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General Introduction 

Menopause represents a complete cessation of ovarian function leading to a sharp 

decrease in the circulating estrogens at the end of the reproductive life in females. 

The most common signs of menopause are hot flashes, headaches and mood swings1, 

for which about 35% of the women seek medical treatment2. After menopause, 

women have an increased risk of developing osteoporosis, heart disease and urinary 

tract infections3–5. Menopause is also associated with psychological changes in 

women, including an increased risk of anxiety, irritability, stress, memory loss, lack 

of concentration and loss of libido. Eventually, this may culminate into depression6. 

It has been reported that estrogen replacement therapy in post-menopausal women 

reduces anxiety and the risk of depression, is beneficial for cognition and provides 

neuroprotection7,8. Estrogens replacement supplemented with androgen treatment 

can induce greater improvement in psychological and sexual symptoms in 

postmenopausal women9. 

Analogous to the decline in estrogen levels in menopausal women, the levels of 

circulating androgens decrease in middle-aged man, resulting in a hypogonadism 

called the “andropause”. Andropause may lead to a decrease in cognitive functions, 

which was suggested to be associated with depression and Alzheimer’s disease10,11. 

However, the exact role of reduced androgen levels in these disorders is not well 

known. Treatment of hypogonadal men with the androgen testosterone was found to 

elevate mood and cognitive abilities12,13. 

Thus, in both men and women a reduction in the circulating sex steroid 

hormone (androgens or estrogens) is associated with psychological changes and 

replacements of these hormones are known to alleviate these psychological 

symptoms. Both androgens and estrogens bring about their physiological effects 

through their respective sex steroid hormone receptors in the brain. A reduction in 

the circulating sex hormones might affect the expression of their receptors. However, 

very little is known about the changes in the expression of the sex steroid receptor in 

the living brain due to changes in the levels of circulating sex steroid hormones. To 

better understand the role of androgen and estrogen receptors in the brain, it is 

necessary to in vivo quantify the expression of these receptors in health and disease. 

 

Estrogens  

Estrogens are female sex hormones that include estrone, estradiol and estriol 

produced in the ovaries, placenta, adrenal cortex and testes in males. Estrogens are 

primarily responsible for sexual differentiation, development and maintenance of 

secondary sex characteristics and reproduction in females. In addition, estrogens 

play a vital role in several other biological functions in both males and females. In the 

central nervous system (CNS), estrogens were found to affect numerous brain 

functions, ranging from fine motor control to pain sensitivity and memory. Estrogens 

are suggested to protect against several neurological and psychiatric disorders, 

including Alzheimer’s disease, Parkinson’s disease, multiple sclerosis and 

depression14–18. Estrogens are used as contraceptives or for treatment of bone loss 

and post-menopausal symptoms (hot flashes, vaginitis and osteoporosis). 
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Estrogen receptors 

Estrogen receptors belong to the nuclear receptor superfamily. Estrogen receptors 

can be divided into intracellular nuclear estrogen receptors (ER) and heptahelical 

transmembrane G protein-coupled estrogen receptors19,20. The nuclear ER produce 

their biological effects through a slow genomic pathway, whereas the immediate 

effects of estrogens are thought to be processed by the membrane-bound 

receptors19,20. ER can be further subdivided into two subtypes: estrogen receptor 

alpha (ERα, 66kDa) and estrogen receptor beta21 (ERβ, 59 kDa). The ER subtypes 

vary in their protein length; 595 amino acids for ERα and 530 for ERβ. In addition to 

these two ER subtypes, several splice variants have been reported in human, which 

include the 2 most referred ERα splice variants, ERα46 and ERα36, and 5 ERβ splice 

variants22 (ERβ1, ERβ2, ERβ3, ERβ4, and ERβ5). Both ER subtypes have a 

widespread distribution throughout the body (Figure 1A). Under physiological 

conditions, the ER subtypes can elicit different biological responses; sometimes they 

can even induce opposite actions23. The expression of the ER subtypes can vary from 

organ to organ; some organs express both the ER subtypes in equal concentration, 

but in other organs one subtype predominates over the other24. In the classical ER 

expressing tissues, such as uterus, mammary gland, bone and cardiovascular 

systems, ERα predominates, whereas ERβ predominates in non-classical ER-

expressing tissues, such as the prostate. Both ER subtypes have a widespread, largely 

non-overlapping distribution in the brain23,25. In rodents, the expression of both ER 

subtypes are mainly observed in the rostral-caudal region of the brain, where the 

receptors play an important role in sexual and reproductive behavior, cognition, 

memory and depression26–28 (Figure 2). 

 

 
Figure 1: Distribution of estrogen receptors (A) and androgen receptors (B) in the human body 

(Adapted from Nilsson S, Gustafsson JÅ, 2011). 
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Figure 2: Distribution of estrogen receptors in the rat brain (Adapted from Neuroscience, 3rd 

edition, unit V: Chapter 29: Sex, Sexuality, and the Brain, Sinauer Associates, Inc Sunderland, 

Massachusetts U.S.A, page 718 after McEwen BS 1976). 

In human brain, both ER subtypes are expressed predominantly in limbic system. 

ERα predominates in the hypothalamus and amygdala where it is involved in 

autonomic and reproductive neuroendocrine functions as well as emotional 

interpretation and processing, while ERβ predominates in the hippocampus, 

entorhinal cortex and thalamus, where it is involved in cognition, non-emotional 

memory and motor functions29. 

 

Estrogens and depression 

Women are more at risk for reduced cognitive function, anxiety and depression than 

men. A reduction in the circulating estrogens after menopause has been associated 

with reduced mental functions (see chapter 2, 5 and 6). Abrupt changes in the mood 

of women have been frequently reported in the premenstrual syndrome, post-partum 

and during the transition between pre-menopausal to post-menopausal state. These 

apparent changes in the mood of women are correlated to changes in the circulating 

estrogens. These hormonal changes are also thought to be responsible for changes in 

lifestyle, sexuality and glucose metabolism. In addition psychological distress or 

stress in general (physical or emotional) may aggravate the depressive symptoms in 

post-menopausal women with reduced circulating estrogens. 

Estrogen replacement can alleviate the signs of depression in peri-menopausal 

women to a similar extent as the standard antidepressant drugs30. When estrogen 

replacement is initiated too late (i.e. after the post-menopausal state is already 

established), however, the treatment cannot establish a similar antidepressant effect 

anymore31. These observations give the impression that there is a “critical time 

window” during menopausal transition, in which estrogen replacement has to be 

initiated in order to achieve beneficial antidepressant effects. Moreover, several other 
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factors need to be taken into consideration for a customized estrogen replacement 

regime, including the age of the subject, the time since menopause and risk factors 

such as the risk for stroke, breast cancer and coronary heart diseases32. 

From the literature it is evident that dysfunction of monoaminergic 

neurotransmission plays an important role in mediating the pathophysiology of 

depression33,34. These neurotransmitter systems (serotonin and dopamine) are 

localized in the limbic brain regions involved in the regulation of mood, cognition, 

attention, motor activity, and fine motor skills. Estrogens interact with these 

neurotransmitter systems, which may explain the antidepressant effects of estrogens 

(Figure 3)35–37. 

Estrogen treatment has been found to increase the concentration of serotonin 

in brain areas such as dorsal raphe nucleus, and hippocampus in ovariectomized 

rats38 and in hypothalamus in guinea pigs39. Estrogen replacement therapy in post-

menopausal women has been found to raise the levels of plasma serotonin40. 

Estrogens may raise the levels of serotonin pre- and post-synaptically by several 

mechanisms. Firstly, estrogens can regulate the enzymes tryptophan hydroxylase 1 

and 2, which are rate limiting enzymes for the synthesis of serotonin41–44. Secondly, 

estrogens can increase the serotonin/5-hydroxyindole acetic acid ratio by inhibiting 

monoamine oxidase (MAO), which is an enzyme responsible for the breakdown of 

monoamines especially in amygdala and dorsal raphe45–47. Thirdly, estrogen can 

down-regulate the expression of serotonin transporters, specifically in the basolateral 

amygdala, frontal cortex and some thalamic nuclei48–52. Thus, estrogens can affect 

the synthesis, release and degradation of serotonin, leading to an overall net increase 

in the postsynaptic serotonin concentration. In addition, estrogen treatment has 

been found to affect the serotonin receptor densities, in particular 5HT1A, 5HT1B, 

5HT2A/2C and 5HT3 in the estrogen receptor rich regions of the brain, such as 

hypothalamus, preoptic area and amygdala53–59. Acute estrogen treatment increases 

5HT2A receptor density and decreases the 5HT1A receptor concentration in the areas 

of the brain highly innervated with serotonergic projections. In contrast, chronic 

estrogen treatment decreased the density of 5HT2A receptors in post-menopausal 

women60. There is evidence suggest that the antidepressant effect of the estrogens 

can be mediated by the desensitization of the 5HT1A receptors61. 

There is also evidence that the antidepressant effects of estrogens can be 

mediated by affecting the levels of dopamine in the synaptic cleft. There are some 

studies which show that treatment with estrogens can regulate the dopaminergic 

neurotransmission by affecting the biosynthesis, re-uptake and degradation of 

dopamine in areas of the brain that are targets for many antidepressant drugs like 

hippocampus and the frontal cortex36,62. Estrogens can increase the post-synaptic 

concentration of noradrenalin by regulating the expression of i) tyrosine hydroxylase, 

an enzyme that catalyzes the production of noradrenalin from dopamine, ii) MAO, 

which is an enzyme responsible for the breakdown of monoamines, and iii) 

noradrenergic transporters. Moreover, estrogen treatment in the ovariectomized rats 

was found decrease the expression of alpha-2 adrenergic receptors, which may be the 

result of inhibition of noradrenalin re-uptake, as a similar effect was observed with 
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the serotonin re-uptake inhibitor desipramine63. Additionally, estrogens can affect 

the expression of both dopamine D1 and D2 receptors and dopamine transporters 

(DAT). A down-regulation in the dopamine D1 and D2 receptors density and an up-

regulation of DAT expression was observed in female rats after ovariectomy. The 

effect of ovariectomy could be reversed by treatment with estrogens64–66. In 

summary, estrogens can affect several monoaminergic pathways by increasing the 

synaptic concentrations of the monoamines. Changes in post-synaptic monoamine 

concentrations can lead to changes in mood and behavior. 

 
Figure 3: Effect of estrogens on different neurotransmitter systems (Adapted from McEwen BS: 

Estrogen Effects on the Brain: Much More than Sex. Karger Gazette Hormones 2005;66:1-9). 

Androgens  

Androgens are a group of male sex hormones that include testosterone, 

dihydrotestosterone (DHT) and androstenedione. Androgens are mainly produced in 

the Leydig cells of the testes. Testosterone is produced from androstenedione by a 

reaction that is catalyzed by 17-beta-hydroxysteroid dehydrogenase. The synthesis of 

testosterone not only take place in the testes, but also within the brain. Within the 

human brain, 17-beta-hydroxysteroid dehydrogenase is expressed in the temporal 

lobe and hippocampus67. DHT is the active metabolite of testosterone and is 2.4 

times more potent than testosterone. DHT is produced by reduction of testosterone 

via a reaction that is catalyzed by the enzyme 5-alpha-reductase. Androgens have 

both androgenic and anabolic effects. Androgenic effects include fetal and pubertal 
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sexual development in males, whereas anabolic effects include increase in lean body 

mass. Androgens are also associated with many other biological functions, such as 

the development and maintenance of CNS functions. The most predominant function 

of androgens on the brain involves the regulation of libido and aggression. 

 

Androgen receptors 

Androgen receptors (AR) share similar structural features with other nuclear 

hormone receptors. AR exist in two isoforms, AR-A (87kDa) and AR-B (110kDa), that 

are activated by binding of testosterone or dihydrotestosterone. Most of the effects 

produced by the AR are by the classical genomic pathway. Upon activation by an 

androgenic hormone, AR form dimers, enter the nucleus and bind to specific regions 

in the promoter of androgen responsive genes, resulting in the moderation of the 

transcription of these genes 68. However, some rapid effects of androgens are known 

to be mediated by non-genomic pathways. Limited information is available about the 

structural features of the membrane-bound androgen receptors69,70 

AR have a widespread distribution in the body and brain (Figure 1B) and exert 

effects on multiple targets. Information on the expression of AR in the human brain 

is sparse. Most research on the expression of AR in the brain has been performed on 

rodents and non-human primates. In rats, hamster, monkeys, and baboons, AR are 

mainly expressed in the amygdala, hippocampus, bed nucleus of stria terminalis, 

preoptic area, hypothalamus, and cortical areas28,71–77. Few reports on AR expression 

in the post-mortem human brain and in biopsy samples from the epileptic patient 

undergoing surgery are available. These studies indicate that AR is mainly expressed 

in hypothalamus, hippocampus and temporal cortex78–82. 

 

Androgens and depression 

With increasing age, a progressive decrease in the concentration of circulating 

androgens is observed and this decrease in hypogonadal function leads to signs of 

depression11,83. Testosterone treatment was found to improve mood and cognitive 

abilities in hypogonadal men12,13. In post-menopausal women, combined treatment 

with androgen and estrogens caused a greater improvement in psychological (lack of 

concentration, depression, and fatigue) and sexual symptoms (decreased libido and 

inability to have an orgasm)9. Androgens may produce these beneficial effects by 

modulating the hypothalamic-pituitary-adrenal (HPA) axis and can also directly 

interact with various monoaminergic neurotransmitter systems like the serotonergic, 

dopaminergic and noradrenergic system84,85. Androgens can produce their 

antidepressant effect through interference with serotonergic neurotransmission by 

an antagonistic interaction with the 5HT3 receptors86, which have been suspected to 

play a major role in the pathophysiology of depression87. In addition, castration of 

male rats not only decreased the levels of testosterone and estrogen, but also 

increased the density of the 5HT2A receptors in the forebrain88, suggesting that these 

steroid hormones are involved in the regulation of the expression of the 5HT2A 

receptors 85,88. Androgens were found to increase the synaptic concentration of 
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dopamine and noradrenalin and thus have a modulatory effect on the dopaminergic 

and noradrenergic neurotransmitter systems89,90. Despite these preclinical results, 

the exact mechanism for the antidepressant effect of androgens in humans is still not 

clear. 

Most of the above mentioned studies used invasive techniques to study the 

mechanism of action of estrogens or androgens on mood and behavior. Since the 

physiological effects of estrogens or androgens are mediated through their respective 

steroid hormone receptors, it may be helpful to quantify the expression of these 

steroid hormone receptors in the brain in a non-invasive manner. Positron emission 

tomography (PET) could be a suitable tool for studying the dynamic changes on 

estrogen or androgen receptor availability in various parts of the brain that are 

expected to occur during depletion and replacement of estrogens or androgens. 

 

What is positron emission tomography? 

PET is a non-invasive imaging technique used in nuclear medicine to quantitatively 

measure functional and metabolic processes in vivo. PET is based on the detection of 

very small quantities (nano- to picomolar) of a substance that is labeled with a 

positron emitter (radionuclide) within the body. This positron-emitting radionuclide 

is usually produced by a cyclotron and incorporated into a biologically active 

molecule with the desired physiological properties (e.g. drugs, neurotransmitters, 

hormones, enzyme substrates). Carbon-11, oxygen-15, and fluorine-18 are the most 

commonly used radionuclides for PET imaging in the brain. These radionuclides 

have relatively short half-lives: 2 min for oxygen-15, 20 min for carbon-11 and 110 

min for fluorine-18. After incorporation of the radionuclide into the biologically 

active compound, the radiotracer can be injected into the blood stream of a living 

subject. The radiotracer will distribute throughout the body and participate in the 

biological process it was designed for. The biological processes could for example be 

binding to a receptor, metabolism into an active metabolite that is trapped inside the 

cell, transport across a membrane by a transporter, blood flow, perfusion, etc. The 

radionuclide that is incorporated into the radiotracer will undergo radioactive decay 

and emits a positron, which is the anti-particle of an electron (i.e. the positron has 

the same mass as the electron but an opposite charge). The positron travels a short 

distance (approximately 0.6 mm for fluorine-18 to 2.5 mm for oxygen-15) through 

the tissue. When the positron has lost most of its energy, it combines with an 

electron and annihilates, generating a pair of gamma photons with an energy of 511 

keV each. Because of the conservation of momentum, the gamma photons travel in 

opposite directions (at an angle of 180 degrees). These photons can be detected by a 

pair of opposite detectors in the detector ring of the PET camera. The coincidence 

electronics of the camera only register the event when two detectors are almost 

simultaneously hit by a photon. The line between these detectors is called the line of 

response. Combination of multiple lines of response can provide the location of the 

radioactivity within the subject under investigation91. The data acquired from the 

PET camera are then reconstructed to generate a 3D image of the radioactivity 

distribution within the body over time. The generated 3D images can be applied to 
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assess the radiotracer distribution within the body or the kinetics of the radiotracer 

at a specific location over time. Figure 4 represents a schematic illustration of the 

principle of PET imaging. 

The most versatile and frequently used PET tracer worldwide is 2-[18F]fluoro-

2-deoxyglucose ([18F]FDG). [18F]FDG is used for measuring glucose metabolism in 

several medical disciplines for diagnosis, staging and therapy monitoring of patients 

with e.g. cancer, infections, cardiac infarction and neurological disorders, like 

Parkinson’s disease and dementia92–94. Measurement of glucose utilization during a 

depressive state may also be a suitable biomarker for the severity of depression. 

 

Aim and outline of the thesis 

The estrogens and androgens are thought to play an important role in depression. 

Estrogens and androgens produce their physiological effects through activation of ER 

and AR, respectively. To better understand the mechanism of action of these sex 

steroid hormones on brain function, it is helpful to know the expression of their 

receptors in the living brain.  

 

 
 

Figure 4: Basic principle of Positron Emission Tomography (Copied from Jens Maus master thesis 

(Wikipedia)). 

 

Measurement of the expression of ER and AR can be performed by PET using the 

radiotracers 16α-[18F]fluoro-17β-estradiol ([18F]FES) or 16β -[18F]fluoro-5α-
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dihydrotestosterone ([18F]FDHT), respectively. Besides [18F]FES and [18F]FDHT, 

several other tracers have been developed for imaging of ER and AR, but these 

tracers have not been widely applied yet. So far, PET imaging of ER and AR has only 

be performed in patients with hormone sensitive cancer, like breast cancer and 

prostate cancer, respectively. So far, none of the tracers for ER and AR have been 

applied for assessing steroid hormone receptor expression and availability in the 

brain. The aim of the first part of this thesis was therefore to assess whether the 

existing PET tracers for steroid hormone receptors could be applied for imaging of 

steroid hormone receptors in the rat brain. In the second part of this thesis, the role 

of estrogen in depression was studied in ovariectomized rats. 

This thesis starts with a review on steroid hormones and their receptors in the 

healthy and diseased brain (Chapter 2). This chapter also contains an overview of 

the available PET tracers for imaging of steroid hormones receptors and the potential 

utility in brain steroid hormone receptor imaging. 

Studying the expression of AR in the brain by PET imaging, could provide a 

better understanding of the physiological effects of androgens. [18F]FDHT is a tracer 

that was developed to image AR in prostate cancer. It may also be potentially suitable 

for imaging AR in the brain, but this has not been investigated yet. In Chapter 3, 

the utility of [18F]FDHT for AR imaging in the brain was therefore evaluated in 

orchiectomized rats that are deficient in endogenous androgens. 

Estrogens are known to play a role in depression, neuroprotection and 

cognition. [18F]FES is a PET tracer that is used in clinical practice to image ER in 

breast cancer, but its potential suitability for imaging of ER in the brain has not yet 

been investigated. In Chapter 4, it was investigated if [18F]FES could be used for 

imaging of ER in the rat brain. For this purpose, we used female rats at different 

stages of the estrous cycle, ovariectomized female rats and male rats, in order to also 

investigate the influence circulating estrogens levels on [18F]FES uptake in the brain. 

It has been shown that estrogen depletion can induce depression. In Chapter 

5 we assessed the effect of an ovariectomy-induced reduction in circulating estrogen 

levels on depressive-like behavior, as measured by the forced swim test, and on brain 

glucose metabolism, as determined by [18F]FDG PET. Additionally, we investigate 

the anti-depressant effect of immediate and delayed estradiol replacement, using 

treatment with anti-depressant drugs as a positive control. 

We anticipated that the effect of estrogen depletion on depression could be 

reinforced by stress. Chronic mild stress (CMS) is a widely investigated model for 

depression that replicates symptoms of human depression and anhedonia. In 

Chapter 6, we assessed the effect of ovariectomy and estradiol replacement on 

depressive-like behavior in rats before and after exposure to CMS. Depressive-like 

behavior was assessed using the sucrose consumption test, the open field test and the 

forced swim test. Brain glucose metabolism was assessed by [18F]FDG PET. 

Finally, the findings from this thesis are summarized in Chapter 7. Chapter 

8 provides some future perspectives based on the results of this thesis. 
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Abstract 

Steroid hormones like estrogens, progestins, androgens and corticosteroids are 

involved in normal brain function. They are able to exert both neuroprotective and 

neurotrophic effects. In addition, steroid hormones play a crucial role in mood 

disorders by interacting with different neurotransmitter systems in the brain. Steroid 

hormones produce their physiological effects by binding to their corresponding 

hormone receptors. To better understand the role of steroid hormones, knowledge of 

the expression of steroid hormone receptors in the brain may provide important 

insights. In animal experiments, it is possible to perform invasive measurement of 

steroid hormone receptors both in healthy and in pathological conditions, but 

noninvasive measurement of steroid receptors in the brain is required in humans. 

PET and SPECT are techniques that may allow non-invasive measurements of the 

expression of steroid hormone receptors. This chapter addresses the role of steroid 

hormone receptors in both physiological and pathological conditions, and provides 

an overview of the current status of PET and SPECT imaging methods for steroid 

hormone receptors. 
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Introduction 

Hormones are messenger molecules that are produced and secreted by endocrine 

glands in the body. Hormones travel through the blood stream to those parts of the 

body where they induce their specific cellular responses. Hormones are generally 

classified into two classes: steroidal and nonsteroidal hormones. Structurally all 

steroid hormones consist of a steroidal scaffold, which is composed of three six 

membered rings and one five-membered ring; nonsteroidal hormones lack this 

steroid scaffold. Examples of steroid hormones are estrogens, progestins, androgens, 

and corticosteroids. Steroid hormones are responsible for biological responses in a 

wide range of endocrine processes, including sexual differentiation, reproductive 

physiology, glucose metabolism, and maintenance of salt and water balance. 

Examples of nonsteroidal hormones are insulin, glucagon, thyroid stimulating 

hormone, follicular-stimulating hormone, catecholamines, and eicosanoids. 

The brain is an important target organ for circulating steroid hormones that 

are secreted from peripheral organs, such as adrenal cortex, testes, and ovaries. 

Steroid hormones are highly lipophilic and therefore can easily pass through the 

blood-brain barrier by passive diffusion. However, the brain itself is now known to 

synthesize steroid hormones de novo from cholesterol (Figure. 1). After surgical 

removal of peripheral organs that produce steroid hormones (e.g., castration, like 

orchiectomy or ovariectomy), constant levels of these neurosteroids are maintained 

in the brain1,2. The most important neuroactive steroids include not only 

neurosteroids produced by the brain like pregnenolone, dehydroepiandrosterone, 

and 3α-hydroxy-5α-pregnane-20-one but also classical steroid hormones, such as 

17β-estradiol, testosterone, and progesterone. Neurosteroids produce their effects by 

autocrine or endocrine pathways3. Steroid hormones produced in the CNS are 

allosteric modulators of different neurotransmitter receptors. The major functions of 

neuroactive steroids have been reviewed by Rupprecht4. 

In the central nervous system (CNS), neuroactive steroids/neurosteroids play 

a crucial role in neuronal development and plasticity. Neuroactive steroids can act as 

allosteric modulators of ligand-gated ion channels (GABAA), NMDA, and sigma 

receptors. Because of these interactions, neuroactive steroids have been implicated to 

have sleep-inducing, anticonvulsant, anesthetic, nootropic, and antipsychotic 

properties4. They are also associated with processes like learning, memory, emotion, 

behavior, synaptic transmission, and neuroprotection5. Because of these 

neuroprotective properties, steroid hormones may have a beneficial effect in 

neurodegenerative diseases, including Alzheimer’s disease, multiple sclerosis, 

Parkinson’s disease, and Huntington’s disease. However, steroid hormones are also 

implicated in psychiatric disorders, due to their role in cognition and behavior. 

 

Steroid Hormones in Brain Disorders 

Estrogens 

Women have a higher prevalence of reduced cognitive function, depression, panic 

disorder, generalized anxiety disorder, social phobia, eating disorders, and some 
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personality traits than men6. This difference in prevalence between sexes suggests 

that female sex steroid hormones may be involved in these conditions. This 

hypothesis is supported by the observation that several mental changes occur during 

the transition of women from pre- to post-menopause. These changes include 

reduced sexual drive, pre-menstrual and peri-menopausal dysphoria induced by oral 

contraceptives or hormone replacement therapy7–9. These symptoms are associated 

with altered levels of circulating estrogens. At menopause, levels of circulating 

estrogens are strongly reduced. This reduction in estrogen levels is associated with 

social and psychological changes in women, like anxiety, irritability, stress, memory 

loss, lack of concentration, and loss of libido. Eventually, this may culminate into 

depression10. The effects of estrogen changes are likely the result of an altered 

interaction of estrogens with other neurotransmitters like acetylcholine, dopamine, 

noradrenaline, and serotonin11. Moreover, prolonged deficiency of estrogens 

increases the risk to develop dementia12 and Alzheimer’s disease13. 
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Figure 1: Neurosteroidogenesis: Steroidogenesis follows a sequencial, highly compartmentalised 
reaction, with the translocation of cholesterol from cytoplasm to mitochondria in the cells of CNS, 
which is mediated by Steroidogenic acute regulatory protein (StAR) and an 18 kDa Translocator 
protein (TSPO). In the mitochondria, P450 side chain cleavage (P450SCC) cleaves the side chain to 
from cholesterol, resulting in the formation of pregnenolone. Pregnenolone is subsequently converted 
to progesterone and dehydroepiandrosterone in endoplasmic reticulum. The lipophilic nature of these 
compound allows them to diffuse from one cell to another. Progesterone and dehydroepiandrosterone 
are further metabolized to form other neuroactive metabolite like testosterone, estrone, and estradiol. 
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As a consequence, maintenance of steady levels of estrogens seems essential for 

normal physiological and mental status. In fact, estrogen replacement therapy was 

found to improve learning, memory, and cognition in postmenopausal women14 and 

to prevent depression both in peri- and post-menopausal women15. Furthermore, 

estrogen replacement therapy was also found to have a protective effect against 

neurodegenerative disorders. This protective effect was ascribed to the anti-

inflammatory activity of estrogens16–18. Neurosteroids produced by activated 

microglia are able to shift a pro-inflammatory immune response into an anti-

inflammatory phenotype5. The shift between pro- and anti-inflammatory effects of 

estrogens seems to be dependent upon both the expression level and the extent of 

stimulation of estrogen receptors (ER) in the CNS. It is also evident from recent 

literature that the anti-inflammatory effects are associated with suppression of ER-

mediated pro-inflammatory cytokine and chemokine production19,20. 

 

Progestins 

Progestins have been demonstrated to play an important role in neuroprotection as 

observed in experimental models and clinical trials in patients with stroke and 

traumatic brain injury21,22. Progestins can easily pass through the blood- brain 

barrier and exert their neuroprotective effects inside the brain. A few studies were 

performed to assess the role of PR in experimental animal models of stroke and 

traumatic brain injury. Liu et al. found that ischemia to the brain for 6 h resulted in a 

rapid increase in the progesterone and 5α-dihydroprogesterone levels both in wild-

type and PR knockout mice, suggesting a possible role of progestins in the salvage of 

neurons at risk23. Changes in steroid hormone levels affected the expression of 

membrane PR, specifically PRA, in rats and mice. Upon treatment with estradiol or 

progesterone, significant expression of PRA was observed in neurons of olfactory 

bulb, striatum, cortex, thalamus, hypothalamus, septum, hippocampus, and 

cerebellum, but not on oligodendrocytes or astrocytes. Traumatic brain injury 

induced the expression of PRA not only on neurons but also on oligodendrocytes, 

astrocytes, and reactive microglia, suggesting a role of progestins and PR in 

inflammation in the injured brain24. 

The neuroprotective mechanisms and anti-inflammatory effects of progestins 

have been reviewed by several authors5,25–29. Progestins may prevent brain damage 

by controlling edema formation (vasogenic or cytogenic) via modulation of the 

expression of the aquaporin-4 water transporter, moderating Ca2+ flux caused by 

excitotoxicity, and reconstitution of the blood-brain barrier. Progestins also have 

antioxidant properties that can prevent cellular insults by oxidative stress induced by 

free radical formation. Progestins can inhibit the activation of microglia, which 

prevents NO and TNF α production and the release of other inflammatory cytokines, 

such as IL-1 β, TNF-α, and IL-6, compliment factor C3 and C5, and macrophage 

inducing factor-1. In addition, progestins have anti-apoptotic properties. Besides the 

aforementioned roles in neuroprotection, progestins also play a role in neuronal 

remodeling by up regulating several neurotrophic factors, such as brain derived 
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neurotrophic factor (BDNF), Na/K ATPase, microtubule-associated protein 2 (MAP-

2), choline acetyl transferase (ChAT), and glial-derived neurotrophic factor (GDNF). 

To investigate progestin as neuro protectant in patients, a clinical trial (phase 

IIa) was conducted in 100 male and female patients with blunt head trauma with 

moderate- to-severe damage. Treatment with progesterone showed significant 

reduction in mortality compared to vehicle group30. Two large scale studies on 

progesterone treatment are now in process. A phase III clinical trial investigates the 

effects in moderate-to-severe traumatic brain injury in 1,200 patients. Another phase 

III trial studies the effect on brain injury in pediatric patients21. Administration of 

progestins in combination with estrogens was found to be an effective treatment for 

postmenopausal symptoms. The combination of progestins and estrogens showed 

efficacy in the treatment of multiple sclerosis in both animal models and in patients. 

The beneficial effect was mediated by modulation of peripheral and brain-intrinsic 

immune responses and regulation of local growth factor supply, oligodendrocytes, 

and astrocytes31. 

 

Androgens 

The most common central effect of androgens is the induction of aggression. 

Excessive levels of testosterone are known to induce aggression in both sexes. 

Exposure to high testosterone levels at young age is associated with a reduction in 

feminine characteristics in women. Moreover, testosterone is converted to estradiol 

in the CNS, which plays a pivotal role in the feedback regulation in the 

hypothalamus. The hypothalamus plays a positive role in hormone release by 

endocrine system through the pituitary. In analogy to menopause in women, aging 

men may experience andropause (hypogonadism), which is a condition characterized 

by very low circulating androgen concentrations. This reduction in androgen levels 

may be accompanied by decreased cell survival in the hippocampus32 and a decrease 

in cognitive functions and increased risk to develop depression and Alzheimer’s 

disease33. Testosterone treatment was found to reduce many mood- and cognition-

related symptoms in hypogonadal men34 and to enhance hippocampal neurogenesis 

through increased cell survival in rodents32. Androgen treatment combined with 

estrogens in postmenopausal women provides more improvement in psychologic and 

sexual symptoms than does estrogen alone35. 

 

Corticosteroids 

Corticosteroids, such as glucocorticoids and mineralocorticoids, are produced by the 

adrenal glands, liver, and during pregnancy by placenta and maternal glands. In 

stressful conditions, the glucocorticoid, cortisol, is rapidly synthesized and secreted 

in response to adrenocorticotropic hormone released from the pituitary and 

corticotrophin- releasing hormone secreted by the hypothalamus. Cortisol stimulates 

the production of energy-rich compounds such as glucose, free fatty acids, and amino 

acids. The mineralocorticoid aldosterone is produced in response to angiotensin II 

and promotes sodium reabsorption and fluid retention. Besides their role in glucose 
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and mineral metabolism, corticosteroids are also implicated in the regulation of 

sleep, ingestive behavior, behavioral adaptation, learning, and memory. In addition, 

corticosteroid receptors play a significant role in brain damage, aging36, mood, 

mental performance, and the pathogenesis of neuropsychiatric disorders, such as 

depression and Alzheimer’s disease37,38. Both cortisol and aldosterone release are 

controlled by the hypothalamic-pituitary-adrenal (HPA) axis. The HPA axis is a 

neuroendocrine system that has complex interactions with brain serotonergic, 

noradrenergic, and dopaminergic systems. An important role of the HPA axis is the 

regulation of the body’s response to stress. Overactivity of the HPA axis or 

enlargement of the pituitary or adrenal gland causes an increase in cortisol levels, 

which in turn leads to hypercortisolemia. The overactivity of the HPA axis in stressful 

conditions may lead to dysregulation of the serotonergic system and is one of the 

most important predictors of suicide attempts in depressed patients39. Depression, 

on the other hand, is one of the major causes of hypercortisolemia, characterized by 

increased cortisol levels. Hypercortisolemia may lead to neurotoxicity and reduced 

neurogenesis in the hippocampus in depressed patients40. 

 

Steroid Hormone Receptors in Brain Disorders 

Steroid hormones exert their biological effects through specific steroid hormone 

receptors (SHR) that are expressed by the target cells. To date, two estrogen receptor 

subtypes (ERα and ERβ) with several isoforms41–44, two progesterone receptors (PR) 

subtypes (PRA and PRB) with several splice variants45,46, and two types of androgen 

receptor (AR) subtypes have been identified47,48 (ARA and ARB). The corticosteroid 

receptors may be divided into two classes: mineralocorticoid receptors49 (MR) and 

glucocorticoid receptors50 (GR). All SHR share similar functional domains but differ 

in the length of the amino acid chain (Figure 2). 

In steroid-responsive cells, SHR are mainly present in the cytoplasm and the 

nucleus, although SHR are also found on the cell membrane51,52. When SHR are 

activated by the corresponding steroid hormone, they dimerize and move into the 

nucleus of the cell, where they bind to hormone responsive element in the promoter 

region of specific target genes. SHR may act as transcriptional activators or 

transcriptional repressors, resulting in the induction or suppression of the 

expression of hormone-responsive genes. These responsive genes may evoke a wide 

variety of physiological responses. Some rapid actions of estrogens and progestins 

are directly mediated by cell surface receptors in a non-genomic manner (Figure 3). 

Although the involvement of steroid hormones in various brain disorders has been 

demonstrated, the mechanisms with which they exert their effects are still largely 

unknown. 
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Figure 2: Functional domains of steroid hormone receptors (SHR). All the SHRs consists of common 
structural domains, in particular a N-terminal transcription activation-1 domain (A/B), which 
regulates the ligand independent transcription, a DNA binding domain (C) which recognizes and 
binds with the steroid hormone response elements on DNA, a flexible hinge domain (D) which carries 
information for the post transcriptional modification and a multifunctional ligand binding domain (E) 
which recognizes and binds the ligand and acts as a ligand dependent transcription activation 
function. Numbers represent the number of amino acids in each receptor. ER alpha contains an extra 
region F. ER, Estrogen receptor; PR, Progesterone receptor; AR, Androgen receptor; MR, 
Mineralocorticoid receptor; GR, Glucocorticoid receptor. 
 

Western blotting and immunehistochemical studies in experimental animals and 

postmortem human brains have shown that receptors for different steroid hormones 

are expressed in different regions of the brain. ER, PR, and AR are expressed in those 

brain areas that are associated with emotion, cognition, and behavior, such as the 

hypothalamus, amygdala, cerebral cortex, hippocampus, and brainstem. This 

expression pattern is in agreement with the association of sex hormones with 

psychiatric disorders. The neuroprotective effects of estrogens are mainly due to ER 

α-mediated signaling53, whereas the effect on mood and cognitive functions in 

depression and schizophrenia is mainly mediated by ERβ54. A study on patients with 

depression or schizophrenia, who committed suicide, showed down regulation of 

ERβ expression in the limbic system55. To our knowledge, no data exist on altered 

expression of PR and AR in the human brain in mood and behavioral disorders. 

Not only SHR expression, but also polymorphisms in the SHR genes were 

found to be implicated in psychiatric diseases. SHR polymorphisms have been 

associated with an increased risk for schizophrenia, depression, anxiety traits, and 

cognitive impairment. Association of polymorphisms in estrogen and androgen 

receptors associated with psychiatric disorders has been reviewed recently by 

Westberg and Eriksson56. 

Corticosteroids affect behavioral changes by engaging with either MR or GR. 

MR are mainly expressed in the limbic system, hypothalamus, and circumventricular 

organs and to lesser extent in other parts of the brain. The expression of GR, on the 

other hand, is mainly observed in the subfields of the cerebral cortex, olfactory 

cortex, hippocampus, amygdala, dorsal thalamus, hypothalamus, cerebellar cortex, 

trapezoid body, locus coeruleus, and dorsal raphe nucleus in rats57. 
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Figure 3: Mode of action of steroid hormone receptors. All the steroid hormone receptors mediate 
their action by a common genomic pathway. In the cytoplasm, they exist as complexes with heat shock 
proteins in an inactive form. When a steroid hormone binds, the receptor complex releases the heat 
shock proteins and becomes activated. The activated receptor forms a homodimer or heterodimer, 
which subsequently enters into the nucleus. The dimer binds to the specific hormone response 
element in DNA and initiates or inhibits the process of gene transcription. 

 

Both the corticosteroid receptors are co-expressed in the hippocampus, amygdala, 

inferior frontal gyrus, cingulate gyrus, and nucleus accumbens in human brain, 

whereas predominantly MR were found in the hippocampus58. A reduction in both 

MR and GR expression and an increase in corticosteroid levels were observed in the 

brains of patients with bipolar disorder or schizophrenia who committed suicide and 

in subjects exposed to stressful conditions59. Furthermore, decreased MR expression 

in the hippocampus of suicide victims was observed in another study60. Decreased 

MR expression was also demonstrated in depressed subjects after treatment with the 

MR antagonist, spironolactone. Spironolactone treatment led to an increase in 

cortisol levels in both controls and depressed patients. However, in depressed 

patients, cortisol levels were significantly higher than in controls61. 

Increased production of the cortisol also causes desensitization of the GR, 

resulting in a down regulation of these receptors. Down regulation of GR in turn 

leads to an increase in the levels of cortisol62. Prolonged stress has been reported to 

down regulate the expression of GR in the prefrontal cortex in rats63. Likewise, stress 



Chapter 2 

34 

leads to a reduction in the GR mRNA in the basolateral/lateral nuclei in patients with 

schizophrenia or bipolar disorder64,65. 

 

Imaging of Steroid Hormone Receptors 

Hitherto, almost all information about the role of SHR in healthy and diseased brain 

is obtained from experimental animals and postmortem human studies, because 

brain biopsy in patients is generally not feasible or highly undesirable. To better 

understand the role of steroid hormones in neurodegenerative and psychiatric 

diseases, it is therefore of invaluable importance to have a noninvasive tool to 

measure the expression of SHR in the brain. PET and SPECT are noninvasive nuclear 

imaging techniques that allow measurement of receptor expression and receptor 

occupancy in the living brain. Until now, several PET and SPECT tracers have been 

developed to image the SHR. Most of these radiopharmaceuticals, however, were 

developed for applications in oncology, in particular for imaging of receptor 

expression and occupancy in steroid hormone-sensitive tumors like breast and 

prostate cancer66,67. So far, only a few studies on imaging of SHR in the brain have 

been reported. However, it is expected that most radiopharmaceuticals that have 

been developed for tumor imaging may also be applied in brain imaging. Although 

many tracers have been described for each SHR, most of these tracers did not 

provide satisfactory results and consequently did not enter clinical studies. In the 

following paragraphs, we will not provide a complete overview of all tracers for SHR 

that have been reported, but only discuss the most promising candidate tracers for 

PET and SPECT imaging of SHR in the brain. 

 

Radiopharmaceuticals for Estrogen Receptor Imaging 

ER is the most widely studied SHR. Although literature exists on Western blotting 

and in situ hybridization studies to determine the expression of the ER in the rodent 

brain, hardly any data exists on ER expression in the human brain. For this purpose, 

imaging methods to measure ER expression could certainly be of added value. 

Several tracers have been developed for PET and SPECT imaging of ER, in particular 

for imaging breast cancer. 

 

PET 

16α-[18F]fluoro-17β-estradiol ([18F]FES) was introduced for imaging of ER in the 

1980 and is now used in both clinical trials and in patient care for diagnosis and 

monitoring of anticancer treatment efficacy in ER-positive breast cancer. In rats and 

mice, highest [18F]FES uptake was observed in tissues with high ER expression, such 

as the uterus and ovaries68–72. [18F]FES uptake in ER-rich organs could be blocked 

with unlabeled estradiol in a dose-dependent manner, indicating that the tracer 

uptake is ER-mediated73. A recent study demonstrated that treatment with 

fulvestrant, an irreversible ER antagonist, also reduced the uptake of [18F]FES in ER-

positive breast tumors in mice74. PET imaging studies in rodents showed a good 

correlation of [18F]FES tumor uptake with ER density, as determined in vitro68. In 
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breast cancer patients, [18F]FES PET has been applied successfully to determine the 

ER status of tumor lesions. ER expression was clearly visualized in primary breast 

tumors and in metastases. The accumulation of [18F]FES in these tumors correlated 

well with ER density, as determined by immunohistochemistry75,76. The radiation 

burden associated with [18F]FES PET is within the normal range of other clinical 

nuclear medicine procedures: a typical dose of 200 MBq (6 mCi) causes a radiation 

burden to the patient of 4.4 mSv77–79. [18F]FES preferentially binds to the α subtype 

of the ER, as its affinity is 6.3-fold higher for ERα than for ERβ72. ERα is 

overexpressed in many breast tumors, where it is associated with tumor growth and 

development. The ERβ isoform was found to be co-expressed with ERα in breast 

tumors80,81, but the function of ERβ in breast cancer is not well understood yet. The 

discovery of ERβ in breast cancer initiated the search for ER β-selective PET tracers. 

Several attempts have been made to develop ERβ-selective tracers. Recently, 8β-2-

[18F]fluoroethyl estradiol (8β-[18F] FEE), a derivative of the potent ERβ-selective 

steroid 8β-vinylestradiol, was evaluated as a selective PET tracer for ERβ. In 

addition, the nonsteroidal ERβ ligand ERB-041 was labeled with 76Br, yielding 

[76Br]BrERB-041 as a potential ERβ-selective PET tracer. Although both 8β-[18F]FEE 

and [76Br]BrERB-041 showed high binding affinities in a radiometric assay, ex vivo 

biodistribution studies in rats and mice could not demonstrate ER β-mediated 

uptake82. So far, no suitable PET tracer of imaging of ERβ is available. 

Besides [18F]FES, several radiolabeled estradiol derivatives and ER-targeting 

anticancer drugs have been evaluated as candidate PET tracers for imaging ER 

density and occupancy (Figure.4). The potent estrogen 17α-ethynyl-11βmethoxy-

estradiol ([18F]βFMOX) showed promising results in rodents with a fourfold higher 

uptake in immature rat uterus than [18F]FES. [18F]βFMOX was considered to be a 

highly sensitive tracer for imaging of the ER, as [18F]βFMOX also exhibited specific 

binding in organs with low ER density, such as the kidney, muscle, and thymus83,84. 

Despite the promising results in rodents, [18F]βFMOX PET studies failed to detect 

ER-positive lesions in human breast cancer patients. This lack of sensitivity in 

humans may be due to the fast metabolism of the tracer, because it exhibited low 

binding to sex hormone-binding protein (SHBG), which protects steroids from 

metabolic degradation85. Other ethynyl analogues of FES also showed better target-

to-background ratios but were also associated with faster degradation in vivo, 

because of low SHBG binding86. 

In order to increase the binding affinity and in vivo stability of the tracer, 

several analogues of [18F]FES were developed. One of these candidates, 11β-methoxy-

4,16α-[18F]difluoroestradiol (4F-M[18F]FES), showed high uptake and high target-to-

background ratios in ER-rich organs like the uterus87. 4F-M[18F]FES has a low 

affinity towards the SHBG, but studies in humans showed a significant, potentially 

ER-mediated uterus uptake in both pre- and post-menopausal women88. However, 

no other human studies with 4F-M[18F]FES have been published since. 

In addition to estradiol derivatives, radiolabeled derivatives of anticancer 

drugs, such as tamoxifen and fulvestrant, were evaluated for imaging of ER. 

Tamoxifen is a partial agonist of the ER and used as a drug in the treatment of ER-
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positive breast cancer. 18F-labeled tamoxifen, [l8F]fluoromethyl-N,N-

dimethyltamoxifen ([I8F]FTX), exhibited specific uptake in the uterus and mammary 

tumors, which could be blocked with an excess of estradiol89. In a clinical study in 10 

ER-positive breast cancer patients, [I8F]FTX uptake appeared to correlate with 

tamoxifen treatment outcome90. So far, no additional studies have been performed to 

prove the clinical utility of [I8F]FTX. Labeling of fulvestrant, a full antagonist of the 

ER, with 18F reduced its binding affinity. Consequently, 18F-labeled fulvestrant is not 

suitable for PET imaging of ER91. 
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Figure 4: Chemical structures of tracers that have been evaluated for PET or SPECT imaging of 
estrogen receptors. 

 

SPECT 

In addition to PET tracers, some SPECT tracers were developed for imaging of ER 

(Figure 4). Amongst the promising SPECT tracers for ER was 16α-[125I]iodo-11β- 



PET and SPECT of Steroid Harmone Receptors  

37 

methoxy-17β-estradiol92 ([125I]MIE). In rodents, [125I]MIE was found to accumulate 

in ER-rich areas, such as the uterus. [125I]MIE showed higher uterus-to-blood ratios 

than 16α-[125I]iodoestradiol. 16α-[123I]iodo-17β-estradiol ([123I]IES) and (20Z)-11β-

methoxy-17α-[123I]iodovinylestradiol (Z-[123I]MIVE) have not only been applied in 

animals but also in clinical studies. [123I]IES showed ER-mediated uptake in the 

rabbit reproductive system and in ER-positive tumors in breast cancer patients, but 

no specificity or sensitivity data were reported93–96. Both stereoisomers of [123I]MIVE 

were evaluated for ER imaging. (Z)-[123I]MIVE showed highest ER-mediated specific 

uptake in rodents and in clinical studies in breast cancer patients. The tracer uptake 

could be blocked by saturation of the ER with tamoxifen97–100. Although both 

[123I]IES and (Z)-[123I]MIVE showed ER-mediated specific uptake, these tracers also 

displayed fast metabolism and low SHBG binding101,102. For both tracers, no further 

studies are available to support their utility for brain imaging. 

Attempts have been made to generate a SPECT tracer for ER by labeling 

derivatives of the anticancer drug tamoxifen. In rodents, the uptake of 

[123I]iodotamoxifen ([123I]TAM) was found to be high in ER-rich organs. In clinical 

studies, [123I]TAM showed ER-specific uptake in breast tumors103,104. Recently 

tamoxifen was also labeled with 131I ([131I]TAM). Biodistribution studies in rodents 

proved that the uptake of this tracer was ER-mediated in the uterus and breast 

tissue105. No further studies on iodine-labeled tamoxifen have been published lately. 

Estradiol and anticancer drug derivatives have also been labeled with 99mTc. A few of 

them have even been successfully evaluated in rodents106–112. However, the 

usefulness of these tracers for brain imaging would be questionable, because of the 

high hydrophilicity of the 99mTc conjugates, which likely precludes efficient brain 

penetration. 

Consequently, at this moment [18F]FES remains the only validated tracer for 

molecular imaging of ER expression that is currently used in clinical studies. Even 

though its characteristics are not ideal, [18F]FES still is an adequate tracer for PET 

imaging of ER in humans113. Efforts to develop better alternatives for [18F]FES are 

still made but yielded disappointing results so far. 

 

Radiopharmaceuticals for Progesterone Receptor Imaging 

PET 

A few substrates of PR have been labeled with 18F, 76Br, 123I, and 125I for imaging of 

PR with PET and SPECT (Figure 5). The 18 F-labeled candidate PET tracers for PR 

include 21-[18F]fluoro-16α-ethyl-19-norprogesterone114–117 ([18F]FENP, 21-

[18F]fluoro-16α-methyl-19-norprogesterone118 ([18F]FMNP), and 21-[18F]fluoro-

16α,7α-[(R)-(1′α-furylethylidene)dioxy]-19-norpregn-4-ene-3,20-dione119. 

[18F]FMNP exhibited PR-mediated uptake in the uterus and tumors in rats118, but no 

further studies in humans were reported. [18F]FENP showed highly selective PR-

mediated uptake in the uterus of estrogen-primed rats116 and in PR-positive 

carcinoma in mice117. In eight breast cancer patients, however, [18F]FENP could only 

detect 50 % of PR-positive lesions, and tracer uptake did not correlate with PR 
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expression114. The major reason for failure of [18F]FENP in clinical studies was its 

extensive metabolism in humans120. To overcome this problem, several ketals of 

16α,17α-dihydroxyprogestrerone were labeled with positron-emitting 

isotopes119,121,122. One of these ketals is 21-[18F]fluoro-16α,17α-[(R)-(1′-α-

furylmethylidene)dioxy]- 19-norpregn-4-ene-3,20-dione ([18F]FFNP). In a study 

performed in mice with mammary tumors, treatment with estradiol, letrozole, or 

fulvestrant showed treatment- induced changes in the uptake of [18F]FFNP, 

suggesting that early evaluation of response to the anticancer treatment could be 

feasible74. Recently, a study in breast cancer patients showed that [18F]FFNP PET is a 

safe, noninvasive method to evaluate the tumor’s PR status in vivo123. Brain uptake of 

[18F]FFNP seems to be acceptable, but further studies are needed to prove its 

suitability for brain imaging. 

Another series of candidate PET tracers for PR imaging were the derivatives of 

the nonsteroidal PR agonist tanaproget. Several derivatives of tanaproget were 

evaluated124, and 4-[18F]fluoropropyl-tanaproget ([18F]FPTP) demonstrated highest 

uptake in the target tissues like uterus and ovaries. The biodistribution pattern of 

[18F]FPTP in rats was comparable with other PR tracers, such as FENP and FFNP125. 

 

SPECT 

A few iodinated tracers for PR imaging have been developed, but none of these 

candidate tracers showed promising results. (20Z)-17α-[125I]iodovinyl-19-

nortestosterone ([125]IVNT) had interesting binding properties but lacked selectivity 

in vivo126. Later, both isomers of 17α-iodovinyl-18-methyl-11-methylene-19-

nortestosterone ([123I]IVMMNT) were investigated in rats and rabbits. (Z)-

[123I]IVMMNT displayed highest in vivo binding in target organs, such as in uterus 

and ovaries. The uptake of (Z)-[123I]IVMMNT was found to be PR-mediated127. So 

far, no human data exist to prove the feasibility of PR imaging with these tracers. 

At the moment, [18F]FFNP seems to be the most promising candidate tracer 

for imaging PR, but more studies are required to validate the utility of this tracer in 

humans. 

 

Radiopharmaceuticals for Androgen Receptor Imaging 

PET 

The existing PET tracers for imaging AR expression are depicted in Figure 6. 20-

[18F]fluoromibolerone (20-[18F]Fmib) was the first radiolabeled PET tracer for AR 

that showed promising uptake in the prostate of diethylstilbestrol (DES)-primed 

rats128. Several other fluorinated compounds have been developed, and some of them 

showed promising results, such as 16β-[18F]fluorodihydrotestosterone ([18F]FDHT), 

16β-[18F]fluorotestosterone (16β-[18F]FT), 16β-[18F]fluoro-7α-methyl-19-

nortestosterone (16β-[18F]FMNT), 16α-[18F]fluoro-7α-methyl-19-nortestosterone 

(16α-[18F]FMNT), and 20-[18F]fluorometribolone129 (20-[18F]R1881). Most of these 

tracers showed quick clearance from the body and rapid metabolism. Best results in 

baboons and rats were obtained for [18F]FDHT. Uptake of [18F]FDHT in the prostate 
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was specific and AR-mediated. Metabolism of [18F]FDHT was slower than 

metabolism of the other candidate tracers130,131. [18F]FDHT was able to detect AR-

positive tumor lesions in prostate cancer patients, and tracer uptake was proven to 

be AR-mediated in humans as well132,133. Another interesting candidate PET tracer is 

7α-[18F]fluoro-17- methyl-5-dihydrotestosterone ([18F]FMDHT), although the first 

results reported for this tracer were not very promising. The uptake of [18F]FMDHT 

in the prostate was low; results were not reproducible and not comparable with other 

labeled steroids like [18F]FDHT. In these first experiments, [18F]FMDHT was 

investigated in rats treated with DES to suppress endogenous testosterone 

production134. The same authors reevaluated the suitability of [18F]FMDHT for AR 

imaging in chemically castrated rats. In this animal model, uptake in the prostate 

was proven to be AR-mediated. Prostate uptake was comparable to other 18F-labeled 

steroids and twofold higher than [18F]FMDHT uptake in DES-treated rats135. 
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Figure 5: Chemical structures of tracers that have been evaluated for PET or SPECT imaging of 
progesterone receptors. 

 

Currently, [18F]FDHT is the only PET tracer that has proceeded into the clinical 

evaluation phase132,133,136,137. The radiation burden associated with [18F]FDHT PET is 
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within the normal range of other clinical nuclear medicine procedures: 0.018 mSv/ 

MBq; for the maximum administered dose of 331 MBq, the total radiation burden is 

6.0 mSv. The major drawback of [18F]FDHT is its rapid metabolism. This led to the 

investigation of nonsteroidal derivatives with better in vivo stability, like 

propanamide derivatives a selective androgen receptor modulator138 (SARM) with 
11C. 

Some nonsteroidal antagonists of AR have been radiolabeled, such as a 11C-

labeled diethylamineflutamide derivative139, a 18F-labeled hydroxyflutamide 

derivative140, 3-[76Br]bromohydroxyflutamide141, [18F]bicalutamide, 4-

[76Br]bromobicalutamide, and [76Br]bromo-thiobicalutamide142. However, none of 

these compounds showed promising results that warranted further evaluation. 
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Figure 6: Chemical structures of tracers that have been evaluated for PET or SPECT imaging of 
androgen receptors. 

 
SPECT 

The radio iodinated steroid 2α-[125I]dihydrotestosterone was the first SPECT tracer 

showing high uptake in AR-rich organs like the prostate, epididymis, and testis in 
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rats. Pretreatment with dihydrotestosterone reduced the uptake in these organs, 

suggesting that tracer uptake is specific and AR-mediated143. 7α-[125I]iodo-5α-

dihydrotestosterone (7α-[125I]IDHT) is another analogue of testosterone that was 

labeled with 125I. 7α-[125I]IDHT showed AR-mediated uptake in the prostate of rats. 

In vitro autoradiography of 7α-[125I]IDHT produced excellent autoradiograms with 

low nonspecific binding in the prostate of rats144, but no further studies were 

published to demonstrate the use of this tracer in vivo. 

Some steroid and flutamide derivatives have been labeled with 99mTc and 

tested as SPECT tracers for AR. However, in vivo evaluation in rats did not show any 

AR-mediated specific binding for any of these compounds145,146. 

So far, [18F]FDHT is the only AR tracer that has proceeded into the clinical 

evaluation phase. Clinical studies confirmed that this tracer is suitable for AR 

imaging in cancer patients. However, it still remains to be evaluated whether 

[18F]FDHT PET is also able to monitor AR expression in the human brain. Preclinical 

data of [18F]FMDHT suggest that it might have favorable characteristics for AR 

imaging as well, but further evaluation is still required to establish the merit of this 

tracer. 

 

Radiopharmaceuticals for Corticoid Receptor Imaging 

So far, only a few GR ligands have been synthesized and evaluated for the potential 

use as imaging tracer (Figure 7 ). Most of these candidate tracers showed 

disappointing results in rodents and baboons. The first labeled compound that was 

introduced as ligand for the imaging of GR was 21-[18F]fluoroprednisone. 21-

[18F]fluoroprednisone was rapidly metabolized, leading to low uptake in rat brain147. 

The biodistribution of [18F]RU 52461, an analogue of the selective GR agonist 

RU28362, showed high GR-mediated uptake in the adrenals and pituitary in rats. 

PET imaging studies in baboons, however, showed low uptake of [18F]RU 52461 in 

the brain148. In another study in rats, [18F]RU 52461 uptake in the hippocampus 

could only be partially blocked with an excess of the unlabeled ligand, whereas 

complete blocking of tracer uptake in peripheral organs was observed149. 

The potent GR ligand [18F]ORG 6141 was evaluated in adrenalectomized and 

sham-operated rats. Ex vivo biodistribution 3 h post-injection revealed higher uptake 

of tracer in the hippocampus and brain stem of adrenalectomized animals as 

compared to sham-operated controls. However, GR-mediated specific retention of 

activity in these brain areas could not be demonstrated150. 

Wuest et al. synthesized a series of novel 4-fluorophenylpyrazolo steroids and 

tested their binding affinities to GR. Some of these compounds showed binding 

affinities up to 56 % relative to dexamethasone151 (100 %). One of these compounds, 

2′-(4-fluorophenyl)-21-[18F]fluoro-20-oxo-11β,17αdihydroxy-pregn-4-eno[3,2-

c]pyrazole, was evaluated in rats using autoradiography and small animal PET 

imaging. Brain uptake of this tracer was found to be constant between 5 and 60 min 

after tracer injection. However, brain uptake was not specifically GR-mediated152, but 

only due to nonspecific binding. 
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The high-affinity GR antagonist Org 34850 was labeled with 11C. [N-methyl-11C]Org 

34850 was found to rapidly metabolize in rats. Ex vivo biodistribution and small 

animal PET studies demonstrated that [N-methyl-11C]Org 34850 was not able to 

penetrate the blood-brain barrier153. 

The nonsteroidal selective GR modulator AL-438 was labeled with 11C. The 

biodistribution of [11C]AL-438 showed high uptake in the pituitary and the brain, but 

treatment with a high dose of the GR antagonist corticosterone did not result in any 

blocking of tracer uptake, suggesting that the uptake was not GR-mediated154. 

Thus, none of the aforementioned studies were successful, and consequently suitable 

tracers for imaging GR expression are currently not available. 
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Figure 7: Chemical structures of tracers that have been evaluated for PET or SPECT imaging of 
glucocorticoid receptors. 
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Radiopharmaceuticals for Mineralocorticoid Receptor Imaging 

There is only one report that describes a series of MR-specific compounds that have 

been labeled with fluorine-18 for PET imaging. These compounds include 21-

[18F]fluoroprogesterone, 21-[18F]fluoro-11β-hydroxyprogesterone, and 3′-fluoro-

RU26752 (Figure. 8). Unfortunately, none of these compounds displayed the 

characteristics that are required for PET imaging of MR149 
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Figure 8: Chemical structures of tracers that have been evaluated for PET imaging of 
mineralocorticoid receptors. 

 

Imaging of Steroid Hormone Receptors in the Brain 

Despite several tracers for imaging of SHR have now been applied in humans, hardly 

any studies on imaging of these receptors in the brain have been published. So far, 

only tracers for ER have been successfully used in rodents for imaging SHR in the 

brain. 16α-[125I]iodoestradiol and 11β-methoxy-16α-[125I]iodoestradiol ([125I]MIE2 ) 

have only been used in autoradiography studies, whereas [18F]FES has also been 

used for ex vivo biodistribution and PET imaging of the rat brain. 

An ex vivo brain autoradiography study in prepubertal Sprague Dawley rats 

injected with 16α-[125I]iodoestradiol showed high concentrations of activity at the 

marginal zone of the mid-region anterior lobe of the pituitary at 1 h post tracer 

injection, whereas the intermediate lobe and most cells in the anterior lobe showed 

only a weak signal. Also the dorsocaudal paraventricular nucleus and the medial 

amygdaloid region showed only a weak signal, whereas a high signal was observed in 

preoptic neurons. Long-term exposure of the photographic plate allowed 

topographical recognition of tracer binding to cells in medial amygdala, mediodorsal 

and cortical nuclei, and the piriform cortex. However, 16α-[125I]iodoestradiol uptake 

in the brain was not significantly blocked by an excess of unlabeled estradiol, which 

was ascribed to de-iodination of the tracer, leading to nonspecific binding of 125I 

within the myelin sheaths155. 

11β-methoxy-16α-[125I]iodoestradiol ([125I]MIE2 ) has been evaluated in 

binding and displacement studies in rat, rabbit, and human brain slices. [125I]MIE2 

showed specific binding to the ER with no cross-reactivity with the other SHR. 

Moreover, a dose-dependent uptake of [125I]MIE2 in pituitary and brain cell nuclei 

was observed after in vivo administration in 25-day-old female rats156. In another 
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study, ER expression during the brain development was studied with [125I]MIE2 in 

mice of both sexes. This study demonstrated the presence of ER-positive cells in the 

early postnatal cortex and showed a profound change in the topography and number 

of ER-positive cells during development157. Recently, the effect of long-term 

treatment (21–60 days) with estradiol and tamoxifen on ER occupancy in the brain 

was evaluated by ex vivo autoradiography with [125I]MIE2. The distribution of 

[125I]MIE2 uptake was in agreement with the expected ER distribution in the 

ovariectomized rats: highest uptake in the preoptic and hypothalamic nuclei, 

followed by the amygdala, hippocampus, midbrain, and frontal cortex. In the 

tamoxifen-treated rats, a reduction in [125I]MIE2 binding was mainly seen in ERα-

dominated regions like the cortical amygdala, central gray, and anterior 

paraventricular thalamus. A moderate inhibition of tracer uptake was found in the 

regions where both ER subtypes are expressed, like the ventrolateral-ventromedial 

hypothalamus, medial preoptic area, medial amygdala, and arcuate nucleus. After 

estradiol treatment, [125I]MIE2 showed a low and homogenous uptake in the brain, 

with an overall reduction in ER binding of 87% as compared to untreated controls158. 

Fluoroestradiol ([18F]FES) is the only PET tracer that has been used to assess 

ER expression in rat brain. In a very detailed study, the suitability of [18F]FES for in 

vivo quantification of ER was performed by both equilibrium and dynamic kinetic 

analysis159. The uptake of [18F]FES was mainly seen in ER-rich regions in the brain, 

such as in the pituitary and hypothalamus. Maximum uptake was observed between 

25 and 30 min post-injection reaching a pseudo-equilibrium at 30 min. Blocking 

with increasing doses of unlabeled estradiol reduced the accumulation in the 

pituitary and hypothalamus in a dose-dependent manner, whereas no effect was 

observed in the hippocampus, cortex, and striatum. The specific binding of [18F]FES 

was calculated by equilibrium analysis considering the striatum as a reference tissue 

where the expression of the ER was expected to be very low. The equilibrium analysis 

showed saturable binding in the pituitary and hypothalamus with highest binding 

potential (Bmax/Kd) in the pituitary (16.11) and hypothalamus (1.97). The B max and 

the Kd were found to be much higher in pituitary (124.01 ± 12.36 pmol/g and 7.70 ± 

1.07) then in hypothalamus (11.85 ± 0.16 pmol/g and 6.01 ± 0.41). The in vivo 

quantification of ER gave similar results in the pituitary and hypothalamus when 

either equilibrium or graphical analysis was used159. In another study, the effect of 

long-term treatment of estradiol and tamoxifen on ER occupancy in rat brain was 

studied by ex vivo autoradiography with [18F]FES. Although this study showed 

marked reduction in the uptake of [18F]FES in ER-rich areas, such as the 

hypothalamus, preoptic area, amygdala, and frontal cortex in the treatment groups, 

no differences in cerebellar uptake was observed158. 

All the aforementioned studies were performed by ex vivo measurement of 

tracer uptake, without the use of in vivo imaging. We recently studied the feasibility 

of [18F]FES to monitor ER in the rat brain by small animal PET. The brain time 

activity curves of [18F]FES showed a quick peak uptake immediately after 

intravenous tracer injection, which was followed by a washout leading to a state of 

pseudoequilibrium after 25 min. Highest uptake was seen in the pituitary gland, 
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followed by the hypothalamus. All other areas of the brain showed low uptake. 

Blocking of the receptor with an excess of estradiol resulted in a statistically 

significant reduction in tracer uptake only in the pituitary gland (90%, p<0.001) and 

hypothalamus (70%, p<0.001). A statistically significant higher volume of 

distribution and binding potential was found in the pituitary, when compared to 

other brain regions. [18F]FES uptake was not significantly affected by differences in 

plasma estrogen levels. 

So far, [18F]FES is the only tracer that was tested for in vivo visualization of ER 

in the brain of rats. [18F]FES showed promising results, as it displayed highest uptake 

in the regions of the brain with high expression of ER. In an ongoing study in breast 

cancer patients at University Medical Center Groningen, it was found that [18F]FES 

can be used to visualize the brain metastases (Figure 9 ). But further research is 

necessary to validate this tracer for ER imaging in human brain. Moreover, the 

availability of a new ER β-selective tracer would be highly desirable, since the 

different isoforms of ER have different expression patterns and different functions in 

neuroprotection, mood, and memory53,54. 

[18F]FPTP is the only tracer that could visualize PR both in humans and in 

experimental animals so far, but further evaluation of the tracer for brain imaging is 

required. More recently, [18F]FFNP PET was found to be a safe, noninvasive method 

to evaluate tumor PR in vivo in patients with breast cancer. This tracer may also be of 

interest for brain research. [18F]FDHT is the only tracer that has successfully been 

applied for AR imaging in humans but still needs to be validated for its use in brain 

imaging. Unfortunately, no selective tracers for the different isoforms of the PR and 

AR are available yet. No suitable tracers for GR and MR imaging are available yet 

either. 

 

 
 
Figure 9: [18F]FES PET image of a patient with metastasized breast cancer. (A) Maximum intensity 
projection (MIP) coronal [18F]FES-PET image, showing the physiological uptake in the liver and 
normal excretion by gall bladder and bile ducts into the intestines and some excretion via kidneys and 
urinary bladder. Multiple bone, lymph node and cerebral metastases, (B) fused FES-PET and CT 
sagittal slice showing two cerebral metastases, and (C) fused FES-PET and CT transversal slice 
showing two cerebral metastases. 
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Conclusion and Perspectives 

Despite a growing insight into several functions of SHR, many questions still remain 

unanswered. PET and SPECT imaging are attractive tools to investigate SHR 

function in the brain in living subjects. Several PET and SPECT tracers have been 

already evaluated for detection of SHR in various applications in oncology, and few 

of them have already entered into the clinical settings. It is evident that SHR are not 

only associated with cancers, but they are also associated with neurological and 

psychiatric disorders, such as depression and neurodegenerative disorders. Research 

on brain SHR is still a largely unexplored area, in which these PET and SPECT 

tracers may be valuable tools. Tracers that are already used for diagnosis and 

monitoring of therapy response in hormone-sensitive cancers may probably easily be 

validated for applications in neurological and psychiatric disorders as well. So far, 

[18F]FES, [18F]FFNP, and [18F]FDHT have been used successfully in cancer patients 

for imaging of ER, PR, and AR, respectively. These compounds are now available as 

potential tracers for imaging of SHR in the human brain. In addition, new tracers for 

SHR are still under development. 

Development of tracers for corticoid receptors has long been attempted, but 

these efforts did not produce any promising results yet. When tracers for corticoid 

receptors finally become available, however, they will be valuable assets for research 

in stress, mood, and neuropsychiatric disorders that are known to be associated with 

overactivity of the HPA axis. 

Aging and the lifestyle-associated stress are known to change SHR expression. 

Imaging of SHR in the brain could be a valuable tool to study the disease 

mechanisms associated with the age and stress-related changes in expressional levels 

of SHR, which can ultimately culminate into neurological and psychiatric disorders. 

Understanding the disease mechanism could provide a rationale for treatment 

regimens based on hormone replacement or the use of selective SHR modulators. 

PET and SPECT imaging of SHR could also be helpful in drug discovery for 

individual SHR-associated disorders. Based on the occupancy studies of a new drug, 

PET and SPECT may provide information about the amount of drug that binds to the 

target and about the residence time of the drug in the brain. Such information about 

a new drug is highly valuable for decision making in drug development and 

optimizing the dose and route of administration. Another benefit of PET and SPECT 

imaging could be patient stratification based on the receptor status of a patient 

before inclusion in a clinical trial. Thus, studies can be performed in a more 

homogenous population, which reduces variability and may reduce the costs of drug 

development. 

In the future, PET and SPECT imaging of SHR will not only be helpful in the 

diagnosis of neurological and psychiatric disorders associated with altered SHR 

expression, but could also be instrumental in providing a better understanding of 

disease mechanisms and the development of new intervention strategies. 
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Abstract 

Introduction: Steroid hormones like androgens play an important role in the 

development and maintenance of several brain functions. Androgens can act through 

androgen receptors (AR) in the brain. This study aims to demonstrate the feasibility 

of positron emission tomography (PET) with 16β-[18F]fluoro-5α-dihydrotestosterone 

([18F]FDHT) to image AR expression in the brain. 

Methods: Male Wistar rats were either orchiectomized to inhibit endogenous 

androgen production or underwent sham-surgery. Fifteen days after surgery, rats 

were subjected to a 90-min dynamic [18F]FDHT PET scan with arterial blood 

sampling. In a subset of orchiectomized rats, 1 mg/kg dihydrotestosterone was co-

injected with the tracer in order to saturate the AR. Plasma samples were analyzed 

for the presence of radioactive metabolites by radio-TLC. Pharmacokinetic modeling 

was performed to quantify brain kinetics of the tracer. After the PET scan, the 

animals were terminated for ex-vivo biodistribution. 

Results: PET imaging and ex vivo biodistribution studies showed low [18F]FDHT 

uptake in all brain regions, except pituitary. [18F]FDHT uptake in the surrounding 

cranial bones was high and increased over time. [18F]FDHT was rapidly metabolized 

in rats. Metabolism was significantly faster in orchiectomized rats than in sham-

orchiectomized rats. Quantitative analysis of PET data indicated substantial spill-

over of activity from cranial bones into peripheral brain regions, which prevented 

further analysis of peripheral brain regions. Logan graphical analysis and kinetic 

modeling using 1- and 2-tissue compartment models showed reversible and 

homogenously distributed tracer uptake in central brain regions. [18F]FDHT uptake 

in the brain could not be blocked by endogenous androgens or administration of 

dihydrotestosterone. 

Conclusion: The results of this study indicate that imaging of AR availability in rat 

brain with [18F]FDHT PET is not feasible. The low AR expression in the brain, the 

rapid metabolism of [18F]FDHT  in rats and the poor brain penetration of the tracer 

likely contributed to the poor performance of [18F]FDHT PET in this study. 
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Introduction 

Androgens, like testosterone, dihydrotestosterone (DHT) and androstenedione, play 

a major role in the development and maintenance of sexual characteristics in males. 

However, androgens are also involved in maintenance of central nervous system 

functions and in sexual differentiation of the brain in both males and females. In 

ageing men, the levels of circulating androgens decrease as a result of hypogonadism 

during a phase called the andropause. An imbalance in the levels of circulating 

androgens and dysfunction of the hypothalamic-pituitary-gonadal axis are associated 

with psychiatric problems like mood disorders, psychosis and aggression1,2. Partial 

androgen deficiency may lead to weakness, decreased libido and erectile dysfunction, 

lower psychological vitality, depressive mood, anxiety, insomnia, difficulty in 

concentrating and memory impairment. These symptoms overlap with disease 

characteristics of major depression3,4. Testosterone treatment can enhance several 

aspects of mood and cognition in hypogonadal men5, it normalizes synaptic 

neurogenesis, and it reduces depressive symptoms6. Still, the role of reduced 

androgens in psychiatric problems, such as mood disorders, remains largely 

unknown. 

All androgens exert their activity through androgen receptors (AR), which act 

as transcription factors and alter the expression of androgen-responsive genes. These 

genes can affect different cellular mechanisms involved in neurogenesis, cell death, 

cell migration, synapse formation, synapse elimination, and cell differentiation7. 

Despite the role of AR in crucial processes in the healthy and diseased brain, the 

expression of the receptor in the brain has not been widely studied yet. This is likely 

due to the lack of validated tools for the non-invasive assessment of AR expression in 

the living brain. Positron emission tomography (PET) is an imaging technique that 

can provide information about the expression of receptors in the whole brain in a 

noninvasive manner, provided that a suitable tracer is available. 16β-[18F]fluoro-5α-

dihydrotestosterone ([18F]FDHT) is an 18F-labeled androgen derivative that has been 

used successfully as a PET tracer for imaging of AR expression in rats, baboons and 

patients with prostate cancer. However, there are no studies reported yet on the use 

of [18F]FDHT PET for imaging of AR expression in the brain8. The aim of this study 

was therefore to investigate the feasibility of AR imaging in the rat brain using 

[18F]FDHT PET. In addition, we investigated whether the [18F]FDHT PET signal is 

influenced by endogenous or externally administered androgens. 

 

Materials and methods 

Animals 

Male out-bred Wistar-Unilever rats (13-15 weeks old, 300-400 g) were obtained from 

Harlan (Horst, The Netherlands). The rats were housed in groups in Macrolon cages 

with a layer of wood shavings. Animals were housed in a room with constant 

temperature (21±2oC), and fixed 12 h light-dark regime. Standard laboratory chow 

and water were available ad libitum. After arrival, the rats were allowed to 

acclimatize for at least 7 days. All experiments were approved by the Institutional 
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Animal Care and Use Committee of the University of Groningen, Groningen, the 

Netherlands (protocol number: DEC5842C). 

 

Study design 

Rats were orchiectomized to reduce the level of circulating androgens that might 

compete with the PET tracer for the AR binding site and a group of rats underwent 

sham-orchiectomy and normal circulating androgen levels were thus maintained. 

Twenty rats were included, but 3 animals could not complete the whole study and 

therefore were excluded: 1 rat died between surgery and the PET scan and arterial 

blood sampling failed in 2 rats. One rat (sham-orchiectomized) was excluded from 

kinetic modeling only, since no reliable time activity curves of the brain could be 

generated as a result of movement of the animal during the PET scan. 

Fifteen days after orchiectomy or sham-surgery, a 90-min dynamic [18F]FDHT 

PET scan with arterial blood sampling was acquired. Half of the orchiectomized rats 

were injected with the PET tracer mixed with 1 mg/kg dihydrotestosterone (ORC + 

DHT; n=6) as a competitor for binding to the AR in the brain. The remaining 

orchiectomized (ORC; n=6) rats received the tracer mixed with vehicle and were 

used as controls. The sham-orchiectomized animals (Sham ORC; n=5) received the 

tracer mixed with vehicle only. After the PET scan, the animals were terminated for 

ex-vivo biodistribution or analysis of radioactive metabolites in the brain. 

 

Orchiectomy 

Orchiectomy was performed under anesthesia (5% isoflurane in oxygen for induction 

and 2.5% for maintenance). Rats were placed in a supine position exposing the 

testes. A surgical incision of about 1 cm was made on midline of the scrotum, and the 

skin of scrotum was pulled towards each lateral side to expose the testes in the tunica 

vaginalis. A small orifice was made by pulling the tunica vaginalis, and the testes 

were exteriorized along with epididymis and vas deferens. The blood vessels 

supplying the testes (arteries and veins) from the top and the bottom were ligated 

and the testes along with the epididymis and the vas deferens were removed. 

Biodegradable sutures were made in the tunica vaginalis and the skin of midline 

scrotum. Immediately after surgery rats received a subcutaneous injection of 

finadyne (2.5.mg/kg Flunixin, Schering-Plough N.V/S.A., Belgium) for pain relief, 

and administration of pain medication was repeated 24 h after surgery. Rats were 

allowed to recover for 14 days, before they were subjected to PET imaging. In the 

sham-orchiectomized group, the same surgical procedure was performed, but 

without ligation of the blood vessels and removal of the testes. 

 

[18F]FDHT synthesis 

[18F]FDHT was produced by modification of the procedure described by Liu et al 

19929 (Figure 1). Cyclotron-produced [18F]fluoride was trapped on a QMA anion 

exchange cartridge (Waters). The cartridge was eluted with a solution consisting of 

0.2 ml of a 5 mg/ml aqueous potassium carbonate solution and 0.7 ml of a 15 mg 
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kryptofix [2.2.2] solution in acetonitrile. The eluate containing the K[18F]-kryptofix 

complex was dried by azeotropic distillation with dry acetonitrile (3x 0.5 ml).  After 

drying, a solution of 2 mg of the triflate precursor (Figure 1) in 0.5 ml of dry 

acetonitrile was added. The reaction mixture was heated at 55 oC for 5 min and 

subsequently the solvent was evaporated at 70 oC for 10 minutes. A solution of 5 mg 

of sodium borohydride in 1 ml of ethanol was added at 30 oC.  After 5 min, 0.5 ml of 

1M HCl was slowly added and the product was hydrolyzed for 15 min at 85 oC. The 

mixture was then passed through an Alumina N cartridge and an Acrodisc 1.2 µm 

filter in order to remove the free [18F]fluoride and precipitated particles. Via the 

cartridge and filter, 300 mg sodium acetate trihydrate in 0.8 ml of water was added 

to the eluate for neutralization. The mixture was purified by HPLC (SymmetryPrep 

C18 column (7µ, 7.8x300 mm), eluent: 42% acetonitrile in water, flow 4 ml/min). 

[18F]FDHT, with a retention time of approximately 15 min, was collected and diluted 

into 50 ml of water. The solution was then applied to an Oasis HLB 1 cc (30 mg) 

cartridge and the cartridge was washed with 3x 5 ml of water. The final product was 

eluted with 1 ml of ethanol and 10 ml of 0.9% NaCl. The product was sterilized by 

filtration over a 0.22 µm LG filter and collected in a 25 ml sterile vial.  Quality control 

was performed by Ultra-high performance chromatography (UPLC) (column: 

Acquitiy UPLC BEH C18 (1.7µ, 2.1x50 mm, eluent: 30% acetonitrile in water). The 

identity of [18F]FDHT was verified by co-elution with an authentic reference sample. 

For the final formulation for in vivo experiments, the tracer was diluted with saline 

and reconstituted with 30% beta-cyclodextrin. 

 

 
 

Figure 1: Radiolabeling of [18F]FDHT. 

 

PET acquisition 

Rats were anesthetized with isoflurane mixed with medical air (5% for induction and 

2.5% for maintenance) and a catheter (0.8 mm o.d.; 0.4 mm i.d.) was inserted into 

the femoral vein for the injection of [18F]FDHT and another catheter was inserted 

into the femoral artery for blood sampling. After cannulation, the rats were 

positioned into the PET scanner (Focus 220, Siemens Medical Solutions, USA, Inc.) 

in a transaxial position with their heads in the center of the field of view. A 
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transmission scan of 515 seconds with a 57Co point source was obtained for the 

correction of attenuation and scatter by tissue. After the transmission scan was 

completed, 23±12 MBq [18F]FDHT (specific activity 89±56 GBq/nmol), mixed with 

either 30% beta-cyclodextrin or with 1 mg/kg DHT (Sigma-Aldrich, USA) in 30% 

beta-cyclodextrin, was injected over a period of 1 min into the femoral vein cannula 

using an infusion pump. Simultaneously with the injection of [18F]FDHT, an 

emission scan of 90 min was started. During the PET acquisition 16 blood samples 

were collected to construct the plasma input function and to determine the 

percentage of plasma metabolites. 

 

Arterial blood sampling and metabolite analysis 

Blood samples of approximately 100 μl were collected at approximately 10, 20, 30, 

40, 50, 60, 90, 120, 180, 300, 450, 600, 900, 1800, 3600, and 5400 seconds after 

[18F]FDHT injection. After collection of each blood sample, 0.1 ml of heparinized 

saline was injected to prevent large changes in blood pressure. From the collected 

blood, 25 μl of blood was collected separately to generate a whole blood activity 

curve. The rest of the blood was centrifuged at 13,000 rpm for 5 min. The 

radioactivity in 25 µl of whole blood and in 25 µl of plasma was measured using a 

gamma counter (LKB Wallace, Turku, Finland). After the radioactivity measurement, 

50 µl of acetonitrile was added to the plasma samples in order to precipitate the 

proteins. Hereafter, the mixture was vortexed and centrifuged at 13,000 rpm for 5 

min. Radioactivity in the supernatant and the pellet was measured to calculate 

recovery of activity (Recovery of activity = [Activity(supernatant) / 

(Activity(supernatant) + Activity(pellet)] * 100%). An aliquot of 5 µl of the 

supernatant was applied on a silica gel TLC strip. The TLC strip was dried and run 

with an eluting medium consisting of n-hexane and ethyl acetate (3:2). After elution, 

the TLC strip was placed on a phosphor storage screen for overnight exposure. The 

screen was read out with a Cyclone reader and analyzed with OptiQuant software 

(OptiQuant version 03.00, Packard Instrument Company) to calculate the 

percentages of intact parent compound and metabolites. Metabolite analysis failed in 

1 orchiectomized rat (without DHT treatment) due to technical reasons; for this 

animal, a population based metabolite curve was generated from the average 

metabolite curves of the other orchiectomized rats (without DHT treatment). 

 

PET image reconstruction and analysis 

PET data were normalized and corrected for attenuation, scatter, random 

coincidences and decay. The list-mode data of the emission scans was separated into 

23-frame sinograms (6x10, 4x30, 2x60, 1x120, 1x180, 4x300, 3x600 and 2x900 sec), 

which were iteratively reconstructed (OSEM2D, 4 iterations, 16 subsets). PET image 

analysis was performed using Inveon 4.0 software (Siemens Medical Solutions, USA, 

Inc). The PET scan was manually co-registered with a T2 MRI template. Regions of 

interest (ROI) were drawn around the amygdala, bed nucleus of stria terminalis 

(BNST), brainstem, cerebellum, frontal cortex, hippocampus, hypothalamus, 
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midbrain, occipital/temporal/parietal cortex (OTP Cortex), prefrontal cortex, 

pituitary gland, striatum, thalamus, preoptic area, whole brain, frontal bone, and 

interparietal bone on the MRI template and transferred to the co-registered PET 

scans. Time-activity curves were generated for each region of interest. In addition, 

the activity in the ROI during the last 15 min of the scan was measured (75-90 min) 

and converted into standardized uptake values (SUV) by normalization for body 

weight and injected tracer dose. The SUV was defined as: [tissue activity 

concentration (Bq/cm3)]/[injected dose (Bq)/body weight (g)]. It was assumed that 1 

cm3 of brain tissue equals 1 g. 

Kinetic modeling (compartment modeling and graphical analysis) was used to 

quantify the brain uptake of [18F]FDHT, using whole blood activity and metabolite-

corrected plasma activity as the input functions. For Logan graphical analysis a delay 

time (T*) of 10 min was applied, whereas a 20 min delay time was used for Patlak 

analysis. Both the one-tissue compartment model (1TCM) and the two-tissue 

reversible compartment model (2TRCM) were evaluated, using a fixed blood volume 

of 3.6%. Both compartment models were used to calculate the volume of distribution 

(VT): 
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The 2TCRM was also used to determine the non-displaceable binding potential 

(BPND): 
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Ex vivo biodistribution 

After the 90-min PET scan, rats were sacrificed by extirpation of the heart while 

under deep anesthesia. The brain and major peripheral tissues were isolated. One 

hemisphere of the brain was dissected into specific brain regions; the other 

hemisphere was used for metabolite analysis. Blood was centrifuged (6,000g for 5 

min) to collect a plasma sample. The tissue and plasma samples were weighed and 

analyzed for the amount of radioactivity with a gamma counter (LKB-Wallac, Turku, 

Finland). Tracer uptake was expressed as SUV. 

 

Brain metabolite analysis 

Ninety min after tracer injection, the remaining brain hemisphere was weighed and 

cut into small pieces. Two volumes of acetonitrile were added and the tissue was 

homogenized for 2 min. The homogenate was centrifuged at 13,000 rpm for 5 min to 

remove the particulate cell debris. A sample of the supernatant was collected and 

analyzed for the presence of radiolabeled metabolites by TLC, as describe above for 

the analysis of plasma samples. 
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Statistical analysis 

All data are expressed as mean ± standard error of the mean (SEM). Statistical 

analysis was performed using IBM SPSS statistics 22. Data were analyzed by one-way 

ANOVA with groups as factor and brain regions as independent variables. Time-

activity curves were analyzed separately for the distribution phase (0-3 min) and the 

elimination phase (3-90 min) using a repeated measures  ANOVA, with group as the 

between-subject factor and time as the within-subject factor. ANOVA was followed 

by a Tukey post-hoc test to correct for multiple comparisons. Significance was 

reached when the probability (p-value) was <0.05. 

 

Results 

[18F[FDHT synthesis 

The synthesis of [18F]FDHT was based on the method described by Liu et al, 1992 9. 

In our hands, the published method was not readily applicable for automation, 

because of the use of low temperatures and moisture-sensitive reagents. Therefore, 

the labeling procedure was adjusted to allow fully automated production using a 

disposable cassette-based synthesis module. [18F]FDHT was reliably synthesized, 

although with a low radiochemical yield of 4.3±1.6%. The product radiochemical 

purity of 96±3% and a specific activity of 130±30 MBq/nmol. The main impurity if 

present was the 16α-isomer of [18F]FDHT. 

 

Ex-vivo biodistribution 

The results of the ex-vivo brain distribution of [18F]FDHT at 90 min after tracer 

injection are presented in Table 1. In all groups, [18F]FDHT uptake was highest in 

pituitary, whereas very low uptake was observed in all other brain regions. Tracer 

uptake in sham-orchiectomized rats was about 2-fold higher than in the other 

groups. However, statistical analysis by one-way ANOVA followed by a Tukey 

posthoc test could not reveal any significant differences in tracer uptake between 

groups for any of the brain regions. Ex-vivo biodistribution in peripheral organs 

showed highest tracer uptake (SUV>1) in excretory organs (kidney, bladder, liver, 

stomach, duodenum, small intestine), prostate and bone in all groups. However, 

statistical analysis did not reveal any significant differences in tracer uptake between 

groups either. 

 

PET imaging 

A representative [18F]FDHT PET image of the brain of an orchiectomized rat is 

presented in Figure 2A. Rats of all groups showed low uptake of activity in the brain 

and high uptake in the surrounding cranial bones. The average time-activity curves 

(TACs) of the whole brain and interparietal bone are presented in Figures 2B and 2C. 

The [18F]FDHT uptake in the brain peaked around 1.5 min, followed by a rapid 

washout. [18F]FDHT uptake in the whole brain was not significantly different 

between groups at any time point (e.g. SUV (75-90 min): 0.16±0.03, 0.26±0.06 and 

0.37±0.09 for orchiectomized rats, orchiectomized rats treated with DHT and sham-
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orchiectomized rats, respectively (p=0.09)). In contrast, statistical analysis of the 

tracer uptake in the cranial bones revealed a significant group effect in the 

elimination phase (3-90 min; F(2,14)=6.2, p<0.05), but not in the distribution phase 

(0-3 min). Tukey post-hoc analysis showed that tracer uptake in the cranial bones 

was significantly higher in sham-orchiectomized rats than in orchiectomized 

animals. 

 

Table 1: Ex vivo brain distribution of [18F]FDHT 90 min post injection in orchietomized rats (ORC, 

n=6), orchiectomized rats co-injected with 1 mg/kg dihydrotestosterone (ORC + DHT, n=6) and 

sham-orchietomized rats (Sham ORC, n=5). Results are expressed as standardized uptake values 

(mean±SEM). Data were analyzed by one-way ANOVA followed by a Tukey post hoc test. No 

significant differences (p<0.05) between groups were observed. OTP cortex: Occipital, temporal, 

parietal cortex. 

 

Brain region ORC ORC + DHT Sham ORC 

Amygdala  0.019±0.005 0.057±0.011 0.102±0.050 

Bulbus olfactorius 0.048±0.014 0.068±0.012 0.072±0.010 

Cerebellum 0.040±0.010 0.054±0.008 0.149±0.085 

Cingulate Cortex 0.022±0.005 0.052±0.010 0.103±0.047 

Entorhinal Cortex 0.037±0.014 0.087±0.031 0.107±0.038 

Frontal Cortex 0.034±0.014 0.041±0.007 0.094±0.043 

Hippocampus 0.036±0.016 0.043±0.007 0.100±0.042 

Hypothalamus 0.049±0.016 0.088±0.031 0.138±0.042 

Medulla 0.048±0.016 0.057±0.008 0.135±0.067 

OTP Cortex 0.032±0.010 0.040±0.006 0.104±0.048 

Pituitary 0.241±0.064 0.241±0.052 0.552±0.166 

Pons 0.044±0.012 0.057±0.011 0.117±0.041 

Striatum 0.034±0.015 0.058±0.017 0.098±0.047 

Thalamus 0.035±0.013 0.050±0.012 0.131±0.064 

 

When investigating individual brain regions at 75-90 min post injection, PET 

imaging showed higher tracer uptake in brain regions located close to cranial bones 

such as cerebellum, frontal cortex, prefrontal cortex, and pituitary, than in centrally 

located brain regions (Table 2). ANOVA followed by a posthoc Tukey test showed 

increased uptake in the brain stem of sham-orchiectomized rats, as compared to both 

orchiectomized groups (p<0.05). This difference between groups is likely due to 

spill-over effects from the surrounding cranial bones. To avoid interference of spill-

over effects, centrally located brain regions were analyzed separately. After exclusion 

of brain regions located close to cranial bones, still none of the centrally located brain 

regions showed any significant differences in tracer uptake between groups. 
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Table 2: [18F]FDHT uptake 75-90 min post injection in various brain regions of orchietomized rats 

(ORC, n=6), orchiectomized rats co-injected with 1 mg/kg dihydrotestosterone (ORC + DHT, n=7) 

and sham-orchietomized orchiectomized (Sham ORC, n=6) rats, as determined by PET. Data are 

expressed as standardized uptake values (mean ± SEM). Data were analyzed by one-way ANOVA 

followed by a Tukey post hoc test. Significant differences as compared to the orchiectomized group are 

indicated with an asterisk: * p<0.05. BNST: bed nucleus of stria terminalis, OTP cortex: Occipital, 

temporal, parietal cortex. 
 

Brain regions located centrally in the brain 

Brain region ORC ORC + DHT Sham ORC 

Amygdala  0.10±0.02 0.18±0.03 0.27±0.08 

BNST 0.07±0.02 0.09±0.02 0.15±0.03 

Hippocampus 0.09±0.02 0.13±0.03 0.17±0.03 

Hypothalamus 0.09±0.02 0.13±0.03 0.26±0.03 

Midbrain 0.10±0.02 0.13±0.04 0.16±0.02 

Striatum 0.08±0.02 0.11±0.02 0.14±0.03 

Thalamus 0.05±0.01 0.10±0.02 0.11±0.03 

Preoptic Area 0.13±0.03 0.21±0.06 0.29±0.06 

 

Brain regions close to the cranial bones 

Brain region ORC ORC + DHT Sham ORC 

Brainstem  0.10±0.02 0.19±0.04  0.28±0.06* 

Cerebellum 0.18±0.03 0.30±0.07 0.44±0.12 

Frontal Cortex 0.20±0.04 0.27±0.06 0.44±0.12 

OTP Cortex 0.18±0.03 0.26±0.06 0.40±0.11 

Prefrontal Cortex 0.23±0.05 0.31±0.07 0.46±0.12 

Pitutary 0.21±0.04 0.37±0.10 0.57±0.17 

 

Plasma activity and metabolism 

[18F]FDHT plasma clearance could be described well with a bi-exponential function 

in all groups, with a short half-life in the distribution phase and a long half-life in the 

excretion phase (1.7±0.3 and 12±4 min; 3.9±1.9 and 8±4 min; 19±10 and 3.4±0.2 

min for orchiectomized rats, DHT-treated orchiectomized rats and sham-

orchiectomized rats, respectively). These differences in half-life between groups were 

not statistically significant.  

[18F]FDHT was rapidly metabolized in all groups of rats (Figure 3A). 

Statistical analysis (repeated measures ANOVA) revealed significant differences in 

the percentage of plasma metabolites between groups (F(2,13)=5.5, p<0.05) in the 

elimination phase (3-90 min p.i.), but not in the distribution phase (0-2 min p.i.). 

Tukey post-hoc analysis showed a statistically significant lower percentage of 

metabolites in plasma during the elimination phase in sham-orchiectomized rats 

than in DHT-treated orchiectomized rats (p<0.05), whereas the difference between 

sham-orchiectomized rats and orchiectomized rats was approaching significance 

(p=0.065). In the sham-orchiectomized rats, 50% of the radioactivity in plasma still 

consisted of intact tracer at about 15 min after tracer injection, whereas 50% of 
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metabolism of the tracer was already observed within 5 min in both groups of 

orchiectomized rats. 

The metabolite-corrected TACs of plasma are displayed in Figure 3B. In line 

with the differences in [18F]FDHT metabolism between groups, also a statistically 

significant group effect (F(2,13)=5.4, p<0.05) was observed in elimination phase of 

the metabolite-corrected plasma TACs (3-90 min p.i.), with a statistically significant 

lower metabolite-corrected plasma activity in the sham-orchiectomized group than 

in both orchiectomized groups (Tukey posthoc test, p<0.05). The distribution phase 

(0-2 min p.i.) of the metabolite-corrected plasma curve was not statistically 

significantly different between groups. 

Analysis of [18F]FDHT metabolites in the brain was not successful, because the 

signals of the intact tracer and its metabolites were below the limit of quantification 

as a result of the low brain uptake of the tracer. 

 

Graphical analysis 

Graphical analysis of tracer kinetics in the brain was performed by Patlak and Logan 

analysis using the metabolite-corrected plasma curves as input function. Logan 

graphical analysis showed a good fit (T* 10 min, r2 0.96±0.00) for all centrally 

located brain regions in all groups, suggesting that [18F]FDHT displays reversible 

kinetics in these regions. In contrast, tracer kinetics in brain regions close to the 

cranial bones, like prefrontal cortex, brainstem, cerebellum, pituitary, and frontal 

cortex could be fitted better by Patlak (T* 20 min, r2 0.96±0.01) than by Logan 

graphical analysis. The tracer kinetics in cranial bones were also better described by 

Patlak than Logan graphical analysis. The irreversible binding in cranial bones 

suggests accumulation of free [18F]fluoride as a result of defluorination of the tracer. 

Figure 4 shows representative examples of Logan and Patlak plots of a brain region 

located close to cranial bone (occipital/parietal/temporal cortex; OTP Cortex), a 

centrally located brain region (bed nucleus of stria terminalis; BNST) and the 

interparietal bone.  These results suggest that PET imaging of [18F]FDHT uptake in 

brain regions in the vicinity of the cranial bones is substantially affected by spill-over 

effects from the cranial bones into the brain. Sham-orchiectomized rats were most 

affected by spill-over, since bone uptake is higher in this group of animals than in 

both orchiectomized groups. To avoid spill-over effects, the brain regions close to the 

cranial bones were excluded from further analysis. Logan graphical analysis was used 

to calculate the VT in central brain regions (Table 3). In all central brain regions, VT 

was highest in DHT-treated orchiectomized rats, although the differences between 

groups were not statistically significant. The difference in VT in midbrain between 

sham-orchiectomized rats (0.56±0.07) and DHT-treated orchiectomized rats 

(1.09±0.17) approached significance (one-way ANOVA, Tukey posthoc test, 

p=0.054). 
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Figure 2: (A) Representative axial (left) and sagittal (right) [18F]FDHT PET images of a rat brain. 

Images consist of the summed data from 50-90 min after tracer injection in a ORC rat. PET images 

are co-registered with an MRI template for anatomical reference. Time activity curves of [18F]FDHT 

(standardized uptake value; mean±SEM) in the whole brain (B) and interparietal bone (C) in 

orchiectomized rats (ORC, n=6), orchiectomized rats co-injected with 1 mg/kg dihydrotestosterone 

(ORC + DHT, n=6) and sham-orchietomized rats (Sham ORC, n=5). No significant differences were 

observed in the time-activity curves in the whole brain. In contrast, [18F]FDHT uptake in cranial bone 

was significantly higher in the elimination phase (3-90 min) in sham-orchiectomized rats than in 

orchiectomized rats (p<0.05). 
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Figure 3: (A) Percentage of intact [18F]FDHT in plasma and (B) metabolite-corrected plasma curves 

of [18F]FDHT in orchiectomized rats (ORC, n=5), orchiectomized rats co-injected with 1 mg/kg DHT 

(ORC+DHT, n=6) and sham-orchietomized rats (Sham ORC, n=5) (mean±SEM). Sham-

orchiectomized rats showed a significantly higher percentage of intact tracer and metabolite-corrected 

plasma curve in the elimination phase of the time-activity curve (3-90 min, p<0.05). 

 

Compartment modeling 

Compartment modeling with the 1TCM and 2TRCM was used to quantify the tracer 

kinetics in the central brain regions (Table 3). Kinetic modeling with the 1TCM 

model provide VT values that were approximately 2-fold lower than those obtained 

by Logan graphical analysis. The VT determined by the 1TCM did not show any 

statistically significant differences in VT between groups. 

Application of the 2TRCM resulted in VT values that were generally higher and 

showed more variability than VT calculated by the 1TCM. The VT determined with the 

2TRCM was not significantly different between groups for any of the central brain 

regions. The 2TRCM was also used to calculate the non-displaceable binding 

potential (BPND) for the central brain regions. However, no significant differences in 

PBND between groups were observed either 

 

Discussion 

[18F]FDHT is a PET tracer that was developed for imaging of AR expression in 

prostate cancer and the tracer has already been applied for this purpose in several 

clinical studies10,11. So far, [18F]FDHT has not been investigated as a probe for 

imaging of AR in the brain. In this study, we therefore aimed to establish the 

feasibility of in vivo quantification of AR availability in the rat brain by [18F]FDHT 

PET. 

Our PET imaging and ex vivo biodistribution studies showed that [18F]FDHT 

uptake in the rat brain was low. The poor brain uptake of [18F]FDHT may be 

explained by compromised penetration of the tracer across the blood-brain barrier. 

In theory, [18F]FDHT should be sufficiently lipophilic to passively diffuse into the 

brain. However, DHT is a known substrate of P-glycoprotein12. P-glycoprotein is an 

efflux transporter in the blood-brain barrier that can extrude a wide variety of 

lipophilic compounds out of the brain. Because of the structural similarities of 
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[18F]FDHT and DHT, it is conceivable that the PET tracer is also a P-glycoprotein 

substrate and consequently may not be able to cross the blood-brain barrier. This 

hypothesis is in line with the observation that [18F]FDHT uptake was substantially 

higher in pituitary, which is not protected by the blood-brain barrier13, than in any 

other brain region. On the other hand, the TACs of [18F]FDHT (Figure 2B) show a 

high peak uptake in the brain within 2 minutes after tracer injection (SUV >2), 

suggesting that tracer delivery to the brain is not impaired. Moreover, the TAC of 

[18F]FDHT closely resembles the published TAC of 3H-testosterone14, which can 

readily cross the blood-brain barrier. Also the influx constant K1 of 

[18F]FDHT (ca. 0.5 ml/g/min) calculated by compartmental modeling does 

not suggest any impaired tracer delivery to the brain. Moreover, the K1 value of 

pituitary was in the same range as the influx constant calculated for the centrally 

located brain regions. Thus, impaired blood-brain barrier permeability does not 

seem to be the major contributor to the poor brain uptake of [18F]FDHT in the brain. 

Another cause for the low brain uptake of [18F]FDHT could be the fast 

metabolism of the tracer. This study showed that [18F]FDHT is indeed rapidly15 

metabolized in rats. In human, DHT is mainly bound to sex hormone binding 

globulin (SHBG) and to lesser extent to albumin, which protect the steroid from 

degradation. A potential cause for the fast in-vivo degradation of [18F]FDHT 

observed in this study could be the absence of SHBG in rats 16. Radio-TLC of rat 

plasma showed that all metabolites of [18F]FDHT were more polar than the parent 

compound. Although we did not identify the nature of these metabolites, it is 

expected that the main metabolites consist of glucuronides or sulfates of the tracer, 

which are unlikely to penetrate the blood-brain barrier. Beattie and coworkers have 

isolated the radiolabelled metabolites of [18F]FDHT from human serum and exposed 

them in-vitro to CWR22 cells 15. They showed that the radiolabeled metabolites of 

[18F]FDHT could not enter the cells or bind to the cell membrane. If the [18F]FDHT 

metabolites cannot cross the cell membrane, it seem plausible that they also cannot 

penetate the blood-brain barrier. A limitation of our study was that we were not able 

to measure the percentage of [18F]FDHT metabolites in the brain, because the 

intensity of the signals for both the intact tracer and the metabolites was below the 

limit of quantification. Taken together, poor availability of the intact tracer in plasma 

due to rapid metabolism seems  contribute to the low brain uptake of [18F]FDHT. 

This hypothesis is supported by the observation that the sham-orchiectomized group 

revealed significantly slower metabolism of [18F]FDHT and a trend towards higher 

brain uptake (SUV) than both the orchiectomized groups. It remains unclear why 

sham-orchiectomized  rats show slower tracer metabolism than orchiectomized 

animals. Possibly, competition between endogenous androgens and the PET tracer 

for the metabolising enzymes, or up-regulation of metabolising enzymes in 

orchiectomized rats could play a role. Studies in pig have shown that castration 

causes an increase in the expression of hydroxysteroid hydrogenases in the liver17,18. 

These enzymes play an important role in the metabolism of DHT, as they catalyse the 

conversion of DHT into 5α-androstan-3α/β,17β-diol, which is further metabolised 

into the corresponding glucuronide by uridine diphosphate glucuronyl transferase19. 
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Figure 4: Average Logan (left) and Patlak plots (right) of interparietal bone, bed nucleus of stria 

terminalis (BDNS) and occipital/temporal/parietal cortices (OTP Cortex) of Sham ORC rats (n=4). 

 

In addition to the metabolites found in plasma, [18F]FDHT is likely also degraded by 

defluorination. The accumulation of free [18F]fluoride could account for the 

increasing uptake of radioactivity in the cranial bones over time. Accumulation of 

activity in the cranial bones is significantly higher in sham-orchiectomized rats than 

in both orchiectomized groups. Orchiectomy causes an increase in the activity of the 

metabolic liver enzymes, resulting in increased tracer metabolism in the 

orchiectomized groups. In sham-orchiectomized animals, more intact tracer remains 

available that can release more free fluoride, which subsequently can accumulate in 

the bone. 

Extensive defluorination of [18F]FDHT has previously already been observed 

in rats9, but not in non-human primates20. Likewise, we did not observe any 

substantial bone uptake in our clinical [18F]FDHT PET images either (unpublished 

data). In contrast to primates, rats do not have SHBG in their plasma. This plasma 

protein binds 18F-labeled steroids like [18F]FDHT and [18F]FES and protects them 

from degradation. Because of these species differences in metabolic stability, it may 

still be warranted to investigate the feasibility of brain AR imaging in primates. 

Since the accumulation of [18F]fluoride in the cranial bones is located very 

close to the brain and the spatial resolution of the PET camera is limited (1.35 mm in 

the center of the field of view), the tracer uptake in peripheral rat brain areas is likely 

affected by spill-over of radioactivity from the bones into the brain. Indeed, the PET 

imaging data demonstrated that the tracer uptake (SUV) in brain regions close to the 

bones was generally higher than tracer uptake in centrally located brain regions. 

Moreover, PET indicated that tracer uptake in the brainstem was significantly higher 

in sham-orchiectomized rats, mimicking the differences observed in cranial bones. 



Invivo Imaging of Brain Androgen Receptors 

71 

These observations were not found in the ex-vivo biodistribution results, suggesting 

that the effect were related to the imaging technique. 

Kinetic modeling studies showed that kinetics in brain areas lying close to the 

cranial bones, such as amygdala, cerebellum, frontal cortex, occipital, temporal, 

parietal cortex and pituitary, could be better fitted with Patlak analysis, suggesting 

irreversible tracer kinetics. Likewise, tracer kinetics in the cranial bones could also be 

well described by Patlak graphical analysis. On the other hand, Logan analysis gave 

better fits for central brain regions like BNST, thalamus, striatum, hippocampus and 

hypothalamus, indicating that tracer uptake in these regions shows reversible 

kinetics. These results support the presence of a substantial spill-over effect from the 

irreversibly trapped radioactivity in the bones into the ROIs of the peripheral brain 

regions. Therefore, we eliminated the peripheral brain regions from the PET image 

analysis and pharmacokinetic modeling.  

Kinetic modeling showed that the tracer uptake in the central brain regions 

could be well described by the 1TCM. In fact, model fits were more stable for the 

1TCM than for 2TRCM and the 1TCM provided VT values with less variability. 

Moreover, the BPND calculated with the 2TRCM also showed substantial variability 

between individual animal within a single group, probably because of the low values 

for k3 and k4. A plausible explanation for the high variability in the results of the 

2TRCM could be a low expression level of the target receptor in the brain. 

Consequently, only a small fraction of the tracer in the brain is receptor bound 

(second tissue compartment). These observations are supported by receptor binding 

studies that show that the number of high-affinity AR in the brain is substantially 

lower than in the ventral prostate21,22. 

Despite the higher expression of AR in the ventral prostate than in the brain, 

we could not detect any significant inhibition of [18F]FDHT uptake in the prostate by 

androgens in sham-orchiectomized or DHT-treated rats. In contrast, Liu et al.9 

showed in an ex-vivo biodistribution study that [18F]FDHT uptake in the prostate 

was approximately 70% reduced by co-injection of the tracer with testosterone, 

although no statistical analysis of this effect was provided. This apparent discrepancy 

between the results of the two studies can be explained by major differences in the 

experimental procedures, including differences in rat strain (Sprague Dawley vs. 

Wistar-Unilever), body weight (175 g vs. 350 g, reflecting age differences), anesthesia 

(ether vs. isofluran), time point of termination (2 h vs. 90 min p.i.) and blocker (0.2 

mg/kg testosterone vs. 1 mg/kg DHT). However, probably the most important 

difference between the studies is the method of androgen deprivation 

(diethylstilbestrol for 24 h vs. orchiectomy for 15 days). Greenstein et al.21 found that 

the androgen receptor expression in the ventral prostate strongly depends on the 

time after orchiectomy. After 0.75 days of androgen deprivation, AR density in the 

prostate was about 2.5-fold increased, whereas AR density was normalized again 

after 21 days. This suggests that the AR expression in the prostate was substantially 

higher in the animal model used by Liu and coworkers than in the animals in our 

study9. Another important difference between the studies, is the arterial blood 

sampling during the PET scan. In our study, 16 blood samples of approximately 0.1 - 
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0.15 ml were taken to construct a plasma input function for modeling. As a result, 

approximately 2 ml of blood - and therefore a substantial amount of the injected 

radioactivity was withdrawn from the rat. Because of some variation in the volume of 

the blood samples, the sampling protocol has probably led to an increase in the inter-

individual variability in the tissue uptake of the tracer. 

In this study, we also found that [18F]FDHT uptake in the brain is not 

significantly affected by endogenous androgens, nor could administration of a 1 

mg/kg dose of DHT significantly reduced  tracer uptake. These results indicate that 

specific AR-mediated uptake could not be detected by [18F]FDHT PET. Our results 

are in agreement with an AR binding study with [3H]DHT23. This study also could 

not detect any significant differences in AR-mediated binding in the brain of 

castrated and non-castrated rats. Moreover, androgen treatment did not have any 

effect on AR binding in that study either. 

Instead of AR specific binding, a tendency towards higher brain uptake in the 

sham-orchiectomized rats (and to a lesser extend in DHT-treated rats) was observed. 

A potential explanation for this tendency could be that the tonic levels of endogenous 

androgens in sham-orchiectomized rats and the short exposure to DHT in DHT-

treated rats have increased the tracer delivery to the brain. This hypothesis is 

supported by the observation by Azad et al24 that cerebral perfusion is reduced in 

hypogonadal men, which can be reverse by administration of testosterone. 

In situ hybridization studies on rat brain slices showed that AR expression 

varies between brain regions; it is highest in areas like amygdala, hippocampus, 

hypothalamus, BNST, brainstem and cerebellum25. In the current study, however, we 

could not find any correlation between [18F]FDHT uptake (SUV, BP or VT) and 

published expression levels of AR in the rat brain25 (data not shown). In this context 

it should be noted that AR expression in the brain is often restricted to small regions 

like medial preoptic, arcurate, and ventromedial nuclei of the hypothalamus, the 

medial nucleus of the amygdala and the CA-1 hippocampus26. The spatial resolution 

of the small animal PET camera is not sufficient for imaging of these small areas and 

consequently any specific signal from these small regions would be averaged with the 

surrounding tissue, yielding a substantial partial volume effect. The low expression 

levels in the brain and the small areas in which the receptors are expressed seem to 

be major contributors to the lack of specific binding found in this [18F]FDHT PET 

study. 

 

Conclusion 

In this study, we evaluated [18F]FDHT PET as a tool to quantify AR expression in the 

brain. Our results show that [18F]FDHT is rapidly metabolized. Uptake of [18F]FDHT 

in the rat brain is low and no specific binding to the AR could be detected. Taken 

together, these results indicate that [18F]FDHT PET is not a suitable technique to 

monitor AR expression in the rat brain. 
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Abstract 

The steroid hormone estrogen is important for brain functioning and is thought to be 

involved in brain diseases, such as Alzheimer disease and depression. The action of 

estrogen is mediated by estrogen receptors (ER). To understand the role of estrogens 

in brain functioning, it is important to study ER in the brain. The aims of the present 

study were to determine whether ER could be measured in the rat brain by PET with 

the ER ligand 16α-18F-fluoro-17β-estradiol ([18F]FES) and to evaluate whether tracer 

uptake was affected by endogenous estrogen.  

Methods: Small-animal PET was used to determine [18F]FES uptake in female rats 

in the diestrous phase of the estrous cycle, the proestrous phase, and after 

ovariectomy. Coinjection of [18F]FES with 17β-estradiol was performed to determine 

whether tracer binding was specific for ER. Additionally,[18F]FES uptake was 

quantified with kinetic modeling in female rats in the proestrous phase and after 

ovariectomy and in male rats. 

Results: The highest levels of uptake of[18F]FES were found (in descending order) 

in the pituitary, hypothalamus, bed nucleus of the stria terminalis, and amygdala. 

Other brain regions showed low levels of brain uptake. The level of [18F]FES uptake 

was higher in the pituitary and hypothalamus in rats after ovariectomy than in rats in 

the proestrous phase. Coinjection with 17β-estradiol resulted in a decrease 

in[18F]FES uptake in the pituitary and hypothalamus. The volume of distribution and 

binding potential determined with kinetic modeling were higher in the pituitary than 

in the other brain regions in all 3 groups. No differences were found among the 

groups.  

Conclusion: [18F]FES PET imaging of ER availability in the rat brain is feasible for 

brain regions with high ER densities. 
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Introduction 

Estrogens are a group of steroidal hormones (e.g., estradiol, estrone, and estriol) that 

play a key role in the development and maintenance of female sexual function. In 

addition, estrogens are involved in brain processes1. The actions of estrogens are 

mediated by specialized hormone receptors, called estrogen receptors (ER). Two 

classes of ER have been identified: the intracellular nuclear receptors ERα and ERβ 

and the G protein–coupled ER2,3. Estrogens easily diffuse through the blood–brain 

barrier to occupy ER localized in specific brain regions to exert important regulatory 

effects on neuronal functioning and behavior1. However, estrogens not only are 

produced by the ovaries but also can be produced locally inside the brain. 

The importance of estrogens for brain functioning is reflected by the changes 

that can occur in postmenopausal women, in whom levels of circulating estrogens 

have significantly decreased4. Postmenopausal women may experience psychologic 

changes and cognitive deficits and may develop depression5. A prolonged deficiency 

of estrogens has also been associated with an increased risk of developing dementia, 

including Alzheimer disease5,6. Hormonal treatment with estradiol was found to 

enhance or facilitate cognition and reduce depression in postmenopausal women and 

in animal models of reproductive senescence, that is, ovariectomized (OVX) rats7–9. 

Estrogen replacement therapy in postmenopausal women was also found to reduce 

the symptoms of dementia and may even protect against the development of 

Alzheimer disease10. In addition to the beneficial effects of estrogen treatment in 

postmenopausal women, estrogen therapy has been suggested to improve mood in 

perimenopausal women8. There is evidence that estrogens have an antidepressant 

effect, either alone or in combination with classic antidepressants11,12. 

Although estrogens have been suggested to be involved in brain diseases, such 

as depression and dementia, the exact mechanism of the involvement of estrogens 

remains unclear. Moreover, the beneficial effect of estrogens in depression and 

dementia is still a matter of debate13. The beneficial effects of estrogens have been 

studied mainly by manipulating circulating estrogen levels in animals and humans. 

Because ER mediate the actions of estrogens, it is also important to study ER 

expression in the brain. Changes in ER expression may be partly responsible for the 

development of depression and dementia. In addition, insight into the quantity of ER 

in the brain may predict the efficacy of estrogen treatment. 

PET can play an important role in revealing the role of ER in the diseased 

brain because it allows for noninvasive quantification of the receptors. A few PET 

tracers have been designed for the imaging of ER in breast cancer14 for diagnosis and 

monitoring of treatment efficacy. 16α-18F-fluoro-17β-estradiol ([18F]FES) is a 

selective PET tracer that is widely used for the imaging of ER in tumors and that has 

the potential to be used for the imaging of ER in the brain. The cerebral kinetics of 

[18F]FES in the female rat brain have been described by Moresco et al15, who showed 

that [18F]FES may be a suitable tracer for the measurement of ER in central nervous 

system regions with high receptor densities. In that study, brain uptake of [18F]FES 

was measured ex vivo. Small-animal PET can be used to measure brain uptake and 

quantify ER availability in vivo. However, the use of 18FFES for the quantification of 
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ER in the rat brain with small-animal PET has not been described yet. Therefore, in 

the present study we aimed to determine whether [18F]FES could be used to quantify 

the availability of ER in the rat brain with small-animal PET. In addition, we 

investigated how circulating estrogens affect the binding of [18F]FES to brain ER. 

 

Materials And Methods 

Animals 

Male (9–12 wk old, 300–370 g) and female (9–12 wk old, 200–250 g) outbred 

Wistar–Unilever (specific pathogen–free) rats were obtained from Charles River and 

Harlan, respectively. The rats were group housed in polycarbonate (Makrolon; 

Bayer) cages on a layer of wood shavings in a room with a constant temperature 

(21°C ± 2°C) and a fixed 12-h light–dark regimen. Standard laboratory chow and 

water were available ad libitum. After arrival, the rats were allowed to acclimatize for 

at least 7 d. During acclimatization and study, all rats were handled daily. The 

Animal Ethics Committee of the University of Groningen, Groningen, The 

Netherlands, approved all experiments (protocol number DEC5842A). 

 

Study Design 

The study was divided into 2 parts. In the first part, rats underwent a dynamic small-

animal [18F]FES PET scan for 90 min, followed by ex vivo biodistribution, to examine 

the effect of circulating estrogens on [18F]FES uptake and to determine whether  

[18F]FES uptake is specific for ER. Female rats were divided into 4 groups: 1, rats in 

the diestrous phase of the estrous cycle (low levels of circulating estrogen—about 30 

pg/mL; n= 5); 2, rats in the proestrous phase of the estrous cycle (high levels of 

circulating estrogen about 65 pg/mL; n= 5); 3, OVX rats (no circulating estrogen; n= 

4); and 4, OVX rats co-injected with 17β-estradiol (0.3 μg/g; for blocking of the 

estrogen receptor; n= 4). 

In the second part of the study, [18F]FES uptake was quantified with 

pharmacokinetic modeling. Rats underwent a dynamic small-animal [18F]FES PET 

scan for 90 min, during which blood samples were taken for measurements of 

plasma input and radioactive metabolites. This part was performed with 3 groups of 

rats: 1, OVX rats (n= 5); 2, rats in the proestrous phase of the estrous cycle (n= 4); 

and 3, male rats (n= 4). 

 

Vaginal Smearing and Cytology 

The phase of the estrous cycle was assessed from vaginal smears collected once daily 

for 7 consecutive days at the same time point, that is, between 9:00 and 12:00 AM. 

To obtain vaginal smears, researchers used one hand to hold rats behind the 

shoulder blades in a supine position and the other hand to hold a micropipette and 

restrain the tail. Approximately 200 μL of saline was inserted gently into the 

entrance of the vagina to a depth of 2–5 mm with a micropipette. Saline was flushed 

into the vagina and drawn back into the micropipette 2 or 3 times. Care was taken 
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not to insert the micropipette too deeply into the vagina because stimulation of the 

cervix can cause pseudopregnancy. 

A wet vaginal smear was made of the saline containing the cells. The saline 

was placed on an untreated glass slide and viewed under a microscope at a low 

magnification to determine the phase of the estrous cycle on the basis of vaginal 

cytology. Vaginal cytology images were taken with a SPOT insight camera on an 

Olympus PROVIS AX70 fluorescence microscope at ×10 magnification. 

 

Ovariectomy 

Female rats were anesthetized with isoflurane mixed with oxygen (5% induction and 

2.5% maintenance) at a flow rate of 2 mL/min. After the induction of anesthesia, the 

rats were shaved on both sides of the abdomen, and the skin was sterilized with 

ethanol. A small incision (~1 cm) was made on the right side through the skin, 

connective tissue, and muscle layer. The ovary, associated fat pad, fallopian tube, and 

upper uterine horn were exteriorized. A suture knot (3-0 silk) was tied around the 

blood vessels supplying the ovary, after which the ovary and a small part of the 

uterus were removed and discarded. The muscle layer and the skin were closed with 

3-0 chromic sutures. The same procedure was performed on the left side. Rats 

received a subcutaneous injection of finadyne (Flunixin; Schering-Plough NV/SA; 2.5 

mg/kg) for pain relief immediately after surgery and at 24 h after surgery. Rats were 

allowed to recover for 12 d before they were subjected to small-animal PET. 

 

[18F]FES Synthesis 

[18F]FES was produced according to the 2-step method described by Römer et al16. 

The process for manufacturing [18F]FES was fully automated (Zymark robotic 

system). [18F]FES was purified by high-performance liquid chromatography, 

formulated in 10% ethanol in water for injection, and sterilized by filtration over a 

0.22-μm filter into a sterile multidose vial. The radiochemical yield of [18F]FES was 

28% ± 15%, and the radiochemical purity was greater than 99%. The specific activity 

of [18F]FES was 0.34 ± 0.35 GBq/nmol. The required amount of radioactivity was 

aspirated in a syringe and diluted with 0.9% sodium chloride solution before 

injection. 

 

Small-Animal PET Studies 

On day 12 after ovariectomy, when rats were in the appropriate estrous phase (i.e., 

female rats in the proestrous or diestrous phase) or were acclimatized (i.e., male 

rats), they were subjected to a small-animal PET scan. The rats were anesthetized 

with isoflurane mixed with medical air (5% induction and 2.5% maintenance), and a 

catheter (0.8-mm outer diameter; 0.4-mm inner diameter) was inserted into the 

femoral vein for the injection of [18F]FES. After cannulation, rats were positioned in 

the small-animal PET scanner (Focus 220; Siemens Medical Solutions) in a 

transaxial position with their heads in the field of view. A transmission scan of 515 s 

with a 57Co point source was obtained for the correction of attenuation and scatter by 
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tissue. After the transmission scan was complete, [18F]FES was injected via the 

cannula into the femoral vein (injected dose, 27 ± 16 MBq; [18F]FES concentration, 

0.37 ± 0.25 mg/L; amount of [18F]FES injected, 637 ± 430 pmol). Simultaneously 

with the injection of [18F]FES, an emission scan of 90 min was started. For blocking 

of [18F]FES uptake in OVX rats, 17β-estradiol (Sigma-Aldrich; 0.3 μg/g of rat) was 

co-injected with [18F]FES. 

The list-mode data of the emission scan were separated into 23-frame 

sinograms (8 × 30, 2 × 60, 2 × 120, 2 × 150, 3 × 300, and 6 × 600 s), which were 

iteratively reconstructed (2-dimensional ordered-subset expectation maximization; 4 

iterations; 16 subsets) after being normalized and corrected for attenuation, scatter, 

randoms, and decay. 

 

Ex Vivo Biodistribution 

After the PET scan, rats from the first part of the study were sacrificed by extirpation 

of the heart under deep anesthesia. The brain and peripheral tissues were isolated, 

and blood was centrifuged (6,000g for 5 min) to collect a plasma sample. The brain, 

peripheral organs, and plasma were weighed and analyzed for the amount of 

radioactivity with a γ counter (LKB-Wallac). Tracer uptake was expressed as the 

standardized uptake value (SUV), which was defined as tissue activity concentration 

(cpm/g)/[injected dose (counts per minute)/body weight (grams)]. 

 

Arterial Blood Sampling 

Arterial blood sampling was performed in the second part of the study to generate a 

plasma input curve and for metabolite analysis. In addition to the insertion of a 

catheter into the femoral vein, a catheter (0.8-mm outer diameter; 0.4-mm inner 

diameter) was inserted into the femoral artery. During the scan, blood samples of 

approximately 100 μL were taken at 15, 30, 45, 60, 75, 90, 120, 180, 300, 450, 600, 

900, 1,800, 3,600, and 5,400 s after [18F]FES injection. After each blood sample was 

drawn, 0.1 mL of heparinized saline was injected to prevent large changes in blood 

pressure. During sampling, the amount of blood taken was about 7.8%–11.7% of the 

total blood volume; this amount was, in most cases, within the 10% that is considered 

to be safe for the health of rats. The replacement of blood with heparinized saline at 

each time point had only a minimal effect on the concentration of [18F]FES. Collected 

blood was centrifuged at 13,000 rpm for 5 min, and the radioactivity in 50 μL of the 

plasma sample was measured with a gamma counter (LKB-Wallace). After the 

radioactivity measurement, 100 μL of acetonitrile were added to the plasma sample 

to precipitate proteins. Next, the mixture was stirred in a vortex mixer and 

centrifuged at 13,000 rpm for 5 min. A total of 2.5 μL of the supernatant were 

applied to a silica gel thin-layer chromatography plate. The plate was dried and run 

with an elution medium consisting of ethyl acetate andn-hexane (30:70) (the Rf of 

[18F]FES was 0.5–0.6; the Rf of radiometabolites was 0). The plate was placed on a 

phosphor storage screen for overnight exposure, after which the screen was 

examined with a Cyclone reader (Leica Geosystems) and analyzed with OptiQuant 
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software (OptiQuant, version 3.00; Packard Instrument Co.) to calculate the 

percentages of intact parent compound and metabolites. 

 

PET Image Analysis 

PET image analysis was performed with Inveon 3.0 software (Siemens Medical 

Solutions). Regions of interest were drawn around the amygdala, bed nucleus of the 

stria terminalis (BNST), brain stem, cerebellum, frontal cortex, hippocampus, 

hypothalamus, midbrain, parietal/temporal/occipital cortex, prefrontal cortex, 

pituitary gland, striatum, and thalamus on a T2-weighted MR imaging template. The 

PET scan was manually coregistered with the MR imaging template. Time–activity 

curves were generated for each region of interest. Tracer uptake was most stable at 

80–90 min after injection; therefore, uptake in this time frame was chosen for 

comparison of groups. Tracer uptake was expressed as the SUV, which was defined 

as tissue activity concentration (Bq/cm3)/[injected dose (becquerels)/body weight 

(grams)]. It was assumed that 1 cm3of brain tissue equaled 1 g. 

Kinetic modeling was used to quantify the brain uptake of [18F]FES with a 

metabolite-corrected plasma-derived input function. The Akaike information 

criterion (AIC) was used to determine which model fitted the data best. The 

reversible 2-tissue compartment model with a fixed blood volume (i.e., 4%) provided 

the best fit and was therefore used to calculate the volume of distribution (VT) and 

binding potential (BPND): 

 

 

 

 

 

Statistical Analysis 

All data are expressed as mean ± SD. Statistical analysis was performed with PASW 

for Windows, version 18.0 (SPSS Inc.). Data were analyzed with 1-way ANOVA or 

general linear model repeated measures and then a Bonferroni post hoc test. General 

linear model repeated measures were used for statistical analysis of time–activity 

curves; [18F]FES uptake (SUV) at various time points was used as the within-subject 

factor. Significance was reached when the P-value was less than 0.05. 

 

Results 

Vaginal Smearing and Cytology 

The phases of the estrous cycle were clearly differentiated by cytology. Round 

nucleated cells of a uniform size characterized the proestrous phase; the estrous 

phase was characterized by irregularly shaped, non-nucleated cornified cells; the 

metestrous phase was characterized by many leukocytes and cornified cells; and the 

diestrous phase was characterized by both nucleated cells and leukocytes (Figure. 1). 
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Vaginal smearing revealed a 4-d estrous cycle in 11 of the 18 female rats, but 7 rats 

had a 5-d estrous cycle, with either an extra day in the estrous (2 rats) or diestrous (5 

rats) phase. 

 

 
 
Figure 1: Vaginal cytology of rats during different stages of estrous cycle (×10). 

 

 

Ex Vivo Biodistribution of [18F]FES 

The total brain uptake of [18F]FES in OVX rats was 0.065 ± 0.016. In comparison, 

total brain uptake was lower in rats in the diestrous phase (0.059 ± 0.015) and the 

proestrous phase (0.045 ± 0.015) but higher in OVX rats pretreated with 17-β-

estradiol (0.081 ± 0.035). However, these differences among the groups were not 

statistically significant (P> 0.05). 

In peripheral organs, the highest levels of uptake were observed in the 

duodenum, kidneys, liver, and pancreas in all groups. Statistical analysis of the 4 

groups revealed a significant main effect in the heart, lungs, pancreas, thymus, and 

fat tissue (P< 0.05) and in the spleen (P< 0.001). Post hoc analysis revealed 

significantly lower levels of uptake in the heart, lungs, and spleen of rats in the 

proestrous phase than in those of OVX rats (49%–51%; P> 0.05). Coinjection with 

17β-estradiol resulted in significantly lower levels of uptake in the spleen and thymus 

of OVX rats than in those of rats in the diestrous phase and OVX rats not given 17β-

estradiol (61%–73%; P< 0.05), and co-injection with 17β-estradiol resulted in higher 

levels of uptake in the pancreas and fat tissue of OVX rats than in those of rats in the 

proestrous phase (47%–67%; P< 0.05). 
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Small-Animal PET with [18F]FES 

Small-animal PET data were acquired for 90 min after [18F]FES injection. PET 

images and time–activity curves of brain regions with low (striatum) and high 

(pituitary) levels of uptake are shown in Figures 2 and 3, respectively. The time–

activity curves showed that uptake reached a maximum at about 1 min after the 

injection of [18F]FES, followed by a rapid washout. From about 30 min after the 

injection of [18F]FES, uptake remained relatively stable over time, although a small 

decrease could still be observed. Statistical analysis of the time–activity curves did 

not reveal differences among rats in the diestrous phase, rats in the proestrous 

phase, and OVX rats. Co-injection of [18F]FES with 17β-estradiol resulted in a 

significantly lower level of [18F]FES uptake over time in the pituitary of OVX rats 

than in that of rats in the diestrous phase (P< 0.05) and OVX rats (P< 0.05); co-

injection of [18F]FES with 17β-estradiol in OVX rats resulted in higher levels of 

[18F]FES uptake over time in the brain stem, cerebellum, frontal cortex, and parietal 

cortex than in those of OVX rats not given 17β-estradiol (P< 0.05) and rats in the 

diestrous phase (brain stem and cerebellum only; P< 0.05). 

 

 
 
Figure 2: Small-animal [18F]FES PET images of rats in diestrous phase of estrous cycle (diestrous) 
and proestrous phase of estrous cycle (proestrous), OVX rats (OVX), and OVX rats that were 
pretreated with 17β-estradiol (OVX + estradiol). Sagittal images, coregistered with MR imaging 
template for anatomic reference, show [18F]FES uptake (SUV) at level of pituitary from 60 to 90 min 

after injection. 
 

[18F]FES uptake (SUV) at 80–90 min after injection was used to determine the 

distribution of [18F]FES in the brain and whether this distribution was affected by 

differences in the levels of circulating estrogens (Table 1). Between-brain-area 

analysis revealed that in rats in the diestrous phase, rats in the proestrous phase, and 

OVX rats, the highest level of uptake was observed in the pituitary (4.4–18.9 times 

higher than that in other brain regions; P< 0.001). Higher levels of uptake that were 

statistically significant were also observed in the hypothalamus of rats in the 
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diestrous phase (2.4–3.7 times higher than those in all other areas, except for the 

BNST, midbrain, and pituitary; P< 0.01) and OVX rats (3.3–4.1 times higher than 

those in the brain stem, cerebellum, striatum, and cortical areas; P < 0.05). 

Comparison of the SUVs of [18F]FES among the groups revealed significantly higher 

levels of uptake in the hypothalamus and pituitary of OVX rats than in those of rats 

in the proestrous phase (P< 0.05). 

 

 
Figure 3: Time–activity curves for [18F]FES (SUV) in striatum (A) and pituitary (B) of rats in 

diestrous phase of estrous cycle (diestrous) and proestrous phase of estrous cycle (proestrous), OVX 

rats (OVX), and OVX rats that were pretreated with 17β-estradiol (OVX + estradiol). *P< 0.05 

compared with value for OVX rats given estradiol. 

 

In OVX rats in which [18F]FES was co-injected with 17β-estradiol, no significant 

differences were found among the various brain regions. In comparisons among 

groups, significantly lower levels of uptake were seen in the pituitary of OVX rats in 

which [18F]FES was co-injected with 17β-estradiol than in all other groups (P< 0.01) 

and in the hypothalamus of OVX rats in which [18F]FES was co-injected with 17β-

estradiol than in OVX rats not given 17β-estradiol (P< 0.01). In contrast, co-injection 

of [18F]FES with 17β-estradiol in OVX rats resulted in higher levels of uptake in the 

cerebellum, brain stem, hippocampus, and striatum of OVX rats than in those of rats 

in the diestrous and proestrous phases (P< 0.05). 

 

Plasma Activity of [18F]FES 

In plasma, [18F]FES was rapidly metabolized into hydrophilic metabolites (Figure. 

4A). The rates of metabolism among the groups were different. The fastest rates of 

metabolism were observed (in descending order) in male rats (50% metabolized at 6 

min), rats in the proestrous phase (50% at 12 min), and OVX rats (50% at 24 min). 

However, these differences in metabolism were not statistically significant. 

Metabolite-corrected time–activity curves for plasma are shown in Figure 4B. 

Although differences in metabolism were observed, the [18F]FES levels in plasma did 

not differ among the groups, as was evident from the similarities in the time–activity 

curves. 
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Table 1: Brain uptake of [18F]FES (SUV, standardized uptake value; mean ± SD; 80-90 min post-
injection) in rats in the diestrous phase of the estrous cycle (diestrous), the proestrous phase 
(proestrous), ovariectomized rats (OVX) and ovariectomized rats that were pretreated with 17-beta-
estradiol (OVX + estradiol). *p<0.05 as compared to diestrous, #p<0.05 as compared to proestrous, 
$p<0.05 as compared to OVX (BNST, bed nucleus of the stria terminalis; CTX, cortex; PTO, 
parietal/temporal/occipital). 
 
 Diestrous 

(n=5) 
Proestrous 

(n=5) 
OVX 

(n=4) 
OVX + estradiol 

(n=4) 
Amygdala 0.060±0.008 0.060±0.029 0.088±0.018 0.067±0.007 

BNST 0.096±0.030 0.062±0.055 0.116±0.049 0.066±0.025 

Brainstem 0.048±0.006 0.055±0.014 0.064±0.014 0.083±0.011*# 

Cerebellum 0.043±0.005 0.044±0.012 0.066±0.012 0.063±0.005*# 

Frontal CTX 0.041±0.006 0.044±0.012 0.058±0.019 0.064±0.003 

Hippocampus 0.038±0.011 0.043±0.014 0.045±0.011 0.065±0.007* 

Hypothalamus 0.142±0.023 0.128±0.054 0.219±0.058# 0.066±0.009$ 

Midbrain 0.082±0.032 0.073±0.025 0.093±0.027 0.078±0.002 

PTO CTX 0.040±0.011 0.042±0.013 0.062±0.021 0.057±0.005 

Prefrontal CTX 0.044±0.006 0.043±0.016 0.056±0.024 0.058±0.007 

Pituitary 0.619±0.098 0.504±0.215 0.856±0.181# 0.084±0.010*#$ 

Striatum 0.041±0.005 0.046±0.018 0.054±0.014 0.079±0.011# $ 

Thalamus 0.051±0.007 0.060±0.031 0.074±0.013 0.069±0.010 

 
 

 
Figure 4: Metabolism (A) and metabolite-corrected plasma curves (B) for [18F]FES in OVX rats 
(OVX), rats in proestrous phase of estrous cycle (proestrous), and male rats (male). 

 
Kinetic Modeling of [18F]FES 

Given the low levels of uptake of [18F]FES in most of the brain regions, as shown by 

the PET data analysis, kinetic modeling was performed only for the brain regions 

with the highest densities of ERα17: the amygdala, BNST, hypothalamus, and 

pituitary. These brain regions showed the highest levels of18F-FES uptake in the first 

part of the study. The results of kinetic modeling with the reversible 2-tissue 

compartment model are shown in Table 2. 

The rate constants (i.e. K1, k2, k3, and k4) did not differ among the 3 groups, 

nor did they differ significantly among the brain areas. In addition, no significant 

differences in the K1/k2 ratios were found among the brain regions (data not shown). 

The VT and the BPND were higher in the pituitary (3–12 times; P< 0.05) than in the 
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other brain areas in all 3 groups (except for the hypothalamus in OVX rats); this 

difference was statistically significant. No differences in the VT or BPND in any brain 

region were found among the groups. 

 

Table 2: Result of kinetic modelling of [18F]FES in ovariectomized rats (OVX), rats in the proestrous 
phase of the estrous cycle (proestrous), and male rats (male), using a reversible two tissue 
compartment model with a fixed blood volume of 4%. *p<0.05 and **p<0.01 as compared to the 
pituitary within the same group (BNST, bed nucleus of the stria terminalis). 
 

 K1 k2 k3 k4 VT BPND 

OVX (n=5)       

 
Amygdala 

5.64±3.52 4.18±1.58 0.358±0.382 0.452±0.401 2.16±0.48* 0.73±0.45** 

 
BNST 

6.87±4.08 3.74±1.75 0.138±0.168 0.228±0.286 2.86±0.67* 0.64±0.30** 

 
Hypothalamus 

5.58±3.93 2.97±1.95 0.117±0.228 0.137±0.285 3.99±1.56 1.23±0.54* 

 
Pituitary 

3.83±3.03 2.19±1.64 0.066±0.026 0.010±0.003 15.93±11.17 5.26±2.17 

       

Proestrous (n=4)      

 
Amygdala 

2.04±2.35 1.75±2.18 0.106±0.174 0.136±0.191 1.99±0.33** 0.56±0.24** 

 
BNST 

2.94±3.57 1.76±2.18 0.083±0.144 0.133±0.205 2.46±0.27** 0.45±0.16** 

 
Hypothalamus 

1.68±1.14 0.89±0.40 0.017±0.013 0.023±0.002 2.89±0.28** 0.70±0.48** 

 
Pituitary 

1.83±1.41 1.14±0.65 0.080±0.038 0.015±0.002 8.95±2.34 5.23±2.21 

       

Male (n=4)       

 
Amygdala 

3.29±1.70 2.35±1.80 0.081±0.136 0.102±0.155 2.75±1.03** 0.74±0.28** 

 
BNST 

4.21±1.70 2.68±1.56 0.249±0.341 0.367±0.433 2.47±0.35** 0.51±0.22** 

 
Hypothalamus 

4.83±2.93 2.72±1.62 0.050±0.059 0.095±0.136 2.96±0.37** 0.67±0.22** 

 
Pituitary 

4.78±2.66 3.36±1.74 0.087±0.017 0.016±0.009 10.35±4.46 6.41±2.68 

 
 

Discussion 

To our knowledge, this is the first study in which the feasibility of small-animal PET 

with [18F]FES for in vivo quantification of the availability of ER in the rat brain and 

the effects of circulating estrogens on [18F]FES binding in rats were examined. 

The uptake (SUV) of [18F]FES observed in the present study was consistent 

with the known density of ERα in the rat brain17. The highest levels of uptake were 

found in the amygdala, BNST, hypothalamus, and pituitary, whereas the levels of 

uptake in the remaining brain regions were low. Similar findings were reported 

previously by Moresco et al15, who observed high levels of uptake of [18F]FES in the 

pituitary and hypothalamus and low levels of uptake in the striatum and cortex. 

Although the levels of [18F]FES uptake were highest in the brain regions with the 
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highest ERα densities, the levels of uptake generally (with the exception of that in the 

pituitary) were lower than those of PET tracers targeting other neuroreceptors. Co-

injection of [18F]FES with 17β-estradiol decreased tracer uptake only in the pituitary 

and hypothalamus. Contrary to what was expected, co-injection with 17β-estradiol 

resulted in higher levels of uptake in some brain regions. This result could be 

ascribed to the blocking of [18F]FES uptake in peripheral tissues, leading to an 

increase in tracer availability in plasma, although the latter was not statistically 

significant. 

The generally low levels of brain uptake of [18F]FES might simply be related to 

low levels of expression of ER in the rat brain. The binding of 3H-estradiol 

(maximum number of binding sites, in fmol/mg of protein) in the brains of female 

rats after ovariectomy and adrenalectomy were reported by Lieberburg et al18 to be 

178.2 for the pituitary, 12.07 for the hypothalamus, and 9.64 for the amygdala. 

Small-animal PET with [18F]FES may not be sensitive enough to detect low ER levels. 

However, the low levels of tracer uptake in the brain might also be attributable to the 

fast metabolism and rapid clearance of [18F]FES, resulting in a low level of 

availability of [18F]FES for binding in brain tissue. In humans, estrogens in blood are 

bound to albumin and sex hormone–binding globulin (SHBG). SHBG facilitates the 

transport of estrogens into ER-containing cells in peripheral tissue, whereas 

estrogens that are transported across the blood–brain barrier are albumin-bound19. 

[18F]FES also binds to SHBG20, and this binding affects its uptake into peripheral 

tissue. The binding of [18F]FES to SHBG protects the PET tracer from being 

metabolized. Rats lack SHBG21; therefore, metabolism is faster in rats than in 

humans. The low levels of brain uptake of [18F]FES (SUV) in the present study 

therefore can be related to the low levels of intact [18F]FES in plasma. Despite the low 

levels of uptake, high VT and BPND were found in areas with high ERα densities, 

indicating that low levels in plasma rather than low levels of ER expression are 

responsible for the low levels of uptake. 

High VT and BPND of [18F]FES were found especially in the pituitary, 

indicating that the amount of ER expression in this region was high. Estrogens are 

known to affect the production of pituitary hormones, such as luteinizing hormone, 

follicle-stimulating hormone, and thyroid-stimulating hormone, explaining the need 

for high levels of ER expression. One could argue that the high level of binding of 

[18F]FES in the pituitary and the low levels of binding in other brain regions are 

related to the blood–brain barrier, which is absent in the pituitary. The levels of 

[18F]FES uptake in brain tissue could be low because of poor penetration of the 

blood–brain barrier, for example, because of drug efflux transporters located in the 

blood–brain barrier. However, estrogens do easily cross the blood–brain barrier 

through passive diffusion, and this is likely to be true also for [18F]FES. In addition, 

the influx constant (K1) values are in the reference range observed for other PET 

tracers, indicating thatthe uptake of [18F]FES is not limited by the blood–brain 

barrier or efflux transporters. Given the high level of binding in the pituitary relative 

to the levels of binding in surrounding tissues and the limited resolution of the small-

animal PET camera, the possibility that the high level of binding of [18F]FES in the 
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pituitary causes spillover to neighboring brain areas, such as the hypothalamus, must 

be considered. Because differences in hypothalamic uptake were reported previously, 

we can assume that part of the signal is indeed explained by the uptake of [18F]FES in 

the hypothalamus. 

The levels of uptake (SUV) in the hypothalamus and pituitary were statistically 

significantly higher in OVX rats than in rats in the proestrous phase, indicating that a 

higher level of endogenous estrogen reduces the uptake of [18F]FES. Likewise, the 

uptake of 2 ER-selective radiotracers, 16α-125I-iodoestradiol and 16α-125I-

bromoestradiol, in the uterus and tumor of mature cycling rats was also found to be 

dependent on the levels of endogenous estrogen in blood22. The highest levels of 

uterus and tumor uptake were found in rats in the diestrous phase, with low 

endogenous estrogen levels in blood, and the lowest levels of uptake were found in 

rats in the estrous phase, with high endogenous estrogen levels in blood. 

Remarkably, in the present study, no statistically significant differences in the VT 

and BPND were found among OVX rats, rats in the proestrous phase of the estrous 

cycle, and male rats. The lack of differences in the quantitative measures VT and 

BPND, but the significant differences in uptake (SUV), suggest that the delivery of 

[18F]FES to the brain is affected by circulating estrogens but that the binding to ER is 

not. OVX rats exhibited the slowest metabolism of [18F]FES, which could result in 

increased delivery of intact tracer to the brain and hence could explain the higher 

SUV. However, the lack of differences could also be explained by the small group 

sizes and the large variations seen in the kinetic modeling outcomes, especially 

because the trends for VT and BPND were similar to those for uptake (SUV). 

Although not statistically significant, there was a difference in the rate of 

metabolism, which was highest in male rats. The metabolism of steroid hormones is 

a rather complex mechanism, mainly involving the cytochrome P450 enzyme (CYP) 

families CYP1, CYP2, and CYP3. The expression of several CYPs was found to be 

sexually dimorphic23,24, and a higher content of hepatic microsomal CYPs was found 

in male rats than in female rats25. These findings could explain the faster metabolism 

found in male rats. In female rats, estrogens regulate hepatic CYPs23, suggesting that 

they can influence their own metabolic rates. Although differences in the metabolism 

of [18F]FES were found, the average time–activity curves for [18F]FES in plasma were 

similar for male and female rats. The differences stress the importance of measuring 

radiometabolites in plasma individually. 

 

Conclusion 

Imaging of ER availability in the rat brain by small-animal PET with [18F]FES is 

feasible for brain regions with high ER densities, in particular, the pituitary. 

Quantitative analysis, that is, determining VT and BPND, is preferred over 

semiquantitative SUV analysis because the latter appears to be more sensitive to 

endogenous estrogen levels in blood; in addition, larger group sizes should be used to 

reduce variation. On the basis of the findings in rats, the use of [18F]FES for the 

imaging of ER availability in regions of the human brain with higher ER densities 

should be explored. For the imaging of ER availability in regions of the rat brain with 
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lower densities, a tracer with a higher affinity for ER should be developed. 

Additionally, the stabilization of [18F]FES with SHBG to yield greater availability of 

[18F]FES in rats could be explored, because humans have high levels of SHBG in 

blood; this scenario would allow better translation of findings. If successful, this 

approach would pave the way to PET imaging of brain regions with low ER densities 

in small animals and humans. 
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Abstract 

Reduced levels of circulating estrogens have been associated with declined cognition, 

anxiety and depression. In post-menopausal women, hormone replacement therapy 

with estrogens was found to have an antidepressant effect and to enhance the effect 

of other antidepressant drugs. However, there appears to be a critical window for 

hormone replacement therapy, which depends on age and the stage of menopause. In 

this study, the effects of estrogen replacement on depressive-like behavior and brain 

metabolism were studied in ovariectomized female rats as a model for post-

menopausal depression. Estradiol replacement was started immediately or 7-days 

after ovariectomy and compared with sub-acute treatment with the antidepressant 

drugs fluoxetine and escitalopram. The antidepressant effect of treatment was 

evaluated by the forced swim test (FST) and brain glucose metabolism was measured 

in rest and during stress in the FST by positron emission tomography (PET) with 2-

deoxy-2-[18F]fluoro-D-glucose ([18F]FDG). Estradiol replacement had a beneficial 

effect on depressive-like behavior when started immediately after ovariectomy, but 

not after a 7-day delay. Immediate estradiol replacement reduced whole brain 

[18F]FDG uptake in the resting state, but not during stress. No regional differences in 

brain metabolism between groups were found in the resting state. However, during 

stress in the FST, immediate, but not delayed,  estradiol replacement resulted in 

higher relative glucose metabolism in periaqueductal grey, superior colliculus and 

cerebellum and lower metabolism in caudate putamen and corpus callosum than 

placebo treatment. Thus, only estradiol replacement immediately after ovariectomy 

could produce a significant antidepressant effect, which was accompanied by altered 

brain glucose metabolism. 
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Introduction 

Estrogens are known for their role in reproductive function in females, but they are 

also associated with changes in cognitive function, anxiety and depression. Post-

menopausal women can experience decreased cognitive function and depression as a 

consequence of a decline in circulating estrogens1. Therefore, estrogen replacement 

may be used as treatment for depression in post-menopausal women and as a means 

to improve cognitive function2. Estrogens not only possess antidepressant properties, 

but can also enhance the effect of antidepressant drugs, such as selective serotonin 

reuptake inhibitors (SRRIs)3,4. However, there appears to be a critical window for 

effective estrogen replacement therapy, which depends on the age of the patient and 

the stage of menopause3,5,6. The effects of declining estrogen levels have also been 

studied in animal models. Depletion of circulating estrogens by ovariectomy in rats is 

accompanied by the occurrence of depressive-like symptoms within one week after 

surgery. These effects of ovariectomy could be reduced by estrogen replacement, 

provided is started timely. When estrogen replacement was started 12 weeks after 

ovariectomy, the efficacy of the treatment was completely lost7. 

Several studies have demonstrated antidepressant properties of estrogens and 

the dependence of estrogen replacement on the time of initiation, but the effect of 

estrogens on brain metabolism is not well studied. This is of interest as depression is 

associated with decreased brain glucose metabolism8–10. Treatment of depression 

with for example SSRIs, which increase the synaptic concentrations of serotonin, was 

found to normalize brain glucose metabolism, especially in brain regions that play a 

role in serotonergic neurotransmission11,12. Likewise, estrogen replacement was 

found to restore normal brain glucose metabolism in post-menopausal women13,14. 

Measurement of brain glucose metabolism may thus be suitable biomarker to assess 

the efficacy of estrogen replacement. 

In this study, we investigated how the timing of estrogen replacement affected 

depressive-like behavior measured in the forced swim test15 (FST) and brain glucose 

metabolism in ovariectomized rats. Brain metabolism was studied with small animal 

positron emission tomography (PET), using the glucose analog 2-deoxy-2-

[18F]fluoro-D-glucose ([18F]FDG) and was measured both in resting state and during 

stress (i.e. during the FST). It was hypothesized that a reduction in circulating 

estrogens has a detrimental effect on the ability of the animal to cope with stress and 

that this vulnerability could be reversed by estradiol replacement. The effect of 

estradiol replacement on depressive-like behavior and brain glucose metabolism was 

compared with the effect of the SSRIs fluoxetine and escitalopram. 

 

Materials and methods 

Animals 

Female outbred Wistar rats (n=40, 9-12 weeks old, 200-250 g) were obtained from 

Harlan (Horst, The Netherlands). The rats were housed in pairs in Macrolon cages 

on a layer of wood shavings in a room with constant temperature (21±2oC), and a 

fixed 12 h light-dark regime. Standard laboratory chow and water were available ad 
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libitum. After arrival, the rats were allowed to acclimatize for at least 7 days. During 

the acclimatization period and throughout the study, all rats were handled daily. All 

experiments were approved by the Institutional Animal Care and Use Committee of 

the University of Groningen, The Netherlands (study protocol: DEC 5842B). 

 

Study design 

All rats were ovariectomized and divided into 5 groups (n=8 per group): 1) placebo 

(OVX); 2) 7-day estradiol treatment starting on day 7 post-ovariectomy (OVX-7d-

E2), 3) 14-day estradiol treatment starting on day 0 post-ovariectomy (OVX-14d-E2), 

4) 24 h treatment with fluoxetine (OVX-FLX); and 5) 24 h treatment with 

escitalopram (OVX-ESC). The experimental procedures started 14 days post-

ovariectomy with a resting state [18F]FDG PET scan of the brain (Figure 1). On day 15 

post-ovariectomy, a 15 min pretest-FST session was performed. After 24 h (day 16), 

the test-FST session of 30 min was performed, which was followed by a [18F]FDG 

PET scan. Before the test-FST session, rats were injected intra-peritoneally with 

[18F]FDG and immediately subjected to the FST so that the brain activity of the rats 

during the FST (stress condition) could be measured. Immediately after the PET scan 

during stress, blood was collected by cardiac puncture for plasma estradiol 

measurements and rats were terminated. 

 

 
Figure 1: Study design, showing the timelines of [18F]FDG PET and  the forced swim test (FST). pFST 

= pre-test FST; tFST = test-FST 

 

Surgery  

Bilateral ovariectomy was performed as previously described16. After ovariectomy, a 

placebo or estradiol pellet was implanted subcutaneously in the neck region. Body 

temperature was measured from day 12 until 16 post-ovariectomy to study the effect 

of treatment, anesthesia and the FST. To measure body temperature, an iButton with 

a sensitivity of 0.0625 oC (DS1922L#F50, Maxim Integrated, San Jose, CA, USA)17 

was implanted into the abdominal cavity. iButtons were sealed in paraffin wax, 

sterilized by 24 h incubation in 70% ethanol prior to implantation and programmed 
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to measure body temperature of the rats every 90 s. Immediately after surgery, rats 

received a subcutaneous injection of finadyne (Flunixin 2.5 mg/kg, Schering-Plough 

N.V/S.A., Belgium) for pain relief, which was repeated 24 h after surgery. 

 

Treatment 

On the day of ovariectomy (day 0), the rats were subcutaneously implanted with 

either a placebo or an estradiol-releasing pellet (0.36 mg of 17ß-estradiol per pellet, 

14 day release, Innovative Research of America, USA) in the neck. On day 7 post-

ovariectomy, the pellet was replaced under anesthesia by either a placebo or an 

estradiol-releasing pellet. Rats in the OVX, OVX-FLX and OVX-ESC groups were 

implanted with a placebo pellet both on day 0 and on day 7, rats in the OVX-7d-E2 

group were implanted with a placebo pellet on day 0 followed by an estradiol-

releasing pellet on day 7 and rats in the OVX-14d-E2 group were implanted with an 

estradiol-releasing pellet both on day 0 and on day 7. Rats in the OVX-FLX and 

OVX-ESC group received an intra-peritoneal injection of 10 mg/kg fluoxetine or 

escitalopram in water for injection at 24, 19 and 1 h prior to the test-FST session on 

day 16 12,18. All other groups received vehicle injections on the same time-points. 

 

Estradiol measurements 

The levels of circulating estradiol were measured in rats from the OVX, OVX-7d-E2 

and OVX-14d-E2 groups. It was assumed that the ovariectomized rats that were 

treated with fluoxetine and escitalopram had similar circulating estradiol levels as 

the OVX group, so these groups were not measured. Estradiol measurement was 

performed by an automatic immunoassay system (AutoDELFIA, Perkin Elmer). 

 

The forced swim test and positron emission tomography acquisition 

On day 14 post-ovariectomy, all rats were subjected to a 30 min static [18F]FDG PET 

scan (resting state). The rats were placed in a pre-warmed cage (30 °C) for 30 min 

for environmental adaptation and minimization of [18F]FDG uptake by brown fat. 

After this period, the rats were injected intra-peritoneally with [18F]FDG (17.0±3.4 

MBq) and placed back in the pre-warmed cage. At 30 min post-injection, rats were 

anesthetized with isoflurane mixed with medical air (5% induction and 2.5% 

maintenance) and positioned into the small animal PET camera (Focus 220, Siemens 

Medical Solutions, USA, Inc) in a trans-axial position with their heads in the field of 

view. At 45 min after [18F]FDG injection, a static emission scan of 30 min was 

started. During the scan, the body temperature of the rats was maintained using 

heating pads. After the emission scan, a 515 s transmission scan with a 57Co point 

source was obtained for correction of attenuation and scatter by tissue. 

On day 15 post-ovariectomy, all rats were subjected to the pretest-FST. The 

rats were placed in pre-warmed cages for 30 min and subsequently forced to swim 

for 15 min in a cylindrical tank (40 cm in height, 20 cm in diameter) filled with water 

maintained at 30 oC. The water in the tank was 30 cm deep, allowing the rats to swim 

or float without touching the bottom of the tank with their hind limbs. After 
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completion of the pretest session, the animals were dried with paper towels and 

placed back into their home-cages. After every swim session, the water tank was 

cleaned and refilled with fresh water for the next rat. 

On day 16 post-ovariectomy, all rats were subjected to the test-FST. The rats 

were first placed in a pre-warmed cage for 30 min. Immediately after intraperitoneal 

injection of [18F]FDG, rats were forced to swim for 30 min in the cylindrical tank 

filled with water maintained at 30 oC. After the 30 min FST, rats were dried with 

paper towels, anesthetized with isoflurane and subjected to a PET scan (stress), as 

described above for the resting state PET scan. 

Both the pretest- and the test-FST sessions were recorded on video. 

Behavioral analysis was performed using Ethovision XT 8 (Noldus Information 

Technology, Wageningen, The Netherlands). The duration of passive behavior 

(floating) and active behavior (swimming and climbing) were measured. An 

increased amount of time spent on floating is regarded an indication of depressive-

like behavior, i.e. a behavioral correlate of negative mood. 

 

Positron emission tomography image reconstruction and analysis 

List mode emission data was iteratively reconstructed into a single frame image of 30 

min (OSEM2D, 4 iterations, and 16 subsets). PET data were normalized and 

corrected for attenuation, scatter, random coincidences and radioactive decay. 

Whole brain region-of-interest (ROI) based analysis was performed to 

determine global functional changes as a consequence of treatment (resting state) 

and stress (during FST), using Inveon Research Workplace 4.0 (Siemens Medical 

Solutions, USA, Inc). For this purpose, the static PET images were co-registered with 

a T2-weigthed MRI rat brain template19. A region of interest of the whole brain was 

drawn on the MRI template and transferred to co-registered PET images. The 

[18F]FDG uptake in the whole brain was measured as Bq/cm3 and converted into the 

standardized uptake value (SUV), which was defined as: [tissue activity 

concentration (Bq/cm3)]/[injected dose (Bq)/body weight (g)]. It was assumed that 1 

cm3 of brain tissue equals 1 g. 

To determine regional differences in brain metabolism, voxel-based analysis 

was performed using SPM8 software (SPM; Wellcome Department of Cognitive 

Neurology, University College London, UK), in combination with an in-house 

toolbox that allows the visualization of the results over a rat ‘glass brain’ (maximum 

intensity projection map), and to report the coordinates in Paxinos space. [18F]FDG 

PET images were automatically co-registered with a [18F]FDG rat brain template that 

was created in-house using the methodology described by Casteel et al 200620. Extra-

cerebral regions were removed from the PET images by application of a mask. The 

PET images were smoothed with a 1.2 mm isotropic Gaussian kernel. Global brain 

uptake differences between rats were normalized by proportional scaling relative to 

the mean whole brain [18F]FDG uptake. 

Voxel-based analysis was performed using two-sample t-tests (paired within-

groups and unpaired between groups). T-map data were interrogated at p<0.005 
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uncorrected with an extent threshold of 200 voxels. Only clusters with a corrected 

family-wise error (FWE) p<0.05 were considered significant.  

 

Statistical analysis 

All data are expressed as mean ± standard deviation. Statistical analysis was 

performed using IBM SPSS Statistics 22 for Windows. Differences between rest and 

stress whole brain [18F]FDG uptake were analyzed with a paired t-test. Between-

group effects of treatment on the body weight, behavior in the FST and whole brain 

[18F]FDG uptake were analyzed by one-way ANOVA followed by a Bonferroni post 

hoc test. Between-group statistical analysis of differences in resting state [18F]FDG 

PET data on day 14 was not performed on OVX-FLX and OVX-ESC groups, because 

these treatments started at day 15. Effects were considered significant when the 

probability (p) was <0.05. 

 

Results  

Body weight and temperature 

The increase in bodyweight of the rats at day 7 and 14 post-ovariectomy is presented 

in figure 2A. Rats in the OVX control, OVX-FLX and OVX-ESC groups showed a 

similar increase in the body weight over time, with an average increase of 18±7 g at 

day 7 and 43±9 g at day 14. Antidepressant treated rats did not show any significant 

differences in the change in the body weight at either time point, as compared to 

OVX control rats (p>0.05). In contrast, OVX-7d-E2 rats showed a comparable 

increase in bodyweight as OVX control rats on day 7 (17±6 g), but a significantly 

smaller increase in body weight on day 14 post-ovariectomy (6±5 g, p<0.001). OVX-

14d-E2 rats showed a decrease in body weight, rather than an increase, at both time 

points post-ovariectomy (-15±5 g and -4±6 g on day 7 and 14 post-ovariectomy, 

respectively, p<0.001). 

A representative measurement of the body temperature of an OVX control rat, 

from day 12 to day 16 post-ovariectomy, is displayed in figure 2B. For all rats a 

normal day and night rhythm was observed with an average body temperature of 

37.76±0.17 oC. During the experimental period a reduction in the body temperature 

was observed at three time points: i.e. during the resting state [18F]FDG scan 

(34.18±1.04 oC), during the pretest-FST (33.71±0.57 oC) and during the test-FST 

directly followed by the stress [18F]FDG scan (33.04±1.58 oC). The reductions in body 

temperature were not significantly different between any of the groups (p>0.05). 
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Figure 2: Body weight gain and body temperature. A) Influence of ovariectomy and different 

treatments on the body weight of the rats during the whole experimental period, and B) a 

representative record of body temperature measurements from day 12-16 of the experiment. Data are 

presented as mean±SD (n=8 per group). Significant differences compared to OVX control rats are 

indicated by *(p<0.001) and $(p<0.001). 

 

Circulating estradiol levels 

The concentrations of circulating estradiol at day 16 post ovariectomy were 16±3, 

661±499, and 339±275 pg/ml in OVX, OVX-7d-E2 and OVX-14d-E2 rats, 

respectively. The levels of estradiol in OVX-7d-E2 were significantly higher than 

those in OVX rats (p<0.01), but not significantly different from those in OVX-14d-E2 

rats (p=0.2). 

 

Behavior 

The results of the FST are presented in figure 3. In the first 5 min of the test-FST, 

OVX control rats spent 50% of time on floating, 30% of time on swimming and 20% 

of time on climbing. OVX-14d-E2 rats showed a significant increase in the time spent 

on climbing (76%; p<0.05) and a decrease in the time spent on floating (36%; 

p<0.05), when compared to OVX control rats. Rats in the OVX-7d-E2, OVX-FLX and 

OVX-ESC groups did not show any significant differences in the time spent on 

climbing, floating or swimming, when compared to OVX rats. 
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Figure 3: Effect of treatment on FST behavior: Time spent on a specific behavior during the first 5 

min of the FST. Statistical analysis was performed by one-way ANOVA followed by a Bonferroni post 

hoc test. Data are presented as mean±SD (n=8). Significant differences are indicated by *(p<0.05) 

compared to OVX control rats. 

 

Whole brain metabolism 

Representative resting state and stress [18F]FDG PET images are presented in figure 

4A. In the resting state PET images, the effect of immediate and delayed estradiol 

replacement on global brain metabolism was investigated. Quantitative analysis of 

resting state [18F]FDG PET (Figure 4B) revealed a significantly lower whole brain 

[18F]FDG uptake in OVX-14d-E2 rats than in OVX control animals (p<0.05), but no 

significant effect in OVX-7d-E2 rats. Subsequent exposure of the rats to the FST 

caused a significant reduction in whole brain [18F]FDG uptake in all groups, except 

for OVX-FLX rats (-43%, p<0.001 for OVX; -37%, p<0.05 for OVX-7d-E2; -37%, 

p<0.001 for OVX-14d-E2; -37%, p<0.05 for OVX-ESC; -25%, p=0.24 for OVX-FLX). 

No significant differences in the whole brain [18F]FDG uptake between the treatment 

groups and the OVX control group were observed during stress (p>0.05). However, a 

significantly lower whole brain uptake of [18F]FDG was observed during stress in 

OVX-14d-E2 rats than in OVX-FLX rats (p<0.05), which may reflect that the 

working mechanism of fluoxetine and estradiol on depressive-like behavior is 

different in this model. 

 

Regional brain metabolism  

Results of voxel based analysis of [18F]FDG uptake after global normalization are 

presented in figure 5. To investigate the effect of estradiol replacement, PET scans in 

the resting state were compared, but no statistically significant between-group 

differences in regional [18F]FDG uptake were found between the OVX control group 

and the estradiol replacement groups (data not shown).  
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Figure 4: A) Representative axial and coronal [18F]FDG PET images co-registered on MRI template 

of a rat at the resting state (top) and during stress (bottom). Images represent uptake between 30 min 

at 45 min after [18F]FDG injection, and B) whole brain [18F]FDG uptake in resting state and during 

stress, expressed as SUV. Data are presented as mean + SD. Significant differences compared to OVX 

rats are indicated by *(p<0.05). 

 

Comparison of resting state with stress PET scans for all groups combined revealed 

that exposure to the FST (stress) had a statistically significant main effect on brain 

metabolism in multiple brain regions (Figure 5A). Increased [18F]FDG uptake during 

stress was found in the ventral tegmental area (VTA), substantia nigra, pons, 

cerebellum and medulla, while a decreased tracer uptake during stress was found in 

the striatum (caudate putamen and globus pallidus), amygdala, hippocampus, 

superior colliculus and most of the cortical regions, including the insular, frontal 

association, and somatosensory cortices. The [18F]FDG PET results of the within-

group comparison between resting state and stress for individual treatment groups 

are presented in Figures 5B to 5F and Table 1 (brain areas with increased uptake) 

and 2 (brain areas with decreased uptake). In OVX-FLX rats, no significant regional 

effect of FST-induced stress on [18F]FDG uptake was observed at all (Figure 5E). In 

all other groups, cerebellum and medulla were found to be common regions with 

increased [18F]FDG uptake, and striatum, amygdala, hippocampus, and superior 
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colliculus were common regions with decreased [18F]FDG uptake during stress, as 

compared to the resting state. 

Between-group comparison of the stress [18F]FDG PET scans showed that 

OVX-14d-E2 rats had higher brain [18F]FDG uptake in the periaqueductal grey, 

superior colliculus and cerebellum and lower [18F]FDG uptake in the caudate 

putamen and corpus callosum than OVX control rats during stress (Figure 5G, and 

Table 3). None of the other treatment groups showed any statistically significant 

differences in regional [18F]FDG uptake during stress, when compared to the OVX 

control group (data not shown). 

 

 
 

Figure 5: Voxel base analysis showing significant changes in brain [18F]FDG uptake: (A-F) Resting 

state PET acquired at day 14 vs. stress PET scans acquired at day 16 for (A) all the groups together, (B) 

OVX rats, (C) OVX-7d-E2 rats, (D) OVX-14d-E2 rats, (E) OVX-FLX rats, and (F) OVX-ESC rats. (G) 

Stress PET of  OVX-14d-E2 rats acquired at day 16 compared to OVX controls (Blue: deactivation; 

Red: activation; Am, Amygdala; BDNS, Bed nucleus of stria terminalis; Cb: Cerebellum; Hp, 

Hippocampus; Md, Medulla; PAG, Periaqueductal grey; Po, Pons; St: Striatum; SC, superior 

Colliculus; Th, thalamus; VTA, ventral tagmental area).  

 

Discussion 

In this study, we demonstrated that estradiol treatment started immediately after 

ovariectomy prevented body weight increase, reduced depressive-like behavior and 

decreased global brain glucose metabolism. In contrast, delayed estradiol 

replacement initiated one week after ovariectomy could neither reduce depressive-

like behavior, nor induce changes in brain glucose metabolism. However, delayed 

estrogen replacement did attenuate the gain in body weight induced by ovariectomy. 

During the menopausal transition, women have an increased risk of abdominal fat 

accumulation, which is accompanied by an increase in body mass index. This effect 

was ascribed to the hormonal changes during menopause. There is substantial 
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evidence that estrogen replacement can prevent the increase in body weight after 

menopause21. In our study, ovariectomy caused an increase in body weight that 

exceeded the normal increase in body weight in this rat strain (8-12 g per week). The 

increase in body weight could be prevented by estrogen replacement, indicating that 

this animal model can mimic a physiological change of estrogen depletion and 

replacement in post-menopausal women. 

Our findings on the effect of estradiol replacement on behavior are also 

consistent with clinical studies that have demonstrated that estradiol replacement 

could alleviate depressive signs in peri-menopausal women22, provided that 

treatment was started in time. Evidence strongly suggests that initiation of estrogen 

replacement several years after menopause does not have any beneficial effect 

anymore23. Apparently, there is a narrow window of opportunity for effective 

estrogen replacement, suggesting that only timely started estrogen treatment can 

prevent depressive-like symptoms. In our study, estradiol replacement could not 

reverse depressive-like behavior after ovariectomy when treatment was started with 

a delay of only one week. However, an alternative explanation for the lack of efficacy 

of delayed estradiol replacement could be that the rats in our study were treated with 

estradiol for only 9 days, which may have been too short to reverse the depressive-

like behavior induced by ovariectomy. 

 

Table 1: Voxel based analysis results showing the brain regions with statistically significant increase 

in [18F]FDG uptake during stress compared to resting state. T-maps were interrogated with a cluster 

threshold of 200 and corrected FWE of p<0.05 .  

 

Groups Brain region 

Peak value 

Coordinates T-value 

All rats Medulla 1.5 -12 -10 18.02 

Cerebellum -0.2 -10.8 -5 17.72 

Substantia nigra -2 -5 -7.5 8.08 

Mesencephalic region 1.7 -6.2 -7 8.67 

Ventral Tegmental Area (R) 1.5 -5.4 -7.4 7.78 

Ventral Tegmental Area (L) -1.8 -5.6 -7.4 7.66 

Pons 0.1 -10.6 -10.2 14.21 

OVX Olfactory Tubercle (R) 2.1 2.5 -8.2 11.71 

Cerebellum -0.4 -12.4 -8.4 20.58 

Medulla -1.5 -13.5 -8 18.52 

Entorhinal Cortex (L) -5 -8.4 -5.8 18.35 

OVX-7d-E2 Pons -0.06 -10.4 -10 11.43 

Cerebellum -1.6 -10.6 -5.2 8.51 

OVX-14d-E2 Cerebellum -0.6 -10.4 -5.6 17.71 

Medulla 1.5 -11.6 -9.6 10.9 

OVX-FLX - - - - NS 

OVX-ESC Medulla 0.7 -11 -7.2 32.91 

Cerebellum 0.7 -10.4 -4.2 19.1 
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Table 2: Voxel based analysis results showing the brain regions with statistically significant decrease 

in [18F]FDG uptake during stress compared to resting state. T-maps were interrogated with a cluster 

threshold of 200 and corrected FWE of p<0.05. 

 

Groups Brain region 

Peak value 

coordinates T-value 

All rats Hippocampus, Ventral 5.7 -6.2 -5.6 -23.21 

Hippocampus, posterodorsal -5.8 -5.4 -5.2 -20.59 

Corpus Collosum 5.7 -5 -3.8 -16.45 

Caudate Putamen (R) 4.9 -0.8 -5.5 -14.93 

Superior colliculus (R) 1.5 -8.5 -3 -14.82 

Amygdala (R) -4.8 -1.5 -7.4 -13.84 

Amygdala (L) -5.4 -3.8 -7.2 -13.59 

Superior Colliculus (L) -1.5 -8.4 -3.2 -11.78 

Somatosensory Cortex (L) -3.8 1.8 -3.5 -11.48 

Frontal Association Cortex  -0.5 5 -3 -11.15 

Insular Cortex (L) -3 3 -3.8 -10.35 

Visual Cortex (R) 3.1 -5.4 -1.4 -9.49 

Globus pallidum (R) 3.5 -0.8 -7 -10.27 

Globus pallidum (L) -0.34 -0.8 -7.2 -10.1 

OVX Olfactory Nuclei (R) 1.1 5 -5.2 -18.74 

Hippocampus, Posterodorasal (L) -5.6 -5.2 -4.4 -15.1 

Corpus collosum (L) -5.8 -5.8 -4.8 -14.74 

Auditory cortex (R) 5.5 -4.5 -4.5 -13.52 

Hippocampus, Posterodorasal (R) 5.9 -5.4 -4.5 -12.34 

Hippocampus, Ventral (L) -4.8 -5.6 -5.8 -11.98 

Caudate Putamen (R) 5.1 -1.2 -6.4 -11.81 

Superior Colliculus (R) 2.1 -8.2 -3 -11.76 

Olfactory Tubercle (L) -1.2 4.6 -5.4 -10.94 

Medial Frontal Cortex (R) 1.1 4.6 -2.6 -10.52 

Orbitofrontal Cortex  -0.4 5 -3.2 -10.23 

Parietal Association Cortex (R) 3.3 -4.2 -1.2 -9.31 

OVX-7d-E2 Hippocampus, Subiculum (L) -5.6 -7 -5 -13.64 

Corpus Callosum (L) -5.8 -6.4 -3.8 -13.29 

Amygdala (L) -4.8 -2.2 -7.2 -10.35 

Ventral Pallidum (L) -2.6 -0.6 -7.4 -10.53 

Cingulate Cortex 0.1 -0.4 -3 -7.51 

Caudate Putamen (L) -1.8 -0.4 -4.2 -6.67 

OVX-14d-E2 Temporal Association Cortex (L) -5.8 -7.4 -3.5 -14.25 

Accumbens Shell (L) -3.2 -0.6 -7.6 -12.56 

Caudate Putamen (L) -4.4 -0.2 -6.8 -12.11 

Corpus Callosum (R) 5.9 -5 -4 -11.24 

Caudate Putamen (R) 4.9 -1.2 -6.8 -11.15 

Amygdala (R) 4.9 -3.8 -7 -10.51 

Hippocampus, Ventral (R) 5.7 -5.6 -5.8 -10.48 

Visual Cortex (R) 3.9 -6.2 -1.6 -10.34 

Amygdala (L) -5 -3.5 -8 -9.55 

Auditory Cortex (R) 5.3 -6.4 -4 -9.16 

Superior Colliculus (R) 1.1 -7.2 -3 -9.79 

Entrosplenial Cortex 0.5 -2 -1.4 -5.42 

OVX-FLX -    NS 

table continued.. 
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Table 2 (continued): Voxel based analysis results showing the brain regions with statistically 

significant decrease in [18F]FDG uptake during stress compared to resting state. T-maps were 

interrogated with a cluster threshold of 200 and corrected FWE of p<0.05. 

 

Groups Brain region 

Peak value 

coordinates T-value 

OVX-ESC Hippocampus, Ventral (R) 5.9 -6.2 -6.2 -28.76 

Caudate Putamen (L) -4.8 0.4 -4.6 -27.37 

Piriform Cortex (R) 5.7 -1.8 -8 -18.16 

Auditory Cortex (L) -6.6 -3.8 -5.2 -15.27 

Motor Cortex (L) -2.2 1.8 -2 -15.2 

Motor Cortex (R) 3.1 2.6 -2.8 -13.39 

Cingulate Cortex -0.4 1.4 -1.6 -12.8 

Hippocampus, Ventral (L) -4.4 -5.4 -6.8 -11.85 

Somatosensory Cortex (R) 4.5 2.2 -4.4 -11.05 

Insular Cortex (R) 5.1 -0.2 -7 -10.29 

Visual Cortex (R) 5.5 -6.4 -2.8 -10.1 

Temporal Association Cortex (R) 5.5 -7.6 -3.8 -9.95 

Superior Colliculus (R) 1.1 -9 -3.2 -12.17 

 

 

Table 3: Voxel based analysis results showing the brain regions with statistical significant differences 

in [18F]FDG uptake in the stress [18F]FDG PET scan in OVX-14d-E2 rats compared to OVX controls. 

 

Increase/Decrease Brain region 

Peak value 

coordinates T-value 

Increase Superior Colliculus -0.2 -5 -3.8 4.55 

Cerebellum -2.8 -9.5 -5.6 3.22 

Periaqueductal grey 0.6 7.8 -5.1 4.72 

Decrease Caudate Putamen (R) 2.7 -0.2 -4.2 -4.51 

Corpus Callosum -0.2 0.6 -2.4 -3.38 

 

[18F]FDG PET was used to evaluate the effect of estradiol replacement and stress on 

brain glucose metabolism of ovariectomized rats. The effect of the FST was evaluated 

by comparing resting state and stress PET scans. When all treatment groups were 

pooled together, a large global decrease in [18F]FDG uptake was found after the stress 

challenge in the FST, as compared to resting state. This effect was possibly related to 

reduced global delivery of [18F]FDG to the brain due to increased muscular activity 

and temperature maintenance during swimming. When the PET scans were 

corrected for the global differences in whole brain [18F]FDG uptake, a significant 

increase in focal brain metabolism in the pons, cerebellum and medulla was 

apparent during stress when compared to the resting state. These brain regions are 

also associated with general processes of emotion and also coordination of muscular 

movement, maintenance of balance and posture in any (stressful) condition. 

Therefore, these differences can be partly ascribed to both the emotional response 

and the physical activity of the animals during the FST. In addition, several brain 

areas exhibited decreased relative brain glucose metabolism in the stress PET scans 

relative to resting state, in particular in hippocampus, amygdala, superior colliculus, 

striatum, and most of the cortical regions including the insula. An increased glucose 
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metabolism during stress is found in the VTA, which is located in the ventral part of 

the midbrain, and is the nucleus from which exclusively the inhibitory 

neurotransmitter dopamine is released. The VTA projects to striatum, amygdala, and 

(frontal) cortex by mesostriatal, mesolimbic and mesocortical projections, 

respectively. The observed stress-induced relative hyper-activation of the glucose 

uptake in VTA and the decreased uptake in striatum, amygdala, and (frontal) cortex 

might be explained by these interconnections. Our findings are only partly consistent 

with the findings of Jang et al.24 who did a similar study on brain metabolism during 

the FST, using [18F]FDG PET. They observed a higher metabolism in the striatum 

and cerebellum and a lower metabolism in the hippocampus, inferior colliculus and 

insula of healthy control rats during the FST, when compared to resting state. While 

Jang et al.24 found a higher metabolism in the striatum, we observed that the 

metabolism in the striatum was decreased. These differences may be due to the 

gender difference, as Jang et al. studied male rats, whereas females were used in our 

study. 

The effect of estrogen replacement after ovariectomy on brain glucose 

metabolism was investigated both in resting state and during stress, because stress 

could potentially aggravate the effects of estrogen depletion and, as discussed above, 

the FST by itself already has a significant effect on brain glucose metabolism. 

Between-group comparison of resting state global brain metabolism revealed that 

immediate, but not 1-week delayed, estradiol replacement caused a significant 

reduction in whole brain [18F]FDG uptake. After global normalization of tracer 

uptake, no regional differences in focal [18F]FDG uptake could be observed. These 

finding are not in line with a recent animal study that found an increase, rather than 

a decrease, in glucose metabolism 3 weeks after ovariectomy. This increase in glucose 

metabolism could be reversed by immediate estradiol replacement, but not by 3-

weeks delayed estradiol replacement25. Our results on resting state glucose 

metabolism also seem to be in conflict with clinical studies that have demonstrated a 

reduced regional cerebral blood flow and glucose metabolism in patients with major 

depression10. If estrogen deprivation is associated with depression, one would expect 

that immediate estrogen replacement after ovariectomy would result in an increase 

glucose metabolism, rather than the decrease that we observed. 

In contrast to the resting state PET, no significant differences in global 

[18F]FDG uptake between the estradiol replacement groups and untreated 

ovariectomized rats were found in the PET scans acquired during stress. After global 

normalization of whole brain [18F]FDG uptake, however, regional differences in 

relative brain metabolism were observed between untreated ovariectomized rats and 

ovariectomized rats that immediately received estradiol replacement. Immediate 

estradiol replacement led to an increase in relative glucose metabolism in the 

periaqueductal grey, superior colliculus and cerebellum and a decrease in relative 

glucose metabolism in caudate putamen and corpus callosum. The periaqueductal 

grey is an area of the brain that is known to initiate the processes of escapable 

(active) and inescapable (passive) coping behavior when exposed to a particular 

stressor. Together with the medial hypothalamus, superior and inferior colliculi, the 
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periaqueductal grey forms the so-called brain defense system or fight and flight 

system26. Immediate estradiol replacement increased the duration of climbing in the 

FST, which is in agreement with the flight/fight behavior that would result from the 

activation of the periaqueductal grey, probably in the dorsal part27. 

In this study, ovariectomized rats exposed to sub-acute treatment of the SSRIs 

fluoxetine and escitalopram were included as positive control groups for behavioral 

effects. A remarkable finding in our study was that sub-acute treatment with these 

SSRIs could not produce any significant effect on depressive-like behavior. In 

contrast to our results, other studies have demonstrated that sub-chronic treatment 

with SSRIs can have an effect on depressive-like behavior as measured in the 

FST12,28. This apparent discrepancy could be due to the duration of treatment in our 

study, which may have been insufficient to induce the desensitization of the 

serotonergic receptors or transporters29. Another explanation for the lack of efficacy 

of the SSRIs could be gender differences between the studies. In contrast to our 

study, the effect of sub-chronic SSRIs treatment is usually investigated in male rats. 

Male and female rats respond differently to stress and to drug treatment, both 

behaviorally and neurochemically30. An alternative explanation could be that anti-

depressant activity of the SSRIs in females could be mediated by circulating 

estrogens31–33. Since our study was performed on ovariectomized rats, circulating 

estrogen levels were low. Several studies in rodents and humans have shown that 

antidepressants may show little effect in the absence of circulating estrogens34–36. 

Sub-acute treatment with fluoxetine and escitalopram had different effects on 

brain glucose metabolism. While the escitalopram-treated group showed similar 

regional differences in relative brain metabolism between resting state and stress 

PET as the ovariectomized controls and the estrogen replacement groups, no 

significant effect of FST on regional brain metabolism was observed in fluoxetine-

treated rats. Our results differ from those found by Jang and coworkers12, who found 

that the FST caused a relative increase in brain metabolism in cerebellum, motor and 

sensory cortex, and a decrease in amygdala and piriform cortex of fluoxetine treated 

rats during the FST, as compared to resting state. This discrepancy could be due to 

gender differences between both studies. The differences in FST-induced changes in 

brain metabolism between escitalopram and fluoxetine observed in our study may be 

due to differences in the mechanism of action between the SSRIs. Escitalopram is a 

very selective SSRI, whereas fluoxetine also interferes with norepinephrine and 

dopamine reuptake37 and can bind to serotonin 2C38 and sigma1 receptors39. In 

addition, escitalopram has superior efficacy and needs less time to produce its 

antidepressant effect40. Based on these pharmacological differences, it can be 

speculated that fluoxetine treatment affected different neurotransmitter systems, 

causing different effects on brain glucose metabolism. 

 

Conclusion 

Our study showed that immediate estradiol replacement after ovariectomy prevented 

the development of depressive-like behavior in rats and affected regional brain 

glucose metabolism during stress. The regional pattern of affected brain glucose 



Effect of Estrogen Replacement on Neural Responses 

111 

metabolism suggests that immediate estradiol replacement influences motivational 

cues by stimulating monoaminergic (inhibitory) projections of the midbrain to the 

basal ganglia and cortex. In contrast, delayed estradiol replacement, initiated one 

week after ovariectomy, did not have any significant effect on depressive-like 

behavior or brain glucose metabolism during stress. In the present study, 24 h 

treatment with standard antidepressant drugs did not affect depressive-like 

behavior. These results suggest mechanistically that estrogens may be a preferable 

biological therapy for post-menopausal depression as compared to SSRIs, but that 

the appropriate timing of hormonal therapy will be very critical for success. 
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Abstract 

The decline in circulating estrogens during menopause increases the risk of 

depression. The occurrence of depression in post-menopausal women is likely multi-

factorial in nature as only a minority suffers from depression. Stress could be the 

additional trigger for inducing depression. We therefore investigated the effect of 

estrogen depletion by ovariectomy and exposure to chronic mild stress (CMS) on 

depressive-like behavior and brain glucose metabolism in rats. Ovariectomized rats 

were divided into four groups: treatment with placebo or estradiol, and exposed to 

CMS or not. Estradiol or placebo treatment was initiated directly after ovariectomy. 

The six-week CMS protocol was started two weeks later. Immediately before and 

after six weeks of CMS, rats underwent behavioral testing to assess depressive-like 

behavior and an [18F]FDG PET scan. Placebo-treated rats showed increased weight 

gain in the first two weeks after ovariectomy and more depressive-like behavior after 

the CMS period than estradiol-treated rats. At both time points [18F]FDG PET 

showed decreased glucose metabolism in brain regions of the basal ganglia, the 

limbic system and regions related to cognition and emotion of placebo-treated rats, 

as compared to estradiol-treated animals. In addition, an increased glucose 

metabolism was found in connected (cortical) regions. Changes in body weight, 

behavior and brain glucose metabolism were independent of CMS. In conclusion, 

reduced levels of estrogen as a consequence of ovariectomy induced depressive-like 

behavior and resulted in changes in glucose metabolism in brain areas involved in 

emotion. Exposure to CMS did not enhance the depressive-like behavior in 

ovariectomized rats. 
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Introduction 

Estrogens are not only known for their role in the development of secondary sexual 

and reproductive functions in females, but are also associated with mental disorders. 

The decline in circulating estrogens during menopause increases the risk of 

developing depression1, and estrogen replacement therapy was found to alleviate 

symptoms of depression in post-menopausal women2,3. The occurrence of depression 

in post-menopausal women is, however, not only dependent on the decline in 

circulating estrogen levels, but is likely multi-factorial in nature as only a minority of 

post-menopausal women suffers from depression4. An additional trigger is thought 

to be required to induce the depression4. From demographic studies it was found 

that negative life events can trigger depression, especially during the menopausal 

transitional period5,6. These negative life events, which can act as stressors in 

menopausal women, include higher body mass index, smoking, lack of sleep, 

financial difficulties, marital problems, and health problems7,8. 

Exposure of rodents to chronic mild stress (CMS) is a widely used model to 

induce depressive-like behavior9. CMS involves continuous exposure to a variety of 

mild stressors that can mimic negative life events, including periods of food and 

water deprivation, temperature reductions and changes in cage mates. The CMS 

protocol induces the core symptom of depression, namely anhedonia, which is the 

inability of an individual to feel pleasure with things considered pleasurable. 

Anhedonia is accompanied by alterations in noradrenergic, dopaminergic and 

serotonergic neurotransmission10. CMS induced depressive-like behavior could be 

reduced by chronic treatment with antidepressants9,10. We hypothesized that the 

combination of negative life events, i.e. stressors, with declining estrogen levels may 

culminate in a post-menopausal depression. The objective of this study was therefore 

to determine if reduced circulating estrogen levels affect the susceptibility of female 

rats to CMS. To this purpose, we investigated the effect of estrogen depletion by 

ovariectomy and the effect of exposure to CMS for 6 weeks on depressive-like 

behavior. Since estrogen and estrogen receptors play a role in maintaining glucose 

homeostasis in the brain11 and glucose metabolism is altered in the brain of 

depressed patients12, we also assessed the central effects of estrogen depletion and 

CMS on brain glucose metabolism by positron emission tomography (PET) with the 

tracer 2-[18F]fluoro-2-deoxyglucose ([18F]FDG). 

 

Materials and methods 

Animals 

Female outbred Wistar rats (n=32, 9-12 weeks old, 200-250 g) were purchased from 

Harlan (Horst, The Netherlands). The rats were housed individually in Macrolon 

cages on a layer of wood shavings in a room with a constant temperature (21±2oC) 

and a fixed 12 h light-dark regime. Standard laboratory chow and water were 

available ad libitum. After arrival, the rats were allowed to acclimatize for at least 7 

days. During the acclimatization period and throughout the study, all rats were 

handled daily by the investigator. All experiments were approved by the Institutional 
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Animal Care and Use Committee of the University of Groningen (IACUC-RuG), 

Groningen, The Netherlands (study protocol: DEC 5842D). 

 

Study design 

All rats were ovariectomized and divided into two treatment groups, placebo and 

estradiol, and further divided into two condition groups, control rats and rats 

subjected to chronic mild stress for six weeks. In Figure 1 the study design is 

represented in a time line of the experimental procedures. 

On day 0 the rats were ovariectomized and either a placebo or an estradiol 

releasing pellet was implanted (Figure 1). Rats were allowed to recover from the 

surgery for 12 days. On day 12 post-ovariectomy (baseline), a sucrose consumption 

test (SCT) was performed, followed by a [18F]FDG PET scan on day 13, an open field 

test (OFT) on day 14 and the forced swim test (FST) on day 15 (pretest) and 16 (test). 

From day 17 until day 59 (6 weeks), the rats were exposed to mild stressors according 

to the CMS protocol (Table 1). Control animals were not exposed to these stressors. 

During this 6-week period all rats underwent a weekly SCT (7 times). On day 60, all 

rats were subjected to a [18F]FDG PET scan, followed by the OFT on day 61 and the 

FST on day 62 (pretest) and 63 (test). Immediately after the FST, all rats were 

sacrificed and the brain, uterus and adrenal glands were removed and weighed. 

 

 
Figure 1: Study design. On day 0 rats were ovariectomized (OVX) and implanted with a placebo or 

estradiol releasing pellet. After 12 days of recovery, rats were exposed to behavioral tests (SCT: 

sucrose consumption test; OFT: open field test; and FST: forced swim test (pFST: pretest, tFST: test)), 

to [18F]FDG positron emission tomography (PET) and to chronic mild stress (CMS). 

 

Ovariectomy and estradiol replacement 

Bilateral ovariectomy was performed under isoflurane anesthesia as previously 

described Khayum et al 13 Both sides of the abdomen of the anesthetized rats were 

shaved and sterilized with 70% ethanol. A small incision was made through the skin 

and muscle layer of the abdomen to expose the ovaries. The blood vessels that supply 

the ovaries were ligated with silk sutures and the ovaries with the associated fat pads 

and a part of the uterus were removed. The muscle layer and the skin were then 

closed with chromic sutures. 

Immediately after ovariectomy, a placebo pellet or an estradiol-releasing pellet 

(NC-111 Placebo, and NE-121 17ß-estradiol 2.25mg/pellet, 90 day release, Innovative 
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research of America, Florida, USA) was subcutaneously implanted in the neck of the 

rat. In placebo-treated rats, circulating estrogen levels were reduced as a 

consequence of ovariectomy, as is observed in post-menopausal women. In the 

estradiol-treated rats, the pellets released 25 μg of estradiol per day with zero order 

kinetics, resulting in preservation of physiological levels of estradiol in plasma. 

After completion of the surgery, the rats were subcutaneously injected with 

finadyne (2.5.mg/kg Flunixin, Schering-Plough N.V/S.A., Belgium) for pain relief. 

Administration of finadyne was repeated 24 h after surgery. 

 

Chronic mild stress 

The chronic mild stress (CMS) protocol14 started at day 17 after ovariectomy and 

consisted of 6 weekly cycles of exposure to different stressors (Table 1). The stressors 

were: paired housing (each rat acted as a resident for six times and as an intruder for 

six times), tilting of cages to 45 degrees, soiled cage, stroboscopic illumination (1500 

watts, 2 flashes per second), and food and water deprivation. Control rats were 

housed in a separate room, and were not exposed to these stressors. Before and 

during the CMS protocol, rats were weighed every week to monitor body weight 

changes. 

 

Table 1: Schedule of the CMS protocol 

 

Day Stressors 

Sunday 10:00 h: Sucrose test, followed by normal housing 

20:00 h: Paired housing for 14 hours 

Monday 10:00 h: Tilting of the cages (45 degrees) for 10 hours 

20:00 h: Soiled cage (250 ml of water was poured into the sawdust bedding) for 14 h 

Tuesday 10:00 h: Cage cleaning, followed by water deprivation for 10 hours  

20:00 h: Paired housing for 14 hours 

Wednesday 10:00 h: Stroboscopic illumination in darkness for 10 hours  

20:00 h: Food deprivation for 14 hours 

Thursday 10:00 h: Tilting of the cages (45 degrees) for 10 hours  

20:00 h: Cages were put back in straight position. Animals were allowed a period 

without exposure to a stressor 

Friday 10:00 h: Stroboscopic illumination in darkness for 10 hours 

20:00 h: Soiled cage (250 ml of water was poured into the sawdust bedding) for 14 h 

Saturday 10:00 h: Cage cleaning followed by no stress  

20:00 h: Food and water deprivation for 14 hours 

 

Sucrose consumption test 

From day 2 until day 11, rats were habituated daily to the sucrose consumption test 

(SCT) by putting two bottles in their home cages for 1h: one bottle contained normal 

water and the other bottle 1% sucrose solution. After habituation, the rats were 

subjected to the baseline SCT on day 12. Prior to the test, rats were deprived of food 

and water for 14 h. The bottle with the 1% sucrose solution and the bottle with 

normal water were placed at the same location in the home cage of the animals as 

during habituation. After 1 h, the bottles were removed and the consumption of 
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sucrose solution was measured by subtracting the weight of the bottle after the SCT 

from the initial weight of the bottle. The sucrose consumption is expressed as grams 

of sucrose solution consumed per hour. The SCT was performed on a fixed day of the 

week at a fixed time (Sundays between 9 and 10 AM) and was repeated 6 times 

during CMS protocol. 

 

Open field test 

The open field test was performed on day 14 and 61 post-ovariectomy. The rats were 

placed in the center of a circular black arena (diameter of 80 cm, height of 40 cm). 

Rats were allowed to explore the arena for a period of 5 min. During this period, the 

behavior of the rats in the arena was videotaped for subsequent behavioral analysis. 

After each open field experiment, the arena was cleaned with water and 70% alcohol, 

and dried. Videos were analyzed using Ethovision XT 8 (Noldus Information 

Technology, Wageningen, The Netherlands). The outcome parameters were the 

distance travelled and the time spent in the center of the arena and the time spent at 

the border of the arena. A reduction in the distance travelled or a reduction in the 

time spent in the border zone of the open field reflects increased anxiety. 

 

Forced swim test 

The forced swim test (FST) was performed on day 15/16 and on day 62/63 post-

ovariectomy. On the first day of each test, the rats were subjected to a pretest FST. 

The rat was individually placed in a cylindrical water tank (diameter of 20 cm and a 

height of 40 cm) for 15 min. The water level in the tank was set at 30 cm to ensure 

that the rats could swim or float without touching the bottom of the tank with 

their hind limbs. The temperature of the water was maintained at 21±1 oC. After 15 

min, the rats were taken out of the tank, dried with paper towels and returned to 

their home cages. On the second day, the rats were subjected to the test FST by 

placing the animals again in the cylindrical water tank for 5 min. After the test FST, 

the rats were dried with paper towels and returned in their home cages. After every 

test, the water from the tank was discarded; the tank was washed and filled with 

fresh water for the next test. The entire pretest and test FST sessions were recorded 

on video for subsequent analysis using Ethovision XT 8 software (Noldus 

Information Technology, Wageningen, The Netherlands). For digital video analysis 

of the behavior of the animal, the water tank was divided into two zones: the surface 

zone and the diving zone. The surface zone was defined as the region between 10 cm 

above the water surface until the depth equal to the vertical body length of the rat 

below the water surface. The diving zone contained the whole area below the surface 

zone. The outcome parameters were the time spent on swimming (horizontal  

movement crossing all quadrants of the swim chamber), climbing (upward-directed 

movements of the forepaws, usually along the side of the swim chamber or floating 

(no additional activity observed other than that required to keep the rat’s head above 

the water) in the surface zone. 
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[18F]FDG PET imaging  

At day 13 and day 60 post-ovariectomy, the rats were subjected to an [18F]FDG PET 

scan. Rats were placed in pre-warmed cages with a temperature of 30 °C for 

environmental adaptation and minimization of [18F]FDG uptake in brown fat. After 

30 min of adaptation, rats were anesthetized with isoflurane (5% induction and 2% 

maintenance, in medical air) and injected with [18F]FDG via the tail vein (14.5±2.5 

MBq). Hereafter, rats were returned to their pre-warmed cages to recover from 

anesthesia. Forty min after tracer injection, the rats were again anesthetized with 

isoflurane and placed in the small animal PET camera (Focus 220, Siemens Medical 

Solutions, USA, Inc). Rats were positioned in a transaxial position with their heads in 

the field of view. At 45 min after [18F]FDG injection, a static PET scan of 30 min was 

acquired. During the PET scan, rats were kept under isoflurane anesthesia (2% in 

medical air) and body temperature was maintained by heating pads. Eye salve was 

used to prevent dehydration of the eyes. After completion of the emission scan, a 

transmission scan with a 57Co point source was acquired for 515 seconds to allow for 

correction of attenuation and scatter by tissue. List mode emission data was 

iteratively reconstructed into a single frame image of 30 min (OSEM2D, 4 iterations, 

and 16 subsets). PET data were normalized and corrected for attenuation, scatter, 

random coincidences and radioactive decay. 

 

PET image analysis 

Whole-brain volume of interest (VOI) based analysis was performed to determine 

global differences in [18F]FDG uptake, using Inveon 4.0 software (Siemens Medical 

Solutions, USA, Inc). A VOI was drawn around the whole brain on a T2 MRI 

template15 that was co-registered with the PET images. The VOI was then copied to 

the PET images to determine the accumulation of radioactivity in the whole brain (in 

Bq/cm3), which was converted into the standardized uptake value (SUV). The SUV 

was defined as: [tissue activity concentration (Bq/cm3)]/[injected dose (Bq)/body 

weight (g)]. It was assumed that 1 cm3 of brain tissue equals 1 g. 

Voxel-based analysis was performed using SPM8 software (SPM; Wellcome 

Department of Cognitive Neurology, University College London, UK), in combination 

with an in-house toolbox that allows the visualization of the results over a rat ‘glass 

brain’ (maximum intensity projection map), and to report the coordinates in Paxinos 

space. [18F]FDG PET images were co-registered with a [18F]FDG rat brain template 

that was developed according to the methodology described by Casteels et al. 16. 

Extra-cerebral regions were removed from the PET images by the application of a 

mask. The PET images were smoothed with a 1.2 mm isotropic Gaussian kernel. 

Global brain uptake differences between animals were normalized by proportional 

scaling relative to the mean whole brain [18F]FDG uptake. 

Voxel-based analysis was performed using two-sample t-tests (paired within-

groups, and unpaired between groups). T-map data were interrogated at uncorrected 

p<0.005 with an extent threshold of 200 voxels. Only clusters with a corrected 

family-wise error p<0.05 were considered significant. 
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Statistical analysis 

All data are expressed as mean ± standard error of mean (SEM). Statistical analysis 

was performed using IBM SPSS statistics 22 for Windows. Adrenal gland weight, 

uterus weight and whole brain [18F]FDG uptake (SUV) were analyzed by univariate 

analysis with condition (control or CMS) and treatment (estradiol or placebo) as 

factors. The baseline measures, i.e. at day 12-17 post ovariectomy (before CMS), of 

the body weight, SCT, OFT, FST and [18F]FDG PET were analyzed with a one-way 

ANOVA, to compare the placebo-treated with the estradiol-treated ovariectomized 

rats. The bodyweight and the SCT were analyzed by repeated measures ANOVA with 

time, condition and treatment as factors, using the baseline measures as a covariate. 

The post-CMS OFT, FST and [18F]FDG PET were analyzed by univariate analysis 

with condition and treatment as factors, using the baseline measures as a covariate 

measures. Significance was reached when the probability (p) was <0.05. 

 

Results 

Body weight  

To assess changes in body weight as a consequence of ovariectomy and CMS, the 

body weight gain from day 0 was determined at different time points (Figure 2). To 

determine the effect of treatment, the body weight gain at day 10 and 17 post-

ovariectomy, i.e. before the start of CMS, was compared between groups. A 

statistically significantly higher bodyweight gain was found for placebo-treated rats, 

when compared to the estradiol-treated rats (p<0.001), both at day 10 (34.3±3.4 vs. -

13.6±1.8) and at day 17 (43.7±5.6 vs. -13.9±6.8) post-ovariectomy. 

To determine the main effect of treatment (placebo or estradiol), condition 

(control or CMS) and their interaction on the body weight gain post-CMS, the body 

weight gain measure at day 17 was used as a covariate in the repeated measures 

analysis. A statistically significant effect of time on body weight gain was observed 

(F(1.8,49.2)=48.4, p<0.001), showing that there was an increase in body weight over 

time. No statistically significant interaction of treatment and condition with the body 

weight gain over time was observed. However, a statistically significant main effect of 

treatment was observed for the body weight gain (F(1,27)=20.3, p<0.001), showing 

that, independent of time, the placebo-treated rats had a higher body weight gain. 

CMS did not affect the body weight gain, as no main effect of condition was found. 

 

Uterus and adrenal gland weight 

The weight of the uterus was determined as an indicator of changes in circulating 

estrogen levels. The uterus weight of the control rats (not exposed to CMS) was 

0.74±0.08 g for estradiol-treated rats and 0.22±0.03 g for placebo-treated rats. In 

rats exposed to CMS, the weight of the uterus was 0.64±0.09 g for estradiol-treated 

rats and 0.22±0.02 g for placebo-treated rats. Ovariectomy was found to cause a 

statistically significant decrease in the uterus weight of placebo-treated rats, as 

indicated by a main effect of treatment (F(1,27)=59.8, p<0.001). Neither a statistically 

significant main effect of condition, nor an interaction between treatment and 
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condition was found (p>0.05), showing that CMS did not affect the weight of the 

uterus. 

 

 
Figure 2: Body weight gain of estradiol- and placebo-treated ovariectomized rats over time. Rats 

were exposed to chronic mild stress (CMS) from day 17 until day 59. Control animals were not 

exposed to CMS. Data are presented as mean ± SEM, *p<0.001 indicates a significant effect of time 

and of treatment. 

 

The weight of the adrenal glands was measured to determine the effect of stress 

induced by the CMS protocol. Adrenal gland weight is indicative of chronic activation 

of the hypothalamus-pituitary-adrenal (HPA) axis during stress. In control rats (not 

exposed to CMS), the adrenal gland weight was 0.078±0.009 g for estradiol-treated 

rats and 0.064±0.005 g for placebo-treated rats. In rats exposed to CMS, the weight 

of the adrenal glands was 0.066±0.004 g for estradiol-treated rats and 0.068±0.006 

g for placebo-treated rats. Neither treatment (placebo or estradiol) nor condition 

(control or CMS) affected the weight of the adrenal glands, as no statistically 

significant main and interaction effects were found. 

 

Sucrose consumption test  

The SCT was performed at baseline, i.e. at day 12 post-ovariectomy, and 7 times 

during the CMS protocol (Figure 3). At baseline, no statistically significant difference 

in sucrose solution consumption was found between placebo (9.0±1.4) and estradiol 

(7.5±0.9) treated ovariectomized rats (p=0.368). Repeated measures analysis, using 

the baseline measure as a covariate, revealed no significant differences in the sucrose 

solution consumption in rats over time (F(4.3,115.2)=1.56, p=0.163). In addition, no 

effect of treatment (placebo or estradiol) or condition (control or CMS) on the 

sucrose consumption was observed. 

 

Open field test 

The results of the OFT at baseline and after CMS are presented in Figure 4. At 

baseline, i.e. at day 14 post-ovariectomy, no statistically significant differences were 

found between placebo- and estradiol-treated rats in the total distance travelled and 
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in the distance travelled in the border zone or in the center zone (p>0.05). In 

addition, no statistically significant differences were found in the time spent in the 

center or at the border of the arena (data not shown). These findings indicate that the 

reduced estrogen levels in ovariectomized rats did not affect open field behavior at 

baseline. 

 

 
Figure 3: Changes in sucrose consumption (SCT) of estradiol- and placebo-treated ovariectomized 

rats at over time, during chronic mild stress (CMS). Control animals were not exposed to CMS. Data 

are presented as mean ± SEM. 

 

To assess if treatment (placebo or estradiol), condition (control or CMS) and their 

interaction affected open field behavior, the distance travelled and time spent in the 

center and the border zone were determined on day 61 post-ovariectomy, using the 

baseline measure as a covariate. As for the baseline results, OFT at day 61 did not 

reveal any statistically significant difference (p>0.05) in the distance travelled or the 

time spent in any zone, showing that treatment and condition did not affect open 

field behavior. 

 

 
Figure 4: Open field test of estradiol- and placebo-treated ovariectomized rats at day 14 (baseline) 

(A) and  at day 61 (B). Rats were either exposed to mild chronic stress (CMS) from day 17 to 59 or were 

not exposed to these stressors (control). Data are presented as mean ± SEM. 
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Forced swim test 

The FST performed at baseline (day 16 post-ovariectomy) revealed that the reduced 

levels of estradiol in placebo-treated ovariectomized rats did not affect the duration 

of floating (p=0.802) and climbing (p=0.177) behavior (Figure 5A). At baseline, there 

was a trend towards more swimming behavior in placebo-treated rats than in 

estradiol-treated rats (12.8%, p=0.058). 

 

 
Figure 5: Forced swim test behavior of estradiol- and placebo-treated ovariectomized rats at day 16 

(baseline) (A) and at day 63 (B). Rats were either exposed to mild chronic stress (CMS) from day 17 to 

59 or were not exposed to these stressors (control). Data are presented as mean ± SEM. Significant 

main effect of treatment are indicated as *p<0.05 and **p<0.005. 

 

The FST on day 63 was performed to determine if treatment (placebo or estradiol), 

condition (control or CMS) and their interaction affected FST behavior, using the 

baseline measure as a covariate (Figure 5B). The FST at day 63 post-ovariectomy 

revealed a statistically significant main effect of treatment for floating (F(1,26)=11.6, 

p=0.002), swimming (F(1,26)=6.0, p=0.021) and climbing (F(1,26)=14.3, p=0.001). 

Ovariectomy increased floating behavior and decreased both swimming and climbing 

behavior. No statistically significant main effect of condition (p>0.05) or an 

interaction between treatment and condition (p>0.05) was found for any of the 

behaviors, showing that CMS did not affect FST behavior. 

 

Whole brain glucose metabolism 

Whole brain [18F]FDG uptake (SUV) is shown in Figure 6A (baseline) and 6B (day 60 

post-ovariectomy). No statistically significant differences in whole brain [18F]FDG 

uptake between estradiol- and placebo-treated rats were found at baseline (p=0.145). 

To determine the main effect of treatment (placebo or estradiol), condition (control 

or CMS) and their interaction on whole brain [18F]FDG uptake, the uptake at day 13 

was used as a covariate. No statistically significant effect of treatment, condition or 

an interaction between treatment and condition on whole brain [18F]FDG uptake was 

found  at day 60 (p>0.05). 
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Figure 6: Whole brain [18F]FDG uptake of estradiol- and placebo-treated ovariectomized rats at day 

13 (baseline) (A) and at day 60 (B). Rats were either exposed to mild chronic stress (CMS) from day 17 

to 59 or were not exposed to these stressors (control). Data are presented as mean ± SEM. 

 

Voxel-based analysis of [18F]FDG PET scans 

Voxel-based analysis of [18F]FDG PET scans revealed regions with significantly 

increased (red) or decreased (blue) brain glucose metabolism, as presented in Figure 

7. Regions of the brain with the highest T-value clusters are presented in Table 2 and 

3. At two weeks after ovariectomy (baseline), placebo-treated rats displayed 

statistically significantly increased glucose metabolism in the motor and entorhinal 

cortex, as compared to estradiol-treated rats. In addition, statistically significantly 

decreased glucose metabolism was observed in, amongst others, the thalamus, 

periaqueductal grey (PAG), superior colliculus, caudate putamen and cortical regions 

(Figure 7A, Table 2). 

At day 60 post-ovariectomy, placebo-treated control rats (not exposed to 

CMS) showed a significant increase in glucose metabolism in cortical regions and a 

significant decrease in thalamus, hypothalamus, globus pallidus, amygdala, 

periaqueductal grey, and several cortical regions, as compared to estradiol-treated 

control rats (Figure 7B, Table 3). In contrast, placebo-treated rats that were exposed 

to CMS showed increased glucose metabolism in several cortical regions and 

decreased glucose metabolism in the medulla and several other cortical regions, as 

compared to estradiol-treated rats exposed to CMS (Figure 7C, Table 3). Comparison 

of placebo-treated control rats and placebo-treated rats exposed to CMS did not 

reveal any statistically significant differences in glucose metabolism (Figure 7D). 

Likewise, no statistically significant differences in glucose metabolism were found 

between control estradiol-treated rats and estradiol-treated rats exposed to CMS 

(Figure 7E, table 3). 

 

Discussion 

Reduction in circulating estrogens in post-menopausal women can result in the 

development of depression. As not all post-menopausal women develop depression, 

an additional trigger is likely required. Stress may be such a trigger and we therefore 

investigated if chronic mild stress could lead to the development of depressive-like 

behavior in ovariectomized rats. Our results showed that a reduction in circulating 
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estrogens affected body weight and brain glucose metabolism, and induced 

depressive-like behavior. We did, however, not find any effect of chronic mild stress 

on any of these outcome parameters. 

The body weight gain of the female rats was found to be affected by both 

ovariectomy and estradiol treatment. Healthy female Wistar rats with a bodyweight 

of 200 to 250 grams gain about 1 gram of bodyweight per day. The placebo-treated 

ovariectomized rats in this study gained about 44 grams of bodyweight in the first 10 

days after ovariectomy, while the estradiol-treated ovariectomized rats lost about 14 

grams of body weight in the same period. 

 

 

 

Figure 7: Brain areas with significant effects on brain glucose metabolism: A) The effect of estradiol 

depletion on brain glucose metabolism between placebo- and estradiol-treated rats at day 13 post-

ovariectomy (n=16). B and C) The effect of circulating estrogens on brain glucose metabolism in 

control and CMS-exposed rats at day 60 post-ovariectomy (n=8). D and E) The effect of exposure to 

CMS on brain glucose metabolism in placebo- and estradiol-treated rats (n=8). 
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Table 2: Brain regions with differences in baseline [18F]FDG uptake (day 13) between placebo-treated 

and estradiol-treated ovariectomized rats. 

Increased [18F]FDG uptake (placebo vs. estradiol) 

 Region Coordinates T-value 

  Entorhinal cortex, right 4.7 -7.8 -7.8 7.24 

Motor cortex, left -2.8 3.6 -0.6 7.26 

Decreased [18F]FDG uptake (placebo vs. estradiol) 

 Region Coordinates T-value 

  Caudate putamen, left -4.2 0.6 -6.4 4.28 

Cerebellum -0.6 -10.2 -6 5.19 

Entorhinal cortex, left -4.8 0.4 -6.6 4.2 

Entorhinal cortex, right 4.7 -1 -7.6 3.47 

Insular cortex, left -5 0 -6.8 4.18 

Periaqueductal grey 0.7 -6.4 -5.2 5.49 

Pons, left -1.6 -9 -5.8 5.73 

Superior colliculus, left -2.2 -8.9 -3.4 5.48 

Thalamus, dorsal midline, right 1.3 -4 -4 6.9 

Thalamus, dorsolateral, left -1.8 -3.8 -4.8 6.35 

 

After those 10 days, the bodyweight gain was similar for all groups and comparable 

to the normal gain in body weight of female Wistar rats. This finding of increased 

bodyweight gain after ovariectomy is consistent with previous findings from animal 

models, and is likely related to an increase in body fat17–19. Post-menopausal women 

also often suffer from weight gain, but it has been consistently shown that this is a 

consequence of aging rather than menopause19. However, the post-menopausal 

decline in estrogens was associated with a more rapid increase in fat mass and the 

redistribution of fat to the abdomen20,21. Hormone replacement therapy (estrogen 

and progestin) was found to prevent this fat redistribution, although the effect was 

small22.  

To assess depressive-like behavior in placebo- or estradiol-treated 

ovariectomized rats, the sucrose consumption, open field behavior and forced swim 

test behavior were determined. Behavior at baseline, i.e. 16 days after ovariectomy 

and before the start of CMS, was not affected by reduced levels of estrogens in the 

placebo-treated ovariectomized rats. However, an effect of treatment was found on 

forced swim test behavior at day 63. Reduced levels of estrogens in the placebo-

treated ovariectomized rats led to an increase in floating behavior and a decrease in 

swimming and climbing behavior, confirming the role of estrogen in regulating 

depressive-like behavior. The finding of increased floating behavior after 

ovariectomy is consistent with previous studies that report an increase in immobility 

time in both rats and mice23–25. Although the increased immobility time after 

ovariectomy is consistently found, there are discrepancies in the time between 

ovariectomy and the occurrence of depressive-like behavior, which could be related 

to the rat strain used and the testing conditions. We did not find changes in floating 

at day 16 post-ovariectomy, but did so at day 63. In contrast, Estrada-Camerena et 

al.26 showed an increase in immobility at 1 week after ovariectomy, but not at 3 and 
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12 weeks, using the same rat strain. In Sprague-Dawley rats, Li et al.27 reported 

increased immobility time 5 weeks after ovariectomy. 

 

Table 3: Brain regions with differences in [18F]FDG uptake between placebo-treated and estradiol-

treated ovariectomized rats at day 60 post-ovariectomy. 

Increased [18F]FDG uptake 

Groups Region Coordinates T-value 

Control rats: 

placebo vs. 

estradiol 

Accumbens core, left -1.2 2.2 -6.6 4.94 

Insular cortex, left -4.8 3.4 -2.8 6.31 

Olfactory tubercle, left -3 1.8 -7.8 8.09 

Orbitofrontal cortex, left -2.6 2.4 -5 6.55 

Orbitofrontal cortex, right 3.1 3.5 -4.2 4.41 

Piriform cortex, right 1.3 3.6 -5.2 6.07 

Somatosensory cortex, left -5 0.8 -4.8 3.36 

CMS-exposed 

rats: placebo 

vs. estradiol 

Entorhinal cortex, right 2.5 2.8 -6 5.42 

Frontal cortex, association, right 3.3 5 -3.8 4.35 

Olfactory tubercle, left -0.6 1.6 -8.2 4.9 

Orbitofrontal cortex, left -3.8 4 -5 5.54 

Piriform cortex, left -2.8 2.8 -7.4 6.57 

Piriform cortex, right 3.7 2 -7.4 6.74 

Decreased [18F]FDG uptake 

Groups Region Coordinates T-value 

Control rats: 

placebo vs. 

estradiol 

Amygdala, right 2.3 -3.8 -8.8 4.85 

Bed nucleus stria terminalis, left -2 -1.2 -6 3.8 

Entorhinal cortex, left -5 -7.8 -7.8 6.19 

Entorhinal cortex, right 6.3 -8 -7 4.95 

Globus pallidus, left -4 -2.2 -5.8 4.06 

Hypothalamus, medial, left -0.8 -5.4 -8.8 4.69 

Mesencephalic region, left 2.7 6.4 -6.8 6.27 

Periaqueductal grey, left -5.2 -4.8 -9.6 4.6 

Piriform cortex, right 5.3 -5 -9.4 4.62 

Septum, left -0.8 -1 -3.8 4.12 

Visual cortex, left -5.4 -8.4 -4.4 5.04 

Visual cortex, right 5.9 -7.8 -2.6 4.13 

CMS-exposed 

rats: placebo 

vs. estradiol 

Entorhinal cortex, left -6.2 -8.2 -6.8 5.3 

Medulla -2.2 -14.4 -8.2 6.73 

Retrosplenial cortex, left -0.4 -6.4 -0.6 5.02 

Visual cortex, left -3.2 -8.6 -0.8 6.94 

Visual cortex, right 3.5 -7.4 -0.6 5.94 

 

While we have observed an effect of reduced estrogen levels on body weight gain and 

forced swim test behavior, exposure to CMS did not affect body weight gain or 

behavior. The lack of effect of CMS on body weight is consistent with previous 

findings, in both male and female rats28,29. However, CMS was expected to affect 

behavior, in particular depressive-like behavior. The SCT is a test for anhedonia, one 

of the core symptoms of depression. Based on previous findings, it was expected that 

exposure to CMS would decrease sucrose consumption28,30,31. Interestingly, using a 

protocol similar to the present study, Czeh et al.32 recently reported that sucrose 
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consumption was decreased by 30% in about 45% of the male rats exposed to CMS, 

but in none of the control rats. This finding confirmed earlier findings showing that 

rats exposed to CMS segregated into two subgroups: a group sensitive to CMS 

showing decreased sucrose consumption, and a group resilient to CMS with 

unaffected sucrose consumption33. Apparently, not all rats are affected by CMS in a 

similar way, which could explain the lack of an overall effect of CMS on sucrose 

consumption found in our study. We observed that the majority (60%) of the female 

rats showed a decrease in sucrose consumption between baseline and day 59, 

independent of treatment (placebo or estradiol) or condition (control or CMS). 

In addition to the lack of an effect of CMS on sucrose consumption, CMS did 

not affect behavior in the OFT and in the FST either. The OFT can be used to 

measure anxiety-related behavior by measuring the time the rat spends in the center 

of the arena. Furthermore, decreased locomotor activity in the OFT can be used as a 

measure of emotionality in rats34. Previous studies have shown decreased 

exploration as a consequence of CMS, in both male and female rats29, but also 

increased exploration has been reported30,35. A study by Pijlman et al.36 suggested 

that activity in the open field is dependent on the type of stressor. Physical stress 

caused a decrease in activity, whereas emotional stress caused an increase in activity. 

Clearly, open field behavior is affected by many factors and it could be that the 

physical stressors in our study were not severe enough to induce (additional) 

depressive-like behavior that resulted in changes in open field activity. This is 

supported by our finding that CMS did not affect FST behavior in placebo- or 

estradiol-treated ovariectomized rats. In male rats, CMS has been shown to induce 

an increase in the duration of immobility in the forced swim test, indicative of 

depressive-like behavior37–39, although others did not find any effect40. 

The lack of depressive-like behavior after CMS in this study could be related to 

the stressors used in the CMS protocol. The placebo- or estradiol-treated 

ovariectomized rats might not have experienced these to be stressful, or might have 

habituated to the individual stressors. However, the CMS protocol used was based on 

previous studies that did show an effect on sucrose consumption and FST behavior31. 

Despite the fact that CMS was shown to induce depressive-like behavior in female 

rats, there are other studies showing that the effects of CMS are less robust in female 

rats, when compared to male rats. With regard to the SCT, sex differences (female 

rats tend to drink more sucrose solution than male rats) could differentially affect the 

measurement of anhedonia41. Indeed, Dalla et al. 31 found a smaller decrease in 

sucrose consumption after CMS in normal cycling female rats than in male rats. Sex 

differences have also been reported for the FST and locomotor activity in the OFT41. 

In the FST, female rats were reported to cope better with the situation by displaying 

more active behavior, while in the open field female rats tend to show lower 

exploratory behavior than male rats after CMS. Overall, it is clear that there are sex 

differences in coping with CMS, which could be related to circulating estrogen levels. 

We observed that the decrease in circulating estrogens after ovariectomy 

induced increased immobility in the FST. Additional exposure to CMS did not further 

increase immobility. CMS did also not affect immobility in estradiol-treated rats, 



Estrogen Depletion but not CMS Induced Depression & Brain Glucose Metabolism 

131 

which can be related to a protective effect of the physiological levels of circulating 

estradiol. Thus, it appears that estrogens can protect against depressive-like 

behavior, which is consistent with the findings that the risk of major depression in 

women is higher during and immediately after menopause42, and that the year since 

menopause was associated with depressive symptoms43. 

In addition to behavioral changes, changes in circulating estrogens and 

exposure to stressors can affect brain functioning. Brain functioning can be assessed 

by determining changes in brain glucose metabolism. Estrogens play a role in 

maintaining glucose homeostasis in the brain11 and glucose metabolism is altered in 

the brain of depressed patients12. In our study, [18F]FDG PET at day 13 after 

ovariectomy, i.e. before CMS, revealed mainly a decrease in brain metabolism in 

different brain regions in placebo-treated rats, when compared to estrogen-treated 

rats. These brain regions included part of the basal ganglia (i.e. thalamus and 

caudate putamen), the superior colliculus, the insular cortex, the entorhinal cortex 

and the periaqueductal grey (PAG). At day 60 post-ovariectomy, placebo-treated rats 

not exposed to CMS revealed decreased brain metabolism in similar brain regions 

when compared to estradiol-treated rats, in particular in the limbic system (i.e. 

hypothalamus, septum, amygdala, piriform cortex and the entorhinal cortex), visual 

cortex, mesencephalic region, bed nucleus of the stria terminalis (BNST) and PAG. 

The majority of the brain regions with decreased glucose metabolism as a 

consequence of reduced estrogen levels are involved in cognition and emotion. While 

only the basal ganglia are affected at day 13, most of areas of the limbic systems show 

reduced brain glucose metabolism at 60 days after ovariectomy, suggesting that the 

effect of estrogen depletion on brain metabolism is increasing over time. This is 

consistent with our finding of increased immobility in the forced swim test, i.e. 

depressive-like behavior, at day 63, which was not observed at day 16 post-

ovariectomy. As some of the regions with reduced glucose metabolism (i.e. 

mesencephalic region, caudate putamen and thalamus) are also involved in 

controlling motor skills, it can be argued that the immobility is a consequence of a 

general reduction in movement. Since open field behavior was not affected, this 

explanation seems less plausible. Increased brain glucose metabolism was also 

observed, mainly at day 60 after ovariectomy, in brain areas connecting to the basal 

ganglia and limbic system. These areas include the olfactory tubercle, the 

orbitofrontal cortex, the accumbens core and the somatosensory cortex. Why these 

regions show increased metabolism is not clear, but it could be related to a partly 

compensatory mechanism. 

CMS had no effect on brain glucose metabolism, as no differences were found 

between the PET scans made before and after CMS, using a within-subject design. 

Differences in brain metabolism between placebo- and estradiol-treated rats at day 

60 were similar for rats exposed to CMS and those not exposed to CMS; only an 

effect of decreased estrogen levels was found. This finding is consistent with CMS 

being unable to cause any behavioral change, in particular the inability to induce 

depressive-like behavior. CMS was found to affect brain metabolism in male rats, as 

Hu et al. 35 reported increased glucose metabolism in the auditory cortex and 
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decreased metabolism in the inferior colliculus and piriform cortex. Likely, 

differences in the experimental environment or gender differences do also play a role 

in the differential effect of CMS on brain glucose metabolism. 

 

Conclusion 

Reduced levels of estrogen as a consequence of ovariectomy can induce depressive-

like behavior and changes in glucose metabolism in brain areas involved in emotion. 

Only limited studies on the relation between circulating estrogen levels and brain 

glucose metabolism have been performed in women. Additional studies in rats can 

contribute to the understanding of the central effects of the decline in circulating 

estrogen levels after menopause and hormonal replacement therapy. Exposure to 

CMS neither induced depressive-like behavior nor potentiated the effect of reduced 

estrogen levels on depressive-like behavior in ovariectomized rats. It is worthwhile to 

determine if other stressors, which are more emotional than physical in nature, could 

provoke depressive-like behavior or enhance the effect of estrogen depletion, 

especially since gender differences exist in the stress response and women might be 

more vulnerable to emotional stress. 
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Summary 

Estrogens and androgens are known to induce secondary sexual characteristics in 

females and males, respectively. However, these sex hormones can also exert 

profound effects on mood, mental state and memory. A decline in the circulating 

estrogens has been identified as a risk factor for premenstrual syndrome, post-natal 

depression, and post-menopausal depression. Likewise, the decrease in circulating 

androgens in middle-aged men (andropause) was also associated with a higher risk 

for brain disorders, like depression and Alzheimer’s disease. The effects of estrogens 

and androgens on brain function are processed by intricate mechanisms, affecting 

the synthesis and release of several other neurotransmitters. Estrogens and 

androgens mainly influence the serotonergic and dopaminergic system, but also the 

noradrenergic and cholinergic system are affected. 

Estrogens and androgens act through their respective estrogen or androgen 

receptors. These receptors belong to the super-family of nuclear receptors. Sex 

hormone (nuclear) receptors migrate from the cytoplasm to the nucleus of the cell 

when they are activated by their respective ligands. In the nucleus of the cell, the 

activated receptors bind to specific binding sites in the promoter region of sex 

hormone responsive genes, resulting in activation or suppression of the transcription 

of these genes.  

Estrogen and androgen receptors are widely distributed throughout the body. 

The sex steroid hormones can produce diverse biological effects, depending on the 

tissue in which the receptor is expressed. This thesis focuses on the central effects 

(effects on brain) of estrogens and androgens. Both estrogen and androgen receptors 

are expressed in the living mammalian brain. There are several techniques to 

measure the expression of these receptors, such as quantitative 

immunohistochemistry, immunohybridization, PCR and Western blot. However, 

these techniques cannot be applied on the living brain, as they are invasive in nature. 

Positron emission tomography (PET), on the other hand, can be employed to 

quantify the sex steroid hormone receptors in the living brain in a non-invasive 

manner. An introduction on the role of sex steroid hormones and their receptors in 

mental health and disease is provided in chapter 1 of this thesis.  

In chapter 2, we discussed the available tracers for imaging of steroid 

hormone receptors by PET and Single Photon Emission Computed Tomography 

(SPECT). Almost all of these tracers have been developed and evaluated for detection 

of steroid hormone receptors in oncology. A few of these tracers for imaging of 

androgen and estrogen receptors have already entered into the clinical evaluation 

phase. So far, none of the available PET tracers have been validated for application as 

an imaging agent to monitor sex steroid hormone receptors in the brain. So we 

enumerated several PET and SPECT tracers that were developed for imaging of 

hormone sensitive tumors in this chapter and discussed the potential use of some of 

these tracers to detect the steroid hormone receptors in the brain. 16α-[18F]fluoro-

17β-estradiol ([18F]FES), 21-[18F]fluoro-16alpha,17alpha-[(R)-(1′-alpha-

furylmethylidene)dioxy]-19-norpregn-4-ene-3,20-dione ([18F]FFNP), and 16β-
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[18F]fluoro-5α-dihydrotestosterone ([18F]FDHT) appear to be the most likely 

candidates for PET imaging of estrogen, progesterone and androgen receptors in the 

brain respectively. 

The first part of this thesis describes the evaluation of the PET tracers 16β-

[18F]fluoro-5α-dihydrotestosterone ([18F]FDHT) and 16α-[18F]fluoro-17β-estradiol 

([18F]FES) for in-vivo measurement of androgen and estrogen receptors in the brain 

respectively (chapters 3 and chapter4).  

Androgens produce their central effect on mood and behavior through 

androgen receptors. However, it is not well known which areas of the brain express 

androgen receptors and how androgen receptor expression changes during disease. 

For that reason we evaluated [18F]FDHT as a tracer for monitoring the expression of 

androgen receptors in the brain, in orchiectomized and sham-orchiectomized male 

rats, using small animal PET imaging (chapter 3). Ex-vivo biodistribution and PET 

studies showed that tracer uptake in the brain was low. No significant differences in 

tracer uptake between brain regions were observed, except for the pituitary that 

showed significantly higher uptake than other regions. [18F]FDHT uptake in the 

surrounding cranial bones was high and increased over time, likely due to extensive 

defluorination of the tracer. The uptake of radioactivity in the cranial bones caused 

significant spill-over effects into the brain and consequently peripheral brain regions 

had to be excluded from the PET data analysis. Metabolism of [18F]FDHT was very 

fast. The tracer was more rapidly metabolized in orchiectomized than in sham-

orchiectomized rats. Results of pharmacokinetic analysis, revealed [18F]FDHT 

follows two compartment reversible kinetics in the brain. The brain uptake of 

[18F]FDHT could not be blocked by endogenous androgens or exogenous 

dihydrotestosterone. The conclusion of this study was therefore that it was not 

feasible to image brain androgen receptors with [18F]FDHT PET in rats, because of 

the lack of specific binding, low brain accumulation and fast degradation of the 

tracer. 

Estrogens affect brain functions through estrogen receptors in the brain. 

Currently, no method is available to investigate the expression of estrogen receptors 

in the brain in a non-invasive fashion. [18F]FES PET may be a suitable tool to 

measure the expression of estrogen receptors in the living brain. In chapter 4, 

female rats in the proestrous and diestrous phase, ovariectomized female rats, 

ovariectomized female rats co-injected with 17β-estradiol and male rats were used to 

evaluate the feasibility of [18F]FES PET to monitor ER expression in the brain and 

how this is affected by different levels of circulating estrogens. The pituitary showed 

the highest [18F]FES uptake, followed by the hypothalamus, bed nucleus of the stria 

terminalis and the amygdala. [18F]FES uptake was significantly higher in pituitary 

and hypothalamus of ovariectomized rats then in untreated rats in the proestrous 

phase. Administration of 17β-estradiol to ovariectomized rats resulted in a reduction 

in [18F]FES uptake in pituitary and hypothalamus. Pharmacokinetic modeling 

showed higher total volume of distribution (VT) and non-displaceable binding 

potential (BPND) in pituitary than in other brain regions for all groups. VT and BPND 
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were not statistically significant between groups for any brain region. The conclusion 

of this study was that [18F]FES PET could only be used for imaging of estrogen 

receptors in brain areas with high levels of estrogen receptor expression. 

Since imaging of subtle differences in sex steroid hormone receptors with PET 

in rats appeared to be highly challenging, the second part of this thesis focused on 

studying the effect of estrogen levels on behavior and brain metabolism in 

ovariectomized rats, as a model for menopause (chapter 5 and chapter 6). 

Menopause is associated with a higher incidence of mental disorders, decline 

in cognition, anxiety, depression and certain neurodegenerative disorders like 

Alzheimer’s and Parkinson’s disease. Replacement of estrogens in post-menopausal 

women may result in an improvement in cognitive abilities and a decrease in signs of 

depression. However, the time at which estrogen replacement is initiated appears to 

be a critical factor. Thus, in chapter 5 the effect of immediate and 1 week delayed 

estradiol replacement on depressive-like behavior in ovariectomized rats was studied 

using the forced swim test (FST). In addition, the effect of estradiol replacement on 

brain glucose metabolism was studied in resting state and under an unavoidable 

stress condition, i.e. during the forced swim test. Measurement of brain glucose 

metabolism was performed by [18F]FDG PET. The effects of estradiol replacement on 

depressive-like behavior and the brain glucose metabolism were compared with the 

effects of sub-acute treatment with the standard antidepressant drugs fluoxetine and 

escitalopram. Estradiol replacement immediately after ovariectomy, but not after a 1-

week delay, could reduce depressive-like behavior in the forced swim test and 

reduced whole brain glucose metabolism in resting state, but not during FST induced 

stress. The whole brain uptake of [18F]FDG in ovariectomized  rats was higher in the 

resting state than during the FST (stress), irrespective of whether they received 

estrogen replacement or not. No effect of estrogen replacement on whole brain 

uptake of [18F]FDG  was found either at resting state or during FST.  The focal 

changes in the brain glucose metabolism as measured by voxel based analysis 

showed significant changes in relative brain glucose metabolism between resting 

state and during FST. Application of FST stress in general was found to affect the 

brain areas associated with emotion, coordination of muscular movement, 

maintenance of balance and posture to any (stressful) condition in comparison to 

resting state. Between group comparison of [18F]FDG PET acquired after FST-

induced stress showed significant focal differences in brain glucose metabolism 

between rats that received immediate estradiol replacement and placebo treated 

ovariectomized rats. In particular, ovariectomized rats receiving immediate estradiol 

replacement showed an increase in brain glucose metabolism in fear processing 

areas, like periaquaductal grey, superior colliculus and cerebellum, as compared to 

placebo treated ovariectomized rats. Therefore we concluded that estradiol 

replacement immediately after ovariectomy could produce a significant 

antidepressant effect, which was accompanied by increase in the glucose metabolism 

in fear processing areas of the brain during FST stress. Remarkably, both standard 

antidepressant drugs did not show any significant effect on depressive-like behavior 
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compared to placebo treated rats and only escitalopram treated animals could affect 

brain metabolism. 

Not all post-menopausal women suffer from depression and therefore the 

cause of post-menopausal depression is likely multifactorial. Stress could be a 

potential contributor to the induction of depressive-like symptoms in post-

menopausal women. So, in chapter 6, we studied the effect of chronic estrogen 

depletion and chronic mild stress (CMS) on depressive-like behavior, anxiety and 

brain glucose metabolism in ovariectomized female rats. Estrogen depletion by 

ovariectomy for two weeks did not induce any significant signs of depressive-like 

behavior nor anxiety, but signs of depressive-like behavior were evident 8 weeks after 

ovariectomy. Exposure to CMS for 6 weeks did not aggravate the signs of depressive-

like behavior in ovariectomized rats. Estrogen depletion had no effect on global brain 

metabolism, neither 2 weeks nor 8 weeks after ovariectomy. However, both 2 weeks 

and 8 weeks of estrogen depletion induced focal changes in brain glucose metabolism 

as was assessed by voxel based analysis of the [18F]FDG PET images. At both time 

points a decrease in glucose metabolism in the basal ganglia, limbic system and 

regions related to cognition and emotion was observed in estrogen depleted rats, as 

compared to rats that received estrogen replacement. Estrogen depleted rats showed 

an increase in glucose metabolism in cortical regions. CMS had no effect on brain 

glucose metabolism, neither in estrogen depleted rats nor in rats that received 

estradiol replacement. Thus, we concluded that ovariectomy could induce 

depressive-like behavior and changes in brain glucose metabolism, especially in 

brain areas associated with cognition and emotion, but CMS could not. 

In conclusion, in the first part of the thesis we found that, with [18F]FES, we 

were able to image the estrogen receptor rich areas of the brain, but that [18F]FDHT 

was not a suitable PET tracer for imaging of brain androgen receptors. In the second 

part of the thesis we found that estrogen replacement initiated immediately after 

ovariectomy was beneficial in reversing depressive-like behavior in rats and affected 

brain metabolism in ovariectomized rats. The regional pattern of brain glucose 

metabolism suggests that immediate estradiol replacement influences motivational 

cues. Additionally, chronic estrogen depletion induced depressive-like behavior that 

increased over time and affected glucose metabolism in brain areas involved in 

emotion. However, chronic mild stress did not add to depressive-like behavior or 

brain glucose metabolism. 
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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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Van oestrogenen en androgenen is bekend dat ze de secundaire vrouwelijke en 

mannelijke seksuele kenmerken induceren. Daarnaast hebben deze sekshormonen 

een belangrijk effect op stemming, de mentale toestand en geheugen. Een afname in 

oestrogeenspiegels kan een risicofactor zijn voor premenstruaal syndroom, 

postnatale depressie en postmenopausale depressie. Op een vergelijkbare wijze kan 

een afname in androgeenspiegels in mannen van middelbare leeftijd (andropauze) 

een hoger risico geven op het ontstaan van hersenaandoeningen, zoals depressie en 

de ziekte van Alzheimer. De effecten van oestrogenen en androgenen op de functie 

van het brein verlopen via ingewikkelde mechanismen die de synthese en 

uitscheiding van diverse neurotransmitters beïnvloeden. Oestrogenen en androgenen 

beïnvloeden vooral het serotonerge en dopaminerge systeem, maar ze hebben ook 

invloed op het noradrenerge en cholinerge systeem. 

Oestrogenen en androgenen werken via binding aan respectievelijk de 

oestrogeen- en androgeenreceptor. Deze receptoren behoren tot de superfamilie van 

nucleaire receptoren. Wanneer (nucleaire) sekshormoonreceptoren worden 

geactiveerd door het bijbehorende ligand, migreren ze van het cytoplasma naar de 

kern van de cel. In de kern bindt de geactiveerde receptor aan specifieke 

bindingsplaatsen in de promoter van sekshormoongevoelige genen, resulterend in de 

activering of onderdrukking van de transcriptie van deze genen. 

Oestrogeen- en androgeenreceptoren zijn wijdverspreid door het lichaam. 

Steroïdhormonen kunnen verschillende biologische effecten veroorzaken, afhankelijk 

van het weefsel waarin de receptor tot expressie komt. Dit proefschrift richt zich op 

de centrale effecten (effecten in de hersenen) van oestrogenen en androgenen. Zowel 

oestrogeen- als androgeenreceptoren komen tot expressie in de hersenen van 

zoogdieren. Er zijn verschillende technieken om de expressie van deze receptoren te 

meten, zoals kwantitatieve immunohistochemie, immunohybridisatie, PCR en 

Western blot. Echter, deze technieken kunnen niet worden toegepast in de hersenen 

van levende organismen, aangezien ze een invasief karakter hebben. Positron 

Emissie Tomografie (PET) kan daarentegen worden gebruikt om de 

steroïdhormoonreceptoren in de levende hersenen op een niet-invasieve wijze 

kwantitatief te kunnen meten.  

In hoofdstuk 1 van dit proefschrift wordt een inleiding gegeven over de rol 

van steroïdhormonen en hun receptoren in geestelijke gezondheid en tijdens ziekte.  

In hoofdstuk 2 worden de beschikbare tracers voor het afbeelden van 

steroïdhormoonreceptoren door middel van PET en Single Foton Emissie Computed 

Tomografie (SPECT) beschreven. Bijna al deze tracers zijn ontwikkeld en 

geëvalueerd voor de detectie van steroïdhormoonreceptoren in de oncologie. Enkele 

van de tracers voor het afbeelden van oestrogeen- en androgeenreceptoren zijn al in 

de klinische evaluatie fase doorgedrongen. Tot nu toe is er echter nog geen enkele 

PET tracer gevalideerd voor het afbeelden van steroïdhormoonreceptoren in de 

hersenen. In dit hoofdstuk zijn de PET en SPECT tracers opgesomd die zijn 

ontwikkeld voor het afbeelden van hormoongevoelige tumoren en wordt het 
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mogelijke gebruik van sommige van deze tracers voor het detecteren van 

steroïdhormoonreceptoren in de hersenen besproken. 16α-[18F]Fluoro-17β-oestradiol 

([18F]FES), 21-[18F]fluoro-16α,17α-[(R)-(1′-α-furylmethylidene)dioxy]-19-norpregn-

4-ene-3,20-dione [18F]FFNP), and 16β-[18F]fluoro-5α-dihydrotestosterone 

([18F]FDHT) lijken de meest veelbelovende kandidaten voor het afbeelden van 

oestrogeen- en androgeenreceptoren in de hersenen. Het eerste deel van dit 

proefschrift beschrijft de evaluatie van de PET tracers 16β-[18F]fluoro-5α-

dihydrotestosterone ([18F]FDHT) en 16α-[18F]fluoro-17β-estradiol ([18F]FES) voor 

het in-vivo meten van respectievelijk de oestrogeen- en androgeenreceptoren in de 

hersenen (hoofdstukken 3 en hoofdstukken 4).  

Androgenen bewerkstelligen hun centrale effect op stemming en gedrag via de 

androgeenreceptoren. Het is echter niet goed bekend in welke hersengebieden de 

androgeenreceptor tot expressie komt en de expressie van de receptor verandert 

tijdens ziekte. Daarom hebben we [18F]FDHT geëvalueerd als een tracer voor het met 

PET afbeelden van de expressie van androgeenreceptoren in de hersenen van ratten 

waarvan de teelballen waren verwijderd en controle dieren (hoofdstuk 3). Ex-vivo 

biodistributie- en PET studies lieten een lage opname van de tracer in de hersenen 

zien Er werd geen significant verschil in traceropname gevonden tussen de 

verschillende hersengebieden, met uitzondering van de hypofyse waarin de 

traceropname significant hoger was dan in andere gebieden. De [18F]FDHT opname 

in de omliggende schedelbotten was hoog en nam toe over de tijd, waarschijnlijk als 

gevolg van substantiële defluoridering van de tracer. De opname van radioactiviteit 

in de schedelbotten veroorzaakte een significant spill-over effect naar de hersenen en 

als gevolg daarvan moesten de perifere hersengebieden worden uitgesloten van de 

analyse van de PET data. Het metabolisme van [18F]FDHT was erg snel. De tracer 

werd sneller gemetaboliseerd in ratten waarvan de teelballen waren verwijderd dan 

in controle ratten. De resultaten van de farmacokinetische analyse lieten zien dat de 

kinetiek van [18F]FDHT in de hersenen kan worden beschreven met een reversibel 

twee-weefselcompartimentenmodel. De opname van [18F]FDHT in de hersenen kon 

niet worden geblokkeerd door endogene androgenen of door exogeen 

dihydrotestosteron. De conclusie van deze studie was dan ook dat het niet mogelijk is 

om androgeenreceptoren in de hersenen van ratten af te beelden met [18F]FDHT 

PET, vanwege het gebrek aan specifieke binding, lage ophoping van de tracer in de 

hersenen en snelle afbraak van de tracer.  

Oestrogenen beïnvloeden de hersenfunctie via de oestrogeenreceptoren in het 

brein. Momenteel is er geen enkele methode beschikbaar om de expressie van 

oestrogeenreceptoren in de hersenen op niet-invasieve wijze te onderzoeken. 

[18F]FES PET zou mogelijk een geschikte methode kunnen zijn om de expressie van 

oestrogeenreceptoren in het levende brein te kunnen meten. In hoofdstuk 4 werd 

gebruik gemaakt van vrouwtjesratten in verschillende fasen van de 

menstruatiecyclus, vrouwtjesratten waarvan de eierstokken waren verwijderd, 

vrouwtjesratten zonder eierstokken die werden geïnjecteerd met 17β-estradiol en 

mannetjesratten om te onderzoeken of [18F]FES PET geschikt is om de 

oestrogeenreceptor expressie in de hersenen te kunnen meten en om te bestuderen 



Nederlandse Samenvatting 

155 

wat het effect van verschillende oestrogeenspiegels hierop is. De hypofyse vertoonde 

de hoogste opname van [18F]FES, gevolgd door de hypothalamus, bed nucleus van de 

striae terminalis en de amygdala. De [18F]FES opname was significant hoger in de 

hypofyse en hypothalamus van ratten waarvan de eierstokken verwijderd waren dan 

van onbehandelde vrouwtjesratten in de pro-oestrus fase van de menstruatiecyclus. 

Toediening van 17β-estradiol vrouwtjesratten zonder eierstokken veroorzaakte een 

afname van de [18F]FES in de hypofyse en hypothalamus. Farmacokinetische 

modellering toonde aan dat het totale distributievolume (VT) en de niet-verdringbare 

bindingspotentiaal (BPND) in de hypofyse hoger waren dan in andere hersengebieden 

in alle groepen ratten. VT en BPND waren voor geen van de hersengebieden significant 

verschillend tussen de verschillende groepen. De conclusie van deze studie was dat 

[18F]FES PET uitsluitend gebruikt kan worden voor het afbeelden van 

oestrogeenreceptoren in hersengebieden met hoge expressieniveaus van 

oestrogeenreceptoren.  

Aangezien het afbeelden van subtiele verschillen in de expressie van 

steroïdhormoonreceptoren met PET zeer lastig bleek, richt het tweede deel van dit 

proefschrift zich op het bestuderen van het effect van oestrogeenspiegels op gedrag 

en hersenmetabolisme in vrouwtjesratten waarvan de eierstokken zijn verwijderd, als 

een model voor de menopauze (hoofdstukken 5 and hoofdstukken 6). 

De menopauze wordt geassocieerd met een hogere incidentie van 

geestesziekten, afname van cognitie, angst, depressie en bepaalde 

neurondegeneratieve ziekten, zoals de ziekte van Alzheimer en de ziekte van 

Parkinson. Restitutie van oestrogenen in postmenopausale vrouwen kan leiden tot 

een verbetering van hun cognitieve vermogen en een afname van tekenen van 

depressie. Het moment waarop wordt begonnen met de restitutie van oestrogenen 

lijkt echter een kritische factor te zijn. Daarom is in hoofdstuk 5 het effect van 

onmiddellijke en 1-week uitgestelde restitutie van oestradiol op depressiefachtig 

gedrag in vrouwtjesratten waarvan de eierstokken waren verwijderd bestudeerd met 

de gedrongen zwemtest (FST). Daarnaast is het effect van oestradiol restitutie op het 

glucosemetabolisme van de hersenen bestudeerd in rust en gedurende een 

onvermijdelijke stresconditie, namelijk gedurende de gedwongen zwemtest. Het 

glucosemetabolisme in de hersenen werd gemeten met [18F]FDG PET. De effecten 

van oestradiol restitutie op depressiefachtig gedrag en glucosemetabolisme in de 

hersenen werden vergeleken met de effecten van subacute behandeling met de 

standaard antidepressiva fluoxetine and escitalopram. Oestradiol restitutie 

onmiddellijk na het verwijderen van de eierstokken leidde tot een vermindering van 

het depressiefachtige gedrag in de gedwongen zwemtest en een lager 

glucosemetabolisme in de hersenen tijdens rust, maar niet tijdens de stress van de 

gedwongen zwemtest. Deze effecten werden niet waargenomen wanneer de restitutie 

van oestrogenen werd uitgesteld tot 1 week na het verwijderen van de eierstokken. De 

[18F]FDG opname in de totale hersenen van vrouwtjesratten zonder eierstokken was 

hoger gedurende rust, dan tijdens de stress van de FST, onafhankelijk of restitutie 

van oestrogenen was toegepast of niet. Restitutie van oestrogenen had geen effect op 

de [18F]FDG opname in de totale hersenen, noch tijdens rust, noch gedurende de 
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FST. Voxel-based analyse werd toegepast om locale veranderingen in het 

glucosemetabolisme in de hersenen te meten. Voxel-based analyse toonde 

significante veranderingen in het relatieve glucosemetabolisme tussen rust en stress 

tijdens de FST. De stressvolle FST had vooral invloed op hersengebieden die 

geassocieerd worden met emotie, coördinatie van spierbeweging, evenwicht en 

houding ten aanzien van een stressvolle situatie. Inter-groep vergelijking van de 

[18F]FDG PET scans opgenomen na FST geïnduceerde stress liet een significant 

verschil in locaal glucosemetabolisme zien tussen ratten die onmiddellijk na het 

verwijderen van de eierstokken warden behandeld met oestrogeen restitutie en 

ratten die behandeld werden met een placebo. Ratten die onmiddellijk met 

oestrogeen restitutie werden behandeld vertoonden een toename van het 

glucosemetabolisme in gebieden die betrokken zijn bij het verwerken van angst, zoals 

peri-aqueductaal grijs, superior colliculus en cerebellum. Daarom werd 

geconcludeerd dat restitutie van oestradiol onmiddellijk na het verwijderen van de 

eierstokken kan leiden tot een significant antidepressief effect, dat wordt vergezeld 

van een toename van het glucosemetabolisme in hersengebieden betrokken bij het 

verwerken van angst gedurende de stress van de FST. Opmerkelijk was dat beide 

standaard antidepressiva geen enkel effect hadden op depressiefachtig gedrag en dat 

alleen escitalopram een effect had op het hersenmetabolisme.  

Niet alle postmenopausale vrouwen krijgen een depressie en daarom is het 

aannemelijk dat de oorzaak van postmenopausale depressie multifactorieel is. Stress 

zou potentieel een bijdrage kunnen leveren aan het optreden van depressiefachtige 

symptomen in postmenopausale vrouwen. In hoofdstuk 6 is daarom het effect 

onderzocht van langdurige oestrogeendepletie en chronische milde stress (CMS) op 

depressiefachtig gedrag, angst en glucosemetabolisme in de hersenen van 

vrouwtjesratten waarvan de eierstokken zijn verwijderd. Oestrogeendepletie had 

geen significant effect op depressiefachtig gedrag 2 weken na het verwijderen van de 

eierstokken, maar tekenen van depressiefachtig gedrag waren wel zichtbaar na 8 

weken. Blootstelling aan CMS gedurende 6 weken leidde niet tot een verergering van 

het depressiefachtige gedrag in vrouwtjesratten zonder eierstokken. Depletie van 

oestrogenen had geen effect op het globale hersenmetabolisme op 2 weken of 8 

weken na het verwijderen van de eierstokken. Echter, zowel na 2 weken als na 8 

weken depletie van oestrogenen konden lokale veranderingen in het 

glucosemetabolisme in de hersenen worden aangetoond met behulp van voxel-based 

analyse van de [18F]FDG PET scans. Op beide tijdstippen werd een vermindering van 

het glucosemetabolisme in de basale ganglia, het limbische systeem en 

herengebieden die gerelateerd zijn aan cognitie en emotie gevonden in ratten met 

oestrogeendepletie ten opzichte van ratten waarin oestrogenen onmiddellijk werden 

teruggegeven. Ratten met depletie van oestrogenen vertoonde een verhoogd 

glucosemetabolisme in de corticale hersengebieden. CMS had geen effect op het 

glucosemetabolisme in de hersenen, nog in ratten met oestrogeendepletie noch in 

ratten die restitutie van oestradiol ontvingen. Daarom werd geconcludeerd dat het 

verwijderen van de eierstokken depressiefachtig gedrag en veranderingen in het 

glucosemetabolisme in de hersenen kan veroorzaken, in het bijzonder in 
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hersengebieden die betrokken zijn bij cognitie en emotie. CMS kon deze effecten niet 

bewerkstelligen of verergeren.  

Concluderend, in het eerste deel van dit proefschrift hebben we gevonden dat 

[18F]FES PET oestrogeenreceptoren kan afbeelden, maar uitsluitend in 

hersengebieden met hoge receptorexpressie, terwijl [18F]FDHT PET niet geschikt is 

voor het afbeelden van androgeenreceptoren in de hersenen. In het tweede deel van 

dit proefschrift hebben we gevonden dat restitutie van oestrogenen onmiddellijk na 

het verwijderen van de eierstokken resulteerde in het voorkomen van 

depressiefachtig gedrag en veranderingen in het glucosemetabolisme in de hersenen. 

Het regionale patroon van de veranderingen in het glucosemetabolisme in de 

hersenen suggereert dat onmiddellijke restitutie van oestrogenen de 

motivatieaansporing beïnvloedt. Chronische depletie van oestrogenen veroorzaakte 

toenemend depressiefachtig gedrag in de tijd en veranderingen in 

glucosemetabolisme in hersengebieden betrokken bij emotie. Chronische milde 

stress had daarentegen geen (additioneel) effect op depressiefachtig gedrag of het 

glucosemetabolisme in de hersenen.  
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