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Chapter 1 
General Introduction 
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1. What we call “Depression”. 

 

Worldwide, the word “Depression” is commonly used to describe a state of mind. 

Often we hear people using sentences like “I feel depressed”, “that is so depressing” or “I 

know someone who is suffering from depression”, among many others. What all these 

sentences have in common, is the negative connotation that is associated with the word 

depression. In general, when we use this term, we allude to sadness, which involves feelings 

like loss of interest, low energy or, in extreme cases, thoughts of committing suicide. These 

connotations are related to changes in “mood”. Mood can be defined as sustained internal 

feelings, which impact many aspects of a person’s behavior. The duration of the changes in 

mood defines whether the condition can be classified as a “mood disorder” or not.  

“Mood disorders” (or affective disorders) is a term referred to marked disruptions in 

the normal processing and control of emotions, involving both emotional “lows” (depression) 

or “highs” ((hypo)mania) [1]. Depressive disorders include a wide range of symptoms, with 

different intensities. The two main types of depressive disorders are “Major Depressive 

Disorder” (MDD) (also called “Major Depression”) and “Dysthymia”. Differences between 

MDD and dysthymia are mainly related to the duration and intensity of the symptoms, with 

MDD being characterized by symptomatic episodes with mild to severe depressive symptoms 

and dysthymia being characterized by persistent or chronic mild depressive symptoms [2]. In 

addition to these two types of depression, other depressive disorders have been characterized, 

including “seasonal affective disorder” and “perinatal and post-partum depression”. In fact, 

this picture is even more complicated as depression can also develop as a secondary condition 

in patients with neurodegenerative disorders like Parkinson’s disease and multiple sclerosis.  

Despite the large variety in depressive disorders the most-commonly diagnosed 

depressive disorder is MDD. According to the Diagnostic and Statistical Manual of Mental 

Disorders, Fifth Edition (DSM-5), 5 out of 9 of the following symptoms should be present in 

the patient in order to be diagnosed with MDD: sad mood, insomnia, feelings of guilt, 

decreased energy levels, decreased concentration, decreased appetite, decrease in pleasurable 

activities (anhedonia), increased or decreased psychomotor activity and recurrent suicidal 

ideation/acts of self-harm/suicide attempt existing over a period of at least 2 weeks [3]. These 

symptoms are not specific for MDD, but are observed in other mood disorders as well. This 

thesis will mainly focus on MDD.  
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1.1 Epidemiology of MDD 

 

 The World Health Organization (WHO) estimated in 2015 that about 300 million 

people worldwide were suffering from depression. It is important to note that most of these 

patients also suffered from other disorders, including other psychiatric and neurological 

disorders [2]. Depression is ranked as the single largest contributor to global disability and 

suicide, with an estimated number of 800.000 suicides per year [2]. 

 In the United States, MDD affects around one in every ten adults per year, and is the 

primary reason for suicide every 12 minutes [4]. Depression causes 490 million disability 

days and takes an economic toll of over $23 billion dollars on US business each year [5]. In 

addition, currently used treatments only show a clinical response of around 50-60%and 

complete remission in around 20-30% of MDD patients [6]. For economic reasons and to 

improve the patient’s quality of life, improvement of current therapies for depression is 

needed.  

 

1.2 Sex differences in depression  

 

 Women are more prone to develop depression than men [7]. A recent meta-analysis 

showed that women are twice more likely to be diagnosed with MDD than men [8]. In the US, 

the lifetime risk to develop depression in women is 21% versus 13% in men [9], and this 

disproportionality remains stable from childhood to adulthood [10]. Moreover, women 

experience more severe symptoms than men, in particular greater weight gain, anxiety, and 

physical manifestations [11], and these symptoms last longer [12]. 

 The fact that women are more prone to develop a more aggressive form of depression, 

and the poorer response of women to pharmacological treatment (for a review see [13]), 

points out that neurobiological differences between genders affect the mechanisms underlying 

depressive disorders. One of the most studied differences between genders in this context are 

the sex hormones. Fluctuations in hormones, such as androgens in men and estrogens in 

women, have been directly implicated in depression [14–16]. In fact, estrogen is directly 

linked to forms of depression that are unique to women, including premenstrual dysphoric 

disorder (PDD), perimenstrual depression, and perinatal and postnatal depression [17]. 

Additional findings point towards sex differences in monoamine neurotransmitter functioning 

and availability [18,19], brain anatomy and connectivity [20,21] and many other biological 

processes that are related to depression (for a review see [22]). 

1
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 In conclusion, sex differences are an important factor to consider when studying 

disease mechanisms and treatments for depression. To improve current therapies for 

depression, new pharmacological targets or combined therapies are needed to advance to a 

more “personalized” medicine.  

 

 1.3 Risk factors 

  

Depressive disorders are complex multifactorial diseases. Several risk factors 

associated to the development of depression have been identified, but unfortunately it is not 

always possible to intervene and prevent them. These risk factors can be classified as genetic, 

changes in brain chemistry, certain medical conditions, substance use, stress, or poor nutrition 

(for a review see [23]). This section will give a brief overview of some of the most studied 

risk factors for depression. A more complete list of risk factors is presented in Figure 1. 

The influence of genetics has been widely studied in depression. It has been shown 

that depression can be heritable, with an estimated chance of hereditability of approximately 

37% [24,25]. Although there is not enough evidence to point out the exact mechanisms by 

which genetics are influencing the incidence of depression, current evidence points towards 

abnormalities in monoamine metabolism, dysregulation of the hypothalamic-pituitary-adrenal 

(HPA) axis and epigenetic changes, including alterations in the methylation and acetylation of 

specific brain receptor gene promoters [24]. On the other hand, environmental changes and 

stimuli have been described to affect brain chemistry, which contribute to the development of 

depression, including several neurotransmitters and hormones. These observations have led to 

the “monoamine hypothesis” [26], which proposes that depression results from the functional 

deficiency of the monoamine neurotransmitters (serotonin, dopamine and noradrenaline), 

which mediate most of the impaired behaviors in depression, including motivation, 

aggression, appetite and interest, among others [26].  

The best known environmental risk factor for MDD is stress. Intense and/or long 

lasting stressful life events like social abuse, work-load stress, losing a beloved one, among 

many others, can trigger stress responses, which have an impact in psychological, 

physiological and behavioral features, which can dysregulate the normal functioning of the 

person [27]. Stress can affect brain monoamine chemistry [28], dysregulate the autonomic 

nervous system and the HPA axis [29,30], increase neuroinflammation [31], and affect many 

other molecular mechanisms involved in depression [28], although the magnitude of the effect 

depends on the stressful experience and varies between different people. Other important 



10 
 

factors to consider are the presence of certain medical conditions and substance abuse. 

Depression has a high comorbidity with other diseases, including diabetes type I, cancer, 

AIDS, hypothyroidism, obesity, multiple sclerosis and Parkinson’s disease [1], suggesting a 

shared mechanism with many other disorders and diseases. In addition, the abuse of licit and 

illicit drugs, such as alcohol, tobacco, cannabis, and other abuse drugs are also reportedly a 

factor for the development of MDD [32,33].  

 

 
Figure 1. Risk factors in MDD. Several risk factors for developing MDD have been identified so far. 
Although these factors can be classified into several groups, here a broader classification is presented. 
Each individual factor can interact with other risk factors to increase the susceptibility to develop 
MDD. HPA: hypothalamic–pituitary–adrenal (axis).  
 

 

Despite the continuous efforts to improve the understanding of the pathophysiology of 

depression, the precise mechanisms by which depression develops are still unknown. 

Depression has a multifactorial nature and is a heterogeneous disorder with multiple potential 

etiologies, so studies on the mechanisms underlying the development of depression are 

needed for the development of improved prevention and treatment strategies. Much research 

is focusing on the sub-classification of MDD disorders into a narrow classification in terms of 

mechanisms, in order to personalize current treatments, and improve them. However, more 

1
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research on the biological mechanisms of depression, using a multifocal point of view is still 

needed.  

 

2. Treatment for depression: the old and the new.  

 

2.1 Currently used treatments  

 

 Selecting a treatment for patients with depression is not an easy task, due to the 

heterogenic nature of the symptoms (and probably their underlying pathology). There is no 

single proven method for all people to recover from depression, as responses differ between 

individuals. However, there is a range of therapy- and pharmacology-based treatments that 

have been proven effective in part of the MDD population. The selection of treatment for the 

individual patient is usually based on the intensity and nature of the symptoms and the type of 

depressive disorder. Depending on the severity of the symptoms, the physician may start 

prescribing a non-pharmacological treatment, such as cognitive behavioral therapy (CBT), or 

prescribe antidepressant medication, or a combination of both, in order to try to effectively 

mitigate the burden of depression [34].  

 CBT is a structured psychological therapy, which aims to recognize that the way we 

act and think affects the way we feel. In this therapy, patients are guided to recognize 

irrational cognitive patterns associated with distortional thinking. Then, the therapist helps the 

patients to acquire skills to change this distorted thinking, leading to positive changes in the 

emotions associated with irrational thinking [35]. In the case of pharmacological treatment, 

the applied antidepressants can be divided into different classes, such as monoamine oxidase 

inhibitors (MAOIs), tricyclic antidepressants (TCAs), and the most commonly used selective 

reuptake inhibitors [36]. While MAOIs aim to prevent the breakdown of monoamines by the 

monoamine oxidase, the TCAs and selective reuptake inhibitors, like SSRIs (selective 

serotonin reuptake inhibitors) and SNRIs (serotonin/noradrenaline reuptake inhibitors), 

prevent the reuptake of monoamines like serotonin, noradrenaline and dopamine. Although 

these classes of drugs have different mechanisms of action, the main goal of these 

pharmacological drugs is to increase the availability of monoamines in the brain, thus 

compensating for their reduced loss in their transmission throughout the brain. 

Other treatments include both invasive and non-invasive brain stimulation, which are 

used as alternatives for patients that do not respond properly to any other treatment modality. 

The most common invasive therapies are deep brain stimulation (DBS) and electroconvulsive 
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therapy (ECT), while the non-invasive techniques include transcranial electrical stimulation 

(tES) and transcranial magnetic stimulation (TMS). Both invasive and non-invasive brain 

stimulation treatments aim to increase brain activity in brain areas related to depression 

[37,38]). 

 

2.2 Treatment efficacy and treatment resistant depression (TRD) 

 

 Despite being treated as a single entity, there is a high number of different 

combinations of symptoms that can lead to the diagnosis MDD (according to the DSM-5). 

The heterogeneity of symptoms, combined with the heterogeneity in the etiology and 

pathophysiology, emphasizes the need to advance to more personalized treatment strategies 

for MDD. Currently, treatment modalities achieve around 50-60% of clinical response, with 

only around 20-30% of remission [6]. In addition, some patients are resistant to all available 

treatments, or can develop this resistance after repeated MDD episodes [39], which is a 

condition called treatment resistant depression (TRD). The etiology of TRD is still obscure 

and warrants the need for further research. Proposed mechanisms involved in this phenomena 

include early-life stress (thus the HPA axis), genetics and functional differences in brain 

circuitry [40–42]. However, many other biological mechanisms are thought to be involved 

[42]. For this reason, research focusing on the biological mechanisms that may be responsible 

for the differences in treatment response are crucial to advance to a more personalized 

medicine.  

 

3. A brief overview of the neurobiology of depression: focus on MDD 

 

 Despite numerous efforts to elucidate the neurobiology of depression over the last 

decades, the complete pathophysiology of depression is far from being understood. Several 

physiological cellular pathways have been implicated in depression. The most common ones 

include altered monoaminergic and glutamatergic neurotransmission, dysregulation of the 

HPA axis, reduced neurogenesis and neuroplasticity, and among the most recent ones, 

neuroinflammation. While it may appear that depression is composed of discrete biological 

dysregulations, current understanding points toward MDD as a disorder that is caused by the 

interconnection of these (aberrant) biological processes occurring in the brain. The challenge 

for adequate treatment is that patients with MDD may suffer from dysregulation of different 

1



1� 

 

discrete systems, and consequently, a generalized treatment may lead to an insufficient 

treatment response. 

Research on how these biological processes in the body are interacting with each other 

and how they can cause symptoms is needed to create a unified theory involving all the 

biological mechanisms involved, avoiding reductionist approaches. This may also explain to 

some extent the heterogeneity of this disease and emphasizes the need for personalized 

treatments. In the following sections some of the main biological mechanisms studied in 

depression will be briefly described.  

 

 3.1 The biogenic (monoamine) hypothesis of depression  

 

 The monoamine hypothesis of depression is the most commonly used hypothesis to 

explain the pathophysiology of depressive disorders. In simple terms, this hypothesis assumes 

that depressive patients have reduced serotonergic (5-HT), dopaminergic (DA) and 

noradrenergic (NA) transmission across the synaptic cleft [43]. Serotonergic neurons project 

from the brain stem to almost all brain areas. Serotonin release is important for mood, sleep, 

eating behavior, emotion and memory regulation, among others [44]. Similar processes are 

occurring for NA and DA in the brain. NA release will modulate motivation, attention and 

memory and plays a fundamental role in the acquisition of emotionally arousing memories 

[45], whereas DA also plays a role in motivation and attention, but also modulates reward and 

working memory [46]. 

Thus, a reduction of monoamine release in the brain increases the risk of developing 

depression, and alterations in monoamine levels are reported to be related with many 

symptoms of depression, such as anhedonia, fatigue and low mood [47]. Similarly, DA and 

NE abnormalities have been linked to impaired motivation and attention, as well as increased 

aggression, among many other behavioral and somatic functions impaired in depression 

[46,48,49]. It is important to mention that these fluctuations in monoamine neurotransmission 

can occur at different levels, including deficiency in monoamine production, abnormalities in 

receptor function or expression and modulation of monoamine release by other 

neurotransmitters and hormones [26]. Most of the pharmacological treatments currently used 

for depression are based on increasing monoamines at the synaptic cleft, thus increasing 

neurotransmission.  

However, there are some phenomena that do not fit with the monoamine hypothesis. 

The main problem of this hypothesis is that it fails to explain the latency in the response to 
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antidepressants. Usually, it takes from 2-4 weeks before these drugs start to exert their 

antidepressant effects on the patients, while based on the monoamine hypothesis, drugs 

should have a rapid effect [50]. Moreover, monoamine based antidepressants are not 100% 

effective and imaging studies show contradictory results for monoamine biomarkers in MDD 

patients [51–55]. This means that although monoamines are important players in the 

pathophysiology of depression, they do not tell the whole story. Therefore, the research on 

alternative mechanisms is of utmost importance.  

 

3.2 Glutamate and GABA  

 

Contrary to currently used drugs, a single ketamine dose has been shown to induce 

antidepressant effects within hours in MDD patients, compared to the several weeks that 

traditional antidepressants take to exert their full therapeutic effect [56,57]. Ketamine is a 

glutamatergic NMDA receptor (NMDAR) antagonist, so after the discovery of its fast 

antidepressant effect, many studies on the role of glutamatergic and inhibitory GABAergic 

transmission in depression have been performed. Animal studies have pointed out that the 

effects of ketamine can be NMDAR-mediated or non-NMDAR-related. It is hypothesized that 

NMDAR-related mechanisms are via antagonism of NMDAR receptors in GABAergic 

interneurons, leading to an overall decrease in inhibition of brain activity and increased 

glutamatergic transmission [58,59]. In addition, studies have shown that ketamine may also 

exert its antidepressant effect through modulation of intracellular cascades mediated by 

molecules like brain derived neurotrophic factor (BDNF) [60,61], increasing AMPA receptor 

transmission [62,63] with the concomitant effect on second messengers, such as eEF-2K and 

mTOR, resulting in an increase in neuroplasticity [64]. These findings suggest that ketamine 

may exert its effects through maintenance of neuroplasticity.  

 

3.3 Adenosine system 

 

Another neurotransmitter that appears to be relevant for depression is adenosine. 

Adenosine receptor subtypes A1R and A2AR are most abundant in the brain, being present in 

areas related to cognition and mood, such as prefrontal cortex, amygdala, hippocampus and 

striatum [65–68], all of which are relevant in MDD [69,70]. Because of the functional 

interaction of adenosinergic and dopaminergic receptors [71], and the neuroprotective effects 

of the non-selective A1R/A2AR antagonist caffeine in depression [72], studies investigating 

1
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this system have increased in the last decade. Several studies have shown that caffeine 

consumption is associated with decreased risk to develop MDD [73], and may also enhance 

the antidepressant effects of commonly used pharmacological treatments [74,75]. These 

results, and several animal studies confirming these findings [76], position the adenosinergic 

system as a good candidate to study molecular interactions within the brain in MDD.  

 

3.4 The stress response and the HPA axis  

 

The stress response is an adaptive response to environmental challenges, which is 

modulated by the HPA axis and other systems. The HPA response to stressors consists of 

three phases: basal activity (unstimulated regulation of hormone levels); a “stress reactivity” 

phase, consisting of increased circulating cortisol due to a stressor; and a “stress recovery” 

phase, in which the cortisol concentration is supposed to return to basal levels due to the 

disappearance of the stressor [77]. This response can be due to a one-time challenge (acute 

stress), or to repeated or continuous exposure over a period of time (chronic stress). Both 

acute stress and chronic stress are tightly related to depression. For instance, stressful events 

like death of a beloved one or personal injury can induce depression in vulnerable individuals 

[78], and childhood chronic stress, such as abuse or neglect, are known to increase the risk of 

developing depression later in life [79]. A stressful event can induce the activation of the HPA 

axis, which involves a cascade of hormone signaling, resulting in the synthesis and release of 

glucocorticoids, such as cortisol. Impairment of the HPA axis due to excessive stress induces 

hypercortisolemia, which is characterized by the chronic presence of high levels of peripheral 

diurnal cortisol. This condition causes cortisol desensitization and impairment of the “on and 

off” switch regulation of the HPA axis due to negative feedback mechanisms [80]. This 

blunted cortisol response is found in many MDD patients [81]. 

Since glucocorticoids are steroidal hormones, they can easily cross the blood-brain 

barrier, and exert their effects on the brain, either by G-protein coupled membrane 

glucocoticoid receptors (mGCR) or nuclear receptors (GCR) [82], as well as via activation of 

mineralocorticoid receptors. In MDD pathophysiology, cortisol dysregulation results in 

exaggerated stress response [80]. Animal studies demonstrated that glucocorticoids interact 

with several biological systems in pathological conditions, affecting several cellular processes 

in brain areas, such as the medial prefrontal cortex, hippocampus and the amygdala, inducing 

effects like decreased activity and neuronal plasticity in brain regions associated to depression 

[83,84]. In addition, this dysregulation affects functional connections between brain areas that 
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are needed for emotion and adaptation processes [85]. These and other effects of cortisol, 

which are not described here, are important in the physiopathology of depression. It is 

therefore not surprising that stress models are the most commonly used animal models of 

depression, in which animals show high corticosterone plasma levels (the analogue of cortisol 

in rodents) and develop depressive-like symptoms due to chronic stress exposure.  

 

3.5 Sex hormones in depression  

 

As mentioned before in section 1.2, there are differences between genders in MDD 

pathophysiology, which could be due to differences in steroidal sex hormone fluctuations. 

Fluctuations of these hormones can be due to dysregulations in the hypothalamic-pituitary-

gonadal (HPG) axis, or due to natural fluctuations, such as the ovarian cycle, menopause and 

andropause, among others. Fluctuations of estrogen and progestins in women, and 

testosterone in man could be a relevant factor contributing to the gender differences in MDD 

and sex-dependent forms of depression. Important to note is that these hormones share 

reversible metabolic pathways, meaning that estrogens, progestins and androgens can be 

converted into each other in different organs, including the brain. This means that there may 

be an overlap in the functions of these hormones. In the following paragraphs, only the direct 

effects of sex hormones will be described.  

In the brain, estrogens exert either rapid effects through G-protein coupled estrogen 

receptors (GPER1), or long-lasting effects through nuclear receptors (ERα and ERβ), thus 

affecting protein synthesis [86]. Other steroidal hormones act similarly. The neuroprotective 

effect of estrogens and their interactions with other biological mechanisms involved in mood, 

cognition and behavior are well described [87]. Clinical and preclinical studies have shown 

that estrogen receptors are present in a variety of brain areas, where they can modulate 

processes like neurotransmission, dendritic growth, expression of pre-and postsynaptic 

proteins, among others [86]. Fluctuations in estrogen concentrations during pregnancy and 

menopause are associated with the development of female-specific forms of depression, 

including post-partum depression and peri- and post-menopausal depression [17,88]. In 

addition, estrogen depletion can increase the risk of developing MDD [89]. For this reason, 

many studies have focused in hormone replacement therapy (HRT) as an adjuvant to currently 

used anti-depressant therapies in women [90]. However, the fact that not all women with 

decreased circulating estrogens develop depression [91] indicates that additional mechanisms 

are participating in the susceptibility of women to develop depression.  

1
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In addition to estrogens, progestins are also used in HRT and have been shown to have 

neuroprotective effects in MDD [92]. Progestin receptors (PRs) are also expressed in the 

brain, although in a lower concentration than ERs. Progestins are not only reported to 

participate in plasticity and neurogenesis in the brain, but also to enhance the effects of 

estrogen via shared mechanism [86,93]. On the other hand, reduction of androgens, such as 

testosterone, is correlated with increased depressive symptoms in men [16]. Consistent with 

studies on estrogens and progestins, androgens have also been described to participate in 

plasticity and neurogenesis in the brain.  

 

3.6 Neuroinflammation and immune system signaling  

 

The term “neuroinflammation” is used in the literature to refer to inflammatory 

processes occurring in the central nervous system. In the brain, the main immune cells are 

glial cells, including both microglia and astrocytes, whereas neurons and oligodendrocytes 

contribute in a more indirect manner. Microglia play important roles in normal brain 

processes, including roles in synaptic transmission and neural plasticity, but an exaggerated 

microglial response to an inflammatory stimulus may lead to pathological brain processes 

[94,95]. When activated, microglia change their morphology and release several inflammatory 

cytokines, affecting several functions in the brain [96]. The main responsible molecules for 

this inflammatory response are cytokines, chemokines, reactive oxygen species and other 

secondary messengers. These signaling molecules are necessary for maintenance and 

protection of nervous tissue homeostasis, but if the inflammatory response is dysregulated, it 

can lead to pathological conditions [97]. 

Important to note is that in disease, both peripheral and central nervous system 

inflammatory processes are interacting. Whenever internal or external processes threaten 

homeostasis (such as stress), immune cells are activated, resulting in the production and 

release of many pro-inflammatory cytokines, which together with a decrease of anti-

inflammatory molecules, leads to a general inflammation profile [98,99]. The increase in 

peripheral inflammation markers is sensed by the brain through peripheral nervous fibers and 

by infiltration of cytokines across the blood brain barrier, causing glial activation and 

migration of monocytes into the brain [100]. Literature shows that MDD patients have an 

inflammatory profile with increased pro-inflammatory molecules (for a review see [100]), 

including interleukins (IL-1β, IL-6), tumor necrosis factor (TNF) and C-reactive protein 

(CRP), both in plasma and in the cerebrospinal fluid (CSF) [98,101,102]. Treatment of 
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patients with anti-inflammatory drugs for some of these pro-inflammatory markers has 

resulted in a decrease in depressive symptoms [23,103].  

An interesting biomarker for neuroinflammation that is gaining more attention in the 

last decade is the mitochondrial translocator protein (TSPO). TSPO is overexpressed in both 

microglia and astrocytes when they are activated by pro-inflammatory stimuli [104]. Imaging 

studies in MDD patients have shown a positive correlation between TSPO overexpression and 

depression. Significant increases in TSPO density, were found in the prefrontal cortex, 

anterior cingulate cortex and the insula in patients with MDD [105]. Several studies have 

proposed that inflammation markers may be used as a biomarker for the evaluation of 

pharmacological treatment efficacy [106–108]. Taken together, all this information supports 

the importance of studying inflammation-related processes (both peripheral and in the central 

nervous system) as potential new targets for treatment of depression, and to identify patients 

that are unlikely to respond to a given anti-inflammatory treatment. In that respect, it is 

possible that understanding the pattern of neuroinflammation using TSPO imaging shown by 

depressive patients that do or do not respond to a given treatment could help identify a priori 

the antidepressant treatment that each patient would likely to respond to.  

 

3.7 Interactions of molecular mechanisms in depression  

 

The broad heterogeneity in MDD symptoms and treatment response of patients are a 

proof of the broad differences between individual MDD patients in terms of the biological 

mechanisms involved and their impact on the different features and symptoms in MDD. For 

this reason, studying the specific mechanisms involved in an individual patient, and how they 

interact with each other, is of vital importance for our understanding of the interpersonal 

differences. This knowledge could subsequently be exploited to develop more individualized 

and specific therapy strategies. A brief description of some of the biological systems that 

participate in the pathophysiology of depression has been provided in sections 3.1 – 3.6. 

Preclinical studies using animal models of depression have increased the knowledge on how 

these different systems are interacting. Different views on the biological systems that are 

pivotal for the development of MDD have been proposed, but still no agreement has been 

reached.. In this subsection, only the small part of those proposed mechanisms which are most 

relevant for the current thesis will be addressed. A brief overview of the neurobiology of 

depression is presented in Figure 2. 

1
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Under normal conditions, there is a bidirectional interaction between inflammation 

and the HPA axis. When an inflammatory process is occurring and cytokine release is 

upregulated, energy from the body is used and the HPA axis is activated to meet the enhanced 

energetic demand, as processes such as s glycogenolysis, gluconeogenesis, and lipolysis are 

activated by an increase in glucocorticoid, epinephrine and norepinephrine levels [109]. When 

both the peripheral and brain inflammatory response is high, a dysregulation of several 

biological systems takes place, such as upregulation of the HPA axis function and decreased 

hippocampal plasticity [110], which may lead to the development of depression. In turn, 

increased circulating glucocorticoids, which are well-known for their anti-inflammatory 

effects, can also act as a pro-inflammatory molecule activating immune cells via 

catecholaminergic activation, which can lead to the aggravation of inflammation [111] and to 

a further increase in circulating glucocorticoids. On the other hand, the effects of 

inflammation on synaptic plasticity and the HPA axis increase microglial reactivity (and 

astroglial reactivity to a lesser extent) in the brain, inducing cell damage, neurodegeneration, 

and a decrease in serotonergic and noradrenergic signaling [112,113], which may contribute 

to the development of depression.  

Besides the effects of neuroinflammation on HPA axis regulation, the main accepted 

hypothesis is a maladaptation of the stress response due to repeated exposure to stressful 

experiences during life [114]. The stress-induced increased levels of circulating 

glucocorticoids exert several effects on different biological systems. Some of these effects 

include a decrease in prefrontal cortex and hippocampal volume, together with an increase in 

amygdala volume [115] and decreased plasticity [116]. However, the stress response is 

different in women than in men, being altered in periods of ovarian hormone changes, such as 

the menstrual cycle and pregnancy [117]. Studies have shown that in periods of low estrogen 

levels, there is an increase in the stress response [118], which in some cases leads to a greater 

negative mood [119]. Therefore, estrogens were classified as neuroprotective hormones 

against depression. Moreover, estrogens are also reported to modulate emotion and cognition 

through membrane estrogen receptors in several brain areas [87]. Along the same line, both 

estrogens and androgens are implicated in neuroplasticity [16,86] and thought to enhance 

serotonergic transmission in the brain [120,121].  

The most direct influence of the adenosine system is through the modulation of DA 

transmission [71]. However, adenosine also acts as a negative regulator of proinflammatory 

cytokines [122] and fluctuations in extracellular adenosine concentrations can affect 

neuroplasticity through direct modulation of glutamate release [123]. Moreover, the 
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equilibrium between adenosine receptors A1R and A2AR is involved in the regulation of the 

release of brain monoamines [124]. 

 

 
Figure 2. A simplified proposed overview of the neurobiology of MDD. Risk factors, such as the 
combination of genetic background and environmental factors, induces an increase in peripheral 
inflammation and neuroinflammation, together with a dysregulation in the HPA-axis (glucocorticoids). 
Increased neuroinflammation and HPA-axis dysregulation have a positive feedback, increasing the 
pathological condition. At the same time, sustained increased glucocorticoids induces the 
dysregulation of the HPA-axis. HPA-HPG-axis dysregulation causes epigenetic changes, decreased 
neuroplasticity and imbalanced neurotransmission. Neuroinflammation also affects neurotransmission. 
At the same time, neurotransmitters also decrease neurotrophins, which also induce epigenetic 
changes. Neuroplasticity has effects on brain areas related to MDD, such as the prefrontal cortex and 
hippocampus. All these events are some of the biological changes associated to depression. It is 
important to consider that line these events take place in a sequential order over time. 
 

All the evidence presented above support a general view of the interactions between 

the different biological mechanisms participating in depression. In general terms, all of these 
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systems affect each other, and a dysregulation in the feedback mechanism for any of them, 

can lead to inflammation, exaggerated stress response, neurotransmitter imbalance, and 

decreased neuroplasticity. Nonetheless, it is not clear if the etiology of depression is due to an 

imbalance of only one of those biological processes, or of multiple processes at the same time. 

It can be hypothesized that since all systems are interconnected, an external or internal 

stimulus causing imbalance to one of these systems, can induce a dysregulation in all other 

systems. It is also plausible that differences in the etiology of depression may induce the 

different depressive profiles found in MDD.  

 

4. Studying the biology of depression  

 

 4.1 Positron emission tomography (PET) to study molecular changes in the brain 

 

 Studying the neurobiology of depression is not an easy task. First studies in the field of 

the biology of depression included post-mortem brain analyses, and the search for correlations 

between symptoms and peripheral biological markers and lifestyles, among others. However, 

these studies do not allow the detection of changes over a specific period of time. After the 

introduction of non-invasive imaging for brain research, more insights into the anatomical and 

chemical changes in the brain could be obtained with anatomical imaging techniques like 

magnetic resonance imaging (MRI). The development of functional imaging techniques like 

positron emission tomography (PET) and functional MRI (fMRI) created the possibility to 

visualize physiological and molecular processes in vivo, and allowed the study of the effects 

of pharmacological interventions on brain biomarkers. 

 PET is based on the systemic injection of a biologically active molecule that is labeled 

with a positron emitting isotope, the so-called radiotracer, and measures its distribution 

throughout the body. Radiotracers for brain imaging are characterized by their ability to cross 

the blood-brain barrier and their high affinity for the target biomarker of interest. The 

positrons (β
+
 radiation) emitted by the isotope in the radiotracer will collide with electrons 

from the surrounding matter. In an event called annihilation the mass of the positron and 

electron are converted into two γ photons, with an energy of 511 KeV, which will travel in 

opposite directions, at a 180° angle. The PET camera consists of a ring of detectors in the 

middle of which, the tissue of interest is positioned. These detectors will almost 

simultaneously detect the two γ rays (coincidence detection), and thus the 180° line of 

response between the detectors, on which the decay must have occurred, can be identified. All 
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lines of response combined will then be reconstructed into 3-dimensional images of the 

radioactivity distribution. During reconstruction, PET data are corrected for attenuation 

(absorption of γ photons by surrounding matter), scatter (possible deviation of the 180° angle 

of photons), random coincidences (photons detected at the same time, but not related), and 

radioactive decay [125].  

Once a temporal series of 3D images is obtained, quantification of the target 

biomarker can be performed. By the use of images obtained over a predetermined time period 

(dynamic PET acquisition, usually a duration between 60-90 minutes), a fully quantitative 

approach can be used to determine parameters regarding the physiological, biochemical and 

pharmacological features of the tracers in the body, allowing to quantify the biological target 

using the radioactive signature. After the acquisition of these dynamic images, a 

reconstruction process is performed that divides the PET data in several time frames, usually 

short ones (10s to 3 min) at the beginning, and long ones (10 to 30 minutes) at the end, 

allowing the estimation of radioactivity concentration in a tissue as a function of time. 

Furthermore, by drawing different volumes of interest (VOI) in these images, it is possible to 

obtain the concentration of the tracer in specific regions at different time points, which can be 

represented as time-activity curves (TAC). Using kinetic modelling with compartmental 

models, the state of the tracer in the body, such as if the tracer is unbound in plasma, unbound 

in tissue, non-specifically bound in tissue, metabolized, or bound to a receptor [126] can be 

described. These models require the tissue TAC(s) (Ctissue) acquired with the PET camera, but 

also a metabolite-corrected plasma input function (Cp). The arterial input function is created 

by measuring radioactivity in plasma obtained from arterial blood samples over time. These 

samples are corrected for the percentage of the tracer that is metabolized by the body at 

various time points. In addition, a whole blood TAC is created for the arterial blood samples 

to enable correction for the amount of blood present in tissue. Then, the tissue TAC, the 

metabolite-corrected plasma TAC and the whole blood TAC are applied to a tissue 

compartmental model that best describes the tracer kinetics. A visualization of the most 

commonly used compartmental models can be found in Figure 3.  

The one-tissue compartmental model (1TCM), which is the simplest model, assumes 

that the free radiotracer is moving between the plasma compartment and the tissue of interest 

(e.g. brain), represented by the C1 compartment. The exchange between compartments is 

describe by mass/balance equations, which are defined by kinetic rate constants (K1, and k2, 

k3, etc.). In the 1TCM model, the rate constants K1 and k2 describe the rate of radiotracer 

exchange from the plasma to tissue, and from tissue to plasma, respectively. The ratio of 
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K1/k2 is determined, which is defined as the volume of distribution (VT) of the tracer in the 

target tissue. In the two-tissue compartment model (2TCM), the tracer concentration in tissue 

is described by two compartments representing the free and non-specifically bound tracer (C1) 

and the specific binding of the radiotracer (C2), respectively. In this model, the K1 and k2 

represent the exchange of tracer between plasma and C1, as in the 1TCM, while the exchange 

between C1 and C2 is described by the association constant k3 and the dissociation constant k4. 

In this case, the VT is calculated as (K1/k2)*(1+ k3/k4). In addition, the non-displaceable 

binding potential (BPND) of the tracer can be also calculated as the ratio between k3/ k4. In the 

case of irreversible binding of the tracer to the target, the k4 rate constant is zero, as there is no 

dissociation of the tracer from the target.  

 

 

Figure 3. Representation of commonly used tissue compartmental models. A. One-tissue 

compartmental model representation. B. Reversible two-compartmental model representation. C. 

Simplified reference tissue model representation. CP concentration of the radiotracer in plasma. The 

figure depicts representative kinetic constants K1 (influx constant), k2 (efflux constant), k3 (association 

constant) and k4 (dissociation constant). K1’ and k2’ represents the influx and efflux constants of the 

radiotracer in the reference tissue. Ctissue represents the radiotracer concentration in the target tissue. 

Ctarget and Creference represents the concentration of radiotracer in the target tissue and the reference 

tissue respectively. 
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Because quantitative PET analysis by compartment modeling may be sensitive to 

noise, graphical models have been developed based on data linearization, but more 

importantly because they enable the estimation of macroparameters (VT, BPND, etc.). An 

example of these graphical methods is the Logan graphical analysis, developed for reversible 

tracers [127]. These models use the TAC and metabolite corrected plasma to create a linear 

least-square fitting without assuming a specific number of compartments. The TAC and 

plasma data are transformed and a straight line is fitted to this transformed data after the 

equilibrium of tracer distribution between compartments is reached (*t, stretch time). In this 

analysis, the slope of the fitted line corresponds to the VT. Another method for dynamic PET 

analysis is the simplified reference tissue model (SRTM). The advantage of this model is that 

it does not require the blood input, as a reference tissue instead of arterial blood samples are 

used to generate the input function. However, reference tissue models can only be used if 

there is a tissue without (or negligible) specific binding of the tracer to be used as a reference 

tissue, and the reference and target tissue should show a similar K1/ k2 ratio. Reference tissue 

models can be used to determine the BPND of the tracer and usually give more stable results 

than models that use a plasma input function [128].  

Besides kinetic modeling of dynamic PET data, more simplified analyses that avoid 

arterial blood sampling and reduced long scan times can be used. For this purpose, a single 

frame static image acquisition is performed over a shorter time frame (e.g. 20 minutes), when 

equilibrium is reached between the tracer concentration in the blood and the tissue of interest. 

The most common manner to quantitatively analyze static PET images is to measure the 

standardized uptake value (SUV). SUV is defined as the radioactivity concentration in tissue, 

as measured with the PET scan, corrected for the net injected dose and the body weight. In 

other words, the SUV shows the average uptake of radioactivity in a specific brain region in a 

specific time window, which is usually a time frame in which the kinetics of the tracer are 

more or less stable [129]. A main advantage of this static measurement of tracer uptake lies in 

the independence of invasive procedures, such as arterial blood sampling, and enables the 

direct analysis of the image, which is in contrast to dynamic PET scans that require 

complicated modeling approaches to estimate the macroparameters. However, the SUV is 

dependent on various potential confounding factors such as perfusion, metabolism, clearance 

from circulation and the time interval between tracer injection and image acquisition, whereas 

the macroparameters derived from compartment modeling do not. Standardization of the 

acquisition protocol can account for some of these confounding factors, but these methods 
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need to be validated for each tracer and interventions against the results obtained from 

dynamic analysis by pharmacokinetic modeling [129].  

PET allows determining changes in the density of a specific biomarker, as well as 

changes in occupancy of the biomarker in the brain. In addition, advances in the last decades 

have resulted in an increase in the number of PET tracers synthesized and consequently the 

number of biomarkers that can be measured. In fact, several radiotracers for biomarkers 

associated with depression have been used in both clinical and animal studies. One of the 

most commonly used tracers in clinics, which is used to measure cellular metabolism, [
18

F]-

FDG, has also been used in the brain. This tracer has been used to show changes in the 

cerebral glucose metabolism of specific brain areas in several psychiatric and neurological 

disorders, including MDD patients and animal models of depression [130–132].  

Several PET studies using different tracers for serotonergic transmission has been 

performed to study disease progression and treatment efficacy in MDD patients. The most 

frequently used PET biomarker for serotonergic transmission is the serotonin transporter 

(SERT), using the tracer [
11

C]-DASB, which enabled the identification of changes in SERT 

density and distribution associated with depression [52,133–135]. Moreover, other studies in 

MDD patients have used PET tracers for serotonin receptors, reporting changes in serotonin 

receptors 5-HT1A and 5-HT2A expression in specific brain areas [136,137]. Other receptors or 

other biomarkers have also been investigated with PET, although less frequently. This 

includes dopaminergic biomarkers such as D1 and D2/D3 receptors and the DA transporter 

(DAT). These biomarkers showed differences in the binding potential in the frontal cortex and 

other dopamine receptor-rich brain regions in MDD patients [137]. Also the TSPO 

radiotracers [
11

C]-PK11195 and [
11

C]-PBR28 have been used in MDD patients. These two 

tracers were used in clinical and preclinical studies, showing an increase in 

neuroinflammation associated to depression (for a review see van der Doef et al., 2015).  

 

4.2 Animal models of depression based on chronic stress 

 

Although non-invasive imaging studies opened the door for research on molecular 

changes in the brain of MDD patients, there are some important limitations for research on the 

biology of depression. These limitations are mainly linked to the fact that clinical research 

does not allow for research on the etiology of depression and discovery of new potential drug 

target, as well as many others [138]. Although imaging techniques, such as PET, could help to 

overcome these difficulties, the lack of specific tracers for many relevant biomarkers, and the 
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legal regulations involved in pharmacological testing in clinical studies, makes studies in 

patients difficult. For this reason, animal studies are used. Because MDD is a heterogeneous 

disease with a variable etiology, it is not possible to translate all aspects of this disorder from 

humans into a single animal model, and vice versa. Nonetheless, the advantage of this 

heterogeneity is that it is possible to emulate specific clinical features in animals. In this way, 

many animal models of depression have been developed, which include at least three out of 

the four major criteria for a proper animal model: face validity (similarity between animal 

behavior and clinical symptoms), construct validity (similar neurobiological mechanisms 

involved), predictive validity (similar response to experimental drugs between species), and 

etiological validity (disorder triggered by similar events) [139].  

A variety of animal models of depression have been described in the literature. These 

models can be classified as genetic models, surgical models, and chronic stress models (for a 

review see [138,139]). In the case of genetic models, there are no individual genes closely 

related to MDD identified so far, but some interactions of groups of genes have been 

described by the use of genetically modified mice and optogenetics [140]. Surgical models are 

mostly based on olfactory bulbectomy (OBX), since this causes a dysregulation of the HPA 

axis and the associated behavioral changes. This model is suitable for pharmacological studies 

[141]. However, the most frequently used animal models for depression are the chronic stress-

based models, in which animals are exposed chronically to stressors of different nature, 

inducing behavioral changes that appear to recapitulate those found in MDD patients and are 

hence considered depressive-like.  

A brief description of the most commonly used models based on chronic stress can be 

found in Table 1 [138,139]. All of those models are accompanied by symptoms that are 

similar to the ones found in MDD. These symptoms can be monitored and measured 

objectively and can be reversed by pharmacological interventions. However, so far none of 

these models have perfectly reproduced the whole clinical depression-like phenotype in MDD 

[138]. For this reason, the selection of the animal model should depend on the research 

question that is investigated. For example, the maternal stress separation model would be 

more suitable for studying early-life stress as a risk factor of depression [142,143], but it does 

not exclude the validity of the use of other models such as social isolation and learned 

helplessness in young rodents for this purpose. Other models, such as the repeated restraint 

stress and the learned helplessness are defined as the deficit of escaping an aversive stimulus, 

mimicking the depression-like coping deficit in unavoidable situations. On the other hand, the 

chronic mild stress and repeated social defeat models try to simulate different situations that 

1



2� 

 

happen in human daily life. While chronic mild stress is supposed to recapitulate the daily 

mild stress suffered by people over a long period of time, the social defeat is a model of social 

stress.  

 

Table 1. Most commonly used animal models of depression based on chronic stress.  

M����� D����	
�	�� F��� ��	�	�� 
��������

separation  

R������ ��� ��������� ���� ��� ������ �� �����

age.  

S�� ����� !�������� �" �� ���

neglect.  

L������

helplessness
T�� ������ �� � "������ �� �� ������� �#

unavoidable stimulus. This includes the use of 

unescapable foot shock and the forced swim 

test. 

A����$ � �� ��� ������$ ��

helplessness, as a symptom of 

depression that is associated 

with cognitive symptoms.  

R�������

restraint stress 
C������� �� �� ����!���"�� !�����! ������

protocol. Animals are restrained daily for a few 

hours, for several days.  

N� !���� ��!� %������� " � ���

strong construct validity.

C�����!

(unpredictable) 

mild stress 

I�!� ��� ���  �� �� � &��� ���$� �� ���������

daily aversive stimuli. The stimuli are 

presented over a long period of time to induce 

a recurrent stress response.  

C������� �� ��� ���� ����

cumulative low level 

unpredictable stress in daily life 

makes people more susceptible 

to develop depression.  

S�!��� ���������  A������ ��� ��������� ���� ��!� �����# &���� �

being able to socialize with their peers. 

Isolation is performed for several days. 

B�!� �� � ���� ��� � ��!���

species, this model intends to 

replicate situations like grief 

and loss of close 

relatives/friends.  

R������� ��!���

defeat stress

U��� ��� �������������� �� �������' A������ ���

introduced in the cage of a bigger and 

aggressive animal. The introduced animal is 

defeated in a fight by the resident. This 

protocol is used for several days.  

����!� ��� ����!�� �� ��!���

stress in humans.

W������ ������  T�� �(���������� ������� ��� ���!�� �� &������

several combats of other animals ��� ��%����

days. 

S�� ����� � ��� ����� ��

witnessing a traumatic event.  

Although the selection of the model will depend on several variables, including the 

research question and the model´s, validity. One of the advantages of the repeated social 

defeat model is that it can induce transient depressive-like behavior in fewer time (5-10 days) 

than other models, such as the chronic restraint stress (3 weeks) and the chronic mild stress 

(6-8 weeks), thus exposing the animals to stressors for shorter periods of time, but also the 

animal welfare has to be taken into account. However, this model fails in mimicking other 

human situations such as daily mild stress, trauma, or early-life stress.  
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5. Thesis outline 

 

 Studying the molecular interactions and risk factors of MDD is a key step for 

improving our understanding of the etiology and differences in treatment response between 

patients. Research on the neurobiology of depression in humans is challenging, and therefore 

animal models of depression provide a useful alternative approach to study the etiology of 

depression from a biological point of view. This thesis aims to investigate the contribution 

and interaction between several underlying biological processes on the development of 

depressive behavior in animal models, such as steroidal hormones, monoamine signaling, 

neurotransmission and neuroinflammation. An outline of this thesis chapters is shown in 

Figure 4. 

In Chapter 2, the use of PET for imaging of steroidal sex hormones in the brain was 

reviewed. Studies have proposed that sex hormones participate in the development of MDD, 

but are currently limited to post-mortem analysis or animal models of depression. In this 

context, an update on the current status of the use of PET imaging for studying sex steroid 

hormones in the brain is given and discussed.  

In Chapter 3, chronic stress as a risk factor for post-menopausal depression was 

investigated. In particular, the interaction between a decrease in estrogen levels in female rats 

and chronic stress was studied by measuring brain glucose metabolism as a biomarker.  

Chapters 4 and 6 are focusing on the neuroinflammation hypothesis of depression 

and studied the interactions between biological systems, by using pharmacological 

interventions.  

The effect of a single injection of the fast antidepressant ketamine on stress-induced 

neuroinflammation in the repeated social defeat animal model of depression was studied, as 

described in Chapter 4. A combination of behavioral studies, PET scans with the first 

generation TSPO tracer [11C]-PK11195 and serum corticosterone analyses was performed.  

Literature data suggest that second generation TSPO PET tracers like [11C]-PBR28 are 

more sensitive that the traditionally used tracer [11C]-PK11195. Therefore, the first generation 

TSPO tracer [11C]-PK11195 and the second generation tracer [11C]-PBR28 were compared in 

the repeated social defeat (RSD) animal model of depression, as described in Chapter 5.  

Caffeine is a non-specific adenosine receptor antagonist that is present in several 

beverages. Since caffeine was shown to reduce the risk to develop depression, the study 

described in Chapter 6 investigated the effects of caffeine on depressive behavior and 

neuroinflammation in the RSD model Based on the results described in Chapter 5, 
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neuroinflammation was investigated with [
11

C]-PBR28 PET and confirmed by microglial 

histological analyses of depression.  

The interactions between monoaminergic transmission, related to the monoamine 

hypothesis of depression, were investigated in this thesis as well. The study described in 

Chapter 7 aimed to investigate if the temporal changes in dopaminergic and serotonergic 

neurotransmission are related to the presence or remission of depressive-like behavior in the 

RSD model. In particular, dopamine D2/D3 receptor and SERT availability were measured 1-2 

days, and 14-15 days after RSD, using [
11

C]-raclopride PET and [
11

C]-DASB PET, 

respectively. Behavioral changes and peripheral corticosterone levels were also analyzed.  

 

 

Figure 4. Thesis outline. This scheme shows the treatments, risk factors, and the neurobiology 

aspects of depression that were studied in this thesis. Dashed arrows show the relationship between the 

MDD characteristics and the chapters in this thesis.  

 

In Chapter 8, the effect of the commonly prescribed antidepressant fluoxetine 

exposure during pregnancy on the offspring was investigated as a potential risk factor for 

depression. For this purpose, female rats were given a daily dose of fluoxetine before and 
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during the first two weeks of pregnancy. The gestation-exposed offspring were submitted to 

behavioral tests to assess effects on memory, depressive-like and anxiety-like behaviors 

during adulthood. Moreover, changes in NMDA receptor expression were assessed.  

 Finally, in Chapter 9, the results of the studies described in this thesis are discussed in 

a broader perspective. 
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