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In vivo visualization of aromatase in animals and humans

Anat Biegon
Dept. Neurology, Stony Brook University School of Medicine

Abstract

Aromatase catalyzes the last and obligatory step in the biosynthesis of estrogens across species. In
vivo visualization of aromatase can be performed using positron emission tomography (PET) with
radiolabeled aromatase inhibitors such as [*1C]vorozole. PET studies in rats, monkeys and healthy
human subjects demonstrate widespread but heterogeneous aromatase availability in brain and
body, which appears to be regulated in a species, sex and region-specific manner. Thus, aromatase
availability is high in brain amygdala and in ovaries of all species examined to date, with males
demonstrating higher levels than females in all comparable organs. However, the highest
concentrations of aromatase in the human brain are found in specific nuclei of the thalamus while
the highest levels in rats and monkeys are found in the amygdala. Regional brain aromatase
availability is increased by androgens and inhibited by nicotine. Future studies may improve
diagnosis and treatment in brain disorders and cancers overexpressing aromatase.
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1. Introduction

Gene expression and enzyme activity studies have established that aromatase is present in
most peripheral organs as well as in the brain of both mammalian and non-mammalian
species including fish, birds, rodents, non-human primates and humans (Naftolin et al.,
1996, Reviewed in Simpson et al., 2002). In vivo visualization of aromatase only became
possible following the development and validation of specific radiopharmaceuticals which,
in conjunction with positron emission tomography (PET), could be used to produce three
dimensional, quantitative maps of aromatase availability throughout the body. This step was
facilitated by the discovery and clinical development of potent and specific drugs designed
to inhibit aromatase (aromatase inhibitors, Al), which are increasingly replacing estrogen
receptor antagonists in the hormonal treatment of breast cancer (Bonneterre et al., 2000;
Budzar and Howell, 2001; Cohen et al., 2002, Howell et al., 2005) with potential use in
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other cancer and non-cancer indications in both men and women (De Ronde et al., 2011,
Fedele et al., 2008; Li et al., 2008).

Several aromatase inhibitors, including vorozole ((S)-6-[(4-chlorophenyl)(1H-1,2,4-
triazol-1-yl)methyl]-1-methyl-1H-benzotriazole), Ki=0.7 nM (Vanden Bossche et al., 1990)
letrozole and cetrozole have been labeled with carbon-11 using [*1C]-methyl iodide and
evaluated as radiotracers for in vivo visualization of aromatase in rodents and primates
(Lidstrom et al., 1998; Takahashi et al., 2006; Kim et al., 2009; Kil et al, 2009, Biegon et al.,
2010a, Pareto et al., 2013, Takahashi et al., 2014). While letrozole failed to exhibit specific
uptake in baboons in vivo (Kil et al., 2009); [11C]vorozole brain scans revealed high specific
binding in the rhesus and baboon amygdala, similar to results obtained with autoradiography
of the rat brain (Lidstrom et al., 1998; Takahashi et al., 2006; Kim et al., 2009). We have
recently reinvestigated and modified the radiosynthesis and purification of [*1C]vorozole
(Kim et al., 2009). The pure [*1C]vorozole was tested and validated in the brains of female
baboons and was the first aromatase radiotracer used in human brain studies (Biegon et al.,
2010, 2015), while both vorozole and cetrozole were used in studies of non-human primates
(Lidstrom et al., 1998, Takahashi et al., 2006, Kim et al., 2009, Takahashi et al., 2014). To
date, In vivo visualization of aromatase was employed to localize the enzyme in healthy rats,
monkeys and human subjects as well as in the context of exposure to drugs and
perturbations of homeostasis.

2. In vivo visualization of aromatase with positron emission tomography

(PET)

Positron emission tomography (PET) utilizes the high energy photons formed during the
annihilation of positrons to detect the changes in the amount and localization of injected
radiopharmaceuticals in the living body (recently reviewed in Zanzonico, 2012).
Radiolabeled molecules with known affinity and selectivity for specific tissue constituents
(e.g. receptors, transporters and enzymes) are used to assess the anatomical distribution and
temporal changes in target availability by measuring the amount of radioactivity in different
tissues over time relative to the amount injected; or, using mathematical modeling/relative to
the amount present in plasma over the same time period, corrected for metabolites. The first
method, used in most clinical applications, yields standardized uptake values (SUV); where
SUV (t) =measured radioactivity in tissue (Bg/ml) / injected activity (Bq)/ body weight.
SUV is a dimensionless number; assuming a mass density of 1Kg/L (see recent review by
Kinahan et al., 2010).

The 2" method, in conjunction with various theoretical models, can be used to derive a
number of kinetic parameters; the most commonly used being the total volume of
distribution, VT (Innis et al., 2007). VT represents the distribution volume of total
radiopharmaceutical uptake in tissue relative to total concentration in plasma, and is a
dimensionless entity under the same assumption (ImL=1gr in tissue and blood). Both SUV
and VT increases are proportional to the concentration of target available for binding the
tracer; and decrease when the target is occupied by physiological or pharmacological agents
which occupy the target.
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2.1. PET studies in rats

In vivo visualization of aromatase in rats was performed using microPET and [*1C]-
vorozole (Ozawa et al., 2011; Kim et al., 2009). High accumulation of [11C]Jvorozole was
detected in the stomach and the adrenal glands. In addition, ovarian uptake was observed in
females, though the phase of the estrus cycle was not reported, and detectable radioactivity
was also observed in male testes (Figure 1). Displacement studies and autoradiography
demonstrated that aromatase was expressed in the stomach but that the accumulation of
[11C]vorozole in the adrenal glands might represent nonspecific binding. Interestingly, the
accumulation of [*1C]vorozole in the stomach was significantly increased in fatigued rats
(Ozawa et al 2011). The high uptake in the ovaries is to be expected since the ovaries are the
main site of peripheral estrogen production. Ovarian aromatase expression, [11C]vorozole
binding and enzymatic activity are also strongly dependent on the stage of the estrus cycle in
rats (Kirilovas et al., 2003; Stocco et al. 2008), though in vivo measurement of these
changes awaits future studies comparing female rodents scanned with microPET at different
stages of the cycle.

MicroPET studies of brain distribution in rats demonstrated the highest binding bilaterally in
the amygdala (ratio to cerebellum, 1.7 at 40 min, n=5), with lower but significant binding in
the bed nucleus of the stria terminalis. This was confirmed by ex vivo autoradiography.
Pretreatment with both vorozole and letrozole blocked [11C]vorozole binding in these
regions, indicating specificity for brain aromatase (Figure 2). This distribution is also an
excellent match to the pattern discerned by in vitro autoradiography with the same tracer
(Takahashi et al., 2006).

2.2. PET studies in non-human primates

The first in vivo PET study of aromatase in monkeys (Lidstrom et al., 1998) examined the
kinetics and biodistribution of [11C]Jvorozole in two rhesus monkeys. Whole-body images
revealed the highest accumulation of radioactivity in the liver, which accounted for 20% of
administered radioactivity after 10 min and remained high for the duration of the scan (60
min). Early uptake, which decreased with time, was observed in the brain, lung, and kidney.
Pretreatment with a pharmacological dose of vorozole resulted in a slight increase in liver
uptake and a decrease in the other organs. Besides the liver, the uptake of the tracer
throughout the body was relatively low and homogeneous. In view of this distribution
pattern and small effects of administration of a pharmacological dose of unlabeled vorozole,
the authors concluded that in vivo assessment of aromatase concentrations with
[11C]vorozole in peripheral tissues will be difficult.

These findings were generally replicated and extended in a subsequent study of female
baboons, in which whole body distribution was examined with [1C]vorozole at baseline and
after pretreatment with vorozole, letrozole, or ketoconazole, a cytochrome p450 3A4
inhibitor; with lungs, heart, liver and kidneys in the field of view. Since the tracer has a
chiral center and only one optical isomer is active; The R and S enantiomers were also
compared. Uptake of C-11 peaked rapidly (<0.5 min) and cleared to near baseline by 6
minutes in most peripheral organs except liver, where radioactivity was very high, with slow
uptake and clearance. Pretreatment with vorozole but not letrozole decreased liver binding in
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a dose dependent manner. Ketoconazole, a CYP 3A4 inhibitor (Venkatakrishnan et al.,
2000), also had a marked effect on liver pharmacokinetics of [11C]vorozole binding
although it did not completely block uptake (Kim et al., 2011).

The observation that treatment with vorozole but not letrozole reduces the monkey liver
binding of [*1C]vorozole indicates the presence of a non-aromatase binding site which is
responsible at least in part for the high liver uptake. Ketoconazole-induced changes in
[11C]vorozole pharmacokinetics in the liver suggest that CYP 3A4 binding, in addition to
aromatase, merits consideration as a target for this tracer in the liver (Kim et al 2011). The
other peripheral organ with high levels of uptake in female baboons, which was blocked by
vorozole pretreatment, was the ovary (Figure 3).

A brain PET study in female rhesus macaques demonstrated the highest levels of
[1C]vorozole in the amygdala, where the uptake was also blocked by excess amounts of
unlabeled vorozole (Takahashi et al., 2006). Measureable uptake was observed throughout
the brain, though a high signal in the preoptic area was observed in only 2 out of 4 monkeys.
Using the cerebellum as a reference region, the authors showed that amygdala uptake was
significantly higher than uptake in temporal and occipital cortex.

A subsequent study In female baboons (Kim et al., 2009) also demonstrated the highest
uptake of [11C]vorozole in the amygdala (Figure 3), followed by the preoptic area and
hypothalamus, basal ganglia, cortical areas and cerebellum. [11C]Vorozole showed a rapid
uptake by the brain followed by a relatively constant accumulation, suggesting the
possibility of using the tissue to plasma ratio as an estimate of the total volume of
distribution in addition to the use of kinetic modeling (Kim et al., 2009, Pareto et al., 2013).
Indeed, comparison of 1 and 2 compartment models, Logan Graphical analysis (Logan et al.,
2003, 2011), ratio of tissue to cerebellum and ratio of tissue to plasma all yielded a similar
rank order of estimates of aromatase availability (Pareto et al., 2013). Pretreatment
(“blocking™) studies with both vorozole and letrozole showed a general decrease in brain
accumulation and distribution volume. The results of this study also suggested that the
physiologic changes in gonadal hormone levels accompanying the menstrual cycle may have
a significant effect on brain aromatase availability (Pareto et al., 2013), with lower levels
associated with the high-estrogen (estrus) phase of the cycle (Figure 5). These findings
suggest that in baboon, high levels of circulating estrogen may reduce brain aromatase gene
expression indirectly, by affecting the levels of other physiologic mediators such as
gonadotropins and cytokins, known to regulate aromatase expression (Bulun et al., 2005).
Most recently, primate brain aromatase distribution was examined with the new tracer
[11C]cetrozole. Again, high specific binding of [11C]cetrozole was observed in the amygdala
and hypothalamus. In addition, the authors noted binding in the nucleus accumbens of
rhesus monkeys which was not appreciated in their previous studies with [11C]vorozole in
this species (Takahashi et al 2014). The time—-activity curves for plasma and metabolites
were fitted to a 3 exponential model and a Hill function, respectively. The data with arterial
blood sampling were analyzed with a Logan plot (Logan et al 2003, 2011), and the total
distribution volume (V1) in each brain region was calculated. The data without arterial
blood sampling were analyzed with a Logan reference tissue model based on average k2’,
using the cerebellum as a reference. Both methods of analysis resulted in a similar rank
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order of regional aromatase, which was similar to the one detected by [11C]vorozole in
rhesus and baboon but with a higher signal to noise ratio (Takahashi et al 2014).

2.2.1. In vivo effects of hormone and drug exposure on brain aromatase in
monkeys—Nicotine and other tobacco alkaloids are known to inhibit aromatase activity in
vitro (Barbieri Et. al., 1986; Kadohama et al., 1993). The effect of nicotine on brain
aromatase availability was examined with [11C]vorozole in six female baboons before and
after exposure to IV nicotine at .015 and .03 mg/kg; doses shown to produce plasma levels
in the range encountered in cigarette smokers (Biegon et al., 2010). Nicotine administration
produced significant, dose-dependent reductions in [11C]Jvorozole binding. The amygdala
and preoptic area showed the largest reductions (Figure 6). Thus, nicotine interacts in vivo
with primate brain aromatase in regions involved in mood, aggression, and sexual behavior
(Biegon et al., 2010), suggesting aromatase inhibition may contribute to the known
physiological and behavioral effects of cigarette smoking (Biegon et al., 2012).

The effect of anabolic steroids was examined in male rhesus monkeys treated with
nandrolone decanoate for 3 weeks, with brain aromatase examined with PET and
[11C]vorozole. (Takahashi et al 2011). After treatment with nandrolone, a significant
increase in [11C]vorozole binding was observed in the hypothalamus but not other areas
including the amygdala, which is also aromatase enriched. These findings in monkeys are
consistent with those obtained earlier in rats using autoradiography (Takahashi et al. 2007,
2008). These findings also suggest that aromatase in the hypothalamus may play a role in
the emotional instability of anabolic-androgenic steroids abusers (Pope et al., 2000).

2.3. PET studies in healthy men and women

The most comprehensive study of aromatase distribution in healthy humans performed to
date, using PET and [11C]vorozole (Biegon et al., 2015), examined 13 men and 20 women
(age range 23 to 67). PET data were acquired over a 90 minute period. Each subject had 4
scans, 2/day separated by 2-6 weeks, including brain and torso or pelvis scans. Young
women were scanned at 2 discrete phases of the menstrual cycle (midcycle and late luteal).
Men and postmenopausal women were also scanned following pretreatment with a clinical
dose of the aromatase inhibitor letrozole (*blocking” studies) to validate specificity of the
binding to the target. Time activity curves were obtained and standard uptake values (SUV)
calculated for major organs including brain, heart, lungs, liver, kidneys, spleen, muscle,
bone and male and female reproductive organs (penis, testes, uterus, ovaries). Organ and
whole body radiation exposures were calculated using Olinda software (Stabin et al, 2005).
Liver uptake was higher than all other organs, but was not blocked by pretreatment with
letrozole. The largest SUVs in the human body were recorded from liver, followed by the
brain in men and ovary in women (Biegon et al., 2015, Figure 7). Thus, mean brain SUVs in
men (2.6+0.12 in thalamus) were higher than other organs in the male body (ranging from
0.48+0.05 in lungs to 1.5+0.13 in kidneys). In women, mean ovarian SUVs (3.08+0.7) were
comparable to brain SUVs and higher than other organs in the female body. Furthermore,
ovarian SUVs in young women around the time of ovulation (midcycle) were significantly
higher than those measured in the late luteal phase, though the increases were unilateral,
apparent in only one ovary/cycle. In shared organs, there was a small but significant
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difference in aromatase SUVs, with values in men higher than in women (Biegon et al.,
2015).

For this reason, kinetic analysis and modeling were only performed on brain scans. Kinetic
analysis and modeling of regional brain uptake (Biegon et al., 2010, Logan et al., 2014)
revealed a highly specific and heterogeneous pattern which appears to be unique to humans.
The highest levels were seen in the thalamus, though thalamic distribution was not uniform
either. Within the thalamus, the highest levels were found in the dorsomedial and pulvinar
nuclei with lower density in lateral and ventral thalamic nuclei (Figures 7,8). Very high
levels were also found in the paraventricular hypothalamic nucleus.

Moderately high levels of aromatase were noted in amygdala and preoptic area/anterior
hypothalamus and in the medulla (inferior olive). Basal ganglia levels were relatively low,
with visibly higher levels in the ventral striatum/nucleus accumbens (Biegon et al, 2010a,
2015). All cortical regions bound the tracer, with hippocampus indistinguishable from the
temporal cortex. The distribution volume values derived from a 2 compartment model,
graphical analysis or region/plasma ratios (Gunn et. Al., 2001, Logan et al., 2003,
2011,2014) in both men and women (regardless of menstrual cycle) all followed the same
rank order: thalamus>amygdala= preoptic area> medulla(inferior olive)> cortex =
hippocampus, putamen, cerebellum and white matter (Figure 8).

The specificity of the PET signal was confirmed by “blocking” experiments, in which a
pharmacological dose of the specific aromatase inhibitor letrozole (2.5mg p.o), known to
inhibit aromatase activity by more than 90%, was administered prior to the administration of
tracer doses (less than 1% of the pharmacological dose) of the labeled vorozole. Imaging
under these conditions provides the regional distribution of non-specific tracer binding,
since the specific and saturable binding sites on the enzyme are fully saturated by the large
excess of unlabeled letrozole. Pretreatment with letrozole reduced tracer uptake in all of the
brain regions examined, resulting in a homogenous distribution across regions (Figure 8).
The size of the reduction was region dependent, ranging from ~70% blocking in thalamus
and preoptic area to ~10% in cerebellum (Biegon et al 2010, 2015). This indicates that the
heterogeneous distribution of tracer binding in the brain is indeed indicative of region-
dependent differences in the distribution of aromatase. Furthermore, the fact that non —
specific binding was lower than total binding throughout the brain indicates that aromatase
expression is quite ubiquitous, and most, if not all, human brain regions express aromatase.

2.3.1 Effects of endogenous hormone levels, age and cigarette smoking on
human aromatase—There was no correlation between estrogen, testosterone or the
estrogen/testosterone ratio and SUV in the various organs in men and postmenopausal
women, although individual plasma testosterone and estrogen levels were within the
established norms for adult men and women, with testosterone levels of 250-570 ng/mL in
men and <20- 32 ng/mL in women and estrogen levels of <50-114 pg/mL in men and
84-250 pg/mL in premenopausal women. In premenopausal women, ovarian SUVs near the
time of ovulation (midcycle, 5.0+1) were significantly higher (p<0.05, one way ANOVA
followed by Fisher's PLSD) than those measured in the late luteal (1.5+0.2) or early
follicular (1.3+0.05) phase as determined from self-report and confirmed by hormone levels.
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The increased ovarian uptake at midcycle was unilateral (Figure 7B); similar to the increase
observed in estrus baboons (Figure 4). Analysis of brain uptake revealed significantly lower
levels in subjects over age 50 and active cigarette smokers. However, these factors did not
influence the rank order of tracer distribution in the brain (Biegon et al., 2015), and the
effects were considerably smaller than those seen with clinical doses of letrozole (blocking
study). Interestingly, the decrease in aromatase availability with age was not linear in some
brain regions, and was decidedly curvilinear in cortical white matter (Figure 9), where
values reached a minimum in middle age and then increased again in the older subjects.

This study, the first to compare brain, torso and pelvis in a relatively large group of the same
subjects, also resulted in the rather surprising observation that the brain of men has the
highest estrogen synthesizing capacity in the male body; and the only peripheral organ with
similar capacity is the female ovary during ovulation. However, unlike ovarian uptake,
regional brain uptake of [11C]vorozole did not vary across the menstrual cycle in
premenopausal women. These results echo rodent studies showing that brain aromatase is
not significantly regulated by the estrous cycle in rodents (Roselli et al., 1984)), although we
did observe significant menstrual cycle dependent changes in modeled kinetic parameters in
female baboon brain (Pareto et al., 2013; Figure 5). Other factors, including age, sex and
cigarette smoking had significant effects on human brain uptake of [11C]vorozole. Thus,
small but consistent sex differences were detected in the brain, with higher values in all men
relative to all women (Biegon et al., 2015). These findings resonate with similar
observations obtained in rats using [11 C]vorozole and in vitro autoradiography (Takahashi
et al., 2006).

3. Relationship between in vivo and in vitro studies of aromatase

distribution in animals and humans

The results of in vivo studies of aromatase distribution under baseline conditions as well as
following hormonal and pharmacological manipulations are generally consistent with in
vitro studies. For example, higher aromatase levels in male relative to female brains
observed in vivo are consistent with the findings of Takahashi et al., (2007, 2008) who
demonstrated that androgenic-anabolic steroids increased aromatase concentration in the bed
nucleus of stria terminalis and preoptic area in rat brain, as evaluated using autoradiography
with [11C]vorozole. A follow-up study examined whether the increase in aromatase binding
is mediated via androgen receptors and whether this increase occurs in neurons or glial cells
(Takahashi et al 2008). Treatment with the androgen receptor antagonist Flutamide
decreased [*1C]vorozole binding in the bed nucleus of the stria terminalis, preoptic area, and
medial amygdala, which was increased by the agonist nandrolone. Immunohistochemical
examination demonstrated that androgen-mediated upregulation of aromatase expression
occurred in neurons. These findings are also compatible with earlier studies showing
androgen regulation of aromatase mMRNA in rat brain (Abdelgadir et al., 1994).

A comparison of findings from different species yields some similarities but also significant
differences in aromatase distribution. Relatively high aromatase levels in the ovary,
especially around the time of ovulation, were observed in rats, monkeys and women.
Prominent liver uptake was also seen across species. However, the high uptake in rat
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stomach reported by Ozawa et al. (2011) was not seen in baboons or humans. Tracer uptake
in the majority of most other peripheral organs, including bone, kidney, muscle, heart and
lung, was uniformly low across species.

Comparison of brain distribution across species reveals a similar rank order of tracer uptake
in rats, rhesus monkeys and baboons, with highest levels in amygdala. However, the
distribution pattern in the human brain is starkly different, with the highest levels of
aromatase detected in thalamic nuclei (mediodorsal and pulvinar); and moderate levels in
the amygdala, preoptic area and medulla (Biegon et al., 2010, 2012, 2015). Low levels of
aromatase are found in all other cortical and subcortical regions of all species examined
(Takahashi et al., 2006, 2014, Kim et al., 2009, Biegon et al., 2010).

The most likely explanation for the species differences in aromatase distribution and the
unique brain distribution in humans is the unique location, size and highly elaborate
organization of the human aromatase gene (e.g. Bulun et al., 2003). The human Cyp19 is a
large gene located on chromosome 15 which has 10 different tissue-specific promoters
under the control of distinct physiological mediators, while the mouse gene is located on
chromosome 9, is much smaller and contains a smaller number of tissue specific promoters
(Kamat et al., 2002, Golovine et al., 2003, Honda et al., 2004). Since other promoters
besides the brain specific exon 1.f (Sasano et al 1998) are expressed in the human brain, this
heterogeneity may also provide the basis for brain region specific regulation of aromatase.

Comparing in vivo and postmortem results in humans is more difficult since the
methodologies used do not include autoradiography or direct binding of inhibitors, and
therefore are not as comparable to PET results. Furthermore, postmortem studies in humans
generally included a relatively small number of regions and subjects. With these caveats in
mind, the post mortem and in vivo findings are generally compatible. Thus, aromatase gene
expression was examined in postmortem samples from eight brain regions (Sasano et al.,
1998). The amount of aromatase MRNA determined by RT-PCR assay in 6 cases (4 men, 2
women) was highest in pons, thalamus, hypothalamus and hippocampus. Analysis of
multiple exons 1 revealed that exons I.f, considered specific for brain, as well as the
fibroblast type and gonadal type (Bulun et al., 2003), were expressed in the brain. Both the
gonadal and brain types tended to be utilized in hypothalamus, thalamus and amygdala. The
amount of overall mMRNA expression was also higher in hypothalamus, thalamus and
amygdala than in other regions of the brain. There were no differences of utilization of
exons 1 and mRNA expression of aromatase between female and male brain. The authors
conclude that their results demonstrate that aromatase is expressed widely in human brain
tissues in both men and women. The presence of aromatase transcripts in human temporal
cortex, frontal cortex and hippocampus was also confirmed by Stoffel-Wagner et. al. (1999).
Aromatase immunoreactivity was found in hypothalamus, amygdala, preoptic area and
(cholinergic) ventral forebrain nuclei by Ishunina et al. (2005). More recent studies
confirmed aromatase immunoreactivity in temporal cortex, hippocampus and prefrontal
cortex (Yague et al., 2006, Yague et al., 2010). Immunohistochemistry was also used to
examine the cellular and subcellular distribution of aromatase in the human brain,
establishing the presence of aromatase immunoreactivity in neurons as well as in glia. Thus,
cortical and hippocampal aromatase was detected in pyramidal cells, granule cells and
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interneurons; in perikarya, dendrites, axons and axon terminals (Naftolin et al., 1996, Yague
etal., 2006, Yague et al., 2010). The presence of glial aromatase was confirmed in prefrontal
cortex, temporal cortex and hippocampus, where it was associated with astrocytes (Yaggue
et al., 2006, Yague et al., 2010).

Aromatase enzymatic activity was first described in the fetal human limbic system by
Naftolin et al., (1971), followed by reports on activity in the adult brain and temporal cortex
(Naftolin et al., 1996; Steckelbroeck et al., 1999). These findings are in broad agreement
with the in vivo observations on the gross anatomical level, showing aromatase is present
throughout the brain.

Previous studies on postmortem brain samples (e.g. Sasano et al., 1998. Steckelbroeck et al.,
1999, Stoffel-Wagner et al., 1999) did not note sex differences or age effects on brain
aromatase activity and gene expression in men and women, while the results of the in vivo
studies described above do suggest a small but consistent sex difference and age effects,
with higher levels in men (compatible with findings in rats) and an age—dependent decrease
in most brain regions. The discrepancy most likely reflects issues of statistical power since
previous human studies, including published pilot data from the same series (Biegon et al.,
2010) examined a much smaller number of subjects (32 vs. less than 10).

4. Current limitations and future directions

There are several limitations associated with PET imaging of aromatase using carbon-11
labeled aromatase inhibitors. Due to the very short half-life of carbon 11 (20 minutes), PET
studies with currently available, validated tracers can only be performed in medical or
research centers in possession of a cyclotron, which represent only a small percentage of
hospitals, most of which do possess PET scanners. This problem can only be overcome by
the development and validation of aromatase tracers labeled with a longer-lived isotope such
as Fluorine-18 (Erlandsson et al., 2008).

A Fluorine-18 labeled aromatase tracer may also address the difficulty encountered in
quantification of aromatase content in the majority of peripheral organs, which express
aromatase at relatively low levels. [11C]Jvorozole binding to aromatase in vivo is slow, such
that good signal-to-noise ratios are only obtained 50-90 minutes after administration, at
which point the absolute counts are quite low and low uptake tissues are hard to visualize.
However, the low uptake in the majority of peripheral organs (all besides the liver) may
actually be an advantage if the tracers are used to detect primary tumors overexpressing
aromatase or their metastases in breast, lung, bone and most of the brain.

It is also important to remember that PET with aromatase inhibitors is useful in detecting
changes in aromatase availability but not in enzyme activity. While it is true that no estrogen
is produced in the absence of aromatase, changes in enzyme activity can result in increases
or decreases in tissue estrogen levels with no change in aromatase expression. In fact, such
changes have been shown to occur relatively quickly and appear to account for at least some
behaviors related to estrogen in the brain of animals (Cornil et al., 2013, Dickens et al.,
2014). To gain a complete picture of normal and abnormal changes in regional estrogen
synthesis capacity, it would be advantageous to develop radiotracers which are substrates
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rather than non-competitive inhibitors of the enzyme. The development of the synthetic
LDOPA decarboxylase substrate 6-[18F]-fluoro-3,4-dihydroxyphenyl -L-alanine ([18F]-
DOPA) was an early success in this regard (Garnett et al. 1983, also see Holland et al. 2013
for a recent review).

Despite these caveats, the results of the studies reviewed here demonstrate that in vivo
measurement of aromatase distribution by PET is reproducible across tracers and research
centers and that aromatase distribution is regulated in a species, sex, organ- and brain-region
specific manner. The PET signal produced by currently available radiolabeled aromatase
inhibitors is specific and sensitive to physiological and pharmacological manipulation of the
enzyme in organs and regions containing moderate to high enzyme concentrations.

The ability to measure aromatase content non-invasively throughout the human body and in
distinct brain regions offers an unprecedented opportunity to determine the involvement of
this enzyme in multiple physiological and pathological conditions; since aromatase, along
with specific estrogen receptors, has been implicated in cellular proliferation, reproduction,
sexual differentiation, sexual behavior, aggression, cognition, memory and neuroprotection
in various animal species (McEwen et al., 1977, Sierra et al., 2003, Trainor et al., 2006,
Garcia-Segura 2008, Saldahana et al., 2009, Roselli et al., 2009).

In humans, postmortem studies have also shown that aromatase expression in the brain and
aromatase genotype are linked to Alzheimer's disease (Ishunina et al., 2005, Livonen et al.,
2004, Huang et al., 2006, Hiltunen et al., 2006) and autism (Sarachana et al, 2011, 2013)

In addition, increases in aromatase expression are implicated in a wide range of peripheral
human diseases, most prominently in breast cancer (Bulun et al., 2008), but also other
pathologies including endometriosis (Fedele et al., 2008) brain, lung and hepatic cancer
(Wozniak et al., 1998, Marguez-Garban et al., 2009, Micelli et al., 2009) and unexplained
female infertility (Mitwally and Casper 2003).

Future studies with [11C]vorozole PET in these and additional disorders have the potential
of identifying aromatase as a treatment target in disorders which are not currently treated
with aromatase inhibitors, to improve early detection of aromatase-overexpressing tumors
and help identify patients more likely to respond to Al therapy, while preventing
unnecessary exposure to the adverse effects of Al (osteroporosis, hot flushes,
musculoskeletal disorders, fatigue and mood disturbances among others, e.g. Mouridsen et
al., 2003). Resistance to endocrine treatment is another clinical area where [11C]vorozole
PET may have a significant impact. Although the mechanisms underlying resistance are not
fully understood (Chumsri et al., 2014), treatment-related increases in aromatase expression
(Catalano et al 2014) is a likely mechanism which can be detected with aromatase imaging.
[11C]vorozole PET will also provide a tool for early determination of target engagement,
pharmacokinetics and pharmacodynamics of new Al drugs in development (Hietala 1999,
Waarde 2000).
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Highlights
e Aromatase can be visualized in vivo using PET and [11C]vorozole
»  Aromatase concentrations are slightly higher in males than in females

« Highest brain concentrations are found in rat and monkey amygdala and human
thalamus

» Liver has high non specific uptake of radioactivity in all species following
{11C]vorozole administration

» Aromatase PET may improve diagnosis and treatment in brain disorders and
cancer
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Figure 1. In vivo distribution of aromatase in the rat body
Representative whole-body maximume-intensity-projection image of 11C-vorozole in female

rat: coronal (A) and transverse (B) images. 11C-vorozole was highly accumulated in
stomach (open arrows), adrenal glands (closed arrows), and ovarium (arrowheads). L =
liver.

This research was originally published in JNM. Ozawa M, Takahashi K, Akazawa KH,
Takashima T, Nagata H, Doi H, Hosoya T, Wada Y, Cui Y, Kataoka Y, Watanabe Y. PET
of aromatase in gastric parietal cells using 11C-vorozole. J Nucl Med. 2011 Dec;52(12):
1964-9. © by the Society of Nuclear Medicine and Molecular Imaging, Inc.
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Figure 2. In vivo and ex vivo distribution of [L1C]vorozole in the rat brain

Adult male rats were injected with ~0.5mCi of [11C]vorozole and scanned in a microPET for
60 minutes (right column). The brains were removed, sliced in a tissue slicer and the slices
photographed (leftmost column), dried and exposed to a phosphoimager screen for 40

minutes. (2"d column from left). Two animals were injected with letrozole prior to the
administration of the radiotracer (blocking study, 3™ column from left).
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Figure 3. Specific Ovarian uptake of [11C]vorozole in the baboon ovary
Pseudocolred (rainbow spectrum) images of the pelvic region of a female baboon imaged at

baseline (top) and later the same day following injection of a blocking dose of vorozole.
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Figure 4. Regional Distribution and specificity of [11C]vorozole uptake in the female baboon
brain

The upper row shows the magnetic resonance imaging (MRI) coronal sections of the
template chosen. Regions of interest (ROI) are indicated with an arrow. The second row
shows a baseline positron emission tomographic study (summed frames minutes 20-90)
overlayed on the MRI template. The third row shows a pretreatment study with vorozole
(0.1 mg/kg) followed by a study where the inactive optical isomer was labeled and injected.
The last row shows the distribution when pretreatment was done with letrozole (0.1 mg/kg).
amy = amygdala; cau = caudate; cb = cerebellum; cwm = cortical white matter; occ occipital
cortex; poa = preoptic area; put = putamen; stem = brainstem; temp = temporal cortex. Note
that pharmacological doses of vorozole and letrozole increase the levels of free tracer in
plasma (probably due to competition for binding to blood cells) so the levels in brain are
increased as well; but specific binding (represented as ratio of region to plasma, or ratio to
cerebellum, or VVT) is not increased (Pareto et al; 2013)
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Figure 5. Effect of estrus cycle on [11C]vorozole distribution in female baboon brain
Bars represent mean values in studies performed when animals were in estrus compared to

studies performed when the same animals were not in estrus. The graph depicts the regional
values of the total distribution volume obtained from Logan graphical analysis (VTg). Two
way analysis of variance by region and stage of cycle revealed significant effects of both (p
=.001) on VTyg, with a non-significant phase x region interaction (p = .08). amy = amygdala;
cau = caudate; cb = cerebellum; cwm = cortical white matter; occ occipital cortex; poa =
preoptic area; put = putamen; stem = brainstem; temp = temporal cortex; thal = thalamus;
whole = whole brain.
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Figure 6. Effect of nicotine on brain aromatase availability in female baboon brain
Top: (A) baboon brain magnetic resonance imaging (MRI), coronal section at the level of

amygdala. (B) Representative baseline positron emission tomography (PET) image
coregistered with MRI. (C) The PET image of same baboon after low-dose nicotine (.015
mg/kg), coregistered with MRI. (D) The PET image after injection of high-dose (.03 mg/kg)
nicotine, coregistered with MRI. The PET images show dose-corrected averaged frames
acquired between 52.5 and 90 min after tracer injection, pseudocolored with the rainbow
spectrum, with purple indicating the lowest density and red indicating the highest density of
radioactivity.
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Figure 7. Distribution of aromatase in the human body and brain
Pseudocolored (rainbow spectrum) examples of 11C-vorozole uptake in body and brain. For

anatomical verification, peripheral organ axial images (A-E) were overlaid on the
attenuation scan obtained immediately prior to the emission scan. A. Female, level of breasts
and lungs. B. Female, liver C. Female at midcycle, level of ovary. D. Female, lower pelvis.
E. Male, lower pelvis. Brain coronal images (F-H) were coregistered and overlaid on a brain
MRI obtained separately. F. Level of amygdala G. Level of thalamus H. Level of medulla.
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Figure 8. Specificity of [11C]vorozole uptake in the human brain
The top panels show a parametric (VT, total volume of distribution) image at baseline (left)

and following ingestion of a pharmacological dose of letrozole (right). Representative time
activity curves from 3 brain regions at baseline (filled symbols) and post letrozole (empty
symbols) are shown in the bottom panel.
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Figure 9. Effect of aging on aromatase availability in the human brain
Top: Specific tracer uptake in thalamus (large arrow) and cortical white matter (arrowhead)

in a 67 years old male subject. Left=baseline study, right = blocking study. These punctate
accumulations of tracer only appear in older subjects. Axial slices, level of thalamus.
Bottom: Panel on left displays the relationship between age and total distribution volume
(VT) in occipital cortex, fitted to a straight line with R=0.61 and p<0.015. The relationship
of VT with age in cortical white matter (right panel) is best fit by a polynomial 2nd order
equation, with R=0.59 and p<0.05. Occ=occipital cortex, wm=cortical white matter.
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