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Major depressive disorder (MDD) is a heterogeneous disease that affects one out of five individuals in their lifetime and is

the leading cause of disability worldwide. The symptoms of MDD are associated with structural and neurochemical deficits

in the corticolimbic brain regions. The behavioral symptoms of depression are extensive, covering emotional, motivational,

cognitive, and physiological domains, and include anhedonia, aberrant reward-associated perception, and memory

alterations. Presently, MDD is considered a multifactorial disease with various causes and triggers such as genetic

susceptibility, stress, and other pathological processes such as inflammation.
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1. Background

Presently, Major depressive disorder (MDD) is considered a multifactorial disease with various causes and triggers such

as genetic susceptibility, stress, and other pathological processes such as inflammation. For example, in some cases,

genetic factors can promote or even trigger the occurrence of depression . Some mutations and polymorphisms

can affect the response of receptors to neurotransmitters or biologically active substances , which, in turn, could

affect the resistance of the brain’s chemical balance to stressors. However, it is not yet fully elucidated as to which genes

or regions of nuclear or mitochondrial DNA or which types of genetic changes, alone or in combination, can represent

reliable genetic markers of depression . Furthermore, the lack of consistent and reproducible findings in genome-wide

association studies for MDD can at least partly be explained by the fact that relevant genetic variants confer an increased

risk only in the presence of exposure to stressors and other adverse environmental circumstances, i.e., the so-called

gene-environment interaction . In addition, genetic effects are not likely stronger than environmental stressors .

Nevertheless, exposure to traumatic or repeated psychosocial and environmental stressors clearly can increase

vulnerability to MDD or even cause depressive symptoms in humans . MDD can be spontaneous but often

follows a traumatic emotional experience or can be a symptom of other diseases, most often neurological (e.g., stroke,

multiple sclerosis, or Parkinson disease) or endocrine (e.g., Cushing’s disease and hypothyroidism) . MDD can also be

triggered or precipitated by pharmacological agents or drug abuse . These factors may influence both the overall risk of

illness and sensitivity of individuals to environmental adversities. However, in general, the precise causes and

mechanisms involved in the etiopathogenesis of MDD are not fully understood.

Numerous studies have been devoted to investigating the causes of depression from the point of view of psychology and

psychiatry. Several models of depression have been proposed , making a tremendous impact on the

psychotherapy of MDD. Most of them were brilliantly reviewed elsewhere  and a unified model of depression has been

proposed in an attempt to combine the “clinical, cognitive, biological, and evolutionary” aspects of the disease .

However, to date, the greatest contribution to the understanding of the pathogenetic mechanisms of MDD has been made

by physiological, biochemical, and pharmacological studies. These studies allowed the formulation of several theories that

attempt to describe the development of MDD on biochemical, cellular, anatomical, and physiological levels. Such theories

include the monoamine hypothesis , the stress-induced depression hypothesis , the cytokine hypothesis 

, the neuroinflammation and neuroplasticity hypothesis , the GABA-glutamate-

mediated depression hypothesis , the circadian hypothesis of depression , and the

cholinergic-monoaminergic interaction theory . Each hypothesis has its strengths and weaknesses, but they

cannot consider and fully describe all the processes and symptoms of MDD (Table 1). Nevertheless, these theories share

some common pathways, which lead us to believe that these hypotheses depict several pieces of the same big puzzle.

Table 1. The major theories of depression.
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Theory Probable Cause Structures Involved
Neuro-Transmitters and BAS,
Which
Levels Are Altered

Weaknesses
of
Theory

The monoamine
hypothesis 

Genetic
vulnerability;

stress;
environmental
vulnerability

Am (BNST ); DPFC, VOPFC ;
LC; RN; Hipp

NA ; 5-HT ; CRF

Not all causes
and

symptoms are
explained

The hypothesis of
stress-induced
depression 

Stress;
genetic

susceptibility

HT (SCN ; PVN ); pituitary
gland; adrenal glands; Am

(BNST); DPFC, VOPFC; Hipp

CRF ; cortisol; AVP ; ACTH ;
Oxn ; BDNF 

Does not
explain all

cases; there
is no single
mechanism

that explains
all alterations
in HPA axis

The
inflammation/cytokine

hypothesis 

Stress;
inflammation;

genetic
susceptibility

HT (SCN; PVN); pituitary
gland; adrenal glands; Am

(BNST); DPFC,
VOPFC; Hipp (microglia

activation); LC; RN

pCk ;
cCk ; CRF; cortisol; AVP;

ACTH; 5-HT; NA; BDNF

Does not
explain all

cases

The neurotrophic
hypothesis 

Stress;
inflammation;

genetic
susceptibility

Hipp; PFC; HT (SCN; PVN);
pituitary gland; adrenal
glands; Am (BNST); LC

cCk; Glu ;
GABA ; CRF; cortisol; AVP;

ACTH; NA; 5-HT; BDNF

Does not
explain all

cases; does
not provide
adequate

mechanism of
the

development
of the disease

The GABA-glutamate-
mediated hypothesis

Genetic
susceptibility;
environmental
vulnerability;

possibly stress

DPFC, VOPFC; LC; RN; Am
(BNST); Hipp Glu; GABA; 5-HT; NA

Does not
explain

causes of the
disease; does

not provide
adequate

mechanism of
the

development
of the disease

The circadian
hypothesis 

Stress;
continuously

altered/irregular
diurnal cycle;

possibly
evening

chronotype;
genetic

susceptibility

HT (SCN; PVN); pituitary
gland; adrenal glands; Am

(BNST); DPFC, VOPFC; Hipp;
LC; RN

Oxn; possibly
melatonin; CRF; cortisol; AVP;

ACTH; 5-HT; NA

Does not
explain all
cases; the

primary cause
is unclear

 AVP—arginine-vasopressin; ACTH—adrenocorticotropin hormone; Am—amygdala; BAS—biologically active

substances; BDNF—brain-derived neurotrophic factor; BNST—bed nuclei stria terminalis; DPFC—dorsal prefrontal

cortex; GABA—gamma-aminobutyric acid; Glu—glutamate; Hipp—hippocampus; HT—hypothalamus; NA—noradrenalin;

5-HT—serotonin; CRF—corticoliberin; LC—locus ceruleus; RN—raphe nucleus; SCN—suprachiasmatic nucleus; PVN—

paraventricular nucleus; Oxn—orexin; pCk—peripheral pro-inflammatory cytokines; cCk—central pro-inflammatory

cytokines; VOPFC—ventral and orbital prefrontal cortex. The common structures and neuro-transmitters and BAS are

given in bold.

2. The Monoamine Hypothesis

According to the monoamine hypothesis, depressive symptoms  occur as a result of altered levels of monoamine

neurotransmitters 5-hydroxytryptamine (5-HT)/serotonin , noradrenaline (NA) , and/or dopamine (DA) 

 (Figure 1). This hypothesis was developed on the basis of multiple evidence that antidepressant therapies increase

the neurotransmission tone of one or more of these neurotransmitters . However, several studies demonstrated that the

abrupt decrease in the synthesis of 5-HT, DA, or both did not lead to depression in healthy individuals. These findings
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indicated that concentrations of serotonin higher than a certain threshold are requisite for selective serotonin reuptake

inhibitors (SSRIs) in order to be effective antidepressants, leading to the belief that a pronounced depletion of

monoamines is not sufficient to cause depression in healthy adults .

Figure 1. The monoamine hypothesis: main brain structures, neurotransmitters, biologically active substances, and

interactions. BDNF—brain-derived neurotrophic factor; BNST—bed nuclei stria terminalis; CRF—corticotropin-releasing

factor; DA—dopamine; DPFC—dorsal prefrontal cortex; Glu—glutamine; GABA—gamma-aminobutyric acid; HiN—

histamine; Hipp—hippocampus; HT—hypothalamus; 5-HT—serotonin; LC—locus ceruleus; NA—noradrenaline; NAc—

nucleus accumbens; Oxn—orexin; SCN—suprachiasmatic nucleus; TMN—tuberomammilar nucleus; RN—raphe nucleus;

PVN—paraventricular nucleus; VOPFC—ventral and orbital prefrontal cortex; VTA—ventral tegmental area; -> (arrow):

activating effect; -<> (rhombus): a black rhombus—inhibitory effect; thick line—effect is increased; thin line—effect is

decreased; medium thickness line—effect is not changed, or alterations of the effect are unknown; red line—

noradrenaline effect; blue line—serotonin effect; black line—various neurotransmitters or neuropeptides.

However, this hypothesis does not explain the causes and all of the symptoms of depression, the delayed response to

drug therapy, and why antidepressants can only achieve remission, but not complete recovery.

Moreover, there is no clear evidence for one transmitter being central to the etiology of depression. Numerous data

suggest that monoamine neurotransmitters are not the only biologically active substances involved in MDD

etiopathogenesis .

3. The Hypothesis of Stress-Induced Depression

The hypothesis of stress-induced depression was the first hypothesis that aimed to explain the possible causes of MDD,

which were not clarified by the monoamine hypothesis. This theory postulates that the disorder could be causes by

chronic stress, and the subsequent malfunctioning of the hypothalamic–pituitary–adrenal (HPA) axis, which is one of the

most studied pathological pathways of the pathogenesis of depression  (Figure 2). However, the impact of stress

depends on the type of the stressing factor, its duration, its genetic background, and its history of life . It is believed that

a prolonged and moderate impact of stress could be more dangerous, especially multiple everyday unpredictable

disturbing incidents, compared with a single strong stressful impact. It is impossible to adapt to these mild stressful

incidents, which continuously stimulate the defense and adaptation mechanisms, leading to their subsequent exhaustion.
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Figure 2. The hypothesis of stress-induced depression: main structures, neurotransmitters, biologically active substances,

interactions, and external factors. ACTH—adrenocorticotropic hormone; AG—adrenal gland; Am—amygdala; AVP—

arginine-vasopressin; BDNF—brain-derived neurotrophic factor; BNST—bed nuclei stria terminalis; cCk—central pro-

inflammatory cytokines; CoR—cortisol; CRF—corticotropin-releasing factor; DA—dopamine; DPFC—dorsal prefrontal

cortex; Glu—glutamine; GABA—gamma-aminobutyric acid; HiN—histamine; Hipp—hippocampus; HT—hypothalamus; 5-

HT—serotonin; Hyp—hypophysis; LC—locus ceruleus; NA—noradrenaline; NAc—nucleus accumbens; Oxn—orexin;

SCN—suprachiasmatic nucleus; TMN—tuberomammilar nucleus; RN—raphe nucleus; PVN—paraventricular nucleus;

VOPFC—ventral and orbital prefrontal cortex; -> (arrow): activating effect; -<> (rhombus): a black rhombus—inhibitory

effect; a white rhombus: an effect is blocked or ineffective because the receptor is not sensitive; thick line—effect is

increased; thin line—effect is decreased; medium thickness line—effect is not changed or alterations of the effect are

unknown; red line—noradrenaline effect (most of them were omitted to simplify the figure); blue line—serotonin effect

(most of them were omitted to simplify the figure); black line—various neurotransmitters or neuropeptides; dotted lines—

influence of external factors.

The stimulation of the HPA axis, represented by hypophysis, hypothalamus, and adrenal gland in Figure 2, is a key player

in those mechanisms  and causes the secretion of glucocorticoid hormones, whose function is to provide adaptation to

stressors in both the brain and periphery . Glucocorticoids predominantly lead to the redistribution of energy resources

and the restoration or defense of homeostasis after a challenge .

The elevated activity of the HPA axis in many cases of depression pointed to the probable underlying mechanisms of

pathogenesis . The chronic activation of the HPA axis with continuous stress leads to prolonged alterations in all

affected organs and systems , which results in the adrenal hypertrophy and thymic atrophy associated with

long exposure to corticotropin and elevated glucocorticoid hormone in rats . The combined or single action of excess

cortisol and proinflammatory agents could be toxic glial and neuronal cells  and may suppress neurogenesis and

neuroplasticity in prefrontal cortex (PFC) and the hippocampus , which, in turn, may result in decreased levels

of Glu  and gamma-aminobutyric acid (GABA) , cognitive decline , reduced appetite , anhedonia 

, altered cardiovascular tone , and other symptoms arising from chemical changes in these structures 

.

There is a comprehensive neurobiological model that places the HPA axis at the center of development of prolonged

consequences of early trauma  and that hyperactivity of this axis may originate from early life programming .

The HPA axis can be sensitized in utero by smoking, maternal stress, early grave loss, and child abuse, all of which could

result in a development of MDD later in life . However, not every case of early life stress will develop into the

disease after new trauma or stress, and not all adults with depression have had early life stress . Severe depression

with the overactive HPA axis in some patients is characterized by the hypersecretion of cortisol, the enlargement of

pituitary and adrenal glands, and the increased levels of corticotropin-releasing factor (CRF) in the cerebrospinal fluid

[76]

[62]

[77]

[73][78][79]

[62][80][81][82]

[83]

[61][84][85]

[12][73][86][87]

[88][89] [61] [90][91] [4][92] [93][94]

[95] [96][97] [29][73][80][98]

[99]

[12][100] [101]

[100][102]

[103]



(CSF), which represent deficits in negative feedback systems and/or excessive central stimulation of the secretion of CRF

and/or other substances that promote ACTH secretion . Overall, numerous studies, reviewed by Willkinson and

Goodyer, suggest that a continuous dysregulation of the HPA axis with a central deficit of the feedback mechanisms is

predominant in depressive disorders . For example, the increased activity of the HPA system in humans has been

associated with glucocorticoid receptor (GR) resistance, which could be the result of either a decreased expression or a

reduced functionality of GR . Therefore, ineffective cortisol-mediated negative feedback does not reduce the excessive

activity of the HPA axis during chronic stress. Nevertheless, treatment with antidepressants leads to the normalization of

the levels of cortisol and CRF via an increase in the expression of GRs in brain, which restore the normal function of the

feedback loop . In addition, some data demonstrated the dependence of neurogenic activity of antidepressants from

the functioning of GR in human hippocampal cells .

Moreover, it was previously shown that 5-HT neurons, which densely innervate the amygdala , also regulate the

HPA . Furthermore, some data point to the possibility that 5-HT decreases the activity of amygdala and may reduce

the learning of aversive stimuli . 5-HT may participate in the regulation and control of impulsive behavior .

Nevertheless, not all patients with MDD demonstrate an increased function of the HPA axis (hypercortisolism) or a

violation of negative feedback in the axis. Thus, the pathological changes of the HPA axis, such as hyper- and hypo-

cortisolism, can be used to subtype the disease . However, it remains unclear how hypocortisolism is formed.

Nevertheless, it was suggested that prior trauma, which occurs early in life, may be associated with the increased

inhibition of cortisol secretion . It seems possible that early-life trauma and continuous stress could elevate the

susceptibility of individuals to stress, which may lead to a shift of their cortisol response to greater suppression, and, in

turn, make them unadaptable to stress factors . Thus, it is possible that multiple forms of depression with different

biochemical profiles exist. Such different subtypes of depression with different abnormalities of the HPA axis may

demonstrate the best responses to different treatments .

4. The Neurotrophic Hypothesis

The neurotrophic hypothesis of depression postulates that a cause and pathogenesis of depression can be explained by a

violation of functioning of the neurotrophic system of the brain and the fact that antidepressant treatments may partly

result in a reversal of deficiency of this system and lessening of depressive symptoms. The main focus of research on this

hypothesis is directed on brain-derived neurotrophic factor (BDNF) , which is involved in neurogenesis, regulates

differentiation and growth of neurons , as well as other regulators of neuroplasticity, which might affect

behavior through their control of neurogenesis. It was suggested that neurogenesis in adults can enhance glucocorticoid-

mediated negative feedback on the HPA axis and facilitate resilience to stress ; therefore, decreased neurogenesis

can be the basis for the development of depression-like symptoms in stressful situations. Indeed, a decrease in BDNF

and BDNF pro-peptide levels and expression of BDNF, BDNF-regulated genes, and tropomyosin receptor kinase B (TrkB)

have been detected in patients with MDD . Decreased levels of BDNF and BDNF receptor were also

demonstrated in the hippocampus of patients with depression postmortem . Moreover, the ratio between

BDNF-TrkB and proBDNF-p75NTR could also be altered in MDD . Furthermore, increased level of cortisol inhibited

BDNF, leading to neurodegeneration and partly to the development of symptoms of depression .

In addition, several studies showed that numerous chronic stressors, including administration of corticosterone, which

induce depressive and anxiety-like behaviors through the changes in peripheral levels of cortisol and inflammatory

mechanisms, can reduce neurogenesis in hippocampus and neuroplasticity in adult animals , probably

because the prolonged elevation of levels of cortisol is neurotoxic . Similar histological and functional neuroimaging

studies demonstrated violations in synaptic and structural plasticity in various brain regions, including hippocampus and

the frontal cortex, in patients with MDD . Chronic stress leads to reduced spine density in the hippocampus,

medial PFC, and medial amygdala and increased spine density in the basolateral amygdala in animal studies . It

was suggested that these changes could interfere with appropriate responses in the brain to adapt to environmental

stimuli . On the whole, distinct initial violations of a complex signaling network, such as dysfunction of the HPA axis,

deficit of neurotrophic factors, altered expression of microRNAs, abnormal regulation of proinflammatory cytokines, and

violated delivery of gastrointestinal signaling peptides may cause a deficit of neurogenesis and result in a similar

phenotype, manifesting as major mood alteration. Moreover, all of these factors are interconnected on a functional level,

and a primary violation of one of them leads to changes in the others . Therefore, neurogenesis in

hippocampus probably plays a part in the normalization of the HPA tone and the regulation of the adequate response of

HPA, most likely via negative feedback associated with GR .
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The neurotrophic hypothesis originated from observations that antidepressants might lessen symptoms of depression by

stimulating neurogenesis in adult hippocampus  and increase the numbers of adult-born neurons , forming

synaptic connections in mice approximately in 4 weeks ; this in general, correlates with a lot of evidence showing

that classical SSRI therapy achieves efficacy in 3–4 weeks. It was shown that serotonin may positively regulate adult

granule cell proliferation and neurogenesis , and both serotonin and BDNF signaling systems

participate in the regulation of neural circuitries, the action of antidepressant, and each other . Despite multiple

evidence demonstrating stress-induced decrease in neurogenesis, several studies, reviewed by Hanson et al., have also

shown the lack of correlation between stress and neurogenesis . Therefore, such contradictions suggest that the

influence of stress and antidepressants on neurogenesis does not appear in all cases of depression .

Overall, the precise role of neurogenesis and BDNF signaling in the pathogenesis of MDD, and whether distinct

antidepressant medicines directly affect BDNF and/or serotonin, has not been fully clarified yet . Neurogenesis

alone cannot explain the etiopathogenesis of MDD, but it may play a part in the development of behavioral and cognitive

abnormalities characteristic of depression . Moreover, the concept of a stress-induced inhibition of neurogenesis is

probably too reductionistic in entirely explaining such a complex disorder as depression , and, most likely, the

inhibition of neurogenesis contributes to effects of stress in combination with other mechanisms . Hence, as attractive

as the feedforward concept may appear, the concept of a stress-induced suppression of neurogenesis is, as mentioned,

most likely too reductionistic in order to completely explain a disorder as complex as depression .

In general, it can be concluded that these theories are highly intertwined and based on the same mechanisms that occur

in the same organs and tissues (Figure 1 and Figure 2, Table 1). It should be noted that we deliberately simplified the

representation of the reward system in order to decrease the complexity of the figures. The functioning of the reward

system in MDD is described in detail elsewhere .

5. The Inflammation/Cytokine Hypothesis

In addition to the previously described processes, other mechanisms of the MDD etiopathogenesis were proposed. They

include inflammation  and microglial cells . It was suggested that the immune system plays an

important role in the pathogenesis of the disorder, thus formulating the inflammation/cytokine hypothesis, a simplified

scheme, presented in Figure 3. Several clinical and animal studies reported that proinflammatory cytokines could be

involved in the development of MDD . Increased levels of proinflammatory biomarkers, such as

tumor necrosis factor-alpha, interleukin (IL)-1, IL-6, and C-reactive protein, were detected in the plasma of patients with

depressive symptoms, compared with healthy individuals .
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Figure 3. The inflammation/cytokine hypothesis: main structures, neurotransmitters, biologically active substances,

interactions, and external factors. ACTH—adrenocorticotropic hormone; AG—adrenal gland; Am—amygdala; AVP—

arginine-vasopressin; BDNF—brain-derived neurotrophic factor; BNST—bed nuclei stria terminalis; cCk—central pro-

inflammatory cytokines; CoR—cortisol; CRF—corticotropin-releasing factor; DA—dopamine; DPFC—dorsal prefrontal

cortex; Glu—glutamine; GABA—gamma-aminobutyric acid; HiN—histamine; Hipp—hippocampus; HT—hypothalamus; 5-

HT—serotonin; Hyp—hypophysis; LC—locus ceruleus; NA—noradrenaline; NAc—nucleus accumbens; Oxn—orexin;

SCN—suprachiasmatic nucleus; TMN—tuberomammilar nucleus; RN—raphe nucleus; pCk—peripheral pro-inflammatory

cytokines; PVN—paraventricular nucleus; VOPFC—ventral and orbital prefrontal cortex; VTA—ventral tegmental area; ->

(arrow): activating effect; -<> (rhombus): a black rhombus—inhibitory effect; a white rhombus: an effect is blocked or

ineffective because the receptor is not sensitive; thick line—effect is increased; thin line—effect is decreased; medium

thickness line—effect is not changed or alterations of the effect are unknown; red line—noradrenaline effect (most of them

were omitted to simplify the figure); blue line—serotonin effect (most of them were omitted to simplify the figure); black line

—various neurotransmitters or neuropeptides; dotted lines—influence of external factors.

A connection of MDD with other pathologies, such as arthritis, asthma, coronary artery disease, diabetes, and obesity,

may indicate that inflammation by itself or in conjunction with stress may cause MDD . Depression associated with

inflammation is characterized by greater persistence and severity and decreased motivation, and it develops later in life

.

The connection between cytokines and depression is supported, to various degrees of strength, by the following

generalized conclusions: (1) cytokines administered to patients and laboratory animals induce some symptoms of

depression; (2) An activated macrophage/monocyte response of the immune system and elevated cytokine levels were

detected in some patients with depression; (3) depressive disorders frequently occur in patients suffering from disorders

with an inflammatory component; (4) some stressors induce increased expression of cytokines in both the periphery and

the central nervous system (CNS); and (5) some antidepressants have anti-inflammatory properties and can adjust the

behavioral responses on an hyperactive immune system .

Stress may affect cytokines on a genetic level in individuals with a predisposition to MDD . Various stressors, physical

as well as psychological, can activate immune system throughout the organism and stimulate the release of inflammatory

cytokines  that lead to changes of levels of neurotransmitters and behavior .

Chronic stress or prolonged exposure to inflammatory cytokines results in the glucocorticoid resistance, which can lead to

an increased predisposition for the release of other cytokines, such as IL-1beta . The

mechanisms of this interplay between the CNS and the organs and tissues have been detected (predominantly in

animals) . Although several studies have shown an interconnection between depression and proinflammatory

cytokines, no evidence of high sensitivity or specificity of cytokines to MDD has been found . However, it was reported

that antidepressant medicines decrease the release of proinflammatory cytokines from activated immune cells, inhibit

chemotaxis, and intensify the synthesis of anti-inflammatory cytokines in humans .

Inflammatory cytokines such as interferon-alpha can influence systems and processes that may play an important role in

depressogenesis, including the functioning of the frontal lobe and the anterior cingulate ; the HPA axis 

; the activity of dopaminergic , serotonergic ,

glutamatergic , GABA , and noradrenergic systems ; the proliferation of hippocampal

neurons , neurotoxicity , neuronal damage and loss of neuronal plasticity ; and growth

factors . As a result, the multiple evidence of the imbalance between pro- and anti-inflammatory cytokines

leading to the overproduction of neurotoxic metabolites in the brain served as a basis for the proposal of the

neurodegeneration hypothesis of depression .

Importantly, cytokines are large molecules, and circulating cytokines normally do not cross the blood–brain barrier (BBB).

However, peripheral cytokines can penetrate into the CNS and activate local immune system by several mechanisms 

, including (1) passage through leaky regions in the BBB at circumventricular organs  (this passage only

occurs with a high concentration of peripheral cytokines ); (2) active uptake mechanisms of cytokines across the BBB

; (3) local actions at peripheral vagal nerve afferents that transmit signals of cytokines to the appropriate

regions of the brain, including hypothalamus (HT) and the nucleus of the solitary tract (the so-called “neural route”) 

; (4) activation of endothelial cells and perivascular macrophages in the cerebral vasculature to produce local

inflammatory mediators such as cytokines, chemokines, prostaglandin E2 (PGE2), and nitric oxide (NO) ;

and (5) activated peripheral immune cells, which can be recruited to the brain parenchyma and, in turn, produce cytokines

in the CNS . Signals from peripheral cytokine are amplified in the brain by local inflammatory processes, including

pathways of transduction of inflammatory signals, production of cytokines, and release of PGE2 (see Figure 1 for

inflammatory pathways in the brain in Felger and Lotrich ). Endothelial cells and perivascular macrophages of the brain
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respond to circulating cytokines by the release of PGE2 and induction of the expression of cyclooxygenase-2 .

Cytokines in the CNS are produced predominantly by microglia but can also be synthesized by astrocytes ,

neurons , and oligodendrocytes . Chronic immune activation can transform microglia to synthesize

inflammatory mediators that may affect the systems of brain neurotransmitters and the integrity of neurons .

Activated microglia can produce indoleamine-2,3-dioxygenase and kynurenine-3-monooxygenase, which catabolizes

kynurenine , inducible nitric oxide synthase , reactive oxygen and nitrogen species , and monocyte

chemotactic protein-1/chemokine (C–C motif) ligand 2 , which is involved in attracting immune cells from periphery

into the CNS of mice .

In addition, several primary studies and comprehensive reviews (see Table 3 in Liu et al. ) made the assumption that

dysregulated oxidative and nitrosative pathways , as well as mitochondrial dysfunction  contribute to depression.

Many clinical studies have assessed biomarkers of these pathways in connection with depression . Some

findings collectively suggest the existence of a subtype of patients with MDD accompanied by an elevated inflammatory

status that leads to unique variations in both etiopathology and clinical presentation .

6. The Circadian Hypothesis

Although it has been known, since the 1950s, that daily rhythms are disrupted in patients with MDD , the

molecular mechanisms linking mood disorders and abnormalities in sleep/wake cycles are still not well understood 

. Nonetheless, robust evidence corroborates a bidirectional link between sleep disturbances and depression, with

insomnia now recognized as a predisposing factor for developing depression . Moreover, it was shown that

depression itself can alter sleep structure in numerous ways .

Changes in sleep/wake cycles by itself may initiate manifestations of depression . Sleep abnormalities may result

in relapse and a decreased response to therapeutic interventions . The co-occurrence of depression and abnormal

sleep may represent a physiological reaction to a more definitive violation of circadian rhythms, i.e., the circadian

disruption could be an antecedent primary condition causing the development of symptoms of depression .

Alternatively, sleep disruption and depressive illness may essentially be independent conditions; nonetheless, they may

cause reciprocal effects and probably indicate an interference in the feedback processes usually distinguishing their

interplay .

The circadian theory of depression proposes that stressful events alter schedules of sleep, which, in turn, changes diurnal

molecular rhythms in cells, resulting in the development of mood disorder in vulnerable individuals . Considering

the fact that the sleep/wake and circadian rhythms are closely intertwined, it is therefore not surprising that sleep

deprivation therapy (SDT) quickly lessens the intensity of depressive symptoms . Previously, it was demonstrated

that sleep deprivation affects brain systems involved in emotion, e.g., amygdala . It was shown that the genes

controlling circadian rhythms in the anterior cingulate cortex are dysregulated in depression , and the neurons in this

region increase their activity during sleep and disengagement from tasks . Though not yet demonstrated, it is

thought that SDT resets the aberrant circadian clock in patients with depression, resulting in alleviation of the symptoms

. The accumulating clinical evidence highlights potential changes in the circadian clock gene expression in patients

with depression. Though limited in number, the few studies on SDT with regard to depression/anxiety have been

promising.

A phase advance in cortisol rhythm, another symptomatic feature of depression, was demonstrated in patients with this

disorder, especially among those with a melancholic subtype . Lower blood concentrations of melatonin with

pronounced circadian phase advances in melatonin secretion are also often observed in patients with MDD .

It was demonstrated that ventral tegmental area (VTA) DA neurons are key players in the modulation of behaviors

associated with depression , and it is possible that aberration in the expression of circadian genes in the VTA

may participate in such behaviors  (see also references in Chaudhury et al.). These recent findings also revealed

molecular links between the regulation of mood and the circadian timing system, which could become a potential target for

the treatment of mood disorders associated with the disturbance of circadian rhythms. The facts that social interaction, a

rewarding phenomenon in social animals, is also controlled by circadian rhythms , and that depression-like behavior

results in changes of neural processing in the reward system, suggest that alterations in the circadian system could lead

to abnormal reward processing in the reward center and subsequent behaviors associated with depression .

The disturbance of sleep/wake cycles can also be connected to dysfunction in the HT (Figure 3 in Saltiel and Silvershein

). The state of awakening is regulated by the sleep/wake switch in HT and monoamine projections from brainstem to

the cortex . GABA, histamine, and 5-HT participate in the regulation of normal sleep/wake cycles . Some 5-HT
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receptors have been associated with circadian rhythm, sleep, and mood . It was established that brain 5-HT synthesis,

release, and catabolism are controlled by a diurnal rhythm, and are closely connected with the suprachiasmatic nucleus 

. Serotonergic neurotransmission affects the phosphorylation of CLOCK proteins, which represent the molecular

oscillator, leading to shifts of phases and involvement of suprachiasmatic nucleus activity .

Disturbances in the functioning of orexinergic-locus coeruleus (LC) (noradrenergic)-amygdala circuit may be another

probable mechanism of pathogenesis of depression . Neural processing of fear learning has recently been shown to

pass from the lateral HT to the amygdala via the LC in rats . Orexin (hypocretin) fibers from the lateral HT were

demonstrated to directly depolarize LC neurons via the rapid corelease of Glu and orexin, resulting in the activation of N-

methyl-D-aspartate (NMDA) and orexin-1 receptors, respectively . Furthermore, the activation of orexin neurons in LC

leads to elevated noradrenergic signaling via beta-adrenergic receptor in the lateral nucleus of the amygdala, resulting in

the enhanced formation of fear memory .

Disturbance of sleep may also be another variable associated with inflammation  and subsequent higher risk

for depression. Sleep deprivation leads to elevated levels of proinflammatory cytokines in blood, when compared with

undisturbed sleep .

However, whether abnormal circadian rhythms can cause depression or whether depression results in the violation of

circadian rhythms is still unclear. Nevertheless, there is substantial evidence, both clinical and observational, that a

correlation exists between the two, and most individuals with depressed mood also experience irregular circadian rhythm

. Thus, circadian dysregulation may be an important pathogenetic component of MDD. A simplified scheme of the

processes involved is presented in Figure 4.

Figure 4. The circadian hypothesis: main brain structures, neurotransmitters, biologically active substances, and

interactions. Am—amygdala; AVP—arginine-vasopressin; BDNF—brain-derived neurotrophic factor; BNST—bed nuclei

stria terminalis; CRF—corticotropin-releasing factor; DA—dopamine; DPFC—dorsal prefrontal cortex; Glu—glutamine;

GABA—gamma-aminobutyric acid; HiN—histamine; Hipp—hippocampus; HT—serotonin; Hyp—hypophysis; LC—locus

ceruleus; NA—noradrenaline; NAc—nucleus accumbens; Oxn—orexin; SCN—suprachiasmatic nucleus; TMN—

tuberomammilar nucleus; RN—raphe nucleus; PVN—paraventricular nucleus; VOPFC—ventral and orbital prefrontal

cortex; VTA—ventral tegmental area; -> (arrow): activating effect; -<> (rhombus): a black rhombus—inhibitory effect; thick

line—effect is increased; thin line—effect is decreased; medium thickness line—effect is not changed or alterations of the

effect are unknown; red line—noradrenaline effect (most of them were omitted to simplify the figure); blue line—serotonin

effect (most of them were omitted to simplify the figure); black line—various neurotransmitters or neuropeptides.
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7. The excitatory Neurotransmitters

As mentioned above, the functioning of GABA and Glu systems also appears altered in depression . A simplified

scheme is presented in Figure 5. Some studies, reviewed by Hasler et al., demonstrated abnormally decreased plasma

and CSF levels of GABA in patients with MDD . Possibly, because 5-HT action across discrete 5-HT receptor subtypes

is thought to modulate GABAergic interneurons that influence Glu circuits involved in cognitive functions , the changes

in 5-HT levels might result in alterations in the levels of Glu, which is essential for cognitive processing. Therapeutic

agents that modulate Glu transmission, e.g., memantine and ketamine , have demonstrated antidepressant-like

properties  to the point that ketamine-based drugs were “approved by the FDA for treating of treatment-resistant MDD”

.

Figure 5. The excitatory neurotransmitters involved in the pathogenesis of MDD: main brain structures, neurotransmitters,

biologically active substances, interactions, and external factors. Am—amygdala; AVP—arginine-vasopressin; BDNF—

brain-derived neurotrophic factor; BNST—bed nuclei stria terminalis; CRF—corticotropin-releasing factor; DA—dopamine;

DPFC—dorsal prefrontal cortex; Glu—glutamine; GABA—gamma-aminobutyric acid; HiN—histamine; Hipp—

hippocampus; HT—hypothalamus; 5-HT—serotonin; NA—noradrenaline; NAc—nucleus accumbens; Oxn—orexin; SCN

—suprachiasmatic nucleus; TMN—tuberomammilar nucleus; RN—raphe nucleus; PVN—paraventricular nucleus; VOPFC

—ventral and orbital prefrontal cortex; VTA—ventral tegmental area; -> (arrow): activating effect; -<> (rhombus): a black

rhombus—inhibitory effect; thick line—the effect is increased; thin line—the effect is decreased; medium thickness line—

the effect is not changed or alterations of the effect are unknown; blue line—serotonin effect (most of them were omitted

to simplify the figure); black line—various neurotransmitters or neuropeptides.

The increased metabolism in limbic thalamocortical neuronal pathways in depression most likely means increased

glutamatergic transmission in these pathways . Increased levels of Glu within discrete anatomical circuits may also

elucidate the changes precisely in gray matter in mood disorders . Magnetic resonance spectroscopic studies also

showed alterations of levels of Glu (measured together with cerebral glutamine as the combined “Glx” peak in the

magnetic resonance spectroscopic spectra) and GABA in MDD. These data demonstrate the mixed extra- and

intracellular pools of GABA, glutamine, and Glu, but the intracellular pools dominate overwhelmingly in these spectra .

It was shown that GABA levels were abnormally reduced in the dorsal anterolateral/dorsomedial PFC and the occipital

cortex in patients with MDD . The greater part of the GABA pool is in GABAergic neurons; thus, the decreased

levels of GABA in the dorsal anterolateral PFC are in accordance with the evidence of decreased number of GABAergic

neurons in the BA9 area of brain in MDD . Patients with MDD also demonstrate decreased levels of Glx in the

ventromedial and dorsomedial/dorsal anterolateral regions of PFC, where neurophysiological and histopathological

abnormal changes are detected in depression . Because the Glx levels demonstrate the glutamine and Glu pools

inside the cells, the abnormal decrease in Glx levels would be in accordance with the decrease in glial cells discovered

postmortem in the those brain regions in MDD, as glia play a prominent part in Glu–glutamine cycling .
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The hypermetabolism that manifests as elevated metabolism of glucose and is associated with the reduction of gray

matter in certain regions of brain, such as PFC, during depression, could indicate an important role of excitatory amino

acid transmission in the neuropathology of mood disorders .

Changes in the activity of various signaling processes such as BDNF, NMDA, and mammalian target of rapamycin

(mTOR) are possible mechanisms that underlie alterations of synaptic plasticity leading to depression . For example, it

was shown that stress-induced synaptic deficits in the PFC was accelerated by a primary elevation of Glu release and

decreased Glu uptake resulting in increased Glu excitotoxicity and subsequent neuronal atrophy through dendritic

retraction, reduced dendritic arborization, decreased spine density, and reduced synaptic strength . Such a violation of

synaptic connectivity can potentially result in the decrease in neurotrophic factors such as BDNF, the overall decrease in

NMDA signaling, and the inhibition of mTOR signaling that subsequently leads to the manifestation of depression-like

behavior . Thus, a possible mechanism of turnover of depressive behaviors by ketamine-induced NMDA

blockade may initially involve the inhibition of presynaptic NMDA receptors at GABAergic interneurons leading to a

decrease in inhibitory tone and subsequent net increase in glutamatergic surge, while the inhibition of excitotoxic,

extrasynaptic NMDA receptors on the postsynaptic neurons increases cell survival. Furthermore, the increased net

glutamatergic surge leads to the increased postsynaptic alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

receptors’ activation of neuroplasticity-related signaling pathways involving BDNF and mTOR, resulting in overall

synaptogenesis and synaptic potentiation .

8. Other Systems Contributing to the Pathogenesis of MDD

The cholinergic system is also implicated in the pathogenesis of depression because it was shown that the muscarinic

cholinergic system is overactive or hyperresponsive in depression . Numerous studies in humans  as well as

animal models  indicate that hyperactive cholinergic system can be involved in the pathological process in

depression . Indeed, cholinergic receptors and neurons connect the septum with the hippocampus and VTA

through interpeduncular nucleus and, thus, participate in the functioning of the reward system (see Figure 8 in a review by

Loonen and Ivanova ). Some data also suggested that the muscarinic receptor system mediates the effects of

cholinergic system on emotional behavior . Some studies even specified that the M2 receptor might regulate mood in

depression. Multiple polymorphisms in M2 receptor gene were linked with increased risk for developing MDD .

Acetylcholine is considered to play the central role in sensory and emotional processing; therefore, the overactive

cholinergic system could change signal-to-noise processing, resulting in an overrepresentation of information laden with

emotions and the creation of emotional processing bias correlated with cognitive deficiency in mood disorders .

Furthermore, nicotinic compounds may not only modulate mood and antidepressant action unidirectionally, but inhibition

as well as activation of nicotinic acetylcholine receptors (nAChRs) may lead to antidepressant effects in different

conditions. The nicotinic compounds affect different receptors, neurotransmitter systems, and brain areas, with diverse

results in individuals experiencing different depressive symptoms or levels of stress . Smoking is associated with

depression, which indicates that smoking, namely nicotine intake, may affect the mood . Low nicotine levels

administered chronically (for example, by the nicotine patch) may desensitize nAChRs ; therefore, nAChRs

blockade might be significant in the manifestation of the influence of nicotinic substances on depressive symptoms.

Because acetylcholine is the endogenous neurotransmitter for nAChRs, and because nicotine affects depression, it can

be concluded that the violation of regulation of the cholinergic system might be one of the triggers of MDD . Though

it has not been clarified how nicotinic substances can act as antidepressant-like agents yet, changes in the function of

nAChR alone or in conjunction with monoamine-based antidepressants can become a new strategy in the treatment of

mood disorders .

Decreased neurotransmission of monoamines could lead to the altered response of second messengers, even when

levels of monoamine neurotransmitters are adequate . Indeed, decreased levels of cyclic adenosine monophosphate

and inositol were detected in the brains of patients with depression .

Histamine as a neurotransmitter also participates in the processes of arousal and wakefulness  and thus could play a

role in the pathogenesis of depression, particularly, in changes of sleep/wake cycles. Histaminergic neurons mainly reside

in the tuberomammillary nucleus (see Figure 3.24 in von Bohlen Und Halbach and Dermietzel ). The axons of

histaminergic neurons reach various regions of the brain, such as the cerebellum, forebrain, mesencephalon, thalamic

areas, nucleus accumbens, bed nuclei stria terminalis, the cerebral cortex, and hippocampus. However, no changes were

found in the expression of histamine-related genes in depression .
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9. One set of Intertwined Processes

In summary, many brain structures, neurotransmitters, hormones, and substances may be involved in the development of

MDD. However, none of the hypotheses describing the development of depression are comprehensive because none of

them can explain all the cases and mechanisms. The analysis of all hypotheses suggests that there is interdependence

between the brain structures and various substances involved in the pathogenesis of MDD, which could be not entirely

universal, but can affect all brain regions, to one degree or another (Figure 6), depending on the triggering factor, which, in

turn, could explain the different subtypes of MDD. The analysis of reports and reviews presented above demonstrates that

some common brain structures, such as amygdala (mainly BNST), hippocampus (neurogenesis and neurotrophins), PFC,

and hypothalamus, and their interactions through neurotransmitters and biologically active substances (5-HT, NA, CRF)

are characteristic for all theories of pathogenesis of MDD. The only difference between the theories could be triggering

factors in each particular case and the subsequent cascade of events, which again would occur in those structures

described above.

Figure 6. The overall picture of the combined common mechanisms and relationships of all major theories of depression.

ACTH—adrenocorticotropic hormone; AG—adrenal gland; Am—amygdala; AVP—arginine-vasopressin; BDNF—brain-

derived neurotrophic factor; BNST—bed nuclei stria terminalis; cCk—central pro-inflammatory cytokines; CoR—cortisol;

CRF—corticotropin-releasing factor; DA—dopamine; DPFC—dorsal prefrontal cortex; Glu—glutamine; GABA—gamma-

aminobutyric acid; HiN—histamine; Hipp—hippocampus; HT—hypothalamus; 5-HT—serotonin; Hyp—hypophysis; LC—

locus ceruleus; NA—noradrenaline; NAc—nucleus accumbens; Oxn—orexin; SCN—suprachiasmatic nucleus; TMN—

tuberomammilar nucleus; RN—raphe nucleus; pCk—peripheral pro-inflammatory cytokines; PVN—paraventricular

nucleus; VOPFC—ventral and orbital prefrontal cortex; VTA—ventral tegmental area; -> (arrow): activating effect; -<>

(rhombus): a black rhombus—inhibitory effect; a white rhombus—an effect is blocked or ineffective because the receptor

is not sensitive; thick line—effect is increased; thin line—effect is decreased; medium thickness line—the effect is not

changed or alterations of the effect are unknown; red line—noradrenaline effect; blue line—serotonin effect; black line—

various neurotransmitters or neuropeptides; dotted lines—influence of external factors.

Over the past decades, it has become clear that the roles of stress and inflammation in the development of MDD are

obvious. They can disrupt the chemical balance of a normal brain function (Figure 3, Figure 4 and Figure 6), as an

influence of stress and inflammation in the form of proinflammatory cytokines and the subsequent chain of events and/or a

destabilizing effect of stress on neurons in the PFC. Most individuals manage to recover to the normal state after the

elimination of stress. However, if a damaging factor is persistent enough, the chemical balance of a brain shifts to a new

self-sustaining state, which causes the manifestation of depressive symptoms . For example, chronic stress leads to

alterations in PFC and amygdala, shifting the balance of neurotransmitters in amygdala toward a depressive mood and

inhibiting locus ceruleus and raphe nucleus. In addition, stress alters the levels of central cytokines, which, in turn, disrupt

neurogenesis in hippocampus and initiate the pathological activation of the HPA axis. This axis may affect processes in

[27]



suprachiasmatic nucleus and sleep/wake cycles. These processes are most likely supported and/or amplified with altered

or impaired feedback loops from the affected areas (Figure 6). This new self-sustaining state of the brain in MDD includes

the altered levels of NA and 5-HT in afferents from the LC and RN, respectively, and the changed levels of

neurotransmitters in feedback afferents to the LC and RN . Decreased 5-HT signaling from the RN leads to decreased

5-HT input to various brain areas such as nucleus accumbens, amygdala, hippocampus, and PFC. Research over the last

50 years has provided extensive evidence showing that abnormal monoamine neuronal function is an important

underlying pathology in MDD . Imaging studies indicated that MDD is associated with abnormal metabolism in limbic

and paralimbic structures of the PFC . This abnormal metabolism is normalized in the amygdala and PFC in patients

showing a persistent antidepressant response .

Theoretically, HPA axis hyperactivity and inflammation in adult patients with depression (including responses to trauma in

early childhood) might also be a part of the same pathological process. On the one hand, HPA axis hyperactivity is an

indication of the ineffective action of glucocorticoid hormones, which could result in the activation of the immune system.

On the other hand, inflammation could stimulate the activity of the HPA axis through a direct action of cytokines on the

brain and by inducing glucocorticoid resistance .

In summary, highly complex interactions exist between physiological, functional, social, and psychological factors .

Moreover, the human brain clearly remains plastic, i.e., responsive to intrinsic and extrinsic stimulation, throughout life,

which provides a good basis for the successful treatment of MDD.

References

1. Shadrina, M.; Bondarenko, E.A.; Slominsky, P.A. Genetics Factors in Major Depression Disease. Front. Psychiatry
2018, 9, 334.

2. Zaki, N.F.W.; Spence, D.W.; Ba Hammam, A.S.; Pandi-Perumal, S.R.; Cardinali, D.P.; Brown, G.M. Chronobiological
theories of mood disorder. Eur. Arch. Psychiatry Clin. Neurosci. 2018, 268, 107–118.

3. Sullivan, P.F.; Neale, M.C.; Kendler, K.S. Genetic epidemiology of major depression: Review and meta-analysis. Am. J.
Psychiatry 2000, 157, 1552–1562.

4. Dunlop, B.W.; Nemeroff, C.B. The role of dopamine in the pathophysiology of depression. Arch. Gen. Psychiatry 2007,
64, 327–337.

5. Postal, M.; Appenzeller, S. The importance of cytokines and autoantibodies in depression. Autoimmun. Rev. 2015, 14,
30–35.

6. Zhang, X.; Gainetdinov, R.R.; Beaulieu, J.M.; Sotnikova, T.D.; Burch, L.H.; Williams, R.B.; Schwartz, D.A.; Krishnan,
K.R.; Caron, M.G. Loss-of-function mutation in tryptophan hydroxylase-2 identified in unipolar major depression.
Neuron 2005, 45, 11–16.

7. Albert, P.R.; Le Francois, B.; Millar, A.M. Transcriptional dysregulation of 5-HT1A autoreceptors in mental illness. Mol.
Brain 2011, 4, 21.

8. Felger, J.C.; Lotrich, F.E. Inflammatory cytokines in depression: Neurobiological mechanisms and therapeutic
implications. Neuroscience 2013, 246, 199–229.

9. Szegedi, A.; Rujescu, D.; Tadic, A.; Muller, M.J.; Kohnen, R.; Stassen, H.H.; Dahmen, N. The catechol-O-
methyltransferase Val108/158Met polymorphism affects short-term treatment response to mirtazapine, but not to
paroxetine in major depression. Pharm. J. 2005, 5, 49–53.

10. McIntosh, A.M.; Sullivan, P.F.; Lewis, C.M. Uncovering the Genetic Architecture of Major Depression. Neuron 2019,
102, 91–103.

11. Bentley, S.M.; Pagalilauan, G.L.; Simpson, S.A. Major depression. Med. Clin. North Am. 2014, 98, 981–1005.

12. Otte, C.; Gold, S.M.; Penninx, B.W.; Pariante, C.M.; Etkin, A.; Fava, M.; Mohr, D.C.; Schatzberg, A.F. Major depressive
disorder. Nat. Rev. Dis. Primers 2016, 2, 16065.

13. Dall’Aglio, L.; Lewis, C.M.; Pain, O. Delineating the Genetic Component of Gene Expression in Major Depression. Biol.
Psychiatry 2021, 89, 627–636.

14. Wohleb, E.S.; Franklin, T.; Iwata, M.; Duman, R.S. Integrating neuroimmune systems in the neurobiology of
depression. Nat. Rev. Neurosci. 2016, 17, 497–511.

15. Gilman, S.E.; Trinh, N.H.; Smoller, J.W.; Fava, M.; Murphy, J.M.; Breslau, J. Psychosocial stressors and the prognosis
of major depression: A test of Axis IV. Psychol. Med. 2013, 43, 303–316.

[273]

[61]

[67]

[309]

[101][178][310][311][312]

[313]



16. McLaughlin, K.A.; Conron, K.J.; Koenen, K.C.; Gilman, S.E. Childhood adversity, adult stressful life events, and risk of
past-year psychiatric disorder: A test of the stress sensitization hypothesis in a population-based sample of adults.
Psychol. Med. 2010, 40, 1647–1658.

17. Kendler, K.S.; Halberstadt, L.J. The road not taken: Life experiences in monozygotic twin pairs discordant for major
depression. Mol. Psychiatry 2013, 18, 975–984.

18. Villanueva, R. Neurobiology of major depressive disorder. Neural Plast. 2013, 2013, 873278.

19. Kenneson, A.; Funderburk, J.S.; Maisto, S.A. Substance use disorders increase the odds of subsequent mood
disorders. Drug Alcohol Depend. 2013, 133, 338–343.

20. Beck, A.T. The evolution of the cognitive model of depression and its neurobiological correlates. Am. J. Psychiatry
2008, 165, 969–977.

21. Disner, S.G.; Beevers, C.G.; Haigh, E.A.; Beck, A.T. Neural mechanisms of the cognitive model of depression. Nat.
Rev. Neurosci. 2011, 12, 467–477.

22. Huys, Q.J.; Daw, N.D.; Dayan, P. Depression: A decision-theoretic analysis. Annu. Rev. Neurosci. 2015, 38, 1–23.

23. Seligman, M.E. Learned helplessness as a model of depression. Comment and integration. J. Abnorm. Psychol. 1978,
87, 165–179.

24. Wolpe, J. Neurotic depression: Experimental analog, clinical syndromes, and treatment. Am. J. Psychother. 1971, 25,
362–368.

25. MacPhillamy, D.J.; Lewinsohn, P.M. Depression as a function of levels of desired and obtained pleasure. J. Abnorm.
Psychol. 1974, 83, 651–657.

26. Barry, E.S.; Naus, M.J.; Rehm, L.P. Depression, implicit memory, and self: A revised memory model of emotion. Clin.
Psychol. Rev. 2006, 26, 719–745.

27. Smith, R.; Alkozei, A.; Killgore, W.D.S.; Lane, R.D. Nested positive feedback loops in the maintenance of major
depression: An integration and extension of previous models. Brain Behav. Immun. 2018, 67, 374–397.

28. Beck, A.T.; Bredemeier, K. A Unified Model of Depression: Integrating Clinical, Cognitive, Biological, and Evolutionary
Perspectives. Clin. Psychol. Sci. 2016, 4, 596–619.

29. Ressler, K.J.; Nemeroff, C.B. Role of serotonergic and noradrenergic systems in the pathophysiology of depression
and anxiety disorders. Depress. Anxiety 2000, 12, 2–19.

30. Carlsson, A.; Corrodi, H.; Fuxe, K.; Hokfelt, T. Effect of antidepressant drugs on the depletion of intraneuronal brain 5-
hydroxytryptamine stores caused by 4-methyl-alpha-ethyl-meta-tyramine. Eur. J. Pharmacol. 1969, 5, 357–366.

31. Schildkraut, J.J.; Kety, S.S. Biogenic amines and emotion. Science 1967, 156, 21–37.

32. Albert, P.R.; Vahid-Ansari, F.; Luckhart, C. Serotonin-prefrontal cortical circuitry in anxiety and depression phenotypes:
Pivotal role of pre- and post-synaptic 5-HT1A receptor expression. Front. Behav. Neurosci. 2014, 8, 199.

33. Bao, A.M.; Meynen, G.; Swaab, D.F. The stress system in depression and neurodegeneration: Focus on the human
hypothalamus. Brain Res. Rev. 2008, 57, 531–553.

34. Furtado, M.; Katzman, M.A. Examining the role of neuroinflammation in major depression. Psychiatry Res. 2015, 229,
27–36.

35. Liu, C.S.; Adibfar, A.; Herrmann, N.; Gallagher, D.; Lanctot, K.L. Evidence for Inflammation-Associated Depression.
Curr. Top. Behav. Neurosci. 2017, 31, 3–30.

36. Dantzer, R.; Wollman, E.E.; Vitkovic, L.; Yirmiya, R. Cytokines, stress, and depression. Conclusions and perspectives.
Adv. Exp. Med. Biol. 1999, 461, 317–329.

37. Kronfol, Z. Immune dysregulation in major depression: A critical review of existing evidence. Int. J.
Neuropsychopharmacol. 2002, 5, 333–343.

38. Capuron, L.; Miller, A.H. Immune system to brain signaling: Neuropsychopharmacological implications. Pharmacol.
Ther. 2011, 130, 226–238.

39. Maes, M.; Kubera, M.; Obuchowiczwa, E.; Goehler, L.; Brzeszcz, J. Depression’s multiple comorbidities explained by
(neuro)inflammatory and oxidative & nitrosative stress pathways. Neuro Endocrinol. Lett. 2011, 32, 7–24.

40. Rajkowska, G.; Miguel-Hidalgo, J.J. Gliogenesis and glial pathology in depression. CNS Neurol. Disord. Drug Targets
2007, 6, 219–233.

41. Raedler, T.J. Inflammatory mechanisms in major depressive disorder. Curr. Opin. Psychiatry 2011, 24, 519–525.

42. Manji, H.K.; Drevets, W.C.; Charney, D.S. The cellular neurobiology of depression. Nat. Med. 2001, 7, 541–547.



43. Alenina, N.; Klempin, F. The role of serotonin in adult hippocampal neurogenesis. Behav. Brain Res. 2015, 277, 49–57.

44. Duman, R.S.; Monteggia, L.M. A neurotrophic model for stress-related mood disorders. Biol. Psychiatry 2006, 59,
1116–1127.

45. Fuchs, E.; Czeh, B.; Kole, M.H.; Michaelis, T.; Lucassen, P.J. Alterations of neuroplasticity in depression: The
hippocampus and beyond. Eur. Neuropsychopharmacol. 2004, 14, S481–S490.

46. Serafini, G. Neuroplasticity and major depression, the role of modern antidepressant drugs. World J. Psychiatry 2012,
2, 49–57.

47. Warner-Schmidt, J.L.; Duman, R.S. Hippocampal neurogenesis: Opposing effects of stress and antidepressant
treatment. Hippocampus 2006, 16, 239–249.

48. Gabbay, V.; Mao, X.; Klein, R.G.; Ely, B.A.; Babb, J.S.; Panzer, A.M.; Alonso, C.M.; Shungu, D.C. Anterior cingulate
cortex gamma-aminobutyric acid in depressed adolescents: Relationship to anhedonia. Arch. Gen. Psychiatry 2012,
69, 139–149.

49. Mohler, H. The GABA system in anxiety and depression and its therapeutic potential. Neuropharmacology 2012, 62,
42–53.

50. Hashimoto, K. Emerging role of glutamate in the pathophysiology of major depressive disorder. Brain Res. Rev. 2009,
61, 105–123.

51. Sanacora, G.; Treccani, G.; Popoli, M. Towards a glutamate hypothesis of depression: An emerging frontier of
neuropsychopharmacology for mood disorders. Neuropharmacology 2012, 62, 63–77.

52. Pehrson, A.L.; Sanchez, C. Altered gamma-aminobutyric acid neurotransmission in major depressive disorder: A critical
review of the supporting evidence and the influence of serotonergic antidepressants. Drug Des. Dev. Ther. 2015, 9,
603–624.

53. Duman, R.S. Pathophysiology of depression and innovative treatments: Remodeling glutamatergic synaptic
connections. Dialogues Clin. Neurosci. 2014, 16, 11–27.

54. McCarthy, M.J.; Welsh, D.K. Cellular circadian clocks in mood disorders. J. Biol. Rhythms 2012, 27, 339–352.

55. Monteleone, P.; Martiadis, V.; Maj, M. Circadian rhythms and treatment implications in depression. Prog.
Neuropsychopharmacol. Biol. Psychiatry 2011, 35, 1569–1574.

56. Mendlewicz, J. Disruption of the circadian timing systems: Molecular mechanisms in mood disorders. CNS Drugs 2009,
23, 15–26.

57. Edgar, N.; McClung, C.A. Major depressive disorder: A loss of circadian synchrony? BioEssays 2013, 35, 940–944.

58. Janowsky, D.S.; el-Yousef, M.K.; Davis, J.M.; Sekerke, H.J. A cholinergic-adrenergic hypothesis of mania and
depression. Lancet 1972, 2, 632–635.

59. Drevets, W.C.; Zarate, C.A.; Furey, M.L. Antidepressant effects of the muscarinic cholinergic receptor antagonist
scopolamine: A review. Biol. Psychiatry 2013, 73, 1156–1163.

60. Mineur, Y.S.; Picciotto, M.R. Nicotine receptors and depression: Revisiting and revising the cholinergic hypothesis.
Trends Pharmacol. Sci. 2010, 31, 580–586.

61. Hamon, M.; Blier, P. Monoamine neurocircuitry in depression and strategies for new treatments. Prog.
Neuropsychopharmacol. Biol Psychiatry 2013, 45, 54–63.

62. Doczy, E.J.; Seroogy, K.; Harrison, C.R.; Herman, J.P. Hypothalamo-pituitary-adrenocortical axis, glucocorticoids, and
neurologic disease. Immunol. Allergy Clin. North Am. 2009, 29, 265–284.

63. Mirescu, C.; Gould, E. Stress and adult neurogenesis. Hippocampus 2006, 16, 233–238.

64. Ehlers, C.L.; Kupfer, D.J. Hypothalamic peptide modulation of EEG sleep in depression: A further application of the S-
process hypothesis. Biol. Psychiatry 1987, 22, 513–517.

65. Nutt, D.J. Relationship of neurotransmitters to the symptoms of major depressive disorder. J. Clin. Psychiatry 2008, 69,
4–7.

66. Cowen, P.J. Serotonin and depression: Pathophysiological mechanism or marketing myth? Trends Pharmacol. Sci.
2008, 29, 433–436.

67. Moret, C.; Briley, M. The importance of norepinephrine in depression. Neuropsychiatr. Dis. Treat 2011, 7, 9–13.

68. Delgado, P.L.; Moreno, F.A. Role of norepinephrine in depression. J. Clin. Psychiatry 2000, 61, 5–12.

69. Montgomery, S.A. The under-recognized role of dopamine in the treatment of major depressive disorder. Int. Clin.
Psychopharmacol. 2008, 23, 63–69.



70. Tremblay, L.K.; Naranjo, C.A.; Graham, S.J.; Herrmann, N.; Mayberg, H.S.; Hevenor, S.; Busto, U.E. Functional
neuroanatomical substrates of altered reward processing in major depressive disorder revealed by a dopaminergic
probe. Arch. Gen. Psychiatry 2005, 62, 1228–1236.

71. Klimek, V.; Schenck, J.E.; Han, H.; Stockmeier, C.A.; Ordway, G.A. Dopaminergic abnormalities in amygdaloid nuclei in
major depression: A postmortem study. Biol. Psychiatry 2002, 52, 740–748.

72. Mongeau, R.; Blier, P.; de Montigny, C. The serotonergic and noradrenergic systems of the hippocampus: Their
interactions and the effects of antidepressant treatments. Brain Res. Rev. 1997, 23, 145–195.

73. Drevets, W.C.; Price, J.L.; Furey, M.L. Brain structural and functional abnormalities in mood disorders: Implications for
neurocircuitry models of depression. Brain Struct. Funct. 2008, 213, 93–118.

74. Holsboer, F. The corticosteroid receptor hypothesis of depression. Neuropsychopharmacology 2000, 23, 477–501.

75. De Kloet, E.R.; Joels, M.; Holsboer, F. Stress and the brain: From adaptation to disease. Nat. Rev. Neurosci. 2005, 6,
463–475.

76. Nemeroff, C.B. The corticotropin-releasing factor (CRF) hypothesis of depression: New findings and new directions.
Mol. Psychiatry 1996, 1, 336–342.

77. Munck, A.; Guyre, P.M.; Holbrook, N.J. Physiological functions of glucocorticoids in stress and their relation to
pharmacological actions. Endocr. Rev. 1984, 5, 25–44.

78. Swaab, D.F.; Bao, A.M.; Lucassen, P.J. The stress system in the human brain in depression and neurodegeneration.
Ageing Res. Rev. 2005, 4, 141–194.

79. Herman, J.P.; Cullinan, W.E. Neurocircuitry of stress: Central control of the hypothalamo-pituitary-adrenocortical axis.
Trends Neurosci. 1997, 20, 78–84.

80. McEwen, B.S.; Magarinos, A.M. Stress and hippocampal plasticity: Implications for the pathophysiology of affective
disorders. Hum. Psychopharmacol. 2001, 16, S7–S19.

81. Gold, P.W.; Drevets, W.C.; Charney, D.S. New insights into the role of cortisol and the glucocorticoid receptor in severe
depression. Biol. Psychiatry 2002, 52, 381–385.

82. Drevets, W.C.; Price, J.L.; Bardgett, M.E.; Reich, T.; Todd, R.D.; Raichle, M.E. Glucose metabolism in the amygdala in
depression: Relationship to diagnostic subtype and plasma cortisol levels. Pharmacol. Biochem. Behav. 2002, 71, 431–
447.

83. Prewitt, C.M.; Herman, J.P. Hypothalamo-Pituitary-Adrenocortical Regulation Following Lesions of the Central Nucleus
of the Amygdala. Stress 1997, 1, 263–280.

84. Nestler, E.J.; Barrot, M.; DiLeone, R.J.; Eisch, A.J.; Gold, S.J.; Monteggia, L.M. Neurobiology of depression. Neuron
2002, 34, 13–25.

85. Cheng, J.D.; de Vellis, J. Oligodendrocytes as glucocorticoids target cells: Functional analysis of the glycerol
phosphate dehydrogenase gene. J. Neurosci. Res. 2000, 59, 436–445.

86. Alonso, G. Prolonged corticosterone treatment of adult rats inhibits the proliferation of oligodendrocyte progenitors
present throughout white and gray matter regions of the brain. Glia 2000, 31, 219–231.

87. Banasr, M.; Duman, R.S. Regulation of neurogenesis and gliogenesis by stress and antidepressant treatment. CNS
Neurol. Disord. Drug Targets 2007, 6, 311–320.

88. Dantzer, R.; O’Connor, J.C.; Freund, G.G.; Johnson, R.W.; Kelley, K.W. From inflammation to sickness and depression:
When the immune system subjugates the brain. Nat. Rev. Neurosci. 2008, 9, 46–56.

89. Paul, I.A.; Skolnick, P. Glutamate and depression: Clinical and preclinical studies. Ann. N. Y. Acad. Sci. 2003, 1003,
250–272.

90. McEwen, B.S.; Sapolsky, R.M. Stress and cognitive function. Curr. Opin. Neurobiol. 1995, 5, 205–216.

91. Sapolsky, R.M. Glucocorticoids and hippocampal atrophy in neuropsychiatric disorders. Arch. Gen. Psychiatry 2000,
57, 925–935.

92. Dallman, M.F.; Pecoraro, N.; Akana, S.F.; La Fleur, S.E.; Gomez, F.; Houshyar, H.; Bell, M.E.; Bhatnagar, S.; Laugero,
K.D.; Manalo, S. Chronic stress and obesity: A new view of “comfort food”. Proc. Natl. Acad. Sci. USA 2003, 100,
11696–11701.

93. Russo, S.J.; Nestler, E.J. The brain reward circuitry in mood disorders. Nat. Rev. Neurosci. 2013, 14, 609–625.

94. Willner, P.; Muscat, R.; Papp, M. Chronic mild stress-induced anhedonia: A realistic animal model of depression.
Neurosci. Biobehav. Rev. 1992, 16, 525–534.



95. Marinelli, M.; Piazza, P.V. Interaction between glucocorticoid hormones, stress and psychostimulant drugs. Eur. J.
Neurosci. 2002, 16, 387–394.

96. Carney, R.M.; Freedland, K.E.; Veith, R.C. Depression, the autonomic nervous system, and coronary heart disease.
Psychosom. Med. 2005, 67, S29–S33.

97. Grippo, A.J.; Moffitt, J.A.; Johnson, A.K. Cardiovascular alterations and autonomic imbalance in an experimental model
of depression. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2002, 282, R1333–R1341.

98. Gold, P.W.; Chrousos, G.P. Organization of the stress system and its dysregulation in melancholic and atypical
depression: High vs low CRH/NE states. Mol. Psychiatry 2002, 7, 254–275.

99. Tamashiro, K.L.; Nguyen, M.M.; Sakai, R.R. Social stress: From rodents to primates. Front. Neuroendocrinol. 2005, 26,
27–40.

100. Kunugi, H.; Hori, H.; Ogawa, S. Biochemical markers subtyping major depressive disorder. Psychiatry Clin. Neurosci.
2015, 69, 597–608.

101. Pariante, C.M.; Lightman, S.L. The HPA axis in major depression: Classical theories and new developments. Trends
Neurosci. 2008, 31, 464–468.

102. Moylan, S.; Maes, M.; Wray, N.R.; Berk, M. The neuroprogressive nature of major depressive disorder: Pathways to
disease evolution and resistance, and therapeutic implications. Mol. Psychiatry 2013, 18, 595–606.

103. Juruena, M.F.; Werne Baes, C.V.; Menezes, I.C.; Graeff, F.G. Early life stress in depressive patients: Role of
glucocorticoid and mineralocorticoid receptors and of hypothalamic-pituitary-adrenal axis activity. Curr. Pharm. Des.
2015, 21, 1369–1378.

104. Carroll, B.J.; Cassidy, F.; Naftolowitz, D.; Tatham, N.E.; Wilson, W.H.; Iranmanesh, A.; Liu, P.Y.; Veldhuis, J.D.
Pathophysiology of hypercortisolism in depression. Acta Psychiatr. Scand. 2007, 90–103.

105. Wilkinson, P.O.; Goodyer, I.M. Childhood adversity and allostatic overload of the hypothalamic-pituitary-adrenal axis: A
vulnerability model for depressive disorders. Dev. Psychopathol. 2011, 23, 1017–1037.

106. Krishnadas, R.; Cavanagh, J. Depression: An inflammatory illness? J. Neurol. Neurosurg. Psychiatry 2012, 83, 495–
502.

107. Anacker, C.; Zunszain, P.A.; Cattaneo, A.; Carvalho, L.A.; Garabedian, M.J.; Thuret, S.; Price, J.; Pariante, C.M.
Antidepressants increase human hippocampal neurogenesis by activating the glucocorticoid receptor. Mol. Psychiatry
2011, 16, 738–750.

108. Tork, I. Anatomy of the serotonergic system. Ann. N. Y. Acad. Sci. 1990, 600, 9–34.

109. Azmitia, E.C. Serotonin neurons, neuroplasticity, and homeostasis of neural tissue. Neuropsychopharmacology 1999,
21, 33S–45S.

110. Feldman, S.; Weidenfeld, J. The excitatory effects of the amygdala on hypothalamo-pituitary-adrenocortical responses
are mediated by hypothalamic norepinephrine, serotonin, and CRF-41. Brain Res. Bull. 1998, 45, 389–393.

111. Mann, J.J. Role of the serotonergic system in the pathogenesis of major depression and suicidal behavior.
Neuropsychopharmacology 1999, 21, 99S–105S.

112. Yehuda, R.; Halligan, S.L.; Golier, J.A.; Grossman, R.; Bierer, L.M. Effects of trauma exposure on the cortisol response
to dexamethasone administration in PTSD and major depressive disorder. Psychoneuroendocrinology 2004, 29, 389–
404.

113. Benraiss, A.; Chmielnicki, E.; Lerner, K.; Roh, D.; Goldman, S.A. Adenoviral brain-derived neurotrophic factor induces
both neostriatal and olfactory neuronal recruitment from endogenous progenitor cells in the adult forebrain. J. Neurosci.
2001, 21, 6718–6731.

114. Chaudhury, D.; Liu, H.; Han, M.H. Neuronal correlates of depression. Cell. Mol. Life Sci. 2015, 72, 4825–4848.

115. Pencea, V.; Bingaman, K.D.; Wiegand, S.J.; Luskin, M.B. Infusion of brain-derived neurotrophic factor into the lateral
ventricle of the adult rat leads to new neurons in the parenchyma of the striatum, septum, thalamus, and
hypothalamus. J. Neurosci. 2001, 21, 6706–6717.

116. Egeland, M.; Zunszain, P.A.; Pariante, C.M. Molecular mechanisms in the regulation of adult neurogenesis during
stress. Nat. Rev. Neurosci. 2015, 16, 189–200.

117. Pandey, G.N.; Dwivedi, Y.; Rizavi, H.S.; Ren, X.; Zhang, H.; Pavuluri, M.N. Brain-derived neurotrophic factor gene and
protein expression in pediatric and adult depressed subjects. Prog. Neuropsychopharmacol. Biol. Psychiatry 2010, 34,
645–651.



118. Karege, F.; Perret, G.; Bondolfi, G.; Schwald, M.; Bertschy, G.; Aubry, J.M. Decreased serum brain-derived
neurotrophic factor levels in major depressed patients. Psychiatry Res. 2002, 109, 143–148.

119. Kojima, M.; Matsui, K.; Mizui, T. BDNF pro-peptide: Physiological mechanisms and implications for depression. Cell
Tissue Res. 2019, 377, 73–79.

120. Dwivedi, Y.; Rizavi, H.S.; Conley, R.R.; Roberts, R.C.; Tamminga, C.A.; Pandey, G.N. Altered gene expression of brain-
derived neurotrophic factor and receptor tyrosine kinase B in postmortem brain of suicide subjects. Arch. Gen.
Psychiatry 2003, 60, 804–815.

121. Tripp, A.; Oh, H.; Guilloux, J.P.; Martinowich, K.; Lewis, D.A.; Sibille, E. Brain-derived neurotrophic factor signaling and
subgenual anterior cingulate cortex dysfunction in major depressive disorder. Am. J. Psychiatry 2012, 169, 1194–1202.

122. Zhou, L.; Xiong, J.; Lim, Y.; Ruan, Y.; Huang, C.; Zhu, Y.; Zhong, J.H.; Xiao, Z.; Zhou, X.F. Upregulation of blood
proBDNF and its receptors in major depression. J. Affect. Disord. 2013, 150, 776–784.

123. Kunugi, H.; Hori, H.; Adachi, N.; Numakawa, T. Interface between hypothalamic-pituitary-adrenal axis and brain-derived
neurotrophic factor in depression. Psychiatry Clin. Neurosci. 2010, 64, 447–459.

124. Kumamaru, E.; Numakawa, T.; Adachi, N.; Yagasaki, Y.; Izumi, A.; Niyaz, M.; Kudo, M.; Kunugi, H. Glucocorticoid
prevents brain-derived neurotrophic factor-mediated maturation of synaptic function in developing hippocampal
neurons through reduction in the activity of mitogen-activated protein kinase. Mol. Endocrinol. 2008, 22, 546–558.

125. Anacker, C.; Cattaneo, A.; Musaelyan, K.; Zunszain, P.A.; Horowitz, M.; Molteni, R.; Luoni, A.; Calabrese, F.; Tansey,
K.; Gennarelli, M.; et al. Role for the kinase SGK1 in stress, depression, and glucocorticoid effects on hippocampal
neurogenesis. Proc. Natl. Acad. Sci. USA 2013, 110, 8708–8713.

126. Cotter, D.; Mackay, D.; Landau, S.; Kerwin, R.; Everall, I. Reduced glial cell density and neuronal size in the anterior
cingulate cortex in major depressive disorder. Arch. Gen. Psychiatry 2001, 58, 545–553.

127. Cotter, D.; Mackay, D.; Chana, G.; Beasley, C.; Landau, S.; Everall, I.P. Reduced neuronal size and glial cell density in
area 9 of the dorsolateral prefrontal cortex in subjects with major depressive disorder. Cereb. Cortex 2002, 12, 386–
394.

128. McEwen, B.S. Physiology and neurobiology of stress and adaptation: Central role of the brain. Physiol. Rev. 2007, 87,
873–904.

129. McEwen, B.S.; Gray, J.D.; Nasca, C. 60 Years of Neuroendocrinology: Redefining neuroendocrinology: Stress, sex and
cognitive and emotional regulation. J Endocrinol. 2015, 226, T67–T83.

130. Duman, R.S. Pathophysiology of depression: The concept of synaptic plasticity. Eur. Psychiatry 2002, 17, 306–310.

131. Snyder, J.S.; Soumier, A.; Brewer, M.; Pickel, J.; Cameron, H.A. Adult hippocampal neurogenesis buffers stress
responses and depressive behaviour. Nature 2011, 476, 458–461.

132. Wainwright, S.R.; Galea, L.A. The neural plasticity theory of depression: Assessing the roles of adult neurogenesis and
PSA-NCAM within the hippocampus. Neural Plast. 2013, 2013, 805497.

133. Duman, R.S.; Malberg, J.; Nakagawa, S. Regulation of adult neurogenesis by psychotropic drugs and stress. J.
Pharmacol. Exp. Ther. 2001, 299, 401–407.

134. Malberg, J.E.; Eisch, A.J.; Nestler, E.J.; Duman, R.S. Chronic antidepressant treatment increases neurogenesis in adult
rat hippocampus. J. Neurosci. 2000, 20, 9104–9110.

135. Boldrini, M.; Underwood, M.D.; Hen, R.; Rosoklija, G.B.; Dwork, A.J.; John Mann, J.; Arango, V. Antidepressants
increase neural progenitor cells in the human hippocampus. Neuropsychopharmacology 2009, 34, 2376–2389.

136. Toni, N.; Laplagne, D.A.; Zhao, C.; Lombardi, G.; Ribak, C.E.; Gage, F.H.; Schinder, A.F. Neurons born in the adult
dentate gyrus form functional synapses with target cells. Nat. Neurosci. 2008, 11, 901–907.

137. Brezun, J.M.; Daszuta, A. Serotonin may stimulate granule cell proliferation in the adult hippocampus, as observed in
rats grafted with foetal raphe neurons. Eur. J. Neurosci. 2000, 12, 391–396.

138. Gould, E. Serotonin and hippocampal neurogenesis. Neuropsychopharmacology 1999, 21, 46S–51S.

139. Duman, R.S.; Malberg, J.; Thome, J. Neural plasticity to stress and antidepressant treatment. Biol. Psychiatry 1999, 46,
1181–1191.

140. Mattson, M.P.; Maudsley, S.; Martin, B. BDNF and 5-HT: A dynamic duo in age-related neuronal plasticity and
neurodegenerative disorders. Trends Neurosci. 2004, 27, 589–594.

141. Ferres-Coy, A.; Pilar-Cuellar, F.; Vidal, R.; Paz, V.; Masana, M.; Cortes, R.; Carmona, M.C.; Campa, L.; Pazos, A.;
Montefeltro, A.; et al. RNAi-mediated serotonin transporter suppression rapidly increases serotonergic
neurotransmission and hippocampal neurogenesis. Transl. Psychiatry 2013, 3, e211.



142. Hanson, N.D.; Owens, M.J.; Boss-Williams, K.A.; Weiss, J.M.; Nemeroff, C.B. Several stressors fail to reduce adult
hippocampal neurogenesis. Psychoneuroendocrinology 2011, 36, 1520–1529.

143. Petrik, D.; Lagace, D.C.; Eisch, A.J. The neurogenesis hypothesis of affective and anxiety disorders: Are we mistaking
the scaffolding for the building? Neuropharmacology 2012, 62, 21–34.

144. Lucassen, P.J.; Fitzsimons, C.P.; Korosi, A.; Joels, M.; Belzung, C.; Abrous, D.N. Stressing new neurons into
depression? Mol. Psychiatry 2013, 18, 396–397.

145. Heshmati, M.; Russo, S.J. Anhedonia and the brain reward circuitry in depression. Curr. Behav. Neurosci. Rep. 2015,
2, 146–153.

146. Loonen, A.J.M.; Ivanova, S.A. Circuits regulating pleasure and happiness: Evolution and role in mental disorders. Acta
Neuropsychiatr. 2018, 30, 29–42.

147. Fox, M.E.; Lobo, M.K. The molecular and cellular mechanisms of depression: A focus on reward circuitry. Mol.
Psychiatry 2019, 24, 1798–1815.

148. Hoflich, A.; Michenthaler, P.; Kasper, S.; Lanzenberger, R. Circuit Mechanisms of Reward, Anhedonia, and Depression.
Int. J. Neuropsychopharmacol. 2019, 22, 105–118.

149. Menard, C.; Hodes, G.E.; Russo, S.J. Pathogenesis of depression: Insights from human and rodent studies.
Neuroscience 2016, 321, 138–162.

150. Delpech, J.C.; Madore, C.; Nadjar, A.; Joffre, C.; Wohleb, E.S.; Laye, S. Microglia in neuronal plasticity: Influence of
stress. Neuropharmacology 2015, 96, 19–28.

151. Kettenmann, H.; Kirchhoff, F.; Verkhratsky, A. Microglia: New roles for the synaptic stripper. Neuron 2013, 77, 10–18.

152. Setiawan, E.; Wilson, A.A.; Mizrahi, R.; Rusjan, P.M.; Miler, L.; Rajkowska, G.; Suridjan, I.; Kennedy, J.L.; Rekkas, P.V.;
Houle, S.; et al. Role of translocator protein density, a marker of neuroinflammation, in the brain during major
depressive episodes. JAMA Psychiatry 2015, 72, 268–275.

153. Steiner, J.; Walter, M.; Gos, T.; Guillemin, G.J.; Bernstein, H.G.; Sarnyai, Z.; Mawrin, C.; Brisch, R.; Bielau, H.; Meyer
zu Schwabedissen, L.; et al. Severe depression is associated with increased microglial quinolinic acid in subregions of
the anterior cingulate gyrus: Evidence for an immune-modulated glutamatergic neurotransmission? J.
Neuroinflammation 2011, 8, 94.

154. Young, J.J.; Bruno, D.; Pomara, N. A review of the relationship between proinflammatory cytokines and major
depressive disorder. J. Affect. Disord. 2014, 169, 15–20.

155. Raison, C.L.; Dantzer, R.; Kelley, K.W.; Lawson, M.A.; Woolwine, B.J.; Vogt, G.; Spivey, J.R.; Saito, K.; Miller, A.H. CSF
concentrations of brain tryptophan and kynurenines during immune stimulation with IFN-alpha: Relationship to CNS
immune responses and depression. Mol. Psychiatry 2010, 15, 393–403.

156. Schaefer, M.; Engelbrecht, M.A.; Gut, O.; Fiebich, B.L.; Bauer, J.; Schmidt, F.; Grunze, H.; Lieb, K. Interferon alpha
(IFNalpha) and psychiatric syndromes: A review. Prog. Neuropsychopharmacol. Biol. Psychiatry 2002, 26, 731–746.

157. Slavich, G.M.; Irwin, M.R. From stress to inflammation and major depressive disorder: A social signal transduction
theory of depression. Psychol. Bull. 2014, 140, 774–815.

158. Milenkovic, V.M.; Stanton, E.H.; Nothdurfter, C.; Rupprecht, R.; Wetzel, C.H. The Role of Chemokines in the
Pathophysiology of Major Depressive Disorder. Int. J. Mol. Sci. 2019, 20, 2283.

159. Azar, R.; Mercer, D. Mild depressive symptoms are associated with elevated C-reactive protein and proinflammatory
cytokine levels during early to midgestation: A prospective pilot study. J. Womens Health 2013, 22, 385–389.

160. Miller, A.H.; Maletic, V.; Raison, C.L. Inflammation and its discontents: The role of cytokines in the pathophysiology of
major depression. Biol. Psychiatry 2009, 65, 732–741.

161. Thomas, A.J.; Davis, S.; Morris, C.; Jackson, E.; Harrison, R.; O’Brien, J.T. Increase in interleukin-1beta in late-life
depression. Am. J. Psychiatry 2005, 162, 175–177.

162. Zalli, A.; Jovanova, O.; Hoogendijk, W.J.; Tiemeier, H.; Carvalho, L.A. Low-grade inflammation predicts persistence of
depressive symptoms. Psychopharmacology 2016, 233, 1669–1678.

163. Vogelzangs, N.; Duivis, H.E.; Beekman, A.T.; Kluft, C.; Neuteboom, J.; Hoogendijk, W.; Smit, J.H.; de Jonge, P.;
Penninx, B.W. Association of depressive disorders, depression characteristics and antidepressant medication with
inflammation. Transl. Psychiatry 2012, 2, e79.

164. Felger, J.C.; Li, Z.; Haroon, E.; Woolwine, B.J.; Jung, M.Y.; Hu, X.; Miller, A.H. Inflammation is associated with
decreased functional connectivity within corticostriatal reward circuitry in depression. Mol. Psychiatry 2016, 21, 1358–
1365.



165. Haroon, E.; Raison, C.L.; Miller, A.H. Psychoneuroimmunology meets neuropsychopharmacology: Translational
implications of the impact of inflammation on behavior. Neuropsychopharmacology 2012, 37, 137–162.

166. Fleshner, M. Stress-evoked sterile inflammation, danger associated molecular patterns (DAMPs), microbial associated
molecular patterns (MAMPs) and the inflammasome. Brain Behav. Immun. 2013, 27, 1–7.

167. Maier, S.F.; Watkins, L.R. Cytokines for psychologists: Implications of bidirectional immune-to-brain communication for
understanding behavior, mood, and cognition. Psychol. Rev. 1998, 105, 83–107.

168. Koo, J.W.; Duman, R.S. IL-1beta is an essential mediator of the antineurogenic and anhedonic effects of stress. Proc.
Natl. Acad. Sci. USA 2008, 105, 751–756.

169. Morimoto, S.S.; Alexopoulos, G.S. Immunity, aging, and geriatric depression. Psychiatr Clin. North Am. 2011, 34, 437–
449.

170. McNally, L.; Bhagwagar, Z.; Hannestad, J. Inflammation, glutamate, and glia in depression: A literature review. CNS
Spectr. 2008, 13, 501–510.

171. Walker, A.K.; Kavelaars, A.; Heijnen, C.J.; Dantzer, R. Neuroinflammation and comorbidity of pain and depression.
Pharmacol. Rev. 2014, 66, 80–101.

172. Watkins, L.R.; Maier, S.F.; Goehler, L.E. Immune activation: The role of pro-inflammatory cytokines in inflammation,
illness responses and pathological pain states. Pain 1995, 63, 289–302.

173. Dantzer, R. Cytokine, sickness behavior, and depression. Immunol. Allergy Clin. North Am. 2009, 29, 247–264.

174. Lichtblau, N.; Schmidt, F.M.; Schumann, R.; Kirkby, K.C.; Himmerich, H. Cytokines as biomarkers in depressive
disorder: Current standing and prospects. Int. Rev. Psychiatry 2013, 25, 592–603.

175. Maes, M.; Bosmans, E.; Meltzer, H.Y.; Scharpe, S.; Suy, E. Interleukin-1 beta: A putative mediator of HPA axis
hyperactivity in major depression? Am. J. Psychiatry 1993, 150, 1189–1193.

176. Pariante, C.M.; Pearce, B.D.; Pisell, T.L.; Sanchez, C.I.; Po, C.; Su, C.; Miller, A.H. The proinflammatory cytokine,
interleukin-1alpha, reduces glucocorticoid receptor translocation and function. Endocrinology 1999, 140, 4359–4366.

177. Miller, G.E.; Cohen, S.; Ritchey, A.K. Chronic psychological stress and the regulation of pro-inflammatory cytokines: A
glucocorticoid-resistance model. Health Psychol. 2002, 21, 531–541.

178. Pace, T.W.; Hu, F.; Miller, A.H. Cytokine-effects on glucocorticoid receptor function: Relevance to glucocorticoid
resistance and the pathophysiology and treatment of major depression. Brain Behav. Immun. 2007, 21, 9–19.

179. Cohen, S.; Janicki-Deverts, D.; Doyle, W.J.; Miller, G.E.; Frank, E.; Rabin, B.S.; Turner, R.B. Chronic stress,
glucocorticoid receptor resistance, inflammation, and disease risk. Proc. Natl. Acad. Sci. USA 2012, 109, 5995–5999.

180. Dantzer, R. Cytokine, sickness behavior, and depression. Neurol. Clin. 2006, 24, 441–460.

181. Neveu, P.J.; Castanon, N. Is there evidence for an effect of antidepressant drugs on immune function? Adv. Exp. Med.
Biol. 1999, 461, 267–281.

182. Juengling, F.D.; Ebert, D.; Gut, O.; Engelbrecht, M.A.; Rasenack, J.; Nitzsche, E.U.; Bauer, J.; Lieb, K. Prefrontal
cortical hypometabolism during low-dose interferon alpha treatment. Psychopharmacology 2000, 152, 383–389.

183. Capuron, L.; Pagnoni, G.; Demetrashvili, M.; Woolwine, B.J.; Nemeroff, C.B.; Berns, G.S.; Miller, A.H. Anterior cingulate
activation and error processing during interferon-alpha treatment. Biol. Psychiatry 2005, 58, 190–196.

184. Himmerich, H.; Fulda, S.; Linseisen, J.; Seiler, H.; Wolfram, G.; Himmerich, S.; Gedrich, K.; Kloiber, S.; Lucae, S.; Ising,
M.; et al. Depression, comorbidities and the TNF-alpha system. Eur. Psychiatry 2008, 23, 421–429.

185. Berthold-Losleben, M.; Himmerich, H. The TNF-alpha system: Functional aspects in depression, narcolepsy and
psychopharmacology. Curr. Neuropharmacol. 2008, 6, 193–202.

186. Mastorakos, G.; Chrousos, G.P.; Weber, J.S. Recombinant interleukin-6 activates the hypothalamic-pituitary-adrenal
axis in humans. J. Clin. Endocrinol. Metab. 1993, 77, 1690–1694.

187. Black, P.H. Immune system-central nervous system interactions: Effect and immunomodulatory consequences of
immune system mediators on the brain. Antimicrob. Agents Chemother. 1994, 38, 7–12.

188. Chrousos, G.P. The hypothalamic-pituitary-adrenal axis and immune-mediated inflammation. N. Engl. J. Med. 1995,
332, 1351–1362.

189. Dantzer, R.; Wollman, E.; Vitkovic, L.; Yirmiya, R. Cytokines and depression: Fortuitous or causative association? Mol.
Psychiatry 1999, 4, 328–332.

190. Papanicolaou, D.A.; Wilder, R.L.; Manolagas, S.C.; Chrousos, G.P. The pathophysiologic roles of interleukin-6 in
human disease. Ann. Intern. Med. 1998, 128, 127–137.



191. Moron, J.A.; Zakharova, I.; Ferrer, J.V.; Merrill, G.A.; Hope, B.; Lafer, E.M.; Lin, Z.C.; Wang, J.B.; Javitch, J.A.; Galli, A.;
et al. Mitogen-activated protein kinase regulates dopamine transporter surface expression and dopamine transport
capacity. J. Neurosci. 2003, 23, 8480–8488.

192. Wu, H.Q.; Rassoulpour, A.; Schwarcz, R. Kynurenic acid leads, dopamine follows: A new case of volume transmission
in the brain? J. Neural. Transm. 2007, 114, 33–41.

193. Shuto, H.; Kataoka, Y.; Horikawa, T.; Fujihara, N.; Oishi, R. Repeated interferon-alpha administration inhibits
dopaminergic neural activity in the mouse brain. Brain Res. 1997, 747, 348–351.

194. Catena-Dell’Osso, M.; Rotella, F.; Dell’Osso, A.; Fagiolini, A.; Marazziti, D. Inflammation, serotonin and major
depression. Curr. Drug Targets 2013, 14, 571–577.

195. Sublette, M.E.; Galfalvy, H.C.; Fuchs, D.; Lapidus, M.; Grunebaum, M.F.; Oquendo, M.A.; Mann, J.J.; Postolache, T.T.
Plasma kynurenine levels are elevated in suicide attempters with major depressive disorder. Brain Behav. Immun.
2011, 25, 1272–1278.

196. Linthorst, A.C.; Reul, J.M. Inflammation and brain function under basal conditions and during long-term elevation of
brain corticotropin-releasing hormone levels. Adv. Exp. Med. Biol. 1999, 461, 129–152.

197. Dunn, A.J.; Wang, J.; Ando, T. Effects of cytokines on cerebral neurotransmission. Comparison with the effects of
stress. Adv. Exp. Med. Biol. 1999, 461, 117–127.

198. Muller, N.; Schwarz, M.J. The immune-mediated alteration of serotonin and glutamate: Towards an integrated view of
depression. Mol. Psychiatry 2007, 12, 988–1000.

199. Abe, S.; Hori, T.; Suzuki, T.; Baba, A.; Shiraishi, H.; Yamamoto, T. Effects of chronic administration of interferon alpha
A/D on serotonergic receptors in rat brain. Neurochem. Res. 1999, 24, 359–363.

200. Capuron, L.; Neurauter, G.; Musselman, D.L.; Lawson, D.H.; Nemeroff, C.B.; Fuchs, D.; Miller, A.H. Interferon-alpha-
induced changes in tryptophan metabolism. relationship to depression and paroxetine treatment. Biol. Psychiatry 2003,
54, 906–914.

201. Myint, A.M.; Kim, Y.K. Cytokine-serotonin interaction through IDO: A neurodegeneration hypothesis of depression. Med.
Hypotheses 2003, 61, 519–525.

202. Zhu, C.B.; Blakely, R.D.; Hewlett, W.A. The proinflammatory cytokines interleukin-1beta and tumor necrosis factor-
alpha activate serotonin transporters. Neuropsychopharmacology 2006, 31, 2121–2131.

203. Haroon, E.; Woolwine, B.J.; Chen, X.; Pace, T.W.; Parekh, S.; Spivey, J.R.; Hu, X.P.; Miller, A.H. IFN-alpha-induced
cortical and subcortical glutamate changes assessed by magnetic resonance spectroscopy.
Neuropsychopharmacology 2014, 39, 1777–1785.

204. Hu, S.; Sheng, W.S.; Ehrlich, L.C.; Peterson, P.K.; Chao, C.C. Cytokine effects on glutamate uptake by human
astrocytes. Neuroimmunomodulation 2000, 7, 153–159.

205. Viviani, B.; Bartesaghi, S.; Gardoni, F.; Vezzani, A.; Behrens, M.M.; Bartfai, T.; Binaglia, M.; Corsini, E.; Di Luca, M.;
Galli, C.L.; et al. Interleukin-1beta enhances NMDA receptor-mediated intracellular calcium increase through activation
of the Src family of kinases. J. Neurosci. 2003, 23, 8692–8700.

206. Zalcman, S.; Green-Johnson, J.M.; Murray, L.; Nance, D.M.; Dyck, D.; Anisman, H.; Greenberg, A.H. Cytokine-specific
central monoamine alterations induced by interleukin-1, -2 and -6. Brain Res. 1994, 643, 40–49.

207. Hurst, S.M.; Collins, S.M. Mechanism underlying tumor necrosis factor-alpha suppression of norepinephrine release
from rat myenteric plexus. Am. J. Physiol. 1994, 266, G1123–G1129.

208. Ando, T.; Dunn, A.J. Mouse tumor necrosis factor-alpha increases brain tryptophan concentrations and norepinephrine
metabolism while activating the HPA axis in mice. Neuroimmunomodulation 1999, 6, 319–329.

209. Kaneko, N.; Kudo, K.; Mabuchi, T.; Takemoto, K.; Fujimaki, K.; Wati, H.; Iguchi, H.; Tezuka, H.; Kanba, S. Suppression
of cell proliferation by interferon-alpha through interleukin-1 production in adult rat dentate gyrus.
Neuropsychopharmacology 2006, 31, 2619–2626.

210. Hayley, S.; Poulter, M.O.; Merali, Z.; Anisman, H. The pathogenesis of clinical depression: Stressor- and cytokine-
induced alterations of neuroplasticity. Neuroscience 2005, 135, 659–678.

211. Goshen, I.; Yirmiya, R. Interleukin-1 (IL-1): A central regulator of stress responses. Front. Neuroendocrinol. 2009, 30,
30–45.

212. Koo, J.W.; Russo, S.J.; Ferguson, D.; Nestler, E.J.; Duman, R.S. Nuclear factor-kappaB is a critical mediator of stress-
impaired neurogenesis and depressive behavior. Proc. Natl. Acad. Sci. USA 2010, 107, 2669–2674.

213. Patel, H.C.; Boutin, H.; Allan, S.M. Interleukin-1 in the brain: Mechanisms of action in acute neurodegeneration. Ann. N.
Y. Acad. Sci. 2003, 992, 39–47.



214. Peng, C.H.; Chiou, S.H.; Chen, S.J.; Chou, Y.C.; Ku, H.H.; Cheng, C.K.; Yen, C.J.; Tsai, T.H.; Chang, Y.L.; Kao, C.L.
Neuroprotection by Imipramine against lipopolysaccharide-induced apoptosis in hippocampus-derived neural stem cells
mediated by activation of BDNF and the MAPK pathway. Eur. Neuropsychopharmacol. 2008, 18, 128–140.

215. Cortese, G.P.; Barrientos, R.M.; Maier, S.F.; Patterson, S.L. Aging and a peripheral immune challenge interact to
reduce mature brain-derived neurotrophic factor and activation of TrkB, PLCgamma1, and ERK in hippocampal
synaptoneurosomes. J. Neurosci. 2011, 31, 4274–4279.

216. Kenis, G.; Prickaerts, J.; van Os, J.; Koek, G.H.; Robaeys, G.; Steinbusch, H.W.; Wichers, M. Depressive symptoms
following interferon-alpha therapy: Mediated by immune-induced reductions in brain-derived neurotrophic factor? Int. J.
Neuropsychopharmacol. 2011, 14, 247–253.

217. Lotrich, F.E.; Albusaysi, S.; Ferrell, R.E. Brain-derived neurotrophic factor serum levels and genotype: Association with
depression during interferon-alpha treatment. Neuropsychopharmacology 2013, 38, 985–995.

218. Myint, A.M.; Leonard, B.E.; Steinbusch, H.W.; Kim, Y.K. Th1, Th2, and Th3 cytokine alterations in major depression. J.
Affect. Disord. 2005, 88, 167–173.

219. Katsuura, G.; Arimura, A.; Koves, K.; Gottschall, P.E. Involvement of organum vasculosum of lamina terminalis and
preoptic area in interleukin 1 beta-induced ACTH release. Am. J. Physiol. 1990, 258, E163–E171.

220. Pan, W.; Kastin, A.J. Interactions of cytokines with the blood-brain barrier: Implications for feeding. Curr. Pharm. Des.
2003, 9, 827–831.

221. Banks, W.A.; Kastin, A.J. Blood to brain transport of interleukin links the immune and central nervous systems. Life Sci.
1991, 48, PL117-121.

222. Banks, W.A.; Farr, S.A.; Morley, J.E. Entry of blood-borne cytokines into the central nervous system: Effects on
cognitive processes. Neuroimmunomodulation 2002, 10, 319–327.

223. Banks, W.A.; Kastin, A.J.; Broadwell, R.D. Passage of cytokines across the blood-brain barrier.
Neuroimmunomodulation 1995, 2, 241–248.

224. Banks, W.A.; Erickson, M.A. The blood-brain barrier and immune function and dysfunction. Neurobiol. Dis. 2010, 37,
26–32.

225. Quan, N.; Banks, W.A. Brain-immune communication pathways. Brain Behav. Immun. 2007, 21, 727–735.

226. Bluthe, R.M.; Walter, V.; Parnet, P.; Laye, S.; Lestage, J.; Verrier, D.; Poole, S.; Stenning, B.E.; Kelley, K.W.; Dantzer,
R. Lipopolysaccharide induces sickness behaviour in rats by a vagal mediated mechanism. Comptes Rendus Acad.
Sci. III 1994, 317, 499–503.

227. Ericsson, A.; Kovacs, K.J.; Sawchenko, P.E. A functional anatomical analysis of central pathways subserving the effects
of interleukin-1 on stress-related neuroendocrine neurons. J. Neurosci. 1994, 14, 897–913.

228. Watkins, L.R.; Wiertelak, E.P.; Goehler, L.E.; Mooney-Heiberger, K.; Martinez, J.; Furness, L.; Smith, K.P.; Maier, S.F.
Neurocircuitry of illness-induced hyperalgesia. Brain Res. 1994, 639, 283–299.

229. Matsumura, K.; Kobayashi, S. Signaling the brain in inflammation: The role of endothelial cells. Front. Biosci. 2004, 9,
2819–2826.

230. Cao, C.; Matsumura, K.; Yamagata, K.; Watanabe, Y. Involvement of cyclooxygenase-2 in LPS-induced fever and
regulation of its mRNA by LPS in the rat brain. Am. J. Physiol. 1997, 272, R1712–R1725.

231. Fabry, Z.; Fitzsimmons, K.M.; Herlein, J.A.; Moninger, T.O.; Dobbs, M.B.; Hart, M.N. Production of the cytokines
interleukin 1 and 6 by murine brain microvessel endothelium and smooth muscle pericytes. J. Neuroimmunol. 1993, 47,
23–34.

232. Miller, D.W. Immunobiology of the blood-brain barrier. J. Neurovirol. 1999, 5, 570–578.

233. D’Mello, C.; Le, T.; Swain, M.G. Cerebral microglia recruit monocytes into the brain in response to tumor necrosis
factoralpha signaling during peripheral organ inflammation. J. Neurosci. 2009, 29, 2089–2102.

234. Shaftel, S.S.; Carlson, T.J.; Olschowka, J.A.; Kyrkanides, S.; Matousek, S.B.; O’Banion, M.K. Chronic interleukin-1beta
expression in mouse brain leads to leukocyte infiltration and neutrophil-independent blood brain barrier permeability
without overt neurodegeneration. J. Neurosci. 2007, 27, 9301–9309.

235. Lacroix, S.; Rivest, S. Effect of acute systemic inflammatory response and cytokines on the transcription of the genes
encoding cyclooxygenase enzymes (COX-1 and COX-2) in the rat brain. J. Neurochem. 1998, 70, 452–466.

236. Elmquist, J.K.; Breder, C.D.; Sherin, J.E.; Scammell, T.E.; Hickey, W.F.; Dewitt, D.; Saper, C.B. Intravenous
lipopolysaccharide induces cyclooxygenase 2-like immunoreactivity in rat brain perivascular microglia and meningeal
macrophages. J. Comp. Neurol. 1997, 381, 119–129.



237. Konsman, J.P.; Parnet, P.; Dantzer, R. Cytokine-induced sickness behaviour: Mechanisms and implications. Trends
Neurosci. 2002, 25, 154–159.

238. Chung, I.Y.; Benveniste, E.N. Tumor necrosis factor-alpha production by astrocytes. Induction by lipopolysaccharide,
IFN-gamma, and IL-1 beta. J. Immunol. 1990, 144, 2999–3007.

239. Lieberman, A.P.; Pitha, P.M.; Shin, H.S.; Shin, M.L. Production of tumor necrosis factor and other cytokines by
astrocytes stimulated with lipopolysaccharide or a neurotropic virus. Proc. Natl. Acad. Sci. USA 1989, 86, 6348–6352.

240. Breder, C.D.; Dinarello, C.A.; Saper, C.B. Interleukin-1 immunoreactive innervation of the human hypothalamus.
Science 1988, 240, 321–324.

241. Schobitz, B.; Voorhuis, D.A.; De Kloet, E.R. Localization of interleukin 6 mRNA and interleukin 6 receptor mRNA in rat
brain. Neurosci. Lett. 1992, 136, 189–192.

242. Blasi, F.; Riccio, M.; Brogi, A.; Strazza, M.; Taddei, M.L.; Romagnoli, S.; Luddi, A.; D’Angelo, R.; Santi, S.; Costantino-
Ceccarini, E.; et al. Constitutive expression of interleukin-1beta (IL-1beta) in rat oligodendrocytes. Biol. Chem. 1999,
380, 259–264.

243. Palma, J.P.; Kwon, D.; Clipstone, N.A.; Kim, B.S. Infection with Theiler’s murine encephalomyelitis virus directly
induces proinflammatory cytokines in primary astrocytes via NF-kappaB activation: Potential role for the initiation of
demyelinating disease. J. Virol. 2003, 77, 6322–6331.

244. Rahman, S.; Alzarea, S. Glial mechanisms underlying major depressive disorder: Potential therapeutic opportunities.
Prog. Mol. Biol. Transl. Sci. 2019, 167, 159–178.

245. Guillemin, G.J.; Smith, D.G.; Smythe, G.A.; Armati, P.J.; Brew, B.J. Expression of the kynurenine pathway enzymes in
human microglia and macrophages. Adv. Exp. Med. Biol. 2003, 527, 105–112.

246. Possel, H.; Noack, H.; Putzke, J.; Wolf, G.; Sies, H. Selective upregulation of inducible nitric oxide synthase (iNOS) by
lipopolysaccharide (LPS) and cytokines in microglia: In vitro and in vivo studies. Glia 2000, 32, 51–59.

247. Lu, D.Y.; Leung, Y.M.; Su, K.P. Interferon-alpha induces nitric oxide synthase expression and haem oxygenase-1 down-
regulation in microglia: Implications of cellular mechanism of IFN-alpha-induced depression. Int. J.
Neuropsychopharmacol. 2013, 16, 433–444.

248. Qin, L.; Liu, Y.; Wang, T.; Wei, S.J.; Block, M.L.; Wilson, B.; Liu, B.; Hong, J.S. NADPH oxidase mediates
lipopolysaccharide-induced neurotoxicity and proinflammatory gene expression in activated microglia. J. Biol. Chem.
2004, 279, 1415–1421.

249. Block, M.L.; Zecca, L.; Hong, J.S. Microglia-mediated neurotoxicity: Uncovering the molecular mechanisms. Nat. Rev.
Neurosci. 2007, 8, 57–69.

250. Kim, B.; Jeong, H.K.; Kim, J.H.; Lee, S.Y.; Jou, I.; Joe, E.H. Uridine 5′-diphosphate induces chemokine expression in
microglia and astrocytes through activation of the P2Y6 receptor. J. Immunol. 2011, 186, 3701–3709.

251. Andreazza, A.C. Combining redox-proteomics and epigenomics to explain the involvement of oxidative stress in
psychiatric disorders. Mol. Biosyst. 2012, 8, 2503–2512.

252. Visentin, A.P.V.; Colombo, R.; Scotton, E.; Fracasso, D.S.; da Rosa, A.R.; Branco, C.S.; Salvador, M. Targeting
Inflammatory-Mitochondrial Response in Major Depression: Current Evidence and Further Challenges. Oxid Med. Cell.
Longev. 2020, 2020, 2972968.

253. Black, C.N.; Bot, M.; Scheffer, P.G.; Cuijpers, P.; Penninx, B.W. Is depression associated with increased oxidative
stress? A systematic review and meta-analysis. Psychoneuroendocrinology 2015, 51, 164–175.

254. Liu, T.; Zhong, S.; Liao, X.; Chen, J.; He, T.; Lai, S.; Jia, Y. A Meta-Analysis of Oxidative Stress Markers in Depression.
PLoS ONE 2015, 10, e0138904.

255. Moniczewski, A.; Gawlik, M.; Smaga, I.; Niedzielska, E.; Krzek, J.; Przegalinski, E.; Pera, J.; Filip, M. Oxidative stress
as an etiological factor and a potential treatment target of psychiatric disorders. Part 1. Chemical aspects and biological
sources of oxidative stress in the brain. Pharmacol. Rep. 2015, 67, 560–568.

256. Mazereeuw, G.; Herrmann, N.; Andreazza, A.C.; Khan, M.M.; Lanctot, K.L. A meta-analysis of lipid peroxidation
markers in major depression. Neuropsychiatr. Dis. Treat 2015, 11, 2479–2491.

257. McClung, C.A. Circadian genes, rhythms and the biology of mood disorders. Pharmacol. Ther. 2007, 114, 222–232.

258. Wirz-Justice, A. Biological rhythm disturbances in mood disorders. Int. Clin. Psychopharmacol. 2006, 2, S11–S15.

259. Bunney, B.G.; Li, J.Z.; Walsh, D.M.; Stein, R.; Vawter, M.P.; Cartagena, P.; Barchas, J.D.; Schatzberg, A.F.; Myers,
R.M.; Watson, S.J.; et al. Circadian dysregulation of clock genes: Clues to rapid treatments in major depressive
disorder. Mol. Psychiatry 2015, 20, 48–55.



260. Ohayon, M.M. Insomnia: A ticking clock for depression? J. Psychiatric Res. 2007, 41, 893–894.

261. Nutt, D.; Wilson, S.; Paterson, L. Sleep disorders as core symptoms of depression. Dialogues Clin. Neurosci. 2008, 10,
329–336.

262. Turek, F.W. From circadian rhythms to clock genes in depression. Int. Clin. Psychopharmacol. 2007, 22, S1–S8.

263. Monteleone, P.; Maj, M. The circadian basis of mood disorders: Recent developments and treatment implications. Eur.
Neuropsychopharmacol. 2008, 18, 701–711.

264. Pandi-Perumal, S.R.; Moscovitch, A.; Srinivasan, V.; Spence, D.W.; Cardinali, D.P.; Brown, G.M. Bidirectional
communication between sleep and circadian rhythms and its implications for depression: Lessons from agomelatine.
Prog. Neurobiol. 2009, 88, 264–271.

265. Bunney, B.G.; Bunney, W.E. Mechanisms of rapid antidepressant effects of sleep deprivation therapy: Clock genes and
circadian rhythms. Biol. Psychiatry 2013, 73, 1164–1171.

266. Goldstein, A.N.; Walker, M.P. The role of sleep in emotional brain function. Annu. Rev. Clin. Psychol. 2014, 10, 679–
708.

267. Gabbott, P.L.; Rolls, E.T. Increased neuronal firing in resting and sleep in areas of the macaque medial prefrontal
cortex. Eur. J. Neurosci. 2013, 37, 1737–1746.

268. Cheng, W.; Rolls, E.T.; Ruan, H.; Feng, J. Functional Connectivities in the Brain That Mediate the Association Between
Depressive Problems and Sleep Quality. JAMA Psychiatry 2018, 1052–1061.

269. Chaudhury, D.; Walsh, J.J.; Friedman, A.K.; Juarez, B.; Ku, S.M.; Koo, J.W.; Ferguson, D.; Tsai, H.C.; Pomeranz, L.;
Christoffel, D.J.; et al. Rapid regulation of depression-related behaviours by control of midbrain dopamine neurons.
Nature 2013, 493, 532–536.

270. Friedman, A.K.; Walsh, J.J.; Juarez, B.; Ku, S.M.; Chaudhury, D.; Wang, J.; Li, X.; Dietz, D.M.; Pan, N.; Vialou, V.F.; et
al. Enhancing depression mechanisms in midbrain dopamine neurons achieves homeostatic resilience. Science 2014,
344, 313–319.

271. Cao, J.L.; Covington, H.E., 3rd; Friedman, A.K.; Wilkinson, M.B.; Walsh, J.J.; Cooper, D.C.; Nestler, E.J.; Han, M.H.
Mesolimbic dopamine neurons in the brain reward circuit mediate susceptibility to social defeat and antidepressant
action. J. Neurosci. 2010, 30, 16453–16458.

272. Panksepp, J.B.; Wong, J.C.; Kennedy, B.C.; Lahvis, G.P. Differential entrainment of a social rhythm in adolescent mice.
Behav. Brain Res. 2008, 195, 239–245.

273. Saltiel, P.F.; Silvershein, D.I. Major depressive disorder: Mechanism-based prescribing for personalized medicine.
Neuropsychiatr. Dis. Treat 2015, 11, 875–888.

274. Saper, C.B.; Chou, T.C.; Scammell, T.E. The sleep switch: Hypothalamic control of sleep and wakefulness. Trends
Neurosci. 2001, 24, 726–731.

275. Grandner, M.A.; Drummond, S.P. Who are the long sleepers? Towards an understanding of the mortality relationship.
Sleep Med. Rev. 2007, 11, 341–360.

276. Mansour, H.A.; Wood, J.; Logue, T.; Chowdari, K.V.; Dayal, M.; Kupfer, D.J.; Monk, T.H.; Devlin, B.; Nimgaonkar, V.L.
Association study of eight circadian genes with bipolar I disorder, schizoaffective disorder and schizophrenia. Genes
Brain Behav. 2006, 5, 150–157.

277. Sears, R.M.; Fink, A.E.; Wigestrand, M.B.; Farb, C.R.; de Lecea, L.; Ledoux, J.E. Orexin/hypocretin system modulates
amygdala-dependent threat learning through the locus coeruleus. Proc. Natl. Acad. Sci. USA 2013, 110, 20260–20265.

278. Bryant, P.A.; Trinder, J.; Curtis, N. Sick and tired: Does sleep have a vital role in the immune system? Nat. Rev.
Immunol. 2004, 4, 457–467.

279. Motivala, S.J.; Sarfatti, A.; Olmos, L.; Irwin, M.R. Inflammatory markers and sleep disturbance in major depression.
Psychosom. Med. 2005, 67, 187–194.

280. Suarez, E.C. Self-reported symptoms of sleep disturbance and inflammation, coagulation, insulin resistance and
psychosocial distress: Evidence for gender disparity. Brain Behav. Immun. 2008, 22, 960–968.

281. Vgontzas, A.N.; Papanicolaou, D.A.; Bixler, E.O.; Lotsikas, A.; Zachman, K.; Kales, A.; Prolo, P.; Wong, M.L.; Licinio, J.;
Gold, P.W.; et al. Circadian interleukin-6 secretion and quantity and depth of sleep. J. Clin. Endocrinol. Metab. 1999,
84, 2603–2607.

282. Hasler, G.; Van Der Veen, J.W.; Tumonis, T.; Meyers, N.; Shen, J.; Drevets, W.C. Reduced prefrontal
glutamate/glutamine and gamma-aminobutyric acid levels in major depression determined using proton magnetic
resonance spectroscopy. Arch. Gen. Psychiatry 2007, 64, 193–200.



283. Pehrson, A.L.; Sanchez, C. Serotonergic modulation of glutamate neurotransmission as a strategy for treating
depression and cognitive dysfunction. CNS Spectr. 2014, 19, 121–133.

284. Peng, F.Z.; Fan, J.; Ge, T.T.; Liu, Q.Q.; Li, B.J. Rapid anti-depressant-like effects of ketamine and other candidates:
Molecular and cellular mechanisms. Cell Prolif. 2020, 53, e12804.

285. Murrough, J.W.; Wan, L.B.; Iacoviello, B.; Collins, K.A.; Solon, C.; Glicksberg, B.; Perez, A.M.; Mathew, S.J.; Charney,
D.S.; Iosifescu, D.V.; et al. Neurocognitive effects of ketamine in treatment-resistant major depression: Association with
antidepressant response. Psychopharmacology 2013, 231, 481–488.

286. Das, J. Repurposing of Drugs-The Ketamine Story. J. Med. Chem. 2020, 63, 13514–13525.

287. Drevets, W.C.; Price, J.L. Neuroimaging and Neuropathological Studies of Mood Disorders. In Biology of Depression;
Licinio, J., Wong, M.L., Eds.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2005.

288. Sanacora, G.; Mason, G.F.; Rothman, D.L.; Behar, K.L.; Hyder, F.; Petroff, O.A.; Berman, R.M.; Charney, D.S.; Krystal,
J.H. Reduced cortical gamma-aminobutyric acid levels in depressed patients determined by proton magnetic
resonance spectroscopy. Arch. Gen. Psychiatry 1999, 56, 1043–1047.

289. Rajkowska, G.; O’Dwyer, G.; Teleki, Z.; Stockmeier, C.A.; Miguel-Hidalgo, J.J. GABAergic neurons immunoreactive for
calcium binding proteins are reduced in the prefrontal cortex in major depression. Neuropsychopharmacology 2007,
32, 471–482.

290. Abdallah, C.G.; Sanacora, G.; Duman, R.S.; Krystal, J.H. Ketamine and rapid-acting antidepressants: A window into a
new neurobiology for mood disorder therapeutics. Annu. Rev. Med. 2015, 66, 509–523.

291. Autry, A.E.; Adachi, M.; Nosyreva, E.; Na, E.S.; Los, M.F.; Cheng, P.F.; Kavalali, E.T.; Monteggia, L.M. NMDA receptor
blockade at rest triggers rapid behavioural antidepressant responses. Nature 2011, 475, 91–95.

292. Li, N.; Lee, B.; Liu, R.J.; Banasr, M.; Dwyer, J.M.; Iwata, M.; Li, X.Y.; Aghajanian, G.; Duman, R.S. mTOR-dependent
synapse formation underlies the rapid antidepressant effects of NMDA antagonists. Science 2010, 329, 959–964.

293. Liu, R.J.; Lee, F.S.; Li, X.Y.; Bambico, F.; Duman, R.S.; Aghajanian, G.K. Brain-derived neurotrophic factor Val66Met
allele impairs basal and ketamine-stimulated synaptogenesis in prefrontal cortex. Biol. Psychiatry 2012, 71, 996–1005.

294. Risch, S.C.; Kalin, N.H.; Janowsky, D.S. Cholinergic challenges in affective illness: Behavioral and neuroendocrine
correlates. J. Clin. Psychopharmacol. 1981, 1, 186–192.

295. Gershon, S.; Shaw, F.H. Psychiatric sequelae of chronic exposure to organophosphorus insecticides. Lancet 1961, 1,
1371–1374.

296. Tizabi, Y.; Rezvani, A.H.; Russell, L.T.; Tyler, K.Y.; Overstreet, D.H. Depressive characteristics of FSL rats: Involvement
of central nicotinic receptors. Pharmacol. Biochem. Behav. 2000, 66, 73–77.

297. Auta, J.; Lecca, D.; Nelson, M.; Guidotti, A.; Overstreet, D.H.; Costa, E.; Javaid, J.I. Expression and function of striatal
nAChRs differ in the flinders sensitive (FSL) and resistant (FRL) rat lines. Neuropharmacology 2000, 39, 2624–2631.

298. Janowsky, D.S.; Overstreet, D.H.; Nurnberger, J.I. Is cholinergic sensitivity a genetic marker for the affective disorders?
Am. J. Med. Genet. 1994, 54, 335–344.

299. Comings, D.E.; Wu, S.; Rostamkhani, M.; McGue, M.; Iacono, W.G.; MacMurray, J.P. Association of the muscarinic
cholinergic 2 receptor (CHRM2) gene with major depression in women. Am. J. Med. Genet. 2002, 114, 527–529.

300. Wang, J.C.; Hinrichs, A.L.; Stock, H.; Budde, J.; Allen, R.; Bertelsen, S.; Kwon, J.M.; Wu, W.; Dick, D.M.; Rice, J.; et al.
Evidence of common and specific genetic effects: Association of the muscarinic acetylcholine receptor M2 (CHRM2)
gene with alcohol dependence and major depressive syndrome. Hum. Mol. Genet. 2004, 13, 1903–1911.

301. Glassman, A.H.; Helzer, J.E.; Covey, L.S.; Cottler, L.B.; Stetner, F.; Tipp, J.E.; Johnson, J. Smoking, smoking cessation,
and major depression. JAMA 1990, 264, 1546–1549.

302. Reitstetter, R.; Lukas, R.J.; Gruener, R. Dependence of nicotinic acetylcholine receptor recovery from desensitization
on the duration of agonist exposure. J. Pharmacol. Exp. Ther. 1999, 289, 656–660.

303. Pidoplichko, V.I.; DeBiasi, M.; Williams, J.T.; Dani, J.A. Nicotine activates and desensitizes midbrain dopamine
neurons. Nature 1997, 390, 401–404.

304. Shytle, R.D.; Silver, A.A.; Lukas, R.J.; Newman, M.B.; Sheehan, D.V.; Sanberg, P.R. Nicotinic acetylcholine receptors
as targets for antidepressants. Mol. Psychiatry 2002, 7, 525–535.

305. Shimon, H.; Agam, G.; Belmaker, R.H.; Hyde, T.M.; Kleinman, J.E. Reduced frontal cortex inositol levels in postmortem
brain of suicide victims and patients with bipolar disorder. Am. J. Psychiatry 1997, 154, 1148–1150.

306. Coupland, N.J.; Ogilvie, C.J.; Hegadoren, K.M.; Seres, P.; Hanstock, C.C.; Allen, P.S. Decreased prefrontal Myo-
inositol in major depressive disorder. Biol. Psychiatry 2005, 57, 1526–1534.



307. Von Bohlen Und Halbach, O.; Dermietzel, R. Neurotransmitters and Neuromodulators; John Wiley: Hoboken, NJ, USA,
2006; p. 386.

308. Shan, L.; Qi, X.R.; Balesar, R.; Swaab, D.F.; Bao, A.M. Unaltered histaminergic system in depression: A postmortem
study. J. Affect. Disord. 2013, 146, 220–223.

309. Drevets, W.C.; Bogers, W.; Raichle, M.E. Functional anatomical correlates of antidepressant drug treatment assessed
using PET measures of regional glucose metabolism. Eur. Neuropsychopharmacol. 2002, 12, 527–544.

310. Miller, A.H.; Raison, C.L. Cytokines, p38 MAP kinase and the pathophysiology of depression.
Neuropsychopharmacology 2006, 31, 2089–2090.

311. Raison, C.L.; Capuron, L.; Miller, A.H. Cytokines sing the blues: Inflammation and the pathogenesis of depression.
Trends Immunol. 2006, 27, 24–31.

312. Lang, U.E.; Borgwardt, S. Molecular mechanisms of depression: Perspectives on new treatment strategies. Cell.
Physiol. Biochem. 2013, 31, 761–777.

313. Shaffer, J. Neuroplasticity and Clinical Practice: Building Brain Power for Health. Front. Psychol. 2016, 7, 1118.

Retrieved from https://encyclopedia.pub/entry/history/show/33704


