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Summary—A comparative study of the tissue distribution of five tritium-labeled androgens
was done in rats to determine the efficiency and selectivity of their uptake by target tissue.
Testosterone (T), Sa-dihydrotestosterone (DHT), 19-nortestosterone (nor-T), mibolerone
(Mib) and methyltrienolone (R1881) all showed selective uptake by the ventral prostate in
one-day castrated rats (250 g) that was 61-90% displaceable by co-injection of an excess of
unlabeled steroid. The greatest uptake was with R1881 (0.69% injected dose per gram prostate
tissue (%ID/g) at 1 h), and Mib (0.56% ID/g); the other three showed lower uptake (approx.
0.4% 1ID/g). The target tissue activity remained high for all compounds up to 4 h after
injection, and at 2-4 h the prostate to blood ratio for Mib and R1881 exceeded 10 and 20,
respectively. The uptake efficiency and selectivity of these five androgens appear to be related
to their affinity for the androgen receptor and their resistance to metabolism. Mib and R1881
have substantial affinity for other steroid receptors, which might account for some of their
prostate uptake. However, co-administration of triamcinolone acetonide, which has high
affinity for progesterone and corticosteroid receptors but not for the androgen receptor, failed
to block their uptake significantly, whereas co-administration of DHT, the most selective
ligand for the androgen receptor, blocked their uptake as completely as the unlabeled tracer
itself. The prostate uptake of Mib and R1881 in intact animals was significantly lower than
in castrated animals, but treatment of the intact animals with diethylstilbestrol restored their
uptake nearly to the level seen in castrated animals. These uptake patterns are consistent with
earlier studies of in vivo androgen uptake and with known changes in androgen receptor
content and occupancy as a result of castration or diethylstilbestrol treatment. They further
suggest that high affinity androgens labeled with suitable radionuclides—particularly deriva-
tives of mibolerone (Mib) or methyltrienolone (R1881)—may be effective receptor-based
imaging agents for androgen target tissues and tumors, even when patients are already

0022-4731/90 $3.00 + 0.00
Copyright © 1990 Pergamon Press plc

receiving hormonal therapy.

INTRODUCTION

Androgen receptors, which are present in high con-
centrations in the prostate [1-5]), are also found
in some tumors of the prostate[3,6,7], and the
assay of the androgen receptor content of prostatic
tumors is useful in predicting the response to endo-
crine therapy [3, 8-10]. Since the original demon-
stration [11] of the androgen dependence of most
prostatic carcinomas, treatments have been designed
to suppress or remove endogenous androgens: surgi-
cal castration to remove the tissue source of androgen
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Abbreviations: Testosterone (T), 178-hydroxy-4-androsten-
3-one; S5a-dihydrotestosterone (DHT), 178-hydroxy-
Sa-androstan-3-one; 19-nortestosterone (nor-T), 178-
hydroxy-4-estren-3-one; mibolerone (Mib), 7a,17a-
dimethyl-19-nortestosterone; methyltrienolone (R1881),
17a-methyl-178-hydroxyestra-4,9,11-triene-3-one;  di-
ethylstilbestrol (DES), (E)-3,4-bis(4-hydroxyphenyl)-3-
hexene.

production or chemical castration through the ad-
ministration of estrogens[6, 11, 12], progestins {13],
or antiandrogens [13, 14] to suppress androgen bio-
synthesis, or LHRH agonists to block testicular
testosterone secretion [15, 16). While in the normal
male, androgen receptors are nearly fully occupied by
the endogenous androgens, they are largely unoccu-
pied in patients receiving hormonal therapy. Thus,
androgens with suitable binding properties and
labeled with an appropriate radionuclide might
be useful as in vivo imaging agents for the prostate
and for primary and metastatic prostatic tumors,
especially in patients on hormonal therapy. Such a
method might enable one to assess the extent to
which the cancer has escaped the tissue capsule and
metastasized, thus placing the selection of alternative
therapeutic approaches on a firmer basis.

There have been a number of reports of the use of
androgens labeled with gamma-emitting isotopes as
prostate imaging agents [17-19]. In most cases, how-
ever, selective uptake by target tissues such as the
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prostate has not been demonstrated, and it has not
been possible to obtain useful images with these
agents (for a review, see Katzenellenbogen [20)).
More recently, we [21] and others [22] have analyzed
how known structural changes in the testosterone,
19-nortestosterone and Sa-dihydrotestosterone sys-
tems affect binding affinity for the androgen receptor,
and, as a prelude to the preparation of androgens
labeled with the positron-emitting radionuclide fluor-
ine-18 {¢;, = 110 min), we [23] have reported the syn-
thesis and androgen receptor binding affinity of a
number of the fluorine-substituted androgens. It was
apparent from these studies, however, that com-
pounds with affinities comparable to or greater than
that of testosterone would be required to provide
adequate target tissue uptake and target to non-target
contrast for successful in vive imaging of androgen
target tissues,

In this report, we describe the tissue distribution in
the orchidectomized rat of five tritium-labeled
androgens: testosterone (T), Sa-dihydrotestosterone
(DHT), 19-nortestosterone (nor-T), mibolerone
{Mib) and methyltrienolone (R1881). All these com-
pounds have high affinity for the androgen receptor,
and they all show selective uptake by the prostate,
which, in each case, is blocked by co-administration
of an excess of unlabeled compound. Their uptake
efficiency and selectivity differ considerably. Mib and
R1881, which show the greatest uptake by the
prostate, were also studied in the presence of other
competitors (triamcinolone acetonide and DHT) and
in intact and intact-diethylstilbestrol (DES)-treated
rats, to verify that their uptake is due to binding to
the androgen receptor and that uptake can be ob-
served in intact animals and in intact animals receiv-
ing hormone therapy. These findings are helpful in
the design of androgen receptor-based imaging agents
that are better behaved than those that have been
prepared up to now, and in developing suitable
model systems in experimental animals to evaluate
the uptake behavior of these agents.

EXPERIMENTAL

Materials and methods

Unlabeled steroids were obtained from the follow-
ing sources: testosterone and 19-nortestosterone
(Searle, Skokie, Il.), S«-dihydrotestosterone, tri-
amcinolone acetonide, diethylistilbestrol (DES), and

estradiol (Sigma, St Louis, Mo.), 17x-methyl-178-
hydroxyestra-4,9,11-trien-3-one  (Methyltrienolone)
(R1881) and 7a«,172-dimethyl-19-nortestosterone
(Mibolerone); RU28362, promegestone (R5020)
(DuPont NEN, Boston, Mass), hydrocortisone
(Steraloids, Pawling, N.Y.).

The tritium-labeled steroids were [la2a(n)-
YH]testosterone (51.5 Ci/mmol), 5a, dihydro [1a,2a-
{n)-*Hltestosterone (60 Ci/mmol), 19-[6,7-*H]nortes-
tosterone (15.8 Ci/mmol) [6,7-*H]estradiol (43 Ci/
mmol) {1,2,6,7-*H]aldosterone (82 Ci/mmol) (Amer-
sham Corp., Arlington Heights, Ill.), methyltri-
enolone [17x methyl-*H] (81.8 Ci/mmol), mibolerone
[17a-methyl-*H] (85 Ci/mmol), [17a-methyl-*H]pro-
megestone (R5020) (86.7 Cifmmol), [6-methyl-
*HIRU28362 (77.5 Ci/mmol), (DuPont NEN). Other
chemicals included hydroxylapatite (BioRad Labora-
tories, Richmond, Calif.) and Nuclear Chicago
Solubilizer (Amersham Corp.).

The radiochemical purity of the tritiated androgens
was checked by thin layer chromatography using
Macherey—Nagel plastic-backed silica gel plates with
fluorescent indicator. The solvent systems, R; values,
and radiochemical purity are listed in Table 1.

Radioactivity was measured in a Nuclear Chicago
Isocap 300 liquid-scintillation counter, using xylene-
based cocktail containing 0.55% 2,5-diphenylox-
azole, 0.01% p-bis[2-(5-phenyloxazoyl)]benzene, and
25% Triton X-114. Tritium counting efficiency was
25-55%.

Animal treatment and tissue processing

Sprague-Dawley, 250 g male rats (7-9 weeks old)
were obtained from the Holtzman Co., Madison,
Wis. Some were maintained as intact control animals.
Some were orchidectomized 24 h before the exper-
iment, and others were left intact and treated with
DES following a modification of the procedure of
Symes [24]: 2 mg/ml of DES was dissolved directly in
sunflower seed oil (Wesson-Sunlite) and 0.5 ml was
injected s.c. {1 mg/rat), 27, 20, and 3 h before the
experiment. The tritiated androgens were prepared in
20% ethanol in physiological saline and were injected
iv. (carotid artery) with the animals under ether
anesthesia. The dose of radioactivity that was injected
(injected dose) was determined as previously de-
scribed [25], by weighing the injection syringe before
and after filling with a solution of known concen-
tration, and counting the dose that remained in the

Table 1. TLC solvent systems, R, values and radiochemical purity of ["Hlandrogens

Compound

Chromatography (R;)

Radiochemical purity

Testosterone (T)

Ethyl acetate:hexane

89-92%

3:1 (0.33)

Dihydrotestosterone (DHT)

Ethyl acetate:hexane

90-91%

3:1 (0.42)

19-Nortestosterone (nor-T)

Ethyl acetate:hexane

98%

3:1 (0.39)

Mibolerone (Mib)

chloroform:methanol

93%

19:1 (0.55)

Methyltrienolone (R1881)

chloroform:ethanol

93-94%

98:2 (0.33)
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syringe after injection. Animals receiving radioactive
compound alone were given 3—6 uCiin 0.1 ml vehicle.
To block receptor-mediated uptake, animals received
simultaneously with the trittum-labeled compound
36 ug of unlabeled compound or 36 ug of DHT. To
block uptake due to progesterone or corticosteroid
receptors, the animals received 1 mg triamcinolone
acetonide (0.5ml of a 2mg/ml solution in 1:1
ethanol:saline) i.p. 15 min before receiving the triti-
ated androgen. The animals were provided with food
and water ad libitum.

At the indicated times, the animals were killed by
CO, asphyxiation, blood was collected by cardiac
puncture, and tissues were excised and weighed
immediately. The tissues were dissolved and de-
colorized, the radioactivity measured as previously
reported [25].

Competitive binding assays for steroid receptors and
serum binding proteins

Relative binding affinities were determined in sev-
eral receptor systems. Cytosol was incubated with
buffer or several concentrations of unlabeled com-
petitor together with 10 nM tritium-labeled tracer at
0°C. In all cases, the assays were incubated 18-24 h
and free steroid removed by the charcoal-dextran
method [26]. Assays for androgen receptor utilized
prostate cytosol from 1 day orchidectomized rats
which was preincubated with 1 gM triamcinolone
acetonide to block the glucocorticoid and progester-
one receptors; [*H]R1881 was the tracer. Assays for
progesterone receptor utilized cytosol from estrogen-
stimulated immature rat uteri preincubated with
1 uM hydrocortisone; [PHJRS5020 was the tracer.
Mineralocorticoid assays utilized kidney cytosol from
3-day adrenalectomized rats with [*H]aldosterone as
the tracer; preincubation with 1uM RU28362
blocked glucocorticoid sites. Glucocorticoid assays
used liver cytosol from 3 day adrenalectomized rats
with [*H]JRU28362 as a glucocorticoid specific tracer.
We have published a complete description of the
androgen and progesterone receptor assays [23] and
the glucocorticoid and mineralocorticoid receptor
assays [27]).

Assays with sex steroid binding globulin were
performed as we reported previously [28], utilizing
third-trimester human pregnancy serum with
[*H]estradiol as tracer; assays were incubated for
30 min, and hydroxylapatite was used to remove free
steroid.

Androgen receptor assay

Androgen receptor was assayed using a modifi-
cation of the procedure of Boone [29], incorporating
some of the suggestions of Hechter [4]. The prostates
were homogenized in a glass:glass homogenizer in
AR buffer (0.01 M Tris, 0.0015M EDTA, 0.02%
NaNj, 0.01 M thioglycerol, 20 mM Na molybdate,
and 10% glycerol, pH 7.4 at room temperature).
Protease inhibitors were added to the homogenate;

5mg/ml soybean trypsin inhibitor, 0.1 mg/ml leu-
peptin, and 1 mM PMSF. Nuclei were pelleted at
800 g for 20 min. The supernatant was removed and
centrifuged at 140,000 g for 1 h to yield a high speed
cytosol.

The nuclei were washed twice by resuspension and
recentrifugation with AR buffer. After the last wash,
they were resuspended in AR buffer plus protease
inhibitors, as above. Both cytosol and nuclei were
incubated with 30 nM [*H]R1881 + 100-fold excess
unlabeled R1881 in the presence of 1 uM triam-
cinolone acetonide. After a 2 h incubation at 0-4°C
a portion was assayed to determine the receptor that
had been “empty”. The remainder was incubated at
15°C and assayed after 19 and 43 h of exchange to
determine what had been “bound” by endogenous
androgens.

The bound [*HJR1881 in the cytosol was deter-
mined by the charcoal dextran assay. The bound
[*H]R 1881 in the nuclear pellet was determined by the
hydroxylapatite assay [30]. The nuclear pellet was
also assayed for DNA [31] and data reported as fmol
androgen receptor/ug DNA. The receptor degra-
dation, over the exchange period, was estimated from
the loss of binding seen after 19 and 43 h of exchange
in the prostate fractions of a castrate rat, where all
receptor was free and the 2h 0°C, point measured
100% of the receptor.

RESULTS

The five androgens used in this study are commer-
cially available in tritium-labeled form. Their struc-
tures and the sites of tritium labeling are shown in
Fig. 1.

Binding affinity to steroid receptors and sex steroid
binding protein

The binding affinities of the five androgens to four
steroid receptors, the androgen receptor (AR), the
progesterone receptor (PgR), the glucocorticoid re-
ceptor (GR) and the mineralocorticoid receptor
(MR), and blood sex-steroid binding proteins (SBP)
are shown in Table 2. Our binding data is consistent
with that which has appeared in the litera-
ture [22, 32-34]. Mib and R1881 are the highest
affinity ligands for the androgen receptor (AR); DHT
binds about 10-fold better than T, and the affinity
of nor-T is intermediate. All five androgens show
heterologous binding to the other steroid receptors.
R1881 and Mib have highest affinities towards
PgR, and this has interfered with their use as radio-
tracers for in vitro assay of androgen recep-
tors [33-35]; R1881 binds weakly to GR, but strongly
to MR; T, nor-T and Mib have moderate affinity
for MR but little affinity for GR. In a practical
sense, in humans in vivo, only R1881 and Mib bind-
ing to PgR might pose a problem, since substantial
levels of PgR (but not MR) are present in the
prostate [36].
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Fig. 1. Structures and sites of tritium-labeling of the five androgens. *Indicates site of *H.

The two naturally occurring androgens DHT and
T show high affinity for sex steroid binding protein
(SBP). The synthetic androgens R1881 and Mib were
developed so as to minimize this high serum binding,
as well as to reduce the rapid metabolism observed
with T, DHT, and nor-T [29, 33, 34, 37]. The conse-
quences of this heterologous and serum binding and
experiments to establish their effect on in vivo tissue
distribution will be discussed later.

Tissue distribution in vivo

The tissue distribution of all five androgens was
determined first in 250 g male rats 24 h after castra-
tion. The radiotracer was injected i.v. in ethanol-
saline, and blood and tissue samples were obtained at
0.5, 1,2, and 4 h after injection. Radioactivity was
determined by liquid scintillation counting after com-
plete solubilization and decolorization of the tissue
samples. In order to establish that the uptake was
mediated by a limited capacity, high affinity uptake
system, one set of animals in each experiment was
treated concurrently with a large dose (36 ug) of the
corresponding unlabeled tracer. The uptake data for
the five androgens are listed in Tables 3-7. The
prostate uptake of these five compounds is displayed
in terms of % ID/g in Fig. 2, as the ratio with blood

in Fig. 3, and as the ratio with non-target tissues (the
average of uptake by muscle, esophagus and lung) in
Fig. 4. Although androgen receptors have been re-
ported in rat skeletal muscle [38}, the concentration is
about 60 times less than in prostate, leaving muscle
as a reasonable control tissue.

Uptake efficiency and retention of androgens by the
prostate. As is evident in Tables 3-7, but shown more
graphically in Fig. 2, both Mib and R1881 show
significantly greater uptake efficiency in the prostate
than do T, DHT, and nor-T: the uptakes of R1881
and Mib average around 0.50-0.69% ID/g over
0.5-4 h, whereas the other three androgens average
around 0.2-0.3% over this time period.

With all compounds, uptake by the prostate is
rapid; the levels at 0.5 h are nearly as great as those
at 1 h. Also, the activity in the prostate is retained,
with the levels at 4 h for R1881 and Mib being only
slightly below that of the 1 h peak levels; the other
three androgens show somewhat greater decline by
4h. The fact that the uptake in the prostate is
mediated by a high affinity, limited capacity uptake
system is evident from the fact that the uptake at 1 h
is greatly depressed by co-administration of a large
excess of the unlabeled androgen (in Tables 3-7,
compare column 3 with column 2). This target tissue

Table 2. Relative binding affinity (RBA) of the five androgens to steroid receptors and sex steroid binding protein

Receptor system RBA% + 58D

Androgen Progesterone Glucocorticoid Mineralocorticoid Sex-steroid
receptor receptor receptor receptor binding protein
(AR) (PgR) (GR) (MR) (SBP)
Compound (R1881 = 100)* (R5020 = 100)* (RU28362 = 100)* (Aldosterone = 100)* (Estradiol = 100)*
Testosterone 599+ 1.18 0.09 + 0.02 037+0.17 4.19+3.44 417.00 + 87.68
DHT 60.87 + 17.23 0.23+0.10 0.22 4 0.11 0.17+0.14 2125.83 +998.55
nor-T 30.55 + 1.48 3.10 £ 0.99 0.22 +0.02 200+ 1.20 29.90 + 6.79
Mib 117.50 + 3.54 2040 +4.24 0.19 + 0.004 5.70 + 0.47 19.00 + 8.27
R1881 100 43,65 +9.12 1.38 + 0.40 254 +1.27 4.04 +0.91

*The equilibrium dissociation constants (X} for the tracer ligand measured under the same conditions are: AR (R1881)
0.6 nM; PgR (R5020) 0.41 nM; GR (RU28362) 11 nM; MR (Aldosterone} 3.9 nM; SBP (Estradiol) 1.6 nM.
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Table 3. Tissue radioactivity distribution following i.v. injection of [*H]testosterone into 300 g, castrated male rats
%ID/g + SEM (n = 5)"

Tissue 0.5h 1h 1 h (blocked)® 2h 4h

Blood 0.191 +0.025 0.152 + 0.054 0.153 4 0.019 0.108 + 0.036 0.070 + 0.009
Lung 0.104 +0.018 0.093 + 0.015 0.121 +0.018 0.127 £ 0.021 0.050 + 0.007
Spleen 0.098 + 0.015 0.213 £ 0.148 0.059 +0.013 0.055 £ 0.015 0.042 + 0.004
Muscle 0.128 £ 0.018 0.074 + 0.008 0.110 £ 0.021 0.080 1 0.016 0.051 + 0.008
Prostate 0.319 +0.039 0.436 + 0.059 0.169 + 0.022 0.266 + 0.031 0.255 + 0.021
Liver 1.039 + 0.196 0.533+0.110 0.633 +0.103 0.721+0.114 0.213 + 0.043
Fat 0.214 +0.029 0.128 +0.020 0.187 + 0.016 0.177 + 0.068 0.039 + 0.006
Esophagus 0.172 +0.030 0.133 +0.028 0.185 1+ 0.030 0.094 +0.018 0.058 + 0.005
Prostate/blood 1.792 +0.301 3.513 +£0.453 1.149 + 0.193 3.421 +0.903 3.904 + 0.660
Prostate/n.t.° 2.559 +0.521 4.480 + 0.369 1.264 £ 0.114 3.029 +0.767 4,933 +0.525

“o41D/g: percent injected dose per gram tissue.
g

®Blocked: in order to block receptor-mediated uptake, 36 g of testosterone was added to each injected dose.

°n.t. = non-target = average of muscle, esophagus and lung.

Table 4. Tissue radioactivity distribution following i.v. injection of [*H]dihydrotestosterone into 250 g, castrated male
rats. %ID/g + SEM (r = 5)*

Tissue 0.5h 1h 1 h (blocked)® 2h 4h

Blood 0.237 £ 0.028 0.152 + 0.026 0.197 £ 0.023 0.124 + 0.029 0.118 £ 0.011
Lung 0.271 £ 0.023 0.144 + 0.009 0.095 +0.015 0.082 + 0.011 0.062 + 0.005
Spleen 0.093 + 0.006 0.115 £ 0.016 0.099 + 0.011 0.073 £ 0.012 0.048 1 0.005
Muscle 0.106 + 0.011 0.117 1 0.011 0.126 + 0.019 0.081 £ 0.012 0.071 + 0.009
Prostate 0.367 + 0.049 0.387 + 0.063 0.134 + 0.013 0.416 1+ 0.093 0.265 + 0.023
Liver 1.494 +0.102 0.824 + 0.150 0.606 + 0.105 0.462 +0.062 0.244 £ 0.017
Fat 0.160 + 0.006 0.184 + 0.018 0.112 £ 0.012 0.060 + 0.003 0.039 + 0.005
Esophagus 0.161 +0.010 0.151 £ 0.015 0.116 £ 0.011 0.062 £ 0.009 0.079 £+ 0.003
Prostate/blood 1.545 +0.145 2.706 + 0.549 0.700 + 0.066 3.672 +0.593 2.377 £ 0.343
Prostate/n.t.° 2.016 + 0.198 2.767 + 0.309 1.245+0.193 5.339+0.579 3.802 + 0.375

2941D/g: percent injected dose per gram tissue.

Blocked: in order to block receptor-mediated uptake, 36 ug of dihydrotestosterone was added to each injected dose.

‘n.t. = non-target = average of muscle, esophagus and lung.

Table 5. Tissue radioactivity distribution following i.v. injection of [°H] 19-nortestosterone into 250 g, castrated male rats.
%ID/g + SEM (n = 5)*

Tissue 0.5h 1h 1 h (blocked)® 2h 4h

Blood 0.097 + 0.012 0.114 £ 0.019 0.058 + 0.006 0.044 +0.007 0.029 + 0.002
Lung 0.170 £ 0.017 0.131 £ 0.026 0.108 + 0.010 0.042 +0.004 0.020 + 0.004
Spleen 0.105 +0.011 0.086 + 0.021 0.065 + 0.006 0.055 £ 0.010 0.025 + 0.002
Muscle 0.135 +0.010 0.142 + 0.022 0.067 + 0.005 0.071 + 0.008 0.056 + 0.013
Prostate 0.352 £ 0.034 0.378 + 0.069 0.100 + 0.004 0.358 +0.026 0.148 + 0.027
Liver 1.451 £0.136 1.721 + 0.276 0.704 + 0.076 0.561 +0.059 0.489 + 0.098
Fat 0.215 4+ 0.021 0.175 + 0.022 0.135+0.013 0.064 1+ 0.009 0.025 1+ 0.001
Esophagus 0.161 £0.015 0.132 +0.017 0.088 + 0.007 0.065 +0.010 0.081 + 0.008
Prostate/blood 3.857 +0.563 3.721 +0.339 1.826 +0.272 9.160 + 1.848 5.160 + 0.876
Prostate/n.t. 2259 +0.112 2.980 + 0.308 1.152 + 0.053 6.315 £ 0.810 2.878 + 0.603

49451D/g: percent injected dose per gram tissue.

bBlocked: in order to block receptor-mediated uptake, 36 ug of 19-nortestosterone was added to each injected dose.

°n.t. = non-target = average of muscle, esophagus and lung.

retention and target selective uptake can be appreci-
ated more clearly from the presentation of prostate
uptake data in Table 8.

In this table, androgen uptake by the prostate
(% ID/g) is shown for total uptake at 1 and 4h
(TOT) and blocked or non-specific uptake at 1h
(NS). The ‘“‘specific” or receptor-mediated uptake
(SP) at 1 h is the difference between the TOT and NS
uptake. It is clear that the specific uptake (SP) as a
percent of the total (TOT) is high; this percentage,
shown in column 4 of Table 8, is 61-74% for the
androgens T, DHT, nor-T and Mib, and is nearly
90% for R1881.

Since the level of non-specific activity in both the
target and non-target tissues decreases more rapidly
than the specific (note [Fig. 4] how the ratio of

prostate to non-target tissue activity increases with
time), it is perhaps most instructive to compare
the total uptake at 4h (which should have little
non-specific activity left) with the specific uptake at
1h. For all the androgens except nor-T, the 4h
activity is equivalent to the 1 h specific uptake; with
nor-T the 4 h uptake is about one-half the 1 h specific
level. Thus, the component of androgen uptake by
the prostate at 1h that is receptor-mediated is very
high, and this component appears to be well retained
by the prostate over a 4-h period by all compounds,
except perhaps by nor-T.

Target tissue uptake selectivity. Figure 3 and 4
display the prostate uptake of the five androgens
relative to blood and non-target tissues (the average
uptake of muscle, esophagus, and lung), respectively.
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Tissue uptake of five tritium-labeled androgens
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Fig. 2. Uptake into prostate: uptake of the five androgens
as percent injected dose/g tissue (%ID/g + SEM) into the
prostate of orchidectomized rats. Each point represents the
average uptake in 5 or more animals (see Table 3-7).

Relative to blood (Fig. 3), prostate uptake of Mib
and R1881 is very selective, with ratios being approx.
10 or 10-20, respectively. The other three androgens
give significantly lower prostate to blood ratios, with
the exception of the 2h uptake of nor-T. These
uptake ratios reflect the known differences in metab-
olism of these androgens. Those which are rapidly
metabolized show higher blood levels {(presumed to
be mostly metabolites) than those resistant to metab-
olism. There is a less pronounced difference among
the five androgens in terms of prostate uptake relative
to non-target tissues (Fig. 4). Only at 4 h is the ratio
for R1881 significantly above that of the others.
Uptake by other tissues is not unusual. All com-
pounds show high, but transient uptake by the liver.
However, while liver levels equal or exceed those of
the prostate at early times, activity falls off more
rapidly in liver relative to prostate {except with
nor-T}, so that by 4 h, liver levels are equal to (for T
and DHT) or below that of prostate (Mib, R1881).
There is apparent blockage of the 1-h liver uptake of
nor-T and R1881 by an excess of unlabeled com-
pound, but this might represent dose-dependent
metabolism rather than receptor-mediated uptake,
since androgen receptor levels in the liver are low [39].
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Fig. 3. Uptake-ratio prostate/blood: ratio of the uptake in

prostate relative to blood + SEM in orchidectomized rats

for the five androgens. Each point represents the average of
5 or more animals (see Tables 3-7).
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Fig. 4. Uptake-ratio prostate/non-target tissue: uptake of

the five androgens in prostate of orchidectomized rats

relative to non-target tissues (average of muscle, esophagus,

and lung) + SEM. Each point represents the average of 5 or
more animals (see Tables 3-7).

R1881 had high (2.9% ID/g} uptake into the bladder
at 1 h {data not shown). Since both liver and bladder
are organs involved in the metabolism and voiding of
drugs from the body, these results were expected.

Examination of the role of other steroid receptors,
castration, and diethylstilbestrol treatment on the up-
take of mibolerone and R1881 by the prostate

Of the five androgens we have investigated, Mib
and RI881 had the highest prostate uptake and
seemed the most promising androgens for fluorine
labeling. They were also the only ones with substan-
tial binding affinity for other steroid receptor systems
(cf. Table 2), in particular, the progesterone receptor
and the mineralocorticoid receptor. It is unlikely that
either of these receptor systems is responsible for any
of the prostate uptake of these compounds, as neither
is present at detectable levels in the prostate of the
orchidectomized rat [36]. The human prostate, how-
ever, does contain receptors for glucocorticoids and
for progesterone [40], and ligand binding to the pro-
gesterone receptor in particular, can be a serious
problem with androgen receptor assays in prostatic
human cytosol when Mib or R1881 are used as
tracers [33-35}. These tracers are generally used to-
gether with a high concentration of triamcinolone
acetonide, a glucocorticoid with substantial affinity
for the progesterone, glucocorticoid and mineralo-
corticoid receptors, but only very low affinity for the
androgen receptor (<0.0001% relative to R1881)

Table 8. Androgen uptake by the prostate*

ih (%ID/R 4h (%ID/g)
Androgen TOT* N§* 3P SP/TOT(%} TOT*
T 644 017 027 61% 0.26
DHT 039 013 026 6% 0.27
nor-T 038 010 028 14% 0.15
Mib 056 019 037 66% 0.50
R1881 0.69 010 059 86% 0.59

'Data taken from Tables 3-7. TOT =total (%ID/g prostate at
indicated times | or 4h); NS = non-specific (%ID/g prostate
1 h blocked); SP = specific, i.e. TOT — NS; SP/TOT% = specific
{1 h} as percent of total (I h).



556

(KEC and JAK unpublished), in order to “‘blank out”
binding of these tracers to the other receptors [35].

Although the castrated rat prostate has little if any
progesterone receptor, we were concerned that the
greater prostate uptake seen with mibolerone and
R1881 may have been enhanced by binding to other
receptors. Therefore, we also examined the tissue
distribution of Mib and R1881 in the castrated rat
both in the presence of a large excess of unlabeled
triamcinolone acetonide and DHT. If the prostate
uptake of these compounds was reduced by triam-
cinolone acetonide, or if the extent of uptake block-
age by DHT, the most androgen selective ligand, was
not as great as that effected by the unlabeled ligand
itself, this would suggest that other receptor systems
were contributing to the uptake. These uptake studies
are noted in Tables 6 and 7. columns 6 and 7, and in
Figs 5 and 6.

It is clear from these uptake data that prior injec-
tion of a large excess of unlabeled triamcinolone
acetonide does not result in a significant lowering of
prostate uptake of mibolerone or R1881, but does
affect the uptake into a glucocorticoid-rich tissue
such as liver (in Tables 6 and 7, compare column 6
with column 2 Figs 5 and 6). Also, the extent to
which prostate uptake is blocked by DHT is compar-
able to that achieved by the unlabeled ligand itself (in
Tables 6 and 7 compare column 3 with column 7).
Thus, it appears that the specific uptake observed for
Mib and R1881 in the prostate is due largely, if not
exclusively, to binding to the androgen receptor.

The uptake of Mib and R1881 was determined in
intact rats and in intact rats treated with diethylstilbe-
strol, hormonal states with clinical significance. Both
these uptake experiments were done in the presence
of an excess of unlabeled triamcinolone acetonide, to
assure that no uptake was due to the progesterone
receptor, since estrogen treatment will induce both
progesterone receptor and androgen receptor levels in

Mib

%1D/g

§

Fig. 5. Uptake of mibolerone into prostate: uptake of
[*H]mibolerone at 1h as percent injected dose/g tissue
(%ID/g) into orchidectomized rats (columns 1-4) or intact
rats {columns 5 and 6). Column 1, PH]Mib alone; column
2 and 3, FH]Mib + 36 ug unlabeled Mib or DHT respect-
ively; Column 4, ["H}Mib alone in animals pre-injected with
triamcinolone acetonide. Column 5, uptake into intact
animals pre-injected with triamcinolone acetonide; column
6, uptake into intact animals preinjected with triamcinolone
acetonide and pretreated with DES. Data from Table 6.
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R1881

%ID/g

Fig. 6. Prostate uptake of [’H]methyltrienolone (R1881):
uptake of [°H] (R1881) into the prostate of orchidectomized
animals (columns 1-4) and intact animals (columns 5 and 6).
Uptake as percent injected dose/gram of tissue (%1D/g) at
1 h. Cotumn I, [P'H]JR 1881 alone; column 2 and 3, PH]R188!
plus 36 ug unlabeled R1881 or DHT; column 4, PH]R1881
alone into animals preinjected with triamcinolone acetonide.
Uptake into intact animals: column 5, uptake into intact rats
preinjected with triamcinolone acetonide; column 6, uptake
into intact rats preinjected with triamcinolone acetonide and
pre-treated with DES. Data from Table 7.

the prostate[12]. It is clear that the high levels of
circulating androgens in the intact rats caused a
significant depression of the uptake of Mib and
R1881 (in Tables 6 and 7, compare column 8 with
column 6; Figs 5 and 6). However, treatment of the
intact animals with a high dose of diethylstilbestrol,
which is used clinically to suppress androgen biosyn-
thesis [8), restores most of the androgen receptor-
mediated uptake in the prostate (in Tables 6 and 7,
compare column 9 with column 6; Figs 5 and 6).

To verify that the treatment of intact animals with
DES was effective in reducing androgen levels and
leaving unbound AR, we assayed the amount and
distribution of AR in ¢ach treatment group. The data
is presented in Fig. 7. The orchidectomized animals
had no androgen receptor that was bound with
endogenous androgens. We measured only “empty”
receptor, 7.3 fmol/ug DNA, of which 94% was in the
cytosol. The intact rats had the receptor divided
between the cytosol (53%) and the nucleus (47%).
Most of the receptor was filled with endogenous
androgens (82% in the cytosol and 93% in the
nucleus), so that only a small portion was free and
therefore available to the injected tritium-labeled
ligand. The total receptor in the intact animals both
free and that bound with endogenous androgens
(measured by exchange) was 11.7 fmol/ug DNA.

The intact but DES-treated rats presented an inter-
mediate picture of filled and empty, nuclear and
cytosolic receptor. The receptor was mostly cytosolic
(78%), of this 56% was filled. The receptor that was
in the nucleus was mostly filled (85%). The total
receptor, 8.5 fmol/ug DNA, was also an intermediate
value.

Since the prostate is androgen dependent, removal
of the androgens, either surgically or chemically,
results in atrophy of the organ as well as loss of
androgen receptor. We see about a 10% loss in



Tissue uptake of five tritium-labeled androgens 557

Intact

9.7%

43.7%

orchidectomized

5.7%

DES treated, intact

32.0%

46.7%

B cytosol, empty
B cytosol, filled

B nuclear, empty
nuclear, filled

}153%

}47%

total filled 87%

. cytosol, empty 94%
Bl nuclear, empty 6%

total filled 0%

B cytosol, empty
. cytosol, filled

B nuclear, empty
nuclear, filled

}78%

}22%

total filled 54%

Fig. 7. Concentration, occupancy and distribution of androgen receptor in the prostate of orchidec-
tomized, intact, and intact-DES-treated rats. The areas of the circles are proportional to the average AR
concentration in each treatment group: intact, 11.68 fmol/ug DNA; orchidectomized, 7.27 fmol/ug DNA;
DES treated, intact, 8.47 fmol/ug DNA. The areas of the segments are proportional to the average
concentrations of empty and occupied cytosol AR, and empty and occupied nuclear AR.

prostate weight and a 35 and 19% loss of androgen
receptor, respectively, in the orchidectomized and

DISCUSSION

DES-treated animals compared to the untreated The development of imaging agents for androgen
intact animals, consistent with values in the litera- receptor-positive prostatic cancer depends on the
ture [6, 14] for 24 h castration. availability of radioligands for the androgen receptor
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that have suitable receptor binding affinity and in vive
distribution properties and that are labeled with an
appropriate radionuclide. To assist in the develop-
ment of such agents, we have investigated the tissue
distribution in the rat of five commercially available
androgens labeled with tritium at high specific
activity. We have found that all of these compounds
demonstrate selective, receptor-mediated uptake and
prolonged retention by the prostate. In a number of
respects (% ID/g, prostate uptake ratio to blood and
non-target tissues, and uptake selectivity), the best
two compounds are R1881 or methyltrienolone, a
high affinity, synthetic androgen prepared by the
Roussel Co.[33], and mibolerone (Upjohn Co.),
another synthetic androgen.

If one corrects for the differences in animal weights
(% ID-kg/g), then the 1 h uptake of the androgens by
the prostate (0.09-0.20% ID-kg/g) is within the same
range as that of estrogen (0.16-0.4% ID-kg/g) [41]
and progestins (0.03-0.26% ID-kg/g) [42] by the
uterus. The equivalent uptake of these target sites
cannot be explained by receptor content, since the
androgen receptor content of the 1 day castrated rat
prostate (120 fmol/mg protein or 5.4 pmol/g tissue) is
only 10-15% of the estrogen receptor content of the
uterus (1000 fmol/mg protein or 30 pmol/g tissue), or
the progestin receptor content of the estrogen-primed
uterus (800 fmol/mg protein or 40 pmol/g tissue). It is
likely in such receptor-rich target sites, that receptor-
mediated uptake is flow limited [43]; thus, the equiv-
alency of uptake in these three systems may be more
a reflection of the roughly equivalent blood flow rates
in the target sites and the similar tissue permeabilities
of the radiopharmaceuticals.

The selectivity of uptake (activity ratios of prostate
to blood or prostate to non-target tissues) for the best
two androgens, R1881 and Mib, is reasonably high,
but is still somewhat less than we have seen for the
best estrogens and progestins. These tissue activity
ratios, however, are not entirely dependent on the
binding properties of the radiopharmaceutical, but
also on radiochemical purity and metabolic stability.
The activity in the blood and non-target tissues is
generally largely due to metabolites, which with these
tritium-labeled compounds could be, in addition to
polar and conjugated steroid species, tritiated water
released by hydroxylation at the sites of tritium
substitution. The sites of tritium substitution on the
five androgens are indicated in Fig. 1. It is likely that
a portion of the activity situated at carbon-2in T and
DHT and carbon-6 in nor-T is released as a result of
hydroxylation at these sites. The tritium label on the
17a-methyl group of Mib or R1881 could well be
more metabolically stable.

While there have not been other systematic, com-
parative studies of the uptake of androgens in vivo,
there are reports of the in vivo uptake of androgens
in rats|2,24,44,45]. In 1968 Tveter and Attra-
madal [45] reported that i.m. injection of [*H|T in
castrated rats gave a peak uptake in the prostate of

KATHRYN E. CARLSON and JOHN A. KATZENELLENBOGEN

0.29 %ID/g at 1-2h, with a ratio to blood and
muscle of 3 and 7, respectively. Uptake in intact
animals was reduced, and injection of 500 ug of
unlabeled testosterone 0.5 h prior to [°H]T reduced
prostate uptake in castrated animals by approx. 90%.
These results are commensurate with ours. Symes[24]
found that [*H]JT administered i.p. gave a maximum
uptake of 0.73% ID/g at 1h in somewhat larger
animals than we used (350-450g). The route of
injection (i.p.) used in Symes’ study may provide a
more efficient presentation of the radioligand to the
prostate than did our route (i.v.). Prostate to blood
and muscle ratios were approx. 10:1 after 2 and 4 h.
[’H]DHT, however, showed significantly lower peak
uptake 0.18 %ID/g at 2 h, with ratios to blood and
muscle of 3-5. Symes also reported a decreased
uptake of T by the prostate of intact animals, and an
increased uptake selectivity (prostate to blood ratio)
in intact animals treated with diethylstitbestrol. We
have also noted that the uptake of Mib and R1881 is
reduced in intact vs castrated animals, and also, like
Symes, that diethylstilbestrol treatment of intact ani-
mals results in increased uptake, which in our case,
was nearly equivalent to that seen in castrated ani-
mals. This latter point is important, since many
human prostatic cancer patients are treated with
diethylstilbestrol to suppress biosynthetic production
of androgens. So, the “intact but diethylstilbestrol
treated” state is the one likely to be encountered with
human patients.

Mobbs[6] has done a careful study of the effect of
castration and diethylstilbestrol treatment on the
content and distribution of androgen receptor in
human prostate carcinoma (between occupied vs
unoccupied states, nuclear vs cytosolic fractions). She
finds that upon castration, androgen receptor levels
actually decrease modestly, but shift markedly from
the nuclear and occupied states to the cytosolic-unoc-
cupied state. Long-term treatment of patients with
diethylstilbestrol causes a pronounced increase in
androgen receptor content, especially in orchidec-
tomized patients; in these cases, 80-90% of receptor
is unoccupied. We also found that the receptor is
mostly occupied in the intact rat, whereas in the
castrated or DES-treated animal, a large percentage
is free.

The endogenous androgens in the occupied recep-
tors, especially in the nucleus, cannot be readily
exchanged with titium-labeled ligand in virro. We
found, in experiments to validate the assay, that the
common procedure for exchange (15° 24 h) resulted
in only ~50% exchange of bound ligand (data not
shown). At the same time, 16-20% of the receptor
was being degraded (Ref.[29] and our data, not
shown). Since the “empty” receptors are readily filled
with tritium-labeled ligand at 0°C, and the occupied
receptors are slow to exchange and continously de-
graded, many estimates of receptor occupancy under-
estimate the number of “‘filled” receptors. After 43 h
of exchange at 15°C, we measure 7.3-11.7 fmol of
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total androgen receptor/ug DNA, similar to esti-
mates by radioimmunoassay of 13 fmol/ug DNA [5]
and by steroid binding [4]. A recent publication, using
an affinity ligand [46] reports 172 fmol/ug DNA in
the ventral prostate of intact rats.

While heterologous binding, that is the binding
of one class of steroid hormones by the receptors
from another class, is not a major issue with estro-
gens, the two synthetic androgens R1881 and Mib,
demonstrate very substantial heterologous binding,
especially towards the progesterone receptor (cf.
Table 2); R1881 is the least discriminating, having
substantial affinity for the estrogen, progestin, gluco-
corticoid and mineralocorticoid receptors. Neverthe-
less, despite their capacity for heterologous binding,
the uptake of Mib and R1881 by the prostate is due
to their interaction with androgen receptors in the
target tissue. We have demonstrated this in two ways,
by showing that there is not significant competition
for prostate uptake by triamcinolone acetonide, a
ligand with high affinity for progesterone, glucocorti-
coid and mineralocorticoid receptors, but very low
affinity for the androgen receptor, and by showing
that when DHT, the most selective ligand for the
androgen receptor, is used as a competitor, the
uptake of Mib and R1881 is depressed to a similar
extent as when the unlabeled tracer itself is the
competitor.

In humans, circulating androgens and estrogens
are bound extensively by the serum globulin sex
steroid binding protein (SBP). While the level of this
protein is relatively low in males, its high affinity for
the androgens T, DHT, and nor-T can interfere with
in vitro assays of androgen receptor and could affect
the tissue distribution of these androgens in vivo.
There is no counterpart to SBP in rats, so in this
sense, rats are an imperfect model for humans. We
have shown by independent competitive binding
assays, however, that the two androgens that show
the most efficient and selective uptake by the prostate
also have low affinity for SBP. Thus, one would not
anticipate that SBP would affect the in vivo distri-
bution properties of these compounds in humans.
Alphafetoprotein, a fetal albumin of rats, has high
affinity for estrogens [47], and has a significant effect
on the binding distribution of radiolabeled estrogen
in immature rats[28). However, it does not bind
androgens, nor is it present in adult animals [47, 48].

Although T is the major circulating androgen, it is
rapidly metabolized intracellularly by reduction to
the higher affinity DHT, such that DHT is the
predominant form that is bound by androgen recep-
tors in target tissues [2, 49]. DHT and nor-T are also
metabolized rapidly [50,51]. This rapid metabolism of
the androgens, which limits their potency as thera-
peutic agents and even interferes with their use in
in vitro binding assays, prompted the development
of derivatives and analogs more resistant to chemical
alteration in vivo. Both Mib and R1881 have greatly
reduced metabolism in vitro and in vivo [29, 33, 34,

37). A reduced rate of metabolism could result in a
reduced clearance rate which would extend the blood
activity curve. This could account for the higher
uptake efficiency of these two compounds compared
to T, DHT, and nor-T.

The comparative study of androgen uptake that we
have presented here represents an initial step in the
development of androgens labeled with appropriate
gamma- or positron-emitting radionuclides whose
binding and distribution properties are suitable for
imaging androgen receptor-positive target sites and
tumors. The androgens present a more complex case
than did the estrogens, because they show substantial
heterologous binding, are rapidly metabolized and
bind with high affinity to certain proteins. Neverthe-
less, their uptake by target tissues in the rat—partic-
ularly that of Mib and RI1881—demonstrates
adequate efficiency and promising selectivity.

Earlier, we described the preparation of fluorine-
substituted derivatives of T, DHT, and nor-T as
agents that might be labeled with fluorine-18 and
studied as potential androgen receptor-based imaging
agents [23]. The binding affinity of most of these
fluorine-substituted derivatives was somewhat, and in
some cases considerably, less than that of the five
tritium-labeled androgens studied here; so, their util-
ity as imaging agents may be limited. On the basis of
the studies presented here, we are undertaking the
preparation of certain fluorine-substituted analogs
of the two tritium-labeled tracers that demonstrated
the best uptake properties, mibolerone (Mib) and
methyltrienolone (R1881). The results of these
studies, involving the preparation of these com-
pounds in fluorine-18 labeled form and their selective
uptake by target tissues in the rat, will be presented
elsewhere [52).

Acknowledgements—We are grateful for the support of this
work through grants from the Department of Energy (DE
FGO2 86ER 60401). We thank Aijun Liu, Karen Kandl,
and Jeffrey Johnson for help in the animal experiments and
Dr Donald Tindall for helpful comments.

REFERENCES

1. Liao S. and Fang S.: Receptor-proteins for androgens
and the mode of action of androgens on gene transcrip-
tion in ventral prostate. Vitam. Horm. 27 (1969) 17-90.

2. Fang S., Anderson K. M. and Liao S.. Receptor
proteins for androgens. On the role of specific proteins
in selective retention of 178-hydroxy-5«-androstan-3-
one by rat ventral prostate in vive and in vitro. J. Biol.
Chem. 244 (1969) 6584-6595.

3. Eckman P.: The application of steroid receptor assay in
human prostate cancer research and clinical manage-
ment (review). Anticancer Res. 2 (1982) 163-172.

4. Hechter O., Mechaber D., Zwick A., Campfield L. A,
Eychenne B., Baulieu E.-E. and Robel P.: Optimal
radioligand exchange conditions for measurement of
occupied androgen receptor sites in rat ventral prostate.
Archs Biochem. Biophys. 224 (1983) 49-68.

5. Blondeau J.-P., Baulieu E.-E. and Robel P.: Androgen-
dependent regulation of androgen nuclear receptor in
the rat ventral prostate. Endocrinology 110 (1982)
1926-1932.



560

6.

20.

21.

KATHRYN E. CARLSON and JOHN A. KATZENELLENBOGEN

Mobbs B. G., Johnson 1. E., Connolly J. G. and
Thompson J.: Concentration and cellular distribution of
androgen receptor in human prostatic neoplasia: can
estrogen treatment increase androgen receptor content?
J. Steroid Biochem. 19 (1983) 1279-1290.

. Lea O. A, and French F. S.: Androgen receptor protein

in the androgen-dependent Dunning R-3327 prostate
carcinoma. Cancer Res. 41 (1981) 619-623.

. Williams G.: New Prospects for endocrine therapy in

prostatic cancer. Rev. Endocrine-Related Cancer 22
(1985) 5-10.

. Ekman P.: Clinical significance of steroid receptor assay

in the human prostate. In Steroid Receptors, Metab-
olism, and Prostatic Cancer (Edited by F. H. Schroder
H. H. deVoogt). Excerpta Medica, Amsterdam (1980)
208-224.

. Trachtenberg J. and Walsh P. C.: Correlation of

prostatic nuclear androgen receptor content with
duration of response and survival following hormonal
therapy in advanced prostatic cancer. J. Urol. 127
(1982) 466-471.

. Huggins K. C. and Hodges C. V.: Studies of prostatic

cancer. 1. The effect of castration, of estrogen and of
androgen injection on serum phosphatases in metastatic
carcinoma of the prostate. Cancer Res. 1 (1941)
293-297.

. Mobbs B. G. and Johnson I. E.: Relationships between

estrogen intake, serum testosterone, and tumor andro-
gen, estrogen, and progesterone receptor levels in di-
ethylstilbestrol-treated rats bearing the R3327 prostatic
adenocarcinoma. Prostate 7 (1985) 293-304.

. Schroeder F. H.: EORTC Urological Group, Treatment

of prostactic cancer: the EORTC experience-prelimi-
nary results of prostatic carcinoma trials. Prostate §
(1984) 193-198.

. Moguilewsky M., Cotard M., Proulz L., Tournemine C.

and Raynaud J.-P.: What is an antiandrogen and what
is the physiological and pharmacological rationale for
combined ‘“‘castration” + “antiandrogen” therapy. In
Prostate Cancer, Part A: Research, Endocrine Treat-
ment, and Histopathology (Edited by G. P. Murphy,
S. Khoury, R. Kiiss C. Chatelain and L. Denis). Liss,
New York (1987) pp. 315-340.

. Labrie F., Dupont A., Belanger A., Lachance R. and

Giguere M.: Long term treatment with luteinising hor-
mone releasing hormone agonists and maintenance
of serum testosterone to castration concentration. Br.
Med. J. 291 (1985a) 369-370.

. Labrie F., Dupont A. and Belanger A.: Complete

androgen blockade for the treatment of prostate cancer.
In Important Advances in Oncology (Edited by V. T.
DeVita, S. K. Hellman and S. A. Rosenberg). Lippin-
cott, Philadelphia (1985b) pp. 193-217.

. Eakins M. N. and Waters S. L. The synthesis of

"Br-labelled 5«-dihydrotestosterone and a comparison
of its distribution in rats with "Br-bromide. Int. J. Appl.
Radiat. Isot. 30 (1979) 701-703.

. Tarle M., Paduran R. and Spaventi S.: The uptake of

radioiodinated Sa-dihydrotestosterone by the rat
prostate of intact and castrated rats. Eur. J. Nucl. Med.
6 (1981) 79-83.

. Counsell R. E., Klausmeir W. H., Weinhold P. A, and

Skinner R. W.: Radiolabeled androgens and their
analogs. In Radiopharmaceuticals. Structure-Activity
Relationships (Edited by R. P. Spencer). Grune and
Stratton, New York (1981) pp. 425-448.
Katzenellenbogen J. A.: The development of gamma-
emitting hormone analogs as imaging agents for recep-
tor-positive tumors. In The Prostate Cell: Structure and
Function, Part B (Edited by G. P. Murphy and A. A.
Sandberg). Liss, New York (1981) 313-327.

Brandes S. J. and Katzenellenbogen J. A.: Fundamental
considerations in the design of fluorine-18 labeled

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

3.

38.

39.

40.

progestins and androgens as imaging agents for
receptor-positive tumors of the breast and prostate.
Nucl. Med. Biol. 15 (1988) 53--67.

Ojasoo T., Delettré J., Mornon J. P., Turpin-VanDycke
C. and Raynaud J. P. Towards the mapping of
the progesterone and androgen receptors. J. Steroid
Biochem. 27 (1987) 255-269.

Brandes S. J. and Katzenellenbogen J. A.: Fluorinated
androgens and progestins: Molecular probes for andro-
gen and progesterone receptors with potential use in
positron emission tomography. Molec. Pharmac. 32
(1987) 391-403.

Symes E. K.: Uptake and retention of androgens by the
rat ventral prostate and consideration of their use as
site directing agents. Biochem. Pharmac. 31 (1982)
3231-3236.

Carlson K. E., Brandes S. J., Pomper M. G. and
Katzenellenbogen J. A.: Uptake of three [*H]progestins
by target tissues in vive: Implications for the design of
diagnostic imaging agents. Nucl. Med. Biol. 15 (1988)
403-408.

Katzenellenbogen J. A., Johnson H. J. Jr and Myers
H. N.: Photoaffinity labels for estrogen binding proteins
of rat uterus. Biochemistry 12 (1973) 4085-4092.
Pinney K. G., Carlson K. E. and Katzenellenbogen
J. A. PH]DUA41165: A high affinity ligand and novel
photoaffinity labeling reagent for the progesterone
receptor. J. Steroid Biochem. 35 (1990) 179-189.
McElvany K. D., Carlson K. E., Katzenellenbogen J. A.
and Welch M. J.: Factors affecting the target site uptake
selectivity of estrogen radiopharmaceuticals: Serum
binding and endogenous estrogens. J. Steroid Biochem.
18 (1983) 635-641.

Boone C. and Raynaud J.-P.: Assay of androgen bind-
ing sites by exchange with methyltrienolone (R1881).
Steroids 27 (1976) 497-507.

Williams D. and Gorski J.: Equilibrium binding of
estradiol by uterine cell suspensions and whole uteri
in vitro. Biochemistry 13 (1974) 5537-5542.

Labarca C. and Paigen K.: A simple, rapid, and sensi-
tive DNA assay procedure. Analyt. Biochem. 102 (1980)
344-352.

Ojasoo T. and Raynaud J.-P.: Unique steroid congeners
for receptor studies. Cancer Res. 38 (1978) 4186-4198.
Boone C. and Raynaud J.-P.: Methyltrienolone, a
specific ligand for cellular androgen receptors. Steroids
26 (1975) 227-232.

Murthy L. R., Johnson M. P., Rowley D. R., Young
C. Y. F., Scardino P. T. and Tindall D. J.: Characteriz-
ation of steroid receptors in human prostate using
mibolerone. Prostate 8 (1986) 241-253.

Zava D. T., Landrum B., Horwitz K. B. and McGuire
W. L.. Androgen receptor assay with [*H]methyl-
trienolone (R1881) in the presence of progesterone
receptors. Endocrinology 104 (1979) 1007-1012.
Mainwaring W. 1. P. and Milroy E. J. G.: Characteriz-
ation of the specific androgen receptors in the human
prostate gland. J. Endocr. 57 (1973) 371-384.

Liao S., Liang T., Fang S. and Castafieda Shao T-C.:
Steroid structure and androgenic activity. Specificities
involved in the receptor binding and nuclear retention
of various androgens. J. Biol. Chem. 248 (1973)
6154-6162.

Krieg M.: Characterization of the androgen receptor in
the skeletal muscle of the rat. Steroids 28 (1976)
261-274.

Gustafsson J.-A., Pousette A., Stenberg A. and Wrange
O.: High-affinity binding of 4-androstene-3,17-dione in
rat liver. Biochemistry 14 (1975) 3942-3948.

Murthy L. R,, Chang C. H., Rowley D. R., Scardino
P. T. and Tindall D. J.. Physiochemical characterization
of the androgen receptor from hyperplasic human
prostate. Prostate 5 (1984) 567-579.



41.

42.

43.

45.

46.

Tissue uptake of five tritium-labeled androgens

Kiesewetter D. O., Kilbourn M. R., Landvatter S. W,
Heiman D. F., Katzenellenbogen J. A. and Welch
M. J.: Preparation of four fluorine-18-labeled estrogens
and their selective uptakes in target tissues of immature
rats. J. Nucl. Med. 2§ (1984) 1212-1221.

Pomper M. G., Katzenellenbogen J. A., Welch M. J,,
Brodack J. W. and Mathias C. J.: 21-["*F]fluoro-16a-
ethyl-19-norprogesterone: Synthesis and target tissue
selective uptake of a progestin receptor based radio-
tracer for positron emission tomography. J. Med. Chem.
31 (1988) 1360-1363.

Mathias C. J., VanBrocklin H., Brodack J. W,
McGuire A. H., Katzenellenbogen J. A. and Welch
M. J.: Titration of the in vivo uptake of 16a-['*F]fluoro-
estradiol by target tissues in the rat: competition by
tamoxifen and implications for quantitating estrogen
receptors in vivo. (In preparation.)

. Krieg M., Horst H.-J. and Sterba M.-L.: Binding and

metabolism of 5x-androstane-3«-17g-diol and of Sa-
androstane-38,178-diol in the prostate, seminal vesicles
and plasma of male rats: studies in vivo and in vitro.
J. Endocr. 64 (1975) 529-538.

Tveter K. J. and Attramadal A.: Selective uptake of
radioactivity in rat ventral prostate following adminis-
tration of testosterone-1,2-'H. Acta Endocr. 59 (1968)
218--226.

Anthony C. T., Kovacs W. J. and Skinner M. K.:

47.

48.

49.

50.

51.

52.

561

Analysis of the androgen receptor in isolated testicular
cell types with a microassay that uses an affinity ligand.
Endocrinology 128 (1989) 2628-2635.

Nunez E., Vallette G., Benassayag C. and Jayle M.-F.:
Comparative study on the binding of estrogens by
human and rat serum proteins in development.
Biochem. Biophys. Res. Commun. 57 (1974) 126-133.
Stanislawski-Birencwajg M.: Specific antigens of rat
embryonic serum. Cancer Res. 27 (1967) 1982-1989.
Bruchovsky N. and Wilson J. D.: The conversion
of testosterone to Sa-androstan-178-ol-3-one by rat
prostate in vivo and in vitro. J. Biol. Chem. 243 (1968)
2012-2021.

Buric L., Becker H., Petersen C. and Voight K. D.:
Metabolism and mode of action of androgens in target
tissues of male rats. 1. Metabolism of testosterone and
5«-dihydrotestosterone in target organs and peripheral
tissues. Acta Endocr. 69 (1972) 153-164.
Hoogenboom L. A. P., Berghmans M. C. J. and Traag
W. A.:. Biotransformation of B-nortestosterone by
cultured porcine hepatocytes. J. Chromat. 489 (1989)
105-109.

Liu A., Katzenellenbogen J. A., VanBrocklin H.,
Mathias C. J. and Welch M. J.: 20-["*F]Fluoro-
mibolerone, a radiotracer for androgen receptors:
synthesis and tissue distribution studies. J. Nucl. Med.
(In press.)



