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ABSTRACT 
 
Kirilovas D. (2003) Regulation of Ovarian Aromatase: Studies by Aromatase Assays in vitro 
and in vivo. Acta Universitatis Upsaliensis.  Comprehensive Summaries of Uppsala 
Dissertations from the Faculty of Medicine 1226. 61 pp. Uppsala. ISBN 91-554-5540-9. 
 
An in vitro method  was developed for measuring aromatase, based on binding of competitive 
aromatase inhibitor [11C]vorozole to the active site of the enzyme. [11C]Vorozole displayed 
high, specific binding in vitro to human placenta and human granulosa cells (GC), both fresh 
and frozen/thawed cells, provided correct procedures were used. High, specific binding was 
also observed in pig and rat ovaries, whereas binding in other tissues was unspecific and 
usually low. Aromatase concentrations measured by [11C]vorozole binding correlated well to 
aromatase activity measured by [3H]water release from 1β[3H]androstenedione. 

In human GC in vitro, low concentrations of 5α−dihydrotestosterone (DHT), but not of 
other androgens, stimulated aromatase activity measured by [3H]water release but had no 
effects on aromatase concentration measured by [11C]vorozole binding. DHT may interact 
with aromatase differently than other androgens, perhaps by changing aromatase affinity to 
precursor. 

In the rat estrous cycle, aromatase activity in ovarian homogenate, measured by [3H]water 
release, together with serum androstenedione and estradiol-17β, peaked between 6 and 13 h 
after onset of the light period of proestrus, the former activity being independent of 
radioactive substrate concentration. [11C]Vorozole binding characteristics changed more 
rapidly than de novo synthesis of the enzyme. [11C]Vorozole binding Kd showed close inverse 
correlation to aromatase activity in ovarian homogenate and to serum estradiol-17β. Rapid 
changes in substrate affinity rather than changes in substrate concentration or de novo 
synthesis of the enzyme may thus be important for regulation of ovarian aromatase. 

The [11C]vorozole in vivo technique yields additional information compared with 
traditional in vitro techniques. 
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 The most important for an opera singer is to have good shoes. 
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ABBREVIATIONS 

 
A4 androstenedione (4-androstene-3,17-dione) 
5α-A 5α-androstanedione (5α-androstane-3,17-dione) 
AR androgen receptor 
ArKO  aromatase knockout mice 
Bmax  maximal binding 
DHT 5α-dihydrotestosterone (5α-androstan-17β-ol,3-one) 
DMEM Dulbecco’s modified Eagle’s medium 
DNA deoxyribonucleic acid 
E2 estradiol (1,3,5,(10)-estratriene-3,17β-diol) 
ER estrogen receptor 
ERαΚΟ   estrogen receptor α knockout mice 
ERβΚΟ   estrogen receptor β knockout mice 
FF follicular fluid 
FSH follicle-stimulating hormone 
GC granulosa cells 
HMG human menopausal gonadotropin 
IC50 concentration of inhibitor yielding 50 % inhibition  
IVF in vitro fertilization 
Kd equilibrium dissociation constant 
LH luteinizing hormone 
MRI magnetic resonance imaging 
NADPH nicotinamide adenine dinucleotide phosphate, reduced form 
P proestrus 
P450AROM  aromatase cytochrome P450  
PBS phosphate-buffered saline 
PCOS polycystic ovary syndrome 
PET positron emission tomography 
RIA radioimmunoassay 
RNA ribonucleic acid 
SUV Standardized Uptake Value 
T testosterone (4-androsten-17β-ol,3-one) 
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INTRODUCTION 

Role of aromatase in regulation of intrafollicular events 

Steroid production 
The aromatase enzyme complex is responsible for the conversion of C19-
androgens to C18-estrogens and is composed of a specific aromatase 
cytochrome P450 (P450AROM), and a flavoprotein, NADPH-cytochrome 
P450 reductase (Simpson et al, 1997). In the ovaries P450AROM

 is located 
primarily in the microsomal compartment of the endoplasmic reticulum of 
the granulosa cells (GC) (Simpson et al, 1994) of the follicle and the 
functional corpus luteum (Hillier et al, 1994; Inkster and Brodie, 1991; 
Suzuki et al, 1993). Estradiol (E2) can regulate the production of androgen 
and progesterone within the ovaries (Fortune and Hansel, 1979; Leung and 
Armstrong, 1980; Roberts and Skinner, 1990; Welsh et al, 1983) and is 
known to increase CYP17 expression in rat theca cells (Johnson and Crane, 
1995). The estrogen-dependent increase in progesterone presumably 
promotes corpus luteum formation and maintenance through luteal 
progesterone receptors (Duffy and Stouffer, 1995). 

Gonadotropin receptor expression 
Growing follicles contain gonadotropin receptors. Before the follicle 
selection, follicle-stimulatory hormone (FSH) receptors are present, but 
luteinizing hormone (LH) receptors emerge later in the dominant follicle. In 
cattle, when the dominant follicles are selected, FSH reaches its nadir 
(Fortune, 1994), and serum LH concentration begins to rise. It is presumed 
that only follicles with LH receptors present in GC can be rescued and, in 
time, ovulate.  

Estrogen increases the follicular levels of both FSH and LH receptors 
(Richards et al, 1976; Richards et al, 1979). Those follicles that first begin to 
produce significant amounts of estrogen are more likely to possess more 
gonadotropin receptors. Thus, the question of whether or not a particular 
follicle has gonadotropin receptors may control its fate. Studies on knockout 



 

 

 

10

mice have shown that estrogen receptor α knockout (ERαΚΟ) animals 
display increased expression of LH receptors in granulosa and theca cells 
(Schomberg et al, 1999), again indicating involvement of estrogens in 
control of follicular growth. 

Gap junction formation 
As the follicle continues to grow and to proliferate, the avascular GC layer 
becomes removed from the interstitial blood vessels. Gap junctions permit 
transfer of nutrients and cytokines to and from the granulosa cells and 
developing oocytes (Albertini and Anderson, 1974; Anderson and Albertini, 
1976). Estrogens control the formation of GC gap junctions (Burghardt and 
Anderson, 1981; Merk et al, 1972) through regulation of various connexin 
proteins (Yu et al, 1994). Thus, products of aromatization are of importance 
for GC gap-junction formation. 

Follicle maturation 
The regulated production of E2 by the ovaries is one of the most important 
physiological events underlying a normal and functional menstrual cycle 
(Fortune, 1994; McNatty, 1981; Suzuki et al, 1993). Measurements of the E2 
concentration in antral fluid of human follicles at different stages of the 
menstrual cycle have shown that it is 750-2500 times higher in large follicles 
than in smaller ones (McNatty, 1978; McNatty and Baird, 1978). 
Experiments on cycling rats have established a direct relationship between 
follicle size, staging of the estrous cycle, and the aromatase activity in 
isolated GC in vitro (Hillier et al, 1980). Thus, pre-ovulatory maturation of 
follicles is closely related to ovarian aromatase activity in rats as well as in 
humans. 

Ovulation 
The increasing amounts of estrogen produced by growing and differentiating 
follicles (Fortune, 1994) up-regulate the synthesis and release of the pituitary 
gonadotropins, FSH and LH, thereby promoting ovarian follicular growth. 
During the late pre-ovulatory phase the peak ovarian estrogen synthesis 
induces an LH surge, leading to subsequent ovulation. 

Studies using estrogen receptor- and aromatase- knockout mouse models 
took a novel approach to investigating estrogen action, by blocking the 
mechanism through which E2 transduces its signal, rather than by attempting 
to remove or diminish the hormone itself (Drummond and Findlay, 1999). 
Both the female ERαΚΟ  (Lubahn et al, 1993; Rosenfeld et al, 2000) and 
ERβΚΟ (Drummond and Findlay, 1999; Krege et al, 1998) mice exhibit 
follicular development to the Graafian stage, albeit to a lesser extent than in 
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wild type sibling mice. However, ERαβ double ΚΟ mice are infertile, 
because of follicular arrest (Couse and Korach, 1999; Dupont et al, 2000). 
Aromatase knockout (ArKO) mice can complete folliculogenesis without 
exogenous estrogens, but the process is impaired, with fewer follicles 
reaching maturity than in wild-type controls (Britt et al, 2000; Fisher et al, 
1998). Collectively, these data indicate that aromatase activity plays an 
important role in follicle development during the pre-ovulatory and the 
ovulation. 

Corpus luteum formation and maintenance 
It was established in earlier studies that estrogen directly regulates corpus 
luteum formation and controls luteal maintenance (Bogdanove, 1966; Keyes 
and Nalbandov, 1967). In recent experiments with KO mice it was found 
that normal corpus luteum developed in ERβKO mice, but that these animals 
showed overall reduced fertility (Krege et al, 1998). Pre-pubertal ERαKO 
mice treated with superovulatory doses of gonadotropins also developed 
steroidogenically functional corpora lutea, but they remained infertile 
(Rosenfeld et al, 2000). Follicles in ArKO and ERαβKO double KO mice 
did not undergo luteinization and corpus luteum formation (Britt et al, 2000; 
Couse and Korach, 1999; Dupont et al, 2000). Taken together, these data 
indicate that aromatase activity is needed for corpus luteum formation and 
maintenance. 

Atresia-apoptosis 
In the ovary, estrogens are important regulators of follicle GC apoptosis 
(Billig et al, 1996). When estrogen is given to hypophysectomized rats, 
fewer follicles become atretic (Ingram, 1959). Estradiol production is 
decreased in rat (Braw et al, 1981; Braw and Tsafriri, 1980; Uilenbroek et 
al, 1980) and human atretic follicles (Billig et al, 1996). Increased apoptotic 
DNA fragmentation has shown a correlation to decreased follicular estrogen 
content and decreased aromatase mRNA levels in atretic porcine follicles 
(Tilly et al, 1992). In situ analysis of DNA fragmentation in histological 
sections of ovaries from hypophysectomized rats has revealed that apoptosis 
induced by estrogen withdrawal was confined to the GC in early antral and 
pre-antral follicles, whereas no increase in DNA breakdown was detected in 
the theca and interstitial cells or GC of primordial and primary follicles 
(Billig et al, 1993). At one year of age, ArKO mice had a reduced number of 
primary follicles, all of which contained numerous apoptotic cells (Britt et 
al, 2000). Predictably, ArKO mice displayed increased ovarian expression of 
pro-apoptotic genes, such as p53 and Bax, compared with wild-type mice 
(Toda et al, 2001). Thus these data suggest that aromatase activity plays an 
important role in the regulation of ovarian apoptotic cell death. 
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Regulation of aromatase function by androgens 
Studies on the regulation of aromatase activity have shown that androgens 
not only act as precursors of aromatization but are also involved in 
regulation of enzyme activity. Changes in the level of estrogen biosynthesis 
are closely related to the influence of androgens on the androgen receptor 
genes (Weil et al, 1999) and FSH receptor genes (Weil et al, 1999) and on 
the way of cAMP-mediated post-androgen receptor signaling (Hillier, 1987; 
Hillier and de Zwart, 1982). This regulation is of importance during follicle 
development and growth throughout the menstrual cycle (Hillier and 
Tetsuka, 1997). It has been shown that 5α-dihydrotestosterone (5α-
androstan-17β-ol,3-one) (DHT) can increase (Harlow et al, 1986; Wada et 
al, 1988) or inhibit (Hillier et al, 1980) aromatase activity in cultured GC. 
Since aromatization occurs at one single active site (Kellis and Vickery, 
1987) and androgens are competitive inhibitors of aromatase activity (Hillier 
et al, 1980), androgens may partly exert their regulatory effect on aromatase 
through direct interaction with the enzyme. 
 

Rapid regulation of aromatase function 
In rats serum E2 concentrations vary in a cyclic fashion during the estrous 
cycle (Belanger et al, 1981; Butcher et al, 1974; Dupon and Kim, 1973). E2 
levels peak in the afternoon of proestrus and are much lower during the 
remainder of the cycle (Butcher et al, 1974; Dupon and Kim, 1973). The 
beginning of the E2 surge is followed 6 – 8 hours later by the LH surge, 
which triggers ovulation (Blake, 1976; Butcher et al, 1974). Rapid changes 
in E2 production during proestrus are crucial for ovulation and successful 
fertility. 

Two mechanisms that contribute to changes in E2 production have been 
described previously. It is generally accepted that intraovarian E2 production 
in the cycling rat is regulated via a pathway of de novo synthesis of the 
enzyme aromatase, which in turn is regulated by aromatase mRNA 
(Fitzpatrick and Richards, 1991; Whitelaw et al, 1992; Zimniski et al, 1987). 
The other suggested mechanism is that the concentration of the ovarian 
androgen substrate for aromatase increases (Suzuki and Tamaoki, 1980). 
However, previous studies have shown that the capacity of follicles to 
synthesize E2 is not strictly related to changes in intraovarian aromatase 
synthesis (mRNA content) (Doody et al, 1991; Hickey et al, 1988; Lephart 
et al, 1992). Moreover, lack of correlations between ovarian aromatase 
activity and concentrations of aromatization precursor and product in cycling 
rats during proestrus suggests that alternative mechanisms regulate the 
synthesis of E2 during the rat estrous cycle (Brandt et al, 1990). Factors that 
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might increase the specific activity of aromatase as a result of direct 
interaction with the enzyme independently of de novo enzyme synthesis or 
precursor (androgen) production are thymic factors (Uzumcu et al, 1998; 
Uzumcu and Lin, 1994), gonadotropin-releasing hormone (Gn-RH) (Liang et 
al, 1989), insulin (Saragueta et al, 1989), and prostaglandin F-2α (Dodson 
and Watson, 1980). Thus, there is a growing body of evidence that other 
factors than aromatization precursor and enzyme are involved in the 
regulation of the rapidly changing synthesis of E2 in rat ovaries. 

Research on ovarian aromatase: in vitro vs. in vivo 
Studies on the regulation of aromatase synthesis and activity have been 
performed in vitro by immunoassay of the enzyme (Inkster and Brodie, 
1989; Inkster and Brodie, 1991; Kitawaki et al, 1992; Suzuki et al, 1994), by 
measuring conversion of androgens to estrogens (Fitzpatrick and Richards, 
1991; Kitawaki et al, 1992; Suzuki et al, 1994), and by quantifying 
P450AROM mRNA transcripts (Doody et al, 1990; Fitzpatrick and Richards, 
1991; Hickey et al, 1988). 

It is generally accepted that intraovarian E2 production in the cycling rat is 
regulated via a pathway requiring protein synthesis (Fitzpatrick and 
Richards, 1991; Zimniski et al, 1987), which is under the regulation of 
aromatase mRNA (Whitelaw et al, 1992). Studies on the regulation of 
ovarian aromatase synthesis and activity have shown that the capacity of 
follicles to synthesize E2 is not strictly related to the changes in the contents 
of intraovarian aromatase mRNA (Doody et al, 1991; Hickey et al, 1988; 
Lephart et al, 1992). Correlations between androgen-converting activity and 
quantity of aromatase enzyme and of P450AROM mRNA have been found in 
granulosa cells taken during the follicular but not during the luteal phase 
(Doody et al, 1990; Hickey et al, 1988; Suzuki et al, 1994). The lack of 
correlation during the luteal phase might be explained by differences in 
factors regulating ovarian aromatase activity during the different phases of 
the menstrual cycle (Doody et al, 1990; Fitzpatrick and Richards, 1991; 
Hickey et al, 1988), by technical difficulties associated with 
immunohistochemical procedures (Suzuki et al, 1994), or by disparity 
between immunoreactivity and catalytic activity of the P450AROM enzyme. 
Moreover, a detailed analysis of divergences between ovarian aromatase 
activity and concentrations of aromatization precursor and product in ovarian 
tissue suggested the existence of alternative control mechanisms that 
regulate the synthesis of estradiol during the rat estrous cycle (Brandt et al, 
1990). 

Hitherto, ovarian P450AROM activity in vivo has only been estimated by 
indirect methods, e.g. by measuring serum or urinary estrogens. However, 
serum or urinary estrogen levels reflect not only the capacity for estrogen 
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production (P450AROM activity), but also substrate bioavailability, product 
transport, and, especially, estrogen clearance. Measurements of serum or 
urinary estrogens may not therefore reflect aromatase activity at the very site 
of estrogen production. Thus, new methods for measurement of aromatase in 
vivo are required. 

Concept of PET tracer 
Positron emission tomography  (PET) using short lived radionuclides (11C, 
18F and 15O) was originally established as a technique for following 
biological processes in vivo in tissues that are difficult or impossible to 
sample, such as the heart (Quarles et al, 1993; Tanaka et al, 1993) and brain 
(Miura et al, 1990)). The principle of the method is based on the introduction 
of radioactive tracers into the patient and recording of gamma radioactivity 
emitted from the patient’s body. Thus, the method requires specific 
radiotracer substances that bind to the object of interest, for example 
receptors and enzymes, and also tools for recording the intensity of the 
radioactivity and for localizing the source of radiation, i.e., a PET camera. 

Vorozole ((S)-6-[(4-chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl]-1-
methyl-1H-benzotriazole) is a high affinity competitive aromatase inhibitor 
(Koymans et al, 1995; Wouters et al, 1994), which was developed for the 
purpose of inhibiting the aromatization of androgens to estrogens in patients 
with hormone-dependent breast cancer (de Jong et al, 1997; Johnston et al, 
1994). A method has been developed for labeling vorozole with 11C (study I) 
and it was demonstrated that this tracer can be used for binding studies in 
vitro in frozen section autoradiography (Bonasera et al, 1997). With the aim 
of developing a technique that can be used for non-invasive studies in vivo of 
ovarian aromatase expression in humans, we have studied [11C]vorozole 
binding in human granulosa cells in vitro and in rats in vivo. 
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AIMS OF THE STUDIES 

1. To develop an method in vitro for measurement of aromatase in placenta 
and fresh and frozen/thawed granulosa cells based on binding of 11C-
labeled aromatase inhibitor vorozole ([11C]vorozole) to the active site of 
the enzyme (studies I-III). 

 
2. To evaluate the specificity of the novel method in vitro for quantification 

of ovarian aromatase by [11C]vorozole binding in different tissues, using 
frozen section autoradiography (studies I and II). 

 
 
3. To evaluate [11C]vorozole binding in vivo in different organs of intact 

rats, monkeys and humans (studies I, IV and V and pilot monkey and 
human PET studies). 

 
4. To further explore the mechanisms underlying the regulatory effects of 

androgens on aromatase activity in granulosa cells in vitro using 
[11C]vorozole-binding and aromatase conversion assays (study III). 

 
 
5. To explore the likelihood of rapid non-genomic regulation of ovarian 

aromatase activity in intact ovulating rats in vivo (studies IV and V). 
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MATERIALS AND METHODS 

Ethical considerations 
Use of human tissues in studies I, II, and III was approved by the local ethics 
committee (permission Ups no. 98008). The experiments in rats (studies IV 
and V) and the PET studies in Rhesus monkeys (Macacca mulatta) (study I) 
were carried out with the approval of the local animal ethics committee 
(permission no. 254/98 and no. 262/92, respectively). The human PET 
experiment in vivo (pilot study) was approved by the local ethics committee 
(permission Ups no. 99 167) and radiation committee (permission Ups no. 
99:16). 

Preparation of tissues and research animals and 
selection of patients for granulosa cell (GC) sampling 
(studies I-V) 

Tissue preparation for autoradiography experiments in vitro 
(studies I, II) 
Human placenta was obtained from healthy women after normal delivery at 
term. Other human tissues (study II), namely liver, myometrium, 
ligamentum rotundum uteri, skeletal muscle, and fat were obtained at 
surgery (study II). A whole ovary from a pig was obtained from the 
slaughterhouse (study II). All human tissues along with pieces of liver, heart, 
colon, duodenum, and rectum obtained from a Göttingen minipig, and pieces 
of rat kidney (study I), were frozen in liquid nitrogen and stored at –70oC. 

Patients selected for GC sampling (study III) 
GC were sampled from patients undergoing in vitro fertilization (IVF) 
treatment because of infertility due to male factor, tubal factor, non-ovarian 
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endometriosis, or anovulation with mild androgenemia, or unexplained 
infertility. 

Rats (studies IV and V) 
Adult cycling female Sprague-Dawley rats (10 - 12 weeks old, body weight 
200 - 350 g) were obtained from Bantin & Kebo Universal AB, Sollentuna, 
Sweden. The animals were allowed 2-3 days of acclimatization to the animal 
care facility (maintained on 12 hours light 12 hours dark regimen at a 
temperature of 21 – 22oC). The animals had access to food and water ad 
libitum until 2 - 4 hours before the experiments. The stage of the estrous 
cycle in each animal was determined by daily vaginal cytology within at 
least 2 cycles before the experiment. Only those animals exhibiting at least 
two consecutive regular cycles were used in the studies. Entry into the 
relevant stage of the cycle was verified each day. The rats in our study 
displayed 4-day estrous cycles. The animals were classified according to the 
different stages of the estrous cycle, i.e. diestrus, proestrus (P), estrus and 
metestrus. The timing of the experiments during proestrus was related to 
time after the beginning of the light period, designated time zero (proestrus 
0). 

In these experiments intraovarian aromatase was determined in vivo. 
Thereafter the rats were killed and blood samples and samples of ovarian 
and uterine tissue were obtained. In study IV the experiments were 
performed between 11.00 and 15.00 (light period started at 7.00 a.m.). In 
study V rat ovaries were minced finely and homogenized in 2.5 mL of 0.32 
M sucrose solution using a ‘’Polytron’’ disintegrator. Short bursts of 
homogenization followed by a period of cooling were used to minimize 
damage to the enzyme.  The homogenate was used for conversion assay and 
to quantify ovarian aromatase by [11C]vorozole-binding assay in vitro. 

GC preparation (studies II and III) 
Granulosa cells were obtained from patients undergoing oocyte retrieval for 
IVF. Follicles larger than 15 mm in diameter were punctured. After removal 
of ova, GC were separated from pooled follicular fluid (FF) by 
centrifugation at 500 ×  g for 10 minutes. GC were separated from red blood 
cells by Percoll gradient centrifugation at 9850 ×  g for 30 minutes. Cells 
were washed with phosphate-buffered saline (PBS) (study II) or with 
Dulbecco’s Modified Eagle’s Medium (DMEM) with Glutamax IMX 
supplemented with penicillin G 100 units/ mL and streptomycin sulfate 100 
µg/ mL (all from Gibco laboratories, Grand Island, NY) (study III), counted 
with a hemocytometer and stored in 1 mL PBS (study II) supplemented with 
98 units penicillin G and 98 µg streptomycin sulfate or in 1 mL DMEM 
(study III) at 0°C for 24 hours. Oocyte retrieval from IVF patients was 
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performed in the morning and FF from these patients was available in the 
early afternoon. Separation of GC from FF and preparation of GC sample 
aliquots for binding experiments takes at least 4 hours, which would mean 
that experiments would be possible only during late afternoon, which was 
inconvenient for the chemical laboratory staff carrying out [11C]vorozole 
synthesis. Thus, the rationale for storing GC at 0oC was to allow enough 
time for GC preparation before proceeding with the in vitro experiment the 
following morning. On the next day one part of the GC suspension was 
prepared for in vitro [11C]vorozole-binding assay as described below, 
another part was prepared for conversion assay, which was performed within 
3 hours after the binding study, and the remainder (study II) was frozen for 
one week. The freezing procedure was as follows: The GC suspension was 
centrifuged for 5 minutes at 350 ×  g. The supernatant was discarded and 1 
mL of fetal calf serum : dimethyl sulfoxide (DMSO) (10:1) was added and 
the suspension was mixed. After 5 minutes at room temperature, the 
suspension was kept for 2 hours at -20oC and thereafter placed in liquid 
nitrogen for one week until the next PET binding experiment was performed. 

[11C]Vorozole synthesis and its binding in vitro and in 
vivo 

Synthesis of [N-methyl-11C]vorozole 
[N-methyl-11C]Vorozole was synthesized from its N-desmethylated 
derivative via reaction with [11C]methyl iodide in DMSO (Figure 1) 
(Langstrom et al, 1987). From 10-20 µAh cyclotron bombardments, 2.5-4.1 
GBq [N-methyl-11C]vorozole (53-56% radiochemical yield based on 
[11C]methyl iodide), specific radioactivity of 10-143 GBq/µmol, was 
produced in under 40 minutes from the end of the radionuclide production. 
To achieve efficient methylation, the substrate had to be deprotonated using 
aqueous KOH. In the 11C-methylation reaction, two major products were 
formed in a ratio of 5 to 2, the main one being [N-methyl-11C]vorozole. 
These were separated by high performance liquid chromatography (HPLC). 
The identity of [N-methyl-11C]vorozole was assessed by HPLC with added 
vorozole. The position of the label was verified by conducting a mixed 
11C/13C synthesis in which (13C)CH3I was added to the reaction. The 
collected fraction, after decay, was analyzed by 13C-NMR. The shift of the 
13C-signal in [N-methyl-13C]vorozole corresponded to the N-methyl signal 
from authentic vorozole. 
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[11C]Vorozole autoradiography in frozen tissue sections (studies 
I and II) 
Pieces of human and pig tissues, and rat kidney were mounted in a 
cryomicrotome and sliced into thin (20 - 25 µm) sections at –20oC. The 
sections were attached to gelatin-coated slide glasses. The glasses were dried 
at room temperature for 1 hour and then stored at –20oC pending the 
experiments (Goller et al, 1995). 

 
 
 
 
 
 
 

 
 
 
 
Figure 1. Radiosynthesis of [N-methyl-11C ]vorozole. 

 
The sections were pre-incubated in PBS, pH 7.4, for 10 minutes and then 

incubated with [11C]vorozole at 1 nM (study I) or 2 nM (study II) for 20 
minutes at room temperature. Parallel glasses were incubated with 1 µM 
non-radioactive vorozole, for assessment of non-specific binding. The 
sections were then washed with PBS three times for 2 minutes each time and 
once with distilled water, and finally dried at 37oC for 10 minutes.  

The binding of tracer in the sections was evaluated by placing the glasses 
on a storage phosphor plate (Molecular Dynamics, Sunnyvale, CA) for 40-
minute exposure to 11C radioactivity (Yanai et al, 1992); exposed plates were 
scanned by a laser Phosphor Imager (Model 400S, Molecular Dynamics, 
Sunnyvale, CA) and the digital image was stored for further quantitative 
determinations using the software ImageQuant (Molecular Dynamics, 
Sunnyvale, CA) (Johnston et al, 1990; Matsumura et al, 1995). On the 
images, radioactivity regions were outlined to indicate the total radioactivity 
on each of the glasses. The procedure included an automatic background 
subtraction. The specifically bound radioactivity was quantified by 
subtraction of each non-specific (1 µM) sample from its respective pair. 

[11C]Vorozole binding in human placenta homogenates (study I) 
Placental tissue was homogenized in PBS (Sihver et al, 1997). The protein 
concentration of the homogenate was determined by a Pierce BSA protein 
assay at 562 nm. The homogenate was further diluted with PBS to 0.01-1 mg 
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protein/mL. Homogenate samples of 1 mL were placed in glass tubes; 
[11C]vorozole was added at defined concentrations, and incubation was 
performed at room temperature for defined times. With a 48-sample cell 
harvester system, all homogenate incubation tubes were simultaneously 
filtered and washed three times with PBS. The binding of tracer in the 
homogenates was evaluated by storage phosphor autoradiography (see 
above, [11C]vorozole autoradiography in frozen tissue sections). 

The depletion experiments were made with 0.4 and 4 nM [11C]vorozole 
with homogenates containing 0.01-1 mg protein/mL. For the binding affinity 
studies, incubations were performed with 0.1, 0.5, 1, 2, and 5 nM 
[11C]vorozole. Homogenates were incubated for 15 minutes with and without 
the addition of 1 µM vorozole. The time course of the binding was examined 
using incubation times ranging from 1 to 30 minutes. 

[11C]Vorozole binding in GC suspension (study II) 
Each determination was performed in 4000 GC in 1 mL PBS buffer. 
[11C]Vorozole (n = 6) was added to yield vorozole concentrations of 0.1, 0.5, 
1, 2 and 5 nM. Duplicate samples were co-incubated with 1 µM non-
radioactive vorozole for assessment of non-specific binding. After an 
incubation period of 15 minutes, the cells were harvested and washed using a 
48-sample cell harvester system (Brandel, Gaithersburg, MD). In separate 
experiments, the time course of [11C]vorozole binding was evaluated using a 
vorozole concentration of 1 nM and incubation times ranging from 1 to 50 
minutes. All incubation wells were aspirated simultaneously and the contents 
were passed through Whatman GF/B glass fiber filters (Brandel, 
Gaithersburg, MD). Three sequential washings were performed with PBS. 
The filters were removed and placed on a storage phosphor plate (see above, 
[11C]vorozole autoradiography in frozen tissue sections). As a standard, a 20 
µL sample of the 2 nM [11C]vorozole incubation solution was deposited on a 
filter and exposed together with the GC samples. One sample without cells 
was included to determine the level of non-specific binding to the filters. The 
specifically bound radioactivity was quantified by subtraction of each non-
specific (1 µM) sample from its respective pair (0.1 - 5 nM). The total counts 
read from the 20 µL standard allowed calculation of a calibration factor 
expressed as fmol per count. Using this calibration factor, the specifically 
bound radioactivity was recalculated to be expressed in fmol. Scatchard plots 
were generated and the equilibrium dissociation constant (Kd) and maximal 
binding (Bmax) were calculated. 

The binding studies were performed in fresh cells from 5 patients and the 
results were compared with those of binding studies performed in frozen 
cells from the same patients. 
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[11C]Vorozole binding in GC suspended in androgen solution 
(study III) 
Each determination was performed in 4000 GC in 1 mL PBS in the presence  
of 0, 0.01, 0.1, 1 and 10 µM of androstenedione (4-androstene-3,17-
dione) (A4), testosterone (4-androsten-17β-ol,3-one) (T), 5α-
androstanedione (5α-androstane-3,17-dione) (5α-A) and DHT in 
different sets of experiments. After 10 minutes of pre-incubation, 
[11C]vorozole was added to yield a vorozole concentration of 1 nM. 
Duplicate samples were co-incubated with 1 µM non-radioactive vorozole 
for assessment of non-specific binding. After incubation for 15 minutes, the 
cells were harvested and washed using a 48-sample cell harvester system 
(Brandel, Gaithersburg, MD). All incubation wells were aspirated 
simultaneously and the contents were passed through Whatman GF/B glass 
fiber filters (Brandel, Gaithersburg, MD). The procedure of [11C]vorozole 
determination was the same as that in GC suspension (see above). For 
simplification of data plotting, [11C]vorozole binding was presented as 
percentage of radioactivity bound in comparison with that reached at the 0 
concentration of androgen in incubation media (marked as 100%). 

In separate experiments with GC obtained from 3 patients, the 
[11C]vorozole binding was evaluated in DMEM after 2 hours of pre-
incubation of GC (mimicking conditions of the conversion assay) with DHT 
at concentrations of 0, 0.01 and 0.1 µM. Different [11C]vorozole 
concentrations were used in the incubations, allowing Scatchard plots to be 
generated and Bmax to be calculated. 

To assess the correlation between conversion and [11C]vorozole-binding 
assays in separate experiments, the conversion studies with absence of 
androgens were performed in non-cultured GC obtained from 8 patients and 
the results were compared with those of binding studies performed in cells 
from the same patients. 

 

[11C]Vorozole binding in rat ovarian homogenate (study V) 
Each determination was performed in 150 µL of ovarian homogenate in a 
total of 850 µL of PBS. [11C]Vorozole was added to yield vorozole 
concentrations of 0.3, 1 and 3 nM. Duplicate samples were co-incubated 
with 1 µM non-radioactive vorozole for assessment of non-specific binding. 
After incubation for 20 minutes, the homogenate was harvested and washed 
using a 48-sample cell harvester system (Brandel, Gaithersburg, MD). All 
incubation wells were aspirated simultaneously and the contents were passed 
through Whatman GF/B glass fiber filters (Brandel, Gaithersburg, MD). 
Three sequential washings were performed with PBS. The filters were 
removed and placed in a well scintillation counter for 60-second 



 

 

 

22

measurement of 11C radioactivity. As a standard, a 20 µL sample of the 1 nM 
[11C]vorozole incubation solution was deposited on a filter and measured 
together with the homogenate samples. 

The procedure included an automatic background subtraction. The 
specifically bound radioactivity was quantified by subtraction of each non-
specific (1 µM vorozole) sample from its respective pair (0.3, 1 and 3 nM). 
The total counts read from the 20 µL standard allowed calculation of a 
calibration factor expressed as fmol per count. Using this calibration factor, 
the specifically bound radioactivity was recalculated to be expressed in fmol 
per 150 µL homogenate. The data obtained at the three different 
concentrations were plotted on a Scatchard plot. By linear fit the values of 
Bmax and Kd were determined. 

[11C]Vorozole binding in different rat organs in vivo (studies IV 
and V) 
The rats were injected with 2 - 5 MBq of [11C]vorozole in 600 µL of saline 
as a bolus into the tail vein in about 10 seconds. After the injection the 
animal was placed in a separate plastic box, free to move. Twenty minutes 
later, the animal was briefly anesthetized with CO2 and killed by direct heart 
puncture and blood was collected. Serum was separated and stored at – 20oC 
until analyzed. Tissue samples from the ovaries, adrenals, liver, pancreas, 
kidneys, intestines, spleen, and uterus in study IV and from the ovaries and 
uterus in study V were collected in separate vials. 

For validation of intra-ovarian aromatase determination assay in vivo, a 
separate set of experiments was performed in rats without staging of the 
estrous cycle. [11C]Vorozole binding was measured in the ovaries, adrenals, 
liver, pancreas, kidneys, intestines, spleen, and uterus in untreated (n = 17) 
and unlabeled vorozole-pretreated (n = 7) rats (study IV). Experiments 
aiming to characterize changes in the rat estrous cycle were performed on a 
separate set of animals (n = 25) (study IV). 

For calculation of the total radioactivity administered, two 10 µL samples 
from the injection solution were collected in separate vials. 

Tissue sample radioactivity was measured in a calibrated well counter, 
and the radioactivity concentration in a sample was calculated by dividing 
the measured sample radioactivity by the tissue sample weight. For 
standardization of the tissue binding, with respect to total amount of 
radioactivity injected, the radioactivity concentrations were expressed as 
Standardized Uptake Values (SUV), which were calculated by dividing the 
ratio between the measured sample radioactivity and the sample tissue 
weight by the ratio between the total given radioactivity and animal body 
weight: 
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SUV = 
)()(
)()(

gABWBqTGR
gSTWBqMSR

; 

MSR – measured sample radioactivity; STW –sample tissue weight; 
TGR – total given radioactivity; ABW – animal body weight. 
 

This normalization of the data means that a tracer that has an even body 
distribution will yield an SUV of 1.0. In study IV, we found that the uterine 
[11C]vorozole binding can represent the non-specific organ distribution of 
[11C]vorozole, indicating that uterine binding may be used as an internal 
standard. Thus, in study V the specific ovarian [11C]vorozole binding to 
aromatase in rats grouped by stage of estrous cycle was expressed as 
SUVovary/SUVuterus –1. 

PET studies in Rhesus monkeys in vivo (study I) 
Four in vivo imaging experiments were performed in two female adult 
Rhesus monkeys (7.2 and 7.3 kg, respectively). The monkeys were 
anesthetized with diprivan (5 mg/kg/h) and intubated. One monkey was 
examined in the sagittal plane in order to include the whole body in the PET 
camera’s field of view. The other monkey was examined in a transaxial 
plane with the PET camera’s field of view over the abdomen. [11C]vorozole 
(110-160 MBq) was administered intravenously as a bolus. Following the 
baseline scan, un-labeled vorozole was administered as a bolus (3 µg/kg) 30 
minutes prior to the next [11C]vorozole injection. 

Finally, scanning was performed for 60 minutes in a GE 4096 (General 
Electric Medical Systems, sagittal scan) or a GE 2048 (transaxial scan) 
positron tomograph. A total of 16 frames per study was collected according 
to the following sequence: 5 frames at 1 minute each, 5 frames at 3 minutes 
each, 3 frames at 5 minutes each, and 3 frames at 10 minutes each. 
Transmission scans were used for correction for attenuation. 

Assay of aromatase activity in GC suspension and in rat 
ovarian homogenate (studies II, III and V) 
Aromatase activity was assessed by measuring the [3H]water produced by 
stereospecific release of tritium from the C-1-β position of androstenedione 
(Figure 2), as previously described (Newton et al, 1986).  In brief, 10 µl of 
an ethanolic solution containing [1β-3H]androst-4-ene-3,17-dione (1 µCi, 40 
pmol; New England Nuclear, Boston, MA) was added to 1 mL of PBS 
(study II) or to 1 mL of DMEM (study III) containing 15,000 granulosa 
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cells, or it was dissolved in 100 µL of DMEM and the solution was added to 
700 µL of DMEM containing 300 µL of ovarian homogenate (study V). To 
measure the effects of different androgens on aromatase activity (study III), 
GC were incubated in DMEM in the presence of 0, 0.01, 0.1, 1 and 10 µM 
A4, T, 5α-A, and DHT (all from Sigma, St. Louis, MO). All incubations 
were performed in duplicate together with boiled blanks. The aromatase-
catalyzed reaction was initiated by the addition of 100 µg NADPH (Sigma 
Chemical Co., St. Louis, MO), and GC were incubated for 2 hours at 37°C. 
At the end of the reaction period, steroids were extracted with two 5 mL 
portions of diethyl ether, which was discarded. Trichloroacetic acid (0.5 mL, 
30%) was added to the remaining aqueous phase and the mixture was 
shaken. The precipitated proteins were sedimented by centrifugation for 10 
minutes at 1500 ×  g, and 1 mL of the resulting supernatant was collected. 
Remaining steroids were removed by adding 1 mL of a suspension 
containing 0.5 % dextran and 5% charcoal in PBS. After mixing and 
centrifugation for 20 minutes at 2000 ×  g, 1 mL of the clear supernatant 
was taken for liquid scintillation counting of [3H]water radioactivity. 
Correction for blank values was performed and aromatase activity was 
expressed in terms of fmol estrogen formed / 15,000 cells / 1 hour (study II) 
or in terms of fmol estrogen formed /300 µL homogenate/2 hours (study V). 
Because of the high individual variation of the conversion assay results at 
zero concentration of androgen (study III), aromatase activity was presented 
as percentage of estrogen formed in comparison with that reached at zero 
concentration of androgen in the incubation media (marked as100%). 
 

 
 

 
 
 
 
 
 
 
Figure 2. Conversion of [1β-3H]androst-4-ene-3,17-dione to estrone with 
radioactive water release. 

Aromatase mRNA estimation (study IV) 
Aromatase mRNA was estimated with an RNAse protection assay. 
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Radioimmunoassays (studies IV and V) 
Serum concentrations of A4 and estradiol-17β (E2) were determined by 
radioimmunoassay (RIA), using commercial kits originally intended for 
assay on human serum, obtained from Diagnostic Products Co, Los Angeles, 
CA, USA (“Coat-A-Count® Androstenedione” and “Estradiol Double 
Antibody”) (studies IV and V). Serum concentrations of LH were 
determined by RIA using a commercial kit for rat LH determination (ICN 
Pharmaceuticals, Costa Mesa, CA, USA) (study V). The detection limits and 
within- and between-assay variation coefficients were 0.1 nmol/L, 10% and 
4% for A4, 6 pmol/L, 17 % and 11% for E2, and 0.02 µg/L, 8% and 13% for 
LH, respectively. 

Statistical analyses 

Studies II and III 
Correlations between results of conversion and binding studies were tested 
by the Spearman rank correlation test (studies II and III). To estimate the 
influence of different concentrations of different androgens on aromatase 
conversion assay and aromatase [11C]vorozole-binding assay separately 
(study III), a three-factor repeated measures analysis of variance (ANOVA), 
with one repeated factor (concentration) and two non-repeated factors 
(method and androgen), was used. The post-hoc analysis included Tukey’s 
HSD test to determine how group means differed. An analysis of residuals 
was conducted to determine whether any model assumptions were violated. 

To analyze the interaction of four different androgens with the aromatase 
enzyme (study III), the mean values obtained with the two methods used 
(aromatase conversion and aromatase [11C]vorozole-binding assays) for each 
androgen separately at each concentration were compared using the 
Wilcoxon two-sample test. This analysis resulted in four two-group 
comparisons for each of four androgens. Bonferroni correction was used for 
the four tests within a given androgen group to preserve the experiment-wise 
type I error rate. 

To estimate the effect of three different concentrations of DHT on GC 
aromatase conversion activity and Bmax and Kd of [11C]vorozole binding to 
aromatase during 2 hours incubation under conditions mimicking that of the 
conversion assay (study III) a Wilcoxon/ Kruskal-Wallis test was used. 

Study IV 
Differences between means of radioactivity binding in different rat organs 
were analyzed by the paired t-test. The influence of animal pretreatment with 
unlabeled vorozole on means of radioactivity binding in different rat organs 
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was analyzed by one-way ANOVA. Differences between means of 
radioactivity binding in the blood, uterus and ovary were analyzed by the 
paired t-test. The mean values for aromatase mRNA (mRNAarom), mean SUV 
for ovary (SUVovary), and mean A4 and E2 were compared across the four 
stages of the estrous cycle. For SUVovary, and A4 ANOVA was used and for 
mRNAarom and E2 the Kruskal – Wallis test. 

Study V 
Data were checked for outliers by calculating the Mahalanobis distance. 
Outliers exceeding a distance of 3 SD were excluded from the analysis. All 
values are expressed as mean ± SD and times during proestrus are given in 
hours after the beginning of the light period in the animal facility. Variable 
means were compared by ANOVA. For variables that were not normally 
distributed after log transformation, values were compared with the Kruskal-
Wallis test. For assessment of correlation between variables, Spearman’s 
rank correlation test was used. 
 

For every statistically significant result cited, the experiment-wise p value 
is less than 0.05 unless otherwise specified. The SAS statistical package and 
statistical program JMP (SAS Institute Inc., Cary, NC, USA) were used in 
the statistical analyses. 
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RESULTS 

Development of [11C]vorozole-binding assay in vitro 

Evaluation of [11C]vorozole binding to placenta in vitro (studies 
I and II) 
Experiments with frozen tissue sections revealed significant [11C]vorozole 
binding to human placenta sections. The binding in human placenta was 
visually completely blocked by the addition of 1 µM unlabeled vorozole 
(study I, Fig. 2; study II, Fig. 1B). The specific binding of [11C]vorozole to 
human placenta sections was very high, namely 98% of the total binding. 

Binding affinity and kinetic studies were performed in human full-term 
placenta homogenates. Experiments were performed with different protein 
concentrations in order to establish the appropriate homogenate protein 
concentration so as to avoid depletion, i.e., a reduction in available free 
[11C]vorozole due to excess aromatase. A protein concentration of 0.02 mg 
protein/mL was found to give a sufficient signal without depletion. In the 
binding-affinity experiments, the Kd of [11C]vorozole binding to human 
placenta aromatase was found to be 1.7 nM, a value that is in the same range 
as that reported for the inhibition constant (Ki) (De Coster et al, 1994). The 
time course of the binding of [11C]vorozole to human placenta aromatase 
was investigated and this binding was found to reach reached its equilibrium 
within 2 minutes. 

Evaluation of [11C]vorozole binding in pig ovarian slices and rat 
ovarian homogenate in vitro (studies II and V) 
Pig ovary displayed rims of radioactivity binding in follicles amounting to 
about 20 % of that in the placenta (study II) (Figure 3). The Bmax /Kd ratio 
showed a significant positive correlation to rat ovarian [11C]vorozole binding 
in vivo (rs = 0.43; p < 0.01), aromatase conversion activity (rs = 0.58; p < 
0.0001), and serum E2 levels (rs = 0.52; p < 0.01) (study V). 
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There was a negative non-significant association between aromatase 
conversion activity and Bmax throughout the entire cycle (rs = -0.27; p = 
0.06), whereas after exclusion of the period between 6 and 13 hours of 
proestrus (a period of substantial variation of [11C]vorozole binding and 
aromatase conversion activity in vitro) from the analysis, a positive and 
significant correlation was observed (rs = 0.44; p < 0.05, n = 21) (study V). 

Evaluation of [11C]vorozole binding in GC suspension in vitro 
(studies II and III) 

Assessment of [11C]vorozole binding to the aromatase enzyme in GC 
revealed good binding characteristics. A gradual increase in [11C]vorozole 
binding was seen with increasing concentrations of tracer (study II, Fig. 1A). 
This was observed both in samples incubated with tracer alone (Figure 4, 
upper row) and in samples co-incubated with unlabeled vorozole (Figure 4, 
lower row). The association of the tracer with the binding sites in GC 
suspension was rapid, with equilibrium reached within 20 minutes (study II, 
Fig. 2A). The non-specific binding, i.e., radioactivity binding that occurred 
during co-incubation with unlabeled vorozole, increased linearly with 
increasing [11C]vorozole concentration. The specific binding, defined as the 
difference between radioactivity binding observed with only tracer and that 
with 1 µM vorozole, reached a plateau at low (1 - 2 nM) concentrations 
(Figure 5). Scatchard plots were linear (r  = 0.99) (study II, Fig. 3), 
indicating that there was only one kind of binding site. The fraction of non-
specific binding, defined as the ratio of the binding observed with the 
addition of 1 µM unlabeled vorozole to that observed with tracer alone at 
concentrations ranging from 0.1 till 5 nM, increased from about 10% at 0.1 
nM to about 50% at 5 nM (study II, Fig. 4). The non-specific radioactivity 
binding to filters was examined in parallel experiments performed with 5 nM 
[11C]vorozole without cells. The ratio between the non-specifically bound 
radioactivity in samples and the radioactivity bound in the filters without 
granulosa cells was 1.05 ± 0.13 (n = 7), indicating that the non-specific 
binding could be attributed to binding of [11C]vorozole to the filter. A good 
correlation (rs  = 0.94; p < 0.006) was found when the numbers of 11C-
vorozole binding sites were compared in the fresh and frozen cells taken 
from the same patients (study II, Fig. 5), indicating that the cryoprotection of 
the aromatase enzyme was sufficient. Bmax was found to be 10.8 ± 6.7 fmol / 
4000 cells in fresh and 11.2 ± 7.0 fmol / 4000 cells in frozen cells, and Kd 
was 0.44 ± 0.25 nM in fresh and 0.28 nM ± 0.05 nM in frozen cells. The 
amount of enzyme was equal to 1.6 million binding sites per cell. 
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Figure 3. Frozen section autoradiography with [C11]vorozole in the pig 
ovary: A, total binding; B, non-specific binding. 

 
 
 
 
 
 
 
 

 
Figure 4. Autoradiography of [11C]vorozole binding to granulosa cell 
aromatase. [11C]Vorozole binding in the radioactivity regions gradually 
increased with increasing concentrations of tracer. Upper row: images of 
radioactivity binding in samples incubated with tracer concentrations of 0.1, 
0.5, 1, 2, and 5 nM. Lower row: duplicate samples co-incubated with 1 µM 
non-radioactive vorozole for assessment of non-specific binding. 

 
 
 
 
 
 
 
 
 
 
 

Figure 5. [11C]Vorozole binding versus [11C]vorozole concentration in 
granulosa cells. The specific binding was defined as the difference between 
radioactivity  binding observed with tracer alone (total) and the binding with 
addition of 1 µM vorozole (non-specific). 
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The enzyme concentration, measured by the [11C]vorozole-binding assay, 

showed a statistically significant correlation (rs = 0.81, p = 0.015) to the 
catalytic activity of P450AROM, measured by the tritiated water method 
(Figure 6). The specific catalytic activity of one molecule of enzyme was 
calculated to be 3.9 ± 2.4 molecules of androstenedione per hour (study II). 
The calculation was performed according to the 1:1 stoichiometry of 
vorozole binding to aromatase enzyme (Koymans et al, 1995). 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Relationship between P450AROM
 enzymatic activity measured by 

[3H]water assay (fmol / 15,000 cells / 1 hour) and P450AROM concentration 
measured by [11C]vorozole-binding assay (fmol / 4000 cells).  
 

Evaluation of [11C]vorozole binding to other tissues in vitro 
(study I) 
Quantification using autoradiography showed that the total binding of 
[11C]vorozole to sections of pig colon and pig liver was about 36% of the 
total binding to human placenta. All other tissue sections exhibited total 
binding of less than 13% of that of human placenta (study I, Fig. 3). Pig liver 
and pig duodenal sections exhibited specific binding of [11C]vorozole 
amounting to 59% and 41% of their total binding, respectively. Other human 
tissues such as myometrium, myoma, ligamentum rotundum uteri, skeletal 
muscle, and fat showed very low binding (< 1 % of that in the placenta) 
(study II, Fig. 1B). 
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Evaluation of [11C]vorozole binding in vivo 

Specificity of [11C]vorozole binding in rat tissues in vivo (study 
IV)  
Experiments for validation of the in vivo [11C]vorozole-binding assay 
revealed that in comparison with the binding in untreated rat ovaries, the 
uptake was similar in the liver (p = 0.71), higher in the adrenals (p < 0.007) 
and lower in the pancreas, kidneys, intestines, spleen and uterus  (p ≤ 0.001 
for all comparisons) (Figure 6, hatched columns). After pre-treatment of 
animals with unlabeled vorozole and subsequent injection of [11C]vorozole, 
radioactivity binding was blocked only in ovarian tissue (p < 0.01) (Figure 7, 
filled columns), whereas in other organs the binding was similar to that in 
untreated animals or higher (pancreas and spleen p < 0.04) (Figure 7, filled 
columns). In a separate experiment with injection of [11C]vorozole alone, the 
mean radioactivity levels in the blood and uterine tissue did not differ (p = 
0.68), whereas the SUV level in the ovary differed significantly from the 
SUV levels in the blood and uterus (p < 0.001 for both) (data not shown). 
These findings and the lack of specific binding in the uterus indicate that 
uterine binding may represent non-specific organ distribution of 
[11C]vorozole. Thus, uterine binding was used as an internal standard. The 
specific ovarian [11C]vorozole binding to aromatase in rats grouped by stage 
of estrous cycle was therefore expressed as SUVovary/SUVuterus –1. 

Evaluation of [11C]vorozole binding in Rhesus monkeys in vivo 
(study I) 
The pharmacokinetics of vorozole was studied in two Rhesus monkeys, 
using PET and [11C]vorozole. The whole-body images (sagittal view) 
revealed a pronounced accumulation of radioactivity in the liver, reaching a 
constant level of 20% of administered radioactivity after 10 minutes. In the 
early images there was also binding in the brain, lung, and kidneys, which 
with time decreased to below 2% (study I, Fig.4). A study over the abdomen 
(transaxial view) clearly identified the kidney and the aorta, whereas no 
other areas with high binding were found (data not shown). 

Pre-treatment of the monkey with a pharmacological dose of vorozole 30 
minutes prior to administration of the tracer caused only minor changes in 
the biodistribution of [11C]vorozole. A slight initial increase in liver binding 
and a corresponding initial decrease in other organs were detected. These 
effects had disappeared at later time points (study I, Fig. 5). Apart from the 
large accumulation of radioactivity in the liver, [11C]vorozole was distributed 
relatively evenly throughout the body. 
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Figure 7. [11C]Vorozole binding (SUV) in different organs of the control 
group of cycling rats (hatched columns) and of the cycling rats pre-treated 
with unlabeled vorozole (filled columns) (staging of estrous cycle was not 
taken into the consideration). Ov – ovary; Adr – adrenals; Liv – liver; Pnc – 
pancreas; Kd – kidneys; Int – intestines; Spl – spleen; Utr – uterus. Data are 
presented as means ± SEM; n = 17 for control group and 7 for unlabeled 
vorozole pre-treated group. a p < 0.01 and b p < 0.001 compared with the 
control organ – ovary in the control group (paired t-test);   * p < 0.05 and ** 
p < 0.01 pre-treated compared with the control group (one-way ANOVA). 
SUV of all organs except the liver differed from that of the ovary (control 
group). Only in the ovary [11C]vorozole binding was blocked only after pre-
treatment with unlabeled vorozole. 
 

Application of [11C]vorozole-binding assay to biological 
systems in vitro and in vivo 

Effects of androgens on [11C]vorozole binding and aromatase 
conversion activity in human GC suspension (study III) 
A4, 5α-A and T significantly suppressed aromatase activity at concentrations 
of 0.1 µM onwards and there were no significant differences between these 
three androgens in this respect (Figure 8A, B and C). In contrast to the other 
androgens, addition of DHT at concentrations of 0.01 and 0.1 µM 
significantly increased the aromatase activity in the conversion assay (Figure 
8D). At a concentration of 1 µM no significant effect was seen, whereas at 
10 µM DHT significantly suppressed this activity. At all concentrations the 
aromatase activity in the incubations with DHT was significantly higher than 
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in the corresponding incubations with the other androgens (p < 0.0001 for all 
comparisons). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 8. The effects of four different androgens on granulosa cell (GC) 
aromatase 2-hour conversion activity (solid squares and lines) and 
[11C]vorozole binding in 15 minutes (open squares and broken lines). GC 
were incubated in the presence of increasing concentrations of unlabeled 
androgens. A: androstenedione (A4); B: 5α-androstane-3,17-dione (5α-A); 
C: testosterone (T); and D: dihydrotestosterone (DHT). Aromatase activity is 
expressed as percentage of estrogen formed, and [11C]vorozole binding is 
expressed as percentage of radioactivity uptake at the zero concentration of 
unlabeled androgens (normalized to 100%). The data are the mean ± SEM of 
5 experiments per point, except for A4 in the [11C]vorozole-binding assay, in 
which 7 experiments were performed. The repeated measures ANOVA 
resulted in a significant three-factor interaction (p = 0.0001). 

 
 
In the [11C]vorozole-binding assay DHT did not significantly affect the 

radioactivity binding at the two lower concentrations, but did so at the two 
higher concentrations (Figure 8D). The other three androgens significantly 
decreased [11C]vorozole binding at concentrations of 0.1 µM and above, this 
effect being most pronounced for A4 (Figure 8A). The IC50 values for 
inhibition of both processes were calculated for all steroids except DHT 
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(study III, Table 1). A4 was the most active suppressor of both conversion 
activity (IC50 = 0.11 µM) and [11C]vorozole binding (IC50 = 0.06 µM). 5α-A 
showed weaker inhibition in both conversion (IC50 = 0.16 µM) and 
[11C]vorozole-binding (IC50 = 0.25 µM) assays. IC50 values for T were 0.22 
µM and 0.20 µM, respectively.  

Since the incubation times differed between the conversion and the 
[11C]vorozole-binding assays with their standard conditions, the effects of 
DHT were evaluated in separate experiments with comparisons of the results 
of the two assays when performed under identical incubation conditions, i.e., 
in DMEM incubation media and with an incubation time of 2 hours for both. 
These experiments again showed a significantly increased estrogen synthesis 
rate at DHT concentrations of 0.01 and 0.1 µM (p = 0.001 for both) 
compared to zero incubations, whereas no significant effects on 
[11C]vorozole binding Bmax (p = 0.138) and marginal reduction of Kd (p = 
0.054) were observed (Figure 9).  

 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
Figure 9. The effect of three different concentrations of DHT on GC 
aromatase conversion activity and Bmax and Kd of [11C]vorozole binding to 
aromatase during 2 hours incubation under conditions mimicking that of the 
conversion assay. Aromatase activity is expressed as percentage of estrogen 
formed and Bmax and Kd of [11C]vorozole binding to aromatase are expressed 
as percentage of radioactivity binding and dissociation constant at the zero 
concentration of cold DHT (marked as 100%). The data are the mean ± SEM 
of nine experiments per point in conversion assay and three experiments per 
point in [11C]vorozole-binding assay. DHT concentration dependent 
improvement of GC conversion activity compared to zero incubations (p < 
0.001, Wilcoxon/ Kruskal-Wallis test) was accompanied by no significant 
change in [11C]vorozole binding Bmax (p = 0.138, Wilcoxon/ Kruskal-Wallis 
test) and marginal reduction of Kd (p = 0.054, Wilcoxon/ Kruskal-Wallis 
test). 
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Ovarian [11C]vorozole binding  in association with conversion 
activity of ovarian homogenate in the rat in vitro and in vivo 
(study V) 
[11C]Vorozole binding in ovarian homogenate, expressed as Bmax, reached its 
minimum values between +9 and +13 hours of proestrus, when it was 
significantly lower than at all other points of assessment (p < 0.004 for all 
comparisons) (study V, Fig. 2A). 

The Kd of [11C]vorozole binding in ovarian homogenate in vitro was 
significantly lower during proestrus +9 and proestrus+11 than during the 
remainder of the cycle (p < 0.05 for all comparisons) (study V, Fig. 2B). A 
significant negative correlation was found between ovarian [11C]vorozole 
binding in vivo and Kd (rs = -0.44; p < 0.01) throughout entire cycle. 

The Bmax /Kd ratio showed two peaks during the cycle, one small one at 
proestrus+4 and one large one at proestrus+11, and the latter value was 
significantly higher than at all other points (p < 0.05 for all comparisons) 
(study V, Fig. 2C). Estrogen synthesis in ovarian homogenate measured by 
conversion assay increased significantly (p < 0.001) from low levels during 
diestrus and early proestrus (P+4) to a broad peak between 6 and 13 hours of 
proestrus, followed by a significant decline to low levels during estrus and 
metestrus (both p < 0.004) (study V, Fig. 2D). E2 synthesis (conversion 
activity) showed a strong positive correlation to serum E2 (rs = 0.69; p < 
0.0001) and a significant negative correlation to Kd (rs = -0.47; p < 0.01) 
(study V). 

Ovarian [11C]vorozole binding in vivo decreased significantly with time 
from diestrus to proestrus+8 (rs =  -0.79; p < 0.0001). At that time 
[11C]vorozole binding was significantly lower than at any other point of the 
cycle (p < 0.006 for all comparisons) (study V, Fig. 1A). 

Ovarian aromatase mRNA and serum steroid and LH 
concentrations during the estrous cycle (studies IV and V)  
Aromatase mRNA levels were highest during diestrus and lowest during 
estrus (study IV, Fig. 2). The mean aromatase mRNA level during diestrus 
was significantly higher than the levels during estrus and metestrus (p = 
0.001 for both). The mean aromatase mRNA level during proestrus was 
significantly higher than that during estrus  (p = 0.001) (study IV). 

The serum concentration of LH was significantly elevated at +9 and +13 
hours of proestrus (p < 0.001 for both) compared with the remainder of the 
cycle (study V, Fig. 1B). The serum concentrations of both A4 and E2 
increased from diestrus to proestrus+6 (p < 0.0001 for both) and then 
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remained unchanged to proestrus+13. After proestrus+13 the levels of both 
steroids declined to values corresponding to those observed during diestrus 
(study V, Fig. 1C and D). Serum A4 and E2 were positively correlated during 
the entire cycle (rs = 0.43; p < 0.001) (study V). 
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DISCUSSION 

Methodology of [11C]vorozole binding 

Evaluation of [11C]vorozole binding in different tissues in vitro 
(studies I-IV) 
Experiments with different tissues using [11C]vorozole-binding assay in vitro 
demonstrated that the radioactivity binding to aromatase-rich GC and 
placenta is high and specific, whereas the binding to other tissues is low. A 
positive association was found between P450AROM measured by the 
[11C]vorozole-binding assay and its catalytic activity measured by [3H]A4 

conversion assay in GC and rat ovarian homogenate (throughout the entire 
cycle except proestrus) (studies II, III and V), indicating that the 
[11C]vorozole-binding assay permits quantification of the active aromatase 
enzyme and that a combination of these two assays can be used for recording 
events at the binding site of the enzyme. 

With small number of cells, the signal is dominated by binding to the 
filters. If this can be reduced, it is estimated that a full binding study can be 
performed in a few hundred granulosa cells (study II). Binding of the tracer 
in other tissues in vivo and in vitro probably indicates binding of 
[11C]vorozole to other P450 species. The observation that in vitro 
[11C]vorozole binding in rat ovarian homogenate during proestrus did not 
correlate with aromatase conversion activity might be interpreted as a lack of 
specificity of the [11C]vorozole-binding assay. However, previous studies 
have shown that proestrus in rats is a very special biological period in terms 
of ovarian aromatase regulation. Brandt and co-workers measured 
intraovarian levels of estrogens and androgens and aromatase conversion 
activity in ovarian microsomal preparations. Lack of correlation between 
these three variables at the end of proestrus and beginning of estrus (Brandt 
et al, 1990) suggested that factors other than the total ovarian aromatase 
must be contributing to the regulation of estrogen production. It is possible 
that these other factors regulate the specific activity of every aromatase 
molecule (Brandt et al, 1990). Thus, we suggest that in rats [11C]vorozole 
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binding is specific for ovarian aromatase throughout the entire estrous cycle 
except proestrus, when it does not correlate with the conversion activity on 
account of contributions of additional biological factors to the regulation of 
aromatase activity. 

Evaluation of [11C]vorozole binding in vivo (studies I, IV and V 
and PET pilot studies) 
Pre-treatment of the rats with unlabeled vorozole and subsequent injection of 
the tracer revealed that the [11C]vorozole binding assay in vivo is specific for 
measurements of ovarian aromatase in rats. A close correlation was found 
between Bmax/Kd, representing [11C]vorozole binding in vitro, and 
SUVovary/SUVuterus –1, representing [11C]vorozole binding in vivo, indicating 
that overall similar features of aromatase binding were measured in vitro and 
in vivo. In the PET images from the monkey pilot study, some structures 
could be identified by virtue of higher binding compared with the 
surroundings. This includes what was interpreted as a unilateral ovary in one 
cycling monkey (Figure 10), probably close to the time of ovulation (staging 
of the menstrual cycle was not done). Apart from the large accumulation of 
radioactivity in the liver and ovary, [11C]vorozole was distributed relatively 
evenly throughout the body (study I). 

In the pilot PET study in humans, the ovaries were not visualized during 
[11C]vorozole experiments in 2 patients with polycystic ovary syndrome 
(PCOS) and in 2 healthy cycling women in the early follicular phase. In 
healthy women the cycle stage was ascertained by dating the last period and 
the fact that the cycle at the PET experiment was ovulatory was confirmed 
from a serum progesterone elevation at days 21-22. In one woman studied at 
the day of ovulation a unilateral ovary with big dominant follicle was 
detected (anatomically, the ovaries were identified by magnetic resonance 
imaging (MRI)) (Figure 11). Thus, [11C]vorozole-binding assay in vivo using 
PET might be applied for visualization of dominant follicles in humans and 
Rhesus monkeys. Application of the method to a cycling rat model in vivo 
might help to elucidate mechanisms of ovarian aromatase regulation during 
proestrus. 
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Figure 10. Binding of [11C]vorozole in the pelvis of a Rhesus monkey in vivo 
(pilot PET study). [11C]vorozole accumulation was seen in the ovary 
unilaterally and in the urinary bladder. 

 
 
 
 
 
 
 
 
 

 
 

 
 

 
 
 
 
 
 
 
 

 
 

Figure 11. Binding of [11C]vorozole in and magnetic resonance imaging 
(MRI) of the pelvis of a healthy cycling woman on the day of ovulation 
(pilot PET and MRI studies in the same patient performed on the same day 
in vivo). On MRI scans a large dominant follicle was detected in the left 
ovary, corresponding exactly to the unilateral bright spot of very high 
[11C]vorozole binding present on PET images. 
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Ovarian aromatase regulation (studies III-V) 

Role of androgens 
In study III low concentrations of DHT enhanced the aromatase activity in 
fresh human luteinized GC suspension, whereas A4, testosterone and 5α-A 
inhibited it. In contrast to the other three androgens, DHT at these low 
concentrations did not inhibit [11C]vorozole binding. The incubation time in 
the [11C]vorozole-binding assay (15 minutes) is too short to allow synthesis 
of new aromatase molecules. The lack of improvement of [11C]vorozole 
binding Bmax values after 2 hours of incubation under conditions mimicking 
those of the conversion assay supported this assumption. 

DHT has previously been shown to increase aromatase activity in 
cultured GC (Harlow et al, 1986; Wada et al, 1988). Previous reports on 
suppression of aromatase activity by DHT do not contradict our findings, 
since in those previous studies high concentrations (1 or 10 µM) of DHT 
were used (Hillier et al, 1980).  

DHT is structurally most different from A4 and also is not a substrate for 
aromatase. It should therefore be less competitive in the two assays, as was 
in fact observed. On the other hand, DHT is the most potent endogenous 
androgen receptor (AR) agonist and this may be one explanation for the 
stimulatory effects of low DHT concentrations on aromatase activity found 
in the present study. However, stimulation occurred after 2 hours of 
incubation (study III) and, at least for human skin fibroblasts, it has been 
demonstrated that DHT stimulates aromatase activity through new protein 
synthesis after 48 hours of incubation and not after 24 hours (Chabab et al, 
1986). We therefore speculate that rapid mechanisms other than synthesis de 
novo contribute to the increase in aromatase enzyme activity recorded in our 
study. 

At low concentrations, DHT may act by binding to a site on the aromatase 
enzyme other than the active site, thus acting through allosteric positive 
cooperativity. This cooperativity would increase the activity of the enzyme 
by improvement of substrate binding affinity, if we assume that vorozole 
binding (which was not increased) represents substrate binding. 
Alternatively, DHT may act through a DHT-AR complex to stimulate 
aromatase through liganded-AR-aromatase interaction. This hypothesis is 
further supported by the observation that treatment of cultured GC with the 
AR antagonist flutamide caused inhibition of FSH-induced aromatase 
activity (Hillier and De Zwart, 1981). 

Estrogens are known to affect GC functions (Daniel and Armstrong, 
1983; Zhuang et al, 1982) and it may also be argued that DHT, in contrast to 
the aromatase substrates A4 and T, does not give rise to any estrogens. 
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However, this is also the case for 5α-A, which behaved in the same way as 
did A4 and T in the present study. 

Aromatase inhibition/activation by 5α-reduced androgens might be 
involved in the regulation of aromatase function during follicle development. 
The concentrations of 5α-A in FF of normally ovulating women are 
significantly lower during the late follicular phase than during any other 
stage of the cycle (Agarwal et al, 1996), whereas, concentration of DHT is 
the fairly stable when the follicle advances in its development from androgen 
cohort follicle to the dominant one (Brailly et al, 1981). Taken together, 
these data suggest that during the pre-ovulatory period the ovarian synthesis 
of androgens (Figure 12) changes in such a way that the intraovarian 
concentration of the aromatase inhibitor 5α-A declines, whereas the 
concentration of the aromatase promoter DHT remains at a fairly constant 
level close to 0.01 µM (Figure 13), which has a stimulatory effect on GC 
activity in vitro. 

 

 
 
Figure 12. Inter-conversion of androgens and synthesis of estrogens. 

 
The influence of 5α-reduced androgens may thus switch from aromatase 

inhibition to stimulation as late pre-ovulatory development advances, and 
quick induction of estrogen synthesis is needed for induction of the LH 
surge. On the other hand, domination of aromatase inhibitor synthesis in 5α-
reduced androgen pattern in FF might explain low E2 concentrations in FF of 
PCOS patients (Figure 13) and absence of an LH peak causing anovulation 
(Agarwal et al, 1996). 
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Figure 13. Physiological concentrations of 5α-A*, DHT** and E2** in 
follicular fluid (FF) of healthy developing follicles and PCOS follicles and 
potency of the androgens to change aromatase activity in GC suspension in 
vitro. AC, androgenic cohort follicle; EC, estrogenic cohort follicle; DOM, 
dominant follicle. Thick line – 50% inhibition concentration (IC50) of 5α-A. 
Thin line – DHT concentration of 0.01 µM. FF androgen concentration 
values were taken from *Agarwal and co-authors (Agarwal et al, 1996), ** 
Brailly and co-authors (Brailly et al, 1981), and Laatikainen and co-authors 
(Laatikainen et al, 1983). During the pre-ovulatory period ovarian synthesis 
of the aromatase inhibitor 5α-A declines, whereas the concentration of the 
aromatase promoter DHT is fairly constant (close to 0.01 µM, which has had 
a stimulatory effect on GC activity in our studies in vitro). 

 

Further evidence for regulatory mechanisms other than synthesis 
de novo of aromatase enzyme in cycling rats 
A strong correlation between A4 and E2 concentrations in rat serum (study 
V) confirmed the generally accepted conclusion that the estrogen surge is 
regulated by an increase in ovarian aromatase substrate (Daniel and 
Armstrong, 1980; Hillier and De Zwart, 1981). However, improvement of 
conversion activity in ovarian homogenate during proestrus cannot be 
explained by an increased supply of precursor, since such improvement was 
observed under in vitro conditions with a constant concentration of [3H]-A4. 
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The conclusion that fluctuation of aromatization precursor production plays 
only a limited role in rat ovarian aromatase activity during the proestrus – 
estrus period was drawn by Brandt and co-workers, who measured 
intraovarian levels of estrogens and androgens and aromatase conversion 
activity in ovarian microsomal preparations (Brandt et al, 1990). The lack of 
correlation between these three variables at the end of proestrus and 
beginning of estrus (Brandt et al, 1990) suggests that factors other than the 
total ovarian aromatase are involved in the regulation of estrogen production. 
Potentially, these other factors might regulate the specific activity of every 
aromatase molecule (Brandt et al, 1990). This hypothesis is strengthened by 
our observation that during proestrus, when aromatase mRNA and serum E2 

concentration peaked (study IV), [11C]vorozole binding Bmax varied 
dramatically (study V). [11C]Vorozole binding Bmax reflects functionally 
active aromatase protein and rapid variation of Bmax levels during proestrus 
contradicts the generally accepted hypothesis that aromatase protein 
synthesis is key-factor regulating intraovarian E2 production in the cycling 
rat (Fitzpatrick and Richards, 1991; Zimniski et al, 1987). Close inverse 
correlations of [11C]vorozole binding Kd to serum E2 and to ovarian 
homogenate conversion activity (study V) suggested that rapid changes in 
aromatase substrate affinity might be important for in situ regulation of 
ovarian aromatization, assuming that [11C]vorozole binding mimics that of 
the substrate (A4). 

The hypothesis that aromatase activity is regulated by synthesis of the 
enzyme de novo is based on quantification of intraovarian aromatase in rats 
by immunoblot analysis, which showed that pre-ovulatory follicles contained 
twice as much enzyme and 16 times as much aromatase mRNA as small 
antral ones. It was concluded that ’aromatase activity reflects enzyme levels’ 
(Hickey et al, 1988). However, daily measurements of aromatase activity in 
rat ovarian microsomes showed maximal enzyme activity on the day of 
proestrus and considerably lower activity during the rest of the cycle 
(Zimniski et al, 1987). 

In our studies (IV and V) we measured ovarian binding of [11C]vorozole, 
representing functionally active aromatase enzyme in both ovaries in 
different stages of the estrous cycle in vivo and ovarian aromatase mRNA 
expression in vitro. We observed dramatic variation in radioactivity binding 
during proestrus (study V), when the aromatase mRNA levels and E2 

concentrations were highest (study IV) and stable. This variation in 
[11C]vorozole binding might be explained by the changes in availability of 
aromatase enzyme to the tracer in many small antral follicles. During early 
diestrus aromatase is available to the binding in many small antral follicles. 
However, during two latter phases, paracrine inhibition of the enzyme may 
take place in unselected small antral follicles, whereas selected growing 
follicles develop into full maturation and in these follicles very active 
synthesis of aromatase mRNA and the enzyme and E2 production take place. 
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Thus, dominant follicles are mainly responsible for the increase in aromatase 
mRNA levels and serum E2 during proestrus, whereas the aromatase 
function in the small antral follicles is simultaneously blocked. 

Our hypothesis is in concordance with results of Tetsuka and co-workers  
(Tetsuka and Hillier, 1996), who found the highest levels of aromatase 
mRNA in large follicles (> 400 µm) and the lowest ones in the small ones (< 
200 µm) (Tetsuka and Hillier, 1996). Aromatase is an important/obligatory 
regulator of folliculogenesis, especially in the postantral stage, and in 
aromatase knockout mice folliculogenesis was arrested prior to ovulation 
(Drummond and Findlay, 1999; Findlay et al, 1998). Interestingly, Whitelaw 
and co-workers reported that although the ovaries of immature rats treated 
with human menopausal gonadotropin (HMG) were morphologically very 
similar, not all antral follicles expressed aromatase mRNA, although the 
follicles that did appeared healthy (Whitelaw et al, 1992). This corresponds 
with earlier immunohistochemical evidence that cytochrome P450s are 
expressed most abundantly in granulosa cells of the Graafian follicle (Zoller 
and Weisz, 1978). These observations provide additional evidence that the 
phenomenon of ‘centralization of functionally active aromatase’ in the 
selected follicles during folliculogenesis occurs in the cycling rat ovaries and 
that the presence of aromatase in a selected follicle is the hallmark of its 
healthy development. Furthermore, it has been shown that the capacity of rat 
follicles to synthesize E2 is not strictly related to the changes in their content 
of intraovarian aromatase mRNA (Hickey et al, 1988). Thus, there is a 
growing body of evidence suggesting that paracrine regulation of ovarian 
aromatase activity during the estrous cycle is highly important. 

Besides 5α-reduced androgens, which can rapidly increase aromatase 
conversion activity in granulosa cells without increased enzyme synthesis 
(study III), other substances are able to stimulate aromatase activity directly. 
These include thymic factors, which are present in thymic cell culture-
conditioned medium and have been reported to increase estrogen production 
in cultured rat granulosa cells, probably by increasing the specific activity of 
the aromatase enzyme (Uzumcu et al, 1998; Uzumcu and Lin, 1994). Other 
candidates include activin (Miro et al, 1991), Gn-RH (Liang et al, 1989), 
insulin (Saragueta et al, 1989), prostaglandin F-2α (Dodson and Watson, 
1980) and vasoactive intestinal peptide (VIP), the latter secreted by VIP-
ergic nerve fibers in rat ovaries (Davoren and Hsueh, 1985). The concept of 
endogenous aromatase stimulators interacting directly with the enzyme 
therefore has substantial support. 
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Features of ovarian aromatase regulation in rats suggested by use 
of [11C]vorozole-binding assay (study V) 
In study V the data obtained for circulating steroids and LH confirm the 
accepted model of ovarian estrogen synthesis throughout the estrous cycle, 
but the [11C]vorozole-binding assay reveals additional features. There seem 
to be three distinct periods in the ovarian aromatization in vivo during 
proestrus. The first period starts with a peak of [11C]vorozole binding at 
proestrus +4 (Fig. 1A), which correlates with an increase in Bmax/Kd (Fig. 
2C) and an increased affinity (reduced Kd) (Fig.  2B). This period also 
correlates with a slight increase in the conversion activity (Fig. 2D), which 
also coincides with a slight rise in A4 levels (Fig. 1B). Thereafter the binding 
gradually decreases (Fig. 1A) concomitantly with a decrease in Bmax (Fig. 
2A). This period ends at the beginning of the LH surge (the third distinct 
period) (Fig. 1B) with a rapid increase in [11C]vorozole binding (Fig. 1A) 
and the highest binding affinity (lowest Kd) (Fig. 2B). This is also the period 
with the highest serum androgen and estrogen levels (Fig. 1C and D) and 
maximal in vitro estrogen synthesis (Fig. 2D). The underlying mechanisms 
remain to be elucidated, but our observations strongly favor the idea of 
factors that primarily regulate the properties rather than the quantity of 
aromatase protein. The gradual decrease in binding in vivo could be due to 
competitive inhibition by endogenous inhibitors such as androgens, which 
has been reported in previous studies (Agarwal et al, 1996). However, the 
simultaneous decrease in Bmax of [11C]vorozole binding in vitro suggests that 
an endogenous inhibitor would have a very long residence time at the 
aromatase protein, since the in vitro assay was performed several hours later 
and at a very large dilution. In addition, there are reports of other compounds 
that may have a direct inhibitory effect on aromatase, e.g., a low molecular 
weight (1-3 kDa) substance (Kigawa et al, 1986; Miyamura et al, 1989) and 
a follicle regulatory protein with a molecular weight of 16,000  (Schreiber 
and diZerega, 1986), both isolated from porcine follicular fluid. 
Conformational changes might be responsible for alterations in enzyme 
activity, and pending relevant experiments we can only suggest that 
aromatase binding-inhibiting factors with a long duration are active up to the 
time of the LH surge. This aromatase-inhibiting factor would either only 
affect the [11C]vorozole binding or, in addition, allow an increase in the 
aromatization capacity. 

At the time of the LH surge, the in vivo binding suddenly shows a 
dramatic increase, in combination with a strong increase in binding affinity. 
The latter finding speaks in favor of a conformational change in the enzyme 
or its surroundings. This period is also associated with the highest rate of 
conversion in vitro and with the highest levels of estrogens and androgens in 
vivo. 
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Thus, we hypothesize that two additional factors might modulate the 
estrogen synthesis in the total ovary during proestrus: one during the time 
preceding the LH surge, characterized by inhibition of [11C]vorozole binding 
but without a major effect on estrogen synthesis, and one factor during the 
LH surge associated with an increased affinity for [11C]vorozole binding and 
most likely involved in the increase in estrogen synthesis. The ambivalent 
effect of a hypothesized factor on [11C]vorozole binding in total ovarian 
tissue (inhibitory) and estrogen production (none) is not paradoxical, since 
the [11C]vorozole-binding assay in vivo measures total ovarian aromatase 
present in all follicles, whereas during proestrus, E2 production is increased 
only in dominant follicles (Hickey et al, 1988; Richards et al, 1987). 

The finding of the phenomenon of rapid ovarian aromatase up-regulation 
might be of importance in treatment of anovulatory infertility in conditions 
such as polycystic ovary syndrome, in which intrafollicular androgen 
synthesis is switched to aromatase inhibition. Exactly which mechanism is 
involved in the rapid up- and down-regulation of aromatase activity needs to 
be further elucidated. 

Potential role of [11C]vorozole technique in vivo for elucidation 
of ovarian aromatase regulation in humans 
The extremely high serum concentrations of E2 (up to 2500 pmol/L) in the 
pre-ovulatory period of the human menstrual cycle make it likely that rapid 
mechanisms in addition to de novo aromatase synthesis might be involved in 
the regulation of aromatization in human ovarian tissue. The [11C]vorozole 
technique in vivo used in the present studies keeps auto- and paracrine 
mechanisms intact and has the potential to add relevant information about 
biological processes in ovarian tissue over and above that provided by 
traditional techniques in vitro. We consider the studies presented in this 
thesis to be a bridging step from rats to humans, making it feasible for 
[11C]vorozole combined with PET imaging in vivo to help to shed light on 
ovarian aromatization phenomena in the human menstrual cycle. 

The importance of aromatase for follicle development during the pre-
ovulatory phase and for the passage through ovulation in mammals was 
elucidated by new techniques that allow manipulation of the mouse genome 
by generating transgenic mice lacking particular genes (Couse and Korach, 
1999; Krege et al, 1998), providing a novel approach to investigating 
estrogen action by blocking the mechanism through which E2 transduces its 
signal. Development of estrogen receptor (ER)- and aromatase-knockout 
mice models revealed that female ERαknockout mice are acyclic and 
infertile, and possess hyperemic ovaries devoid of corpora lutea (Lubahn et 
al, 1993). In female ERβknockout mice, the ovaries are small, 
folliculogenesis is largely arrested and aberrant follicular structures are 



 

 

 

47

noted. Corpora lutea are present, although these animals are clearly 
subfertile and the number of live births in the litters is reduced (Drummond 
and Findlay, 1999; Krege et al, 1998). The phenotype of aromatase-
knockout mice is most similar to that of the ERαknockout mice (Britt et al, 
2000; Britt et al, 2001; Drummond and Findlay, 1999). These conclusions 
might be applied to humans assuming that intraovarian regulation of 
aromatase in humans is regulated by the mechanisms similar to those in 
mice. However, this assumption might be doubtful. Moreover, transgenic 
mice models present confounding problems, including hormonal imbalances, 
that hinder interpretation (Rosenfeld et al, 2001). 

Previously it was thought that in humans aromatase is not needed for 
follicle development. It was demonstrated that follicular development, 
oocyte maturation, and in vitro fertilization are possible during 17-
hydroxylase (Rabinovici et al, 1989) and partial 17,20-desmolase (Pellicer et 
al, 1991) deficiency in women. In other words, estrogen deficiency due to 
lack of aromatization precursor is not of extreme importance for follicle 
development. However, no studies on ovarian aromatase in situ in normally 
cycling untreated women in vivo have been performed. 

It is evident from previous findings that such studies in vivo might 
provide additional knowledge about ovarian regulation that cannot be 
obtained by in vitro methods. Studies including iv infusions of radioactive 
steroids and measurement of radioactive metabolites of the steroids in the 
blood, urine and follicular fluid have been undertaken with the aim of 
elucidating pathways of steroid metabolism in human ovaries in vivo. These 
studies have shown that dehydroepiandrosterone, which is mainly 
synthesized in and secreted to the intravascular pool from the adrenals, plays 
a role as ovarian pre-hormone for synthesis of estrone (Haning et al, 1991) 
and androgens (Haning et al, 1991). The latter discovery indicated that the 
adrenals may be involved in ovarian hyperandrogenism in some women with 
polycystic ovary syndrome (Haning et al, 1991). Thus, techniques in vitro 
are not always capable of revealing complicated mechanisms of ovarian 
regulation in vivo in humans. New methods are therefore needed for 
elucidation of ovarian function in humans in vivo. 

In summary, we have developed a novel technique for quantitative 
evaluation of ovarian aromatase in an intact system in vivo in different 
species. The technique is a specific and accurate tool for measurement of 
aromatase in ovarian tissue and placenta. Application of the technique to a 
cycling rat model suggested the presence of further rapid mechanisms of 
regulation of ovarian aromatase activity during the pre-ovulatory stage. We 
hypothesized that such mechanisms might be involved in ovarian aromatase 
regulation in humans also. Our future human experiments using this 
technique should reject or confirm this hypothesis. 
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CONCLUSIONS 

Development of [11C]vorozole-binding assay 
• The newly developed [11C]vorozole-binding assay is an 

accurate and specific method for aromatase quantification in vitro 
in GC suspension, rat ovarian homogenate and rat ovaries in vivo, 
which allows quantification of functionally active aromatase. 

• Frozen/thawed cells can be used for aromatase 
quantification. 

• The [11C]vorozole-binding assay in combination with 
aromatase conversion assay can be used for recording of aromatase 
molecular events at the binding site of the enzyme in vitro. 

• In humans and monkeys in vivo, ovarian aromatase can be 
visualized in a single follicle, at least during the peri-ovulatory 
phase of the menstrual cycle, by PET using [11C]vorozole. 

Application of [11C]vorozole-binding assay to biological 
systems 

• Rapid stimulation of aromatase activity in vitro by DHT at 
low concentrations most likely includes mechanisms other than 
new synthesis of aromatase enzyme protein, such as allosteric 
action of DHT upon aromatase or liganded androgen receptor - 
aromatase interaction. 

• During proestrus (between 6 and 13 hours) in rats, rapid 
mechanisms, possibly not including de novo synthesis of the 
enzyme or increase in precursor concentration, are involved in the 
regulation of ovarian aromatase. These mechanisms might include 
rapid changes in substrate affinity to the enzyme. 
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Strategic conclusions 
• The [11C]vorozole technique in vivo keeps auto- and 

paracrine mechanisms intact, and has the potential to provide 
additional relevant information about physiological processes 
studied in vivo over and above that obtainable by traditional 
techniques in vitro. 

• The technique might be extended to measure, using PET, 
intraovarian events in vivo that are connected with follicular 
aromatase expression: for example aromatase dysregulation in 
polycystic ovary syndrome and during a low response to ovarian 
FSH stimulation in IVF programs, and also aromatase synthesis 
during biopotency measurements of different FSH preparations. 

• The [11C]vorozole technique in vivo might be of use in pre-
clinical human trials of drugs in vivo aiming at up-regulation of 
ovarian aromatase. 
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