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General discussion and future perspectives 

Diagnosis and treatment of psychiatric disorders are usually based on symptoms. 

However, symptoms could be the result of different underlying causes. Improved 

diagnostic procedures, based on the underlying pathophysiology of the psychiatric 

disorders could enable improved and customized treatment of individual patients 

and provide a more sensitive means to monitor the success of the treatment. 

Nowadays, both anatomical imaging tools, such as computerized tomography (CT) 

and magnetic resonance imaging (MRI), and functional neuroimaging technologies, 

like functional magnetic resonance imaging (fMRI), positron emission tomography 

(PET), single-photon emission computerized tomography (SPECT), near-infrared 

spectroscopy (NIRS), magnetoencephalography (MEG) and electroencephalography 

(EEG), are available that could help to improve our understanding of psychiatric 

disorders. These techniques have already strongly facilitated the progress in research 

on the pathophysiology of major psychiatric disorders1. Neuroimaging research has 

shown that psychiatric disorders are associated with abnormal brain structure, 

function and pharmacology2. At the molecular level, functional imaging has revealed 

that most psychiatric disorders are accompanied by alterations in different 

neurotransmitter systems, including the serotonergic, dopaminergic, noradrenergic 

and cholinergic systems. Neurotransmitters produce their actions by intricate 

mechanisms involving their biosynthesis, release and reuptake at the post synaptic 

cleft and their pre- and postsynaptic receptor binding3. Among the neuroimaging 

techniques available, PET and SPECT appear to be the methods of choice for 

studying the expression of neurotransmitter receptors, transporters and enzymes 

involved in the biosynthesis, storage, release, reuptake and receptor binding of 

neurotransmitters in the brain in vivo. Many PET and SPECT tracers have been 

developed to study the expression of brain receptors, transporters and enzymes in 

health and disease. Most widely used tracers were targeting dopamine and 

serotonergic receptors and transporters in movement and affective disorders. 

Imaging of benzodiazepine receptors has been frequently applied to study 

inflammatory and neurodegenerative disorders. In the future, PET and SPECT could 

play an important role in unraveling the pathophysiology of psychiatric disorders 

and subsequently enable pathology-based, rather than symptom-based diagnosis of 

patients. Pathology-based diagnosis could be a first step towards more customized 

treatment and more specific treatment evaluation. 

This thesis focuses on steroid hormones and their receptors, as they have been 

implicated in psychiatric disorders. So far, imaging studies on steroid hormone 

receptors in the brain in psychiatric disorders have been scarce. Several PET and 

SPECT tracers for steroid hormone receptors are available, but they are mainly used 

for detection and characterization of hormone-responsive cancers like breast and 

prostate cancer. We hypothesize that some of these tracers are potential candidates 

for imaging steroid hormone receptors in the brain as well. 
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PET imaging of brain Androgen Receptors 

16β-[18F]fluoro-5α-dihydrotestosterone ([18F]FDHT) has already been successfully 

used for imaging of androgen receptors in prostate cancer4–7. As described in 

chapter 3, we observed that [18F]FDHT is not a suitable tracer for androgen 

receptor imaging in the rat brain, because of its fast metabolism and lack of specific 

uptake. The fast metabolism of [18F]FDHT may be attributed to the lack of hormone 

binding protein (SHBG) in rats, since this protein can protect [18F]FDHT from 

degradation. However, SHBG is present in human plasma and binding of the tracer 

to this protein can increase the metabolic half-life of the tracer. Since metabolism of 

the tracer is probably the most important contributor to the disappointing results in 

rats, it would still be worthwhile to investigate whether [18F]FDHT is a suitable tracer 

for imaging of androgen receptor in the human brain. 

Alternatively, another PET tracer that has a higher in vivo stability than 

[18F]FDHT could be developed for in vivo imaging of androgen receptors in the brain. 

Other properties such a PET tracer should have are a high affinity for the receptors 

and the ability to penetrate the blood-brain barrier8. 7α-Fluoro-17α-methyl 5α-

dihydrotestosterone ([18F]FMDHT) seems to be a potential candidate for imaging of 

brain androgen receptors in the brain9–11. [18F]FMDHT has an additional 17α-methyl 

substituent at carbon-17 and the fluorine-18 label is located at the α-side of carbon-7 

instead of the β-side of carbon-16 of the steroid, which was found to reduce the in 

vivo defluorination in series of fluorinated compounds11,12. [18F]FMDHT shows high 

specific uptake in androgen receptor-rich organ like prostate. When attempting to 

translate the results of imaging of peripheral androgen receptors to androgen 

receptor imaging in the brain, however, one has to consider the difference in density 

between the expression of androgen receptors in the peripheral organs and in the 

brain13,14. Thus, imaging of androgen receptors in the brain requires a PET tracer 

with higher affinity that imaging of the receptors in prostate or tumor. Some 

preliminary data of [18F]FMDHT have shown that the brain uptake of [18F]FMDHT 

could be blocked by administration of non-labelled dihydrotestosterone11 and 

therefore this tracer seems to be a suitable candidate to be further explored as a brain 

imaging agent. 

 

PET imaging of brain Estrogen Receptors 

16α-[18F]fluoro-17β-estradiol ([18F]FES) is a PET tracer that is used in clinical 

practice for diagnosis, staging, therapy monitoring and tumor characterization of 

estrogen receptor (ER) sensitive breast cancer. In the chapter 4, we have shown 

that [18F]FES PET can be used in rats to image the expression of the ER in brain 

areas with high ER expression. 

So far, [18F]FES PET has not been used to assess ER expression in the human 

brain. In order to get a first impression about the feasibility of [18F]FES PET imaging 

of ER expression in the human brain, [18F]FES PET scans of 4 breast cancer patients 

undergoing treatment with an anti-estrogen drug (fulvestrant) were re-analyzed. We 

found a significant decrease in the [18F]FES uptake in the brain of patients that were 
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on treatment (unpublished data). This suggests that there is specific brain uptake of 

[18F]FES, although medication-induced changes in perfusion cannot be excluded. 

Therefore, more validation studies are needed to determine if [18F]FES can be used 

to quantify the ER availability in the human brain. For this purpose, a 

pharmacokinetic modeling study in post-menopausal women can be designed. In 

such a validation study, the women should get two [18F]FES PET scans with arterial 

blood sampling for  plasma metabolite analysis and to construct a metabolite 

corrected plasma input function: a baseline PET scan and a PET scan during 

treatment with an ER antagonist that can penetrate the blood-brain barrier. 

Pharmacokinetic modeling allows correction of drug-induced changes in blood flow 

and metabolism of the tracer. The difference in brain uptake between both scans can 

be regarded as a measure for the specific binding of [18F]FES to the ER. The reason 

to choose post-menopausal women would be to have low and stable levels of 

circulating estrogens. In theory, endogenous circulating estrogens can compete with 

the PET tracer for binding to the ER and thus can affect [18F]FES brain uptake. In 

pre-menopausal women, the levels of circulating estrogens are substantially higher 

and they vary over time, because of the menstrual cycle. Therefore, another study can 

be designed to study the effect of circulating estrogens on the binding of [18F]FES to 

the ER in pre-and post-menopausal women. Pre-menopausal women should be 

included when the levels of circulating estrogens are high, in a particular from day 14 

till day 20 of the menstrual cycle. The main outcome parameters of such studies 

would be the reduction in the regional [18F]FES uptake in the brain caused by 

circulating estrogens in pre-menopausal women. 

When [18F]FES is validated for imaging of ER expression in the human brain, 

it will be possible to study the role of estrogens and ER in psychiatric disorders which 

have been associated with changing levels of circulating estrogens, like Alzheimer’s 

disease, Parkinson’s disease, anxiety and depression. Thus, [18F]FES PET could 

contribute to our understanding of the role of estrogens and ER in these disorders. 

When the role of estrogens in these diseases has been confirmed, the possibility of 

using estrogens in prevention or treatment of these brain disorders could be further 

explored. 

 

Estrogen depletion and depressive-like behavior 

Post-menopausal women often show psychological symptoms (changes in cognitive 

function, anxiety and depression), which may be attributed to a reduction in the 

circulating estrogens. Replacement of estrogen was found to be useful in alleviating 

the signs of depression in peri-menopausal women and in animal models. However, 

the timing and dosing regimen of estrogen replacement therapy is critical for the 

success of the treatment15. The treatment outcome is also dependent on the age of the 

patient, the type of menopause (natural, premature, or artificial because of 

hysterectomy), and the stage of menopause16–18.  

In the chapter 5, we found that the estradiol replacement started 

immediately after the ovariectomy can be more beneficial than delayed replacement, 
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started when the signs of depression are already evident. Remarkably, we also found 

that treatment with standard antidepressants drugs did not show any effect on 

behavior in ovariectomized rats, suggesting that estrogens could provide a 

mechanistically different biological therapy for post-menopausal depression as 

compared to SSRIs. 

Our study warrants additional research on the effect of estradiol depletion and 

replacement on the expression of ER and on the serotonergic system in vivo. It would 

be worthwhile to study the changes in regional brain ER expression that may occur 

after estrogen depletion and after immediate or delayed replacement with estrogens 

at different doses of estradiol. Such a study could provide information about the 

magnitude and dynamics of the changes in the expression of ER induced by changes 

in the levels of circulating estrogens. Moreover, imaging studies to assess receptor 

occupancy or receptor availability after administration of different doses of estradiol 

could provide valuable information for determining the effective dose needed to 

produce optimal antidepressant effect. This information may be relevant for the 

design of the most effective dosing schedule for estrogen replacement therapy. 

It is also evident that not all the post-menopausal women suffer from 

depression and therefore an additional trigger is required to initiate post-

menopausal depression. Stress might be such a trigger. In the chapter 6, we showed 

that estrogen depletion by ovariectomy can induce depressive-like symptoms and 

affect glucose metabolism, whereas exposure to chronic mild stress (CMS) had no 

effect, nor did it potentiate the effect of estrogen depletion. Lack of any effect of CMS 

in this study was speculated to be due to the low severity and type of the physical 

stressors. Animals were found to get used to these physical stressors19,20. It could be 

speculated that emotional stressors could play a more important role in provoking 

depressive-like behavior than physical stressors. The MEDIS study showed that 

social stressors (body weight, loss of loved ones, family etc) can indeed induce 

depression in post-menopausal women21. Therefore, it could be worthwhile to study 

the effect of stressors of the emotional type, like foot shock, restraint stress etc., 

alone or in combination with physical stressors, on depressive-like behavior in 

ovariectomized rats. 

Estradiol replacement was shown to strengthen the effect of antidepressants 

when used concomitantly22. Most antidepressant act on the serotonergic system and 

several studies have reported that changes in the levels of circulating estrogens can 

alter serotonergic activity. Chronic estrogen treatment of post-menopausal women 

down-regulated the expression of 5HT2A receptors in brain areas that are highly 

innervated with serotonergic projections23. Likewise, it was shown that acute 

estrogen treatment in ovariectomized rats can down-regulate the expression of 

5HT1A, up-regulate the expression of 5HT2A receptors24–27 and up-regulated the 

expression of serotonergic transporters in lateral septum and amygdala28,29. 

However, most of these studies were performed in vitro or by ex vivo auto-

radiography on specific regions of the brain. No studies so far were performed using 

small animal PET, which enables the non-invasive quantification of 5HT1A receptors, 
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5HT2A receptors and serotonin reuptake transporters with changing levels of 

circulating estrogens. Thus, studying the in vivo changes in the serotonergic 

receptors and transporters in the brain after estrogen depletion and replacement 

could give valuable insight in the mechanism of the antidepressant action of 

estrogens over time. For this purpose, selective PET tracers are already available for 

imaging of 5HT1A receptors ([11C]WAY100635), 5HT2A receptors ([11C]MDL 100970) 

and serotonin transporters ([11C]DASB). These longitudinal imaging studies can be 

combined with behavioral tests to correlate the physiological changes in the brain 

with symptoms. It would be interesting to compare the antidepressant effect of 

estrogens with the effect of chronic treatment with standard antidepressant drugs 

and to evaluate the differences in the imaging findings for both treatments. 

Obviously, these studies can easily be translated to patients suffering from post-

menopausal depression. 

When interpreting the effects of estrogens on psychiatric disorders, it is 

important to realize that estrogen receptors consist of two subtypes (ERα and ERβ), 

which have different functions in the brain. Neuroprotection is mainly mediated by 

ERα30–33, whereas mood, memory, cognition, anxiety and depression are associated 

with ERβ34–36. The discovery of the differential actions of the ER subtypes resulted in 

the development of ER subtype specific drugs. The differential effects of the ER 

subtypes were studied using ER subtype specific agonist (for ERα: with 16alpha-LE 

(Schering), Propyl pyrazole triol (PPT), and for ERβ: Genistein, Diarylpropionitrile 

(DPN), Liquiritigenin etc) in wild-type and ERα/β knock-out mice37,38. However, 

data on the expression of ER in different regions of the brain and on the effects of 

drugs on the distribution the ER subtypes is still scarce. [18F]FES is not specific for 

one of the ER subtypes, nor are ER subtype specific tracers available at present. 

Therefore, ER subtype specific PET/SPECT tracers should be developed that make it 

possible to study the expression of ER subtypes in health and disease. 

In conclusion, the work in this thesis contributes to our understanding of the 

role of sex steroid hormones and their receptors in health and disease. The PET 

tracers that were evaluated proved unsuitable for studying the expression of sex 

steroid hormone receptors in the rat brain, so development of adequate receptor 

specific PET/SPECT tracers is therefore warranted. The mechanism underlying the 

neuroprotective and antidepressant effects of estrogens remain to be elucidated. In 

this respect, it would be worthwhile to further explore the interaction between 

estrogen depletion/replacement, the monoaminergic neurotransmitter systems and 

behavior. 
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