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1. This thesis. 

 

 The main objective of this thesis was to study interactions between biological systems 

in the brain that are associated with depression, thereby obtaining insights into the differential 

response to pharmacological treatment of patients suffering from major depressive disorder 

(MDD). To this end, a combination of several approaches was used, utilizing models of 

depression in rats, behavioral and molecular analyses and PET imaging. First, methodological 

approaches to study the neurobiology of depression were discussed. Then, interactions 

between biological systems were studied in different animal models of depression, with and 

without pharmacological interventions, and in animals prenatally exposed to an antidepressant 

drug. Together, this thesis provides a multifocal view of the biological mechanisms 

interacting in animal models of depression, which will be further discussed in the following 

sections.  

 

2. The search for new methods to study the neurobiology of depression. 

 

 As Major Depressive Disorder (MDD) is one of the most disabling psychiatric 

disorders in the world, a huge number of resources have been invested in research in this field 

in order to discover new treatments. However, knowledge on the onset and pathophysiology 

of this disorder and on the proper treatment for each individual within the depression 

spectrum is far from complete. The main challenges in the research of depression are the 

heterogeneous nature of the disorder, leading to a large variability in symptoms, and the 

differential responsiveness of patients to currently available treatments. In this regard, it is 

evident that more research in the field is needed. The use of animal models for the study of 

the neurobiology of depression offers advantages over clinical trials, such as the ability to 

control environmental factors, and the possibility to test new potential pharmacological drugs 

and to perform ex-vivo analyses of biological processes in the brain. Nonetheless, translation 

of these models to the human situation is difficult, due to different outcomes as a result of the 

use of different models and techniques, and the fact that these models only mimic part of the 

processes found in patients. This means that the search of new approaches for animal studies 

in this area, such as improved animal models or refinement of the outcome measurements, are 

needed to move research on depression forward. 

 PET is a promising technique to study changes in molecular processes in the brain in a 

non-invasive manner. Chapter 2 reviews the potential use of this imaging technique in the 
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research on the role of steroidal sex hormones in the brain. The ability of these hormones to 

cross the blood-brain barrier and their receptors being present in several brain areas has led to 

the investigation of the role of these hormones in the central nervous system [1]. The 

contribution of these hormones to brain function could be of interest for psychiatric disorders, 

as steroidal sex hormones could have a great influence on the susceptibility/resilience to 

develop these disorders. Despite the advancements made in this research field, there is a 

technical limitation to study the neurobiology of sex hormones, since biological studies have 

been performed mainly in animal models and post-mortem brain studies. In this context, the 

use of non-invasive molecular imaging techniques may help to overcome these limitations, 

providing a technical platform to study longitudinal changes in these hormone systems during 

the development of psychiatric disorders such as depression. However, there are some issues 

to consider when using PET imaging.  

 The main challenges of PET imaging of sex hormones in the brain are the low receptor 

expression [2] and difficulties in obtaining radiotracers with sufficient affinity, metabolic 

stability and good penetration of the blood-brain barrier [3]. Several radiotracers for sex 

hormone receptors have been produced, whereas only the estrogen receptor tracer [18F]-FES 

was able to detect changes in estrogen receptors in the pituitary of both humans and rodents 

[2,4]. However, more research is required for the development of suitable tracers to measure 

sex hormone receptors in the brain and it is not likely they will become available in the near 

future.  

The effects of sex hormones in the brain have also been indirectly studied by 

measuring downstream biomarkers. These approaches include the use of tracers, that can 

detect changes in the metabolic pathways of sex hormones in the brain (e.g. aromatase), brain 

metabolism, or neurotransmitter markers, in healthy volunteers, during periods of fluctuations 

of sex hormones (i.e. menstrual cycle), and in patients with hormone replacement therapies. 

Correlations between sex hormone levels and brain metabolism [5–9], serotonin biomarkers 

[10–16] or dopaminergic biomarkers [17] have been found using PET. In this sense, the use of 

validated biomarkers, which can successfully measure changes in the brain due to hormone 

fluctuations, can offer an advantage over the direct measurement of sex hormone receptors in 

the brain.  

In conclusion, due to the lack of radiotracers which could measure sex hormone 

receptors in the brain, research on the effects of these hormones on brain function should be 

focused on the measurement of changes of downstream biomarkers that could be affected by 

hormonal fluctuations. In addition, the use of animal models can complement these studies, as 
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postmortem analysis with molecular biology techniques, such as western blot and 

immunohistochemistry, can help to increase our understanding of the biological pathways 

involved in this issue. 

 

3. Risk factors in depression: studying the interaction between stress and menopause 

 

It is already known that MDD is a multifactorial disease and several risk factors may 

influence its development [18]. One of these factors is related to estrogen fluctuations. Studies 

have shown that women have an increased risk of developing depression during periods of 

hormonal changes, such as pre-menstrual, during pregnancy and post-partum, and both peri- 

and post-menopausal periods [19,20], positioning estrogens as neuroprotective hormones 

against MDD. However, the fact that not all women with decreased estrogen levels (i.e. post 

menopause) develop depression [21], implies that additional risk factors are needed in order 

to trigger this disorder. Furthermore, the fact that individuals respond differently to the same 

risk factors, and the interaction between different risk factors may give different outcomes, 

makes research on depression highly challenging. To overcome this hurdle, risk factors could 

be studied in specific animal models, in order to determine their contribution to the 

development of depression. In Chapter 3, a reduction in estrogen levels and chronic stress 

were studied as risk factors of MDD. For this purpose, brain metabolism was measured in an 

animal model of menopause in combination with a stress protocol.  

In female rats, ovariectomy (OVX) is widely used as a model to induce a menopause-

like state [22,23]. This model has the advantage of resembling the depressive-like and 

anxiety-like behavior that is found in some women during menopause [24]. However, in the 

human situation, not all postmenopausal women develop MDD or symptoms related to 

psychiatric disorders, and it is suggested that additional risk factors may be involved [21,25]. 

In this regard, the use of the chronic mild stress (CMS), mimicking daily stress, is a logical 

choice since it includes a variety of stress factors, simulating the challenges in the daily life of 

humans [26]. Chapter 3 showed that reduced levels of estrogen had an influence on behavior, 

physiology, and brain metabolism and that these effects were time dependent. However, the 

experimental approach used in this chapter showed that CMS did not worsen the behavioral 

and physiological changes induced by OVX, nor influenced brain metabolism. It is important 

to note that there are some limitations regarding the translation of the rat menopause model to 

peri-menopausal women: 1) Female rats do not go through menopause as humans, as the 

cycles last days in rats, compared to weeks in women, and 2) the transition of women through 
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menopause consists of a gradual change in levels of estrogens (perimenopause to menopause), 

which is not reproduced in our study because of the sudden reduction of estrogens due to 

OVX. Moreover, the lack of an effect of the CMS protocol does not exclude the possibility 

that stress in a certain population of women going through menopause may have a significant 

impact on MDD development. The use of different (and more severe) stress models, like for 

example the repeated social defeat (RSD) model, should be tested in order to exclude stress as 

a risk factor. 

Although the translation of results from animals to humans is challenging, the results 

described in this thesis provide additional information about the temporal changes in brain 

metabolism when there is a large reduction of circulating estrogens in women. This 

knowledge can be taken into account for further studies on the influence of estrogen 

fluctuations in MDD, such as estrogen replacement therapy, and other therapies implying 

changes in sex hormone levels. Furthermore, the fact that the CMS protocol did not induce 

changes in behavior or brain metabolism in an estrogen depletion animal model of 10 weeks, 

highlights the limitations of animal models, which cannot be generalized to clinical 

conditions. In this regard, more studies using animal models of menopause with different 

periods of estrogen depletion, in combination with other chronic stress models could help to 

gain knowledge about the effects of hormonal fluctuations, and the specific stress factors that 

may be a risk factor for women for the development of MDD.  

 

4. Pharmacological interventions to study modulation of brain inflammation by other 

biological systems. 

 

 Because the RSD model is a more severe stress model than CMS and was proven to 

induce neuroinflammation, this model was used to study the interaction between changes in 

biological systems in the brain and neuroinflammation using PET scans with a tracer targeting 

the 18kD translocator protein (TSPO) that is overexpressed in activated microglia. To this 

end, two studies were performed, using pharmacological interventions. Chapter 4 aimed to 

determine if the fast antidepressant effects of ketamine [27] induced changes in 

neuroinflammation in the RSD model of depression. Chapter 6 aimed to determine whether 

caffeine, known for its neuroprotective effect in MDD [28], is able to exert an antidepressant 

effect in this model through modulation of neuroinflammation.  

 Chapter 4 aimed to link the antidepressant effects of a single dose of the NMDA 

receptor antagonist ketamine [27] with changes in neuroinflammation, using the RSD model. 

9
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Contrary to what was expected, no effects of ketamine on depressive-like behavior, in 

particular the sucrose preference test (SPT) measured anhedonia induced by RSD, were 

found. Considering that the data obtained in this project was not sufficient to explain the 

absence of an effect of ketamine on behavior, it can be argued that the 5-day RSD model does 

not induce depressive-like behavior with the same intensity as other longer stress protocols 

[26]. In addition, most of the studies on ketamine in preclinical models measure the short-

term effects (from hours to one day after the last stress session). This means that no 

information is available about how long does this effect lasts in animal models. Clinical 

studies have shown that the antidepressant effect of a single dose of ketamine in MDD 

patients, can last for more than a week. In this respect, the RSD model used in this chapter 

proved to be useful, as the antidepressant effects were still present (but weaker) one week 

after the RSD, which has not been shown with other models. In this regard, the use of models 

which induce long-lasting depressive-like behavior should be preferred in order to improve 

the translation of preclinical results to the clinical situation. An important limitation of our 

study is that only a single behavioral test was used to assess depressive-like behavior, while it 

is known that the heterogeneity in symptoms of MDD in patients is broad. Therefore, it is not 

possible to conclude whether ketamine treatment did have an effect on other symptoms in 

rodents. To improve the study design of the study described in Chapter 4, additional 

behavioral test should have been added to measure other symptoms as well, such as 

helplessness, which can be measured by the forced swim test (FST) and the tail suspension 

test (TST). Thus, the results described in Chapter 4 should only be interpreted for the effects 

of ketamine on anhedonic behavior.  

The main objective of the study in Chapter 6 was to determine whether caffeine 

induces its antidepressant effect, as measured by the sucrose preference test (SPT), via 

modulation of neuroinflammation and microglial response. Caffeine is a component of 

beverages like coffee and acts as a non-selective adenosine receptor antagonist (A1R/A2AR). 

In chapter 6, it was observed that caffeine induces an antidepressant effect when administered 

for 2 weeks after the RSD protocol. In clinical studies, the effects of caffeine on depression 

have been studied in MDD patients. In these studies, it has been shown that caffeine acts as a 

prophylactic against MDD, but can also cause modulation of inflammatory markers in the 

brain [29]. In Chapter 6, the antidepressant effects of caffeine were measured, instead the 

prophylactic effects, by orally administering caffeine after the induction of depressive-like 

behavior. This study showed for the first time an antidepressant effect of caffeine in the RSD 
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rat model. However, in this study, although caffeine did induce antidepressant effects, it was 

not possible to link them with changes in neuroinflammation. 

In Chapter 4, [11C]-PK11195 PET showed an increased uptake of TSPO one week 

after RSD, as expected [30]. Conversely, the [11C]-PBR28 volume of distribution (VT) 

analyses performed in Chapter 6 did not show changes in tracer binding due to RSD, 

measured 2 weeks after the last RSD session. An explanation for these differences could be 

the time point at which neuroinflammation was measured, as the timeline of the 

neuroinflammatory process can depend on the intensity of the psychiatric/neurological model 

and can last from days in mild models to months in the case of the most severe disease models 

[31]. In another study [30], neuroinflammation was found 1 week after RSD in several brain 

areas, but was not detected in the third week. Therefore, it can be argued that the lack of 

neuroinflammation two weeks after RSD is possibly caused by a remission of the 

inflammatory effect induced by RSD. In addition, differences in the PET tracers and analysis 

methods used made a direct comparison between studies difficult.  

When animals were treated with either a single injection of ketamine or repeated 

caffeine administration for two weeks, no effect on neuroinflammation was found. In fact, 

both treatments enhanced the RSD-induced neuroinflammation, as observed by the increased 

tracer uptake in some specific brain regions. Nonetheless, the possible influence of these 

drugs decreasing neuroinflammation in the RSD model cannot be discarded, since it is 

possible that the time point at which neuroinflammation is measured may not the best time 

points to show the largest decrease in neuroinflammation. Additionally, the fact that the 

immunohistological analysis performed in Chapter 6 showed an increase in microglial 

density in both the frontal and occipital cortex, suggests that the tracers used did not have 

sufficient sensitivity to detect such small changes in neuroinflammation. In this respect, it is 

possible that the increased tracer uptake after the pharmacological intervention with ketamine 

or caffeine is related to an increased microglia density in the brain, and not due to microglial 

activation. Yet, studying the progression of neuroinflammation over time, using PET with a 

TSPO tracer, could be useful in determining how the neuronflammatory process evolves in 

these two studies, and what would be the optimal timing for the pharmacological treatments.  

To conclude, several points must be considered when interpreting the data of these two 

intervention studies. One is the timing of neuroinflammation. When comparing these two 

chapters, our results suggest that even if the same RSD stress model is used, the 

neuroinflammation peak, as measured with a TSPO tracer for PET, may be different. 

Furthermore, even if the time of measurement is the same using the same animal model (when 
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comparing chapters with the same timing in this thesis), slight changes in the procedures can 

lead to different results (further discussed in subsection 9). Although the RSD model has 

been found to induce neuroinflammation in previous studies, including those described in this 

thesis, a decrease in neuroinflammation as a result of modulation of glutamatergic and 

adenosinergic transmission was not found under the experimental conditions tested in 

Chapter 4. Moreover, results obtained using TSPO tracers for PET to assess 

neuroinflammation can be misleading, since in MDD patients and animal models of 

depression, the intensity of inflammation processes may not be strong enough to be detected 

with this technique. This may be reflected in the high variability in results of both clinical and 

preclinical studies on depression, using TSPO as an inflammatory marker [32]. To overcome 

the possible lack of sensitivity of TSPO PET, it is recommended to measure additional 

markers in order to determine the degree of inflammation occurring in the brain, such as 

proinflammatory cytokines and oxidative stress. All this information together may help to 

understand the temporal dynamics of the inflammatory process, and may even help to find a 

temporal window, in which the use of anti-inflammatory drugs may be used as adjuvant 

therapy for MDD.  

 

5. Refinement of the measurement of neuroinflammation with PET: which tracer should 

be used? 

 

 PET imaging is a useful technique to study molecular changes inside the body in a 

non-invasive way, but the reliability of this measurement depends on the properties of the 

tracers used. Ideal PET tracers should have certain properties, such as a high specificity and 

affinity for the biological target (low non-specific binding), limited metabolism to have 

enough tracer available for target binding, suitable kinetics for the duration of the PET scan 

(ability to reach relevant body compartments within the duration of the scan), and for the 

specific case of the central nervous system, it should be able to cross the blood brain barrier. 

In other words, tracers should have low non-specific binding and low binding to plasma 

proteins, and should generate low amounts of metabolites marked with radioactivity, in order 

to reduce the background signal. We used different TSPO PET tracers in this thesis for 

measuring of neuroinflammation in the RSD model of depression. While in Chapter 4 the 

first-generation tracer [
11

C]-PK11195 was used, Chapter 6 was performed using the second-

generation tracer [
11

C]-PBR28. In Chapter 4, [
11

C]-PK11195 was selected because good 

results were obtained previously with this tracer in the same animal model [30]. However, this 
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PET tracer has some limitations, including low affinity and poor signal-to-noise ratio [33]. 

Therefore, a new generation of TSPO radiotracers was developed with improved affinity and 

signal-to-noise ratio. These new tracers showed good results in animal models of 

neurodegeneration, which is accompanied by severe neuroinflammation. Nonetheless, testing 

whether these improved tracers are also suitable for the use in specific models with only mild 

neuroinflammation is still necessary. Therefore, Chapter 5 compared the ability of [11C]-

PK11195 and [11C]-PBR28 scans, representing first and second generation tracers 

respectively, to detect mild neuroinflammation in the repeated social defeat (RSD) rat model 

of depression.  

 In this study, [11C]-PBR28 was able to detect changes in TSPO expression in the brain 

after RSD, whereas [11C]-PK11195 could not detect any significant TSPO variation in the 

same animals. Yet, a high correlation between the brain uptake of the two tracers was 

observed, but the linear regression showed an intercept of >0 and a slope <1. This suggests 

that [11C]-PBR28 has a larger dynamic range and less non-specific binding than [11C]-

PK11195 and therefore should be more sensitive to detect mild inflammation in the brain. 

Therefore, Chapter 5 showed evidence suggesting that [11C]-PBR28 is a more suitable tracer 

to study subtle changes in neuroinflammation than [11C]-PK11195, at least for the RSD model 

of depression. Nonetheless, translation of these results to humans should be considered with 

care, especially since the affinity of [11C]-PBR28 was found to depend on a TSPO 

polymorphism observed in humans [34], which complicates the interpretation of the results in 

humans, as well as the translation of results from animals to humans.  

 

6. Studying molecular changes in the brain associated with the natural remission of 

depressive-like behavior: a new approach to study the neurobiology of depression. 

 

 When studying depression, multiple approaches and different points of view should be 

considered. Understanding the differences in pathophysiology between MDD patients who 

respond well and patients who do not respond to the treatment may be crucial for the 

improvement of current pharmacological therapies. Clinical studies in patients with treatment 

resistant depression (TRD) have suggested that abnormalities in several biological systems 

may be responsible for treatment resistance, including dysregulation in glutamatergic 

transmission, synaptic plasticity, neurotropic factors, the hypothalamic-pituitary-adrenal 

(HPA) axis, the immune system, neuroinflammation, as well as epigenetic changes [35]. 

However, it is difficult to determine the specific contribution of each biological system, 

9



2�� 

 

because of the heterogeneity of MDD in terms of symptomatology. Preclinical studies can 

help to increase our understanding of the mechanisms and interactions involved. An 

interesting approach in this respect could be to investigate the remission of depressive 

symptoms that occurs naturally in many animal models. One of the disadvantages of animal 

models is that depressive-like behavior does not persist for a long period. This apparent 

disadvantage, however, could be considered as a potential opportunity, as this spontaneous 

remission could be applied as a translatable model of remission in humans. Chapter 7 

therefore aimed to determine changes in serotonergic and dopaminergic neurotransmission 

associated with the spontaneous remission of depressive-like behavior in the RSD model.  

 In general, many components of the serotonergic and dopaminergic transmission 

system (e.g. neurotransmitter concentration and their receptors, transporters and enzymes) are 

known to be affected by stressful events [36,37]. In this context, it is important to make a 

distinction between the mechanisms that cause short-term and long-term changes. It has been 

shown that a single social defeat trial induces an acute increase in dopamine and serotonin 

[38], leading to receptor desensitization and changes in their availability after repeated 

exposures [39]. In our study, long-term changes in D2R/D3R and SERT availability (14 days 

post RSD) were found, whereas short-term changes (1 day after RSD) were not found. A 

plausible explanation for the lack of short-term effects is the fact that changes in the 

availability of biomarkers of the serotonergic and dopaminergic system, including D2R/D3R 

and SERT, depend on the number of stressful events that animals are exposed to [40]. The 

number of stressful events was low in our study (5 trials) compared to most chronic stress 

protocols (from 10 to 40 trials). In contrast, appearance of long-term changes in our study 

may result from compensatory mechanisms due to changes in dopamine and serotonin 

concentration, resulting in desensitization of receptors. As a result of the desensitization, the 

same dose of a drug would produce a lower physiological response and thus limit the 

therapeutic effect of the treatment. Furthermore, the desensitization may also influence the 

development of other symptoms or other mood disorders. Moreover, these changes that are 

accompanying the natural remission of depressive-like behavior in rats may qualify as 

suitable candidates for biomarkers of remission.  

 In this regard, the natural remission of depressive-like behavior in stress-based animal 

models offers an opportunity to study biological markers of remission. Although it can be 

argued that this does not represent the pharmacological remission in MDD patients, it can 

help to understand which specific biological changes occur during remission that could 

facilitate the advance to a more personalized treatment. However, when translating our results 
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to the clinical situation they have to be carefully interpreted, since the observed changes in 

dopaminergic and serotonergic biomarkers may be specific for this particular preclinical 

depression model, and it cannot be excluded that the same risk factor may lead to different 

outcomes in different models. Therefore, generalization must be avoided, until a better 

understanding of the differences between animal models is available. This would offer the 

possibility to link a specific animal model with specific features in MDD and thus could 

improve the translation of preclinical data. 

 

7. The risk of antidepressant treatment during pregnancy: long-lasting effects on mood 

and cognition in the offspring.  

 

 The importance of doing research on the neurobiology of depression has been 

highlighted in this thesis. However, research in the field of depression should also focus on 

the treatment of this disorder, as it may be an additional risk factors that could increase the 

psychological burden to society. The study described in Chapter 8 investigated the long-term 

effects of antidepressant exposure in utero [41]. Thus, the antidepressant most frequently 

prescribed to pregnant women (fluoxetine) was administered to female rats before and during 

pregnancy, and behavior and cognition was assessed in the in utero exposed offspring.  

 Using a medically relevant dose of fluoxetine, this model aimed to simulate a human 

situation in which treatment with antidepressant is prescribed before pregnancy, and lasts until 

the first period of pregnancy. In agreement with previous studies, in utero exposure to 

fluoxetine resulted in an increase in anxiety-like and depressive-like behavior [42–44], and a 

decreased cognition performance in the young adult male offspring. Interestingly, adverse 

changes were found only in cortical-related cognitive performance, inducing remote memory 

storage deficits in the Morris water maze, and learning deficits in non-hippocampal dependent 

memory, in particular object recognition memory. On one hand, studies have suggested that 

fluoxetine in utero exposure induced alterations in serotonergic and dopaminergic 

transmission and in synaptic plasticity, although the mechanisms underlying the behavioral 

changes are not known [45–47]. On the other hand, the memory impairments observed in this 

study could be the result of changes in glutamatergic transmission through the ionotropic 

receptors AMPA and NMDA receptors, known to be key players in synaptic plasticity [48]. 

Therefore, we performed additional western blot analysis, which revealed changes in the 

NMDA receptor subunits stoichiometry (NR2B/NR2A) in the temporal cortex, but not 

hippocampus. No changes in AMPA receptor subunits in either of the brain areas analyzed 
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were observed. In early post-natal stages, the number of NR2B subunits present in NMDA 

receptors are higher than NR2A subunits, but during development the NR2B subunit is 

outnumbered by the NR2A subunit. Hence, it is possible that gestational fluoxetine exposure 

interferes with this process. Despite both NR2A and NR2B subunits are necessary for cognitive 

processes, an increased NR2B/NR2A ratio has been reported to be more beneficial for memory 

acquisition. Therefore, the decreased NR2B/NR2A ratio found only in the temporal cortex of 

animals exposed in utero to fluoxetine could explain why exclusively non-hippocampal 

dependent memory deficits were observed.  

 These results support the idea that in utero exposure to antidepressants, such as 

selective serotonin reuptake inhibitors (SSRIs), can induce long-term emotional and cognitive 

deficits that could remain obscured until adulthood [49]. They also support the existence of an 

interaction between serotonergic and glutamatergic neurotransmission during development 

[50]. Given that most of the clinical information related to the use of antidepressants during 

pregnancy is obtained from epidemiological studies, the use of preclinical studies, like the one 

present in this thesis, could help to improve our knowledge in this field. However, the human 

situation may differs from that in animal studies, in terms of the time that the fetus was 

exposed to the drug, the drug dose, and if the treatment started before or after conception. 

Therefore, the results obtained from protocols studying the in utero exposure to 

antidepressants should be interpreted carefully, since timing matters. Furthermore, differences 

in the exposure to different environmental stimuli (e.g. life style, nutrition, physical activity, 

medication) increase the spectrum of possible outcomes in humans, which cannot always be 

mimicked in preclinical studies. For this reason, it is important to determine to which extend 

results can be generalized from preclinical studies, since they may only be applicable for 

specific situations in humans.  

 

8. A brief overview of the neuroanatomical network involved in depression.  

 

 Unraveling the interaction of biological systems is important for the improvement of 

currently used pharmacotherapy for MDD. However, as important as the molecular processes, 

identification of the brain areas in which these processes are taking place is vital for the 

understanding of the neuroanatomical networks associated to MDD. Knowledge of the 

networks involved may be used for diagnosis and differentiation of MDD subtypes with brain 

imaging techniques in the future. As shown in this thesis and in a variety of clinical and 

preclinical studies, imaging techniques can be useful tools to determine which biological 
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processes in specific brain areas are involved in MDD pathophysiology. An overview of the 

most relevant imaging findings from studies on the effects of stress and interventions on 

depressive-like behavior in rats, as observed in this thesis, is shown in Table 1.  

   

Chapter Treatment/ 
intervention 

PET tracer Process Regional changes in tracer uptake 

Chapter 3 Ovariectomy  [18F]-FDG 
(SUVmean, 
voxel-based 
analysis 

Brain 
metabolism 

Decreased:  
Midbrain, hippocampus, brainstem, 
thalamus, frontal cortex, parietal cortex, 
striatum, insular cortex, cerebellum, bed 
nucleus stria terminalis.  

Chapter 3 Chronic mild 
stress  

[18F]-FDG 
(SUVmean, 
voxel-based 
analysis 

Brain 
metabolism 

No changes  

Chapter 4 RSD [11C]-PK11195 
(SUVmean) 

TSPO 
availability 

Increased: 
Enthorhinal cortex, insular cortex.  

Chapter 4 RSD + 
ketamine  

[11C]-PK11195 
(SUVmean) 

TSPO 
availability 

Increased: 
Enthorhinal cortex, insular cortex, basal 
ganglia.  

Chapter 5 RSD  [11C]-PBR28 
(SUVmean) 

TSPO 
availability 

Increased: 
Cerebellum, temporal cortex. 
 
Decreased: 
Bed nucleus stria terminalis 

Chapter 5 RSD [11C]-PK11195 
(SUVmean) 

TSPO 
availability 

No changes 

Chapter 6 RSD + 
caffeine  

[11C]-PBR28 
(VT) 

TSPO 
availability 

Increased: 
Amygdala, enthorhinal cortex, insular 
cortex, hypothalamus, orbitofrontal 
cortex, visual cortex, whole brain. 

Chapter 6 Caffeine 
 

[11C]-PBR28 
(VT) 

TSPO 
availability 

Increased: 
Olfactory cortex 

Chapter 6 RSD 
 

[11C]-PBR28 
(VT) 

TSPO 
availability 

No changes 

Chapter 7 RSD [11C]-raclopride 
(BPND) 

D2R/D3R 
availability 

Increased: 
Caudate putamen 

Chapter 7 RSD [11C]-DASB 
(BPND) 

SERT 
availability 

Increased: 
Brainstem, insular cortex, midbrain, 
thalamus.  

Table 1. Description of changes in biological markers in brain specific areas. This table summarizes the 

results found in the different chapters of this thesis which used PET to determine molecular changes. All changes 

described are compared to the control groups in each chapter (Chapter 3=EST+CTL; Chapter 4=CTL+VEH; 

Chapter 5=CTL, Chapter 6=CTL+VEH; Chapter 7=CTL).. 
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In neuroanatomical research of MDD, the prefrontal cortex is one of the most studied 

brain areas, since imaging studies have shown volume reductions, sulcal widening, decreased 

glucose metabolism, and alterations in blood flow in this brain region in MDD patients [51–

53]. In line with these observations, we found in this thesis a decrease in glucose metabolism 

in the prefrontal cortex due to estrogen depletion and an increase in TSPO availability due to 

RSD and caffeine treatment. On the other hand, no changes in SERT availability were found 

in the frontal cortex 1 day or two weeks after RSD. Studies showing changes in SERT and 

TSPO in the prefrontal cortex in chronic stress models of depression [30,54–56] suggest that 

differences in these biomarkers are time dependent, and can be different for each specific 

model (for further discussion, see subsection 9). 

 Another important system that is dysregulated in MDD is the limbic system. The 

limbic system contains brain structures, such as the amygdala, thalamus, hypothalamus and 

hippocampus, and is in charge of emotional processing and memory formation [57]. Results 

described in this thesis show increased TSPO binding in the amygdala and hypothalamus after 

RSD and caffeine exposure, and increased SERT in the thalamus, and decreased brain 

metabolism in the hippocampus and thalamus after RSD. The involvement of these areas in 

pathophysiology of depression has already been described [58–62]. However, the results 

described in this thesis also show an important contribution of the insular cortex. Changes in 

different biological systems, such as increased TSPO and SERT availability due to RSD and 

decreased metabolism in ovariectomized female animals were found in the insular cortex. 

These data support several findings, suggesting this area is involved in emotional processing 

in MDD [63]. The entorhinal cortex also showed increased TSPO availability after RSD. 

However, only few studies demonstrate participation of this area in MDD, in particular in 

cognitive processes [64,65].  

This thesis also supports the idea that that the striatum (also part of the limbic system) 

is involved in depression, as dopaminergic transmission was affected by RSD and glucose 

metabolism was decreased after ovariectomy. This specific brain area is important for MDD 

since it is one of the major dopaminergic nuclei in the brain, projecting to several areas and 

modulating several higher brain functions, including emotion processing [66]. Other 

interesting findings include changes in biological markers in the temporal cortex and 

cerebellum. Although these brain regions do not seem to be major players in the 

pathophysiology of MDD, these areas have been suggested to play a role in emotional and 

cognitive processing [67–69]. Although this thesis does not provide a plausible link between 

neuroinflammation and monoamine neurotransmission, research in the field of MDD should 
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move in that direction to be able to create a time line of the changes that are occurring during 

the progression of the disorder. 

 Research on the neuroanatomical pathophysiology of depression has shown several 

brain structures which are impaired in both MDD patients and animal models of depression. 

Although most of the studies focused on areas related to emotional processing and cognition, 

studies have also proposed areas that may be involved in other aspects of depression, such as 

the basal ganglia and the brainstem, which participate in the reward system and regulating 

basic functions like feeding and sleeping behavior, respectively [70]. Current research in this 

field has shown the diversity of brain areas that are somehow involved in the development 

and progression of MDD. The different brain areas involved and the different interactions 

between biological systems highlight the complexity of MDD and emphasize the fact that we 

are far from understanding the mechanisms and brain connectivity that underlies this disorder. 

In this regard, an effort should be made to correlate the neuroanatomical networks with 

changes in and interactions between biological systems.  

 

9. Reproducibility of results in preclinical research: influence of the experimental 

variables.  

 

 Preclinical and basic research in the biomedical field is the first step and possible 

foundation for further advances towards clinical research. In this regard, it is important to 

acknowledge that great advances in science were founded on preclinical research [71]. 

However, preclinical research is facing important challenges, such as the existence of 

different models for the same illnesses/diseases, variabilities in the follow-up period between 

species and differences in responses to different drugs and their concentration [72]. Possibly, 

the most critical challenge is the poor reproducibility of the majority of findings presented in 

high-impact journals [73,74]. Consequently, preclinical research can be poorly predictive for 

clinical outcomes. Therefore, more robust and reproducible preclinical research is essential to 

enable a better translation to the human condition. In this subsection, the reproducibility of 

our results in different studies using the same chronic stress model (RSD) will be discussed.  

  RSD is a social stress model widely used because of its high ethological validity [26]. 

The RSD model was used in this thesis because it was previously shown to induce biological 

and behavioral changes after 5 days of resident-intruder exposure [30]. In this thesis 

Chapters 4 to 7 used the same RSD protocol, making it possible to directly compare results.  

9
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 Both Chapter 4 and Chapter 5 explored the changes in neuroinflammation one week 

after the RSD protocol. Although the obtained anhedonic behavior (SPT) was similar, the 

results were not consistent between the studies described in this thesis, as an RSD-induced 

increase in [
11

C]-PK11195 uptake was found in Chapter 4, but not in Chapter 5. The main 

explanation for this discrepancy lies in the differences in the protocols used. While in 

Chapter 4 an acute injection of ketamine/vehicle together with an extra SPT and OFT were 

performed between RSD and the PET scan, animals used in Chapter 5 did not have any 

intervention or exposure to the OFT. Therefore, the difference between the studies suggests 

that the stress caused by the injection of vehicle and the extra behavioral test may have cause 

additional stress and thus resulted in such an increase in neuroinflammation that it could be 

detected by [
11

C]-PK11195 PET. A previous study from our group [30] also found increased 

neuroinflammation with [
11

C]-PK11195 PET, but in more areas than in Chapter 4. In that 

study, the animals also underwent [
11

C]-PK11195 and [
18

F]-FDG PET scans at baseline 

(before RSD) and one day after RSD. These 4 additional PET scans may have resulted in 

sensitization to stress. Taken together, these data suggest that the 5-day RSD protocol by itself 

may not be able to induce sufficient neuroinflammation to be detected by [
11

C]-PK11195 

PET, but the combination of RSD with the stress of additional procedures might tip the scale, 

making the activation of glial cells detectable. 

 A similar situation was found for Chapter 6 and Chapter 7, as the results obtained 

from the SPT two weeks after RSD were different between both studies. While depressive-

like behavior was still present two weeks after RSD in Chapter 6, this was not the case in 

Chapter 7. It should be noted that the animals in Chapter 7 were submitted to three PET 

scans instead of one PET scan for animals in Chapter 6, so apparently the number of PET 

scans did not seem to have had a strong influence in the duration of depressive-like behavior 

in rats. Therefore, other differences in the protocol must have been responsible for this 

discrepancy between studies. One explanation could be the type of separation between the 

intruder and the resident after defeat in the RSD sessions (wire mesh cage versus Plexiglas 

wall). In the wire mesh case, the intruder is still experiencing close contact with the resident, 

whereas intruder can move a little away from the resident behind the Plexiglas wall, making 

this procedure less stressful. Another explanation for the differences between both studies 

could be the additional stress caused by drug administration. Animals used in Chapter 6 were 

daily administered with either caffeine or vehicle by oral gavage for two weeks, which may 

have caused the additional stress responsible for the longer duration of the depressive-like 

behavior. However, two weeks of intraperitoneal drug administration after RSD did not result 
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in long-lasting depressive behavior in a previous study [75], but this discrepancy between 

studies may be explained by the differences in drug administration routes or the effect of 

additional triggers.  

 Another important point of discussion is the data distribution and the statistical 

analyses. As seen in this thesis, the distribution of PET and behavioral data one day after RSD 

shows high variability. This suggests that individual differences in coping with stress could 

have affected the outcome. It also highlights the need to develop methods to differentiate 

between stress-susceptible and stress-resistant subpopulations within a study to improve the 

veracity of measured outcomes. Part of the high inter-subject variability could also be 

overcome by selecting a statistical analysis method that focusses on changes within subjects 

by including baseline measurements in studies with a longitudinal design. By doing this, 

translation to the clinical situation, in which some individuals are more susceptible to develop 

MDD than others, may improve.  

All these findings together highlight the need to refine experimental approaches, 

ensuring that even the smallest experimental details are reproducible, and to be careful with 

the generalization of results, as they may vary depending of small variations in the protocols.  

 

10. Final remarks – a considerable amount of research is still needed 

 

 Depressive disorders are disabling diseases that are likely to remain a major concern in 

the future in terms of public health and economic burden. Despite all research in this field, we 

are far from understanding these diseases sufficiently to have high remission rates. Moreover, 

modern day society is characterized by increasing social and work-related stress, together 

with an increasing general anxiety for the use of technology, which will probably lead to an 

increase in the incidence of depressive disorders, such as MDD. Thus, it is imperative to 

improve current treatment for these disorders in order to maintain patients quality of life.  

Because the pathophysiology of MDD is highly heterogeneous, more clinical and 

preclinical studies are needed in order to elucidate how different biological systems interact in 

the brain. This knowledge is necessary to determine how risk factors may affect the 

development, progression and treatment response in patients. Because many biological 

systems are involved in MDD and genetics can differentially influence the response of 

subjects at-risk to environmental stimuli, a huge spectrum of possible outcomes can occur. 

This could explain why the treatment efficacy is low, and why we are still far from 

understanding the complete etiology and pathophysiology of these disorders. In this regard, 
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this thesis presented several biomarkers and interactions which can be useful to develop an 

improved vision of the pathophysiology of MDD.  

A practical approach to investigate how biological systems interact in MDD could be 

to choose one biological system and see if pharmacological interventions in this system can 

influence other systems. Examples of this approach are given in Chapters 4 and 6, in which 

the interaction between interventions targeting the adenosine or glutamate system and 

neuroinflammation was the main focus. Measuring neuroinflammation with PET could be a 

useful approach to study how pharmacological interventions interact with neuroinflammation. 

For example, PET could help determine whether successful treatment with antidepressants 

(i.e.imipramine or fluoxetine) induce anti-inflammatory effects in specific brain areas 

associated to MDD [76]. Although TSPO PET measurements present some limitations, these 

can be compensated for by additional measurements of biomarkers, such as pro-inflammatory 

and oxidative stress molecules, by post-mortem analysis or preclinical models. In addition, 

being a translational technique, PET can be directly implemented from preclinical results into 

the clinic. Moreover, PET allows studying changes in biomarkers in a longitudinal manner, it 

could be used to establish time patterns of molecular changes at different stages of depression.  

 It is also important to discuss the benefits and limitations of the knowledge obtained 

from preclinical models. The main advantages of using animal studies lies in the ability to 

control environmental factors, the possibility of using pharmacological interventions, and the 

possibility of studying biological markers in simplified in-vivo and ex-vivo models. 

Nevertheless, besides the possible biological and physiological differences found between 

species, simplified models of diseases decrease the translational power of these studies to the 

human situation, and it does not reflect the time progression present in MDD patients. 

Moreover, results obtained from depression models should be assessed with care, since 

depressive-like behavior is only transient, and they cannot be diagnosed as depressed in the 

same way as patients are diagnosed. However, the transient behavioral effect observed in 

animal models can also be an advantage, since it may allow investigating differences in 

biomarkers between animals with and without depressive-like behavior, as shown in Chapter 

7.  

  To conclude, the use of preclinical models in the research of biological interactions in 

depression is useful, but the translation of the results to humans should be assessed with care. 

The results obtained in animals could eventually be useful, as they could provide biomarkers 

to stratify different types of depression, and advance to a more personalized treatment. 

However, it would be recommended to always test a hypothesis using different animal 
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models, in order to establish the robustness or the limitations of preclinical studies. Therefore, 

results obtained from preclinical studies must be analyzed with care, as they only represent a 

small part of the picture of the real pathophysiological condition in humans. Since MDD 

shows a wide variability in symptoms and treatment response, the view of MDD as a single 

psychiatric disorder may need to be reconsidered. It may be possible that instead of a specific 

disorder, MDD is a spectrum of multiple disorders with similar characteristics, but different 

underlying mechanisms.  
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