
European Neuropsychopharmacology
 

Systemic Neuro-Dysregulation in Depression: Evidence from Genome-wide
Association

--Manuscript Draft--
 

Manuscript Number:

Article Type: Review article

Keywords: Depression;  GWAS;  Genetics;  Neuroscience;  Psychiatry;  Mood Disorders

Corresponding Author: Justin Tubbs

HONG KONG

First Author: Justin Tubbs

Order of Authors: Justin Tubbs

Jiahong Ding

Larry Baum

Pak C. Sham

Abstract: Depression is the world’s leading cause of disability. Greater understanding of the
neurobiological basis of depression is necessary for developing novel treatments with
improved efficacy and acceptance. Recently, major advances have been made in the
search for genetic variants associated with depression which may help to elucidate
etiological mechanisms. The present review has two major objectives. First, we offer a
brief review of two major biological systems with strong evidence for involvement in
depression pathology: neurotransmitter systems and the stress response. Secondly,
we provide a synthesis of the functions of the 269 genes implicated by the most recent
genome-wide meta-analysis, supporting the importance of these systems in
depression and providing insights into other possible mechanisms involving
neurodevelopment, neurogenesis, and neurodegeneration. Our goal is to undertake a
broad, preliminary stock-taking of the most recent hypothesis-free findings and
examine the weight of the evidence supporting existing theories and novel directions.
This qualitative review and accompanying gene function table provides a valuable
resource and guide for basic and translational researchers, with suggestions for future
mechanistic research, leveraging genetics to prioritize studies aimed at understanding
the neurobiological processes involved in depression etiology and treatment.

Suggested Reviewers: Cathryn Lewis
cathryn.lewis@kcl.ac.uk
depression genetics expert

Carmine Pariante
Carmine.pariante@kcl.ac.uk
Depression expert

Tao Li
scutaoli1981@scu.edu.cn
psychiatric genetics expert

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



April 9, 2020 

 

A. Meyer-Lindenberg, MD, PhD 

European Neuropsychopharmacology 

Re: Manuscript Submission 

 

Dear Dr. Meyer-Lindenberg 

 

This letter accompanies the manuscript “Systemic Neuro-Dysregulation in Depression: Evidence from Genome-

wide Association” to be considered for publication in European Neuropsychopharmacology. 

 

Depression is currently the leading cause of worldwide disability, but available treatments show marginal 

efficacy and are often accompanied by side-effects and present practical limitations. Genome-wide association 

studies (GWAS) provide a hypothesis-free method for prioritizing biological pathways which may be relevant 

to complex disorders and can inform the development of novel treatments and research towards a mechanistic 

understanding of depression etiology. 

 

We provide an overview of major biological systems which have consistently shown dysregulation in 

depression: neurotransmitters and the stress response, followed by a detailed qualitative analysis of the genes 

identified by the most recent GWAS meta-analysis of depression by Howard and colleagues (2019), presented 

in the context of known functions of these genes which may be relevant to depression, lending support to 

previously studied systems and implicating more novel research directions. 

 

The goal of our paper as providing a broad overview of the most recent hypothesis-free genome-wide evidence, 

while also providing a synthesis of these genes with their known functions, which implicate both existing 

neurobiological theories and novel directions. This allows researchers across many sub-disciplines to take a 

bird’s eye view of the current evidence and provides a platform for identifying targets relevant to their area of 

expertise. We hope that such a synthesis will be especially useful in hypothesis generation and prioritization for 

the basic and translational scientists who read European Neuropsychopharmacology. 

 

This manuscript has not been previously published, nor is it being considered for publication elsewhere. All 

authors have approved the final version of the manuscript. This manuscript was not directly supported by any 

institutional funding or grants. The authors declare no conflicts of interest. 

 

Thank you for your consideration. We look forward to hearing from you. 

 

Pak-Chung Sham BM BCh MA MSc PhD MRCPsych 

Suen Chi-Sun Professor in Clinical Science 

Chair Professor of Psychiatric Genomics 

Academic Lead in Research and Training, Centre for PanorOmic Sciences 

Co-director, State Key Laboratory of Brain and Cognitive Sciences 

Department of Psychiatry 

Li Ka Shing Faculty of Medicine 

The University of Hong Kong 

pcsham@hku.hk 

Cover Letter



Systemic Neuro-Dysregulation in Depression: Evidence from Genome-wide Association 

Justin D. Tubbs1, Jiahong Ding1, Larry Baum1,2, Pak C. Sham*1,2,3 

1. Department of Psychiatry, The University of Hong Kong, Hong Kong 

2. State Key Laboratory of Brain and Cognitive Sciences, The University of Hong Kong, Hong 

Kong 

3. Centre of PanorOmic Sciences, The University of Hong Kong, Hong Kong 

*Corresponding Author: pcsham@hku.hk 1/F, 5 Sassoon Road, Pokfulam, Hong Kong 

    

Abstract 

Depression is the world’s leading cause of disability. Greater understanding of the 

neurobiological basis of depression is necessary for developing novel treatments with improved 

efficacy and acceptance. Recently, major advances have been made in the search for genetic 

variants associated with depression which may help to elucidate etiological mechanisms. The 

present review has two major objectives. First, we offer a brief review of two major biological 

systems with strong evidence for involvement in depression pathology: neurotransmitter systems 

and the stress response. Secondly, we provide a synthesis of the functions of the 269 genes 

implicated by the most recent genome-wide meta-analysis, supporting the importance of these 

systems in depression and providing insights into other possible mechanisms involving 

neurodevelopment, neurogenesis, and neurodegeneration. Our goal is to undertake a broad, 

preliminary stock-taking of the most recent hypothesis-free findings and examine the weight of 

the evidence supporting existing theories and novel directions. This qualitative review and 

accompanying gene function table provides a valuable resource and guide for basic and 

translational researchers, with suggestions for future mechanistic research, leveraging genetics to 

prioritize studies aimed at understanding the neurobiological processes involved in depression 

etiology and treatment. 
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1. Introduction 

 Depression is the leading cause of global disability according to the World Health 

Organization (WHO; 2017). As a complex multifactorial disorder, clinical depression is 

identified by core symptoms of low mood and/or anhedonia which may be accompanied by 

cognitive, behavioral, or neurovegetative deficits (American Psychiatric Association, 2013; 

WHO, 2018). Clinical depression is a severe disorder which causes suffering, impairs daily 

functioning, and may tragically lead to suicide. Alarmingly, depression appears to be on the rise 

in the United States and globally, especially among young people and women (Twenge et al., 

2019; WHO, 2017).  

A broader conceptualization of depression can encompass a set of adaptive cognitive, 

mood, behavioral, and biological responses that may have evolved to facilitate reevaluation of 

goals and conservation of energy following the perceived loss of a valuable resource or 

investment, or recuperation from injury (Beck and Bredemeier, 2016; Bergstrom and Meacham, 

2016; Nesse, 2000). While this response pattern might have been adaptive in the harsh 

environments of our ancestors, it may be maladaptive in the current modern environment, where 

an overactivation of the system can lead to severe and persistent depression, a pathological state 

that causes substantial disability and mortality, including suicide. Beck and Bredemeier (2016) 

stress the importance of individual differences, ascribed partially to inherited genetic factors that 

influence exposure and resilience to stressors.  

Compared to placebo, common pharmacological treatments for depression and anxiety 

demonstrate only modest effect sizes and can be accompanied by undesirable side effects 

(Locher et al., 2017; Sugarman et al., 2014), creating an urgent need for novel treatment options. 

Although psychiatry has a history of serendipitous drug discovery, an understanding of the 



underlying psychobiological etiology of depression may lead to more targeted and effective 

treatments. Encouragingly, genome-wide approaches employing high-throughput genotyping 

technologies on large samples have demonstrated remarkable success in identifying specific 

genetic variants associated with depression (Howard et al., 2018; Hyde et al., 2016; Wray et al., 

2018). Most recently, a meta-analysis of these studies identified 269 genes implicated in 

depression (Howard et al., 2019). These findings provide a hypothesis-free method for 

prioritizing future research towards a mechanistic understanding of depression and potential 

targets for intervention. Nevertheless, consideration of existing theories of depression may be 

valuable in the interpretation of new genetic findings.  

 Here, we conduct a qualitative review and synthesis of these gene-based findings in terms 

of the known gene functions, with the goal of performing a preliminary stock-taking of this most 

recent evidence in light of the most common neurobiological systems known to be involved in 

depression. Such a review should lay a foundation for researchers across sub-specialties to weigh 

the current evidence and make informed decisions when designing future research studies. We 

first provide a review of major biological systems historically of major research focus which 

have been consistently shown to be dysregulated in depressed patients: neurotransmitter systems 

and the stress response system. Figure 1 provides a simplified schematic model of major 

neurobiological systems which are likely involved in depression predisposition, etiology, and 

maintenance. Evidence suggests a higher prevalence of depression in women (Kessler et al., 

2012), but while twin studies support the presence of sex-specific genetic effects (Kendler et al., 

2006, 2001), recent genome-wide association studies (GWAS) have yet to identify any specific 

replicable loci (Dunn et al., 2018; Hall et al., 2018; Trzaskowski et al., 2019). Therefore, we 

briefly discuss evidence for sex differences in these systems which may be relevant to 



depression. Additionally, given the high comorbidity between depression and anxiety (Kessler et 

al., 2007; Lamers et al., 2011), we identify possible overlapping biological disruption in these 

disorders. Following this abbreviated review of systemic dysregulation, we present a qualitative 

analysis of recent genetic findings in terms of neurotransmitter and stress systems and the 

overlap with genes implicated in anxiety, accompanied by a discussion of potentially novel 

insights from those implicated genes that do not have known functions in these systems. In light 

of these findings, we suggest strategies for future research into the psychobiological mechanisms 

underlying depression and the search for effective treatments. 

2. Depression is Associated with Systemic Dysregulation 

2.1. Neurotransmitter Systems 

A rich literature exploring the role of neurotransmitter dysregulation in depression has 

grown from the serendipitous discovery of monoamine oxidase (MAO) inhibitors and tricyclic 

antidepressants as effective pharmacological treatments for mood disorders in the 1950s 

(Hirschfeld, 2000; Nutt, 2008). In an attempt to avoid the side-effects associated with these drugs 

which non-specifically increase the levels of brain monoamines, pharmaceuticals were later 

developed to selectively block the reuptake of specific monoamines including serotonin, 

norepinephrine (NE), and dopamine, increasing their availability in synapses and producing a 

delayed reduction in depression symptoms for some patients. Additionally, electroconvulsive 

therapy (ECT) has been shown to increase serotonin, NE, and dopamine function, which may 

lead to the rapid reduction in depressive and neurovegetative symptoms often observed following 

ECT. Recently, clinical trials of ketamine, an N-methyl-D-aspartate (NMDA)-type glutamatergic 

receptor antagonist, have further supported a role for glutamate and gamma-aminobutyric acid 

(GABA) in depression symptomatology (Lener et al., 2017). Such clinical evidence provides 



primary support for the role of neurotransmitter dysregulation in depression, which has spurred 

further research to uncover the underlying biological mechanisms. However, it is likely that no 

single neurotransmitter dysfunction is the immediate cause of depression; multiple 

neurotransmitter systems, including serotonin, NE, dopamine, glutamate, and GABA are likely 

to interact with each other and with additional complex biological processes to explain the 

neurobiological basis of depression. In the following subsections, we discuss extant research 

linking dysfunction in monoamine and amino acid neurotransmitter systems to depression, 

concluding with a brief discussion of evidence for potential sex-specific effects. 

2.1.1. Monoamines 

 Serotonin has wide-ranging effects on behavior, many of which align with common 

symptoms of depression. Through neuronal projections emanating from the brainstem raphe 

nuclei, serotonin plays a role in sleep through connections within the brainstem, appetite through 

the hypothalamus, as well as mood regulation, behavioral inhibition, impulsivity, aggression, and 

the stress response through projections to limbic regions (Ressler and Nemeroff, 2000). Further 

evidence points to a role for serotonin in memory, cognition, motor function, sexual behavior, 

and control of neuronal growth and differentiation (Ressler and Nemeroff, 2000). A number of 

unique characteristics may account for the diversity in biological and behavioral effects of 

serotonin, including distinct subdivisions of the raphe nucleus with projections to diverse brain 

regions, the wide array of serotonin receptor classes, and variation in the postsynaptic response 

to different serotonergic neuron firing patterns (Andrews et al., 2015; Ressler and Nemeroff, 

2000). In addition to its importance in behavioral modulation, evidence shows that serotonin also 

has diverse effects on the immune system, e.g. the release of immune signaling molecules and 

the activation of T-cells (Herr et al., 2017). A large body of preclinical and clinical evidence has 



linked reduced serotonin production, availability, and receptor binding to depression, which can 

be resolved in some patients through treatment with selective serotonin reuptake inhibitors 

(SSRIs; Ressler and Nemeroff, 2000). 

Although early propositions that depression may ultimately be attributable to low levels 

of serotonin are oversimplified, a recent synthesis has attempted to construct a more nuanced 

picture of the complex role serotonin plays in depression symptomatology (Andrews et al., 

2015). They review evidence from human and animal studies that serotonin transmission may 

actually be elevated in depression. Further, they suggest that the major evolved function of 

serotonin is in state-dependent energy regulation, as evidenced by its role in the storage and 

metabolism of energy molecules along with regulatory control over neuronal, organ system, and 

behavioral processes which are energy-intensive, including depression. Andrews et al. argue that 

this hypothesis accounts for the initial worsening and delayed reduction in depression symptoms 

in patients using SSRIs, where a perturbation of the energy equilibrium function of serotonin is 

followed by symptom improvement from compensatory mechanisms to restore homeostasis. 

However, potentially contradictory results come from recently renewed interest in psilocybin, a 

naturally-occurring serotonin receptor agonist, which produces a rapid and sustained reduction in 

symptoms in patients with treatment-resistant depression (Carhart-Harris et al., 2018, 2017, 

2016). Although our mechanistic understanding of the role serotonergic neurons play in 

depression is far from complete, it is clear that dysregulated serotonin transmission plays a role 

in the manifestation of classic depression symptoms and that treatments which target these 

systems can be successful. 

NE, being recognized early on as a monoamine modulated by first-generation 

antidepressants, has also been widely studied in its relation to depression and anxiety. A majority 



of NE neurons originate in the locus coeruleus and project to multiple brain regions including the 

cortex, where they modulate attention, and the amygdala and hippocampus, where they are 

involved in the stress response and stress-related memory processes, as well as the thalamus, 

where they modulate levels of arousal (Moret and Briley, 2011). Disturbances in these 

behavioral and psychological processes align with common depression symptoms including 

deficits in attention, memory, and fatigue (Moret and Briley, 2011; Nutt, 2008). These behavioral 

consequences are context-dependent and mediated by complex processes which depend on NE 

availability, electrochemical signal properties, and transduction through the three major NE 

receptor classes. Although some studies support increased NE availability and/or receptor 

activity in depressed patients, contradictory results from others make conclusions about specific 

mechanisms difficult (Moret and Briley, 2011; Ressler and Nemeroff, 2000). Nonetheless, drugs 

which specifically target NE transmission are effective in treating some depressed patients, 

suggesting a role for dysregulated NE signaling in the manifestation of common depression 

symptoms (Moret and Briley, 2011; Nutt, 2008). 

Dopamine’s role in depression and other neuropsychiatric disorders like schizophrenia 

and Parkinson’s disease has also been extensively studied. Positron emission tomography (PET) 

imaging and postmortem brain studies have provided conflicting results as to whether dopamine 

availability or receptor binding is elevated or decreased in depressed patients (Belujon and 

Grace, 2017; Felger and Treadway, 2017). Despite this contradictory evidence for the role of 

dopamine in depression, dopaminergic neurons projecting from the substantia nigra and ventral 

tegmental area towards the striatum, ventral striatum, and prefrontal cortex are known to be 

involved in motor function, reward-related processes, motivation and attention (Belujon and 

Grace, 2017; Nutt, 2008). These processes are often impaired in patients with depression, 



suggesting that dysregulation of the dopamine system may play a role in symptoms of anhedonia 

and psychomotor retardation often seen in severe cases. Further, the occasional use of 

norepinephrine-dopamine reuptake inhibitors and/or antipsychotics in treatment-resistant 

depression suggests the involvement of dopamine in depression pathology (Nutt, 2008). 

Interestingly, there is evidence that dopaminergic signaling may be impaired by inflammation 

(Felger and Treadway, 2017). Despite some inconsistent findings concerning the direction of 

dysregulation, the functions of the dopamine system and the effectiveness of pharmaceutical 

treatments which target their reuptake support a role for dopamine signaling in depression 

psychopathology. 

The delayed effects of monoamine antidepressants on patient symptoms suggest that their 

ultimate resolution may depend on longer-term structural and functional changes in neuronal 

organization. One potential mediator is neurogenesis, which is controlled by a number of growth 

factors including brain-derived neurotrophic factor (BDNF), vascular endothelial growth factor 

(VEGF), and fibroblast growth factor 2 (FGF2). Studies in humans and animals have shown that 

neurogenesis, particularly in the hippocampus, and expression levels of neurogenic factors like 

BDNF and VEGF, are diminished in depression (Duman and Monteggia, 2006; Krishnan and 

Nestler, 2008). Furthermore, monoamine antidepressants, NMDA antagonists, transcranial 

magnetic stimulation, exercise, and ECT have been shown to increase neurotrophic gene 

expression in depressed patients (Duman and Monteggia, 2006; Krishnan and Nestler, 2008). 

However, knockdown mouse experiments have indicated that BDNF reductions are not sufficient 

to produce depression-like behavior, and that the consequences of BDNF expression are region- 

and antidepressant-specific. Therefore, while BDNF may play a role in successful antidepressant 

treatment, it may not represent a causal factor in depression etiology. Recently, serotonin has 



been shown to regulate gene expression through modification of histone proteins (Farrelly et al., 

2019), which provides another potential explanation for the delayed effects of serotonin-targeting 

pharmacological treatments.  

2.1.2. Amino Acid Neurotransmitters 

Recently, promising clinical trials have shown fast-acting antidepressant effects of 

ketamine, especially for patients with treatment-resistant depression (Fond et al., 2014; Xu et al., 

2016), which implicates both glutamate and GABA, the major excitatory and inhibitory amino 

acid neurotransmitter systems ultimately mediating the effects of monoamine transmission. 

Evidence from depressed patients and animal models of depression support changes in glutamate 

and GABA transmission and associated alterations in the functional connectivity of brain 

networks for cognition and emotion regulation (Lener et al., 2017; Sanacora et al., 2012). 

Additionally, animal studies have shown that stress may lead to changes in glutamate release, 

synaptic clearing, and synaptic plasticity, which can be modulated by antidepressants (Sanacora 

et al., 2012). The success of ketamine as a potential treatment for depression further supports the 

role of inhibitory and excitatory dysregulation in depressed patients. Ketamine acts on NMDA 

receptors to disinhibit excitatory glutamatergic neurons in the cortex, and increases synthesis of 

BDNF to promote neuroplasticity and synaptogenesis. Lerner et al. (2016) suggest that there may 

be a subset of patients with glutamate and GABA deficits who respond especially well to 

ketamine.  

2.1.3. Sex Differences 

In line with sex differences in depression prevalence and genetic factors, it is postulated 

that males and females may respond differently to dysregulated neurotransmitter levels. Some 

studies report better SSRI treatment response in women compared to men, but other studies have 



found no such difference (Gorman, 2006; Khan et al., 2005). In a meta-analysis of monoamine 

depletion studies, healthy women, especially those with a family history of depression, exhibited 

a larger decrease in mood than men following acute depletion of tryptophan, the precursor of 

serotonin (Ruhé et al., 2007). The few studies which have examined sex differences in ketamine 

treatment are contradictory, with one meta-analysis showing some support for a greater response 

in men (Coyle and Laws, 2015) and a recent relatively large clinical trial finding no such 

difference (Freeman et al., 2019). 

2.2. Stress Response 

2.2.1. Theoretical Considerations and Epidemiological Evidence 

The broad, complex and multidimensional nature of stress is evident by its definition 

from Beck and Bredemeier (2016, p. 611) as “...any significant change that an individual must 

adjust to” which “includes life situations as well as biological insults”. Stress is probably the 

most extensively studied risk factor for mood and anxiety disorders, with the diathesis-stress 

model being one of the most influential theories of psychopathological etiology in the late 20th 

century (Hammen, 2005; Liu and Alloy, 2010). Critically, the currently high levels of perceived 

stress in the general population (Wiegner et al., 2015), especially among young people 

(American Psychological Association, 2018; Yang et al., 2012), highlight the importance of 

stress as a focus of research and a target for intervention to prevent or treat depression. Here, we 

review the conceptual framework for stress, discuss recent evidence for its role in depression, 

review the biological stress response in the body and brain, and conclude with a focus on genetic 

studies examining stress and depression. 

The above definition of stress highlights the individual differences inherent in stress 

perception and response. Likely due to differences in stress-reactivity and reward circuitry, a 



stressor which may deal a major blow to the psychological well-being for one person may fail 

entirely to be seen as threatening by another. Likewise, an individual’s resilience and coping 

styles can modulate the effects of a perceived stressor on one’s psychological well-being 

(Southwick and Charney, 2012). Finally, in addition to being a consequence of stress, depression 

itself is associated with the subsequent occurrence of stressful life events, potentially leading to a 

chronic cyclical maintenance of depression (Liu and Alloy, 2010). 

Notably, the types of stress experienced today are very different qualitatively and 

temporally than those which shaped the evolution of the stress response in our ancestors (Nesse 

et al., 2016). Modern stressors are increasingly psychosocial rather than physical. Acute 

stressors, such as the threat of physical injury or an encounter with a predator, produce a 

relatively short-term stress response and can be resolved quickly. However, chronic stressors like 

interpersonal difficulties or high self-imposed goals are often prolonged and induce a repeated or 

sustained activation of the stress response, leading to long-term and often maladaptive alterations 

in physiology. Additionally, interpersonal and dependent stressful events, i.e. those influenced by 

an individual’s own behavior, are more common in society today and are more predictive of 

depression than random, uncontrollable stressors (Kendler et al., 1999). 

Strong epidemiological and observational evidence supports the association between 

stress and depression (for a review, see Liu & Alloy, 2010). Beck and Bredemeier (2016) build 

on this long history of previous research, formulating an integrative theory highlighting the 

contribution of stress, especially early in life, interacting with genetic predisposition, to the 

etiology of depressive behavior and cognition. The relationship between stress, genes and 

depression has been supported by twin studies and addressed in the controversial candidate-gene 

literature (Flint and Kendler, 2014; Smoller, 2016). More recently, genome-wide evidence has 



also supported a gene-environment interaction involving stress, indicating potentially divergent 

effects by sex (Arnau-Soler et al., 2019; Colodro-Conde et al., 2018). Additionally, there is 

evidence that coping strategies (Dunn and Conley, 2015), chronic stress perception (Federenko et 

al., 2006) and stressful life events are themselves heritable (Power et al., 2013), partly due to 

common genetic variation overlapping between depression and neuroticism (Clarke et al., 2019). 

A more thorough discussion of the genetic factors contributing specifically to depression follows 

in the subsequent section on Depression Genetics. 

The recently proposed unified model of depression (Beck and Bredemeier, 2016) 

emphasizes the effects of dysregulated biological stress processes on depression development, 

persistence, and recurrence. Indeed, a large body of evidence supports dysfunction of the 

hypothalamic-pituitary-adrenocortical (HPA) axis and chronically elevated levels of the stress 

hormone cortisol in response to stress among depressed patients (Gold, 2015; Pariante and 

Lightman, 2008). In order to understand how stress may lead to the neurobiological and 

behavioral changes associated with depression, it is necessary to consider the typical brain and 

biological mechanisms through which the human body responds to stress. 

2.2.2. Typical Neurobiological Stress Response 

Physical stressors like injuries or immune challenges which result in a change in bodily 

homeostasis first transmit signals to the brainstem, whereas psychogenic stressors like social 

rejection or novel environments initially activate the limbic forebrain, namely the amygdala, 

hippocampus, and prefrontal cortex (PFC; Ulrich-Lai & Herman, 2009). The initial perception of 

a stressor as threatening may be mediated by areas of the PFC and the anterior cingulate cortex 

(ACC), which are involved in higher-order integrative and judgmental processes (Dedovic et al., 



2009). Regardless of the type of stress, two major response pathways are activated by stress 

signals received by the brainstem or limbic regions. 

The immediate response to stress exposure, often called the “fight or flight” response, is 

coordinated by the autonomic nervous system (ANS). Through the release of epinephrine from 

the adrenal medulla and norepinephrine through sympathetic nerves, the sympathetic division of 

the ANS provokes rapid changes in global and system-specific functions, e.g. increased 

inflammation, increased heart and respiratory rates, and suppressed feeding and digestion. This 

response is relatively short-lived, as the parasympathetic division, largely mediated through 

efferents of the vagus nerve, quickly initiates a return to homeostasis. 

Output from the brainstem or limbic regions also activates the HPA axis, which produces 

a slower, but longer-lasting response to stressors (Ulrich-Lai and Herman, 2009). This begins 

when the hypothalamus secretes hormones, such as corticotropin-releasing factor (CRF) and 

vasopressin. This in turn triggers a cascade of responses including the release of 

adrenocorticotropic hormone (ACTH) from the pituitary gland and culminates with the 

production of glucocorticoids (e.g., cortisol in humans) and mineralocorticoids from the adrenal 

cortex. These steroid hormones have wide-ranging consequences, from the elevation of blood 

glucose and suppression of inflammation to neural changes which increase arousal and enhance 

emotional memory encoding. Chronic activation of the HPA axis by repeated or sustained stress 

may result in long-term changes in brain structure and function, leading to a heightened 

excitability of the stress-response system. 

2.2.3. Evidence for Dysregulation in Depression 

Research has consistently found the HPA axis to be hyperactive in patients with 

depression, possibly due to an impaired negative feedback mechanism, disrupting a normal 



resolution to homeostasis following the stress response (Gold, 2015; Pariante and Lightman, 

2008). Additionally, successful treatment of depression with antidepressants has been associated 

with a return of the normal negative feedback mechanism in the HPA axis. One hypothesis is 

that traumatic stressors early in life may precipitate a long-term sensitization of the HPA axis, 

resulting in an increased vulnerability to developing mood disorders in adulthood along with 

alterations in the immune system. However, although repeated uncontrollable and overwhelming 

stress in childhood causes long-term disruptions in the HPA axis that can lead to depression, 

healthy levels of mild, controlled, and manageable stress can lead to a well-regulated HPA axis 

along with enhanced resilience against the negative effects of future stressors and a decreased 

risk of depression (Southwick and Charney, 2012). 

In contrast to typical or melancholic depression, patients with atypical depression usually 

display normal cortisol levels and less HPA activity, along with weight gain, hypersomnia, 

fatigue, and lower blood pressure (Gold and Chrousos, 2013). In one study, introducing an 

exogenous source of CRF led to high cortisol levels in melancholic depression, but low ACTH 

and cortisol levels in atypical depression (Gold and Chrousos, 2013). Such clinical heterogeneity 

in depression suggests that there is no single direction of HPA dysregulation, with different 

clinical presentations partially reflecting different patterns of dysregulation.   

Neuroimaging studies have supported the role of HPA axis dysregulation with evidence 

of morphological and functional changes in the brains of depressed patients and their relatives. 

Studies have revealed volumetric reductions in the ACC, hippocampus, amygdala, medial PFC, 

and subgenual PFC (Price and Drevets, 2010; Schmaal et al., 2016b, 2016a), brain areas linked 

to the HPA stress response and regulated by cortisol (Romeo, 2013). Additionally, enlarged 

pituitary and adrenal glands are associated with depression, suggesting potential overstimulation 



by CRF and ACTH (Price and Drevets, 2010). Further functional studies indicate higher 

metabolism and cerebral blood flow to the ACC in depressed patients as well as healthy controls 

administered with experimental sadness induction paradigms. Likewise, depressed patients 

exhibit exaggerated hemodynamic responses in the hippocampus and amygdala in response to 

sad stimuli. Finally, experiments in animal models have demonstrated that stress can lead to 

morphological changes in regions associated with depression including the hippocampus, medial 

PFC, and amygdala (Sanacora et al., 2012) and that treatment with antidepressants induces 

neurogenesis in the hippocampus, which is sufficient to resolve depression and anxiety-like 

behaviors in a chronic stress paradigm (Hill et al., 2015).  

Post-mortem studies in humans have corroborated these neuroimaging findings in 

depression, demonstrating that while there is no change in the cell number, neuronal cell body 

size is diminished in the PFC, hippocampus, and amygdala, with a possible reduction in neuronal 

cell processes and impaired synaptic connections (Price and Drevets, 2010). Additionally, CRF 

and CRF receptor concentrations are elevated in the hypothalamus of depressed patients (Wang 

et al., 2008). Likewise, reductions in dendrite complexity and synaptic connections were also 

observed in depressed patients, with decreased grey-matter volume of the PFC and hippocampus 

(Duman, 2014). These findings suggest that altered synaptic plasticity might bring about 

functional disconnection, which may explain the impaired executive control of emotion in 

depression.  

Furthermore, extensive rodent literature utilizing behavioral paradigms, neuroimaging, 

and lesion studies have supported similar HPA dysfunction in preclinical models of depression 

(Price and Drevets, 2010). Encouragingly, multiple modalities of depression treatment have been 

associated with the resolution of many of these observed neurophysiological changes (Price and 



Drevets, 2010). Finally, animal models of depression have shown that both acute and chronic 

stressors lead to decreased expression of BDNF and other neuronal growth factors, along with 

decreased adult neurogenesis, and that these changes are partially reversed by antidepressants 

(Duman and Monteggia, 2006; Krishnan and Nestler, 2008). 

2.2.4. Sex Differences 

Because of an increased prevalence of depression among women, many studies have 

examined sex differences in HPA axis functioning (for a review, see Bangasser & Valentino, 

2014). Although inconsistent among healthy participants, evidence suggests higher levels of 

HPA axis dysregulation among depressed women compared to men, which may be driven by 

differences in CRF sensitivity. Further, evidence points to a heightened activation of 

corticolimbic regions in women compared to men in response to negative emotional stimuli. 

Rodent research has also further characterized sex differences in stress-related brain regions 

(Bangasser and Valentino, 2014). In healthy rats, females show increased dendritic spines in the 

hippocampus compared to males, while males exhibit greater dendrite branching in the prefrontal 

cortex and amygdala. Stress has been found to elicit significant reductions in the prefrontal and 

hippocampal dendrites of male rats, yet the same effect is not seen in females.  

         Taken together, it is evident that HPA dysregulation is a major component of depression 

pathology. However, neuroimaging evidence so far has merely served to pinpoint the neuronal 

substrates of depression which are likely pertinent to HPA dysfunction. Causal inferences from 

structural brain alterations to depressive symptoms cannot be drawn based on such correlational 

findings. Therefore, novel methodology and integration at multiple biological and symptom 

levels, with potential multi-dimensional stratification, are necessary for moving towards a more 

complete understanding of the etiology of depression and the specific role of stress.  



2.3 Systemic Dysfunction Shared with Anxiety 

Substantial comorbidity is observed between depression and other psychiatric disorders, 

but most often with anxiety disorders (Kessler et al., 2007; Lamers et al., 2011) Whereas 

depression generally encompasses negative mood and cognition in response to a perceived loss, 

anxiety is a negative emotional and cognitive state resulting from the perception of a potential 

loss in the future, both of which may manifest in response to traumatic or stressful life events. 

However, both disorders share similar associations across personality dimensions, such as 

increased neuroticism and decreased conscientiousness (Kotov et al., 2010). The high 

comorbidity and symptom overlap between depression and anxiety may indicate the presence of 

shared biological mechanisms in the etiology and maintenance of the disorders. Depression and 

anxiety have been suggested as belonging to a broad category of internalizing disorders which 

share similar genetic predispositions to “anxious-misery” (Kendler et al., 2003). In fact, many 

twin studies suggest that depression and anxiety share most, if not all, of the same additive 

genetic factors and a negligible influence of shared or familial environment (Hettema, 2008; 

Kendler et al., 1992, 1987). What distinguishes these two disorders etiologically may be mostly 

due to individual-specific environmental factors. Because of the strong evidence for genetic 

overlap, we highlight evidence for potentially relevant shared biological mechanisms. 

Similarly to depression, anxiety has been strongly linked to dysregulation across multiple 

neurotransmitter systems. Pharmacological antidepressant treatments which increase serotonin 

and norepinephrine are often successful in reducing anxiety symptoms (Goddard et al., 2010; 

Montoya et al., 2016; Ressler and Nemeroff, 2000). Relatively few studies have examined the 

role of dopamine in anxiety disorders, but one retrospective analysis indicated a reduction of 

striatal dopamine D2 receptors across anxiety disorders (Nikolaus et al., 2010). Neurogenic 



factors, which have been suggested to mediate the anxiolytic effects of antidepressants, are 

reduced among anxiety patients (Suliman et al., 2013). Similarly, animal studies have shown that 

inhibiting hippocampal neurogenesis leads to anxiety-like behaviors (Revest et al., 2009), while 

inducing it is able to reduce anxiety-like behaviors (Hill et al., 2015). Further, preclinical models 

have shown a potential role for genetic variants in neurogenic factors to predispose anxiety 

susceptibility and mediate antidepressant medication effects (Chen et al., 2006). Amino acid 

neurotransmitters are also likely to play a role in anxiety disorders, with benzodiazepines, 

commonly prescribed for their anxiolytic effects, increasing the effects of GABA binding to 

GABAA receptors (Ravindran and Stein, 2010). Additionally, evidence from animal and clinical 

studies suggest a role for dysregulated glutamatergic signaling in anxiety disorders, with 

glutamate receptor antagonists exhibiting anxiolytic properties (for a review, see Riaza 

Bermudo-Soriano, Perez-Rodriguez, Vaquero-Lorenzo, & Baca-Garcia, 2012). 

In addition to its well-characterized relation to depression risk, epidemiological evidence 

has also linked chronic stressors, especially in childhood, to risk of anxiety disorders (for a 

review, see Faravelli et al., 2012). As discussed in section 2.2.2, the biological response to stress 

is an adaptive mechanism for preparing the body and mind for response to a present or imminent 

threat. However, inappropriate chronic activation of the HPA axis towards stressors or potential 

threats may lead to systemic dysregulation which aligns with some of the hallmark symptoms of 

depression and anxiety. Indeed, like depression, anxiety has also been consistently linked to 

hyperactivation of the HPA-axis as measured by cortisol and ACTH concentrations, which can 

be attributed in some to severe stressors in early life (Faravelli et al., 2012).  Volumetric changes 

observed in patients with anxiety disorders vary across subtype, but generally show differences 

in stress response and emotional processing-related brain regions including the amygdala, insula, 



hippocampus, and medial PFC (Duval et al., 2015). Similarly, increased activation of the 

amygdala, insula, and ACC have been consistently observed across patients with anxiety 

disorders and among healthy controls administered anxiety-inducing paradigms (Duval et al., 

2015; Holzschneider and Mulert, 2011). 

Anxiety and depression share many similar features of biological dysregulation across 

neurotransmitter systems and the stress response, which may partially account for many of their 

shared symptoms and high comorbidity. It is important to recognize that these systems are highly 

interdependent and constantly interacting. The complex, heterogeneous behavioral and 

psychological manifestations of depression and anxiety are the result of intricate processes 

involving these and many other biological systems in interaction with the environment. With this 

acknowledgement and a brief introduction to the most studied biological systems associated with 

depression and evidence for their overlap with anxiety, we focus the remainder of this review on 

recent progress in depression genetics and how it may inform future research in depression 

etiology. 

3. Depression Genetics 

Genetic findings for major depression have recently been reviewed extensively (Flint and 

Kendler, 2014; Shadrina et al., 2018). Nevertheless, genetic studies have progressed rapidly, 

even in the time since the most recent comprehensive review in 2018, with increasingly large 

GWAS and meta-analyses providing new evidence for specific genetic variants implicated in 

depression (Howard et al., 2019). Further quantitative analyses will be necessary to interrogate 

these recent results completely, with recommendations recently provided by McIntosh, Sullivan, 

and Lewis (2019). However, a detailed qualitative “stock-taking” is helpful to prioritize future 

quantitative and experimental research targets. Thus, we present an abbreviated review of 



previous genetic studies in depression, followed by an in-depth qualitative review of the most 

recent gene-based meta-analytic findings from Howard et al. (2019) in the context of the three 

previously discussed depression-related biological systems. Although GWAS results should be 

interpreted with caution due to the ease with which false positives can be rationalized 

(Biedrzycki et al., 2019), our synthesis provides a resource for basic and translational researchers 

to carefully weigh the existing evidence when identifying loci of interest for more in-depth 

follow-up studies. While acknowledging the highly polygenic architecture of depression, we 

believe that deeper examination of individual genes in cellular and animal models is still 

warranted given the current state of the field and will provide a deeper understanding of 

depression pathology and potential targets for drug development. Whenever possible, epistatic 

and gene x environment interactions should also be examined in future studies. 

3.1. An Overview of Depression Genetics 

 The heritability of major depressive disorder is estimated by meta-analysis of twin studies 

to be 31-42% (Sullivan, Neale, & Kendler, 2000), with the remaining phenotypic variance 

accounted for mostly by individual-specific environmental factors. Further studies have revealed 

sex differences such that depression is more heritable in women (by 10% compared to men) and 

that some genetic factors have a sex-specific effect (Flint and Kendler, 2014). Naturally, since 

heritability estimates indicate a significant role for genetic factors, researchers have attempted to 

identify specific genetic loci which contribute to depression and may be targeted in treatment or 

prevention. Early linkage studies identified a few consistent genetic loci of interest, some of 

which may have sex-specific effects (Flint and Kendler, 2014). However, traditional linkage 

analyses, plagued by limitations in statistical power for variants with small effect size (Risch and 



Merikangas, 1996; Sham et al., 2000), soon fell out of favor to candidate gene studies and later, 

GWAS. 

 Initially, candidate gene studies saw explosive growth in the field of psychiatric genetics, 

with a major focus on the monoamine system. These studies examine genetic variants which are 

hypothesized to be involved in the disorder of interest based on their biological function or 

previous association with the disease. The two most recent comprehensive reviews (Flint and 

Kendler, 2014; Shadrina et al., 2018) provide thorough discussions of the history, findings, and 

controversy of candidate gene studies for major depression. However, of note is a recent 

genome-wide analysis examining 18 commonly studied candidate genes for depression which 

found no support for main effects or gene-by-environment interactions for any of the genes 

studied, apart from limited support for DRD2 (Border et al., 2019). This suggests that the large 

effect sizes reported in the early candidate gene literature may be false positives subject to 

publication bias and effect size inflation due to winner’s curse. Dick and colleagues (2015) 

provide recommendations for future candidate gene research to avoid the pitfalls of these early 

studies. Candidate gene studies were a natural first step in the search for genes associated with 

psychiatric traits, which were eventually overtaken in popularity by hypothesis-free GWAS. 

However, together with new evidence from GWAS, these studies may be revisited and provide 

additional insights in the future. 

 GWAS, which test associations between a phenotype and hundreds of thousands of single 

nucleotide polymorphisms (SNPs) across the genome, have achieved remarkable success since 

their introduction in 2008 (Visscher et al., 2017). However, the quest for genome-wide 

significant signals in depression was initially disheartening. The first GWAS of depression 

(Sullivan et al., 2009), involving ~3,500 individuals of European ancestry, reported no genome-



wide significant SNPs. Additional GWAS were unsuccessful in identifying variants reaching the 

stringent threshold of genome-wide significance, until Kohli et al. (2011) found one genome-

wide significant SNP around the gene SLC6A15 (solute carrier family 6 protein). Further studies 

in depressed patients have shown associations between this risk allele and differences in resting 

state neural activity patterns (Wang et al., 2017), white matter structural integrity (Choi et al., 

2016), along with cortisol response and deficits in memory and attention (Schuhmacher et al., 

2013). Additionally, experiments in animals have shown that this gene regulates glutamate 

transport in the hippocampus (Santarelli et al., 2015), that the GWAS risk allele was correlated 

with reduced expression of SLC6A15 in hippocampal regions, and that knockout of the gene 

induced depressive and anxiety-like behaviors (Santarelli et al., 2016). Nevertheless, this 

particular polymorphism was not confirmed nor successfully replicated in subsequent GWAS. It 

is widely acknowledged that the effects of most common SNPs across complex traits are modest 

at best, particularly so for depression (Zhang et al., 2018). With this in mind, the psychiatric 

genetics research community recognized that the best way to improve power for detecting more 

risk variants was to increase sample sizes dramatically (Flint and Kendler, 2014). 

With collaborative international efforts, the Psychiatric Genomics Consortium (PGC) and 

other large-scale genotyping projects were able to increase sample sizes effectively (Cai et al., 

2015; Sullivan et al., 2013). They eventually identified increased numbers of associated loci 

reaching genome wide significance, with 15 (Hyde et al., 2016), 44 (Wray et al., 2018), and 17 

independent loci (Howard et al., 2018), where many of the loci overlapped across studies. A 

recent meta-analysis of these three successful GWAS with a combined sample size of over 

800,000 individuals of European ancestry has achieved the remarkable feat of identifying 102 

independent loci and 269 genes associated with depression (Howard et al., 2019). With no 



dramatic increases in sample size expected on the near horizon, it is now necessary to take stock 

of these most recent genetic findings and set a path forward towards a more complete 

understanding of depression biology. 

3.2. Qualitative Analysis of Gene-Based Meta-Analysis Results 

Here we synthesize the gene-based results of the most recent depression meta-analysis in 

the context of two major biological mechanisms known to be associated with depression: 

neurotransmitter systems and the stress-response. Further, we identify genes with an immune-

related function, as immune system dysregulation is also strongly associated with depression 

symptomology (Miller and Raison, 2016). However, a detailed discussion of these immune-

related results is beyond the scope of our current review. We also speculate on the importance of 

genes that do not have a known function within these categories.  

For each of the 269 genes identified by Howard et al. (2019), we compiled information 

about known gene function and differential brain expression from the NCBI Gene database 

(National Library of Medicine (US) National Center for Biotechnology Information) and 

searched for related articles in PubMed which provided functional information or evidence for a 

hypothesis-driven association with depression or other psychiatric phenotypes. Gene functions 

were manually sorted into five non-mutually exclusive categories: Neurotransmitter-Related 

Function, Stress Response-Related Function, Immune-Related Function, Other CNS-Related 

Function, and Other Function. Neurotransmitter-related functions included any gene which 

impacts neurotransmitter production, availability, release, receptor binding, reuptake, or 

degradation. Stress response-related functions included genes implicated in the production or 

release of stress hormones, altered transcription or epigenetic changes in response to stress, or 

interaction with stress to predict neural changes or depression-like behaviors. The immune-



related function category included any gene with a known role in the development, production, 

trafficking, or function of lymphocytes or cytokines. The Other CNS-related category included 

any function within the central nervous system not directly implicating neurotransmitters or 

stress-related processes. Other functions included any known biological role not falling within 

any of the other categories. The functions of some genes identified by Howard et al. (2019) 

appear to be currently uncharacterized. 

The results of this qualitative analysis are discussed below, with a complete function 

summary and categorization available in Supplementary Table S1. Figure 2 shows the number of 

total and unique genes exhibiting a function in each category. Of the 269 significant genes 

identified through meta-analysis by Howard et al. (2019), 18 have evidence for a function related 

to neurotransmitter systems, 13 for the stress response, and 34 for an immune-related function. 

Figure 3 is a Venn diagram visualizing the overlap between genes manually categorized in each 

of the functional categories, excluding those without a known function. 

3.2.1. Neurotransmitter-Related Genes 

 With decades of research linking neurotransmitter system dysregulation to depression, it 

is no surprise that hypothesis-free genome-wide methods also implicate these systems. However, 

despite what the popular monoamine theory would predict, most of the neurotransmitter-related 

genes are not directly related to serotonin, NE, or dopamine systems. In fact, half have been 

shown to participate in glutamate signaling, suggesting a significant role in depression pathology 

and supporting results from recent studies which demonstrate the rapid-acting antidepressant 

effects of the NMDA receptor antagonist ketamine. 

 NMDA-, kainate-, and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-

type ionotropic glutamate receptors all participate directly in excitatory electrochemical signal 

transduction. Animal studies have shown that disruptions in SHISA9, a subunit of AMPA 



receptors, may lead to changes in short-term synaptic plasticity (von Engelhardt et al., 2010), 

synaptic transmission, and network activity in the hippocampi of mice (Karataeva et al., 2014). 

Likewise, GPC6 has been shown to increase NMDA receptor availability in neurons induced 

from human stem cells (Sato et al., 2016), whilst ANKS1B may be involved in the trafficking of 

NMDA receptor subunits (Tindi et al., 2015). Knockdown of ANKS1B appears to impair 

glutamate signaling and synaptic plasticity in the mouse hippocampus (Tindi et al., 2015) and 

alters behavioral response to ketamine (Enga et al., 2017). Likewise, two studies in mice have 

demonstrated that overexpression of EPHB2, which modulates NMDA-dependent synaptic 

function, reverses cognitive deficits and depression- and anxiety-like behavior in an Alzheimer’s 

disease model (Cissé et al., 2011; Hu et al., 2017). Another recent study has shown that 

knockdown of EPHB2 results in depression-like behavior and reduced hippocampal 

neurogenesis (Zhen et al., 2018). However, these studies differ in their observed effect on 

NMDA receptor availability, with the Alzheimer’s model results pointing to an upregulation of 

NMDA receptors by EPHB2 (Cissé et al., 2011; Hu et al., 2017), while Zhen and colleagues 

(2018) demonstrate a downregulation. KYNU encodes kynureninase, an enzyme involved in the 

kynurenine pathway which leads to the production of quinolinic acid, an NMDA receptor agonist 

and glutamate reuptake inhibitor (Miller & Raison, 2016) which is upregulated in the ACC of 

depressed patients who die from suicide (Steiner et al., 2011). Finally, the GRIK5 gene encodes a 

protein subunit of kainate receptors, which function pre- and post-synaptically to modulate 

glutamate and GABA signalling, and which are involved in excitotoxicity of neurons and 

oligodendrocytes (Matute, 2011). Studies in rodents have shown that blockade of this subunit 

produces an anxiolytic-like effect in a preclinical model of anxiety (Alt et al., 2007). 



 GRM5 and GRM8, which encode metabotropic glutamate receptors (mGluR) 5 and 8, 

were also significant in the gene-based meta-analysis of Howard and colleagues (2019). mGluR 

participates indirectly in glutamate transmission by regulating the excitability of glutamatergic 

neurons through second messenger systems. Although animal models of depression have shown 

that antagonism of mGluR5 induces an antidepressant-like effect, the few clinical trials which 

have examined mGluR5 antagonists in humans were unsuccessful in treating depression 

symptoms (Barnes et al., 2018). However, recent evidence shows that ketamine reduces mGluR5 

availability in both depressed patients and healthy volunteers, and that this change is associated 

with symptom reduction in patients (Esterlis et al., 2018), providing another potential mechanism 

for ketamine action. mGluR5 activity has also been associated with other neuropsychiatric 

disorders. In patients with alcohol use disorder, higher mGluR5 binding in the amygdala was 

linked with the temptation to drink (Akkus et al., 2018), suggesting a potential relationship 

between this receptor and reward system-related behavior. Additionally, methylation of the 

GRM5 promoter region has been associated with a decreased risk of schizophrenia (Kordi-

Tamandani et al., 2013), while variants in the gene itself have been associated with impaired 

cognition and reduced right hippocampal volume in schizophrenia (Matosin et al., 2018). GRM5 

expression is increased in the postmortem noradrenergic neurons of the locus coeruleus of 

depressed patients (Chandley et al., 2014). GRM8 expression is greater in the hippocampus of 

rats treated with SSRIs compared to their control counterparts (O’Connor et al., 2013). Candidate 

gene studies have also found evidence for an association between variants in GRM8 and 

depression in Han Chinese (Li et al., 2016), autism in Han Chinese (Li et al., 2008), alcohol 

dependence (Chen et al., 2009; Long et al., 2015), and schizophrenia across multiple ethnic 

groups (Li et al., 2016; Takaki et al., 2004; Tavakkoly-Bazzaz et al., 2018; Lili Zhang et al., 



2014). Finally, the protein product of CELF4 is involved in mRNA regulation specifically for 

excitatory neurotransmission (Wagnon et al., 2012), representing a general glutamatergic control 

mechanism. Therefore, accumulating genetic evidence seems to support the importance of 

glutamatergic signaling in the neurobiology of depression. 

 Gene-based results also implicate the major inhibitory GABAergic neurotransmitter 

system. ERBB4 encodes the receptor for neuregulin 1 (encoded by NRG1), which together, 

among other neurodevelopmental functions, specifically control the development of GABAergic 

cortical neurocircuitry (Fazzari et al., 2010). This is bolstered by observed associations between 

common variants in ERBB4 and GABA levels in the human brain, as measured by PET imaging 

and cerebrospinal fluid concentration (Luykx et al., 2012; Marenco et al., 2011). Multiple 

candidate gene studies and GWAS across many populations have confirmed an association 

between variants in the ERBB4 and NRG1 genes and schizophrenia (Feng et al., 2017; Mostaid et 

al., 2016). Recently, functional splice variants of ERBB4 have been associated with deficiencies 

in parvalbumin interneurons of the dorsolateral prefrontal cortex in schizophrenia, bipolar 

disorder, and major depression (Chung et al., 2018), possibly implicating a shared genetic and 

biological risk pathway. An animal model study has proposed that one mechanism for the 

antidepressant effects of ketamine may be to downregulate ERBB4/NRG1 signaling in 

parvalbumin interneurons (Wang et al., 2014). The protein encoded by PLCL1 also plays an 

important role in GABAergic signaling through its ability to bind directly to the GABAA 

receptor and to proteins which are involved in GABA receptor trafficking (Terunuma et al., 

2004). Mice with PLCL1 knockdown exhibit an epileptic phenotype and a reduced tonic current 

in GABAergic neurons (Zhu et al., 2012). 



 The remaining neurotransmitter-related genes implicate monoamine system function. 

DRD2 encodes the dopamine D2 receptor, which has been widely examined across 

neuropsychiatric disorders (Gatt et al., 2015), but most studied in its relation to schizophrenia, 

where it has been supported by candidate gene meta-analyses and GWAS (He et al., 2016; 

Luykx et al., 2017; Ripke et al., 2014). Nonetheless, meta-analyses of candidate gene studies 

have also supported an association between DRD2 variants and depression (LuShun Zhang et al., 

2014; Zou et al., 2012). Some studies have also revealed a role for DRD2 variants in response 

time to SSRI treatment (Wang et al., 2012), rumination in depressed patients (Whitmer and 

Gotlib, 2012), and through its interaction with maternal parenting, in adolescent depression 

trajectories (Cao et al., 2018). Additionally, a variant in ANKK1, originally presumed to be 

located within the DRD2 gene, has been associated with multiple psychiatric phenotypes (Ponce 

et al., 2009). This variant has also been found to associate with dopamine D2 receptor 

availability and binding in depressed patients and healthy controls (Pohjalainen et al., 1998; 

Savitz et al., 2013; Thompson et al., 1997). Although BAG5 belongs to a family of genes which 

play a general role in regulating apoptosis, it has also been shown to specifically regulate 

dopaminergic neurodegeneration in a mouse model of Parkinson’s disease (Kalia et al., 2004). 

Likewise, OTX2 is thought to play a major role in neurodevelopment, but studies in mice also 

demonstrate a more specific role in dopaminergic neurogenesis in the adult brain (Di 

Giovannantonio et al., 2013). PAX6, which codes for a transcription factor known to be involved 

in general neurodevelopment, also likely has a role in the differentiation and maintenance of 

dopaminergic neurons, specifically (Thomas et al., 2016; White and Thomas, 2016). 

 Finally, PCLO encodes a protein that has been found to regulate both dopamine and 

serotonin reuptake (Uno et al., 2015) in addition to its role in presynaptic vesicle organization 



(Parthier et al., 2018). Since its initial implication by GWAS as a potential risk factor for 

depression (Sullivan et al., 2009), a number of candidate gene studies have reported its 

association with neuroticism (Kuehner et al., 2011), bipolar disorder (Choi et al., 2011), 

depression (Hek et al., 2010; Minelli et al., 2012), and grey matter reductions in depressed 

patients (Igata et al., 2017).  

3.2.2. Stress Response-Related Genes 

 Neurotransmitters are vital for orchestrating the stress response throughout the brain and 

body. Thus, not unexpectedly, eight genes which implicated neurotransmitter systems, PCLO, 

OTX2, EPHB2, GRM5, ERBB4, NRG1, PAX6, and KYNU also exhibit stress-related functions. 

Along with its role in monoamine reuptake, PCLO may also be involved in the stress response. A 

risk variant in the PCLO gene was associated with alterations in cortisol and ACTH levels in 

depressed patients following antidepressant treatment (Schuhmacher et al., 2011). The same risk 

variant was also associated with reduced cortisol awakening response in healthy participants, 

which may signify some deficit in HPA functioning (Kuehner et al., 2011). Similarly, evidence 

supports an additional stress-linked function for the OTX2 gene. Peña and colleagues (2017) 

have demonstrated that early-life stress leads to long term changes in OTX2 transcription in the 

reward-related ventral tegmental area of mice. These stress-induced changes increase risk for 

depressive-like behaviors after exposure to an additional stressor in adulthood. Following this 

study, Kaufman et al. (2018) reported that both early-life stress and OTX2 methylation were 

predictive of depression scores in children, corroborating the previous preclinical findings. 

Similarly, animal models showed that EPHB2 expression in the medial prefrontal cortex 

regulates stress vulnerability and depression-like behaviors (Zhang et al., 2016), while 

expression in the amygdala mediated stress-induced anxiety-like behaviors (Attwood et al., 

2011). Across multiple chronic and acute stress paradigms in rodents, GRM5 or its protein 



product have been associated with changes in behavior, susceptibility or resilience to stress, 

hippocampal GRM5 expression levels, and synaptic plasticity (Peterlik et al., 2017; Shin et al., 

2015; Sun et al., 2017; Wagner et al., 2015; Wang et al., 2015; Wierońska et al., n.d.; Yim et al., 

2012), with one study supporting a potentially sex-specific role (Wang et al., 2015). Rodent 

studies have demonstrated stress-induced changes in ERBB4/NRG1 expression and signaling 

accompanied by depression-like behaviors (Brydges et al., 2014; Dang et al., 2016b, 2016a). 

Additional studies have reported an interaction between stress and experimentally disrupted 

ERBB4/NRG1 signaling, which is associated with altered glutamate transmission, HPA axis 

function, cognition, and anxiety-like behavior (Chesworth et al., 2012; Chohan et al., 2014b, 

2014a; Clarke et al., 2017; Taylor et al., 2013). PAX6 expression was shown to be downregulated 

in the hippocampi of rats exposed to chronic unpredictable mild stress (Tayyab et al., 2019). 

Finally, KYNU expression was found to be increased in the amygdala and decreased in the 

medial prefrontal cortex of male rats exposed to an acute psychological stressor (Vecchiarelli et 

al., 2016). 

DCC, ZKSCAN4, ZDHHC21, ESR2 and PPID exhibit functions related to the stress 

response, but were not implicated in neurotransmitter systems. DCC, which encodes the netrin-1 

receptor responsible for mediating axon guidance, has been suggested to play a role in the stress 

response. DCC expression levels in the prefrontal cortex are linked to increased behavioral 

responses to stress in mice, and are upregulated in postmortem brains of depression patients 

(Torres-Berrío et al., 2017). Some evidence indicates that ZKSCAN4 interacts with 

glucocorticoid receptors and may facilitate chromatin changes which repress glucocorticoid-

induced transcription (Ecker et al., 2009), suggesting a potential regulatory mechanism for 

downstream effects of the HPA stress response. ZDHHC21 has been shown to modulate α1-



adrenergic receptor function in the vasculature (Marin et al., 2016), which may indicate the 

involvement of global epinephrine signaling during the stress response. ESR2, which encodes 

estrogen receptor beta, has been shown to interact with negative life events to predict depression 

in menopausal Han Chinese women (Zhang et al., 2017). Finally, following a chronic stressor 

during adolescence, PPID was found to be upregulated along with increased glucocorticoid 

sensitivity in the hippocampus of female, but not male rats (Bourke et al., 2013). In another 

study, amygdala expression of PPID was also shown to regulate fear extinction in mice 

(Gunduz-Cinar et al., 2019). 

3.2.4 Remaining Genes 

 Although we have shown that some genes identified by Howard et al. (2019) play a role 

in neurotransmitter systems, the stress response, or immune functioning, the vast majority have 

no known function in these specific systems. An in-depth discussion of the functions of these 

genes is beyond the scope of this review, but summary information for those genes with a known 

function are listed in the full Supplementary Table 1 along with relevant references. We briefly 

discuss general patterns which can be observed in the functions of these genes. 

 Of the remaining genes yet to be categorized, a large proportion have some evidence for a 

role in the CNS apart from neurotransmitter signaling or the stress response. Notably, many 

show involvement in either neurodevelopment, neurogenesis, or neurodegeneration. In fact, the 

top three genes identified by Howard et al (2019) all have a known function in one or more of 

these three processes (see supplementary table for details). Although more research is necessary 

to uncover their ultimate function in depression, genes involved in neurodevelopment may be 

responsible for dysfunction in reward- and stress-related brain circuitry which could predispose 

depression. Additionally, neurogenic genes suggest potential dysregulation in the dynamic 



context-dependent process of neuroplasticity. Finally, genes involved in neurodegeneration may 

account for hippocampal atrophy as well as motor, cognitive, and memory deficits commonly 

associated with depression. Further research will be necessary to reveal the specific biological 

mechanisms linking genetic factors to common neuroimaging observations in depression, such as 

increased activation of the default mode network and volumetric reductions in stress-related 

brain regions. 

Finally, the majority of genes were associated with functions unrelated to the central 

nervous or immune systems. Of course, it is possible that these represent false positive gene-

based associations with depression. However, a more likely explanation is that these genes code 

for proteins whose functions are pleiotropic, performing different functions or eliciting different 

consequences across cell types and tissues. Another likely explanation is that the genes exert 

effects somewhere within causal pathways for depression which we simply have yet to discover. 

With further research, we expect the depression-related effects of these seemingly inexplicable 

genes to eventually be revealed.  

3.2.4 Overlap with Anxiety Genes 

Twin studies suggest very strong, if not complete, overlap in the genetic factors which 

contribute to depression and anxiety (Hettema, 2008; Kendler et al., 1987; Kendler et al., 1992), 

corroborated by recent evidence for a strong genetic correlation between common variants 

associated with both disorders (Brainstorm Consortium et al., 2018). Genetic studies of anxiety 

disorders are still in early stages, with a number of candidate gene studies across anxiety 

disorders showing conflicting results (Smoller, 2016). To our knowledge, only one of these 

examined candidate genes associated with anxiety, DRD2, overlaps with those identified in the 

most recent gene-based meta-analysis of depression (Howard et al., 2019; Sipilä et al., 2010). 



Additionally, two overlapping genes were identified as having strong potential as candidate 

genes for anxiety by a functional genomics screening study in mice, with DRD2 and MEF2C 

showing elevated expression levels in the prefrontal cortex and hippocampus, respectively, of 

mice administered the anxiogenic drug yohimbine (Le-Niculescu et al., 2011). Until recently, 

published GWAS of relatively small sample size have been unable to identify replicable loci 

associated with anxiety, with the exception of a small GWAS of twins which found association 

with SNPs in RBFOX1, also implicated in depression by Howard et al. (2019). However, 

marginal progress has been afforded by increases in sample size. One recent GWAS performed 

as part of the iPSYCH study identified one independent SNP in the PDE4B gene to be associated 

with anxiety (Meier et al., 2019). Additionally, a recent study, benefiting from a significant 

increase in sample size afforded by the UK Biobank, reported five independent SNPs associated 

with anxiety disorders (Purves et al., 2019) One of these independent signals, from SNPs in 

TMEM106B, overlaps with the gene-based results for depression (Howard et al., 2019). Although 

current genome-wide evidence for anxiety disorders is still lacking, increasing sample sizes will 

eventually help uncover common variants predisposing anxiety disorders, which twin studies 

suggest will have strong overlap with those for depression. Further research is necessary to 

identify individual-specific environmental factors which distinguish anxiety and depression, as 

well as the biological pathways which contribute to their shared diathesis. 

4. Discussion 

The results from this qualitative analysis demonstrate the power of hypothesis-free, 

genome-wide approaches in the search for key variants associated with complex disorders. 

Significant genes demonstrate functions across systems known to be involved in depression 

pathology. A number of genes lend support for decades of research examining neurotransmitter 



imbalances and the effects of antidepressant medications. Other genes demonstrate interactions 

with life stressors and provide plausible biological mechanisms to explain the well-documented 

relationship between stress and depression. Still other genes implicate immune function, which 

observational and experimental evidence has shown to play an important role in depression 

symptoms and etiology. Together, these gene-based results support a role for dysregulation of 

these systems in depression and provide an evidence-based starting point for prioritizing genes 

and designing experiments to elucidate the causal biological pathways which lead to depression. 

Perhaps more importantly than lending support to known system dysfunction, these 

results also suggest novel research directions. Only one significant gene was found for which a 

known function in the serotonin system existed. Although treatments which target the serotonin 

system are effective for some depressed patients, it may be that serotonin dysregulation is not in 

fact a direct causal factor in depression, but rather an intermediary in the true causal pathway of 

depression etiology and treatment effects. Another possibility is that epigenetics may play a role 

in the dysregulation of serotonin systems during depression independent of underlying serotonin-

related genotypes (Pfeiffer et al., 2018). Interestingly, the gene-based results seem to support a 

relatively major role for glutamatergic signaling in depression, in line with the encouraging 

results from trials of ketamine treatment for depressed patients discussed above in 

Neurotransmitter Systems. 

Importantly, although some genes support these three traditional lines of research focus, 

the vast majority indicated no known function in the neurotransmitter, stress, or immune system 

categories chosen a priori. Genes with a suggested function in the CNS represent the most 

promising novel directions for further interrogation in preclinical models, highlighting the 

potential role of neural development, plasticity, and degeneration to shape and reshape brain 



structures and connections which may be involved in predisposition or maintenance of 

depression. Although neurotransmitter, stress, and immune systems have received the vast 

majority of attention from researchers over the past half century, recent hypothesis-free genomic 

methods point to these additional biological systems and processes which deserve further 

attention. However, when possible, future research should be integrative - simultaneously 

examining multiple systems and their interaction. 

It is necessary to acknowledge three potential limitations of our qualitative review. First, 

although gene-based methods are a powerful tool for identifying risk loci in genome-wide 

studies (Neale and Sham, 2004), they have been limited by the inability to distinguish true causal 

genes from those which are indirectly associated with a phenotype due to linkage disequilibrium. 

Thus, a proportion of the 269 genes may represent indirect association rather than being causally 

involved in depression. Recently, a conditional gene-based association test to eliminate indirectly 

associated genes has been developed to address this issue (Li et al., 2019). Secondly, our purpose 

was to perform a qualitative review where evidence in relation to each gene was gathered by 

manual searches of the literature, such that some relevant papers may have been missed. 

Nevertheless, such a qualitative review is useful to synthesize the recent genome-wide advances 

in the context of existing theories of depression, setting the scene for more sophisticated and 

comprehensive quantitative approaches. Finally, our review relies on results from the most recent 

GWAS meta-analysis (Howard et al., 2019), which over-represents individuals of high 

socioeconomic status and tests genetic associations exclusively in participants of European 

ancestry. A focus on representative cross-population data collection and analysis techniques is 

not only helpful in identifying and validating loci, but may be necessary for future clinical 



applicability of genetic research. The analysis by Howard et al. also did not examine sex-

chromosome loci, which may help to identify the source of noted sex differences in depression. 

In light of these recent successes in genome-wide methods, we suggest that the three 

major interdependent goals in the field of psychiatric genomics: gene discovery, biological 

mechanisms, and clinical translation, are now within our reach. The proliferation of national 

biobanks and international consortia will undoubtedly result in continued growth in sample size, 

accompanied by increased power to detect associations. However, simply increasing sample size 

is not enough if an understanding of biological mechanism is the ultimate goal. Significant 

emphasis must simultaneously be placed on deep cross-disorder phenotyping including the 

collection of detailed symptom information, brain imaging measures, and biomarkers for HPA 

axis functioning, immune system activity, and gut bacteria. Along with novel methods 

development, this will lead to a better understanding of shared and unique contributions of genes 

and gene networks to specific deficits. 

The major challenge once variants are identified is in moving from GWAS results to 

biological mechanisms. This will depend on cellular and animal studies of the most promising 

genetic results, with a focus on integration of multi-omic data. These can be complemented and 

informed by in-silico approaches like Mendelian randomization. Our current understanding of 

depression also points to the need to interrogate these genetic results in terms of sex-specific 

effects, development, and interaction with environmental stressors. 

Finally, with patients in mind, translation must also be a major goal for researchers. 

Successful examples of drug targets identified through GWAS exist (Visscher et al., 2017); 

GWAS-supported drug targets are over two times more likely to be approved for clinical use 

(King et al., 2019), and drug repositioning represents a powerful tool for psychiatry (Gaspar et 



al., 2019; So et al., 2017). Although current utility is limited, polygenic risk and treatment 

response prediction may become useful for physicians and patients in managing psychiatric 

symptoms and risk in the future. 

Although it is likely that the field has only scratched the surface of all potential variants 

associated with depression, the effect sizes of additional common variants will almost certainly 

be smaller than those we see currently. In the meantime, these genes represent the best 

candidates for preclinical research studies to elucidate psychobiological mechanisms of 

depression and potential avenues for successful intervention.  
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Figures 

 

Figure 1. Simplified Flow Chart of Major Systems Contributing to Depression Etiology and 

Maintenance 

 

Note. In this basic model, genetic factors predispose depression through dysfunction in the 

interactive neurobiological, immune, and stress-response systems. Psychosocial environmental 

stressors likely exert their major influence through HPA axis functioning, whereas physical 

stressors are largely mediated by the immune response. Resilience to environmental stressors 

are likely to decrease HPA and immune dysfunction. *Although neurobiological dysfunction has 

historically focused heavily on neurotransmitter systems, our qualitative analysis of the most 

recent genetic findings suggests that other mechanisms, particularly neurodevelopment, 

neurogenesis, and neurodegeneration may also play a significant role in depression pathology. 

Abbreviations: HPA, Hypothalamic–Pituitary–Adrenal. 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 2. Gene Counts Within Manually-Curated Functional Categories 

 
Note. For each gene associated with depression from the most recent meta-analysis (Howard et 

al., 2019), we searched for any known function and manually categorized them into the following 

non-exclusive categories: NT-Related, Stress-Related, Immune-Related, Other CNS-Related 

(excluding NT function), Other, and Unknown. This figure shows the number of genes falling 

within each category along with the number of genes with a function unique to that category with 

no known overlapping function with any other category. The Other Function category contained 

the greatest number of genes, followed by Other CNS, Unknown, Immune, NT, and Stress. 

Abbreviations: NT, Neurotransmitter; CNS, Central Nervous System. 
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Figure 3. Venn Diagram of Gene Counts Across Functional Categories 

 

 
Note. This Venn diagram shows the number of unique and overlapping genes across five 

manually-curated categories, demonstrating that many genes exhibit functions across multiple 

categories. Created using (http://bioinformatics.psb.ugent.be/webtools/Venn/). Abbreviations: 

CNS, Central Nervous System. 
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