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Abstract 
 
Aromatase is an enzyme that facilitates the conversion of androgens to es-
trogens and may play a role in mood and mental status.  The main theme of 
this thesis is the imaging of brain aromatase by use of the PET technique.  
The PET tracer for aromatase, 11C-labeled vorozole (VOZ) was developed 
and evaluated by with in vitro and in vivo methods. In vitro experiments 
using rat brain showed that VOZ was distributed in the medial amygdala, 
bed nucleus of the stria terminalis and medial preoptic area, regions of the 
brain known to be rich in aromatase and the KD value was determined to be 
0.60 nM.  The in vivo PET study in rhesus monkey brain revealed that VOZ 
penetrated the blood-brain barrier and accumulated in the amygdala and 
hypothalamus.  Taken together, VOZ is a good PET tracer for in vivo aroma-
tase imaging with high affinity and high sensitivity. 

This technique was applied to an investigation of brain aromatase under 
the physiological conditions simulating anabolic-androgenic steroid abuse.  
A significant increase in VOZ binding by anabolic-androgenic steroids was 
observed in the bed nucleus of stria terminalis and medial preoptic area in 
the rat brain.  In contrast, no significant change in binding was observed in 
the medial amygdala.  These results indicate that the manner of regulation of 
aromatase expression might be different in the bed nucleus of stria terminalis 
and medial preoptic area compared with that in the medial amygdala.  The 
aromatase expression was suggested to be regulated through androgen recep-
tors, as indicated in a study with flutamide treatment.  The increased aroma-
tase expression was seen in neurons.  The PET study with anabolic steroid- 
treated rhesus monkeys also showed increased VOZ binding in the hypo-
thalamus but not in the amygdala.  The alteration of density of aromatase 
binding in the hypothalamic area could explain some psychological features 
of anabolic-androgenic steroid abusers. 

Novel PET tracers for aromatase were developed and examined.  The two 
newly synthesized 18F-labeled vorozole analogs, [18F]FVOZ and [18F]FVOO, 
displayed different characteristics.  Both tracers showed similar binding pat-
tern as VOZ; however, [18F]FVOO was metabolized very quickly, meaning 
that this tracer is not suitable as a PET tracer.  On the other hand, [18F]FVOZ 
can be an appropriate PET tracer. 

The role of aromatase in the human brain has not been clarified yet.  To 
approach this problem by in vivo methods, we have just started PET studies 
to explore aromatase expression in humans. 
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dala, hypothalamus, anabolic-androgenic steroids, abuse, [18F]vorozole ana-
logs 
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AAS Anabolic-androgenic steroids 
AR Androgen receptor 
BBB Blood-brain barrier 
BP Binding potential 
BST Bed nucleus of the stria terminalis 
CNS Central nervous system 
DHT Dihydrotestosterone 
DV Distribution volume 
DVR Distribution volume ratio 
ER Estrogen receptor 
FDG Fluorodeoxyglucose 
[18F]FVOO 6-[(S)-(4-chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl]-1-

[2-(2-[18F]fluoroethoxy)ethyl]-1H-benzotriazole 
[18F]FVOZ 6-[(S)-(4-chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl]-1-

(2-[18F]fluoroethyl)-1H-benzotriazole 
IC50 Half-maximal inhibitory concentration 
KD Dissociation constant 
LNIM Logan non-invasive model 
MA Medial amygdala 
MPO Medial preoptic area 
OCTX Occipital cortex 
PET Positron emission tomography 
PFCTX Prefrontal cortex 
ROI Region of interest 
SUV Standardized uptake value 
TAC Time-activity curve 
TCTX Temporal cortex 
VOZ [11C]Vorozole 
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Introduction 

Sex steroids are attracting the attention of researchers not only because of 
their traditional function [e.g., sexual differentiation in the central nervous 
system (CNS) and the gonadal glands] but also due to their involvement in 
neural differentiation and protection and in emotion or mood disorders.  At-
tempts to elucidate the biochemical basis for the gender difference in mood 
and emotion and in the extreme end of depression and schizophrenia has 
promoted extensive evaluation of the sex steroid pathways, from synthesis to 
action on their receptors and modulatory effects on neurotransmitter systems.   

Studies on the effects of sex steroids on the CNS started in the 1940’s and 
50’s.  Sex steroids were suggested to participate in the induction of differen-
tiation or organization of the CNS during a critical period of development 
[1].  Studies with dihydrotestosterone (DHT), a non-aromatizable androgen, 
revealed that part of the actions of sex steroids was achieved by conversion 
of androgens to estrogens, i.e. aromatization.  In 1971, Naftolin et al. pro-
vided direct evidence of aromatization in the CNS [2,3].  Thereafter several 
researchers explored the involvement of aromatase in neural cell differentia-
tion, reproductive functions and sexual behavior.   

More recently, sex steroids have attracted attention from the viewpoint of 
emotion.  For instance, estrogen has been shown to protect against depres-
sion and to delay the onset of schizophrenia and Alzheimer’s disease, and 
estradiol increased the expression of genes for the 5-hydroxytryptamine 5-
HT2A receptor [4].  For a long time we have been interested in the develop-
ment and application of imaging tools that could support an understanding of 
specific aspects of brain biochemistry and physiology; and in this sense neu-
rosteroids and their role in normal and disease has been one such target. The 
option to monitor aromatase in the brain of living matter and its protein ex-
pression in relation to gender, emotional status and drug abuse warranted our 
attention. 

In 1998, our laboratory developed a positron emission tomography (PET) 
tracer for aromatase, VOZ [5].  At that time the whole-body distribution of 
VOZ was investigated in living rhesus monkey, and the potential of this 
tracer to visualize aromatase in granulosa cells of the ovary was covered; 
however, the dynamics of the tracer in the living brain was not evaluated. 

This thesis aims to qualify the aromatase imaging technique in vitro and 
in vivo, and to apply the technique for investigation of brain aromatase under 
conditions simulating abuse by anabolic steroids. 
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Aromatase 
Sex steroids are formed during the metabolism of cholesterol (Figure 1).  At 
the downstream end of this metabolism, estrogens are generated from andro-
gens by the enzyme, known as aromatase. 

The aromatase enzyme complex is composed of a specific aromatase cy-
tochrome P450, the product of the CYP19 gene, and the flavoprotein 
NADPH-cytochrome P450 reductase [1].  Aromatase cDNA clones encoding 
human placental [6], monkey [7], rat [8,9], mouse [10], chicken [11], quail 
[12], zebra finch [13], bovine [14], rainbow trout [15] and channel catfish 
[16] aromatase enzymes have been isolated and characterized.  Among these 
ten species a high degree of sequence homology is observed (especially in 
the heme domain), thus suggesting the importance of aromatase in develop-
ment and function over evolutionary time.  In the human placenta, monkey 
brain, mouse ovary, zebra finch ovary, and rat ovary, there are two or three 
species of mRNA; however, the smaller aromatase mRNA dose not code for 
the heme domain (or the substrate binding pocket) and instead contain an 
unspliced intron.  This fact suggests that the latter transcripts cannot encode 
a functional aromatase enzyme.  Aromatization, the conversion of androgens 
to estrogens, takes place in the endoplasmic reticulum of the cell and is clas-
sified as a mixed-function oxidase reaction.   

The binding site for the substrate is a highly conserved heme domain of 
the protein [17,18] and is involved in catalyzing the aromatase reaction.  
Aromatase has the same single binding site for the different substrates and 
inhibitors, which site is located at the I-helix and C-terminus of the enzyme 
[19].   
In humans, aromatase is found in several different tissues: placenta, granu-
losa cells in the ovary, adipose tissue, skin fibroblasts, CNS, hair follicles, 
Leydig cells in the testicle, liver and muscle.  Brain aromatase has been de-
tected in many mammalian species (e.g., human, monkey, rat, mouse, guinea 
pig, hamster, rabbit and ferret) as well as in other vertebrate species [1]; 
however, the distribution and activity of aromatase in mammals has been 
mainly studied in rodents.   

The distribution of aromatase in the brain has been examined in several 
species at multiple levels, including enzyme activity and protein and mRNA 
expression.  Highly localized expression of aromatase is observed in hypo-
thalamic and limbic regions.  The highest aromatase activity is found in the 
amygdala and bed nucleus of the stria terminalis (BST) and moderate levels 
are detected in the preoptic area [7,20-23].  Other brain regions such as the 
hippocampus, various regions of the cerebral cortex, midbrain, sensory af-
ferent neurons, and spinal cord also contain aromatase activity and immuno-
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reactivity, implying local formation of estrogens possibly related to other 
neural functions, e.g., cognition, memory, and sensory perception [24-28].  
Under normal conditions aromatase is expressed in neurons, though it can 
also be expressed in astrocytes under some particular conditions, e.g., brain 
injury [29].  This expression implicates local estrogen formation by astro-
cytes in brain repair, since estrogens are known to have neuroprotective 
function [30-32]. 

The developmental profile of brain aromatase has been mainly investi-
gated in rats and mice.  In the rat, the highest levels of brain aromatase are 
demonstrated during prenatal development.  Aromatase activity in the hypo-
thalamus of both sexes begins to increase drastically after gestational day 16 
and reaches a peak at gestational day 19, then declines to low levels on the 
expected day of birth [33-36].  The aromatase levels in the hypothalamus of 
the mouse display a pattern similar to that in the rat [37-39].  Aromatase 
activity remains at low but detectable levels for the remainder of life.  In 
adults, males show slightly to moderately higher aromatase activity levels 
than females [33-35,40-42] 

Aromatase deficiency may lead to a range of symptoms and disorders.  
Aromatase knock out mice show apoptosis of dopaminergic neurons in the 
medial preoptic area (MPO), reduced thymus mass, hepatic steatosis, insulin 
resistance, reduced femur length, infertility [43] and loss of aggressive be-
havior [44].  The clinical phenotype of an aromatase-deficient male human 
comprises tall stature, a history of persistent linear growth, unfused ephiphy-
seal cartilages, delayed bone age, osteopenia/osteoporosis, eunuchoid pro-
portion of the skeleton, and progressive worsening of the bilateral genu val-
gum [45]  Aromatase-deficient humans display impaired glucose metabolism 
and insulin resistance [46-49], lipid metabolism disorders, liver function 
impairment [43] and a variable degree of alteration in fertility [50]. 

Estrogens and mood 
Estrogens have been supposed to affect mood since women are more vulner-
able than men to develop depression disorders or anxiety.  Women are twice 
as likely to experience major depression, particularly unipolar depression 
compared to men [51-53].  Most types of anxiety disorders (i.e., social anxi-
ety, phobias, post-traumatic stress disorder, general anxiety disorder) are 
more common among women than men [54-57].  Transdermal administra-
tion of estradiol decreased self-reported negative mood in women with se-
vere premenstrual syndrome [58].  
Removal of ovaries, the primary source of estradiol, increases anxiety and 
depression behavior and subcutaneous administration of estradiol reversed 
these effects in rat [59-61].  The estradiol level declines in the postpartum 
state, and withdrawal from chronically sustained estradiol levels in ovariec-
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tomized rats increases depressive behavior [62].  These data suggest that 
reduced estradiol levels can cause anxiety and depressant-like behavior. 

 

 
Figure 1. The pathway for steroidogenesis.  1: P450scc cholesterol side-chain cleav-
age enzyme, 2: P450 17α-hydroxylase, 3: 3β-hydroxy steroid dehydrogenase, 4: 
aromatase, 5: 17-hydroxysteroid dehydrogenase, 6: 5α-reductase (5β-reductase), 7: 
3α-hydroxylase. 
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Positron emission tomography (PET) 

Principle of PET 
PET is one of the molecular imaging techniques that enable the observation 
of regional kinetics of labeled molecules, including their interaction with 
specific proteins in living beings.  A compound that is labeled with a posi-
tron-emitting radionuclide (e.g., 11C, 18F or 15O), referred to as a tracer, is 
injected into the living body, circulates throughout the vascular system, and 
then reaches and binds to a target molecule.  Throughout this process, the 
radioactive nucleus decays by emission of a positron that within about 1 mm 
meets an electron, at which time annihilation occurs.  In this annihilation, 
two photons are simultaneously emitted in opposite directions (γ-rays).  
These gamma rays are recorded by detectors in the PET camera in coinci-
dence (simultaneously) and stored in a computer with respect to position in 
space. After the end of the acquisition, PET images are reconstructed (Figure 
2) either as static images (integrated to one time point) or as dynamic imag-
ing sequences. The latter allow an analysis of the kinetic behavior of the 
radiotracer for any selected anatomical region, and allow together with 
plasma tracer kinetics an estimate of specific parameters governing this ki-
netics, such as binding and interaction with the target. The PET technique 
has a high sensitivity and high accuracy; and therefore, labeled compounds 
allow highly quantitative evaluations with a very little amount of mass.  Fur-
thermore, positron-emitting nuclides are short lived (e.g., 11C, half-life 20 
min; 18F, 110 min); hence radiation exposure is moderate, consequently ena-
bling the observation of physiological or biochemical changes with minimal 
risk or effect on the subject. 

The same labeled tracers using either the β+ or the 511-keV annihilation 
photons can be used in in vitro experiments allowing pre-clinical qualifica-
tions to the aimed tasks prior to translation to humans. 
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Figure 2. The principle of detecting positron emission with the PET camera. 

Application of PET 
The predominant clinical use of PET is for cancer diagnosis.  Active tumor 
cells have a high utilization of glucose for their accelerated functions includ-
ing proliferation; and, therefore, these cells take up a glucose analog, fluoro-
deoxyglucose (FDG) labeled with the positron-emitting nuclide, 18F.  The 
focal high accumulation of FDG is readily seen in the PET image, making it 
a sensitive method to diagnose cancer.  Other radiolabeled compounds are 
also available for diagnosis, e.g., 15O-labeled H2O to monitor cerebral blood 
flow, 11C-labeled raclopride to demonstrate the distribution of dopamine D2 
receptors [63], 11C-labeled Pittsburgh Compound-B (PIB) to display amy-
loid-β in Alzheimer’s disease [64], etc.  The central theme of this thesis work 
is the imaging of an enzyme (aromatase).  In our laboratory, 11C-labeled 
novel tracers for several enzymes have been developed. Studies on monoam-
ine oxidase-B using the 11C-labeled-irreversible L-deprenyl was the first 
example [65];  and 11C-labeled harmine, a tracer for monoamine oxidase-A, 
was later developed and used to image brain MAO-A [66]. PET studies were 
performed with this tracer in neuroendocrine gastroenteropancreatic cancer 
patients, and the results revealed that 11C-labeled harmine could visualize 
tumors [67].  Another tracer, 11C-labeled metomidate, was also produced in 
our laboratory [68].  Metomidate is an analog of etomidate, which is an in-
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hibitor of 11β-hydroxylase [69,70]; and it inhibits the synthesis of cortisol 
and aldosterone in the adrenal cortex.  11C-Labeled metomidate succeeded to 
visualize adrenal cortical tumors [71].  

The PET technique is becoming an important tool in drug development.  
The distribution in humans to confirm access to a target organ, e.g., the brain, 
can be made at a very early stage in a drug’s development through the new 
concept of PET microdosing [72].  Human subjects are administered short-
lived radiolabeled drug candidates in microgram amounts to describe the 
drug’s concentration-time profile in body tissues targeted for treatment.  An 
important application is the evaluation of the degree of receptor or enzyme 
occupancy as recorded with PET to ensure adequate dosing and dosing re-
gime. The native target expression is evaluated with PET before drug ad-
ministration, and after drug administration the degree of reduction in target 
availability is evaluated in repeat studies.  

PET as a research tool in neuroscience 
The brain is a complicated organ, and the difficulties to study it are increased 
by its inaccessibility; thus, only postmortem studies are possible for elucida-
tion of the biochemistry of the human brain.  A technique that enables the 
investigation of biochemistry and physiology in the living brain non-
invasively is therefore highly warranted. Typical novel brain-imaging tech-
niques include PET, functional magnetic resonance imaging (fMRI), and 
near-infrared spectroscopy (NIRS).  A characteristic use of PET as a tool in 
neuroscience is the visualization of neurotransmitters and their receptors and 
proteins involved in neurodegenerative diseases. In our laboratory, 11C-
labeled 5-hydroxytryptophan and L-DOPA were developed for brain imag-
ing [73].  These tracers allow the in vivo measurement of neurotransmitter 
synthesis rate, i.e., formation of dopamine and serotonin, respectively.  11C-
Labeled 5-hydroxytryptophan was also taken up in endocrine tumors [74] 
and this tracer revealed the inverse associations between worsening of cardi-
nal symptoms of premenstrual dysphoria and serotonin formation [75].  11C-
Labeled L-DOPA can be used to evaluate the effect of therapeutic L-DOPA 
on Parkinson’s disease [76]. 

To investigate the sex steroids system, there are a few tracers available.  
For visualization of estrogen receptors (ERs), 11C-labeled 17α-
methylestradiol [77], 11C-labeled tamoxifen [78], 18F-fluoroestradiol [79], 
18F-16α-fluoroestradiol-3-sulphamate [80], etc. can be used.  Androgen re-
ceptors (ARs) can be visualized with 18F-labeled 7α-fluoro-17α-methyl-5α-
DHT [81], 18F-labeled 20-fluoromibolerone [82], 18F-labeled 16β-fluoro-7α-
methyl-19-nortestosterone, etc. However, hitherto these tracers have found 
application predominantly in oncology for tumors outside the brain. 
PET radionuclides 
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The most commonly used PET radionuclides are 11C, 13N, 15O, and 18F.  The 
most prominent character of these radionuclides is a very short half life, i.e., 
approximately 20, 10, 2, and 110 min for 11C, 13N, 15O, and 18F, respectively.  
11C, 13N and 15O allow repetitive scans during the same day.  18F has a longer 
half life compared to the others, which makes distribution possible.  There-
fore, facilities without a cyclotron can perform PET scans with 18F-labeled 
compounds delivered from outside. 

One important feature of PET tracers is their high specific radioactivity, 
which indicates the amount of radioactivity per unit mass.  With higher spe-
cific radioactivity, good signals at a very low mass concentration can be 
obtained, allowing true tracer studies where no pharmacological effect of the 
mass is generated.  The injected tracer dose in a PET study is very low.  
Another important factor is that with 11C a very large range of organic mole-
cules can be labeled, hence giving great opportunities for the development of 
specific probes for different research questions. 

Aromatase inhibitors 

Clinical purpose 
Nowadays the administration of aromatase inhibitors is one of the golden 
standards for the treatment for estrogen-dependent breast cancer.  Estrogen-
dependent tumor cells have ERs, and estrogen promotes tumor cell prolifera-
tion.  To suppress the proliferation of estrogen-dependent tumor cells, there 
are two types of hormone treatment, i.e., anti-estrogen treatment and aroma-
tase inhibitor treatment. 

For anti-estrogen treatment, mainly tamoxifen is used.  Tamoxifen is a se-
lective ER modulator and functions as an antagonist in breast tissue [83].  
When a tumor becomes tamoxifen resistant, an aromatase inhibitor becomes 
the second choice (there are also cases in whch aromatase inhibitor is the 
first choice). Aromatase inhibitors prevent the conversion of androgens to 
estrogens, consequently reducing the production of estrogens.  This inhibi-
tion occurs predominantly in the ovary in pre-menopausal women and in fat 
in post-menopausal women, but inhibition of the local estrogen production in 
tumor stroma cells may also be important. If estrogens, which bind to ER of 
breast tumor cells, are reduced in amount, the estrogen drive of proliferation 
of tumor cells is thus interrupted.  
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Types of aromatase inhibitors 
Aromatase inhibitors can be divided into two categories, namely steroidal 
inhibitors and non-steroidal inhibitors. Steroidal inhibitors have structural 
similarity to endogenous androgens. 

Vorozole was developed as a specific non-steroidal aromatase inhibitor 
for breast cancer treatment [84-87]; however, it was withdrawn from testing 
when no difference was detected in the duration of median survival as com-
pared with the progestational agent megestrol acetate.  Vorozole is a triazole 
derivative, which includes anastrozole (Arimidex™) [88] and letrozole 
(Femara™) [89,90].  These triazole derivatives have good specificity and 
selectivity for aromatase.  Vorozole binds reversibly to aromatase and has an 
8-hour half life in plasma.  The IC50-value of vorozole is 1.4 nM [87] and the 
clinical dose for humans is 2.5 mg once daily [91].  No effect on P450-
dependent cholesterol synthesis, cholesterol side-chain cleavage and 7α-
hydroxylation and 21-hydroxylase [85] and no estrogenic or antiestrogenic 
property were detected in vitro or in vivo [84]. 

Anabolic-androgenic steroids 
Anabolic-androgenic steroids (AAS) are testosterone derivatives that are 
used either clinically or by athletes for their anabolic properties.  AAS is 
used medically for treatment of anemia, osteoporosis, hypogonadism, and 
more recently, for HIV wasting syndrome. 

The abuse of AAS has become a major drug problem over recent decades, 
not only with athletes and bodybuilders wishing to enhance their perform-
ance, but also for the broader population, including adolescent males not 
necessarily connected to sports.  Such adolescent males administer AAS not 
only to improve their appearance and enhance muscular mass, but also to 
increase self-esteem and to acquire an improved fighting skill [92].  AAS are 
also administered for intoxication.  Up to 4% of high school students in 
North America are estimated to have used AAS [93].  In the course of AAS 
abuse, it has also become clear that it leads to mood swings (positive and 
negative), extreme aggressive behavior, and unprovoked rage attacks, as 
well as anxiety and depression.  The behavioral changes in humans have 
been confirmed in rats treated with nandrolone, which display an aggressive 
behavior when tested in a defensive aggression model [94].  This aggression 
is also associated with neurochemical changes in the brain.  Changes in the 
expression of c-Fos, serotonin receptors, and the glutamate system have been 
reported [95,96].  These changes might all relate to the observed increased 
aggression in rats and in humans.  Furthermore, chronic treatment with nan-
drolone has been shown to elevate the levels of substance P in regions asso-
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ciated with aggression such as the amygdala, hypothalamus, and periaque-
ductal gray in rats [97]. 

In the present thesis work, nandrolone decanoate was employed as an 
AAS.  Nandrolone decanoate is a prodrug of nandrolone, which has a similar 
chemical structure as endogenous androgen, testosterone (Figure 3) and has 
higher affinity for the AR and is more potent than testosterone.  
 

 
Figure 3. Chemical structures of the endogenous androgen testosterone; its synthetic 
derivative, nandrolone; and the prodrug, nandrolone decanoate. 
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Aim of the thesis 

The aim of this thesis was to explore and qualify radiolabeled vorozole for 
imaging of aromatase in the brain by using PET. 

 
The specific aims were the following: 
 
♦ To demonstrate a regional pattern of specific VOZ binding in in vitro 

and in vivo experiments that correlates with the known distribution of 
aromatase; 

 
♦ To investigate the effect of AAS on brain aromatase; 

 
♦ To explore new tracers with potential better or different characteris-

tics for visualization of brain aromatase. 
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Materials and Methods 

Animals and treatment 
Male and female Spraque-Dawley rats (average weight, 260 g) and male and 
female rhesus monkeys were used.  All animals were handled according to 
the guidelines by the Swedish Animal Welfare Agency. 

In Paper II, male rats were divided into two groups: control and nandro-
lone-treated groups.  Nandrolone-treated rats received one daily intramuscu-
lar injection of nandrolone decanoate at a dose of 15 mg/kg body weight.  
The control group received sterile peanut oil.  Injections were administered 
for 14 days.  The animals were decapitated on day 15, and the brains were 
rapidly removed and stored at -80 ˚C for autoradiography. 

In Paper III, male rats were divided into four groups: control, nandrolone, 
flutamide (anti androgen), and nandrolone plus flutamide treatment groups.  
Nandrolone-treated rats and nandrolone-plus-flutamide-treated rats were 
injected with nandrolone decanoate (15 mg/kg, once every 3 days).  Flu-
tamide-treated rats and nandrolone-plus-flutamide treated rats received daily 
flutamide (20 mg/kg) intraperitoneally.  The treatment lasted for 20 days.  
The rats were then sacrificed in a high concentration of CO2, and their brains 
were rapidly removed and stored at -80 ˚C for autoradiography. 

Four female rhesus monkeys (Macaca mulatta; Paper I), four male rhesus 
monkeys (Paper IV), and one female rhesus monkey (Paper V) were used for 
PET studies.  The four male rhesus monkeys were given nandrolone de-
canoate (6.3 mg/kg) intramuscularly once a day every day for 21 days.   

The rats and monkey studies were approved by the local Research Animal 
Ethics Committee (C266/1, C342/97, C117/4, C255/3, C314/5, C234/5 and 
MAH18-05). 

VOZ 
11C-Labeled (S)-6-[(4-Chlorophenyl)(1H-1,2,4-triazol-1-yl)mehyl]-1-mehyl-
1H-benzotriazole (VOZ) was synthesized from its N-desmethylated deriva-
tive via reaction with [11C]methyl iodide in dimethyl sulfoxide [5] (Figure 4).  
The identity and concentration of VOZ were assessed by high-performance 
liquid chromatography, in the case of identity with added unlabeled vorozole.  
All batches used in the experiments had > 95% radiochemical purity, and the 
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specific radioactivity was 24-103 GBq/µmol for in vivo studies.  In this the-
sis work, radiolabeled vorozole was utilized as a PET ligand for aromatase, 
not to inhibit aromatase activity.   

[18F]Vorozole analogs 
Two different 18F-labeled vorozole analogs, i.e., 6-[(S)-(4-chlorophenyl)(1H-
1,2,4-triazol-1-yl)methyl]-1-(2-[18F]fluoroethyl)-1H-benzotriazole, abbrevi-
ated as [18F]FVOZ, and 6-(S)-(4-cholorophenyl)(1H-1,2,4-triazol-1-
yl)methyl]-1-[2-(2-[18F]fluoroethoxy)ethyl]-1H-benzotriazole, designated as 
[18F]FVOO, were synthesized [98] (Figure 4).  The radiochemical yields 
were in the range of 9-13% after a total synthesis time of 110-120 min, and 
the specific radioactivities were 175 GBq/µmol and 56 GBq/µmol, respec-
tively. 

 

 
 

Figure 4.  Chemical structures of N-desmethylated vorozole (precursor, A), VOZ 
(B), [18F]FVOZ (C), and [18F]FVOO (D). 

Analysis of radiolabeled metabolites in plasma 
In Paper I, the metabolite analysis of VOZ in plasma was performed in a 
monkey at 10, 20, and 45 min after administration of VOZ.  The plasma was 
obtained by centrifugation of the venous blood; and to a 1.2-ml plasma ali-
quot, 1.2 ml of acetonitrile was added to precipitate the proteins.  The ace-
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tonitrile contained unlabeled authentic vorozole as a standard.  The resulting 
mixture was centrifuged, and the supernatant was filtered through a 0.2-µm 
pore-size membrane by centrifugation.  The samples were then analyzed by 
HPLC to separate VOZ from radioactive metabolites.  The sample was in-
jected into a column, and the tracer and its metabolites were eluted with ace-
tonitrile-50 mM ammonium acetate.  The eluate from the column was col-
lected in three fractions; and VOZ was eluted in the last fraction, as con-
firmed by observation of the UV peak of the unlabeled standard as well as 
VOZ by a radio detector.  The radioactivity of different fractions was meas-
ured in a γ-counter.  Consequently, the amount of radioactivity associated 
with intact VOZ was calculated as a percentage of the total amount of radio-
activity. 

In Paper IV, the plasma was obtained by centrifugation of the arterial 
blood.  To a 0.2-ml plasma aliquot, 0.2 ml of acetonitrile was added to pre-
cipitate the proteins.  The resulting mixture was centrifuged, and the super-
natant was analyzed for radioactive components by using HPLC with a cou-
pled NaI(Tl) positron detector to measure VOZ and its radioactive metabo-
lites.  A fast-gradient condition using two switching pumps was used for the 
analysis of the samples.  The amount of radioactivity associated with intact 
VOZ was calculated as a percentage of the total amount of radioactivity. 

In Paper V, the metabolism of [18F]FVOZ and [18F]FVOO was deter-
mined by intravenous injection in a male rat with 50 MBq of the tracers. 
Blood was collected after 40 min and the presence of metabolites was de-
termined in plasma by using HPLC according to the method developed for 
VOZ in Paper I.  

In vitro autoradiography 
Frozen rat brains were sliced into serial coronal sections (25 µm) by using a 
cryostat microtome, and the sections were thaw-mounted onto glass slides 
and stored at -20˚C until use. 

Consecutive sections were preincubated at room temperature (ca. 22˚C) 
for 10 min in buffer (50 mM Tris-HCl, pH 7.4), and incubated with 2 nM 
VOZ, [18F]FVOZ or [18F]FVOO (0.01–0.1 MBq/ml buffer) in the presence 
or absence of unlabeled vorozole (1 µM) at room temperature for 30 (VOZ) 
or 50 ([18F]FVOZ and [18F]FVOO) min. The sections were  then washed and 
rapidly dried.  Sections and calibration standards were exposed to phosphor 
imaging plates at room temperature for 40 min (VOZ) or >4 hrs ([18F]FVOZ 
and [18F]FVOO) to generate the autoradiograms.  The phosphor plates were 
scanned and the images were analyzed.  Regions of interest (ROIs) were 
delineated for the BST, medial preoptic area (MPO), and medial amygdala 
(MA).  The signal of equivalent slices incubated with unlabeled vorozole 
was determined as nonspecific binding, and specific binding was obtained by 
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subtraction of nonspecific binding from total binding.  The specific binding 
of each ROI in drug-treated and control groups was normalized by the mean 
value of all ROIs of equivalent regions in control rats (Papers II and III). 
 

Ex vivo autoradiography 
Male rats were injected via a tail vein with [18F]FVOZ or [18F]FVOO (20 
MBq/rat in 500 µl).  Four rats receiving [18F]FVOZ also received a high 
concentration (5 mg/kg i.v.) of unlabeled vorozole.  After 50 min the rats 
were sacrificed, and the brains were dissected out, frozen, and mounted for 
cryosectioning.  Frozen sections (50µm) were prepared in a cryostat micro-
tome and placed on glass slides.  Consecutive sections covering the amyg-
dala were taken.  The slides were dried and exposed to phosphor imaging 
plates for >4 hrs.  The plates were then scanned. 

Organ distribution 
Male and female rats were injected intravenously with ca. 12 MBq of 
[18F]FVOZ or [18F]FVOO per animal.  The animals were sacrificed after 5 – 
240 min, and selected organs were dissected out.  Blood, heart, lung, liver, 
pancreas, spleen, adrenal, kidney, intestine (with and without contents, and 
large intestine), feces, urinary bladder, ovary or testis, muscle, bone (femur), 
and brain were collected and weighed; and the radioactivity was measured 
and corrected for radioactive decay in a γ-counter.  Organ values were calcu-
lated as standardized uptake value (SUV) as follows: 

 
 

tBody weighityradioactiv Injected
organ of Weightorgan inity RadioactivSUV =  

Binding assays 

VOZ (Paper I) 
Male rats were sacrificed by an ascending atmospheric concentration of CO2, 
their brains were rapidly removed, and a pair of the amygdala was dissected 
on ice and homogenized in 1 ml of 0.32 M sucrose solution. 

For association experiments, duplicates of homogenate tissue were incu-
bated with 2 nM VOZ at room temperature.  Binding was started at different 
time points (2, 5, 10, 25, 40, and 60 min) in reverse order and terminated 
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simultaneously in all samples at Time 0 by filtration through glass fiber fil-
ters that had been previously soaked in 0.3% polyethylenimine for 1 h, fol-
lowed by three washes with 2 ml of buffer by using a cell harvester system.  
Filters were placed in vials for counting in a γ-counter. 

For ligand saturation experiments, duplicates of homogenate tissue were 
incubated with ascending concentrations of VOZ (0.1, 0.3, 0.7, 1.0, 3.0, and 
5.0 nM) at room temperature for 30 min. Nonspecific binding was obtained 
by the incubation of adjacent samples with 1µM unlabeled vorozole.  Filtra-
tion and counting in a γ-counter were performed.  The means of KD and Bmax 
were calculated by Scatchard plot analysis. 

[18F]FVOZ and [18F]FVOO (Paper V) 
Female rats were sacrificed by an ascending atomospheric concentration of 
CO2.  The ovaries were dissected, weighed, and homogenized in 10 volumes 
of ice-cold 0.3 M sucrose.  The crude homogenate was aliquoted, immedi-
ately frozen in EtOH/CO2 and stored at -80˚C until used.  Homogenates were 
thawed and 100-µl aliquots (for [18F]FVOO) or 20-µl aliquots (for 
[18F]FVOZ) were incubated with the radioligands at final concentrations of 
0.001, 0.003, 0.01, 0.03, and 0.1 MBq/ml in PBS, pH 7.4, at room tempera-
ture for 60 min.  Nonspecific binding was defined as residual binding in the 
presence of 1 µM unlabeled vorozole.  Triplicate samples were used.  Filtra-
tion and counting in a γ-counter were performed.  Saturation curves were 
generated, and KD and Bmax were calculated. 

Immunohistochemistry 
Rats were deeply anesthetized with diethyl ether and perfused via the heart 
with 4% formaldehyde buffered with 0.1 M phosphate-buffered saline (PBS, 
pH 7.4).  The brains were removed, post-fixed in 4% formaldehyde buffered 
with 0.1 M PBS overnight at 4˚C, and then immersed in 30% sucrose solu-
tion.  Serial brain sections (30 µm) were prepared with a cryostat and col-
lected as free-floating sections.  For immunohistochemical detection of aro-
matase in relation to neurons, double staining was performed.  Brain sections 
were incubated with monoclonal mouse anti-aromatase antibody (1:100) at 
4˚C for 63 h followed by incubation with biotinylated anti-mouse IgG anti-
body (1:200).  Immunohistochemical detection of aromatase was performed 
using the avidin-biotin-peroxidase complex method with 3,3’-
diaminobenzidine (DAB) and nickel sulphate solution.  Subsequently, the 
same sections were incubated with monoclonal mouse anti-neuronal nuclei 
antibody (NeuN, 1:500) at 4˚C for 17 h and then incubated with biotinylated 
anti-mouse IgG antibody.  Immunohistochemical detection of neurons was 
performed using the avidin-biotin-peroxidase complex method with DAB. 
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PET studies in rhesus monkeys 
In Paper I, the female monkeys were anesthetized with propofol (10 
mg/kg/h) after ketamine induction.  Tracrium was given at 0.5 mg/kg/h.  The 
monkeys were intubated and maintained with sevoflurane inhalation anes-
thesia and artificial ventilation.  Before emission scans, transmission scans 
were performed for 10 min and used for attenuation correction.  VOZ was 
administered intravenously as a bolus.  After the baseline scan, unlabeled 
vorozole was infused (100 µg/kg) for 5 min; and, immediately thereafter, the 
next VOZ was injected.  One scan lasted for 100 min.   

In Paper IV, four male monkeys were scanned with PET before and di-
rectly after a three-week daily nandrolone treatment, and two of the four 
male monkeys were scanned again one month after the nandrolone treatment.  
For the PET scans, the monkeys were sedated with ketamine (10 mg/kg), 
and then anesthetized with a continuous infusion with propofol (10 mg/kg/h).  
Transmission scans were performed for 30 min and followed by emission 
scans carried out for 90 min.  VOZ was injected intravenously as a bolus.   

In Paper V, one female rhesus monkey was anesthetized with propofol 
(10 mg/kg/h) after ketamine induction.  The monkey was intubated and 
maintained with sevoflurane inhalation anesthesia and artificial ventilation.  
[18F]FVOZ (138 MBq) was administered intravenously as a bolus.  After 120 
min of scanning, unlabeled vorozole was infused (100 µg/kg) during 5 min.  
The scan was continued for a total of 250 min.  Images were reconstructed 
with attenuation, scatter, and random correction.  ROI were delineated in the 
cerebellum, amygdala, preoptic area, temporal cortex (TCTX) and occipital 
cortex (OCTX).  

Analysis of PET data in rhesus monkey brain 
In Paper I, ROIs were delineated in one slice representing the cerebellum, 
both amygdala, TCTX, and OCTX.  For each of these four regions, decay-
corrected time-activity curves (TACs) were generated.  TACs of the amyg-
dala, TCTX and OCTX were divided by that of the cerebellum to indicate 
the specific binding kinetics. 

In Paper IV, volumes of interest (VOIs) were delineated in the cerebellum, 
amygdala, hypothalamus, thalamus, prefrontal cortex (PFCTX), TCTX, and 
OCTX.  For each of these regions, decay-corrected TACs were produced.  
With a simplified reference tissue model (SRTM) [99], k2 was calculated in 
the cerebellum for each separate animal; and then the average of all animals 
was determined as k’2, to represent the efflux rate constant from regions 
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without aromatase.  The estimated k’2 value was confirmed by a one-tissue 
compartment model using actual arterial blood sampling from one monkey.  
The data were analyzed with a Logan noninvasive model (LNIM) [100], and 
the results were taken from the regression slope (= Distribution volume ratio 
(DVR) = k3/k4+1).  The binding potential (BP, = DVR -1=k3/k4) was calcu-
lated, and parametric images of BP was generated based on pixel-wise ki-
netic modeling using the TAC of the cerebellum as an input function and the 
group average k’2.  
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Results 

Selectivity and affinity of VOZ for brain aromatase in 
vitro 
Autoradiographic images demonstrated the distribution of VOZ binding in 
the male rat brain (Figure 5).  The distribution pattern of specific binding 
was similar but the amount of specific binding was different, between the 
sexes.  In males, obvious specific binding was observed in the MA and BST, 
and weaker signal was detected in the MPO; wheares in females, a clear 
specific binding was observed only in the MA and a weak signal was de-
tected in the BST.  Furthermore, no signal was detected in the MPO.  Fe-
males had significantly lower VOZ binding in the MA and BST compared to 
males (p<0.001) (Figure 5).  Specific binding of VOZ in females was 52% 
and 24% of males in the MA and BST, respectively. 
 

 
 

Figure 5.   Autoradiographic images (left) and distribution and sex difference (right) 
of VOZ binding in the rat brain.  (A) Total binding in BST; (B) Total binding in 
MA; (C) Nonspecific binding in BST and (D) nonspecific binding in MA.  Nonspe-
cific binding was obtained by co-incubation with unlabeled vorozole.  In the MA 
and BST, females had significantly lower binding than males (***P<0.001).  The 
signal of the MPO in females was too weak to be quantified. 
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With homogenate tissue of the male rat amygdala, the association studies 
showed that equilibrium was reached within 20 min.  The saturation studies 
indicated a single binding site, as indicated by linearity of the Scatchard plot 
(Figure 6).  The dissociation constant (KD) of VOZ for aromatase and the 
Bmax were determined to be 0.60±0.06 nM and 9.3±1.1 fmol/mg wet tissue, 
respectively. 

 

 
Figure 6. Scatchard plot analysis of specific binding of VOZ.  Homogenates from 
male rat amygdala were incubated with 0.1, 0.3, 0.7, 1.0, 3.0, and 5.0 nM VOZ for 
30 min. 

In vivo brain aromatase imaging with VOZ 
PET images with VOZ in the rhesus monkey brain, with or without a phar-
macological dose of vorozole, is presented in Figure 7.  A high uptake of 
VOZ was observed in the amygdala, where the uptake was blocked in the 
presence of unlabeled vorozole.  In two monkeys, an increased signal was 
observed in the hypothalamus, but in two other monkeys, no such increased 
signal was observed.  The SUV ratio of the amygdala against the cerebellum 
was higher than that of TCTX or OCTX after 20 min (Figure 8), and the 
difference in SUV ratio between the amygdala and TCTX at 55 min after the 
start of scans was 19% (P<0.001). 
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Metabolite analysis of the plasma revealed that 85±0.1%, 77±2%, and 
68±4% of vorozole was intact at 10, 20, and 45 min, respectively, after the 
injection. 

 

 
 

Figure 7. SUV images of a female rhesus monkey brain.  The SUV images were 
normalized to the SUV in the cerebellum.  The upper two left PET images illustrate 
the distribution of VOZ, and the lower two left images show SUV images after the 
administration of unlabeled vorozole.  (A and B) Coronal and sagittal sections at 
positions indicated in upper right horizontal section. 

 
Figure 8. Time-activity curves of VOZ in the amygdala (with or without unlabeled 
vorozole), TCTX and OCTX normalized by the SUV in the cerbellum. 
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Alteration in VOZ binding to aromatase in rats treated 
with nandrolone and flutamide 
Paper II: The regions with high specific binding of VOZ did not differ be-
tween nandrolone-treated and control rats, namely the BST, MPO, and MA.  
However, the intensity of the signals was different between the groups in the 
BST and MPO.  The signals of AAS-treated rats were 45 and 81% higher 
than those of control rats in the BST and MPO, respectively (P<0.0001).  On 
the other hand, there was no difference in the MA between the groups (Fig-
ure 9). 

Paper III: The results of the nandrolone treated group and control group 
were similar to those presented in Paper II.  In addition to those results, flu-
tamide treatment decreased VOZ binding to aromatase in all three regions 
(control vs. flutamide, MA: 19%, P<0.01; BST: 24%, P<0.01; MPO: 32%, 
P<0.05; nandrolone vs. nandrolone plus flutamide, MA: 18%, P<0.01; BST: 
32%, P<0.0001; MPO: 33%, P<0.001)(Figure 10 and 11).  The effects of 
nandrolone and of flutamide or both on specific binding of VOZ were most 
pronounced in the MPO. 

The immunohistochemical study revealed that the expression of aroma-
tase was increased in neuronal cell bodies of the BST (Figure 12 and 13) and 
MPO.   

 

 
Figure 9. Relative specific binding of VOZ in the BST, MPO, and MA in the AAS 
(nandrolone)-treated group in comparison with that in the control group.  
***P<0.0001. 
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Figure 10. Autoradiograms of VOZ binding to brain aromatase in nandrolone-
treated rats (A and B) and nandrolone plus flutamide-treated rats (C).  A: BST and 
MPO of nandrolone-treated rat (upper six sections) and control rat (lower six sec-
tions).  B: MA of nandrolone-treated rat (upper two sections) and control rat 
(lower two sections).  C: rat brain sections including the BST.  a, control; b, nan-
drolone-treated rat; c, flutamide-treated rat; d, nandrolone plus flutamide-treated rat. 

 
Figure 11. Relative specific binding of VOZ in control, nandrolone-treated rat, flu-
tamide-treated rat, and nandrolone plus flutamide-treated rat.  (a, P<0.05 vs. control; 
b, P<0.01 vs. control; c, P<0.01 vs. nandrolone-treated rat; d, P<0.001 vs. nandro-
lone-treated rat) 
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Figure 12. Immunohistochemistry of aromatase-positive cells in the BST.  The 
graph shows the difference in number of these cells in each group.  **P<0.01. 

 

 
Figure 13. Aromatase expression in neuronal cell bodies of the BST from a nandro-
lone-treated rat.  Aromatase-positive cells (dark blue color) were also positive for 
neuronal nuclear antigen  (orange color).  Scale bar=50 µm. 

Increase in VOZ binding to aromatase in the 
hypothalamus in rhesus monkeys treated with AAS 
Compared with that under pre-treatment conditions, VOZ binding was in-
creased by 71% in the hypothalamus after a 3-week nandrolone treatment 
(Figure 14 and 15, P<0.01).  On the other hand, the binding in the other spe-
cific VOZ-binding region, the amygdala, did not change.  The TACs of other 
cortical regions (PFCTX, TCTX, OCTX) behaved similarly as the TAC of 
the cerebellum (Figure 16).  The BP of two monkeys that had received a 
PET scan one month after the nandrolone treatment was diverse.  The BP in 
the hypothalamus in one monkey was decreased to the pretreatment level, 
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whereas in the other monkey the BP in the hypothalamus was increased even 
more compared with the immediate post-treatment level. 

 

 
Figure 14.  BP images of the pre- and immediate post-treatment rhesus monkey 
brain.  The upper images display pre-treatment BP; and the lower images display 
post-treatment BP (left images: transaxial, center: coronal, right: sagittal).  Cross 
hairs indicate the hypothalamus.  These images suggest that nandrolone treatment 
increases the VOZ binding in the hypothalamus. 
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Figure 15. The  BP value of pre- immediate post-treatment and one month later in 
the amygdala and hypothalamus (n=4 in pre- and post-treatment, n=2 at one month 
later).  Paired t-test was performed.  *, P<0.05.  

 
Figure 16. TTAC of VOZ in the amygdala (Amy), hypothalamus (HT), temporal 
cortex (TCTX), occipital cortex (OCTX), prefrontal cortex (PFCTX) and cerebellum.  
Left: TAC at pre-treatment, right: TAC immediately post-treatment. 

Characterization of 18F-labeled vorozole analogs 

In vitro autoradiography 
The distribution pattern of [18F]FVOZ and [18F]FVOO binding was similar 
to that of VOZ binding (Figure 17), i.e., specific binding was observed in the 
MA, BST and MPO.  By adding unlabeled vorozole during incubation, the 
binding of labeled vorozole analogue in these regions was blocked.   
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Figure 17.   Autoradiographic images of [18F]FVOZ, [18F]FVOO, and VOZ in a 
male rat brain.  The left slices include the BST, and the right ones, the MA. 

Ex vivo autoradiography 
Male rats were injected with [18F]FVOZ, of which two rats also were given 
unlabeled vorozole.  Specific binding of [18F]FVOZ was observed in the 
amygdala.  No regional binding in the brain could be seen in any male rats 
injected with [18F]FVOO. 
 

 
Figure 18. Ex vivo autoradiographic images of  [18F]FVOZ and [18F]FVOO.  The 
two slices in each column are consecutive.  A: Total binding of [18F]FVOZ, B: Non-
specific binding of [18F]FVOZ, C: Total binding of [18F]FVOO, D: Nonspecific 
binding of [18F]FVOO. 
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Binding studies using homogenates from ovaries 
The radioactivity concentrations used in the assays were converted to molar 
concentrations by using the specific radioactivity for each batch, and satura-
tion curves were plotted (Figure 19).  Calculated values for KD and Bmax 
were 0.21±0.1 nM and 210±20 fmol/mg wet tissue, respectively, for 
[18F]FVOZ and 7.6±1 nM and 293±12 fmol/mg wet tissue, respectively for 
[18F]FVOO. 

 

 
Figure 19. Saturation curves in homogenate from rat ovary of A: [18F]FVOZ and B: 
[18F]FVOO. 

Organ distribution 
The distribution of [18F]FVOZ and [18F]FVOO in various male and female 
rat organs are shown as SUV values in Figure 20.  The highest levels were 
observed in the kidney, adrenal, and liver; but substantial radioactivity was 
also found in other organs.  The time-dependent uptake in bone indicates a 
slight defluorination of the radioligand.  Very low radioactivity was found in 
brain or cerebellum compared with that in other organs. 
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Figure 20. Organ distribution of [18F]FVOZ and [18F]FVOO. 

Monkey PET 
The monkey PET study showed that [18F]FVOZ accumulated in the amyg-
dala and hypothalamus, with virtually no specific binding in the cortex (Fig-
ure 21).  The specific binding was displaced by the addition of a high dose of 
unlabeled vorozole (Figure 22).  No monkey PET study with [18F]FVOO 
was performed because [18F]FVOO was so rapidly metabolized.  The me-
tabolite analysis using rats revealed that 30% of [18F]FVOZ and 9% of 
[18F]FVOO were intact at 40 min after the injection. 
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Figure 21. PET image of [18F]FVOZ contained in the amygdala region of a rhesus 
monkey brain. 

 
Figure 22. TAC of [18F]FVOZ in the amygdala, TCTX, OCTX, and hypothalamus 
of a rhesus monkey, normalized by the SUV in the cerebellum.  Unlabeled vorozole 
(100µg/kg) was administered after 120 min as indicated by the arrow. 

Pilot human PET study with VOZ† 
This is the preliminary part of a study to be followed by one with an in-
creased number of patients and volunteers. 

                               
†Naessen T, Engler H, Takahashi K, Larsson M, Kirilovas D, Razifar P, Långström B. PET 
studies of brain aromatase in patients with long-term estrogen therapy. Work in progress, 
2008. 
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To investigate the effect of long term estrogen treatment on aromatase ex-
pression in the brain, two female patients who had been treated with estrogen 
for more than five years and two age-matched female volunteers were exam-
ined with PET and VOZ.  The subjects were given a bolus injection of 
378±2.8 MBq VOZ, after which dynamic PET scans over the brain were 
acquired for 60 min.  . 

PET images indicating the distribution of VOZ binding are shown in Fig-
ure 23.  In the human brain, high uptake of VOZ was observed in the thala-
mus.  No strong signals were observed in the amygdala.  The distribution 
pattern was similar between estrogen treated patients and age-matched vol-
unteer.  The number of subjects was too small to prove any statistical differ-
ence.  

 

 
Figure 23.  PET images of long-term estrogen-treated female brain.  Cross hairs 
indicate the thalamus.  A: Transaxial section including the thalamus region.  B: 
Sagittal section indicated by the vertical line in panels A and C.  C: Coronal section 
indicated by the horizontal line in panel A. 
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Discussion 

Aromatase is one of the key enzymes involved in sex steroid balance, and its 
key role in the local generation of estrogens in the brain suggests that it 
might participate in the emotional status.  This suggestion is reinforced by 
the observations that most types of anxiety disorders are more common 
among women than men [54-57] and ovariectomy increases anxiety and 
depression behavior [59-61].  Hence it is conceivable that changes in aroma-
tase function or expression can play a role in mood disorders, either causa-
tive or as part of a compensatory and regulatory mechanism.  Since there are 
only limited and only indirect alternative means to evaluate the role of aro-
matase in the living human brain, it is highly desirable to develop a PET 
tracer for qualification of aromatase, which could be used for noninvasive in 
vivo imaging. The PET technique, due to its versatility with respect to label-
ing of molecules and its very high sensitivity, is the logical choice to search 
for biological molecules that can be labeled for PET and used to demonstrate 
aromatase distribution in the living brain. 

The tracer first used for aromatase imaging was VOZ.  In our laboratory, 
the effects of androgens or follicular fluid from patients with polycystic 
ovary syndrome on aromatase activity had been investigated with VOZ 
[101].  This tracer has high affinity and specificity for aromatase, penetrates 
the blood-brain barrier (BBB), and reaches equilibrium with respect to bind-
ing within 20 min.  The rate of metabolism in vivo is moderate, with the 
fraction of intact tracer in plasma being 85, 77, and 68% at 10, 20, and 45 
min, respectively, after injection.  These features are satisfactory for a good 
PET tracer.  To be useful in neurobiology research, it is important that the 
tracer binding to its target can be quantified with reasonable effort, with 
reasonable precision, and generates values that are representative for the 
biological/physiological parameter explored. For the analysis of PET data in 
the first study (Paper I), a reference tissue model was selected due to the 
technical difficulty at that time to perform arterial blood sampling and me-
tabolite analysis.  Usually kinetic modeling needs the inclusion of a metabo-
lite-corrected arterial input function; however, to obtain that requires an in-
vasive and demanding procedure.  The reference tissue model does not need 
blood sampling and instead uses the time activity curve of a reference tissue 
which is free from specific target proteins.  Reference tissue methods are not 
able to provide a full kinetic analysis, but assuming certain relations between 
the kinetics of the tissue of interest and the reference tissue, they can provide 
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adequate measures of binding parameters.  In the first study (Paper I), the 
cerebellum was used as a reference tissue for the evaluation, since aromatase 
mRNA and activity have been shown to be undetectable or negligibly small 
in the cerebellum of the adult rhesus monkey brain [7]. 

Our first attempt to image the monkey brain with PET and VOZ (Paper I) 
demonstrated a strong signal in the amygdala and a weaker one in the hypo-
thalamus in only two of four monkeys.  This result did not seem to agree 
with earlier reports that demonstrated aromatase mRNA and activity in the 
amygdala and hypothalamus in the male rhesus monkey [7].  In our second 
attempt to image the monkey brain with PET (Paper IV), VOZ binding was 
observed in the amygdala and hypothalamus before nandrolone treatment.  
This difference might be explained by sex differences in aromatase expres-
sion.  The monkeys used in Paper I were females, whereas in paper IV we 
used males.  Earlier reports [20,102] and our results from Paper I illustrated 
that female monkeys had a significantly lower level of aromatase in the CNS 
than male ones.  These earlier studies were performed in rats; however, since 
the distribution and activity of aromatase show a similar pattern in rat and 
monkey, it is plausible to assume that female monkeys have a lower level of 
aromatase in the hypothalamus than males.  Another possibility is that the 
differences seen in the two papers are attributable to technical factors, as 
different PET scanners were used.  The PET scanners utilized in Paper I 
were GE PC 4096 (GEMS) and SHR-7700 (Hamamatsu Photonics KK) and 
their resolutions were 6 and 2.6 mm, respectively [103,104].  The resolution 
of the PET scanner used in Paper IV (microPET Focus 220, Siemens) was 
less than 2 mm [105]. 

The pattern of regional specific binding of VOZ shown in the in vivo 
studies using primates was confirmed by the in vitro studies using rats.  In 
vitro autoradiography presented in Paper I demonstrated a high specific 
binding of VOZ in the BST and MA and a weak signal in the MPO.  These 
regions are reported to contain high levels of aromatase mRNA [106,107] 
and show high aromatase activity in the rat brain [20].  High levels of aroma-
tase activity were also found in the hypothalamus, and so it is not clear why 
our studies did not show a high specific binding of VOZ in the hypothalamus 
in the rat brain.  VOZ binding may be less sensitive to aromatase than probes 
used in other techniques since the level of aromatase activity [40] or the 
amount of mRNA [106] is in the rank order of BST>MA>hypothalamic area.  
The autoradiography in Paper I also showed that VOZ binding differed sig-
nificantly between the sexes.  In all three regions in which specific binding 
was observed (i.e., MA, BST, and MPO), females had significantly lower 
binding than males.  This result agrees with some earlier reports [20,102],  
but other reports failed to show a sex difference in the MA [40,106,108,109].  
However, the reports showing no sex difference in the MA demonstrated 
that females had a tendency to have lower levels of aromatase, although the 
difference between sexes did not reach statistical significance.  Thus, the sex 
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difference in the MA is still an unsettled issue and could depend on the 
method used, individuals, and other factors in the experiments.  The estrous 
cycle in females does not seem to influence aromatase activity in the brain 
[40].   

In the Scatchard plot analysis of the homogenate binding study, a linear 
fit was obtained, indicating that aromatase has a single binding site for VOZ.  
This finding is consistent with a report showing that vorozole, other non-
steroidal aromatase inhibitors (fadrozole, liazole and aminoglutethimide) and 
a natural substrate androstenedione bound to aromatase in a similar way and 
interacted with the I-helix and C-terminus of aromatase [19].  Our Scatchard 
plot analysis revealed a KD of 0.60 nM for vorozole binding to aromatase in 
the MA of rats.  This value is not far from aromatase inhibition constants for 
vorozole found previously in several in vitro systems [5,85,87,110-112]. 

These in vivo and in vitro studies revealed that the PET tracer VOZ had a 
high affinity and specificity for brain aromatase and could thus have a poten-
tial for in vivo aromatase imaging.  Application to AAS abuse became the 
next step in our exploration of VOZ. 

The biochemistry of AAS abuse is not fully understood.  The potential 
that androgens can be converted to estrogens in focal regions of the brain, 
and that  there could therefore be a potential role of aromatase in the neuron-
ally-mediated effects of steroid abuse  motivated us to explore the effects of 
AAS abuse on aromatase by utilizing our new tool, VOZ.  In Papers II and 
III, the effect of chronic treatment with nandrolone on aromatase in the male 
rat brain was studied by using VOZ.  A supraphysiological dose of nandro-
lone (15 mg/kg) was chosen to mimic heavy AAS abuse in humans.  The 
doses of AAS used by steroid abusers are frequently over 10-100-fold 
greater than the clinical doses [113].  In the case of AAS abuse in humans, 
the weekly dosage of AAS is mostly in the range of 500-1500 mg [114].  A 
clinically relevant dose is 1.0-3.0 mg/kg/day when the body weight is around 
80 kg.  On the basis of this dosage and taking into consideration species 
differences, we used a dose of 15 mg/kg/day to simulate a rather heavy AAS 
abuse in rats in Paper II.  In Paper III, however, the ethics committee indi-
cated that the frequency of injection should be reduced to avoid a local in-
flammation at the injection site, and thus the dose in Paper III was chosen to 
be 15 mg/kg once every 3 days. 

The results of Papers II and III were qualitatively congruent.  An increase 
in VOZ binding to aromatase in the BST and MPO was observed after nan-
drolone treatment.  On the other hand, no change was observed in the MA.  
The degree of increase in VOZ binding in the BST and MPO by nandrolone 
was 45 and 81%, respectively, in Paper II, but only 15 and 34% in Paper III.  
The lower degree of increase in binding found in Paper III may have been 
because of the use of a different procedure for treatment.  In Paper II, the rats 
were given daily intramuscular injections of nandrolone (15 mg/kg) for 14 
days, whereas in Paper III, the rats were treated subcutaneously (15 mg/kg) 
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once every 3 days for 20 days.  The cumulative dose was thus twice as high 
in Paper II, 210 mg/kg, as in Paper III, 105 mg/kg.  It is fully conceivable 
that the lower degree of increase in VOZ binding with nandrolone treatment 
in Paper III was due to the more moderate exposure than that in Paper II. 

The increase in VOZ binding in the BST and MPO by nandrolone treat-
ment in Paper II suggested that androgen is a regulator of the central aroma-
tization at the protein expression level.  Earlier reports support this notion; 
i.e., the concentration of aromatase mRNA and aromatase activity decreased 
in the MPO following castration and testosterone treatment restored it to 
normal levels [115], and AR-deficient, testicular feminized rats had a lower 
aromatase activity in their MPO than normal littermates [116].  Nandrolone 
has a higher affinity for the AR than testosterone does [117], and thus the 
more potent androgen (nandrolone) could evoke an up-regulation of aroma-
tase, which might be the reason for the higher specific binding of VOZ in 
nandrolone-treated rats observed in Paper II. 

In order to investigate if the aromatase up-regulation by androgens was 
exerted via the AR, flutamide treatment was added to the nandrolone treat-
ment in Paper III.  Flutamide is an AR antagonist and inhibits the biologic 
effects of androgens.  Flutamide treatment suppressed aromatase expression 
in the BST, MPO and MA.  The degree of suppression by flutamide was 
similar in the control and the nandrolone groups, confirming that regulation 
of aromatase expression is at least partly mediated via ARs. 

The MPO was the region most influenced by nandrolone and flutamide 
treatment, and this finding suggests that aromatase in the MPO is sensitive to 
androgens through ARs, a view taken by earlier reports [109,115-118].   

Certain limbic structures, namely, the BST and amygdala, have been re-
ported not to be sensitive to androgens.  The limbic structures were unre-
sponsive to gonadectomy [119], and androgens did not regulate aromatase 
activity in the medial and cortical amygdala [41].  However, testosterone 
target neurons were found to be abundant in the MPO and BST [120]; and 
thus  the BST can also be considered to be regulated by androgens.  In addi-
tion, there is a report showing that aromatase activity in the amygdala of 
testicular feminized rats was significantly lower than that in normal litter-
mates and that aromatase activity in the BST of testicular feminized rats was 
lower than that in normal littermates [116].  These facts agree with our re-
sults in Papers II and III which illustrated that flutamide decreased specific 
binding of VOZ in the MA and BST, whereas nandrolone increased specific 
binding in the BST.  These findings suggest that aromatase in the MA might 
also be regulated to a small extent by an AR-mediated mechanism, in line 
with the demonstration by several studies of a tendency in this direction, 
though it did not reach statistical significance [40,41].  Mathias et al. re-
ported that flutamide treatment and castration affected aromatase activity in 
different fashions in different strains of rats [121].  Although the aromatase 
activity in the amygdala of Norway Brown and Wistar rats was unaffected 
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by castration, that in the amygdala of Sprague-Dawley rats tended to be re-
duced both by flutamide treatment and castration compared with the control 
value (P<0.06).  In the studies in Paper III we employed Sprague-Dawley 
rats, and the decrease observed in the MA might have been specific to this 
rat strain. 

In any case, it seems that there are different systems by which androgens 
regulate aromatase in these three regions.  To clarify this, more research is 
required. 

Although physiological concentrations of testosterone provoke neurite 
outgrowth [122], supraphysiological doses of it increase cytosolic calcium 
concentrations and induce apoptosis of neuronal cells [123].  Nandrolone, 
which is a derivative of testosterone with higher potency than testosterone, 
might therefore also have cytotoxic effects. In addition, since nandrolone can 
be aromatized to estradiol with up to 20% of the efficiency of testosterone 
[124], aromatase expression could be up-regulated to prevent cytotoxic ef-
fects.   If heavy abuse of nandrolone has cytotoxic effects, it might be hy-
pothesized that the increase in aromatase expression in neurons, which was 
demonstrated in Paper III, may counteract those effects, since estrogens, 
aromatized metabolites of androgens, are known to have neuroprotective 
effects [125]. Further research is needed to test this hypothesis of cytotoxic-
ity. 

Our evaluation of the effects of nandrolone on brain aromatase by using 
VOZ proceeded from ex vivo studies to true in vivo studies.  Paper IV is the 
first report to observe AAS effects on brain aromatase using in vivo imaging 
with PET.  The advantage of the PET technique is that it is non-invasive and 
yet allows a characterization of biochemistry and physiology; and, further-
more, the experimenter can repeat PET scans in the same individual, allow-
ing the monitoring of changes with time or after different challenges within 
the same individual.  To evaluate PET images, the LNIM was selected, since 
it does not require arterial blood sampling; and the DVR, which is calculated 
with this model, is frequently used as a parameter for comparison of studies 
using reversibly binding radiotracers [126-128] such as VOZ.  LNIM needs 
a k’2, an average tissue-to-plasma clearance, which can be calculated by 
SRTM or Ichise’s multilinear reference tissue model [129] but can also be 
calculated by actual arterial blood sampling.  In our study, arterial blood 
sampling succeeded once; and, therefore, we calculated k’2 and confirmed 
the estimated k’2 by SRTM. 

The distribution of VOZ binding in vivo in our primates showed high lev-
els of binding in the amygdala and hypothalamus.  The BP in the amygdala 
did not change after nandrolone treatment, whereas the BP in the hypo-
thalamus was increased by 71% after it (P<0.05).  This result is in agreement 
with our studies using rats (Papers II and III).  It is reported that brain aro-
matase activity and mRNA expression are regulated by testosterone and 
DHT in the rhesus monkey brain [21,130].  These reports also showed an 
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increased mRNA expression in the hypothalamus and no change in the 
amygdala.  There might hence be different regulatory systems for aromatase 
in these two regions in monkeys as well as in rats. 

The two monkeys that were scanned one month after the nandrolone 
treatment showed diverse results.  It is difficult to speculate about this diver-
sity, since the number of animals was only two.  Further research with in-
creased number of animals is obviously needed. 

One of the objectives of our research was to generate new methods that 
can aid in the understanding of some of the emotional or behavioral effects 
of AAS, for example, aggression.  In this respect it is interesting to note the 
pronounced up-regulation of aromatase in the BST and MPO.  The hypothe-
sis of a role for estrogens with respect to aggressive behavior is strengthened 
by observations of increased expression of ERα and decreased expression of 
ERβ in these same regions in mice exposed to short daylight periods, which 
increases aggression [131].  Another report noted that ERβ knockout mice 
exhibited enhanced anxiety and decreased concentrations of serotonin in 
several brain regions including the BST and MPO [132].  The biochemical 
interactions, however, observed thus far seem too complex to permit genera-
tion of a global theory of the mode of AAS in relation to aggression.  A fu-
ture task of great interest would be to explore whether pharmacological inhi-
bition of aromatase would modulate AAS-induced aggression. 

The AR is regulated by androgens, and AAS, which are more potent than 
testosterone, can increase the number of these receptors [133].  Other reports 
and our previous in vitro VOZ binding study suggested that aromatase ex-
pression was regulated through the AR [116]; i.e., AAS induced an increase 
in ARs and consequently aromatase was up-regulated.  Increased aromatase 
expression might induce over-production of estrogens, and these excess es-
trogens can reduce the number of ER [134]. 

Finally, to seek potential new PET probes for aromatase with better char-
acteristics, two kinds of 18F-labeled vorozole analogs were developed and 
characterized.  Albeit VOZ has a good affinity and specificity, the characters 
of 18F, especially the longer half life, are also favorable and useful.  To use 
11C-labeled compounds, research centers or hospitals need to have their own 
cyclotrons; whereas 18F-labeled compounds can be distributed to research 
centers or hospitals not equipped with cyclotrons.  Moreover, a longer half 
life allows longer scan times, and this might enable an evaluation of late 
phenomena that cannot be captured with [11C]-labeled compounds.  Addi-
tionally these novel structures of 18F-labeled vorozole analogues could po-
tentially have other pharmacological properties that might suit certain other 
applications.   

Both [18F]FVOZ and [18F]FVOO had good affinity and specificity, and 
particularly [18F]FVOZ seemed to have superior properties.  The KD value of 
[18F]FVOZ was 0.21 nM, which is in the range normally suited for PET 
studies, and this gives a 30-fold higher affinity than that of [18F]FVOO and a 
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3-fold increased affinity compared with that of VOZ.  In accordance with the 
VOZ studies, a specific binding of [18F]FVOZ and [18F]FVOO was found in 
the MA, BST and MPO in vitro.  However, as [18F]FVOO is metabolized 
quickly [98] and ex vivo autoradiography failed to show binding in the brain,  
[18F]FVOO is not suitable for use in vivo. 

The biodistribution studies showed, as previously observed with VOZ [5], 
a marked accumulation in the adrenal glands.  Although not yet clarified, 
this might be related to binding to other enzymes in the steroid synthesis 
pathway.  This binding to the adrenals was not blocked by pre-treatment 
with unlabeled vorozole, in contrast to that to the ovary, where an expected 
selective binding to aromatase should be at hand [5,135,136].  There was 
probably some defluorination in both [18F]FVOZ and [18F]FVOO, as the 
accumulation of radioactivity increased in bone with time. 

The PET studies performed in the monkey with [18F]FVOZ demonstrated 
a distribution pattern similar to that for VOZ, i.e., specific binding in the 
amygdala and  hypothalamus.  The specific [18F]FVOZ binding was rapidly 
and totally displaced by intravenous administration of unlabeled vorozole, 
thus indicating reversible binding and rapid kinetics. 

Taken together, the data suggest that [18F]FVOZ can a suitable tracer for 
further exploration by in vitro and in vivo studies aiming to define its role as 
an alternative to VOZ. 

With the goal of imaging brain aromatase under different physiological 
conditions in humans, we have started a human PET study with long-term 
estrogen treatment.  Although the number of subjects is too small,  high 
VOZ-binding was observed in the thalamus. The distribution pattern of brain 
aromatase in humans might be different from that in rodents and monkeys.  
The aromatase in human brain has not been fully characterized yet, but with 
the PET technique, we may gain knowledge about the human enzyme that 
can not be obtained from animal models. 
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Summary 

For the first time we have demonstrated the in vivo imaging of brain aroma-
tase by using VOZ and PET.  The distribution pattern of specific binding of 
VOZ was similar in an in vitro study using the rat brain and in an in vivo one 
usin the rhesus monkey brain, and specific binding was observed in the lim-
bic and hypothalamic regions.  The highest signal was found in the MA and 
the lowest in the MPO in both sexes of rat.  In all three regions, males had 
higher signals than females.  The KD of VOZ binding to aromatase in the rat 
MA was determined to be 0.60 nM.  These results are in agreement with 
earlier studies that determined aromatase distribution by different techniques 
and with the KD value of unlabeled vorozole.  Taken together, VOZ is a 
good PET tracer for in vivo aromatase imaging with a high affinity and sen-
sitivity. 

Next, this technique was applied to an investigation of brain aromatase 
under different physiological conditions, namely AAS abuse, with the goal 
of exploring one aspect of AAS abuse.  Such abuse has become a social 
problem in Sweden as well as in the USA.  In our experiments, an abuse 
level of AAS increased significantly the levels of aromatase in the BST and 
MPO, whereas in the MA it caused no significant change.  These results 
indicate that the manner of regulation of aromatase protein expression might 
be different in the BST and MPO than in the MA.  The alteration of the den-
sity of aromatase in the BST and MPO could explain some psychological 
features of AAS abusers. 

In order to further explore the regulation of aromatase levels, we em-
ployed flutamide, an AR antagonist.  This second AAS experiment also 
demonstrated that AAS up-regulated aromatase expression in the BST and 
MPO.  In the same regions, flutamide treatment down-regulated aromatase 
expression.  These results suggest that aromatase is regulated through an 
AR-mediated mechanism.  The increase in aromatase expression was con-
fined to neurons. 

The investigation of aromatase levels affected by AAS was then turned to 
a higher species, the rhesus monkey.  In this monkey, similar results as in 
rats were obtained.  AAS treatment increased aromatase levels in the hypo-
thalamus but not in the amygdale of these monkeys.  This experiment was 
performed in vivo with PET, and thus these results reinforced the concept of 
AAS promotion of brain aromatase, which might be related to AAS abuser’s 
mood instability. 
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Even though VOZ is a good PET tracer, we sought to develop an even 
better or a different one for aromatase.  18F-labeled vorozole analogs may for 
certain applications have advantages due to the relative longer half-life of the 
radionuclide.  This allows the tracer to be distributed to facilities without a 
cyclotron, and it means that the in vivo research on aromatase can performed 
on a wider scale. The two newly synthesized 18F-labeled vorozole analogs, 
[18F]FVOZ and [18F]FVOO, displayed different characteristics.  The distri-
bution pattern of specific binding in vitro of each analog was similar to that 
of VOZ.  A specific binding was visualized in the BST, MPO, and MA.  
However, in vivo [18F]FVOO was metabolized very quickly, meaning that 
this tracer is not suitable as a PET ligand.  Considering these results, 
[18F]FVOZ can be an appropriate PET tracer and be an alternative or com-
plement to VOZ. 

We have just started PET studies using VOZ in human subjects.  Such 
studies might help us to understand the function of aromatase in the compli-
cated human brain.  Aromatase, the enzyme converting androgens to estro-
gens, may play a role in mood and mood disorders.  Emotions are the 
“spices” of life for us  human beings but also a potential “curse.”  We hope 
that our studies may be a small further step towards the possibility of inves-
tigating and understanding this specific aspect of human beings. 
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Populärvetenskaplig sammanfattning på 
svenska 

Aromatas är ett enzym som konverterar manliga könshormoner till kvinnliga 
hormoner och kan ha betydelse för humör och välbefinnade.  Huvudtemat 
för avhandlingen är molekyl avbildning av enzymet aromatas i hjärnan med 
positron emissions tomografi (PET) teknik.  PET är en icke-invasiv 
avbildnings-teknik som kan visualisera bindning till proteiner i levande 
individer. Spårmolekyler som märkts med radioaktivitet emitterar γ-strålning 
i målregioner.  PET kameran registrerar γ-strålarna och gör bilder.  Man kan 
se hur spår molekyler ackumulerar i målregioner.  En spår molekyl för 
aromatas, [11C]vorozole (VOZ), utvecklades och undersöktes med in vitro 
och in vivo metoder.  In vitro experiment i rått-hjärna visade att VOZ 
bindning fanns i mediala amygdala, bed nucleus stria terminalis och mediala 
preoptic area som är kända aromatas rika regioner.  KD värdet för VOZ var 
0.60 nM med en specific bindning till aromatas.  PET studie i rhesus apa 
uppvisade högt upptag av VOZ i hypothalamus och amygdala.  Dessa 
experiment indikerade att VOZ är en användbar PET substans för avbildning 
av aromatas. 
Tekniken applicerades sedan till undersökning av aromatas i hjärnan under 
missbruk av anabola steroid.  Missbruk av anabola steroider har blivit ett 
socialt problem i Sverige och världen Våra experiment visade att anabola 
steroider ökade VOZ bindningen i bed nucleus stria terminalis och mediala 
preoptic area, men gav ingen ändring i mediala amygdala.  Det verkar vara 
olika reglerings-system i bed nucleus stria terminalis och mediala preoptic 
area, jämfört med mediala amygdala.  [11C]Vorozole bindningen minskade 
med flutamide behandling som blockerar receptorer för manliga hormoner , 
dvs ändringen i aromatas av anabola steroider sker genom androgen 
receptorer.  PET studie med levande rhesus apa demonstrerade ökad VOZ 
bindning i hypothalamus av behandling med anabola steroider.  Denna 
ändring av aromatas i hjärnan kan vara en av orsakerna till den psykologiska 
obalans som missbruk av anabola steroider leder till. 
För att söka bättre eller andra typer av spårmolekyler för aromatas, 
utvecklade vi 18F-märkta vorozole analoger.  18F har längre halveringstid än 
11C, som gör det möjligt att skicka till annat facilitet som inte har cyklotron.  
Två olika 18F-märkta vorozole analoger, [18F]FVOZ och [18F]FVOO 
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utvecklades, men [18F]FVOO metaboliseras väldigt snabbt och passar inte 
som PET spårmolekyl.  [18F]FVOZ kan vara ett alternativ till VOZ. 
Vilken roll aromatas spelar i human hjärna är fortfarande inte helt klar.  PET 
tekniken med radioaktivt vorozole kan hjälpa att undersöka aromatas i 
human hjärna. Vi har precis börjat PET studies i människa vilket kan bli ett 
första steg att öka vår förståelse i det mest komplicerade organet: den 
mänskliga hjärnan. 
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