologically normal.(172) Fewer exosomes may result in a 

change or lack of signaling between cells. Results from the above studies suggest that 

exosomes are extremely heterogeneous in nature and that biogenesis can be altered in 

disease states. Investigation into exosome biogenesis may provide more insight into the 

etiology of mental disorders. Identifications of altered amounts or sizes in mental 

disorders may provide more insight into changes in cellular communication occurring 

within the disease state. 

 

V. Possible role of exosomes in the pathogenesis of mental disorders 

Current evidence for exosome signaling in the brain points toward their role in 

transcriptional regulation (173), neurogenesis (114), plasticity (115, 116), and 

neuroinflammation. (113, 152) Changes in these mechanisms have also been previously 

implicated in mental disorders, providing reason to hypothesize that exosomes may be 

involved in these phenotypes. 

Neurogenesis has been previously implicated in schizophrenia and depression, 

and research suggests that these disorders are associated with impaired adult hippocampal 

neurogenesis (AHN).(114) Protein analysis of exosomes in the CNS reveals cargo 

involved in modulating adult neurogenesis.(114) Furthermore, the injection of cultured 

exosomes containing known pathogens into the dentate gyrus is sufficient to impair AHN 

in mice.(174) CSF-derived factors and substances such as corticosteroids and cytokines 

may trigger the release of astrocytic exosomes containing several miRNAs important for 

neurogenesis, stress response, and cell survival.(114) Thus, it is possible that exosomes 

are involved in both the maintenance and hindrance of adult neurogenesis.  

Protein analyses of exosomes in the CNS reveal that some cargo is involved in 

modulating synaptic plasticity, suggesting exosomes may play a role in this process.(115, 

116) For example, microtubule-associated protein 1B (MAP1b) , a protein associated 

with synaptic plasticity, was identified in exosomes released from depolarized human 

neurons in culture.(175) When microglial cells were incubated with neuron-derived 

exosomes, removal of neurites was accelerated by increasing the expression of 

complement component 3 (C3) in the microglial cells.(110) Neuron-to-glial signalling via 
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exosomes is one mechanism where active synapses stimulate the pruning of those that are 

inactive, thereby promoting synaptic plasticity.(110)  

There is also mounting evidence for the role of exosomes in neuroinflammation. 

Upon exposure to the pro-inflammatory cytokine tumour necrosis factor (TNF), exosomal 

protein cargo from brain endothelial cells is altered.(176) These exosomes contained 

proteins involved in TNF and NF-ĸB signaling pathways.(176) The neuroinflammation 

caused by TNF relates to the low-level, chronic neuroinflammation associated with 

certain forms of psychopathology, particularly depression.(152) Additionally, monocytes 

that are activated by interferon alpha and/or lipopolysaccharides release exosomes that 

carry altered miRNA profiles.(113) These exosomes can alter BMECs and initiate an 

inflammatory response. (113) Together, with studies on BBB permeability in mental 

disorders, the evidence above demonstrates that alterations in BMEC could result in a 

leaky BBB, leading to an increase in neuroinflammation and onset, or progression of 

disorders (Fig. 2). Exosome involvement in neuroinflamation has also been documented 

in mental disorders. EVs isolated from patient serum with ASD stimulated cultured 

human microglial cells to secrete more pro-inflammatory cytokine interleukin IL-

1β.(171) Another study used an ELISA based method to detect inflammatory markers, in 

what is suggested to be neural-derived exosomes in a plasma sample. Anti-SNAP25, a 

neuron marker, was used as the capture antibody, and anti-CD81, a known exosome 

marker, along with inflammatory markers were used as the detection antibody.(177) After 

normalization, the ratio of  IL34/CD81 was significantly higher in patients with major 

depressive disorder (MDD) compared to controls, suggesting increased 

inflammation.(177) However, it is important to note that although CD81 is a known 

exosome marker, it is not exclusive to exosomes and the ELISA based method may be 

detecting non-EV bound proteins.  

Interestingly, central inflammation can be detected systemically via EVs, making 

them ideal candidates for biomarkers of mental disorders. In one recent study by Couch et 

al. (2017), brain injury was shown to increase EV release in rats.(178) EVs from those 

rats were collected, and injected into healthy rats. The EVs were taken up by the liver 

where they initiated a systemic acute phase response (APR), a reaction to inflammation 

for the activation of an early-defense system.(178) Alterations to the periphery have also 
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been found to affect CNS function as demonstrated by injecting (via tail-vein injection) 

peripherally-derived exosomes from immune-challenged mice. This led to increased CNS 

expression of pro-inflammatory cytokine mRNA and associated miRNA in recipient 

mice.(111) Given that exosomes can elicit a peripheral response to inflammation, (178) it 

would be interesting to investigate whether exosomes may partially explain peripheral 

changes, such as changes within the gastrointestinal system and gut microbiome observed 

in mental disorders.(155) 

 There is also evidence that exosomes may be a transfer vehicle for translational 

regulators, specifically via the transfer of miRNA cargo.(100, 173, 179) Once exosomes 

fuse with target cells, they may transfer their miRNA content to recipient cells, where 

they remain functional.(100) Sustained changes in gene expression, through epigenetic 

modifications, are associated with mental disorders.(105-108) Expression levels of 

numerous miRNAs are demonstrably altered in serum (89, 108) and in post-mortem brain 

tissue of psychiatric patients.(180, 181) The EV cargo, specifically miRNA, could 

potentially explain in part the modifications in gene expression observed in mental 

disorders.   

Taken together, exosome signalling appears to play a role in gene regulation, 

plasticity, neurogenesis, and neuroinflammation. Should exosomes mediate such 

mechanisms in the brain, these nano-vesicles might be critical to further understanding 

neurobiological changes occurring in mental disorders.  

 

VI. Biomarker potential of exosomes 

The ability of exosomes to readily cross the BBB is an important property that renders 

them as particularly good biomarkers for CNS diseases and treatment response. Of 

particular interest is the ability to characterize exosomes based on their cell of origin, 

potentially providing an extra layer of insight into the disease of interest. Currently, much 

of the cell-specific exosome research is performed in cell culture; however exosomes 

from different cell types are diverse, and there has been a recent surge in interest for 

identifying exosomes of a specific origin from biological fluids.(182) The potential to 

access centrally-derived material in the periphery may provide compelling information 

about the mechanism of a disease, by way of a clinically accessible biomarker. 
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A mixed population of exosomes (from multiple cell types) can be isolated from 

biofluids using multiple methods including ultracentrifugation, immunomagnetic beads, 

and chromatography.(183, 184) Additionally, exosomes have a lipid bilayer; therefore 

RNAse treatment prior to use will ensure that cargo used downstream was encapsulated 

within the vesicle.(185) This mixed population of exosomes may be identified using 

western blots or mass spectrometry using proteins which are involved in biogenesis of 

ILVs, including tetraspanins and proteins involved in the ESCRT machinery needed for 

biogenesis.(186) It is important to note that many of these markers are not exclusive to 

exosomes, and further characterizations of exosomes is required. 

It is possible to take this one step further and enrich for exosomes derived from a 

specific cell type from the mixed population of exosomes using cell-specific markers, as 

exosomes have been found to carry proteins specific to their cell of origin.  In psychiatry, 

investigating cells from the CNS may provide insights toward mechanisms of disease in 

the brain. Isolating exosomes from those cells that have been implicated in mental 

disorders may bridge the gap between peripheral biomarkers and mechanistic insight to 

the disease. 

Exosomes released from developing and mature hippocampal neurons contain L1 

cell adhesion molecule (L1CAM), and the GluR2/3 subunits of glutamate receptors, both 

of which are known neuronal markers.(109, 187) Protein markers such as glial fibrillary 

acidic protein (GFAP), glutamine aspartate transporter (GLAST) and glutamine 

synthetase (GLUL) can be used to enrich for astrocytic derived exosomes. (102) 

Additionally, myelin proteolipid protein (PLP) and 2’ ,3’-cyclic nucleotide 3’-

phosphodiesterase (CNP) have been identified on exosomes derived from 

oligodendrocytes.(188) Enriching for a specific cell-derived population of exosomes 

allows for examination of target cells of interest. In the biomarker field, this may allow 

for greater connections to form between the marker and mechanisms of disease.  

In the last few years, research has been conducted with neuron-derived exosomes 

to try and answer questions of brain-related disorders from blood biopsies. Sun and 

colleagues (172) use exosomes isolated from plasma to enrich for neuron-derived 

exosomes. In doing so, the group identified that both the number of neural-derived 

exosomes as well as levels of High-mobility group box 1, Neurofilament light, and 
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Amyloid β-proteins may act as potential biomarkers of neuropsychological impairment in 

HIV. (172) Neuronal-derived EVs, were isolated and concentrations of tau, Aβ42, and 

IL-10 were elevated in military personal with mild traumatic brain injuries compared to 

controls.(189) Neural-derived exosomes from plasma have also been used in a pilot study 

to investigate protein biomarkers for patients with MDD.(177) Additionally, other cell-

derived exosomes have been studied in the context of other brain-related disorders. Cargo 

proteins from astrocytic-derived exosomes have been studied for mechanistic insight into 

Alzheimer’s disease. (102) The ability to access neural-derived exosomes in plasma 

shows promising clinical utility in psychiatry. 	

 

VII. Future directions 

Although the field of exosome investigation remains relatively novel, compelling 

evidence from other domains indicates that studying exosomes can provide insight into 

disease mechanisms and processes associated with mental disorders and treatment 

response. Currently, much of the research on exosomes fixates on biomarkers of disease 

state, and their ability to mediate cell-to-cell communication. However, more work is 

needed with respects to mechanisms of bi-directional transfer of exosomes across the 

BBB.  Future studies of exosomes in psychiatry should focus on profiling changes in size 

or number of exosomes released, and changes of internal cargo. Additionally, this type of 

work can be further extended by investigating these differences in a specific cell type. 

Exosomes derived from cells in the CNS have immense biomarker potential, as they may 

reflect physiological changes in mental illness, which can be accessed in the periphery.	
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1C. Neuronal-Derived Exosomes as a Biomarker for MDD and 

ADT 
Exosomes that are neuronal-derived provide immense potential for biomarker studies in 

MDD and ADT. Not only can they be accessed via peripheral tissues, making them ideal 

for use in a clinical setting; they are particularly enriched in miRNA which are 

transcriptional regulators that have already been implicated in MDD and ADT. Neuronal-

derived exosomes (NDE) and its internal miRNA cargo may provide a mechanistically 

relevant marker and provide insight into biological mechanisms of MDD and ADT. 

Because escitalopram is one of the most widely prescribed ADT (72), this work will 

study predictive (pre-treatment) miRNA biomarkers from NDE in patients who were 

classified as escitalopram responders or non-responders after an eight-week follow-up. 

 

I. Hypothesis and objectives 

To the best of our knowledge, we have performed the first small RNA sequencing of 

neuronal-derived exosomes (NDEs) derived from plasma. Additionally, we have 

performed the first small RNA sequencing of exosomes in the context of MDD and ADT 

response. We hypothesize that miRNA profiles from NDEs will be different between 

depressed patients and psychiatrically healthy controls, as well as between treatment 

responders and non-responders. Differentially expressed miRNA may reveal candidate 

biomarkers, and provide more insight into mechanisms underlying ADT response. 

 

The objectives of this project are:  

1. Separate exosomes from plasma from a clinical cohort of MDD patients and 

controls without a psychiatric diagnosis. Furthermore, enrich for exosomes that 

are neuronal-derived (NDE). 

2. Profile protein markers, size, and quantity exosomes from patients and controls.  

3. Produce miRNA profiles of pre-treatment NDE by sequencing. 

4. Analyze miRNA expression from NDE pre-treatment to differentiate patients who 

in follow-up will respond to escitalopram 

5. Identify the effect of antidepressant drugs on the release of exosomes in vitro.  
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Chapter 2: Methods 

I. Plasma antidepressant drug response cohort  

Plasma Cohort: We have started with a pilot study cohort consisting of 20 male and 

female participants: 10 healthy controls and 10 diagnosed with MDD. Patients were 

ascertained at a community outpatient clinic at the Douglas Mental Health University 

Institute. All subjects included in the study provided informed consent, and the project 

was approved by The Institutional Review Board of the Douglas Mental Health 

University Institute. Subjects were excluded if they had comorbidity with other major 

psychiatric disorders, if they had positive tests for illicit drugs at any point during the 

study, or general medical illnesses. Subjects with MDD had a diagnosis of MDD without 

psychotic features according to the DSM-IV. Control subjects were also excluded if they 

had a history of antidepressant treatment. After a one week washout period, MDD 

patients were given escitalopram for eight weeks. After eight weeks of treatment, 

participants were classified as escitalopram responders or non-responders using the 

Montgomery-Asberg Depression Rating Scale (MADRS). Response was determined by a 

greater than 50% decrease in MADRS score at week eight. Out of the MDD patients in 

this study, five were responders (RES) and five were non-responders (NRES). Blood was 

drawn at week zero (T0) before drug treatment, and eight weeks (T8) after drug 

treatment. For this study, only plasma from T0 was used. More details about the cohort, 

and sample treatment, can be found in Supplementary Table S1. 

 

Exosome Isolation from Plasma: 2 mL of plasma from T0 was used to extract exosomes. 

Exosomes were isolated from plasma using a “qEV” original size exclusion column 

(SEC) from Izon Science (Christchurch, New Zealand). Exosomes are enriched and 

collected in fractions seven, eight, and nine, and labeled as the “total exosome fraction”, 

representing all exosomes isolated from plasma. Additionally, fraction eleven, twelve, 

and thirteen were collected as a protein fraction to act as a negative control for western 

blots. A portion of the total exosome fraction was kept for exosome characterization. The 

remaining was concentrated to 250uL using the Amicon Ultra 4mL Centrifugal Filter for 

neuronal enrichment (MilliporeSigma, United States). 
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Enrichment of neuronal-derived exosomes from plasma isolation: Protocol was followed 

according to that described in Sun et al. (172) Briefly, L1 cell adhesion molecule 

(L1CAM)-biotinylated antibody (CD171, clone 5G3, eBiosciences, Invitrogen, 

California, United States) was used for neuronal-derived exosome enrichments. 

Exosomes isolated from T0 plasma were incubated with antibody for 2 hours at room 

temperature. This mixture was then added to streptavidin resin beads and complex 

continued to incubate for an additional hour at 4°C. After centrifugation, the supernatant 

was removed and was labeled as the “neuronal-depleted fraction”. A 5-minute incubation 

with Glycine-HCL (pH 3.0) was used to release enriched exosome population from 

beads. After another centrifugation, the supernatant is collected and was labeled as the 

“neuronal-derived exosomes (NDE)”.  

 

Western blots: 2.5 micrograms of protein was used for western blots. Exosome protein 

was separated on 4-20% Mini-PROTEAN gels (BioRad, California, United States) and 

transferred to a nitrocellulose membrane (BioRad, California, United States). Blots were 

blocked in 5% skim milk. Blot was incubated with primary antibody overnight at 4°C 

with: rabbit monoclonal CD63 (System Biosciences) (1:500), rabbit monoclonal CD81 

(System Biosciences) (1:500), rabbit monoclonal CD9 (System Biosciences) (1:500), 

rabbit monoclonal HSP70 (System Biosciences) (1:500), mouse monoclonal BiP (BD 

Biosciences)(1:500), rabbit monoclonal calnexin (abcam)(1:500), and mouse monoclonal 

SNAP25 (BioLegend). Blots were incubated with either biotinylated goat anti-rabbit 

secondary antibody (Vector Laboratories, United States) (1:500) or biotinylated goat anti-

mouse secondary antibody (Vector Laboratories, United States) (1:500) for 1 hr at room 

temperature. This was followed by a peroxidase conjugated streptavidin tertiary antibody 

(Jackson ImmunoResearch Laboratories, United States) (1:500) for 1 hour at room 

temperature. Bound antibodies were visualized by chemiluminesence.  

 

Exosome Size and Concentration Measurements using Tunable Resistive Pulse Sensing 

(TRPS): T0 total exosomes and T0 NDEs were sent to Izon Science (Christchurch, New 

Zealand) to be measured using TRPS technology. These samples were measured on the 

qNano, using pore NP150 and calibration beads CPC100 (Izon Science, Christchurch, 
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New Zealand). In brief, sample particles are run through the pore by applying voltage and 

pressure. Each particle that goes through the pore causes a blockade event that is 

measure. The number of these events represents concentration of exosomes, and 

magnitude of blockade events represents size of each exosome. Samples were run in 

duplicate and an average of both runs was used. 

 

Transmission Electron Microscopy, Negative Staining: 5ul of exosome sample derived 

from plasma were applied onto a carbon-coated copper grid (200 mesh) and allowed to 

adsorb for five min. The sample was then wicked off with Whatman filter paper, and the 

grids were washed by placing three drops of distilled water consecutively. The grids were 

contrasted with two percent aqueous uranyl acetate and allowed to dry. Images were then 

acquired on a FEI Tecnai G2 F20 200 kV S/TEM equipped with a Gatan Ultrascan 4000 

CCD camera Model 895. 

 

RNA isolation: Prior to RNA isolation, all exosome fractions were treated with PureLink 

RNAseA (20mg/mL) (ThermoFisher Scientific, Massachusetts, United States) for two 

minutes at room temperature. RNA was isolated from the NDE fraction, and the 

neuronal-depleted fraction. 5X QIAzol lysis reagent (QIAGEN, Hilden, Germany) was 

added to exosome sample and was left to incubate for five minutes at room temperature. 

During this time, synthetic ath-mir-159a (IDT, Coralville, United States) was added as a 

spike in control RNA following protocol outlined in (190).  1X chloroform was added 

and sample incubated for three minutes at room temperature. Sample was centrifuged, the 

aqueous phase was removed, and 1.5X of 100% ethanol was added. This was then added 

to QIAGEN MiniElute columns and the miRNeasy Micro Kit (QIAGEN, Hilden, 

Germany) was used as directed.  Small RNA and miRNA concentration was checked 

using the Agilent Small RNA Kit and 2100 Bioanalyzer (Agilent Genomics, United 

States). 

 

Small RNA Sequencing: Small RNA libraries were made according to Galas Lab 4N RNA 

library prep protocol- Version 1.0 (Pacific Northwest Research Institute, Seattle 

University, United States). This protocol was chosen as it uses degenerative adapters that 
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help to decrease selection bias of different RNA sequences. (191) Briefly, a 3’ 

degenerative adapter is ligated to miRNA followed by a 5’ degenerative adapter. RNA is 

reverse transcribed and then the cDNA is amplified with Illumina indexes. To help get rid 

of adapter dimers, there are two amplification steps. The first is ten cycles, and then 

samples are purified on a gel to get rid of adapter dimers. In deviating from the protocol, 

instead of using a Blue Pipin for size selection, a high-resolution agarose gel (4%) was 

used (Sigma-Aldrich, Missouri).  After the first round of amplification and gel 

purification, samples are amplified again for another ten cycles and purified same as 

before. Libraries were sequenced on Illumina HiSeq 4000 (Illumina, San Diego, United 

States)  

 

Target Analysis: Five target prediction databases (miRwalk 2.0, miRanda, RNA22 v2, 

RNAHybrid, TargetScan) were used to predict targets for three significant miRNA. 

Targets were only considered if they were identified as a predicted mRNA target on all 5 

databases.  

 

Statistical Analysis: miRNA counts were normalized using DESeq2’s median ratio 

normalization method.(192) All numerical data are expressed as the normalized mean ± 

s.e.m. Variables including age, sex, previous pregnancy, and BMI were checked to see if 

they affected dataset and needed to be included as a covariate. Statistical differences 

among groups for miRNA were analyzed by one-way ANOVA with Bonferroni post hoc 

correction and was calculated using SPSS. P< 0.05 was considered statistically 

significant. Due to our small sample size, we chose to be rather stringent using a 

Bonferroni correction to limit possibilities of false positives. Analysis of exosome size 

and quantification was performed using GraphPad Prism5 using Kruskal-Wallis test, or 

paired t-test where appropriate.  

 

II. Experiments using post-mortem brain tissue 
Brain Tissue miRNA and mRNA: Brain expression data was acquired from anterior 

cingulate cortex following methods described in (193) . For this thesis, 15 controls and 12 

MDD patients who died by suicide were used for correlations between miRNA and its 
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predicted target mRNA. MiRNA and mRNA expression data used for correlations came 

from the same individuals. Correlations between miRNA and mRNA were done using 

GraphPad Prism5. 

 

Exosome Extraction from Brain: 400 mg of post-mortem brain tissue (Brodmann areas 8 

and 9) from a psychiatrically healthy control were sliced into fine sections while partially 

frozen. Slices were incubated at 37 oC for 20 min in Hibernate-E medium (800 µL per 

100 mg of tissue) in the presence of 75 U/mL collagenase type III with gentle shaking. 

The reaction was stopped with protease and phosphatase inhibitors (1X), and the sample 

was spun at 4 oC for five min at 300 XG. The supernatant was spun at four degrees for 

ten min at 2,000 XG. The supernatant was then removed and consecutively spun at four 

degrees for 30 min at 10,000 XG. Lastly, the supernatant was placed on the “qEV” size 

exclusion column from Izon Science to extract brain-derived exosomes (Christchurch, 

New Zealand). Protocol for RNA extraction, and library preparation from brain-extracted 

exosomes was the same as plasma (above).  

 

III. In vitro experiments 

Cell Culture: Human HEK293T cells were grown in Eagle’s Minimum Essential Medium 

(EMEM) +10% FBS +penicillin/streptomycin and then distributed into six-well plates 

(N=9). Once cells were 70% confluent, media was changed to serum free media (EMEM 

+ 1% Glutamax supplement (Gibco, California) + penicillin/streptomycin)). 24hrs after 

change to serum free media, half of the cells were treated with media with 100uM of 

escitalopram (Sigma-Aldrich, Missouri), and other half were treated with control media.  

Two milliliters of cell media was collected after a 24hr treatment with escitalopram. 

Exosomes were extracted using qEV columns from Izon Science, (Christurch, New 

Zealand) following the same method as mentioned above in “Exosome Isolation from 

Plasma”.  

 

Exosome Size and Concentration Measurements using Tunable Resistive Pulse Sensing 

(TRPS): Exosome samples from cell culture were measured on the qNano housed in the 

Junker Lab at McGill University, using pore NP150, and calibration beads CPC100 (Izon 
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Science, Christchurch, New Zealand). Sample particles are run through the pore by 

applying voltage and pressure. Each particle that goes through the pore causes a blockade 

event that is measure. The number of these events represents concentration of exosomes, 

and magnitude of blockade events represents size of each exosome. Analysis of exosome 

size and quantification was performed using GraphPad Prism5 using one-way ANOVA. 
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Chapter 3: Results 

I. Quality control of exosomes extracted from plasma 

Neuronal-derived exosomes (NDE), neuronal-depleted exosomes (NDE depleted) and a 

protein fraction were tested against exosome markers, neuronal markers, and markers for 

endoplasmic reticulum contamination.  Although there are no “exclusive” exosome 

protein markers, the field uses proteins enriched in exosome fractions as markers. These 

markers, including heat shock protein 70 (HSP70), CD9, CD63, and CD81 are present in 

exosome fractions (both NDE and NDE depleted fractions) (Fig.4.1. A.). Furthermore, 

neuronal marker synaptosome associated protein 25 (SNAP25), which is a protein present 

in neurons in the brain, was enriched in the NDE fraction (Fig. 4.1. A.). Markers for 

endoplasmic reticulum vesicle contamination, binding immunoglobulin protein (BiP) and 

calnexin, were most present in the protein fraction which is void of exosomes (Fig.4.1. 

A.). Although these markers were present in the NDE depleted fraction, likely because of 

the overloading of the size exclusion column, enriching for NDE with L1 cell adhesion 

molecule (L1CAM)	alleviates contamination. (Fig. 4.1. A.) 

Transmission electron microscopy (TEM) images show that exosomes are of 

expected size and shape (Fig.4.1. B.). Although these vesicles are believed to be spherical 

in solution, after the drying process needed for TEM, some of the vesicles have a cup 

shaped appearance.(194) The presence of vesicles in the expected size range confirms the 

enrichment of exosomes from human plasma via size exclusion chromatography.  

 

 

 

 

 

 

 

 
Figure 4.1. Vesicle shape and protein characterization A) Protein markers for 

exosomes (HSP70, CD9, CD63, CD81) were used to show enrichment of exosomes in 

NDE fraction. Neuronal-marker SNAP25 is enriched in NDE fraction. BiP and calnexin 
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blots show that exosomes in NDE fraction are void of contamination. B) Visualization of 

exosomes using transmission electron microscopy. Scale is 100nm and 50nm 

respectively. 

 

II. Quantity and size of exosomes extracted from plasma before drug 

treatment 
Tunable resistive pulse sensing (TRPS) was used to measure the amount and size of the 

vesicles in our samples. Using TRPS allows for single particle analysis, compared to 

other methods which calculate an average based on algorithms. Briefly, a voltage is 

applied to a membrane with a pore. Exosome size is measured by the size of the block in 

voltage, and exosome number is calculated based on the number of blocks of voltage 

through the pore.(195) Results from TRPS suggest that on average, 70 ± 25 billion 

exosomes were extracted from 2mL of plasma (Fig.4.2. A). NDE represent approximately 

7% of exosomes from the total population, as after enriching our exosome fraction 

contains an average of approximately 5.4 ± 1.6 billion particles (Fig.4.2. A). There was 

no difference in the number of exosomes between cases and controls in either the total or 

NDE fraction, even when broken down into subgroup (Fig. 4.2. B, C.) 

 

 

 

 

 

 

 
 
Figure 4.2. Number of exosomes isolated from plasma at T0. A) NDE exosomes 

represent approximately 7% of total exosomes isolated from plasma (paired t-test) 

(Ntotal=20, NNDE=20). There are no differences in number of total exosomes (B) or NDE 

exosomes (C) isolated between controls, responders, and non-responders. (NC=10, 

NRES=5, NNRES=5) (Kruskal-Wallis). Values are represented in particle counts in billions 

(mean ± s.e.m.). ****p<0.0001 
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Results from TRPS demonstrate that NDE exosomes isolated from plasma are 

smaller than the mixed population of total exosomes. The average size of total exosomes 

isolated from plasma was 158.6 ± 6.4 nm, and the average size of NDE isolated from 

plasma was 134.0 ± 2.7 nm (Fig. 4.3. A).  

Results suggest that before drug treatment, MDD patients, irrespective of future 

response (RES (129.5 ± 8.2 nm) and NRES (139.1 ± 7.5 nm)), had significantly smaller 

total exosomes isolated from plasma compared to healthy controls (183.0 ± 3.3 nm) (Fig. 

4.3. B.).  Additionally, MDD patients (MDD patients =128 ± 2.6 nm, RES=125.5 ± 4.1 

nm, NRES= 130.4 ± 3.5 nm) at baseline had significantly smaller NDE when compared 

to healthy controls (140.1 ± 3.8nm) (Fig.4.3.C).  

 

 

 

 

 

 

 
 
Figure 4.3. Average size of exosomes from plasma at T0. A) Neuronal enriched 

exosomes are on average smaller than the average size of a total exosomes isolated from 

plasma (Ntotal=20, NNDE=20) (paired t-test) B). In the total fraction samples, at T0 

depressed patient’s exosomes were significantly smaller than controls, (C) with 

responders (RES) and non-responders(NRES) both being significantly smaller than 

controls (NC=10, NRES=5, NNRES=5) (Kruskal-Wallis). C) NDE exosomes were 

significantly smaller in MDD patients compared to controls at T0 (NC=10, NMDD=10) 

(Mann-Whitney t-test). Values are represented in average size in nm (mean ± s.e.m.).  

****p<0.0001, ***p<0.001, **p<0.01 *p<0.05 

	
III. Influence of antidepressant treatment on exosome size 

To investigate the effect of escitalopram on exosome size, HEK293T cells were treated 
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treated with escitalopram (134.1 ± 9.5nm) were larger than those of controls (110.8 ± 

4.8nm). (Fig.4.4.) 

 

 

 

 

 

 
 
Figure 4.4. Escitalopram treatment of HEK293T cells. HEK293T cells (N=9) treated 

with escitalopram for 24hrs show a significant increase the size of exosomes being 

released (students t-test). *p<0.05 

 

IV. Exosomal miRNA cargo  
After sequencing miRNA from exosomes isolated from plasma, we identified 441 

miRNA species in our samples. Using the ExoCarta database, we see that approximately 

73% of the miRNA identified in our samples have been previously identified in exosomes 

(Fig.4.5. A.). In the NDE fraction, 96 miRNA species that were exclusive to NDE 

fraction were identified. Approximately 88% of miRNA exclusive to NDE fraction were 

also present in exosomes isolated directly from brain tissue (Fig. 4.5. B.).  

 
Figure 4.5.  Characterization of miRNA identified in exosomes. A). 441 miRNAs 

were identified in our exosomes. 78% of miRNA identified in our exosomes have been 

previously identified in exosomes. B). 96 miRNAs were exclusive to NDE exosomes.  

88% of exosomes overlap with miRNA present in exosomes extracted from brain tissue. 
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V. MiRNAs within NDE are candidate predictor biomarkers for ADT 

response 

Three miRNA from NDEs extracted from plasma at T0 were significantly different 

between groups after Bonferroni correction. Due to the small sample size, we chose to be 

rather stringent using a Bonferroni correction to correct for multiple testing to limit 

possibilities of false positives. MiRNA-22-3p was significantly more expressed in RES 

(10.9 ± 3.2 counts) compared to controls (C) (3.2 ± 1.1 counts) (Fig.4.6. A.). MiRNA-

3168 was approximately three times more expressed in NRES (3.2 ± 0.6 counts) 

compared to both RES (0.83 ± 3.6 counts) and C (0.2 ± 0.2 counts) (Fig.4.6. B.). Lastly, 

miRNA-151a-3p was significantly higher in NRES (4.2 ± 1.7 counts) compared to C (0.5 

± 0.4 counts) (Fig.4.6.  C.).  

 
Figure 4.6. Differentially expressed miRNAs identified in NDE at T0. MiR-22-3p(A), 

miR-3168 (B), and mir-151a-3p (C) within NDE are significantly different between 

controls (C), antidepressant responders(RES), and/or non-responders(NRES) (NC=10, 

NRES=5, NNRES=5) (ANOVA with Bonferroni correction). Values are represented as 

normalized mean counts (mean ± s.e.m.). ***p<0.001, **p<0.01 *p<0.05   

 

VI. MiRNAs of interest are negatively correlated with predicted targets in the 

brain 
MiRNAs typically effect gene expression by repressing the 3’ untranslated region of its 

target messenger RNA (mRNA), resulting in lower expression of its protein product. A 

list of predicted targets for each miRNA was generated using five publically available 
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TargetScan), and an mRNA transcript was only considered a target in this analysis if it 

was identified in all five prediction databases.  

Because these miRNAs were significantly different within NDEs, we aimed to 

relate the activity of these miRNA in the brain. Using in house miRNA and mRNA post-

mortem brain expression data from previous work in the lab, we could investigate 

relationships between our identified miRNAs and their predicted mRNA targets in the 

brain. Since miRNA typically downregulate their targets it would be expected that the 

miRNA and their predicted targets would be negatively correlated. Of note, miRNA and 

mRNA expression data presented here is from brain tissue from healthy controls and 

MDD patients who died by suicide, which was not from the same cohort as those in this 

ADT study. This previously generated data from brain tissue was only used to investigate 

the relationship between these miRNAs and their predicted targets in the brain. 

Additionally, it is important to note that no conclusions can be drawn from correlation, 

and functional studies need to be done, especially within our ADT plasma cohort, to 

confirm if this predicted relationship occurs. 

Approximately 30% of predicted miR-151a-3p targets were present in our brain 

data and negatively correlated with miR-151a-3p. The 15 predicted targets that were most 

negatively correlated with miR-151a-3p are listed in Supplementary Table S2. Notably, 

microtubule associated protein 2 (MAP2) (r= -.04449, p<0.05), aminopeptidase N 

(ANPEP) (r = -0.4587, p<0.05), and discs large homolog 5 (DLG5) (r = -0.480, p<0.05) 

have been implicated in MDD (Fig. 4.7. A). Interestingly, in this brain cohort the 

significant negative correlation between miR-151a-3p and MAP2 was most strongly 

influenced by the suicide group (r=-0.6629, p<0.05) compared to healthy controls (r=-

0.3330, p<0.05). Additionally, the significant negative correlation between mir-151a-3p 

and ANPEP in the brain was influenced by healthy controls (r=-0.5696, p<0.05) 

compared to suicides (r=0.035, p<0.05). The negative correlation between miR-151a-3p 

and DLG5 was influenced by both groups.  

Approximately 45% of predicted miR-22-3p targets were present in our brain data 

and as expected, negatively correlated with miR-22-3p in the brain. The 15 targets that 

were most negatively correlated with mir-22-3p in the brain are listed in Supplementary 

Table S3. Of interest, some targets, including signal transducer and activator of 
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transcription 5a (STAT5A) (r = -0.5151, p<0.01) and PH finger protein 8 (PHF8)              

(r = -0.5055, p<0.01) have been implicated in MDD in pervious publications (Fig. 4.7. 

B). Although individually both the healthy control and suicide group showed a negative 

correlation between miR-22-3p and STAT5A in the brain cohort, the significance was 

driven primarily by the control group (r=-0.5471, p<0.05) compared to the suicide group         

(r=-0.4737, p<0.05). The negative correlation between miR-22-3p and PHF8 was 

influenced by both groups. In this independent brain tissue cohort miR-3168 was filtered 

out of the dataset as it was not present in over 70% of brain samples, therefore 

correlations between this miRNA and predicted targets could not be performed. In 

traditional small RNA library preparation protocols, there is a bias for more highly 

expressed miRNA in the ligation steps. By using degenerative adapters in our library 

preparation protocol for sequencing exosome cargo, we alleviated some miRNA selection 

bias, allowing for the identification of lowly expressed miRNA.  It may be that miR-3168 

is lowly expressed in the brain, and that using the degenerative adapters allow for it to be 

identified compared to other protocols.  

 

 
 
Figure 4.7. MiRNA identified in NDE are negatively correlated with predicted 

targets in the brain. A) miR-151a-3p and B) miR-22-3p expression in the brain is 

negatively correlated with predicted targets. Here, we show targets that are of interest in 

relation to MDD and ADT response that will be discussed further. Blue = controls, pink= 

suicide cases. Line of best fit as well as statistics are representative of both groups. 
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Chapter 4: Discussion 
This thesis first reviewed neurobiological mechanisms commonly implicated in major 

depressive disorder (MDD), current knowledge of antidepressant drug treatment (ADT), 

and work involving epigenetic mechanisms as biomarkers for ADT response. It highlights 

a limitation in biomarker research, which is that work done using peripheral tissues may 

not provide mechanistic information in regards to the psychiatric phenotype. Providing a 

rationale for this thesis, neuronal-derived exosomes (NDEs) are introduced as intriguing 

candidates for biomarker research of ADT response, as they may provide brain-derived 

information from a peripheral source. Results presented in this proof of concept pilot 

study, suggest that NDEs can be isolated from plasma, and downstream analysis 

including small RNA sequencing can be performed. Preliminary results from this thesis 

indicate that exosome size and miRNA cargo are interesting candidates for follow-up 

with a larger ADT response cohort.  

Because of the novelty of the extracellular vesicle (EV) field, there is no one 

standardized protocol for extracting exosomes from biofluids, or for downstream work. 

The International Society of Extracellular Vesicles (ISEV) has developed Minimal 

Information for Studies for Extracellular Vesicles (MISEV) to act as guidelines for 

researchers to follow when working with EVs.(196) As highlighted in MISEV, 

characterization of EVs are imperative to ensure methods of EV separation was efficient. 

Simply put, the guidelines suggest characterizing both positive and negative protein 

markers, and two complementary techniques characterizing single vesicles for size and 

shape. (196) For our quality control analysis we chose to use western blots to characterize 

protein markers, and tunable resistive pule sensing (TRPS) and transmission electron 

microscopy (TEM) to visualize exosomes. Our quality control analysis suggests that after 

isolation of exosomes from plasma using size exclusion chromatography, and NDE 

enrichment, we have an exosome fraction that is neuronal enriched, and devoid of 

contamination. Although there are no protein markers that are exclusive to exosome 

fractions, the field currently uses tetraspanins, and proteins involved in exosome 

biogenesis that are enriched in exosome fractions as exosome protein markers. These 

markers were enriched in both our NDE and NDE-depleted fractions; however, they are 

still present in our protein fraction which is supposed to be devoid of exosomes. This is 
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most likely due to the overloading of the exosome isolation column with 2mL of plasma. 

For this study, it was necessary to use 2mL of plasma to isolate the necessary amount of 

material for neuronal-exosome enrichment and further downstream analysis. We found 

that using the recommended volume of plasma did not result in enough RNA to build 

consistent libraries for sequencing, and that overloading with a minimum of 2mL 

provided enough material. Additionally, overloading the exosome size exclusion column 

was still the best method for exosome isolation in terms of feasibility with a potential 

larger cohort, and replicability across samples. Another potential possibility as to why 

exosome markers were present in our protein fraction may be as mentioned above that 

these markers are not exclusive to exosomes; therefore, these proteins may likely still be 

present in biological material other than exosomes.  Lastly, the presence of BiP and 

calnexin in our NDE-depleted fraction is also likely from the overloading of plasma on 

the size exclusion column. However, results suggest that enriching for NDE exosomes 

using L1CAM alleviates this contamination.  

Results from this pilot study suggest that the average size of NDE is smaller than 

total exosomes isolated from plasma. Furthermore, before treatment with escitalopram, 

MDD patients have smaller total exosomes and NDEs compared to healthy controls. To 

our knowledge, we are the first to show an in vivo size difference between MDD patients 

and controls. These results support the hypothesis previously mentioned that exosome 

biogenesis may be altered in disease states. Further work to replicate these results are 

necessary to provide further evidence of this changed. Within the EV field, it is now 

widely accepted that exosomes are heterogeneous in size, with once cell type potentially 

releasing exosomes of different sizes within the defined exosome size range.(197) 

Although this is well characterized, little work has been done to identify differences 

between smaller and larger exosomes. Therefore, we can only currently hypothesize as to 

why MDD patients have smaller exosomes than controls before drug treatment. 

 One hypothesis may be that smaller exosomes simply contain less cargo. If this 

hypothesis were to be true, it would suggest that since untreated MDD patients have 

smaller exosomes, they carry less cargo. Furthermore, this could suggest an overall 

reduction of communication via exosome cargo in untreated MDD patients, which may 

be rescued upon treatment with escitalopram. However, there is currently no evidence 
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that explicitly shows that smaller exosomes have less cargo. To date, one study has 

investigated cargo in exosomes of different sizes, and they identified 254 proteins in 

larger exosomes, and 110 in smaller exosomes. (162) However, this work cannot 

conclude that smaller exosomes have less cargo, as they may just contain less of a variety 

of proteins. Additionally, to make a bold conclusion that smaller exosomes contain less 

cargo, one would need to profile all types of cargo, including all RNA and lipids.  

Another hypothesis for the formation of different sized exosomes may be that 

exosomes of different sizes are made through different mechanisms of biogenesis. 

Current evidence points towards two main pathways of exosome biogenesis. One is 

dependent on “endosomal sorting complex required for transport” (ESCRT) proteins, 

while the other is ESCRT-independent. The ESCRT-dependent pathway requires 

machinery including ESCRT-0, ESCRT-1, and tumor susceptibility gene 101 protein 

(TSG101), while the ESCRT-independent pathway relies on tetraspanins for 

biogenesis.(198) There is limited evidence to suggest that when vital proteins involved in 

the ESCRT-dependent pathway are blocked, specifically HRS (a component of ESCRT-0 

complex), larger exosomes are secreted. (194) Putting this hypothesis into context, 

potentially proteins involved in the biogenesis of larger exosomes are not functional, or 

not preferred, in untreated MDD patients. Although intriguing, this hypothesis is highly 

speculative as there is currently no evidence to suggest that one pathway is preferred over 

another at any point, or based-on phenotype. Although we do know these mechanisms 

exist, much more work needs to be done in the exosome field to investigate when each 

pathway is used in vivo. 

In vitro results in this thesis suggest that exosome size increases with escitalopram 

treatment. We suggest that further work should be done to measure exosome size after 

treatment. Based on the results presented here we could hypothesize that exosome size 

would increase upon drug treatment in patients, and size may be recovered upon drug 

treatment in vivo.  If exosome size were to also increase in vivo after drug treatment, it 

may introduce an exciting field of further research of exosome biogenesis and 

communication in depression.  

To the best of our knowledge, we are the first group to sequence miRNA from 

NDE isolated from plasma in the context of MDD. Additionally, only a handful of studies 
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have sequenced total miRNA cargo from all exosomes in plasma. To sequence the 

miRNA cargo, we used a protocol that uses degenerative adapters to eliminate selection 

bias in our small-RNA library sequencing preparation. (191) One of the greatest 

limitations of small-RNA sequencing is selection bias, and with such small amounts of 

RNA being encapsulated within exosomes, it is important to limit this bias. Currently, 

library preparation protocols using degenerative adapters are supported, and 

recommended, by the Extracellular RNA Communication Consortium (ERCC).(191) 

 Due to the novelty of this technique, it was important to verify that miRNA 

identified by sequencing had been identified as exosome cargo previously. The ExoCarta 

database is an online database that provides content previously identified in exosomes. 

(199) 78% of the miRNA exosomal cargo we identify by sequencing have been identified 

in human-isolated exosomes. This provides support for our exosome extraction method, 

and that our downstream RNA analysis is sound. Furthermore, our rational for enriching 

for NDEs was to target exosomal miRNA cargo originating from neurons that may be 

mechanistically involved in MDD and ADT response. Because MDD is a mental 

disorder, and ADT primarily acts on the brain it was important to provide evidence that 

our NDE enrichment protocol was enriching for exosomes originating from the brain. 

SNAP25, which is a protein highly enriched in brain tissue, is enriched in our NDE 

fraction. (200) In addition to the presence of SNAP25 in our NDE exosome fraction, our 

miRNA cargo suggests that these exosomes are enriched for neural origin. 88% of 

miRNA exclusive to our NDEs are also identified in exosomes extracted directly from 

brain tissue. Protein and miRNA cargo work presented here suggest that these exosomes 

are enriched for those coming from brain. These results suggest that NDEs can be 

measured in the periphery, but can potentially help understand biological processes in the 

brain. 

Using the library preparation protocol with degenerative adapters, this work 

identified three miRNAs: miR-3168, miR-151a-3p, and miR-22-3p, in NDEs isolated 

from plasma as differentially expressed between groups in this cohort after correcting for 

multiple testing. Current literature has implicated these three miRNAs in a variety of 

brain processes and disorders. For example, miR-3168, which was upregulated in NDEs 

of MDD patients compared to controls before drug treatment, has been found to be 
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upregulated in patients with autism spectrum disorder. (201) Further work should be done 

to see how this miRNA expression changes in NDEs of MDD patients with drug 

treatment. MiR-22-3p was upregulated in the RES group of our cohort, and in previous 

literature was upregulated in both post stroke depression patients (202) and schizophrenia 

(203), making it an intriguing candidate for follow-up in psychiatric phenotypes. Lastly, 

miR-151a-3p, which was upregulated in NRES, was found to be upregulated in blood 

samples of patients with Alzheimer’s disease (204). This miRNA has also been 

implicated in processes implicated in MDD including synaptic plasticity (205).  Most 

interestingly, miR-151a-3p has been previously associated to SSRI sensitivity via the 

downregulation of cell adhesion molecule L1 like (CHL1).(206)  To summarize, small 

RNA sequencing can be performed from NDE isolated from plasma, and miRNA are 

differentially expressed in this cohort. Although currently these miRNAs are not able to 

act as predictive biomarkers for ADT response, it is promising that they have been 

implicated in psychiatric phenotypes, and warrant follow-up in a larger ADT response 

cohort. 

MiRNAs typically interact with the 3’UTR of their mRNA targets, which then 

leads to a decrease in translation through the repression or degradation of the mRNA 

transcript. To further explore the role of these miRNA we next developed a list of 

predicted target mRNA transcripts. Targets were generated using five publically available 

prediction target databases, and targets were only considered if they were identified as a 

target in all five databases. Because these miRNAs were identified in NDEs, we aimed to 

investigate how these miRNAs related to their predicted mRNA targets in brain tissue. To 

do this we used a previously generated dataset of miRNA and mRNA expression from 

brain tissue from psychiatrically healthy controls and individuals who died by suicide. Of 

note, this cohort is independent of the ADT cohort that was used in this study to identify 

the miRNA in NDE. However, data from brain tissue complements this study, allowing us 

to further relate the role of the miRNA in the brain. Expression of predicted targets of 

each miRNA were correlated with miRNA expression in the brain. It is important to note 

that results presented here is highly speculative. The results from post-mortem brain 

expression data was only used to demonstrate that the candidate miRNA, and their 

predicted targets, would be interesting to follow-up in a larger study as they are predicted 
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to have a relationship in the brain, and mRNA targets have been implicated in psychiatric 

phenotypes. Conclusions about a functional relationship between the miRNA and mRNA 

cannot be made here as further studies would need to be done within our cohort.  

Although miR-3168 was identified in NDE, it was not able to be identified in our 

brain dataset. This is a major limitation in this study, however it might be explained by 

the different methodology used when comparing the protocols used in the brain study and 

the protocols used to identify it in NDE. It may be that our degenerative adapters used in 

our NDE library preparation protocol could pick up miR-3168 more consistently than 

other protocols. The degenerative adapters in the protocol help to alleviate the problem of 

bias in small RNA library preparation, allowing us to pick up more lowly expression 

miRNA and more diversity in our samples.(191) Using a different protocol for the small 

RNA library preparation in post-mortem brain may have made it difficult for this miRNA 

to be identified if it is lowly expressed in brain tissue. Another possibility may be that 

mir-3168 is selectively packaged into exosomes and therefore easier to identify in an 

exosome population rather than brain tissue. Nevertheless, predicted targets of miRNA-

3168, including dihydropyrimidinase-related protein-2 (DRP2) and neural cell adhesion 

molecule 1 (NCAM1), have been previously implicated in MDD and antidepressant drug 

response. (207) (208)  

Out of the 15 top targets of miR-151a-3p that are negatively correlated with the 

respective miRNA in the brain, three have been previously implicated in MDD. 

Microtubule associated protein 2 (MAP2) is a rather brain specific protein involved in 

microtubule assembly, and is negatively correlated with mir-151a-3p in the brain.(200, 

209) It is essential in neurogenesis, and is specifically involved in dendrite formation 

during neuron development.(209) Interestingly, decreased MAP2 expression has been 

reported in MDD and anxiety.(210) Furthermore, increased MAP2 levels have been 

associated with decreases in depressive symptom severity with neurosteroids treatment in 

bipolar depression. (211) If the proposed relationship between miR-151a-3p and MAP2 is 

true in our cohort, we could expect lower expression of MAP2 in our NRES group 

compared to other groups due to higher expression of miR-151a-3p. However, much 

more work within our cohort needs to be done before this relationship can be confirmed. 

Aminopeptidase N (ANPEP) is significantly negatively correlated with miR-151a-3p in 
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the brain and is involved in the degradation of neurotransmitters, as well as HPA axis 

regulation. (212) Additionally, single nucleotide polymorphisms (SNPs) in ANPEP have 

been implicated in MDD. (212) Lastly, discs large homolog 5 (DLG5) is negatively 

correlated with miR-151a-3p in the brain. It is a scaffolding molecule that is critical in the 

brain, and regulates cell migration, cell adhesion, proliferation, and important processes 

in neurodevelopment. (213) This gene has also been implicated in other psychiatric 

phenotypes. Particularly, an SNP in DLG5 has been implicated in bipolar disorder. (213)  

Out of the top 15 predicted targets of miR-22-3p that are negatively correlated 

with the respective miRNA in the brain, two have been previously implicated in 

psychiatric phenotypes. Signal transducer and activator of transcription 5a (STAT5A) 

activity is regulated by cytokines, and previous studies have shown that INF-α reduces 

glucocorticoid receptor expression through the activation of STAT5A. (214, 215) Indeed, 

a reduction in glucocorticoid receptors, is commonly implicated in MDD and could 

contribute to HPA-axis dysregulation. (26) Additionally, PHD finger protein 8 (PHF8), a 

transcriptional activator, is required for brain development, as it regulates the expression 

of neuron specific genes.(216) Notably, PHF8 targets and activates the expression of 

serotonin receptors, and Phf8 loss is associated with resistance to depression like 

behaviours in mice. (216)  
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Chapter 5: Conclusions and Future Directions 
In summary, this proof of concept study adds to the current knowledge in the EV field 

and provides results that warrant further research of exosomes in ADT response and 

MDD. This thesis introduces NDE, which can be measured in the periphery, as an 

opportunity to help understand biological processes in the brain. The work done here 

demonstrates that when using methods described here, NDE can be successfully isolated 

from plasma, and miRNA cargo can be sequenced. Additionally, this thesis adds to the 

current knowledge of heterogeneity of EVs, demonstrating that before treatment, MDD 

patients have smaller exosomes than controls. These results support the theory that 

biogenesis of exosomes may be altered in a disease state. Using a library preparation 

protocol with degenerative adapters to decrease bias, this thesis demonstrates that in this 

cohort, three miRNAs encapsulated within NDE are differentially expressed between 

groups. Interestingly, these three miRNAs have been implicated in brain processes and 

psychiatric phenotypes in previous publications. In an independent cohort, two of the 

candidate miRNAs were identified in brain tissue and were negatively correlated with 

predicted mRNA targets, as predicted. Although these results are intriguing, further work 

needs to be completed before conclusions about the predictive value of these miRNA, 

and their involvement in the mechanisms of ADT response can be made. This thesis 

warrants further investigation of NDE in mental disorders, specifically MDD and ADT 

response. 

 

I. Limitations and future directions 
Although results from this thesis are promising, our work is not void of limitations. The 

most prominent limitation of this study is the small cohort. This study consists of ten 

controls, and ten MDD patients, five of which are responders, and five who are non-

responders to escitalopram after an eight-week follow-up.  Although this study provides 

interesting candidates for follow-up, these results must be validated with a larger cohort 

before conclusions can be made. Indeed, plans to repeat this study with The Canadian 

Biomarker Integration Network in Depression (CAN-BIND), allowing for the 

investigation of this this question with a much larger cohort. 
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Another limitation of this study is that L1CAM is not specific to brain-derived 

neurons, therefore during our enrichment process we are most likely also isolating 

exosomes derived from peripheral neurons. Future studies should enrich for NDEs using 

SNAP25, as it has been found on the surface membrane of exosomes and is a more 

selective marker for brain-derived neuronal exosomes.(217) 

Future work should also investigate NDE from plasma drawn after weeks of 

treatment, as this work strictly focused on identifying predictor biomarkers of ADT 

response. Both NDE exosome cargo and size would be interesting measures to follow-up 

on after drug treatment. Firstly, our in vitro results that average exosome size increases 

with drug treatment should be confirmed in vivo. Furthermore, focusing specifically on 

NDE size changes after treatment in the context of response and non-response, would be 

intriguing. Additionally, changes in miRNA cargo may provide more information about 

the mechanisms of action of the drug in the brain.  

 Lastly, because we understand that MDD, and ADT response are complicated, 

and unable to be explained by a single mechanism, a variety of cargo from NDE should 

be investigated. This work is limited to miRNA cargo; however, exosomes contain other 

cargo including mRNA, proteins, and lipids, all of which may play a role in MDD and 

ADT response. It would be important to look at all cargo encapsulated within NDE to 

obtain a better understanding of the role exosomes play in ADT response, and changes 

occurring within neurons in the brain. Additionally, by looking at all cargo, we may be 

able to make further hypotheses about size differences between groups.  
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Appendix A: Supplementary Material 

 
I. Supplementary Table S1. Plasma cohort & sample information. 

 

II. Supplementary Table S2. 15 targets most negatively correlated with miR-
151a-3p in the brain 
 

miR-151a-3p predicted targets Correlation coefficient Significance 

Growth arrest specific 8 
(GAS8) 

-0.5388 ** 

Zinc finger CCCH domain-containing protein 13 
(ZC3H13) 

-0.5222 ** 

CASC3 exon junction complex subunit 
(CASC3) 

-0.4449 * 

Discs large MAGUK scaffold protein 5 
(DLG5) 

-0.4803 * 

Ankyrin repeat and SOCS box containing 1 
(ASB1) 

-0.4697 * 

Aminopeptidase N 
(ANPEP) 

-0.4587 * 

Microtubule associated protein 2 
(MAP2) 

-0.4843 * 

 Transcription factor binding to IGHM enhancer 3 
(TFE3) 

-0.4405 * 

NF-kappa-b-activating kinase-associated protein 1 
(AZI2) 

-0.4337 * 

Chromosome 9 open reading frame 117 
(C9orf117) 

-0.4252 * 

Coiled-coil-helix-coiled-coil-helix domain containing 4 
(CHCHD4) 

-0.4166 * 

Phosphatidylinositol-4-phosphate 3-kinase C2 domain-containing alpha 
polypeptide 
(PIK3C2A) 

-0.4114 * 

Zinc finger protein 609 
(ZNF609) 

-0.3857 * 

Murine retrovirus integration site 1 homolog 
(MRVI1) 

-0.3820 
 

* 

TATA-box binding protein associated factor 1 
(TAF1) 

-0.3788 n.s. 
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III. Supplementary Table S3: 15 targets most negatively correlated with miR-
22-3p in the brain 
	

miR-22-3p predicted targets Correlation coefficient Significance 

Prostaglandin D2 receptor 2 
(PTGDR2) 

-0.6323 *** 

Solute carrier family 25 member 10 
(SLC25A10) 

-0.6168 *** 

PDZ And LIM domain 2 
(PDLIM2) 

-0.6121 *** 

Perilipin 4 
(PLIN4) 

-0.6107 *** 

Molybdenum cofactor synthesis 1 
(MOCS1) 

-0.6107 *** 
 

Elastin microfibril interface-located protein 3 
(EMILIN3) 

-0.5486 ** 

HAUS augmin like complex subunit 5 
(HAUS5) 

-0.5455 ** 

Zinc finger protein 41 
(ZFP41) 

-0.5411 ** 

Protein crumbs homolog 2 
(CRB2) 

-0.5388 ** 

Transmembrane protein 201 
(TMEM201) 

-0.5264 ** 

Signal transducer and activator of transcription 5A 
(STAT55) 

-0.5151 ** 
 

Zinc finger protein 862 
(ZNF862) 

-0.5127 ** 

Myotubularin related protein 3 
(MTMR3) 

-0.5115 ** 

PHD finger protein 8 
(PHF8) 

-0.5055 ** 
 

Cdk5 and abl enzyme substrate 1 
(CABLES1) 

-0.5004 ** 
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