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Depression is a mental disorder that is considered to be a major global health burden. 

The most common form of depression, “Major Depressive Disorder” (MDD), is characterized 

by a persistent (at least for two weeks) disruption of normal emotional behavior and can 

include a wide range of symptoms. The diversity and intensity of symptoms between patients 

make MDD a heterogeneous disorder. Because of low pharmacological treatment response in 

MDD, this disorder is one of the most disabling psychiatric disorders worldwide. In 2015 

about 300 million people were suffering from this disorder. However, due to the modern 

stressful lifestyle, this number is expected to increase. Therefore, the search for new 

treatments and refinement of current therapies is an important step towards improvement of 

the quality of life of MDD patients.  

 The etiology of MDD is multifactorial. Risk factors leading to MDD include genetic 

background, brain chemistry, certain medical conditions, substance abuse, stress and poor 

nutrition. Probably a combination of multiple risk factors can lead to dysregulation of specific 

biological systems and cause a variety of symptoms, depending on the systems affected. In 

this regard, studying interactions between risk factors, symptoms and changes in biological 

systems seems to be essential in order to improve our understanding of the heterogeneity of 

this disorder, and to be able to make more accurate diagnoses and improve treatments. 

Nonetheless, studying these interactions in MDD is no easy task. Different risk factors that 

affect different biological systems can lead to completely different symptoms with different 

intensities. Moreover, research in patients on the biological mechanisms underlying MDD is 

mainly limited to correlation studies, post-mortem analysis and imaging studies. For this 

reason, the refinement of current available techniques, and the use of preclinical models of 

depression are needed in order to advance the knowledge on the pathophysiology and improve 

treatment.  

One of the clearest examples of the influence of diverse biological interactions in the 

development and progression of MDD is the difference in incidence between. Women are 

twice more susceptible to develop MDD than men. Both genders will respond differently to 

stress, and probably develop a different set of symptoms. These differences may be attributed 

to differences in sex hormone concentrations and their effect on the brain. It has been 

observed that a decrease in steroidal sex hormones, such as estrogens, progestins and 

androgens, is a risk factor for developing MDD. Research using brain imaging techniques, for 

instance positron emission tomography (PET), can improve our knowledge in this field, since 

it allows to measure changes in biological markers in the brain, in MDD patients, in a non-

invasive manner. Chapter 2 shows the current state of the art of PET imaging of sex 
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hormonal effects in the brain. Here, the available PET tracers for sex hormone receptors are 

discussed, showing that so far only the tracer [18F]-FES has been proven to measure estrogen 

receptor expression in the brain in both humans and rodents. However, PET has also been 

used as a tool to measure (changes in) aromatase expression, a key enzyme in the steroid 

synthesis pathway, and to evaluate the effects of hormonal treatment by imaging specific 

downstream processes in the brain (i.e. brain metabolism). Based on the available literature, it 

was concluded that PET imaging could be useful for studying sex hormone receptor changes 

in the brain, although more suitable tracers to identify these changes in these brain receptors 

need to be developed. Meanwhile, PET tracers are available to measure downstream effects of 

steroidal hormone receptors. 

Hormonal changes are a risk factor for women to develop depression in specific 

periods of their life, in particular during pregnancy and post-partum, and in the peri- and post-

menopausal period. Nonetheless, only a minority of women with reduced circulating estrogen 

levels suffer from depression, suggesting that an additional trigger is needed. For this reason, 

the study described in Chapter 3 aimed to investigate the effect of stress, as a potential 

enhancer of the risk to develop depression, on brain metabolism, as a surrogate marker of 

brain activity, in an animal model of menopause. Thus, female rats underwent to an 

ovariectomy procedure in order to simulate estrogen depletion during menopause. In control 

animals, regular estrogen levels were maintained after ovariectomy by subcutaneous 

implantation of an osmotic pump releasing estrogen. After 12 days, animals were submitted to 

a 6-week protocol of chronic mild stress, or used as unstressed controls. PET scans to measure 

brain activity using [18F]-FDG (glucose metabolism), open field tests (OFT) to measure 

anxiety-like behavior and forced swim tests to measure depressive-like behavior were 

performed before and after the CMS protocol. Only changes in brain metabolism and 

depressive-like behavior due to estrogen depletion were found; no effects of stress were 

observed. These results suggest that in this model of menopause, chronic mild stress is not a 

risk factor for depression.  

Besides studying risk factors for the development of depression, another interesting 

way of researching depression is by studying the interactions between biological systems, 

which can be done by the use of pharmacological interventions. Using this approach, the 

study in Chapter 4 investigated the link between neuroinflammation and the glutamatergic 

system, using the fast-acting antidepressant ketamine (NMDA antagonist) in the repeated 

social defeat (RSD) animal model of depression. Male rats submitted to a 5-day RSD protocol 

received a single injection of either vehicle (saline) or ketamine (20 mg/kg) the day after the 
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last RSD session. Control groups were injected with ketamine or vehicle at the same time 

point, but not subjected to the RSD protocol. Depressive behavior was measured using the 

sucrose preference test 1, 2 and 7 days after the RSD protocol, anxiety-like behavior was 

measured with the OFT one day before RSD and one day after the injection of 

ketamine/vehicle and corticosterone levels in plasma were measure 7 days after RSD. In 

addition, the neuroinflammation marker, 18kD translocator protein (TSPO), was measured 

using PET with the tracer [
11

C]-PK11195 one week after the last RSD session. The results 

showed that RSD induced depressive-like behavior, decreased bodyweight gain, and caused 

neuroinflammation in the insular and entorhinal cortices, as observed by [
11

C]-PK11195 PET. 

However, a single injection of ketamine 1 day after RSD failed to decrease depressive-like 

symptoms, weight gain loss or neuroinflammation. Instead, ketamine induced 

neuroinflammation in the basal ganglia. In this study, no evidence for ketamine being able to 

decrease RSD-induced neuroinflammation was shown, but the induction of 

neuroinflammation in the basal ganglia may provide new insights that could help to unravel 

the mechanism of action of ketamine as an antidepressant. 

Measuring TSPO as a marker of neuroinflammation with PET is a useful approach to 

determine changes in neuroinflammation in specific brain areas. Several TSPO PET tracers 

have been developed and used in a variety of neurological disorders. When used in psychiatric 

diseases or animal models that present only mild inflammation (e.g. depressive disorders), the 

results are contradictory. This has been attributed mostly to tracer characteristics like poor 

signal-to-noise ratio, high non-specific binding, and sensitivity to polymorphism of the target 

receptor. For these reasons, a selection of the most suitable tracer for each situation is 

necessary. In Chapter 5, a comparison between the ability of the first-generation TSPO tracer 

[
11

C]-PK11195 and the second-generation tracer [
11

C]-PBR28 to detect neuroinflammation in 

the RSD model was performed. Using the same 5-day RSD protocol as mentioned before, 

control animals and stressed animals were submitted to both an [
11

C]-PK11195 and an [
11

C]-

PBR28 PET scan one week after the last RSD session. As expected, RSD induced a decrease 

in body weight gain and an increase in depressive-like behavior, but induced no changes in 

serum corticosterone. The PET results suggested that [
11

C]-PBR28 is a more sensitive tracer 

for the detection of neuroinflammation in this model than [
11

C]-PK11195, as RSD-induced 

increases in uptake were found in the bed nucleus stria terminalis, cerebellum, and temporal 

cortex with [
11

C]-PBR28, but not with [
11

C]-PK11195. Therefore, this chapter recommends 

the use of [
11

C]-PBR28 instead of [
11

C]-PK11195 for the study of neuroinflammation in the 

RSD rat model.  
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To investigate the neuroinflammation hypothesis of depression, a second study using a 

pharmacological intervention to study interactions between neurotransmission and 

neuroinflammation was performed. The study described in Chapter 6 aimed to investigate the 

possible modulation of neuroinflammation by caffeine administration, an adenosine receptor 

antagonist, which was shown to have prophylactic effects on depression. For this purpose, the 

RSD protocol was used to induce depressive-like behavior in rats. After the last stress session, 

control and RSD animals were daily administered with caffeine (25 mg/kg) via oral gavage 

for 14 days. Behavioral changes were measured by the OFT and the SPT test, while 

neuroinflammation was measured by a combination of PET imaging with the TSPO tracer 

[11C]-PBR28 and histological analyses of microglia morphology and density. RSD initially 

induced a decrease in body weight change and an increase in depressive-like behavior 1 day 

after the last stress session. After 14 days, RSD-induced depressive-like behavior was still 

present, and an effect of RSD on anxiety-like behavior was observed. When caffeine was 

administered, the RSD-induced changes in depressive-like behavior were not present 

anymore. Caffeine alone caused an increase in increased [11C]-PBR28 uptake the olfactory 

cortex, whereas RSD alone did not increase neuroinflammation in any brain region 2 weeks 

after the stress protocol. However, a combined effect of RSD and caffeine was found, as 

reflected by an increased [11C]-PBR28 uptake in several brain areas. Further histological 

analyses showed changes in the number of microglia ramifications of the occipital cortex due 

to caffeine/RSD alone or their combination, together with an increase in microglial density in 

the frontal and occipital cortices. Therefore, this study showed that daily caffeine 

administration for 14 days induced antidepressant-like effects, which are not linked with a 

reduction in microglial activation.  

Moving from the neuroinflammation to the monoaminergic hypothesis of depression, 

Chapter 7 delved into the temporal changes in dopaminergic and serotonergic transmission in 

the brain. In this chapter, the temporal changes in availability of dopamine D2R/D3 receptors 

and serotonin transporters (SERT) in the brain and the related transient depressive-like 

behavior were studied. To this end, PET scans, using the tracers [11C]-raclopride and [11C]-

DASB to detect D2R/D3R and DASB respectively, and the SPT to measure changes in 

depressive-like behavior were performed in the RSD stress model. Both the SPT and the PET 

scans for D2R/D3R and SERT were performed shortly (1-2 days) after RSD and after 

remission of symptoms (14-15 days after RSD). Shortly after RSD, an increase in depressive-

like behavior and serum corticosterone levels, and a decrease in body weight gain was 

observed, but these effects did not last until day 14 after RSD. Conversely, changes in the 
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binding of [
11

C]-raclopride and [
11

C]-DASB were not found immediately after RSD, but 

several brain areas showed a significant increase in both biomarkers after 14 days, when 

depressive-like behavior was already resolved. So, this study provides new insights into the 

time course of biochemical changes in the RSD animal model of depression.  

Finally, the study described in Chapter 8 aimed to assess whether the use of 

antidepressants during pregnancy is a risk factor for mood disorders and cognitive deficits in 

the offspring. For this purpose, fluoxetine, the most frequently prescribed antidepressant 

during pregnancy, was orally administered to female rats one week before, and during the first 

two weeks of pregnancy. The male fluoxetine or vehicle in utero exposed rats were used for 

behavioral analysis when they reached young adulthood. The OFT was used to assess changes 

in anxiety-like behavior, and both the tail suspension test (TST) and the SPT were used to 

determine changes in depressive-like behavior. Moreover, hippocampal and non-hippocampal 

dependent memory changes were assessed using the Morris water maze (MWM) and the 

novel object recognition (NOR) test respectively. Animals exposed in utero to fluoxetine 

presented increased anxiety-like and depressive-like behavior in the OFT and the TST, but did 

not exhibit increased anhedonia, as assessed by the SPT. Cognitive deficits in long-term 

memory were found in the NOR test, but not in the MWM test. When measuring non-

hippocampal dependent memory function, impairment of the remote memory was found in 

the MWM test. To explore the possible mechanisms linked to this cortical memory 

impairment, Western blot analysis of the NMDA receptor subunits NR2A and NR2B in samples 

from the hippocampus and the temporal cortex was performed. Statistical analysis showed an 

increase in the concentration of NR2B subunits in the temporal cortex, but not in the 

hippocampus, suggesting that these changes may be linked to cortical memory impairment 

and not to hippocampal-dependent memory. Taken together, this study suggests that in utero 

exposure to fluoxetine may induce detrimental effects on mood and on non-hippocampal 

dependent memory, possibly due to changes in cortical composition of NMDA receptor 

subunits. This study also implies that MDD treatment during pregnancy could be a risk factor 

to develop mood disorders during young adulthood in the offspring.  

In conclusion, this thesis provides a small glance of the molecular changes and 

interactions in the brain, caused by potential risk factors for MDD in animal models of 

depression. More studies on the interaction between biological systems are required in order 

to gain more knowledge about the different mechanisms participating in specific 

symptomatology and in the underlying pathology of MDD, in order to be able to advance to a 

more personalized medicine approach. In this regard, this thesis presented interactions 
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between several biomarker by using different experimental protocols and interventions. This 

thesis also provides a new point of view for the use of animal models of depression, as the 

natural resolution of depressive-like behavior occurring in these models could be used to 

measure changes in biomarkers in the brain during remission. However, this thesis also shows 

that results obtained from preclinical research should be interpreted with care, as results may 

only apply to specific situations, and may not be generalized, in particular when translating 

them to the clinical situation.  
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