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ABSTRACT

Background: Major Depression, a debilitating mental health disorder affecting
millions worldwide, presents a significant public health challenge. While
conventional treatments such as psychotherapy and pharmacotherapy have
demonstrated efficacy, a substantial portion of patients experience limited
response or intolerable side effects. This highlights the pressing need for novel,
more effective treatment modalities based on non-conventional unexplored
targets.

Main body of the abstract: This review explores the current landscape of Major
Depression treatment, emphasizing the critical juncture at which we stand,
necessitating a paradigm shift towards many unexplored sights and innovative
approaches. Drawing on extensive literature reviews and clinical insights, this
review scrutinizes emerging treatment modalities, including but not limited to,
dysregulation and overactivity of Hypothalamus-Pituitary-Adrenal (HPA) axis,
monoamine hypothesis, implication of inflammation, circadian rhythm
disturbances, histone modifications- epigenetics of depression, GABA &
Glutamate disturbances, implication of endogenous K opioid systems,
transcranial magnetic stimulation (TMS), deep brain stimulation (DBS), Tissue-
type plasminogen activator implication and novel pharmacotherapies targeting
specific neurochemical pathways.

Short conclusion: These interventions exhibit promising results in preliminary
trials as they were found playing crucial roles in pathogenesis, and have potential
to revolutionize treatment outcomes for individuals grappling with low response
to conventional treatment regimens and treatment-resistant depression.
Therefore, focussing on the unexplored craters of pathophysiology targets of
depression can lead to development of new era anti-depressants.

Key words: Antidepressant; Depression; Chronic unpredictable stress;
Biomarkers; Pathophysiology Targets.
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BACKGROUND

Mood and depressive disorders are considered the most common and severe psychiatric
illnesses !. 3.8% of current population suffers depression, in which 5% are adults (4% men and
6% women) and 5.7% older than 60 years. Estimated 280 million people approximately in the
world suffers from depression 2. A study reported prevalence of more than seven hundred
thousand deaths with suicide every year and about 45.7 million people are affected in India >.
Approximately 20% of the American population is affected by mood disorders with incidence
of about 10% yearly, in which 6.7% is for Major Depressive Disorder (MDD) *.

Major Depressive disorder (MDD) is a very prevalent mental condition characterized by
changes in mood and emotions affecting an individual’s overall ability to perform daily life
activities and tasks. Patients with major depression exhibit a variety of changes in critical
functional domains such as sleep, appetite, psychomotor activity, cognition, and mood '. As
stated by the WHO factsheet, Depression is a very prevalent illness associated with continual
state of sadness and anhedonia, along with an incapability to carry out daily activities, for a
period of at least two weeks . Also, it has been observed irrational and self-medication of many
drugs also pose high risk of developing mood disorders °.

Current review puts strong emphasis on several neurobiological, physiological, environmental,
and genetic pathways involved in the progression of depression including mostly studied
monoamine hypothesis along with several novel targets and pathways involved in disease’s
pathogenesis. Disease burden on public health is substantially increasing with low rates of
effectiveness and remission with delayed response taking several weeks-months in exhibiting
efficacy, also greater rates of relapse once response is obtained with current anti-depressant
treatments. These limitations impose greater threat to the patients and newer antidepressants
overcoming these problems requires more targeted approach which could improve the
treatment regimen. Here, we will discuss evidences and associated factors contributing to the
behavioral deficits which could possibly precipitate depression, opening a plethora of targets
for advanced pharmacotherapy and treatment. Depression is a debilitating psychiatric disorder
which substantially adds to the global disease burden. Nearly 322 million people have been
estimated to be affected by the disorder which is 21% of the world’s population ®. As stated by
WHO Factsheet (by the data of 13 September 2021, 5% of adults and 5.7% of older adults (>60
years) are affected by the disease, stirring 3.8% of the population around the world 7 With a
major impact and several clinical complications arising related to cardiovascular system and
stress, WHO predicted earlier in past that by the year 2020, Depression would be 2™ leading
cause of fatalities worldwide 3. Being cause of huge worldwide disabilities, this illness would
generate colossal economic downfalls in the modern society, with a marked prevalence in the
developing than the developed countries. Morbidities and mortalities related to the disease are
becoming increasingly high which makes it a serious disorder and making it the commonest
causes of diminution of lives. It has been shown that women have approximately 10%-25%
and men have 5%-12% of the risk of developing depression, which makes women higher at-
risk group °. An estimated presence of depressive disorders was as high as 3.9% in South Asia
with 3.9% in India '°. A cross-sectional study involving multisite populations, conducted as
National Mental Health Survey (NMHS) of India across 12 states of India in a phase-wise
manner with varying geographic and cultural diversity assessed the prevalence of
mental/depresive disorders evidently reported depressive disorders (12 months) burden to be
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1.44% with major depressive disorder was 6.62% in rural south India. Ample data provided by
this survey recognised depressive disorders as a serious health problem and how India would
contribute substantially to the global burden of depressive disorders 3. Studies consquently
reported rise in post-pubertal depression in adolescents with 14.19 % prevalence, Center for
Epidemiological Studies-Depression Revised (CESD-R) Scale utilised to assess the presence
of disorder was reportedly (16 or above). High scores had high suicide ideations '!.
METHODOLOGY INVOLVED
This exploratory literature search for this review assessment was steered in Google Scholar,
PubMed, Embase and other scientific databases. The search was limited to publications
reported pathophysiology targets not very much explored for their anti-depressive potential
either by behavioural or biochemical or both types of analysis in pre-clinical animal models of
depression, along with epidemiology and various contributing factors for low efficiency of
current treatments of depression as illustrated in Figure 1.

METHODOLOGY EMPLOYED FOR REVIEW

I T

Google Embase PubMed 30 Science MEDLINE Research
Scholar 31 Central Direct 24 Gate
38 30 25 2

Total number of review and research projects analyzed
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* Currently available treatment options 28
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| *  WHO Factsheet 2023
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Figure 1: Flow Chart Illustration of Review of Literature
This figure explains the process of rigorous literature identification and synthesis of
information from various databases of quality literature for available unexplored
potential pathophysiological targets of depression along with inclusion and exclusion
criterions.
SIGNATURE SIGNS & SYMPTOMS
Major Depressive Disorder is characterized by a paradigm of symptoms affecting emotional,
motivational, cognitive, and physiological parts of the brain 2. A condition of co-morbid
anxiety !> or numerous chronic diseased conditions can be a contributing factor to depression
4 Initial symptoms of depression are most seen between 20-40 years of age. Also, above 60
years more than half of the elderly population witnesses the initial symptoms of the illness °.
Primary symptoms of depression include loss of interest in pleasurable activities once enjoyed
by the individual anhedonia, persistent feeling of worthlessness and guilt, low mood,
diminished energy levels (fatigue) and lack of motivation due to chronic stress. Significant
changes are observed in concentration, appetite (weight loss or weight gain), sleeping patterns
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are affected causing either insomnia or hypersomnia, recurrent suicidal and death thoughts .
Presence of at-least two primary and two additional symptoms mentioned above and in Figure
2 together lasting for over two weeks serves as a diagnostic measure for the disease '
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Figure 2: Flow Chart Illustration of Signs & Symptoms

This figure depicts various signature signs and symptoms involved major depression.
Diagrammatic representation highlights the major one which should be prevailing for at
least two or more than two weeks of period with the subject for a confirmatory diagnosis
of depression.
MECHANISMS AND HYPOTHESES INVOLVED IN PATHOGENESIS
Underlying features of MDD are very much diverse and patients can now be classified
according to different categories based upon the predisposing factors or etiologies 4 15,16
Depression alters mental health, mood and behavioral domains and upon research, connection
of disease’s pathogenesis was found to be related with various mechanisms and theories
including alterations of neurotransmitters in the central nervous system (CNS), predominantly
noradrenaline (NA) or norepinephrine (NE), serotonin or 5-hydroxytryptamine (5-HT) and
dopamine (DA), inflammatory processes, stress related mediators, inadequacy of nutrition °.
Factors influencing genetics also play a prominent part in the pathophysiology. Estimated 50%
of causative factors are genetic, due to polymorphism in genes related to important
neurotransmitters involved, genes regulating anti-inflammatory cytokines and circadian
rhythm disturbances also illustrated in Figure 3. Combined research and studies in the field of
depression made major speculations about involvement of cellular plasticity suggesting how
processes contributing to neurodegeneration can afflict mood disorders 7 7. Half of the
predisposition to the disease occurs due to involvement of non-genetic factors such as
emotional trauma, viral infections (e.g., Borna virus), and even some random processes during
brain development !# and disturbances in the gut brain axis '*
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Figure 3: Target pathogenesis which can be explored for new novel treatment
regimens of depression.

This figure illustrates the identified pathophysiological pathways involved from the

literature extracted from various quality databases. Included pathophysiological targets

can be explored further for development of novel and highly effective treatment modules

of depression.
Neurobiology & Neural Circuitry
Several regions of brain have been indicated in progression of disorder which regulate memory,
learning, mood, reward, and emotional processes '°. But still, we have rudimentary knowledge
about involvement of these areas in the progression and aftliction of the disease. Broad range
of symptoms indicate involvement of many areas of brain. Autopsies and human brain imaging
studies obtained from the patients with depression reported abnormalities and blood flow
changes in several areas, including regions of prefrontal and cingulate cortex, hippocampus,
striatum, amygdala, and thalamus 2% 2! 22, Additionally, some human imaging studies shows
correlation of cellular loss in prefrontal cortex and amygdala of those suffering with mood
disorders with a selective attenuation of brain volume causing depression >*. Regional reduction
in the brain could be due to neurodegeneration or reduction in neurogenesis. There is an
indication of selective neuronal loss in patients with MDD in the paraventricular nucleus of
hypothalamus !”. Apprehension of selective functions of these regional brain parts under
normal conditions contributes to a better understanding of disease’s pathogenesis. All these
brain areas conjointly form a highly interactive neural circuitry which helps in further
formulation of neural circuitry involved in depression. Frontal areas of cortex (FC) or
neocortex and hippocampal region might mediate cognitive aspects of depression such as,
hopelessness, feelings of worthlessness, impairments in memory, guilt, doom, suicidality and
might also function more vastly in regulation of emotional and behavioral abnormalities 2*
Striatum (particularly the ventral striatum or nucleus accumbens, NAc), and amygdala along
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with some related brain areas are crucial in mediating apathetic and reward responses to
emotional stimuli and, could modulate anhedonic, anxiety and diminished motivational
behaviors in patients with depression. Role of hypothalamus (Hyp) has been implicated in
neurovegetative symptoms of depression, such as too much or too little appetite, sleep and
energy, as well as loss of interest in pleasurable activities '* 2. Networks involving forebrain
is modulated by the monoaminergic innervations from midbrain and brainstem nuclei
[dopaminergic input by ventral tegmental area (VTA), serotonin (5-HT) from the dorsal raphe
(DR) and norepinephrine from the locus coeruleus (LC)]. These neurotransmitters control
alertness, awareness and modulates the prominence of emotional stimuli !> 2. Figure 4
illustrates the implication of Glutamatergic; Dopaminergic and GABAergic Pathways in
Depression.

_Glutaminergic

Dopaminergic

GABAergic

Figure 4: Implication of Glutamatergic; Dopaminergic and GABAergic Pathways

in Depression.

This figure characterises the implication of Glutamatergic; Dopaminergic and

GABAergic Pathways via several different areas of brain in Depression. As Glutamate;

GABA and Dopamine have different pathways in different regions of brain, their

synchronous deviation is being responsible for pathogenesis of depression.
Dysregulation and overactivity of Hypothalamus-Pituitary-Adrenal (HPA) axis
Hypothalamus-pituitary-adrenal (HPA) axis is one of the essential components by which one’s
brain cope up with acute and chronic stress responses in stress-related disorders such as MDD
27 Activation of HPA axis is prominent in perceiving stress. It’s hyperactivity and over-
stimulation has been implicated in severe depression **. Neurons of paraventricular nucleus
in hypothalamus causes secretion of corticotropin-releasing factor (CRF), which in turn
modulates synthesis and secretion of adrenocorticotropin (ACTH) from the anterior pituitary.
This leads to stimulation of glucocorticoid release from the adrenal cortex *°. Manifestation of
depression in patients with over-expression of CRF in the hypothalamus, greater levels of CRF
in cerebrospinal fluid (CSF) and diminished feedback inhibition of the axis by glucocorticoids
and CRF makes HPA regulation a profound area of interest in the disease progression 2°. Studies
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suggest normalization of the axis might contribute to stable remission of depressive symptoms.
Mechanisms of HPA axis are operated by numerous brain pathways, including the hippocampal
region and the amygdala. CRF serves as a neurotransmitter in amygdala and bed nucleus of the
stria terminalis (BNST), and these areas of brain are involved in generation of anxiety-like
behavior. Substantial increase of CRF in locus coeruleus have been found in patients with
depression and excessive levels of glucocorticoids might be causative mechanism which
manifests small reductions in hippocampal volume in patients with depression or post-
traumatic stress disorder, but this still remains controversial '+’

Monoamine Hypothesis of Depression

The neuronal relationships mainly rely on neurotransmitters which carry out transmission of
signals in the nervous system. Release of the neurotransmitters occurs from neuronal ends in
response to a wave of depolarization and some are released into the synaptic cleft and
decomposed. Reuptake mechanism causes partial recovery of such neurotransmitters. Release
and reuptake are affected in disorders like depression °. Monoamine hypothesis suggested that
a marked depletion in the overall levels of serotonin, norepinephrine, and dopamine in the
central nervous system 3!, Breakdown and diminished levels of neurotransmitters occurs in the
hippocampus, limbic system and frontal cortex contributing to depressive symptoms.
Monoamine oxidase plays a major role in the metabolism of monoaminergic neurotransmitters
32

Serotonin

Serotonin, a neurotransmitter exhibits biogenic amine group and is a derivative of amino-acid
tryptophan **>. Among different serotonergic receptors, e.g., 5-HT1A, 5-HT1B, 5-HT2Ab, 5-
HT3, and 5-HT4, 5-HT1A receptor is responsible for memory, recognition and learning
processes °. Studies and major evidences show a dysfunctional serotonergic system leading to
depression which supports the biogenic monoamine hypothesis of depression. Several reports
show decreased levels of 5-hydroxyindoleacetic acid (5-HIAA), a major serotonin metabolite
in the cerebrospinal fluid (CSF) of depressed patients, but these findings have not been
consistent. A model for neuronal serotonin receptors was proposed which reported reduced
amount of serotonin transporter domain and diminished uptake of serotonin in the platelets of
antidepressant-naive depressed patients *!. Upon analyzation and research, pathogenesis of
depression was linked with reduction in 5-HT1A receptor binding and neurotransmission
deficits in the central nervous system °. Significant lack of serotonergic transmission in
serotonin system has been indicated in etiology of MDD 3*. MDD involves substantial changes
in the mechanism of serotonin reuptake and diminished level of L-tryptophan, a serotonin
precursor which alters behavior such as mood, sleep, wakefulness, memory and learning *°.
Norepinephrine

Monoamine hypothesis of depression suggested that the reduction in the activity of
norepinephrine neurons contributes to the development and progression of depression °> %,
Upon studies related to the levels of 3-methoxy-4-hydroxyphenylglycol (MHPG), a major
noradrenergic metabolite, indicated a slight correlation between the MHPG levels and the
depressive symptomatology. Release and stimulation of NE is regulated by the presynaptic a2-
adrenergic receptors. Increased auto receptor activity and subsequent decrease in the NE may
be involved in the etiology. Brain imaging studies have shown a substantial increase in the
density and affinity of a2-adrenergic receptors in the frontal cortex area and might, to a lesser
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extent, in the hypothalamus, amygdala, hippocampus, and cerebellum of depressed suicide
victims. Monitoring the activity of B-adrenergic receptors in depression patients has been
regarded as a marker of antidepressant efficacy in the treatment of patients 3!. Depressive
patients have shown alterations in the sensitivity of the receptors >’.

Dopamine

The dopamine (DA) system is involved in modulation of motor behavior, cognition and
emotion and some emerging studies suggests links between the disruptions in the dopamine
system and the pathogenesis of several psychiatric disorders including depression *%%. A
deficient dopamine condition in CNS might be the causative factor for depressive and “foggy
” 9 Symptoms such as anhedonia and lack of motivation have been linked to a
dysfunctional DA system. Diminished levels of DA are observed within medial frontal cortical
regions involving amygdala “°. A depression of DA neuronal firing was observed in the acute
activation of the DA system by amphetamine or stress- induced DA neuron activation where
the duration of stress was short term but in conditions of consequent or chronic depression, the
DA neuronal density is affected. When rats were exposed to chronic cold or unpredictable

brain

chronic mild stressors (UCMS), about 50% decrease in the VTA DA neuronal population was
observed with an increased immobility in forced swim test. Numerous findings identified
hyperactivity in prefrontal cortical area and hyper-responsiveness in amygdala in depression.
Targeting these domains or reversing hyperactivity in these areas could be effective in treatment
38, A brief view is being shared in Table 1 for currently available treatment options for

depression.

TABLE 1: CURRENTLY AVAILABLE TREATMENT REGIMEN FOR DEPRESSION
Treatments Mode of action
MEDICATION Tricyclic antidepressants Inhibition of membrane
BASED Clomipramine, Imipramine, | transporters for monoamines

Desipramine, Amitriptyline (mixed NA and 5-HT reuptake)

Selective Serotonin Reuptake | Cause inhibitory action towards

Inhibitors (SSRIs) selective-serotonin reuptake
Fluoxetine, Citalopram,
Sertraline, Paroxetine,

Fluvoxamine, Escitalopram

Noradrenaline Reuptake | Suppression  of  selective-
Inhibitors (NARIs) noradrenaline reuptake
Atomoxetine, Reboxetine

Serotonin_and Noradrenaline | Combinational  noradrenaline
Reuptake Inhibitors (SNRIs) | and serotonin reuptake
Duloxetine, Venlafaxine inhibition
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Monoamine Oxidase | Hindering monoamine oxidase A

Inhibitors (MAQIs) (MAO») [MAOg inhibition does

Tranylcypromine, Phenelzine | not  have  anti-depressants
effects]

Lithium It has numerous molecular
mechanisms (inhibition of G-
proteins, adenylyl cyclase,
phosphatidylinositol

phosphatases) but its use in

mania, bipolar and as

antidepressant is unknown

Atypical Antidepressants

Unknown, mode of action is

Bupropion, Mirtazapine, | based on monoamine-based
Tianeptine mechanisms
NON- Electroconvulsive Therapy General electrical brain
MEDICATION stimulation
BASED/SOMATIC

Magnetic Stimulation

Magnetic brain stimulation

Deep Brain Stimulation

Stimulation  of  abnormally
working cingulate cortex in
severely ill  patients  for
attenuating depression

Vagus Nerve Stimulation

Afferent vagal brainstem
pathway  stimulation  (left
cervical vagus nerve) in regions
implicated in mood / depressive

disorders (antidepressant
effects)
Psychotherapeutic Modality Unknown, involving  new
Cognitive-behavioral therapy learning about coping with
problems.

Inflammatory Theory of Depression
Several theories were hypothesized by authors linking depression and the immune system
function. Interactions between nervous, immune and endocrine systems were observed.
Cytokines, large protein molecules regulate the immune system response and also affect the
metabolism of DA, NE and 5-HT in the nuclei of the brain. Enhanced secretions both through
the direct stimulation of the HPA axis and modifications in gluco-corticosteroid receptor
sensitization *'**>. Downregulation in the levels of cytokines can lead to insufficient mediation

or can inhibit the normal immune response leading to disease manifestation and has been linked
to major depression !"*# In 1991, Smith discovered the association between increased
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cytokine secretion by macrophages and its role in depression. He pointed out the fact that
administration of cytokines to subjects induced depressive symptoms and interleukin-1 might
aggravate hormonal disorders associated with major depressive disorder. This theory gave
explanation about important links between depression and the macrophage activation in
inflammatory processes. The ability of estrogens in macrophage activation can make females
more vulnerable to depression. Several studies suggested that patients with severe depressive
episodes showed higher IL-6 levels than that of patients with moderate symptoms and healthy
individuals #*!.

Circadian Rhythm Disturbances and Melatonergic Pathways

Circadian rhythms oscillate with an approximate 24 hours periodicity and regulates numerous
physiological and behavioral parameters ** such as sleep, temperature, mood and hormonal
secretion. Abnormal 24 h rhythms have been reported in patients with MDD which could be
the possible reason for symptoms of fatigue and insomnia % 7%, Around 60-90 % of the
patients, depending upon the severity of depression, experience insomnia and hypersomnia *.
Depressive disorders may result into disrupted circadian rhythms as a repercussion of
disoriented Suprachiasmatic nucleus (SCN) of hypothalamus along with an abnormal
circulating rhythmicity of melatonin from pineal gland responsible for synchronization of the
24 h light/dark cycle **!. Numerous studies indicated circadian gene involvement in the brain
reward regulation, with a prominent influence of Clk, a Pas-domain-containing transcriptional
factor which generates circadian rhythms at molecular level at VTA-NA pathway contributing
to symptoms of depression 2°.

Synchronization of circadian rhythms is fulfilled by melatonergic receptors and disturbances
in the rhythms has been implicated in MDD 2, which makes it an attractive targeted approach
50,33, 34 Exogeneous melatonin and melatonin receptor agonists could serve an effective
treatment in correction of disrupted circadian and sleep-wake rhythms in psychiatric patients
provided evidence from large, well designed controlled trials .

The half-life of all known drugs with melatonin is somewhat 30-50 min. Melatonin, as a chrono
biotic, even at very low doses (0.5-1 mg) maintains fairly good amounts in the body, also
enhances sleep propensity improving sleep initiation and maintenance disorders when
administered acutely. Chronic treatment with melatonin demonstrated stimulation of dendritic
maturation and hippocampal neurogenesis in mice °.

The Brain-Gut-Microbiome Axis

Brain-gut-microbiome axis is a pathway that facilitates bidirectional (two-way) interchange of
information between the microbiota of the GIT and nervous system. Vagal nerve serves as a
supporting media for establishing connection and communication in the axis '%. It is a
representation of multiple interactions among the central nervous system (CNS), endocrine
chemical signal system, immune system, microbiome, functions and effects involving barriers
and metabolism in the gut and the brain >’. Any imbalance in the axis triggers various kinds of
mental and mood disorders like MDD *%. Numerous findings and evidence from the preclinical
stages suggests prominent role of brain-gut-microbiome axis in the pathophysiology of
depression > ©, Depression is associated with alterations in the gut motility and regional
transit, immune function, mood and visceral sensitivity °'. Anomalous levels of gut microbiome
associated short chain fatty acids (acetic acid, propionic acid, pentanoic acid) and
neurotransmitters (norepinephrine, 5-HT, 5-HIAA) were found in depressed mice and levels
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were comparatively low as that of control mice ®2. Changes in alanine, L-threonine, serine and
tyrosine levels is also reported in the fecal microbiome . Administration of microbiome or
their metabolites can alleviate depression-like phenotypes or treatment with combinations of
short chain fatty acids such as acetate, butyrate, and propionate in mice >°.

Involvement of Neuropeptide Pathways

Galaninergic Pathways

Ascending and descending projections from a small nucleus in the pons, Locus coeruleus (LC)
innervate major portions of the central nervous system with abundance of the major
neurotransmitter NE (major source). This brain area is implicated in stress-related disorders
and is responsible for wakefulness modulation. NE neurons express neuropeptides such as
Galanin as co-transmitters . Several studies came across the initial presence of Galanin in the
early 1980s in porcine gut, with its expression throughout both brain and body of humans and
rodents. Galanin is responsible for eliciting modulatory actions in various processes including
nociception, feeding, seizures along with cognitive and behavioral responses (mood and stress
responses) %, Galaninergic systems have been solitarily responsible in stress-induced behavior
in rodents and stress-related disorders such as depression in humans. Enhanced noradrenergic
transmission stimulates galanin transmission, in stressful conditions which indicates co-
transmission ®. Three major types of GAL receptors (GALR) depending on GALR subtype are
involved in depressive disorders. Inhibitory G proteins (Gi/Go) are activated mainly by GALR1
and GALR3 while excitatory signaling is stimulated via GALR2 coupling with G¢/G11. GAL1
and GALS3 receptor activation produces depression like behavior while GALR2 modulation
results in improvement of depressive behavior ©’. Various preclinical studies suggest
differential roles of GAL receptors, GALR1 stimulation resulted in enhanced immobility in
FST but decreased immobility in TST and FST with GALR3 antagonist. GALR2 activation
also resulted in a greater state of reduced immobility during FST .

Neuropeptide Y Pathways

Neuropeptide Y (NPY) neuronal pathway system is considered to be an attractive target in
mood disorders, including depressive behavioral disorders. Distribution is wide, with highest
concentration in limbic and cortical regions. Huge population of NPY-immunoreactive cells is
present in hippocampus inside polymorphic layer of dentate gyrus . NPY is a 36-aminoacid
peptide, known to inhibit glutamatergic neurotransmissions and stimulates various pathological
processes such as memory and learning, aging, nociception, food intake ®-’°. It regulates
circadian rhythm, blood pressure and heart rate along with mood and locomotory functions .
It is a natural ligand of GPCRs involved in activation of Y-receptors (Y 1-Ys). Glutamate release
suppression is most prominent while selective synaptic transmission is inhibited by NPY 7°.
NPY receptors are divided into six classes, Y1, Y2, Y3, Y4, Y5, and Y6 and stimulation of
these NPY receptors through Gi, inhibits adenylate cyclase activity, consequently decreasing
cyclic adenosine monophosphate and protein kinase A activity *.

NPY evidently plays a major role in neuroprotection, and is implicated in the progression of
depression and anxiety disorders '>. Some studies depicted NPY neuroprotective effects
through the stimulation of Y1 or Y5 receptors. Neuroprotective effects were offered through
intravitreal injection of glutamate in glutamate-induced injury model in retina °. Reduction in
NPY expression is observed in the hippocampus, amygdala and cerebrospinal fluid but
hypothalamus witnessed an increased expression among depressive patients 7°.
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Endocannabinoid Signaling System Involvement

The endocannabinoid signaling (ECS) system is involved in modulation of short- and long-
term synaptic plasticity mechanisms. It is crucial for processing CNS physiological domains
such as reward, stress, memory extinction and fear ’* 7>, Numerous viable studies suggested
the involvement of ECS in the etiology of MDD 7%7. Normal fundamental processes
mentioned above are reportedly disrupted. ECS system consists of various components, the
receptors, degrading enzymes and endocannabinoid ligands which are pivotal modulators for
cognitive, emotional and stressful behaviors 6. Subsequent deficits in the components elicits
anxiogenic and depressive effect while improvements are noticed with further elevation of
signaling ’®. N-arachidonyl ethanolamine (AEA or anandamide) and 2-arachidonoyl glycerol
(2-AG) are two major endogenous endocannabinoid ligands 7%, synthesized ‘on-demand’ by
several calcium independent and dependent pathways through phospholipid precursors in the
postsynaptic membrane. These ligands mediate homeostasis and brain’s short- and long-term
synaptic plasticity 8. Two main cannabinoid receptors are, CB1 and CB2 act through coupling
with inhibitory G proteins (Gi/o) along with cAMP stimulation through Gq/11 under specific
circumstances and recruitment of beta-arrestins for arrestin-dependent pathway signaling 8!.
CBI1 receptor dense distribution is found in limbic areas mainly indicated for stress and
cognition, hippocampus, amygdala, nucleus accumbens and paraventricular nucleus in
hypothalamus, abundance is found in prefrontal cortex, also includes cerebellum, basal ganglia,
peripheral and in glial cells %2. Intact function of CB1 ensures healthy mood, while CBI-
knockout studies suggested its influential role in depression. Study on CB1-knockout mice
displayed depression-like symptoms with increased corticosterone, and how knockout
sufficiently made animal susceptible to stress. Decreased CBI receptor in NAc¢ might be a good
biomarker in diagnosis %%*. CB2 receptor is found to be associated in peripheral, immune
tissues and in some subsets of brain neurons ¢, These receptors are responsible for
modulation of emotional and non-emotional processes and their functionalities are reduced in
major psychiatric disorders, such as major depression, opioid/substance abuse and
schizophrenia ®’. Genetic polymorphisms and deletions in CB2 receptor gene, CNR2
reportedly resulted in precipitation of depression and other psychiatric disorders in many
animal studies **%. ECS is involved in regulation of HPA axis and studies suggest its role in
enhanced activation of HPA axis during stress and anxiety-related behaviors B80-87%
Endocannabinoids might be involved in stress-induced reward modulation processes but
contradictory results were obtained upon further review .

Several pharmacological and genetic mechanisms contributed to the evidences of
endocannabinoids and signaling pathways in the pathogenesis of MDD but still there is a lack
of literature to make a strong opinion about the individual involvement of ECS components
and its role in depression.

Glutamatergic and GABAergic Neurotransmission Deficits

Alterations in the brain’s connectivity involving MDD could be a consequence of dysregulated
levels of two neurotransmitters which are the primary excitatory neurotransmitter, glutamate
and inhibitory, GABA. They provide external inputs to the cerebral cortex and regulate the
flow of information into the brain both intrinsically and extrinsically °'. Abnormal levels of
these neurotransmitters in the brains of subjects with depressive and mood disorders has paved
a pathway contributing to MDD and its treatment °2,
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Glutamatergic pathways play a significant function in all physiologically important factors in
depressed patients *°. Most of the earlier studies reported alterations in glutamate levels in
brain’s cerebrospinal fluid (CSF), blood and brain tissue but overall outcomes still lack and
requires further investigation. Rodent studies have associated depression-resembling behaviors
with alternations in cortical glutamate levels, dendritic formation and synaptic markers
adhering to both acute and chronic stress paradigms °'**%. Parts of medial frontal cortex
reported lower levels of glutamate metabolites using proton magnetic resonance spectroscopy
(MRS) in vivo %. This reduction in the levels of neurotransmitter could be a result of
dysregulated synthesis mechanisms, metabolism and/or reuptake into glial and neuronal
regions °7. Metabotropic glutamate receptors (mGluR) include — the first group (mGIuR1 and
5), Il (mGluR2/3) and III (mGluR4,6,7 and 8) receptors *%. First ones show positive coupling
towards phospholipase C (G4) while group II and III towards Gi, subsequently suppressing
adenylyl cyclase and glutamate modulating depressive states %,
Expression of mGluR2/3 receptors was found to be reduced in cingulate cortex of patients with
MDD in postmortem studies °°, but another study showed no such alterations in anterior
cingulate cortex among patients with MDD and healthy subjects . A meta-analytic
investigational study reported that genes responsible for glutamate synaptic neurotransmission
were associated with MDD (4,346 subjects with MDD vs. 4,430 controls) '°!,

Prefrontal cortex comprises of heterogeneous population of glutamatergic excitatory neurons
and GABAergic inhibitory interneurons, with neocortex containing somewhat 25% of neurons
as GABAergic interneurons '92. Reduction in intra-cortical GABAergic transmission and
certain imbalances in excitatory and inhibitory neuronal transmission in prefrontal cortex
substantially contributes to the etiology of psychiatric disorders such as depression '®*. Clinical
studies reportedly presented evidences regarding the decreased GABA levels in cortical regions
102,103 " Three major markers of electrophysiological, morphological, and molecular-level
characteristics nonoverlapping the GABA interneurons, somatostatin (SST), parvalbumin (PV)
are most prominent in the study of GABA inter-neuronal expression. Depressed patients
witnessed significant reductions in SST interneurons in the prefrontal cortex with lower
expression in other important regions implicated in depressive disorders '*. Preclinical studies
reported attenuated GABA synthetic enzymes and neuropeptide levels in chronic stress induced
models in prefrontal and other cortical regions of brain 19193 A 7-week chronic stress exposure
study in rats specifically reduced the number of GABAergic neurons orbitofrontal cortex '°°.
Altered GABA levels possessing mutant animal models have been used to obtain significance
about the pathology involving GABAergic neurotransmission, some reported precipitation of
psychiatric-like phenotypes (depressive symptomology) with a cluster of behavioral deficits
103,106 " Bvidences about individual targeting of metabotropic glutamate receptors are still
lacking and requires more study, also mechanisms involving stress and GABA subtypes SST
and PV interneurons are unclear.

Implication of Endogenous K Opioid Systems

Several investigations show dysregulation of endogenous opioid system in the patients with
MDD through neuroimaging, genetics, analysis of postmortem brain tissue and PET (Positron
Emission Tomography) for investigating any changes in KOR binding in patients with MDD
or mood disorders 7. KOR (Kappa Opioid receptor) contains dynorphin (DYN) and its «
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opioid receptor which is involved in peripheral and centrally mediated analgesia, regulation of
neuronal excitability in brain which influences basic learning, cognitive and motor functions.
DYN/KOP system facilitates endocrine release and reward function. This activation reportedly
decreases dopamine (DA) in the mesolimbic structural pathway. It overlaps neuronal circuits
joining midbrain monoamine innervations with forebrain limbic structures promoting
regulation of reward, stress and mood !%. Evidences suggests that endogenous opioid system
might alleviate depressive disorders '°-10!11 " Stimulation of KOR exhibited depressive
behavioral deficits. Postmortem studies in patients with MDD also depicted major alterations
in genes regulating KOR neurotransmission !'2. Preclinical studies also supported the altered
KOR/DYN signaling in pathophysiology of MDD !'*!'4 Maternally separated mice in early
life led to alterations in genes expressing KOR neurotransmission in amygdala leaving other
areas unaffected ''°,

Implication of Genetic and Environmental Vulnerability in Depression

Epidemiological studies have shown that roughly 40%-50% risk of developing depression is
genetic which makes it a highly heritable disorder '*. This inheritance of mood disorder
especially MDD, could get further ameliorated by severe stressful life events. This theory is
often invoked as the “stress diathesis” theory of MDD. Genetics plays an important role in
predisposition of MDD which can be estimated from the twin studies showing proportionated
result of total variance in a trait due to genetic disrupted alterations at 37% '°. However, there
is a lack of information about the genes that underlie human vulnerability to depression, also
genetic vulnerability in humas cannot be reproduced or replicated in laboratory animals.
Investigations mostly rely on the combinations of environmental triggers and neurobehavioral
endpoints for screening procedures on laboratory animals 2°. Depression is a highly complex
disorder with the involvement of many genes. Any individual gene can relatively pronounce a
small effect which could be very tough to detect and analyze through experiments.
Complications may arise with the presence of variants in different genes contributing to the
disease in each family '*. Major supporting element for gene-by-environment correlation
model in triggering of a major depressive episode comes from larger cohort studies involving
approach of “epigenetics” ''®!7_One such classic hallmark gene in MDD (the gene encoding
serotonin transporter — 5-HTT) was involved in occurrence of a new episode of depression but
was only dependent on the number of stressful life events the patients had in the previous three
months . Incidence of functional polymorphism in the promoter region of serotonin
transporter gene (5-HTT) altering transcription was reported, introducing variations such as
shorter allele (SS) variation reducing the transcriptional virtue of serotonin afflicting MDD,
psychiatric disorders and major depression in response to stressful life events and episodes.
Polymorphism occurs as a result of a 44 deletion (SS)/insertion (LL) of base pairs in the 5’
modulatory region LPR (linked polymorphic region) resulting in the divergent expression of
5-HTT binding sites in cell lines. Several findings and studies linked the expression of 5-HTT
and elements of environment suggesting the emergence of depression due to combined effects
of stressful events and genetic polymorphism in the gene *°.

Histone modifications- epigenetics of depression

Epigenetics bridges connectivity between the genetic and environmental factors, like in
stressful conditions epigenetic alterations and certain modifications might cause alterations in
genetic expressions such as editing in mRNA and non-coding RNA, gene silencing, X-
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chromosome inactivation, genomic imprinting etc. ''® ', Histone and DNA together make up
the chromatin, however histone modifications can be used as biomarker or genetic tool for
assessment and prediction of genetic expressions. Various histone modifications such as
histone acetylation, methylation '?°, crotonylation, B-hydroxybutyrylation and phosphorylation
demonstrated their significance in regulation of MDD 21122, Reduction in H3 acetylation with
substantial increase in histone modifications to H3 lysine 9 methylation- at CaMKIla promoter
region in NAc upon chronic fluoxetine treatment in MDD patients '23. Some studies depicted
inhibition of BDNF in the hippocampal region of mice with MDD, and its overexpression along
with enhanced H3 acetylation at BDNF promoter regions 22, Furthermore, different forms of
histone acetylation were observed, as reported by a study associated with chronic social defeat
stress paradigm in rats. Increased acetylation of H3K9/14, H4K5,8,12,16ac in the dorsal raphe
of rats were observed. These changes suggest correlation of these behavioral responses to stress
and depressive disorders 12+ 125,

Involvement of Neurotrophic Factors- Brain Derived Neurotrophic Factor (BDNF)
Unlike many hypotheses and theories, the neurotrophic or neuroplasticity theory of depression
displays abnormal functionalities in neuronal plasticity caused by insufficiency in neurotrophic
signaling, which is regarded as an influential factor promoting depression 126 127128 First of the
neurotrophic factors discovered was NGF (nerve growth factor) in the 1950s, '** while BDNF
(brain-derived neurotrophic factor) in the 1980s '3°. This contributed to subsequent
development of other factors of neurotrophins family, NT-3 (neurotrophin-3) and NT-4
(neurotrophin-4). These factors are responsible for neuronal plasticity modulation and fulfills
neuronal survival, synaptogenesis and differentiation, exhibition of these responses occurs
through binding to Trk (tyrosine kinase receptor) and p75™'® (p75 neurotrophin receptor) '*!.
BDNF is a part of structurally related family of neurotrophins (peptides), which interacts with
Trk A-C and p75NTR. BDNEF’s expression through the Trk-B receptor is very crucial for
neuroprotection and neurogenesis *2. It is the most highly expressible factor in the limbic
system among the neurotrophins family synthesized by neurons which critically regulates
synaptic plasticity, survival and neuronal function in adult brain, also modulates cell migration,
proliferation, maturation and their developmental survival '**. BDNF in mammals regulates
synaptic plasticity in neuronal networks and axonal growth implicated in depressive
symptomatology. More specifically its promotion in dopamine uptake and neuronal survival
along with their differentiation might be responsible for clinically manifesting MDD. Reduced
levels of this factor have been observed in patients with depressive or mood disorders '3* 13,
Many studies have shown significant differences in BDNF methylation and peripheral blood
mRNA levels in healthy groups and patients with MDD 3137 Lower expression of BDNF and
TrkB receptor have been reported in postmortem brain samples of depressed patients. In rodent
models depicting stress, hippocampal and cortex region reported reduced BDNF levels '*!.
Region specific BDNF knockdown was reportedly responsible for induction of depressive
behaviors and reduction in hippocampal neurogenesis due to lower BDNF protein levels 3%
Animals exposed to chronic unpredictable/mild stress procedure, displayed behavior
resembling the state of depression depicting aftermath of exposure of stressors in vulnerable
and resilient animals. It was shown that vulnerable animals reported lower hippocampal BDNF
expression '*°. Though several studies reported implication of BDNF or other neurotrophins
but inconsistent results (limitations during conduction) and lack of proper investigation at
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molecular levels which are sparse, may contradict the connection between BDNF levels and
severity of manifestations in depressive states involving some experimental protocols.
Involvement of Tissue-Type Plasminogen Activator (TPA) & Plasminogen Activator
Inhibitor-1 (PAI-1)

tPA is a proteolytic enzyme found in blood and brain as a thrombolytic enzyme and neuronal
synaptic plasticity modulator, respectively. It activates plasminogen to plasmin and tPA-
plasmin pathway has a profound effect in the etiology of MDD and other psychiatric stresses
140. 141 "Brain witnesses high expression of tPA with association to processes like learning,
memory, stress responses, neuronal degeneration, and addiction *2. BDNF, an important
neurotropic factor implicated in MDD is firstly synthesized as pre-pro BDNF and pro-BDNF
which is transformed to mature BDNF by plasmin through plasminogen activation. Opposite
biological effects and functionalities of pro-BDNF and mature-BDNF are observed through
p75 and TrkB coupling '*!:13214°_ This regulation is critically important in the pathogenesis of
MDD. Elevated depression-like behaviors were observed in hippocampal tPA knock-down
mice with one or more standard protocols along with lenti-viral tPA over-expression in the
hippocampal region demonstrated anti-depressant and anxiolytic-like effect '*. Significant
improvements in depression-like behaviors were observed in post-stroke depression rat model,
where PAI-1 abolished depressive behaviors via tPA /BDNF/ TrkB pathway and implication of
these also depicted in Figure 5 '**. Lacking PAI-1 can act as a predisposing factor for MDD
and hence it can be a potential approach to deliver efficient novel drugs to patients '#°.

TRA NSLATION g
INITIAL pre-pro BDNF —— PAI1
TRANSCRIPT
Plasminogen _-_ Plasmin

Pro-depressive states
can also occur due to
exposure to stress and

mutations such as mature

VAL66MET pro-BDNF BDNF

polymorphism l l
p75NTR TrkB

Figure 5: Implication of tPA and PAI-1 in Depression.
This figure stamps roles of tissue-type plasminogen activator (TPA) & plasminogen
activator inhibitor-1 (PAI-1) in etiology of depression as possible posited links have been
identified from literature.
Resolvins
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Resolvins are a class of specialized pro-resolving lipid mediators found in organs and fluids.
They are enzymatically produced and originate from acids like DHA (resulting in RvD1 and
RvD2) and EPA (yielding RvEl, 2, and 3). Recent pre-clinical studies have revealed that both
RvDs and RvEs possess antidepressant properties. Administering RvD1, RvD2, or AT-RvD1
through methods such as intracerebroventricular (ICV) injection, prefrontal cortex (PFC)
infusion, or hippocampal infusion led to a reduction in depressive-like behaviors. However,
this antidepressant effect was reversed when two antagonists, formyl peptide receptor 2/lipoxin
A4 receptor (FPR2/ALX) and GPR18, were administered, or with inhibition of the mammalian
target of rapamycin complex 1 by rapamycin. Additionally, cultured hippocampal neurons
exhibited decreased dendritic and axonal length when treated with FPR2/ALX. RvD1 activated
the AMPAR and PI3K pathways, while RvD2 activated the mitogen-activated protein kinase
kinase (MEK)-ERK pathway. Similar results were observed with EPA-derived resolvins. In
mice, LPS-induced depressive-like behaviors were mitigated after ICV injections of RvE1 and
RvE2 6 Notably, a ChemR23 agonist (a G protein-coupled receptor) reversed depressive-like
behaviors, underscoring the importance of ChemR23 agonistic activity for the antidepressant
potential of RVE1 and RvE2. These studies collectively highlight the antidepressant capabilities
of resolvins 4148199 "Gijven that administration has predominantly involved ventricular or
direct brain injection, a crucial next step will be determining dosage and efficacy for more
convenient delivery methods. Furthermore, the fact that resolvins are derived from DHA
provides further rationale for exploring the benefits of DHA supplementation'*’,

DISCUSSION & CONCLUSION

Cortisol, tPA and PAI-1, BDNF, Endogenous « Opioid Systems, Monoamines, Resolvins, and
various biomarkers in primates are identified to synchronize neurogenesis, neuronal survival,
and neuronal excitability; exalted levels of cortisol and these biomarkers may be held
responsible for the signs of depression by harming these vital functions of brain.
Hypothalamic—pituitary—adrenal (HPA) axis is found to be roused through stress regime, with
subsequent upsurge in glucocorticoids in circulation like corticosterone in case of rodents or
cortisol in case of primates. It has been reflected that hypersecretion of CRH (corticotropin-
releasing hormone) in hypothalamus promotes HPA system hyperactivity in patients of major
depression. Chronic antidepressant treatment in rodents displayed lowering of hyperactive HPA
axis. Therefore, drawing back hyperactive operating degrees of HPA (Hypothalamic—pituitary—
adrenal) axis towards normal levels might be implicated as one major factor in the treatment
of depression. Substantiated by prior explorations where chronic unpredictable stress regime
damaged oxidant and anti-oxidant balance (intensified and exalted lipid peroxidation and
plasma nitrite levels along with abridged catalase activity and reduced glutathione levels) in
tissues of brain, apparently via occurrence of disproportionate reactive oxygen species.
Triggering of inflammatory response, escalated monoamine breakdown, and anomalies in
lipids may lead to exalted production of lipid peroxidation, reactive oxygen species, and
abridged antioxidant enzyme actions might be correlated to distorted physiology in depression.
Search for novel strategies for MDD has been a constant breakthrough for decades. However,
monoamine pathways and its targeting medications will sustain as a cornerstone of depressive
pharmacotherapy but to overcome some consistent problems against the disorder such as
antidepressant resistance and to make further progresses for a more personalized approach in
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patient therapy is significantly required. Perpetual exploration for more biomarkers to target
through scavenging new targets is pivotal for future medication development, as MDD displays
heterogeneity in several aspects. The forementioned pathways could provide efficaciously
rapid and symptomatic relief in the disease, creating a plethora of treatments. More efforts are
crucial for development of these treatments along with long-term trials supporting the
persistence and origin of the disorder. Thus, further rigorous preclinical and clinical
explorations are still required to evolve new insights and treatment regimens to authenticate
these non-explored potential pathophysiology targets of Major Depression.
ABBREVIATIONS

MDD - Major Depressive disorder

WHO — World Health Organization

CNS — Central Nervous System

NA/NE — Noradrenaline/Norepinephrine

5-HT — 5-hydroxytryptamine

DA — Dopamine

FC- Frontal cortex

PFC — Pre-frontal cortex

VTA — Ventral tegmental area

NAc — Nucleus accumbens

LC — Locus coeruleus

Hyp — Hypothalamus

DR- Dorsal raphe

HPA — Hypothalamus-pituitary-adrenal axis

CRF - corticotropin-releasing factor

ACTH — adrenocorticotropin

Amy- amygdala

BNST — Bed nucleus of stria terminalis

GABA — Gamma-aminobutyric acid

GIT — Gastro-intestinal tract

GAL — Galanin

FST — Forced swim test

TST — Tail suspension test

NPY — Neuropeptide- Y

ECS — Endocannabinoid signalling

CNR2 — Cannabinoid receptor 2 gene

GABA — Gamma amino-butyric acid

KOR — Kappa opioid receptors

BDNF — Brain-derived neurotropic factor

Trk B — Tyrosine receptor kinase B

SST — somatostatin

PV — parvalbumin

p75NR - p75 neurotrophin receptor

TPA — tissue plasminogen activator

CSF — Cerebral spinal fluid
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