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The present thesis aimed to provide evidence linking psychosocial stress with depressive-

like behaviour and neurobiological alterations, such as neuroinflammation (i.e. glial 

activation) and alterations in brain metabolism (i.e. brain activity). Furthermore, we 

investigated the impact of exposure to a stressful event during adolescence on a recurrent 

psychosocial stressful event in aged rats. This was assessed through positron emission 

tomography (PET), a non-invasive technique which allows in vivo imaging of functional 

processes in the brain. Psychosocial stress was achieved by means of the well-validated 

rodent model of social defeat (also named resident-intruder paradigm). Furthermore, we 

addressed the underlying mechanism regarding the other side of psychosocial stress - 

increased aggression of the resident (dominant rat) upon repeated winning exposures.  

This chapter briefly discusses the relation between the results described in the 

thesis and future directions. Also, it addresses the potential translational impact of this 

work for research and clinical practice.  

 

Inflammatory hypothesis of depression and possible anti-inflammatory treatment 

strategies 

One of the greatest challenges in psychiatry is to enable effective individualized treatment 

for patients, considering the different subtypes and symptom profiles of major depressive 

disorder (MDD). In order to achieve this goal, different treatment strategies may have to 

be applied to different phenotypes of MDD in order to improve treatment response and 

achieve remission. Before reaching such point in clinical psychiatry, a thorough 

knowledge of different underlying processes responsible for the behavioural and 

physiological manifestations must be achieved, especially in patients with treatment 

resistant MDD.  

 In chapter 2 we discussed the current knowledge on the (neuro)inflammatory 

hypothesis of depression, a pathway that seems to play an important role in the 

development and progression of the disease, especially in the subgroup of treatment 

resistant patients. Important clinical studies performed in depressed patients with or 

without (and sometimes not assessed) elevated inflammatory profiles who received 

treatment with non-steroidal anti-inflammatory drugs (NSAIDs) were discussed. The 

main outcome of the studies was the relief of depressive symptoms, as evaluated through 

depression severity rating scales, such as the Hamilton Depression Rating Scale (1). 

Unfortunately, the majority of studies lack proper design and are not suitable for drawing 

definite conclusions regarding the inclusion of NSAIDs in the treatment of depression 

either in the form of monotherapy or augmentative strategy (i.e. usage of agents that are 

non-standard antidepressants to enhance the therapeutic effect). Future studies should 

therefore include validated inflammatory biomarkers and correlate them with depression 

scores. Such biomarkers could be the pro-inflammatory cytokines interleukin-1β (IL-1β), 

IL-6 and TNF-α, found consistently in the blood of depressive patients with an elevated 

immune profile (2), or a more traditional biomarker, such as C-reactive protein (CRP) (3; 

4). Another biomarker that should ideally be implemented in the clinical trials is the 

assessment of a marker of inflammation in the brain, such as the translocator protein 

(TSPO). PET may be able to provide such information, but major drawbacks of this 

approach are the high costs associated with PET scans and the limited availability of the 

technique, especially in countries in development. Until the present moment, no ideal 

PET tracer for the assessment of neuroinflammation is available for clinical imaging 

(Chapter 4) and therefore substantial research in this area is still required. Only when 

substantial proof of efficacy of an anti-inflammatory treatment approach and adequate 

tools for neuroinflammatory biomarker assessment are available, therapeutic guidelines 

might be updated and a patient tailored treatment strategy could be applied. 

 

PET as a tool to investigate psychosocial stress-induced glial activation and alterations 

in brain metabolism 

Inspired by the (neuro)inflammatory hypothesis of depression and taking into account the 

fact that social stress is a prominent risk factor for the development of MDD, a proof-of-

concept study was designed (Chapter 3). The aim of the study was to evaluate in rats if 

psychosocial stress in the form of repeated social defeat (RSD) (5) was able to induce 

glial activation and alterations in brain metabolism measurable through PET. Depressive- 

and anxiety-like behaviour, corticosterone levels and brain pro-inflammatory cytokines 

were assessed to support the imaging results. The persistence of neurobiological and 

behavioural alterations was assessed 1 (short-term), 3 and 6 months (long-term) after the 

RSD paradigm. 

 In accordance with our hypothesis, five consecutive days of RSD induced glial 

activation (measured through 11C-PK11195), decreased brain metabolism (18F-FDG) and 

caused depressive- and anxiety-like behaviour in defeated male rats. However, these 

alterations were only transient and measurable in the short-term evaluation. Since 

neuroendocrine a0nd glial cells work together in order to restore homeostasis (6), 
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recovery of these systems to basal levels can be expected once the stressful stimuli is 

terminated.  

Studies with depressed patients measuring glial activation and brain metabolism 

with PET in the clinical setting are in accordance with our preclinical RSD findings. 

Setiawan et al. investigated patients in a major depressive episode (MDE) secondary to 

MDD using the TSPO radioligand, 18F-FEPPA. Increased tracer uptake in brain areas, 

such as the prefrontal cortex, anterior cingulate cortex and insula, was found in the MDE 

group, as compared to healthy controls. Importantly, tracer uptake correlated with 

depression severity, providing evidence of glial activation during a MDE (7). Hannestad 

et al. reported negative results when investigating patients with mild to moderate 

depression, using 11C-PBR28 (8). An important factor that might have contributed to this 

result is that elevated CRP was an exclusion criterion for patients, thus excluding the 

MDD patients with an elevated inflammatory profile. Considering the diversity in MDD 

profiles, it seems plausible that glial activation is not present in all depressed patients, but 

only in a subgroup. In order to corroborate this hypothesis, future research should include 

PET imaging of TSPO expression in depressive patients with elevated peripheral 

inflammatory biomarkers, depressive patients with normal inflammatory biomarker 

levels and healthy controls. Another interesting approach would be to perform PET scans 

in depressive patients with treatment resistant depression. Regarding 18F-FDG, the 

decreased brain metabolism found in the defeated rats is in agreement with the consistent 

decreased brain metabolism in depressed patients (9–11).  

 In the past, the RSD model was predominantly performed in male rats due to the 

resident’s high levels of aggression towards an intruder. Considering that the incidence 

of depression is higher in women (12), with increased vulnerability to depression during 

the perimenopausal period (13), this was regarded as a major limitation of the model. 

Recent studies attempted to perform social defeat with older, lactating females as 

residents to elicit aggressive behaviour towards a naïve female intruder (14; 15). In 

contrast to male RSD, the lactating females do not show overt physical attacks against 

the intruder, but only threating behaviour. Despite the difference in procedure, the RSD 

paradigm in females was capable of increasing corticosterone levels and altering 

monoamine levels in the brain of the intruders (14). Whether RSD among females is also 

able to induce behavioural and neurobiological alterations such as glial activation and 

alterations in brain metabolism is yet to be determined. 

 Corticosterone levels are a paramount measurement to validate RSD as a rodent 

model for depressive-like behaviour, since it has been consistently reported that 

corticosterone levels are increased after RSD exposure (16). The HPA axis response is 

important to differentiate depression from post-traumatic stress disorder (PTSD) in 

animal models, since both disorders show behavioural overlap. Patients with depression 

typically display increased levels of plasma cortisol (17), whereas PTSD is associated 

with significantly lower concentrations of cortisol in plasma and urine (18). Therefore, it 

is hypothesized that PTSD leads to enhanced negative glucocorticoid feedback and 

hypocortisolism, a finding that may be highly specific for PTSD and, consequently, of 

major utility in the critical evaluation of experimental paradigms (19). The induction of a 

PTSD-like syndrome in animals should include a brief and very intense stressor, in 

contrast to more chronic and mild stressors in animal models of depression (20). 

Even though the translation of preclinical studies to the clinic is difficult, 

especially in animal models of mood disorders such as depression, the agreement between 

our preclinical results and the available data from clinical research indicate that RSD is a 

good animal model to mimic the subgroup of depressed patients with elevated 

inflammatory profile, in combination with a psychosocial stress background. Moreover, 

studying social stress in the form of RSD in developmental stages could be an attractive 

tool to evaluate the short- and long-term impact of early-life adversities, such as peer-

victimization (i.e. bullying) in adolescents, modelling physical abuse and social 

subordination (21). 

 

The quest for a more suitable PET tracer for neuroinflammation 

For many years, 11C-PK11195 has been the tracer most commonly used for the 

assessment of glial activation. However, it was already demonstrated that 11C-PK11195 

has its limitations, such as poor signal-to-noise ratio and high non-specific binding, 

making this tracer not sensitive enough for detection of mild elevations in TSPO 

expression (22; 23). Considering these limitations, second generation TSPO PET ligands, 

such as 11C-PBR28, have been developed and applied in animal and clinical studies (8; 

24). Second generation TSPO tracers have improved signal-to-noise ratio and a higher 

affinity for TSPO as compared to 11C-PK11195 (24). Nevertheless, these new compounds 

are sensitive to the human TSPO single-nucleotide polymorphism (rs6971) (25), which 

divide individuals in three groups: high-affinity binders (HABs; 49% of the Western 

population), mixed-affinity binders (MABs; 42%) and low-affinity binders (LABs; 9%) 
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(25), meaning that almost 10% of the Western population cannot undergo brain PET scans 

with second generation TSPO tracers (26). An additional test for genotyping patients is 

required prior to the scan and complicated statistical analyses are required to account for 

the differences in binding affinity between HABs and MABs. This polymorphism was 

not detected in rodents so far and second generation TSPO tracers are therefore still 

attractive for studies evaluating glial activation in the preclinical setting.  

 In Chapter 4, 11C-PBR28 was validated and compared to 11C-PK11195 in the rat 

model of herpes encephalitis (HSE). 11C-PBR28 demonstrated superior imaging 

characteristics over 11C-PK11195, resulting in the detection of more affected brain areas. 

Moreover, the parameters binding potential (BPND) and volume of distribution (VT) 

obtained with full kinetic modelling, showed a good correlation with 11C-PBR28 uptake, 

expressed as SUV. This enables simplified data analysis without the need of repeated 

blood sampling in future preclinical longitudinal studies.  

 Although good results can be obtained for preclinical PET imaging of TSPO with 

the second-generation tracers, further developments to visualize alterations in the 

neuroinflammatory cascade are expected. Neuroinflammation is a complex phenomenon 

that includes activation of microglia and astrocytes (i.e. glial cells), production of both 

pro- and anti-inflammatory cytokines, tissue damage and repair (27). Since 

neuroinflammation has detrimental and beneficial effects, knowledge of the relative 

contribution of each could provide information to selectively intervene in specific 

inflammatory processes, modifying the possible detrimental outcome that might lead to 

tissue damage and neurodegeneration (27), while stimulating the neurotrophic effects that 

lead to tissue repair. Thus, PET tracers that are able to distinguish between pro- and anti-

inflammatory phenotypes of glial cells would be desired. Moreover, other targets 

involved in inflammation could represent new possibilities for PET imaging. Currently, 

PET ligands targeting for example the purinergic P2X7 receptor (28–30) and the 

cannabinoid receptor type 2 (CB2) (31; 32) are being evaluated in animal models of 

neuroinflammation.  

 

Neurobiological and behavioural profiles following a recurrence of psychosocial stress 

in stress-naïve and stress-sensitized rats: impact of a previous adolescent stress exposure 

Considerable evidence obtained from clinical and epidemiological research demonstrates 

that early-life adversity significantly increases the risk for psychiatric conditions and 

suicide. However, the neurobiological processes underlying this increased vulnerability 

remain unclear. Long-term sensitization of both the hypothalamic-pituitary-adrenal axis 

(33; 34) and glial cells (35) might occur after a first exposure to psychosocial stress.  

In order to evaluate the effects of a previous exposure to psychosocial stress in 

adolescence (in the form of RSD) on a recurrence of the stressful stimuli later in life, 

control and defeated rats from Chapter 3 were re-evaluated at the age of 14 months. 

Control rats were exposed for the first time to RSD (stress-naïve group), whereas 

previously defeated rats were re-subjected to the protocol (stress-sensitive group) 

(Chapter 5). Behavioural (sucrose preference and open field test), endocrine 

(corticosterone), inflammatory (pro- and anti-inflammatory), cognitive (novel object 

recognition) and neurobiological (glial activation and glucose metabolism) alterations 

were assessed. Instead of using 11C-PK11195, we used the previously validated second 

generation TSPO tracer 11C-PBR28 to evaluate glial activation.  

 Stress-naïve (SN) rats demonstrated increasing levels of corticosterone after RSD, 

coupled with anxiety-like behaviour, glial activation, decrease in brain metabolism and 

increase in both pro- and anti-inflammatory cytokines. These effects of RSD were in 

accordance to results observed in Chapter 3. Surprisingly, SN rats did not show 

anhedonia-like behaviour, suggesting a more resilient coping style to stressful events at 

older age as compared to adolescence (35). Stress-sensitized (SS) rats displayed an 

increased neuroinflammatory (i.e. activation of glial cells) and endocrine profile even 

before the re-exposure to RSD, indicating that psychosocial stress during adolescence 

sensitizes the immune and neuroendocrine system to future stimuli. After RSD, SS rats 

displayed depressive- and anxiety-like behaviour, accompanied by a blunted 

corticosterone and glial response, decreased brain glucose metabolism and diminished 

levels of pro- and anti-inflammatory cytokines. Two hypotheses can be formulated based 

on these results: 1) the decreased (neuro)inflammatory and endocrine response to a 

recurrence of RSD represents a neuroprotective mechanism, halting the production of 

pro-inflammatory mediators that might induce further damage to the brain; 2) an 

inadequate (neuro)inflammatory response to a subsequent RSD, due to the cumulative 

effects or “costs” generated during the repeated stress exposure (36), leading to a 

breakdown of specific homeostatic systems (i.e. allostatic overload) (37). The design of 

the study in this thesis did not allow discrimination between these hypotheses and 

therefore, further research addressing the mechanisms orchestrating the response to 

recurrent psychosocial stress is warranted. Possibly other pathways than the 

neuroendocrine and neuroinflammatory mechanism, are responsible for differences in 
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Neurobiological and behavioural profiles following a recurrence of psychosocial stress 

in stress-naïve and stress-sensitized rats: impact of a previous adolescent stress exposure 

Considerable evidence obtained from clinical and epidemiological research demonstrates 

that early-life adversity significantly increases the risk for psychiatric conditions and 

suicide. However, the neurobiological processes underlying this increased vulnerability 

remain unclear. Long-term sensitization of both the hypothalamic-pituitary-adrenal axis 

(33; 34) and glial cells (35) might occur after a first exposure to psychosocial stress.  

In order to evaluate the effects of a previous exposure to psychosocial stress in 

adolescence (in the form of RSD) on a recurrence of the stressful stimuli later in life, 

control and defeated rats from Chapter 3 were re-evaluated at the age of 14 months. 

Control rats were exposed for the first time to RSD (stress-naïve group), whereas 

previously defeated rats were re-subjected to the protocol (stress-sensitive group) 

(Chapter 5). Behavioural (sucrose preference and open field test), endocrine 

(corticosterone), inflammatory (pro- and anti-inflammatory), cognitive (novel object 

recognition) and neurobiological (glial activation and glucose metabolism) alterations 

were assessed. Instead of using 11C-PK11195, we used the previously validated second 

generation TSPO tracer 11C-PBR28 to evaluate glial activation.  

 Stress-naïve (SN) rats demonstrated increasing levels of corticosterone after RSD, 

coupled with anxiety-like behaviour, glial activation, decrease in brain metabolism and 

increase in both pro- and anti-inflammatory cytokines. These effects of RSD were in 

accordance to results observed in Chapter 3. Surprisingly, SN rats did not show 

anhedonia-like behaviour, suggesting a more resilient coping style to stressful events at 

older age as compared to adolescence (35). Stress-sensitized (SS) rats displayed an 

increased neuroinflammatory (i.e. activation of glial cells) and endocrine profile even 

before the re-exposure to RSD, indicating that psychosocial stress during adolescence 

sensitizes the immune and neuroendocrine system to future stimuli. After RSD, SS rats 

displayed depressive- and anxiety-like behaviour, accompanied by a blunted 

corticosterone and glial response, decreased brain glucose metabolism and diminished 

levels of pro- and anti-inflammatory cytokines. Two hypotheses can be formulated based 

on these results: 1) the decreased (neuro)inflammatory and endocrine response to a 

recurrence of RSD represents a neuroprotective mechanism, halting the production of 

pro-inflammatory mediators that might induce further damage to the brain; 2) an 

inadequate (neuro)inflammatory response to a subsequent RSD, due to the cumulative 

effects or “costs” generated during the repeated stress exposure (36), leading to a 

breakdown of specific homeostatic systems (i.e. allostatic overload) (37). The design of 

the study in this thesis did not allow discrimination between these hypotheses and 

therefore, further research addressing the mechanisms orchestrating the response to 

recurrent psychosocial stress is warranted. Possibly other pathways than the 

neuroendocrine and neuroinflammatory mechanism, are responsible for differences in 
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behaviour between groups. Since the brain is a complex network, the interplay between 

neurotransmitter alterations, (neuro)inflammation, hormonal changes and epigenetic 

modifications (38) requires further investigation. 

  

The other side of the resident-intruder paradigm: investigation of the reward-associated 

effect of repetitive winning confrontations in the brain of dominant rats 

The stress-induced behavioural alterations generated in the intruder rat after repetitive 

defeat by the dominant rat are regularly explored as a model of depression. However, the 

neurobiological effects of repetitive winning conflicts in dominant (resident) rats have 

been significantly less investigated. In this context, a higher social rank or social status 

was associated with increased levels of D2 dopaminergic receptors both in primates and 

humans (39). Social rank in hierarchy has been linked with several behavioural 

characteristics such as aggression and impulsivity (39). Since the dopaminergic system 

has been extensively linked to the rewarding properties in the brain, it is plausible that 

rewarding benefits after winning aggressive confrontations might lead to alterations in 

the dopaminergic receptors. Seeking the rewarding feeling of defeating an intruder might 

be linked to further escalation of aggressiveness in dominant rats in the resident-intruder 

paradigm. Aggression is also present as a symptom in patients with psychiatric diseases 

(40) and represents a great burden to society. Therefore, research investigating the 

neurobiological mechanisms behind aggression is highly needed, as it would provide 

insights that could enable improved treatment strategies. 

 In chapter 6, we aimed to investigate if the levels of dopaminergic D2 receptors 

were altered in aggressive rats exposed to repeated winning confrontations, as compared 

to non-aggressive rats. D2 receptor levels were measured through 11C-raclopride PET, 

using the nucleus accumbens (NAc) and caudate e putamen (CPu) as regions of interest 

(ROIs). In both brain regions, increased D2 receptor availability was found in aggressive 

dominant rats as compared to non-aggressive rats. Interestingly, binding of the tracer in 

the NAc, a region highly associated with addiction, was negatively correlated with the 

AL of dominant rats. Also, the AL was negatively correlated with the number of winning 

confrontations, suggesting that each exposure to winning confrontations could indeed 

function as rewarding stimuli. 

 Increased D2 receptor levels in striatal areas of the brain were also found in 

dominant monkeys (41) and humans with higher social / hierarchical status (42), as was 

assessed through PET. However, it is still unknown if higher uptake of PET tracers were 

associated with increased D2 receptor expression and/or decreased dopamine release. 

Dopamine levels could be addressed through the combination of 18F-FDOPA PET and 

microdialysis in future pre-clinical research. An interesting clinical population to undergo 

further evaluation would be martial arts aggressive fighters and violent perpetrators in 

order to investigate if repeated physical aggression in humans is associated with 

dopaminergic system alterations.  

 

Final remarks 

In conclusion, functional imaging techniques such as PET may greatly contribute to a 

better understanding of the underlying mechanisms in MDD and aggression both in 

animals and humans. Insight provided by this technique could stratify patients based on 

altered biomarkers and thus, improve targeted treatment strategies. PET offers the 

opportunity to non-invasively investigate functional alterations inside the brain. With an 

increasing number of clinical trials making use of this diagnostic and follow-up tool, both 

patients and physicians would highly benefit from the outcomes. Moreover, the 

continuous pursuit of optimal tracers to visualize targets of interest and optimization of 

PET acquisition techniques is of great importance for future advances in psychiatry and 

related areas. 

  

References 

 
1. Hamilton M (1960): A rating scale for depression. J Neurol Neurosurg Psychiatry. 23: 56–62. 
2. Dowlati Y, Herrmann N, Swardfager W, Liu H, Sham L, Reim EK, Lanctôt KL (2010): A 

Meta-Analysis of Cytokines in Major Depression. Biol Psychiatry. 67: 446–457. 
3. Miller AH, Haroon E, Raison CL, Felger JC (2013): Cytokine targets in the brain: impact on 

neurotransmitters and neurocircuits. Depress Anxiety. 30: 297–306. 
4. Raison CL, Rutherford RE, Woolwine BJ, Shuo C, Schettler P, Drake DF, et al. (2013): A 

randomized controlled trial of the tumor necrosis factor antagonist infliximab for treatment-
resistant depression: the role of baseline inflammatory biomarkers. JAMA psychiatry. 70: 
31–41. 

5. Koolhaas JM, Coppens CM, de Boer SF, Buwalda B, Meerlo P, Timmermans PJA (2013): The 
Resident-intruder Paradigm: A Standardized Test for Aggression, Violence and Social 
Stress. J Vis Exp. 77: 1–7. 

6. Anders S, Tanaka M, Kinney DK (2013): Depression as an evolutionary strategy for defense 
against infection. Brain Behav Immun. 31: 9–22. 

7. Setiawan E, Wilson AA, Mizrahi R, Rusjan PM, Miler L, Rajkowska G, et al. (2015): Role of 
Translocator Protein Density, a Marker of Neuroinflammation, in the Brain During Major 
Depressive Episodes. JAMA Psychiatry. 72: E1–E8. 

8. Hannestad J, DellaGioia N, Gallezot J, Lim K, Nabulsi N, Esterlis I, et al. (2013): The 
neuroinflammation marker translocator protein is not elevated in individuals with mild-to-
moderate depression: A [11C]PBR28 PET study. Brain Behav Immun. 33: 131–138. 

15614-Feltes_BNW.indd   170 04-06-18   15:12



171 |

Discussion and future perspectives |

C
ha

pt
er

 7

behaviour between groups. Since the brain is a complex network, the interplay between 

neurotransmitter alterations, (neuro)inflammation, hormonal changes and epigenetic 

modifications (38) requires further investigation. 

  

The other side of the resident-intruder paradigm: investigation of the reward-associated 

effect of repetitive winning confrontations in the brain of dominant rats 

The stress-induced behavioural alterations generated in the intruder rat after repetitive 

defeat by the dominant rat are regularly explored as a model of depression. However, the 

neurobiological effects of repetitive winning conflicts in dominant (resident) rats have 

been significantly less investigated. In this context, a higher social rank or social status 

was associated with increased levels of D2 dopaminergic receptors both in primates and 

humans (39). Social rank in hierarchy has been linked with several behavioural 

characteristics such as aggression and impulsivity (39). Since the dopaminergic system 

has been extensively linked to the rewarding properties in the brain, it is plausible that 

rewarding benefits after winning aggressive confrontations might lead to alterations in 

the dopaminergic receptors. Seeking the rewarding feeling of defeating an intruder might 

be linked to further escalation of aggressiveness in dominant rats in the resident-intruder 

paradigm. Aggression is also present as a symptom in patients with psychiatric diseases 

(40) and represents a great burden to society. Therefore, research investigating the 

neurobiological mechanisms behind aggression is highly needed, as it would provide 

insights that could enable improved treatment strategies. 

 In chapter 6, we aimed to investigate if the levels of dopaminergic D2 receptors 

were altered in aggressive rats exposed to repeated winning confrontations, as compared 

to non-aggressive rats. D2 receptor levels were measured through 11C-raclopride PET, 

using the nucleus accumbens (NAc) and caudate e putamen (CPu) as regions of interest 

(ROIs). In both brain regions, increased D2 receptor availability was found in aggressive 

dominant rats as compared to non-aggressive rats. Interestingly, binding of the tracer in 

the NAc, a region highly associated with addiction, was negatively correlated with the 

AL of dominant rats. Also, the AL was negatively correlated with the number of winning 

confrontations, suggesting that each exposure to winning confrontations could indeed 

function as rewarding stimuli. 

 Increased D2 receptor levels in striatal areas of the brain were also found in 

dominant monkeys (41) and humans with higher social / hierarchical status (42), as was 

assessed through PET. However, it is still unknown if higher uptake of PET tracers were 

associated with increased D2 receptor expression and/or decreased dopamine release. 

Dopamine levels could be addressed through the combination of 18F-FDOPA PET and 

microdialysis in future pre-clinical research. An interesting clinical population to undergo 

further evaluation would be martial arts aggressive fighters and violent perpetrators in 

order to investigate if repeated physical aggression in humans is associated with 

dopaminergic system alterations.  

 

Final remarks 

In conclusion, functional imaging techniques such as PET may greatly contribute to a 

better understanding of the underlying mechanisms in MDD and aggression both in 

animals and humans. Insight provided by this technique could stratify patients based on 

altered biomarkers and thus, improve targeted treatment strategies. PET offers the 

opportunity to non-invasively investigate functional alterations inside the brain. With an 

increasing number of clinical trials making use of this diagnostic and follow-up tool, both 

patients and physicians would highly benefit from the outcomes. Moreover, the 

continuous pursuit of optimal tracers to visualize targets of interest and optimization of 

PET acquisition techniques is of great importance for future advances in psychiatry and 

related areas. 

  

References 

 
1. Hamilton M (1960): A rating scale for depression. J Neurol Neurosurg Psychiatry. 23: 56–62. 
2. Dowlati Y, Herrmann N, Swardfager W, Liu H, Sham L, Reim EK, Lanctôt KL (2010): A 

Meta-Analysis of Cytokines in Major Depression. Biol Psychiatry. 67: 446–457. 
3. Miller AH, Haroon E, Raison CL, Felger JC (2013): Cytokine targets in the brain: impact on 

neurotransmitters and neurocircuits. Depress Anxiety. 30: 297–306. 
4. Raison CL, Rutherford RE, Woolwine BJ, Shuo C, Schettler P, Drake DF, et al. (2013): A 

randomized controlled trial of the tumor necrosis factor antagonist infliximab for treatment-
resistant depression: the role of baseline inflammatory biomarkers. JAMA psychiatry. 70: 
31–41. 

5. Koolhaas JM, Coppens CM, de Boer SF, Buwalda B, Meerlo P, Timmermans PJA (2013): The 
Resident-intruder Paradigm: A Standardized Test for Aggression, Violence and Social 
Stress. J Vis Exp. 77: 1–7. 

6. Anders S, Tanaka M, Kinney DK (2013): Depression as an evolutionary strategy for defense 
against infection. Brain Behav Immun. 31: 9–22. 

7. Setiawan E, Wilson AA, Mizrahi R, Rusjan PM, Miler L, Rajkowska G, et al. (2015): Role of 
Translocator Protein Density, a Marker of Neuroinflammation, in the Brain During Major 
Depressive Episodes. JAMA Psychiatry. 72: E1–E8. 

8. Hannestad J, DellaGioia N, Gallezot J, Lim K, Nabulsi N, Esterlis I, et al. (2013): The 
neuroinflammation marker translocator protein is not elevated in individuals with mild-to-
moderate depression: A [11C]PBR28 PET study. Brain Behav Immun. 33: 131–138. 

15614-Feltes_BNW.indd   171 04-06-18   15:12



| 172 

| Chapter 7

9. Saxena S, Brody AL, Ho ML, Alborzian S, Ho MK, Maidment KM, et al. (2001): Cerebral 
metabolism in major depression and obsessive-compulsive disorder occurring separately 
and concurrently. Biol Psychiatry. 50: 159–170. 

10. Martinot J, Hardy P, Feline A (1990): Left prefrontal glucose hypometabolism in the 
depressed state: a confirmation. Am J Psychiatry. 147: 1313–1317. 

11. Biver F, Goldman S, Delvenne V, Luxen A, Demaertelaer V, Hubain P, et al. (1994): Frontal 
and Parietal Metabolic Disturbances in Unipolar Depression. Biol Psychiatry. 36: 381–388. 

12. Kessler RC, Berglund P, Demler O, Jin R, Koretz D, Merikangas KR, et al. (2003): The 
Epidemiology of Major Depressive Disorder. JAMA. 289: 3095–3105. 

13. Katz-Bearnot S (2010): Menopause, Depression, and Loss of Sexual Desire: A 
Psychodynamic Contribution. J Am Acad Psychoanal Dyn Psychiatry. 38: 99–116. 

14. Jacobson-Pick S, Audet M-C, McQuaid RJ, Kalvapalle R, Anisman H (2013): Social 
Agonistic Distress in Male and Female Mice: Changes of Behavior and Brain Monoamine 
Functioning in Relation to Acute and Chronic Challenges.  PLoS One. 8: e60133. 

15. Holly EN, Shimamoto A, DeBold JF, Miczek KA (2012): Sex differences in behavioral and 
neural cross-sensitization and escalated cocaine taking as a result of episodic social defeat 
stress in rats. Psychopharmacology (Berl). 224: 179–188. 

16. Patki G, Solanki N, Atrooz F, Allam F, Salim S (2013): Depression, anxiety-like behavior and 
memory impairment are associated with increased oxidative stress and inflammation in a rat 
model of social stress. Brain Res. 1539: 73–86. 

17. Gold PW, Goodwin FK, Chrousos GP (1988): Clinical and Biochemical Manifestations of 
Depression. N Engl J Med. 319: 348–353. 

18. Yehuda R (2005): Neuroendocrine Aspects of PTSD. Anxiety and Anxiolytic Drugs. 
Berlin/Heidelberg: Springer-Verlag, pp 371–403. 

19. Schöner J, Heinz A, Endres M, Gertz K, Kronenberg G (2017): Post-traumatic stress disorder 
and beyond: an overview of rodent stress models. J Cell Mol Med. 21: 2248–2256. 

20. Flandreau EI, Toth M (2017): Animal Models of PTSD: A Critical Review. Brain Imaging 
Behav Neurosci. pp 289–320. 

21. Buwalda B, Geerdink M, Vidal J, Koolhaas JM (2011): Social behavior and social stress in 
adolescence: A focus on animal models. Neurosci Biobehav Rev. 35: 1713–1721. 

22. van der Doef TF, Doorduin J, van Berckel BNM, Cervenka S (2015): Assessing brain immune 
activation in psychiatric disorders: clinical and preclinical PET imaging studies of the 18-
kDa translocator protein. Clin Transl Imaging. 3: 449–460. 

23. Chauveau F, Boutin H, Van Camp N, Dollé F, Tavitian B (2008): Nuclear imaging of 
neuroinflammation: a comprehensive review of [11C]PK11195 challengers. Eur J Nucl Med 
Mol Imaging. 35: 2304–19. 

24. Parente A, Feltes PK, Vallez Garcia D, Sijbesma JWA, Moriguchi Jeckel CM, Dierckx RAJO, 
et al. (2016): Pharmacokinetic Analysis of 11C-PBR28 in the Rat Model of Herpes 
Encephalitis: Comparison with (R)-11C-PK11195. J Nucl Med. 57: 785–791. 

25. Kreisl WC, Jenko KJ, Hines CS, Lyoo CH, Corona W, Morse CL, et al. (2013): A Genetic 
Polymorphism for Translocator Protein 18 Kda Affects both in Vitro and in Vivo 
Radioligand Binding in Human Brain to this Putative Biomarker of Neuroinflammation. J 
Cereb Blood Flow Metab. 33: 53–58. 

26. Owen DRJ, Gunn RN, Rabiner E a, Bennacef I, Fujita M, Kreisl WC, et al. (2011): Mixed-
Affinity Binding in Humans with 18-kDa Translocator Protein Ligands. J Nucl Med. 52: 
24–32. 

27. Varrone A, Lammertsma AA (2015): Imaging of neuroinflammation: TSPO and beyond. Clin 
Transl Imaging. 3: 389–390. 

28. Janssen B, Vugts DJ, Funke U, Spaans A, Schuit RC, Kooijman E, et al. (2014): Synthesis 
and initial preclinical evaluation of the P2X7 receptor antagonist [11C]A-740003 as a novel 
tracer of neuroinflammation. J Label Compd Radiopharm. 57: 509–516. 

29. Ory D, Celen S, Gijsbers R, Van Den Haute C, Postnov A, Koole M, et al. (2016): Preclinical 
Evaluation of a P2X7 Receptor-Selective Radiotracer: PET Studies in a Rat Model with 
Local Overexpression of the Human P2X7 Receptor and in Nonhuman Primates. J Nucl 
Med. 57: 1436–1441. 

30. Territo PR, Meyer JA, Peters JS, Riley AA, McCarthy BP, Gao M, et al. (2017): 
Characterization of 11 C-GSK1482160 for Targeting the P2X7 Receptor as a Biomarker for 
Neuroinflammation. J Nucl Med. 58: 458–465. 

31. Hosoya T, Fukumoto D, Kakiuchi T, Nishiyama S, Yamamoto S, Ohba H, et al. (2017): In 
vivo TSPO and cannabinoid receptor type 2 availability early in post-stroke 
neuroinflammation in rats: a positron emission tomography study. J Neuroinflammation. 14: 
69. 

32. Slavik R, Herde AM, Bieri D, Weber M, Schibli R, Krämer SD, et al. (2015): Synthesis, 
radiolabeling and evaluation of novel 4-oxo-quinoline derivatives as PET tracers for 
imaging cannabinoid type 2 receptor. Eur J Med Chem. 92: 554–564. 

33. Post M (1992): Transduction of Psychosocial Stress Into the Neurobiology of Recurrent 
Affective Disorder. Am J Psychiatry. 149: 999–1010. 

34. Monroe SM, Harkness KL (2005): Life stress, the “kindling” hypothesis, and the recurrence 
of depression: Considerations from a life stress perspective. Psychol Rev. 112: 417–445. 

35. Frank MG, Watkins LR, Maier SF (2013): Stress-induced glucocorticoids as a neuroendocrine 
alarm signal of danger. Brain Behav Immun. 33: 1–6. 

36. Radley J, Morilak D, Viau V, Campeau S (2015): Chronic stress and brain plasticity: 
Mechanisms underlying adaptive and maladaptive changes and implications for stress-
related CNS disorders. Neurosci Biobehav Rev. 58: 79–91. 

37. McEwen BS (2007): Physiology and Neurobiology of Stress and Adaptation: Central Role of 
the Brain. Physiol Rev. 87: 873–904. 

38. Lutz P-E, Tanti A, Gasecka A, Barnett-Burns S, Kim JJ, Zhou Y, et al. (2017): Association 
of a History of Child Abuse With Impaired Myelination in the Anterior Cingulate Cortex: 
Convergent Epigenetic, Transcriptional, and Morphological Evidence. Am J Psychiatry. 
174: 1185–1194. 

39. Yamaguchi Y, Lee Y-A, Kato A, Jas E, Goto Y (2017): The Roles of Dopamine D2 Receptor 
in the Social Hierarchy of Rodents and Primates. Sci Rep. 7: 43348. 

40. van Schalkwyk GI, Beyer C, Johnson J, Deal M, Bloch MH (2018): Antipsychotics for 
aggression in adults: A meta-analysis. Prog Neuro-Psychopharmacology Biol Psychiatry. 
81: 452–458. 

41. Morgan D, Grant KA, Gage HD, Mach RH, Kaplan JR, Nader SH, et al. (2002): Social 
dominance in monkeys : dopamine D2 receptors and cocaine self-administration. 
Neuroscience. 5: 169–174. 

42. Martinez D, Orlowska D, Narendran R, Slifstein M, Liu F, Kumar D, et al. (2010): Dopamine 
Type 2/3 Receptor Availability in the Striatum and Social Status in Human Volunteers. Biol 
Psychiatry. 67: 275–278. 

15614-Feltes_BNW.indd   172 04-06-18   15:12



173 |

Discussion and future perspectives |

C
ha

pt
er

 7

9. Saxena S, Brody AL, Ho ML, Alborzian S, Ho MK, Maidment KM, et al. (2001): Cerebral 
metabolism in major depression and obsessive-compulsive disorder occurring separately 
and concurrently. Biol Psychiatry. 50: 159–170. 

10. Martinot J, Hardy P, Feline A (1990): Left prefrontal glucose hypometabolism in the 
depressed state: a confirmation. Am J Psychiatry. 147: 1313–1317. 

11. Biver F, Goldman S, Delvenne V, Luxen A, Demaertelaer V, Hubain P, et al. (1994): Frontal 
and Parietal Metabolic Disturbances in Unipolar Depression. Biol Psychiatry. 36: 381–388. 

12. Kessler RC, Berglund P, Demler O, Jin R, Koretz D, Merikangas KR, et al. (2003): The 
Epidemiology of Major Depressive Disorder. JAMA. 289: 3095–3105. 

13. Katz-Bearnot S (2010): Menopause, Depression, and Loss of Sexual Desire: A 
Psychodynamic Contribution. J Am Acad Psychoanal Dyn Psychiatry. 38: 99–116. 

14. Jacobson-Pick S, Audet M-C, McQuaid RJ, Kalvapalle R, Anisman H (2013): Social 
Agonistic Distress in Male and Female Mice: Changes of Behavior and Brain Monoamine 
Functioning in Relation to Acute and Chronic Challenges.  PLoS One. 8: e60133. 

15. Holly EN, Shimamoto A, DeBold JF, Miczek KA (2012): Sex differences in behavioral and 
neural cross-sensitization and escalated cocaine taking as a result of episodic social defeat 
stress in rats. Psychopharmacology (Berl). 224: 179–188. 

16. Patki G, Solanki N, Atrooz F, Allam F, Salim S (2013): Depression, anxiety-like behavior and 
memory impairment are associated with increased oxidative stress and inflammation in a rat 
model of social stress. Brain Res. 1539: 73–86. 

17. Gold PW, Goodwin FK, Chrousos GP (1988): Clinical and Biochemical Manifestations of 
Depression. N Engl J Med. 319: 348–353. 

18. Yehuda R (2005): Neuroendocrine Aspects of PTSD. Anxiety and Anxiolytic Drugs. 
Berlin/Heidelberg: Springer-Verlag, pp 371–403. 

19. Schöner J, Heinz A, Endres M, Gertz K, Kronenberg G (2017): Post-traumatic stress disorder 
and beyond: an overview of rodent stress models. J Cell Mol Med. 21: 2248–2256. 

20. Flandreau EI, Toth M (2017): Animal Models of PTSD: A Critical Review. Brain Imaging 
Behav Neurosci. pp 289–320. 

21. Buwalda B, Geerdink M, Vidal J, Koolhaas JM (2011): Social behavior and social stress in 
adolescence: A focus on animal models. Neurosci Biobehav Rev. 35: 1713–1721. 

22. van der Doef TF, Doorduin J, van Berckel BNM, Cervenka S (2015): Assessing brain immune 
activation in psychiatric disorders: clinical and preclinical PET imaging studies of the 18-
kDa translocator protein. Clin Transl Imaging. 3: 449–460. 

23. Chauveau F, Boutin H, Van Camp N, Dollé F, Tavitian B (2008): Nuclear imaging of 
neuroinflammation: a comprehensive review of [11C]PK11195 challengers. Eur J Nucl Med 
Mol Imaging. 35: 2304–19. 

24. Parente A, Feltes PK, Vallez Garcia D, Sijbesma JWA, Moriguchi Jeckel CM, Dierckx RAJO, 
et al. (2016): Pharmacokinetic Analysis of 11C-PBR28 in the Rat Model of Herpes 
Encephalitis: Comparison with (R)-11C-PK11195. J Nucl Med. 57: 785–791. 

25. Kreisl WC, Jenko KJ, Hines CS, Lyoo CH, Corona W, Morse CL, et al. (2013): A Genetic 
Polymorphism for Translocator Protein 18 Kda Affects both in Vitro and in Vivo 
Radioligand Binding in Human Brain to this Putative Biomarker of Neuroinflammation. J 
Cereb Blood Flow Metab. 33: 53–58. 

26. Owen DRJ, Gunn RN, Rabiner E a, Bennacef I, Fujita M, Kreisl WC, et al. (2011): Mixed-
Affinity Binding in Humans with 18-kDa Translocator Protein Ligands. J Nucl Med. 52: 
24–32. 

27. Varrone A, Lammertsma AA (2015): Imaging of neuroinflammation: TSPO and beyond. Clin 
Transl Imaging. 3: 389–390. 

28. Janssen B, Vugts DJ, Funke U, Spaans A, Schuit RC, Kooijman E, et al. (2014): Synthesis 
and initial preclinical evaluation of the P2X7 receptor antagonist [11C]A-740003 as a novel 
tracer of neuroinflammation. J Label Compd Radiopharm. 57: 509–516. 

29. Ory D, Celen S, Gijsbers R, Van Den Haute C, Postnov A, Koole M, et al. (2016): Preclinical 
Evaluation of a P2X7 Receptor-Selective Radiotracer: PET Studies in a Rat Model with 
Local Overexpression of the Human P2X7 Receptor and in Nonhuman Primates. J Nucl 
Med. 57: 1436–1441. 

30. Territo PR, Meyer JA, Peters JS, Riley AA, McCarthy BP, Gao M, et al. (2017): 
Characterization of 11 C-GSK1482160 for Targeting the P2X7 Receptor as a Biomarker for 
Neuroinflammation. J Nucl Med. 58: 458–465. 

31. Hosoya T, Fukumoto D, Kakiuchi T, Nishiyama S, Yamamoto S, Ohba H, et al. (2017): In 
vivo TSPO and cannabinoid receptor type 2 availability early in post-stroke 
neuroinflammation in rats: a positron emission tomography study. J Neuroinflammation. 14: 
69. 

32. Slavik R, Herde AM, Bieri D, Weber M, Schibli R, Krämer SD, et al. (2015): Synthesis, 
radiolabeling and evaluation of novel 4-oxo-quinoline derivatives as PET tracers for 
imaging cannabinoid type 2 receptor. Eur J Med Chem. 92: 554–564. 

33. Post M (1992): Transduction of Psychosocial Stress Into the Neurobiology of Recurrent 
Affective Disorder. Am J Psychiatry. 149: 999–1010. 

34. Monroe SM, Harkness KL (2005): Life stress, the “kindling” hypothesis, and the recurrence 
of depression: Considerations from a life stress perspective. Psychol Rev. 112: 417–445. 

35. Frank MG, Watkins LR, Maier SF (2013): Stress-induced glucocorticoids as a neuroendocrine 
alarm signal of danger. Brain Behav Immun. 33: 1–6. 

36. Radley J, Morilak D, Viau V, Campeau S (2015): Chronic stress and brain plasticity: 
Mechanisms underlying adaptive and maladaptive changes and implications for stress-
related CNS disorders. Neurosci Biobehav Rev. 58: 79–91. 

37. McEwen BS (2007): Physiology and Neurobiology of Stress and Adaptation: Central Role of 
the Brain. Physiol Rev. 87: 873–904. 

38. Lutz P-E, Tanti A, Gasecka A, Barnett-Burns S, Kim JJ, Zhou Y, et al. (2017): Association 
of a History of Child Abuse With Impaired Myelination in the Anterior Cingulate Cortex: 
Convergent Epigenetic, Transcriptional, and Morphological Evidence. Am J Psychiatry. 
174: 1185–1194. 

39. Yamaguchi Y, Lee Y-A, Kato A, Jas E, Goto Y (2017): The Roles of Dopamine D2 Receptor 
in the Social Hierarchy of Rodents and Primates. Sci Rep. 7: 43348. 

40. van Schalkwyk GI, Beyer C, Johnson J, Deal M, Bloch MH (2018): Antipsychotics for 
aggression in adults: A meta-analysis. Prog Neuro-Psychopharmacology Biol Psychiatry. 
81: 452–458. 

41. Morgan D, Grant KA, Gage HD, Mach RH, Kaplan JR, Nader SH, et al. (2002): Social 
dominance in monkeys : dopamine D2 receptors and cocaine self-administration. 
Neuroscience. 5: 169–174. 

42. Martinez D, Orlowska D, Narendran R, Slifstein M, Liu F, Kumar D, et al. (2010): Dopamine 
Type 2/3 Receptor Availability in the Striatum and Social Status in Human Volunteers. Biol 
Psychiatry. 67: 275–278. 

15614-Feltes_BNW.indd   173 04-06-18   15:12



15614-Feltes_BNW.indd   174 04-06-18   15:12


	Chapter 7



